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Abstract
A p h en om en on  know n as the urban heat island (U H l) e ffec t occurs w here the air and surface  

tem peratures are hotter than in their rural surroundings (G artland, 2 0 0 8 ). T he U H l e ffec t is a 

direct result o f  urbanisation w hereb y the urban fabric com p rises m ain ly  o f  roofs, paved surfaces 

and le s s  veg eta tio n  (Santam ouris, 2 0 0 7 ). T he m itigation  o f  U H l can be ach ieved  by increasin g  

the a lb ed o  o f  surfaces and by p lanting trees in urban areas (R o sen fe ld  et al., 1995, 

B o rib o o n so m sin  and R eza, 2 0 0 7 ). A lb ed o , or solar reflectance, is d efin ed  as the ratio o f  the 

reflected  so lar radiation to the incident so lar radiation at the surface, over all w a v e len g th s o f  

solar irradiation (Taha et al., 1988 , Li et a l., 2 0 1 3 ). It is a d im en sio n less  fraction and is 

m easured  on  a sca le  o f  0 to  1, w ith 0 d en otin g  a perfectly  black surface and an a lbedo  o f  1 

s ig n ifie s  a perfectly  reflective  w h ite  surface. T he ad vantages o f  im proving  the a lbedo  o f  

su rfaces in clu d e the reduced need  for air con d ition in g  thus reducing the con su m p tion  o f  energy, 

and m itiga tion  o f  the urban heat island e ffe c t, as there is an increase in the am ount o f  light 

reflected  back into the un iverse. T he am ount o f  light reflected  back induces a n ega tive  radiative 

forc in g  w h ich  can then be con verted  into eq u iva len t reductions in C O 2 . T he m ost w id e ly  used  

m aterial in con struction  is concrete, and the co lou r  o f  con crete is principally  determ ined by the 

co lou r  o f  the cem en titiou s m aterial. A  cem ent rep lacem ent know n as ground-granulated  blast 

furnace s la g  (G G B S ) is lighter in co lou r than norm al Portland cem ent (N P C ). Its u se  as an N FC  

alternative in con crete at su ffic ien tly  h igh  rep lacem ent rates results in a con crete that is lighter 

in co lou r, thus in creasin g  its albedo.

T here has b een  lim ited  research conducted  into the e ffec t o f  concrete con stituen ts on the a lbedo  

o f  con crete , therefore, the key param eters to  be evaluated  in this project w ere determ ined, 

nam ely  the aggregate type, cem ent type, surface fin ish  and age. A  total o f  96  sm all concrete  

sp ec im en s w ere  fabricated com p risin g  three d ifferent aggregate typ es, four concentration  lev e ls  

o f  the cem en t replacem ent G G B S , four d ifferent surface fin ish es to represent varying  

ap p lica tion s and a duplicate o f  each  sp ecim en .

A n a lb ed om eter  w as tested  to determ ine w hether it cou ld  be used to m easure the a lbedo o f  the 

sm all con crete  sp ec im en s. It w as con clu d ed  that it is an accurate d ev ice  w h ich  can  be used to 

m easure the a lbedo  o f  large surfaces w ith  an unobstructed horizon , h ow ever, caution  should  be 

taken in relation  to the tim e o f  day the read ing is taken as the a lbedo is a m axim um  va lu e in the 

m orning and afternoon , but a m in im um  v a lu e  in -b etw een  th ese  tim es. T he instrum ent cou ld  not 

be used  to m easure the a lbedo o f  sm all sp ec im en s as the low er sensor b eco m es very  in sen sitive , 

therefore, th is lo ss  in sen sitiv ity  w ou ld  not be accep tab le  in order to d istin gu ish  sm all 

d ifferen ces in a lbedo  betw een  tw o  surfaces. A n  alternative m eans o f  m easurem ent w as d ev ised



u sin g  a lux m eter to  m easure the reflection  o f  v is ib le  light o f f  the sm all sp ecim en s. T his proved  

to be a very reliab le and repeatable m ethod o f  testin g  as it en ab led  sm all d ifferen ces to be 

detected  betw een  the d ifferent sp ecim en s.

T hereafter, testin g  on  the sp ec im en s w as conducted  u sin g  fiv e  principal test m ethods (n am ely  a 

sphere sp ectrophotom eter, lu x  m eter, g reyn ess sca le , therm al im agin g  and th erm ocou p le w ire) 

to  dem onstrate to w hat d egree  an increase in G G B S  rep lacem ent in con crete produces a brighter 

coloured  concrete, w ith  a correspond ing  reduction in tem perature w hen  exp osed  to solar  

radiation. Each o f  the m ethods dem onstrate that there is a sign ifican t reduction in 

tem perature/increase in co lou r b etw een  a sp ec im en  con ta in in g  no G G B S and a sp ecim en  

con ta in in g  70%  G G B S . It w as a lso  con clu d ed  that the optim um  substitu tion  level o f  G G B S  is 

50%  as e x c e ss iv e  a g e in g  o f  the 70%  sp ecim en  w as noted by each  test m ethod. T he order o f  

im portance in term s o f  the influential param eters on the light reflectan ce o f  concrete is colour, 

surface fin ish , G G B S  concentration , age and aggregate type, the latter being  o f  little 

s ign ifican ce .

On a g lob a l sca le , research has sh ow n  that increasing  the a lbedo o f  urban roofs and paved  

surfaces w ill induce a n egative  radiative forcing  on the earth eq u iva len t to  o ffse ttin g  sign ifican t 

quantities o f  C O 2 em iss io n s . C on seq u en tly , a ca se  study w as conducted  in Trinity C o lleg e  

D ublin and it w as estim ated  that there is a surface area o f  approxim ately  33%  (54,434m ^), 

w here the surface reflectan ce cou ld  be increased. T he potential em itted  C O 2 w hich  cou ld  be 

o ffse t ranged betw een  1 ,040  and 5 ,6 2 0  ton nes for the cam pus.
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Nomenclature

a = A lbedo

Aa = Change in albedo 

A = Area,

a* = Red/green colour axis

Afinai == Final albedo

Ainitiai = Initial albedo

b* = Blue/ yellow  colour axis

c = Specific heat, J/kg.K

c = Velocity

CO 2 =  Carbon dioxide, t

d = Thickness/ depth

E = Energy radiated, W/m^

Ej = Incoming solar irradiation, W/m^ 

Er = Reflected solar irradiation, W/m^ 

Esoiar = Irradiance, W/ni^

Gx =  Irradiation, W/m^

Gx.abs= Irradiation absorbed, W/m^ 

Gx,ref= Irradiation reflected, W/m^ 

Gx,tr= Irradiation transmitted, W/m^ 

h = Heat transfer coefficient, W/m^K 

h = Planck’s constant (6.63 x 10'^''j.s) 

Ho = Null hypothesis



he = Convective coefficient, WVm^K 

I = Intensity 

I =  Solar flux, W/m^

k = Boltzmann constant (1.38 x lO'^^J/molecule.K)

k = Thermal conductivity, W/mK

L* = Lightness (black and white axis)

m = M ass, kg

M = M omentum

n, = sample size

P = Critical value for t-test

Q = Heat energy, J/kgK

qc = Heat transfer rate by convection, W

qr = Heat transfer rate by radiation, W

qx = Heat transfer rate by conduction, W

S = Sensitivity, |aV/W/m^

t = T-test statistic

t =  Time

T = Tem perature, K

To, = Absolute ambient tem perature, K (radiation) 

Too = Tem perature o f  fluid, K (convection)

Ta = A ir tem perature, K

Tbiack = Steady state tem perature o f  black surface 

Tc = Tem perature on cold side, K 

Th = Temperature on hot side, K



Tniax- Maximum temperature, °C 

Ts = Temperature at surface, K 

Ts= Temperature of surroundings, K 

Tsky = Sky temperature, K 

= Temperature at surface, K 

Twhite = Steady state temperature of white surface 

AT = Temperature change, K 

AT/Ax = Temperature gradient

ATCO2 = Earth’s chmate sensitivity to radiative forcing caused by CO 2 , °C/(W/m^)

Uemf = Output voltage, [IV

X i  = sample mean

a  = Absorption

a  =  Significance level of t-test

8 = Diffusivity, m^/s

8 = Emissivity

6 = Angle o f incidence/reflection 

0 = Direction 

X  =  Wavelength, nm 

H = Mean or av(;rage 

|j.A, = Energy density 

V = Frequency, Hz 

p = Density, kg/m^ 

p = Reflection

o = Stefan Boltzmann constant (5.669 x lO’̂ W/m^K"'')

x x i i i



Cj = Standard deviation

iX = Transmission

.M'raiii:



1 Introduction

1.1 Background

W arm ing o f  the c lim ate system  is u n eq u ivoca l, as is n ow  ev id en t from  ob servation s o f  increases  

in g lobal average air and ocean  tem peratures, w idespread  m eltin g  o f  sn o w  and ice , and rising  

g lobal average sea  level. C hanges in the atm ospheric concentration  o f  green h ou se  g a ses  

(G H G ’s) and aeroso ls, land co v er  and solar radiation alter the energy balance o f  the clim ate  

system  and are the drivers o f  c lim ate  change as they a ffect the absorption , scattering and 

em iss io n  o f  radiation w ith in  the atm osphere and at the earth’s surface. T he resu lting p ositive  or 

n egative  ch an ges in energy balance due to th ese  factors are exp ressed  as radiative forcings and 

are used to com pare w arm ing or co o lin g  in flu en ces on g lob a l c lim ate  (IPC C , 2 0 0 7 ). Akbari et 

al. (2 0 0 8 b ) state that usin g  h igh solar reflec tive  m aterials (m ateria ls w h ich  reflect m uch o f  the 

in com in g  so lar radiation) in urban areas in d uces a n egative radiative forcin g  on the earth w hich  

is eq u iva len t to  o ffse ttin g  C O 2 em issio n s.

T he g lob a l a tm ospheric concentration  o f  carbon d iox id e  has increased  s ig n ifican tly  from  a pre­

industrial va lu e o f  about 280p pm  to  379ppm  in 20 0 5  (IPC C , 2 0 0 7 ). R esp on d in g  to concerns  

that had been recogn ised  regarding increasing concentration s o f  G H G ’s in the early 1990 ’s, 

m ore than 150 nations sign ed  the U nited  N ation s Fram ew ork C on ven tion  on  C lim ate C hange at 

the earth’s sum m it in R io in 1992. H ow ever, th is p led ge w as voluntary and non-b ind ing, 

therefore, this w as u n su ccessfu l and, as a result, parties to  the treaty estab lish ed  a binding  

p rotocol for d eve lop ed  nations w h ich  w as ratified in K yoto  in 1997. T he K yoto  Protocol is an 

international agreem ent w h ich  com m its its parties by settin g  in ternationally  b ind ing  em ission  

reduction targets. 15 European U nion  m em ber states (E U -1 5 ), w h ich  inclu d es Ireland, are 

jointly, resp on sib le  under the K yoto  P ro toco l’s com p lian ce  m echan ism , for fu lfillin g  the 

com m itm en t to  reduce theii c o lle c t iv e  em iss io n s  in the 2 0 0 8 -2 0 1 2  period  to  8% b e lo w  the 1990  

lev e l. Ireland can com p ly  w ith  the first com m itm en t period , h ow ever, the next im portant 

m ileston e  is to  ach ieve  a reduction in em iss io n s  o f  20%  by 2 0 2 0  (U N F C C C , 2 0 1 3 ).

T he European bu ild ing  sector is responsib le  for ap proxim ately  40%  o f  the total prim ary energy  

con su m p tion  (T om m erup and S ven d sen , 2 0 0 6 ). In addition , the m ost s ign ifican t factor  

contributing to C O 2 em issio n s from  b u ild in gs is their use o f  e lectricity . In the d eve lop ed  w orld, 

b u ild in gs are resp onsib le  for ap proxim ately  70%  o f  the electr ic ity  load (U S G B C , 2 0 1 3 a ). A s a 

co n seq u en ce  o f  th is fact, the need  for m ore e ff ic ien t b u ild in g  practice is v ita l. T he develop m en t 

o f  G reen b u ild in gs is one o f  the best strategies for m eetin g  the ch a llen ge  o f  c lim ate  change  

(U S G B C , 2 0 1 3 a ). L EE D  (L eadersh ip  in E nergy and E nvironm ental D esig n ) is a  green  bu ild ing  

rating system  w h ich  has been  d eve lop ed  by the U nited  States G reen B u ild in g  C ouncil
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(U S G B C ) to  a ssess  the environm ental perform ance o f  a bu ild ing  (U S G B C , 2 0 1 3 b ). T he average  

L E E D  certified  bu ild ing  u ses 32%  less  e lec tr ic ity  and sa v es approxim ately  3 5 0  ton n es C O 2 

annually  (U S G B C , 201 3 a ). U nder the L E E D  rating system , tw o  credits in a total o f  100  

ava ilab le  credits can  be aw arded w h ich  correspond d irectly  to the heat island e ffe c t. T he  

requirem ent for ach iev in g  th ese  credits sp e c ifie s  that a surface attain a m inim um  solar  

reflectance in d ex  (SR I) va lu e , w h ich  com b in es solar reflectance (a lb ed o) and therm al em ittance  

o f  a m aterial into one m easurem ent.

A n urban heat island (U H I) occu rs w here the air and surface tem peratures are hotter than in 

their rural surroundings (G artland, 2 0 0 8 ). T he UHI e ffec t is a direct result o f  urbanisation that 

creates urban fabric w hich  com p rises m ain ly  o f  roofs, paved surfaces and less vegeta tion  

(Santam ouris, 2 0 0 7 ). P avem ents and roofs ty p ica lly  constitu te over  60%  o f  urban surfaces  

(p avem en ts approxim ately  40%  and roofs 2 0 -25% ) (A kbari et a l., 2 0 0 8 b ). T he m itigation  o f  

UHI can be ach ieved  by in creasin g  the a lbedo o f  surfaces and by p lanting trees in urban areas 

(R o sen fe ld  et al., 1995, B orib oon som sin  and R eza, 2 0 0 7 ). A lb ed o , or solar reflectan ce, is 

d efin ed  as the ratio o f  the reflected  solar radiation to  the incident solar radiation at the surface, 

over all w avelen g th s o f  solar irradiation (T aha et al., 1988, Li et al., 2 0 1 3 ). It is a d im en sio n less  

fraction and is m easured on a sca le  o f  0  to  1, w ith  0 den otin g  a perfectly  black surface and an 

a lb ed o  o f  1 s ig n ifie s  a  perfectly  reflective  w h ite  surface. T he a lbedo  o f  an asphalt surface is 

typ ica lly  betw een  0 .0 5  (n ew ) or 0 .1 0  (aged ) (Santam ouris et al., 2 0 1 1 ), therefore, absorb ing  

m uch o f  the in com in g  solar radiation. On the other hand, the a lb ed o  o f  traditional con crete is 

b etw een  0 .3 5 -0 .4 0  (n ew ) and 0 .2 5 -0 .3 0  (aged ) (B retz  et al., 1998), h ow ever, th is va lu e  can be 

increased  sign ifican tly  through the u se  o f  brighter co loured  con crete constituents.

T he co lou r o f  con crete is principally  determ ined by the co lou r o f  the ce in en titiou s m aterial. A s  

w h ite  Portland cem ent (W P C ) is  typ ica lly  m uch m ore ex p en siv e  than grey cem en t, a cem en t 

rep lacem ent know n as ground-granulated blast furnace sla g  (G G B S ) can instead be used  as it is 

lighter in co lou r than norm al Portland cem ent (N P C ). G G B S is a w aste  product from  the blast 

furnace production o f  iron from  ore and its use as an N P C  alternative in concrete at su ffic ien tly  

high rep lacem ent rates results in a concrete that is lighter in co lou r, thus in creasin g  its albedo. 

T o date, research on  the a lb ed o  e ffec t has focu sed  m ain ly  on reflective  coa tin gs, h ow ever, there 

has b een  very little research condu cted  into m ethods o f  in creasin g  the solar reflectance o f  

con crete  by altering the co m p o sitio n  o f  the con crete through the use o f  G G B S . In addition , the 

ch o ice  o f  aggregate type and surface fin ish  are a lso  factors w h ich  m ay a ffect the resu lting  

a lb ed o  o f  concrete.

Furtherm ore, the m anufacture o f  Portland cem en t is resp on sib le  for 5% o f  an thropogen ic C O 2 

em iss io n s  w orld w id e. T h is is due to the sheer vo lu m e o f  cem en t produced w h ich  is
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approxim ately  3 b illion  ton n es per year (R acusin  and M cA rleton , 2 0 1 2 ). T herefore as G G B S  is 

a w aste m aterial, and is sign ifican tly  lighter in co lou r than N P C , it presents natural advantages  

over the use  o f  Portland cem ent in term s o f  both im proved  a lb ed o  and reduced C O 2 em issio n s. 

T hus, the prim ary a im s o f  the th esis are outlined  hereafter.

1.2 Aims and objectives

T his P hD  th esis  has set out to m eet the fo llo w in g  fiv e  principal ob jectives;

1. T o  in vestigate the present k n ow led ge surrounding all relevant asp ects o f  p h ysics and 

en g in eer in g  to  understand the p h en om enon  o f  so lar reflectiv ity .

2. T o eva lu ate the sen sitiv ity  o f  an albedom eter and determ ine w hether it is p o ss ib le  to 

m easure the a lbedo o f  sm all concrete sp ec im en s, thus calibrating the instrum ent.

3. T o  d esign  a unique and reliable test m ethod o f  m easu ring  the light reflectance o f  

ind ividual concrete sp ecim en s.

4. T o  in vestigate  the e ffec t o f  concrete con stitu en ts such as aggregate typ e, G G B S  

conten t, surface fin ish  and age on light reflectance and co lou r o f  concrete by u tilising  a 

num ber o f  instrum ents to m easure either d irectly  or ind irectly , the e ffec t o f  the key  

param eters on the light reflectance or co lou r  o f  concrete, and as a con seq u en ce , 

com pare the various test m ethods.

5. T o con d u ct a case  study at Trinity C o lle g e  D ublin  to a ssess  the p o ss ib le  areas w here the 

a lb ed o  o f  surfaces cou ld  be im proved , and fo llo w in g  th is, to  ca lcu la te  the p oss ib le  

em itted  C O 2 w h ich  cou ld  be o ffse t against e x is tin g  va lu es and com pared to ex is tin g  

sav in gs.

1.3 Scope of thesis

T h is P hD  th esis  com p rises 9  individual chapters. T he fo llo w in g  is  a b r ie f ou tlin e  o f  the contents  

o f  C hapters 2 to  9.

Chapter 2: Literature Review

T h is section  provid es a sum m ary o f  the ex is tin g  research con d u cted  into a lbedo  and its e ffec t on  

the environm ent. T he top ics d iscu ssed  in th is chapter include the p h ysics o f  light and its 

interaction w ith  m aterials, so lar radiation and the a lb ed o  e ffec t. P ublished a lbedo  va lu es are 

inclu ded  in addition  to m easurem ent o f  so lar reflectance in accord ance w ith A m erican  standards
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(ASTM ). The urban heat island (UHI) effect is discussed in detail, along with standards and 

ratings used in association with its mitigation. The influence o f  concrete constituents on 

concrete albedo is discussed, and consequently its potential in playing an important role in 

m itigating the UHI effect.

Chapter 3: Laboratory M ethodology

Following on from Chapter 2, this section defines the param eters to be evaluated, the 

experimental design and the testing regime, which includes the direct and indirect test methods 

to measure light reflectance. The chapter discusses the experimental work carried out, from the 

initial phase o f  m anufacturing concrete specimens to the final phase o f  positioning the 

specimens on site.

C hapter 4: Instrum entation and Experim ental M ethodology

This chapter focuses on the various instrum entation and devices which were employed for 

testing certain properties in relation to sunlight. The section includes the technical specification 

o f  each instrument. The calibration o f  certain instrum ents will also be outlined in this chapter.

C hapter 5: Light Reflectance Test M ethods

The focus o f  this chapter is on two main light reflectance test methods, namely an albedom eter 

and a lux meter. A num ber o f  sensitivity tests were conducted using the instrument, the results 

o f  which are outlined here. Furthermore, a num ber o f  site visits using the albedom eter were 

conducted and these are detailed in this chapter also. Following the outcome o f testing with the 

albedom eter, a lux m eter is discussed as a means o f  an alternative to using an albedometer. An 

innovative method o f  testing the light reflectance o ff a surface is presented, with sensitivity 

testing included also.

Chapter 6: Prelim inary Testing

This section com prises o f  three preliminary tests performed with the aim o f  helping to answer 

some fundamental questions. One o f  these tests was to determine how different materials 

behave when subjected to a light source, and the rem aining two tests monitor the temperature o f  

a concrete specimen to evaluate how the environmental conditions (sunlight and air) effect the 

tem perature o f  the concrete specimen, both internally and externally through the use o f 

therm ocouple wires.
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Chapter 7: Data Analysis and Discussion

Based on the findings from the preliminary tests discussed in Chapter 6 , the data acquired 

during the project is presented in this chapter. The direct test m ethods are presented first and 

com prise o f  the albedometer, sphere spectrophotom eter, lux meter and greyness scale. 

Following this, the indirect test methods are presented and include thermal imaging and 

therm ocouple data. Within each test method, the influence o f  key testing parameters such as 

surface finish type and cement concentration and their influence on light reflectance will be 

evaluated. Following analysis o f  the data in each individual section, a discussion o f  the test 

m ethods will be presented at the end o f  the chapter to provide an overall summary o f the key 

findings from each test method.

Chapter 8: The Environm ental Im pact o f Increasing Urban Albedo

Previous research conducted into the environmental impact o f  increasing urban albedo 

dem onstrates that there is a potential to offset emitted CO2 through the use o f  high solar 

reflective materials. These studies are discussed in this chapter and based on this research, a 

case study o f  Trinity College campus is carried out. The potential emitted CO2 which could be 

offset as a result o f  increasing the albedo o f  roofs and pavem ents is calculated. This offset is 

then com pared with the current CO2 emissions from the campus.

Chapter 9: Conclusions and Recommendations

The key objectives o f  the research will be reiterated in this chapter and a review o f objectives
i

accomplished. The principal conclusions o f  the research will be summarised here and 

subsequently a number o f  recom m endations for future research will also be presented.
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2 Literature Review

2.1 The Physics o f Light

The scientific study o f hght can be traced as far back as the 17* century, when Isaac Newton 

(1642-1727) regarded rays o f light as streams of very small particles emitted from a source of 

light and travelling in a straight line (Tilley, 2004, Pedrotti et al., 2007). In 1801, the first clear 

demonstration o f the wave theory of light was provided by Thomas Young (1773-1829), who 

showed that light exhibits interface behaviour. In 1873, James Clerk Maxwell (1831-1879) 

asserted that light was a form o f high frequency electromagnetic wave. He created principles in 

his set of four Maxwell equations and as a result, from then on, light was viewed as a particular 

region o f the electromagnetic (EM) spectrum o f radiation. His theory predicted that light waves 

should have a speed o f approximately 3x10* m/s (Pedrotti et al., 2007, Al-Azzawi, 2007). In 

1887, Heinrich Hertz (1857-1894) provided experimental confirmation of Maxwell’s theory by 

producing and detecting EM waves as well as also defining the frequency o f a light wave.

In 1900, Max Planck discovered that he was able to derive the correct blackbody radiation 

spectrum by making an assumption that atoms emitted light in discrete energy chunks rather 

than in a continuous matter. According to Planck, the energy E, o f one of these energy packets, 

known as a photon, o f EM radiation is proportional to the frequency, u, o f the EM wave as in 

Equation (2-1). Photons have zero rest mass and travel with a constant speed, c, in a vacuum. 

The energy of a photon is not a function o f its speed but o f its frequency.

E = hv (2-1)

where h is Planck’s constant = 6.63x10’̂ ' Ĵ.s and v is the frequency o f light (Hz).

In 1924, Louis de Broglie published his hypothesis, stating that subatomic particles (i.e. 

particles smaller than an atom, namely protons, neutrons and electrons) are endowed with wave 

properties and that a particle with a momentum M had an associated wavelength as described in 

Equation (2-2).

h

where h = Planck’s constant.
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2.1.1 The electromagnetic spectrum

T he distribu tion  o f  energy am ong  the various w ave com ponen ts is ca lled  the spectrum  o f  

radiation . The various reg ions o f  the EM  spectrum  are referred  to  by a designated  nam e such as 

u ltrav io let rad iation  and radio  w aves, accord ing  to  the d ifferences in the w ay in w hich the 

regions are p roduced or detected . T hese various frequency  ranges are illustrated  in Fig. 2-1 in 

w hich  the EM  spectrum  is d isp layed  in term s o f  both frequency  v and w avelength  X .  These 

term s are related th rough  the velocity , c, as defined in E quation  (2-3).

c = Av (2-3)

T he w avelengths o f  v isib le light w ere m easured  in the first decade o f  the 19* cen tury  and w ere 

found to  be in the region o f  4 .0 xlO '^m to 7.5 xlO '^m (400nm  to 750nm ). T his region is capable 

o f  p roducing  a visual sensation  in the hum an eye and is referred  to  as light. This v isib le region 

o f  the spectrum  corresponds to  the frequencies o f  EM rad ia tion  that p redom inate in the output 

o f  the sun (Pedrotti et al., 2007). T he v isib le region is bounded  by the invisib le u ltrav io let and 

infrared regions and these th ree reg ions toge ther com prise the optical spectrum  and accord ing ly  

are the m ain focus in the study o f  optics. For the purposes o f  th is  literature review , only three 

aspects o f  the electrom agnetic  spectrum  will be d iscussed , nam ely  infrared rad ia tion , visib le 

light and u ltrav io let light. T he o ther com ponen ts o f  the EM  spectrum  are irrelevant to  th is 

particu lar study w hich  concerns itse lf  w ith  sunlight.

2.1.1.1 Infrared (IR) Radiation

T he infrared region (long-w aveleng th ) o f  the EM  spectrum  lies ad jacen t to  the low  frequency 

end o f  the visib le spectrum  spann ing  the region from  770nm  to  1mm (W ilson  et al., 2007). It is 

som etim es referred  to  as ‘heat ray s’ because w ater m olecu les readily  absorb  electrom agnetic  

rad iation at frequencies in the infrared  w avelength  region. A s a resu lt, the m olecu les heat up as 

the ir random  therm al m otion is increased , therefore hea ting  up the ir surroundings. Infrared 

rad ia tion  is associa ted  w ith m ain ta in ing  the ea rth ’s tem peratu re  th rough the g reenhouse gas 

effect w here v isib le light is absorbed  by the  ea rth ’s surface w hich  heats up and is reem itted  as 

infrared radiation. T his rad ia tion  is trapped  by the greenhouse gases w hich  are im penetrab le to 

infrared radiation  (W ilson et al., 2007). Infrared rad ia tion  accoun ts for approx im ate ly  57%  o f  

the su n ’s energy (G artland , 2008).
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2.1.1.2 Visible Light

V isib le light has wavelengths in air in the range o f  approximately 400nm  to 700nm  and 

occupies a small portion o f  the electrom agnetic spectrum. It is known as the visib le spectrum  

and com prises different colours from violet (400nm ) to red (750nm ). This is the only radiation 

which activates the receptors on the retina o f  human eyes (W ilson et al., 2007). V isib le light 

accounts for approximately 40% o f  the sun’s energy (Gartland, 2008).
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2.1.1.3 Ultraviolet (UV) Radiation

The sun’s spectrum contains a small com ponent o f  UV radiation (short-wavelength), which is 

located beyond the violet end o f  the visible light and ranges between lOnm to 380nm in the EM 

spectrum. It is sometimes subdivided into UV-A (380-315nm), UV-B (315-280nm ) and UV-C 

(280-10nm ). The sun emits significant amounts o f EM radiation in all three o f  these bands, 

however, due to absorption in the ozone layer o f  the earth’s atm osphere, most o f  the UV 

radiation (99%) which reaches the surface is in the UV-A band (Pedrotti et al., 2007). 

Ultraviolet radiation is harmful to skin and can cause skin cancer, it is mostly absorbed by the 

ozone layer in the atm osphere at an altitude o f  30-50km and also by ordinary glass. The 

ultraviolet region accounts for approxim ately 3% o f  the sun’s energy (Gartland, 2008).

2.1.2 Energy transfer

Heat can be transferred between a system and its environm ent in three distinct ways; 

conduction, convection and radiation. The main focus will be on conduction and radiation, 

however, convection will also be discussed.

2.1.2.1 Conduction

Conduction results from m olecular interactions within an object. M olecules at a high 

tem perature region in an object vibrate around their equilibrium position with greater amplitude 

than normal. This greater vibration causes the molecules to collide with their nearest 

neighbours, causing them to vibrate more. As a result, these molecules interact with their 

nearest neighbours passing on this energy as kinetic energy o f  vibration, thus transferring their 

energy to the molecules with less energy in a cooler part o f  the object. The net result o f  the 

vibrations is a transfer o f  thermal energy through a solid. The energy is therefore conductively 

transferred from a higher tem perature region to a lower tem perature region resulting in a 

reduction in the tem perature difference. In general, a solid is a better conductor than a liquid or 

a  gas because its molecules are very closely packed, m eaning that the energy transfer between 

the molecules is faster (Ghoshdastidar, 2004).

The rate equation for conduction is given by Fourier’s law o f  heat conduction, as displayed in 

Equation (2-4) (Holman, 2010, Ghoshdastidar, 2004).



where is the heat transfer rate (W ), ic, is the therm al conductivity o f  the material (W /mK), A 

is the surface area (m^) and AT/Ax is the tem perature gradient in the direction o f the heat flow. 

The minus sign is present so that q is positive. It is measured in units o f  W/mK, and essentially 

indicates how fast heat will flow in a given material (see Fig. 2-2).

A

Fig. 2-2 Conduction in the x-direction, norm al to area  A (Ghoshdastidar,  2004)

By observing a slab o f m aterial, the amount o f  thermal energy conducted through the solid can 

be determined (see Fig. 2-3). A slab o f  material o f  cross sectional area A and thickness, d, is 

subjected to a high tem perature Th on the hot side and a colder temperature Tc on the other side 

(Nolan, 2012). It has been found experimentally that the thermal energy conducted through this 

slab is directly proportional to the following;

1. The area A o f the slab. The larger the area, the more thermal energy transmitted

2. The time t, the longer the period o f time, the more thermal energy transmitted

3. The tem perature difference between the faces o f  the slab. If there is a large temperature 

difference, a large am ount o f  thermal energy flows

d

Fig. 2-3 Heat conduction th rough  a slab (Nolan, 2012)

The ratio (Th -T c )/d  is the tem perature gradient AT/Ax. The thermal energy transm itted is 

inversely proportional to the thickness o f  the slab. The thicker the slab, the greater the distance
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the energy must travel through i.e. a thick slab implies a small amount o f  energy transfer and a 

thin slab implies a larger amount o f  energy transfer

Similarly to Equation (2-4), the amount o f  thermal energy transferred by conduction is 

displayed in Equation (2-5).

kACTn -  T,)t (2-5)

“  d

Thermal conductivity, k, is a measure o f  the rate at which heat is transferred through a material. 

Some typical values are given in Table 2-1. The thermal conductivity o f  concrete is small, 

therefore only a small amount o f  thermal energy will flow through the material, and it is 

therefore a poor conductor, or a good insulator. A typical value for concrete ranges between 

approxim ately 0.4 and 1.6, with general concrete having a value o f  1.3 (Nolan, 2012).

I ab le  2-1 Typical  t h e r m a l  conductiv  ity va lues  (W ilson  et  al., 2007)

Material Thermal conductivity (W /mK)

Aluminium 240

Iron/Steel 46

Concrete 1.3

Wood (oak) 0.15

2.1.2.2 Convection

Convection is a process whereby thermal energy is transferred between a solid and a fluid 

flowing past it (Ghoshdastidar, 2004). If the fluid m otion in the process is induced by an 

external means such as wind, the process is called forced convection. In order to express the 

overall effect o f  convection, N ew ton’s law o f cooling is used, where a solid surface is cooled by 

the fluid, thus:

q , =  h A { T , - T ^ )  (2-6)

where qc is the rate o f  heat flow by convection (W), h is the heat transfer coefficient (W/m^K), 

(Ts-T„) is the temperature potential difference for heat flow away from the surface (K) where T  ̂

is the surface tem perature and T„ represents the fluid tem perature, and A is the surface area 

(m').
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The process o f  convection from a surface is displayed in Fig. 2-4. The convection heat transfer 

coefficient, h, depends on many factors such as the space, time, geometry, orientation o f the 

solid surface and flow conditions (Ghoshdastidar, 2004). Typical values o f  h for forced 

convection involving gases and liquids are 25-250W/m^K and 50-20,OOOW/m^K respectively.

Fluid Ucc, Toe

Fig. 2-4 Convcction from surface area A at Tj to cool flowing fluid at Tj (Ghoshdastidar, 2004)

2.1.2.3 Radiation

The method o f transfer by which an object and its environm ent exchange energy as heat via EM 

waves, is referred to as thermal radiation (W ilson et al., 2007). Thermal radiation refers to the 

EM radiation emitted by a body, as a result o f  its tem perature, and is generally detected by heat 

or light (Al-Azzawi, 2007). These EM em issions are due to the m olecular electronic (energy 

associated with the molecule's electrons), rotational (rotation o f  the whole m olecule), and 

vibrational (vibration o f  chemical bonds within the molecule) energy transitions o f  the matter 

(Kaviany, 2011). Thermal radiation has significant energy in the wavelength range o f  2 x 10'’ to 

10’’m which com prises o f  the visible range, infrared range and a small portion o f the ultraviolet 

range (Kaviany, 2011). However, for low to moderate tem perature applications, thermal 

radiation is dominated by the infrared wavelengths and by m olecular rotational and vibrational 

transitions (Kaviany, 2011).

By cons’dering the thermal radiation o f  a gas, the principles o f  quantum -statistical 

therm odynam ics can be applied to derive an equation for the energy density o f  radiation per 

unit volume and per unit wavelength, u ,̂ as in Equation (2-7)):

8nhcr^ (2-7)
Qhc/XkT _  j

where k is Boltzm ann’s constant = 1.38x10'^^J/molecule.K, h is Planck’s constant =  6.63x10'^'* 

J.s as previously, and T is the tem perature (K) (Holman, 2010, Al-Azzawi, 2007).
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When the energy density, which is defined as the energy radiated from a surface per unit time 

and per unit area, is integrated over all wavelengths, the total energy emitted is proportional to 

the absolute temperature to the fourth power, which is known as the Stefan-Boltzmann law as in 

Equation (2-8):

Eh =  (2 -8 )

where Eb is the energy radiated in W/m^, T is the temperature (K) and o is the Stefan- 

Boltzmann constant = 5.669x10'*W/m^K'’ .

The subscript b in the equation denotes that it is radiation from a blackbody. It is referred to as 

blackbody radiation because materials which obey this law appear black to the eye as they do 

not reflect any visible radiation (Holman, 2010). The total energy radiated by a surface 

increases rapidly with temperature. By observing the spectrum o f blackbody radiation at 

different temperatures, also known as Planck’s distribution (see Fig. 2-5), the energy is found to 

lie within the infrared regions o f the spectrum, where wavelengths are longer than visible light.

10 -uliravio let visible infrared

8

6
T  =  

6000 K

4

5000 K
ma\

-4000 K1

'3 0 0 0 K

0
3.02.0

Wavelength X (nm )

Fig. 2-5 Spectral intensity distribution of Planck’s black-body radiation as a function of wavelength for
different temperatures (Van der Pol, 2012)

The wavelength o f peak emission p̂eak (nm) decreases as temperature (T) increases, and is 

inversely proportional to the temperature in Kelvin. This is known as Wien’s displacement law 

(Equation (2-9)) where

^peakT =  2 .898X10-^m K  (2-9)
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The radiation heat loss from a hot surface to the cool air can be described by Equation (2-10) 

and this process is displayed in Fig. 2-6.

Qr = aeA(T,  ̂-  T J )  (2- 10)

where qr is the rate o f  heat flow by radiation (W ), £ is the emissivity o f  the surface ( =1 for a 

blackbody, < 1 for a non-black body), g  is the Stefan-Boltzm ann constant as previously, A is 

the surface area (m ^), Tj is the absolute surface tem perature (K), and T«, is the absolute am bient 

tem perature (K).

Air, T<

Fig. 2-6 Radia tion heat loss from a hot surfacc  at T s to cool a ir  at Too (Ghoshdastidar,  2004)

The three processes o f  heat transfer (conduction, convection and radiation) are sum m arised in 

Fig. 2-7, where Ts is the temperature o f the surroundings, T^ is the surface temperature, and T<„ 

is the fluid temperature.

q r  =  (T8A ( T s ^ -  

Radiation
Surrounding

Flow, T,

Convection

Heat conducted 

through wall

k A ( T ^ - T , ) t

Fig. 2-7 Combination  o f  conduction, convection and  radiation heat t rans fer  (Holman, 2010)
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2.1.2.4 Surface emissivity

The em issivity o f  a surface, e, is defined as the total radiation emitted (E) divided by the total 

radiation that would be emitted by a blackbody (Eb) at the same tem perature (see Equation 

(2- 11)).

e ( M l )

so that;

e = a
(2 - 12)

as the ratio o f  the em issive pow er o f  a body to the em issive power o f  a blackbody at the same 

tem perature is equal to the absorptivity o f  the body (a). Equation (2-12) is known as 

K irchhoff s identity.

A real body (or real surface), such as concrete, will emit less radiation than ideal black surfaces 

as m easured by the em issivity value. The emissivity o f  a surface is always between zero and 

unity (Newton, 1990). A blackbody is characterised by the following (Bergm an et al., 2011):

1. A blackbody absorbs all incident radiation, regardless o f  wavelength and direction.

2. For a prescribed tem perature and wavelength, no surface can emit more energy than a 

blackbody.

3. Although the radiation emitted by a blackbody is a function o f  wavelength and 

tem perature, it is independent o f  direction. That is, the blackbody is a diffuse emitter.

The spectral radiation emitted by a real surface differs som ewhat from Planck’s distribution 

(see Fig. 2-5). Also, the directional distribution may be other than diffuse (see Fig. 2-8).

Blackbody, T 
-  Real surface, T

X

Blackbody,
Real surfaceka,e,D =

Fig. 2-8 Comparison of blackbody and real surface  emission: spectra l  distribution (left) and  directional 
dis tr ibution (right), where  I is defined as the intensity and 0 the direction (B ergm an et al., 2011)
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2.1.3 Absorption, reflection and transmission from real surfaces

The total irradiation on a surface, G (W/m^), encompasses all spectral components and when it 

is incident upon a medium, depending on whether the surface is semi-transparent (such as glass) 

or opaque (such as concrete), this radiation may be absorbed, reflected and transmitted. For a 

radiation balance on a medium, it follows that:

Where the medium is opaque, such as concrete, Gx.tr w ill equal zero and the remaining 

absorption and reflection processes are treated as surface phenomena i.e. they are controlled by 

processes occurring w ithin a fraction o f a micrometer from the irradiated surface. It is therefore 

appropriate to refer to irradiation being absorbed and reflected by the surface, with the relative 

magnitudes o f Gx,abs and Gx,ref dependant on the wavelength (^) and the nature o f the surface 

material. There is no net affect o f reflection on the medium, however, absorption has the effect 

o f increasing the internal thermal energy o f the medium (Bergman et al., 2011), that is light is 

converted into heat and the materials temperature rises. The processes o f radiation incident 

upon a medium can be seen in Fig. 2-9.

^X ,ref +  ^X.abs +  ^X.ir

S em itran sparen t ^ ^^^^^Absorption, 
m edium  ^;i,abs

Transm ission,

F'ig. 2-9 Spectral absorption, reflection and transmission processes (Bergman et al., 2011)

In most solids and liquids, radiation emitted from interior molecules is strongly absorbed by 

adjoining molecules. Accordingly, radiation that is emitted from a solid or a liquid originates 

from molecules that are within a distance o f approximately 1 pm from the exposed surface and 

for this reason, emission from a solid or a liquid into an adjoining gas can be viewed as a 

surface phenomenon (Bergman et al., 2011).

Surface absorption and reflection are responsible for the perception o f colour. Colour is due to 

selective reflection and absorption o f the visible portion o f irradiation that is incident from the 

sun or an artificial source o f light. A surface appears “ black”  i f  it absorbs all incident visible

Irradiation, R eflection
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radiation, and it is "w hite” if  it reflects this radiation. However, for a given irradiation, the 

“colour” o f  a surface may not indicate its overall capacity as an absorber or reflector, since 

much o f  the irradiation may be in the IR region. A ‘"white” surface such as snow, for example, 

is highly reflective to visible radiation but strongly absorbs IR radiation, thereby approxim ating 

blackbody behavior at long wavelengths. The following subsections focus on the absorption, 

reflection and transmission processes. However, it is important to note that these properties 

depend on the surface material and finish, surface tem perature, and the wavelength and 

direction o f  the incident radiation.

2.1.3.} Absorption

The radiation incident on a solid surface is referred to as irradiation and when photons interact 

with the electronic or crystal structure o f  a material, absorption may occur whereby photons 

give up their energy to the material (Askeland and Phule, 2006). The total absorption, a , is 

defined as the fraction o f the total irradiation absorbed by a surface:

Gabs  (2- 14)
CC =  —

The absorptivity depends on the spectral distribution o f  the incident radiation, as well as the 

directional distribution and the nature o f  the absorbing surface. Electrons in matter occupy 

energy levels called orbits. Fig. 2-10 displays both absorption and em ission o f  a photon by an 

atom. If a photon is incident on the electron in the atorr, the photon gives up its energy to the 

electron which, having increased in energy, moves to a higher level (away from the nucleus).

A bsorption Emission

Incom ing p ho ton  is 
absorbed  b y  (he atom

Nucleus .

Electron

Incom ing pho ton  Is 
abso rbed  by  the atom

Excited

/ Lower
energy

level

\  Lowest
energy

H igher-energy 
p h o to n  is emitted

Electron

Nucleus

L ow er-energy 
p h o to n  is emitted

Fig. 2*10 An e lec tron  in a n  a to m  a b s o rb in g  a n d  e m i t t in g  a p h o to n  (S im m o n d s ,  2012)
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Similarly, the electron in the upper level moves to the lower level by giving up energy by 

emitting light (Beeson and M ayer, 2008). The energy o f  a photon is equal to the difference 

between energy levels (Newton, 1990). For light o f  a frequency v, the energy o f  a photon, E, is 

given by Equation (2-1).

2.1.3.2 Reflection

Reflection is a property that determines the fraction o f  the incident radiation reflected by a 

surface. It is dependant on the direction o f the incident radiation and the direction o f  the 

reflected radiation. Reflection is the process o f  incident radiation being redirected away from 

the surface, with no effect on the medium i.e. when radiation is incident on a medium, photons 

may give up their energy but photons o f  identical energy are immediately emitted by the 

material (Askeland and Phule, 2006). The total reflection, p, is defined as the fraction o f  the 

total irradiation reflected by a surface:

_ G r e f  (2- 15)

Two types o f  reflection occur when radiation strikes a surface. When a ray o f  solar light is 

reflected at an interface dividing two optical m edia (a material through which EM waves 

propagate), the angle o f  the incoming light ray on a surface is described as the angle o f 

incidence (0 i) and this angle is m easured relative to a line perpendicular to the reflecting surface 

which is known as the normal. The angle o f  the reflecting ray is described by the angle o f  

reflection (62) also m easured from the normal (see Fig. 2-11) . The angle o f  incidence is equal 

to the angle o f  reflection and this is known as the law o f  reflection as displayed in Equation 

(2-16).

01 =  02

When the incident rays, which are parallel to each other, strike a perfectly smooth and flat 

reflecting surface, the corresponding reflected rays are also parallel to each other. This is called 

specular or regular reflection. If the surface is rough, however, the reflected rays are no longer 

parallel due to the irregular nature o f the surface. This type o f  reflection is called diffuse or 

irregular reflection (see Fig. 2-11). The law o f  reflection still applies to each individual ray 

impacting on a surface inclined at 9r to the normal to that surface (Kingslake and Thom pson, 

2011 ).
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Fig. 2 -11 Reflection of light: diffuse (left) and specular (right) reflection (Bergman et al., 2011)

2.1.3.3 Transmission

Transmission refers to radiation passing tiirough a medium, and occurs when a layer o f water or 

a glass plate is irradiated by the sun or artificial lighting. When transmission occurs, the photons 

do not interact with the electronic structure o f the material (Askeland and Phule, 2006). Instead, 

the wave travels from one transport medium into another, causing refraction to occur. 

Refraction is defined as a change in direction o f a wave at the surface boundary (Wilson et a!., 

2007). The change o f direction is due to the fact that light travels at different speeds in different 

media. The refraction o f light, as it enters one medium from another, is described by Snell’s 

Law. The total transmission, t , is defined as the fraction o f the total irradiation transmitted by a 

surface:

However, as concrete is an opaque material, this particular property is irrelevant to this study.

2.1.3.4 Summary

Reflectivity may be defined as the fraction o f the irradiation that is reflected, absorptivity as the 

fraction o f the irradiation that is absorbed, and transmissivity as the fraction o f the irradiation 

that is transmitted (Bergman et al., 2011). As all o f the irradiation must be reflected, absorbed, 

or transmitted, it follows that:

(2-17)

Pa +  “ A +  Ta =  1 (2-18)

A medium that experiences no transmission (ix = 0) is opaque, in which case:

Pa +  «A =  1
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A summary of the key surface radiation properties are displayed in Fig. 2-12. Surface radiation 

consists of emission, absorption, reflection and transmission. As concrete is an opaque material, 

the transmission component can be disregarded. Emission from a surface is temperature, 

wavelength and direction dependant in all cases for a real body such as concrete. Similarly, 

absorption and reflection are dependent on many factors such as temperature, wavelength, 

direction and angle.

Radiation Heal Transfer

Surfacc Radiation Volumetric Radiation

Emission Absorption Scattering

Emission, €,
_ _ _ _ _ _ L _

Temperature 
Dcpcndence; T

I
Absorption, o,

Direction 
Depcndencc: <J), 0

T, X, ({), and B 
Dependence

Rcalbody Wavelength
Blackbody Depcndencc; X

Blackbody Rcalbody

Graybody

Rcalbody 
(Direction Dependent)

Source of 
Irradiation

Transmission, T, 
 L

Opaque (No 
Transmission)

Semi-transparent
Transparent (Complete 

Transmission)

Strongly Weakly 
Dependent Dependent

Reflection, p,
, -̂-----------------------

Blackbody (Direction 
Independent or Diffuse)

I
T, X. 0. and 0 Source of 
Dependence Irradiation

Fig. 2-12 Summar> o f  surrace-radia tion  properties and volumetric  radiation (Kaviany, 2011)

Both absorption and reflection are also influenced by the source o f radiation i.e. the energy 

received at the earth from the sun is subject to variations due to the following; variations in 

distance and tilt of the earth relative to the sun, variations in atmosphere scattering by air 

molecules of water vapour, gases and dust particles and variations in atmosphere absorption.

2.1.4 Thermal properties o f materials

2.1.4.1 Specific H eat

A calorie is defined as the amount o f energy necessary to raise the temperature of one gram o f a 

specific substance, water, by one degree and that amount is 4.186J. The amount o f energy 

required to raise the temperature o f a particular substance by 1°C varies, as each substance
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requires a different amount o f  energy per unit mass to change the tem perature by 1°C (Giancoli, 

2009). Askeland and Phule (2006) define the specific heat, or heat capacity, o f  a material as the 

energy required to change the temperature o f  a unit mass o f  that material by one degree Kelvin/ 

one degree Celsius) and is calculated using Equation (2-20). In particular, the specific heat o f  a 

substance is the heat energy required to raise the tem perature o f  1 kg o f  a material by one degree 

Kelvin.

Q = m c A T  (2-20)

where Q is the heat energy required (J/kgK), m is the mass o f the material (kg), c is the specific 

heat o f  the material (J) and AT is the change in tem perature (Kelvin).

Therefore, it can be concluded that, if  two m aterials had the same surface colour and were the 

same mass, the material with the higher specific heat would remain cooler if  both samples were 

subjected to identical heat loads.

The common range for the specific heat o f  ordinary concrete is 840-1170 J/kg.K, however, 

specific heat increases with an increase in tem perature and with a decrease in the density o f  the 

concrete (Neville, 1995). Some specific heat values are shown in Table 2-2. These values are 

valid at latm  constant pressure and 20°C.

I ab le  2-2 T y p ic a l  va lues o f  spcciflc hea t  f o r  c o m m o n  su b s ta n c e s  a t  20°C  (Ciiancoli, 2009)

Substance Specific Heat, c (J/kg.K)

W ater 4186
Wood 1700

Concrete 840-1170
Asphalt 920

Aluminium 900
Glass 837

Iron/Steel 488
Chopper 385

2.1.4.2 Volumetric heat capacity (VHC)

The volumetric heat capacity (VHC) is the heat capacity per unit volume rather than mass and is 

equal to the specific heat capacity times the density o f  the material (Bergman et al., 2011).

VHC = cp
(2-21)

where c is the specific heat (J/kgK) and p is the density o f  the material (kg/m^).
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2.1.4.3 Thermal diffusivity

The thermal conductivity, ic, o f  a material is related to the thermal diffusivity, 8, as described by 

Equation (2-22). Thermal diffusivity represents the relative ability o f  the material to conduct 

heat by thermal conductivity (k) as com pared to its ability to store heat by its volumetric heat 

capacity (cp). The larger the value o f  5, the faster the propagation o f heat into the material. 

Thermal diffusivity represents the ability o f  the material to respond to changes in the thermal 

environment. The larger the value, the quicker the material will come into equilibrium with the 

surroundings (Thirum aleshwar, 2006). It is defined as follows;

where c is the specific heat (J/kgK) and p is the density o f  the material (kg/m^). The larger the 

value o f  8, the faster heat will diffuse through the material. Thermal diffusivity has units o f 

mVs.

Concrete with k, c and p o f  1.3 W /mK, 840J/kgK and 2,400kg/m^ respectively, for example, will 

result in a thermal diffusivity value o f  0.64x10'® mVs, which dem onstrates a slow energy 

transfer rate in the material. However, steel with k, c and p o f  46W /mK, 488J/kgK and 

8,000kg/m^ respectively, for example, will result in a thermal diffusivity value o f  ll.S.xIO'® 

m^/s, which dem onstrates a higher energy transfer rate in the material. Aluminium has an even 

higher thermal diffusivity o f  approxim ately 97.5xlO'^mVs (Thirum aleshwar, 2006).

2.2 Solar Radiation and Albedo  

2.2.1 Solar radiation

Solar radiation is a form o f  thermal radiation having a particular wavelength distribution. 

(Holman, 2010). As previously outlined in Section 2.1, the energy from the sun is transferred to 

the earth in the form o f  photons moving at the speed o f  3xl0*m /s, and this energy can be 

converted into many types o f  energy such as heat energy. This heat energy received by the earth 

through photons is responsible for much o f  the earth’s tem perature. The amount o f  solar 

radiation reaching different parts o f  the earth varies with location and season (Solanki, 2008).

The sun emits energy in a wide range o f  wavelengths, however, the radiation o f  particular 

importance, which constitutes 99% o f solar energy, is made up o f ultraviolet, visible and 

infrared radiation. The am ount o f  solar radiation received by a planet depends on its distance
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from  the su n , w h ich  is approxim ately  1 .5 x l0 " m  for earth. Extraterrestrial radiation refers to the  

am ount o f  radiation fa llin g  on the earth ou tsid e  its atm osphere w h ich  is constant and is  o ften  

referred to  as the solar constant. T he solar constant is d efin ed  as the average radiation in tensity  

received  per unit area perpendicular to the earth’s surface at the m ean sun-earth d istance and it 

is taken as 1367W /m ^ (S o lan k i, 2 0 0 8 ).

2.2.1.1 Radiation at the earth ’s surface

Solar radiation p asses through the earth’s atm osphere before reach ing the earth’s surface w here  

it is su b jected  to absorption and scattering. T h is occurs due to the p resence o f  the o zo n e  layer, 

w ater vapour, C O 2 , O 2 , dust particles etc . present in the atm osphere. T he so lar radiation  

in tensity  (irradiation) as a function  o f  w avelen gth  is represented in W /m ^/nm. T he  

extraterrestrial so lar radiation and radiation reach ing the earth’s surface is d isp layed  in Fig. 

2-13 .

H xirate iT estrial ru d ia tio n

r \ M ( )

l>»rcciSctiliciiiigI raUiaJiot)
r \ M  I

l)>Ouxc i;ulutnon

Fig. 2-13 D iagram  o f  ear th  and the a tm osphere  dem ons tra t ing  e x t r a te r r e s t r ia l , d irect and  diffuse radia tion
and Air  Mass (Solanki, 2008)

T h e am ount o f  attenuation o f  so lar reflectance d epend s on the d istance the solar reflection  

travels through earth’s air m ass. T he th ick n ess o f  the earth ’s atm osphere is referred to as A ir  

M ass (A M ). W hen radiation is m easured ou tsid e the earth’s a tm osphere it is referred to  as AMO 

radiation as the air m ass travelled  by the su n ’s rays is equal zero (see  F ig. 2 -1 3 ) . A t the earth’s 

surface w h en  the sun is exactly  at an overhead position , th is is ca lled  A M  1 as the rays reach ing  

the earth’s surface have travelled  a d istance equivalent to  o n e  air m ass. H ow ever , w h en  the sun  

is at an a n g le  to the overhead p osition , the rays need  to travel a longer d istance w ith in  the
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earth’s atmosphere to reach the surface. Therefore, AM 1.5 is the distance travelled by the 

radiation if  it is 1.5 times that o f  AM I (Solanki, 2008).

2.2.1.2 Direct, diffuse and global radiation

W hen solar radiation passes through the earth’s atm osphere it undergoes several interactions 

(absorption and scattering) with gaseous molecules and particles in the atmosphere. The 

absorption interaction is a loss o f  radiation, as the energy o f  the solar radiation is given to the 

gaseous molecules and the atm osphere, am ounting to approxim ately 20%  o f  the radiation 

(Solanki, 2008). The scattering interaction involves the direction o f  the sun rays changing and 

this is known as diffuse radiation. The radiation which is neither absorbed nor scattered, reaches 

the earth’s surface directly and is known as direct radiation. Therefore, the total radiation 

reaching the earth’s surface is called global radiation and is the sum o f the diffuse and direct 

radiation (see Equation (2-23)).

Global  r a d i a t i o n  =  D ir ec t  r a d i a t i o n  +  D i f f u s e  r a d i a t i o n  (2-23)

On a sunny day, the diffuse radiation is approximately 15-20% o f that o f the direct solar 

radiation and on a cloudy day, the percentage o f  diffuse radiation increases with respect to 

direct radiation. The amount o f  solar radiation at a given location at a given time is dependant 

on many param eters such as; latitude and longitude o f  location, time o f day and day o f  year. 

These parameters are key to calculating the sun’s position, thus the available solar radiation. 

The chart displayed in Fig. 2-14 is the sun’s global radiation (blue line) and direct radiation (red 

line) which was obtained from ASTM  G 173 - 03 (2012) for AM 1.5.

The radiation for AM 1.5 represents an overall yearly average for m id-latitude locations (which 

is between approxim ately 23° and 66°N) which includes Ireland at 53°N, and is used by the 

solar industry for all standardised testing. The radiation for AMO is also displayed in the plot 

and it is the extraterrestrial radiation i.e. the spectrum outside o f  the atmosphere.
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Fig. 2-14 G lo b a l  r a d ia t io n  (b lue  line)  a n d  d i rcc t  r a d ia t io n  ( re d  line)  fo r  A M I . 5 (A S T M , 2012) a n d  AM O (green
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2.2.2 Definition o f Albedo

A lb ed o  is d efin ed  as the ratio o f  the reflected  solar radiation to  the incident so lar radiation at the 

surface, over all w avelen g th s o f  solar irradiation (T aha et al., 1988, Li et al., 2 0 1 3 ). A lb ed o  is a 

diiT 'ensionless fraction and is m easured on a sca le  o f  0  to  I. A n a lbedo o f  0  d en otes no  

reflectin g  ab ility  o f  a perfectly  black  surface (zero  reflectan ce, total absorbance), and an albedo  

o f  1 s ig n ifie s  a perfectly  w h ite  surface (total reflectan ce). In other w ords, i f  a surface is w h ite  

then the solar radiation is reflected  back out into the atm osphere. H ow ever, i f  a surface is dark 

then  the so lar radiation is absorbed by the surface. W hen energy is absorbed, it raises the 

tem perature o f  the substance w h ich  absorbs it e .g . the earth, and this cau ses the earth to radiate 

this heat in the form  o f  infrared radiation. T his infrared radiation results in the w arm in g  up o f  

the earth’s low er atm osphere and surface.

A s indicated  in F ig. 2 -15 , the in com in g  solar radiation w h ich  is sh ow n  in y e llo w , co n sists  o f  

ultraviolet, v is ib le  and a lim ited  portion o f  infrared en ergy  (sh ortw ave radiation) and the  

o u tg o in g  infrared (lo n g w a v e) radiation is sh ow n  in red. T he earth’s g lob a l m ean en ergy  budget 

is d iscu ssed  in detail in Section  8.1 (w here the potential for C O 2 to be o ffse t is d iscu ssed ) and is 

d isp layed  in Fig. 8 -1 . it is the balance b etw een  in com in g  shortw ave solar radiation and the 

e m iss io n  o f  lo n g w a v e  radiation to sp ace  in order to ach iev e  equilibrium . T he earth’s 

atm osphere rece ives an average o f  341W /m ^ o f  in com in g  solar radiation w h ich  is
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approxim ately one quarter o f  the solar constant (1367W /m^), and 102W/m^ o f this radiation is 

reflected or scattered back into space by clouds and the atm osphere (79W/m^) and the surface 

(23W/m^). This ratio is known as the global albedo which is close to 31%  or 0.31 (Zdunkowski 

et al., 2007), or 0.30 according to Taha et al. (1988). The objective o f  this research is to increase 

the radiation reflected o ff a surface (23W/m^ here) and to reduce the absorbed radiation by the 

surface (161 W/m^) which is relevant as it would reduce the am ount o f  infrared radiation em itted 

from the surface (the reader is referred to Fig. 8-1 for the figures).

Lighter Cotourad h
S u rfa ce  C
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Fig. 2-15 T he Albedo Effect (E C O C E M , 2011)

2.2.3 Published values o f albedo and emissivity

2.2.3.1 Published albedo values

The published values o f  albedo for a variety o f  different surfaces will be outlined in this section. 

The albedo values have been divided into two main categories; albedo values for urban areas 

and building m aterials (see Table 2-3) and albedo value for natural and vegetative surfaces (see

26



Table 2-4), w ith the reference source included. In Table 2-4, the most reflective natural surface

is new  snow, having an albedo o f  betw een 0.75 and 0.95.

The author consulted a w ide range o f  references, as displayed in Table 2-3 and Table 2-4, from 

w hich it may be observed that there is no universal agreem ent on values o f  different materials.

In som e cases significant variability exists for different materials.

Table 2-3 Albedo value for u rb an  a rea  and  building materials

Surface Material Albedo Source

Urban area Streets 0.14 (Oke, 1987, Stull, 2000)

0.15 (Stull, 2000)

Building surfaces light 0.60 (Solanki, 2008)

Building surfaces dark 0.27 (Solanki, 2008)

Urban area (average) 0.15 (Santam ouris, 2001)

Urban area 0.15-25 (Solanki, 2008)

Asphalt Asphalt (aged) 0.15-0.20 (M artien et al., 1989)

0.09-0.18 (Santam ouris et al., 2 0 1 1)

Asphalt (new) 0.05-0.10 (M artien et al., 1989)

0.04-0.06 (Santam ouris et al., 2011)

Concrete Concrete (new) 0.35-0.40 (Bretz et al., 1998)

Concrete (aged) 0.25-0.30 (Bretz et al., 1998)

0.22 (Solanki, 2008)

Concrete (white cement) 0.68-0.77 (Levinson and Akbari, 2002)

Paint Black paint 0.02-0.15 (Santam ouris, 2001)

W hite paint 0.50-0.90 (Santam ouris, 2001)

O ther Wood (freshly planed) 0.40 (Santam ouris, 2001)

W ood (oak) 0.10 (Santam ouris, 2001)

Red Brick 0.30 (Santam ouris, 2001)

Gravel 0.72 (Santam ouris, 2001)

Bitum inous and gravel roof 0.13 (Solanki, 2008)
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Table 2-4 Albedo value for n a tu ra l and vegetative surfaces

Surface Material Albedo Source

Snow Snow (new) 0.90 (Taha et al„ 1988)

0.75-0.95 (Stull, 2000)

Snow (old) 0.40-0.70 (Oke, 1987)

0.35-0.70 (Stull, 2000)

Ice caps 0.80-0.90 (T a h a e ta l., 1988)

Ocean 0.06-0.10 (T ah ae t al„ 1988)

0.03-0.10 (Solanki, 2008)

Vegetated area Average soil 0.30 (Santam ouris, 2001)

Soil, dark wet 0.06-0.08 (Stull, 2000)

Soil, light dry 0.16-0.18 (Stull, 2000)

Deciduous plants 0.20-0.30 (Santam ouris, 2001)

Deciduous forests 0.15-0.20 (Santam ouris, 2001)

0.10-0.25 (Stull, 2000)

0.18 (Solanki, 2008)

Coniferous forest 0.05-0.15 (Stull, 2000)

0.16 (Solanki, 2008)

Grass 0.23 (Solanki, 2008)

0.25 (Reagan and Acklam, 1979)

0.26 (Stull, 2000)

0.30 (Santam ouris, 2006)

2.23.2 Published emissivity values

A number o f  emissivity values are outlined in Table 2-5 for some common building materials. 

The emissivity value o f  particular importance is that o f  concrete which ranges between 0.85 and 

0.95. The em issivity is dependant on two main factors; com position and surface geometry. It is 

related to reflectance or colour. Dark m aterials absorb more and therefore emit more energy 

than light materials. Moreover, smooth surfaces have lower em issivity values than rough 

surfaces (Gupta, 2003, M yers, 2006). In general, rough concrete has an em issivity o f  between 

0.92-0.95.
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T able  2-5 Em issivity values fo r some com m on m ateria ls (A nderson, 2006)

Materia! Emissivity

Aluminium (polished) 0.03-0.06

Aluminium (dull/rough polish) 0.18-0.30

Asphalt/bitumen pavement 0.90-0.98

Brick 0.85-0.95

Concrete 0.85-0.95

Steel (polished) 0.074-0.097

Wood 0.82-0.94

2.2.4 Solar reflectance and therm al em ittance

As previously outlined in Section 2.2.2, albedo, or solar reflectance, is defined as the ratio of 

the reflected solar radiation to the incident solar radiation at the surface, over all wavelengths of 

solar irradiation. Emissivity is defined as the fraction o f energy radiated by a body compared to 

that radiated by a black body at the same temperature (McMullan, 2007). A material which is 

able to radiate heat away from it to stay cool has a high thermal emittance whereas a material 

with a low thermal emittance traps energy at long wavelengths between 5-40|,im (Infrared 

Radiation) (Gartiand, 2008). Infrared emittance is measured on a scale from 0 to 1. A true black 

body has an emissivity value o f 1 and the more reflective or shiny the material is, the lower the 

emissivity value e.g. polished silver has a value of 0.02. In general, the colour and texture of a 

material’s surface control its emissivity, as darker and duller surfaces tend to have a value close 

to 1 than more polished and brighter surfaces (Wang et a!., 2012). A material with a higher 

thermal emittance has the ability to radiate away any collected heat. The thermal emittance of 

most materials is greater than 85 per cent, but bare metallic surfaces tend to have emittance 

values ranging between 0.20 and 0.60 (Gartiand, 2008).

2.2.4.1 Cool material

A ‘cool’ material is defined as a material which has both high solar reflectance and high thermal 

emittance. These two properties combined affect the surface temperature (see Fig. 2-16). If a 

surface with a high solar reflectance and infrared emittance is exposed to solar radiation, the 

surface temperature will be lower compared to a surface which has a lower solar reflectance and 

thermal emittance value. This parameter can be determined by calculating the solar reflectance 

index (SRI) of the material which incorporates both the solar reflectance and infrared emittance 

in a single value.
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Fig. 2-16 T he basic princip les o f  a cool m ateria l (San tam ouris et al., 2011)

2.2.4.2 The Solar Reflectance Index

The solar reflectance index (SRI) is a value w hich com bines solar reflectance and thermal 

em ittance o f  a material into one m easurem ent expressed as a fraction (from 0.0 to 1.0) or as a 

percentage (from 0 to 100) and represents a m aterial’s performance in the sun. M aterials with 

relatively high SRI values are referred to as cool materials.

To determine the SRI value o f  a m aterial, ASTM  E1980-11 (2011) is the standard which 

defines SRI calculation methods. The SRI value quantifies how hot a flat surface would get 

relative to a standard black and a standard white surface (see Table 2-6). The calculation is 

based on a set o f  equations where the solar reflectance and thermal emittance o f  a material are 

required, for specific environmental conditions. The SRI has a value o f  0 for a standard black 

surface and 100 for a standard white surface.

Table 2-6 So lar R eflectance Index-a s tan d ard  b lack  and w hite surface  (M ulvaney, 2011)

Albedo Emissivity (e) SRI (% )

Standard black material 0.05 0.90 0

Standard white material 0.80 0.90 100
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For a surface exposed to the sun, when the conduction into the material is zero, the steady-state 

surface tem perature is obtained iteratively using the Equation (2-24) (see Equations (2-6) and 

(2 - 10)).

a l  = e a (T ,^  -  + h ,(T , -  T J  (2-24)

where:

a  = solar absorptance = 1- solar reflectance 

1 = solar flux (W/m^) 

e = thermal eniissivity

o = Stefan Boltzmann constant, 5.667 xlO'*(W /m^K‘’)

Ts = steady state surface tem perature (K)

Tsky = sky tem perature (K)

he = convective coefficient (W/m^K)

Ta = air tem perature (K)

in the ASTM  E l980-11 standard, SRI is defined using the Equation (2-25);

sm =  ~  .100
black ’w hi t e )

where Twack and T„hite are the steady state tem peratures o f  black and white surfaces. Under the 

standard solar and ambient conditions. Equation (2-25) can be regressed to Equation (2-26), 

which is used to calculate the SRI.

S . R . I  = 123.97 -  141.35A' +  9.655A'^ (2-26)

Equation (2-27) is employed to calculate X,  which is then substituted into Equation (2-26).

( a -  0 .0 2 9 £ )(8 .7 9 7 +  h ^ )

^  ~  9 .5 2 0 5 e +
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Typical standard solar and ambient conditions for the purpose of a calculation are defined in 

ASTM E l980-11 (2011) and are as follows;

I = 1 OOOW/m  ̂(equal to AM 1.5 at 48°)

Ta = 310K 

Tsky = 300K

he = 5, 12 and 30W W k

The SRI o f a test surface varies with two material properties, namely the solar reflectance and 

thermal emittance, and four environmental conditions, namely the solar fiux, convection 

coefficient, air temperature and sky temperature. SRI is calculated for three convective 

coefficients o f 5, 12 and 30W/m^K, corresponding to low, medium and high wind conditions, 

respectively.

2.2 .5  M easurem ent o f  solar reflectance and therm al em ittance

There are three main standard test methods for determining solar reflectance of a surface in 

order to determine a material’s SRI;

1. ASTM E1918-06 Standard Test Method for Measuring Solar Reflectance of Horizontal 

and Low-Sloped Surfaces in the Field

2. ASTM CI549-04 Standard Test Method for Determination of Solar Reflectance near 

Ambient Temperature Using a Portable Solar Reflectometer

3. ASTM £903-12 Standard Test Method for Solar Absorptance, Reflectance and 

Transmittance o f Materials Using Integrating Spheres

The method by which thermal emittance is- determined will also be discussed briefly in this 

section.

2.2.5.1 ASTM E l 918-06 (Pyranometer test method)

This test method covers the measurement o f solar reflectance o f various horizontal and low 

sloped surfaces and materials in the field, using a pyranometer. The test method is intended for 

use when the sun angle at the normal from a surface is less than 45°. This method requires an 

area of approximately lOm^ and is best applied to large surfaces that may also be rough and/or 

non-uniform.
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Levinson et al. (2010a) reviewed this technique for m easuring solar reflectance and stated that 

the solar reflectance measured using the conventional pyranom eter method will equal the global 

solar reflectance if; (a) the surface reflects diffusely (b) the pyranom eter casts no shadow on the 

surface and (c) the pyranometer sees only the target surface when m easuring the reflected solar 

irradiance. They state that there are a num ber o f  restrictions when using this test method:

1. The sky must be clear, particularly around the sun as haze or cloudiness can alter the 

spectral pow er distribution o f  sunlight, and the passage o f  cloud across the sun can lead 

to serious error.

2. The spectral distribution o f  the incident solar irradiance and the irradiance angle o f  the 

solar beam both vary with hour o f  day and day o f  year which restricts the daily time 

window for testing.

3. The target must be large enough to ensure that nearly all reflected radiation collected by 

a downward facing sensor comes from the target and not its surroundings.

4. The technique will always slightly underestim ate the global solar reflectance as the 

shadows cast by the pyranom eter and its support reduce the reflected solar irradiance.

5. The pyranom eter responsitivity is a strong function o f the angle o f  incidence.

L.evinson et al. (2010a) concluded that the need for a large testing surface makes the method 

suitable for characterising roofs, pavements and other large surfaces but inconvenient to apply 

to small samples such as product prototypes.

Sim ilarly, recent research was conducted by Li et al. (2013) with the aim o f determ ining the 

albedo values o f  commonly used materials such as asphalt and concrete using a dual 

pyranom eter method. This m ethod is essentially an albedom eter which contains two 

pyranom eters, one to meas ire incom ing radiation and another to measure reflected radiation. Li 

et al. (2013) exam ine the diurnal variation o f  albedo, whereby the solar reflectivity was 

continuously monitored on three consecutive clear days on an asphalt surface (see Fig. 2-17). 

Their research discovered that m easured albedo changes over time during the course o f  one day. 

It is high in the early m orning and then low and relatively constant around the middle o f the 

day, and then relatively high again in the late afternoon, when there is a low incident angle o f  

solar radiation as in the early morning.

The same trend was observed for the concrete pavement, whereby the solar reflectivity was 

continuously monitored over time on one clear day on a concrete pavement (see Fig. 2-18). This 

result implies that the albedo should be measured in the middle o f  the day to obtain a constant 

and conservative value. Otherwise, if  the albedo is m easured in the early m orning and late 

afternoon, the value obtained will tend to be larger than that m easured in the middle o f  the day.
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Fig. 2-18 D iurnal v a ria tion  o f so lar reflectivity  in one day for a concrete pavem ent (Li et al., 2013)

They also concluded that there is no significant seasonal variation in albedo, however, cloud 

cover will negatively influence the value o f  albedo.

The findings from the study conducted by Levinson et al. (2010a) and Li et al. (2013) will be 

com pared to the primary results o f  albedo m easurem ents which were carried out during this 

project. These results will be discussed in detail in Chapter 5.
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2.2.5.2 ASTM  C1549-09 (Portable solar reflectometer test method)

This test method determines the solar reflectance o f  flat opaque m aterials in a laboratory or in 

the field using a portable solar reflectom eter. The portable solar reflectom eter is calibrated 

using specimens o f  known solar reflectance to determine solar reflectance from measurements 

at four w avelengths in the solar spectrum: 380nm, 500nm. 650nm, and 1220nm. This test 

m ethod is applicable to specim ens o f  m aterials having both specular and diffuse optical 

properties and is particularly suited to the m easurement o f  the solar reflectance o f  opaque 

materials. The portable solar reflectom eter measures the reflectance o f  a flat and uniform 

surface o f  approximately 5cm^.

The instrument is calibrated using a black body surface with a reflectance o f  zero and one or 

more surfaces o f  known solar reflectance provided by the manufacturer. The surface to be 

evaluated is placed against the 2.5 cm diam eter opening on the m easurem ent head and 

maintained in this position until constant readings are displayed. In Europe, the use o f  portable 

reflectom eter methods for m easuring solar reflectance is not widespread apart from their use in 

the m easurem ent o f  colour (Hutchins, 2009).

2.2.5.3 ASTM E903-12 (Solar spectrophotometer test method)

A solar spectrophotom eter illuminates a surface with m onochrom atic light at near-normal 

incidence and measures the light reflected into an integrating sphere. A series o f  such 

m easurem ents at wavelengths spanning the solar spectrum (300-2500 nm) yields the surface’s 

solar spectral reflectance. A properly calibrated solar spectrophotom eter can accurately measure 

the spectral reflectance but there are several limits to its use. Levinson et ai. (2010a) stated these 

restrictions to include the sample having to be flat, to ensure that any specularly reflected light 

is captured by the integrating sphere; small enough (typically not larger than 10-15cm) to fit in 

the instrum ent’s sample port and, if  the instrument has a vertical sample port, sufficiently 

cohesive to be mounted vertically. Also, the beam only illum inates lOmm^ o f  the sample, with 

each m easurement taking several minutes, therefore, the instrum ent is best utilised on a uniform 

surface where minimal readings are required. A solar spectrophotom eter is a large, immobile 

and expensive instrument to w hich samples must be brought.

2.2.5.4 Measurement o f  emissivity

As discussed in Section 2.1.2, em issivity is a relative m easure on a scale o f  0 to 1 o f  heat 

(radiation) emitted by a m aterial’s surface compared to the energy radiated by an ideal black 

body at the same tem perature and at the same solar angle. In general, the higher the emissivity, 

the lower the reflectance value o f  the material. A m aterial’s emissivity is measured using a
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determ ined tem perature and a predeterm ined an g le . A n em issiv ity  o f  1 w ou ld  su g g est the 

materia! absorbs all the energy and heat and an e m iss iv ity  o f  0 su ggests  a perfect reflector o f  

heat (P oste ll and G esim on d o , 2 0 1 1 ). Infrared em ittan ce o f  a surface can be m easured u sin g  a 

portable em issom eter  as described  in  A S T M  C l 3 7 1 -0 4 a  (2 0 1 0 ) and A ST M  £ 4 0 8 -7 1 (2 0 0 8 ) .  

T here are m any uncertainties that are in v o lv ed  in the m easurem ent o f  e m iss iv ity  as severa l 

factors a ffect the m easurem ent such as the sam ple tem perature and the surface geom etry .

2.2.6 Albedo and the environment

B y increasing  the reflectance o f  surfaces u sin g  ‘c o o l’ m aterials, th is w ou ld  contribute to  

low erin g  surface tem peratures w hen  ex p o sed  to su n ligh t (B retz et al., 1998, Berdahl and B retz, 

1997). C reating coo l com m u n ities requires lo w er in g  the average surface tem perature, for  

exam p le , a c ity  so  that there is le ss  surface-to-a ir  heat transfer. For bu ild ing and pavem ent 

surfaces in the sun, surface characteristics such  as a lbedo and em issiv ity  are h igh ly  relevant. 

A lb ed o  is an indicator o f  the reflectin g  p ow er o f  a surface and is a key therm al characteristic. 

T he therm al characteristics (such  as a lbedo, heat cap acity  and thermal con d u ctiv ity ) interacting  

w ith  solar radiation are the causa! factors a ffectin g  the urban heat island (U H I) p h en om en on  (L i 

et a!., 2 0 1 3 ). T herefore, as a lbedo p lays an im portant role in the therm al behaviour o f  

pavem ents, roofs and other ground surfaces, it con seq u en tly  has an im pact on  hum ans and the  

environm ent.

Increasing the urban a lbedo results in m ore o f  the in com in g  solar radiation b e in g  reflected , and 

th is e ffec tiv e ly  counteracts to som e exten t the e ffec ts  o f  g lobal w arm ing. A kbari et al. (2 0 0 8 b )  

and M enon et al. (2 0 1 0 ) have quantified  th is in term s o f  o ffse t C O 2 em issio n s. T h is w ill be 

d iscu ssed  in detail in C hapter 8.

Furtherm ore, the im pact o f  a lbedo on the environm ent is a lso  relevant in term s o f  the 

transm ission  o f  heat through conduction  into b u ild ings. For exam p le , w hen  heat is generated  on  

the surface o f  concrete, som e o f  the heat w ill be em itted  as IR radiation, h ow ever, so m e o f  the 

heat w ill be con d u cted  dow n  through the depth o f  the slab. W here there is reasonable insu lation  

in the ro o f o f  a bu ild ing , th is prevents the heat from  transferring to the room  b e lo w . T h is results  

in the heat b e in g  g iv en  o f f  upw ards. In co n c lu s io n , the a lbedo e ffect is not ju st a surface  

phenom enon  as it is im portant w hat the m aterial com p rises o f  b e lo w  the surface.
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2.3 The Urban Heat Island Effect

The urban heat island effect was first discovered by a British m eteorologist Luke Howard in 

1818 who was also known for the classification o f clouds (Santam ouris, 2009). He studied 

London’s climate by measuring the tem peratures at several sites within and outside the city and 

found that the temperature within the city was noticeably w arm er than its rural surroundings. 

Following this discovery, the urban-rural temperature contrast was term ed the ‘urban heat 

island’ by Manley (1958) and this term has since been widely used across various areas o f  

research.

An urban heat island is a ‘reverse oasis’ where air and surface tem peratures are hotter than in 

their rural surroundings (Gartland, 2008). Fig. 2-19 is a thermal image o f  a midday surface 

urban heat island in Salt Lake City, Utah which was taken on July 13 1998. The warm er urban 

surfaces are on the left o f the image (at a maximum o f 70°C) while the dark blue areas (at 30°C) 

are the cooler surfaces (Akbari et al., 2008a). The urban heat island effect is now considered as 

one o f  the most serious urban environmental problems.

Fig. 2-19 T herm al image of a surface  u rb an  heat island in U tah (A kbari et al., 2008)

The urban heat island effect is a direct result o f  urbanisation that creates urban fabric which 

com prises mainly o f  roofs, paved surfaces and less vegetation (Santam ouris, 2007). Heat 

islands occur both on the surface and in the atmosphere. They differ in a number o f  ways 

including the way they are formed, the methods used to identify them, their impacts and 

m itigation techniques (Akbari et al., 2008a). Surface urban heat islands are a direct result o f the 

sun heating up dry urban surfaces such as roofs and pavements to tem peratures which are hotter 

than the surrounding air. They can be identified through remote sensing and this data is
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collected to produce thermal images (see Fig. 2-19). Surface urban heat islands are present both 

during the day and at night and tend to be most intense on a hot clear sum m er’s day.

Atmospheric urban heat islands occur when the air tem perature in an urban area is higher than 

that in the nearby rural surroundings. These differences in tem perature can be small or non­

existent during the day and are most intense at night or predawn. This is due to the slow release 

o f  heat from buildings. They are m easured directly with fixed weather stations and the data is 

displayed on an isotherm map or temperature graph (Akbari et al., 2008a). There are two major 

atmospheric types o f  urban heat island; the urban canopy layer heat island (UCL) which is the 

air between the ground and the tops o f  trees and roofs, and the urban boundary layer heat island 

(UBL) which is situated above the UCL.

Extensive research has been carried out into characterising the fabric o f  an urban environm ent 

by Rose et al. (2003) by using high-resolution aerial digital orthophotos covering selected areas 

in each city. The study focused on the fabric o f  Sacramento, Salt Lake City and Chicago, 

exam ining four m ajor land use types; commercial, industrial, transportation and residential. O f 

approximately 900km^ o f  urban area in Sacramento, 49%  was residential, about 59% o f 620km^ 

urban area in Salt Lake City was residential and 53%  o f  2520km^ urban area in Chicago was 

residential. The data in Table 2-7 displays a com parison o f  the fabric o f  these three cities.

Table 2-7 C om parison o f the percentage o f the horizontal fab ric  o f Salt Lake C ity, Sacram cnto  anil C hicago
(Rose et al., 2003)

City Vegetation Roofs Pavements Other

Above the canopy % % % %

M etropolitan Salt Lake City 40.9 19.0 30.3 9.7

M etropolitan Sacramento 28.6 18.7 38.5 14.3

M etropolitan Chicago 30.5 24.8 33.7 11.0

Residential Salt Lake City 46.6 19.7 25.3 8.5

Residential Sacramento 39.2 19.4 25.6 15.8

Residential Chicago 44.3 25.9 25.7 4.1

Under the canopy

M etropolitan Salt Lake City 33.3 21.9 36.4 8.5

M etropolitan Sacramento 20.3 19.7 44.5 15.4

M etropolitan Chicago 26.7 24.8 37.1 11.4

Residential Salt Lake City 38.6 23.9 31.6 6.0

Residential Sacramento 32.8 19.8 30.6 16.8

Residential Chicago 35.8 26.9 29.2 8.1
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This research demonstrates that impervious surfaces such as roofs and pavements maice up a 

significant fraction of an urban area and that characterisation of the urban fabric is very 

important in order to be able to design and implement heat island reduction strategies.

Gartland (2008) and Bhatta (2010) suggest that there are two main causes of the heat island 

effect. The first of these is that most urban building materials are impermeable and watertight 

and therefore there is no available moisture to dissipate the sun’s heat. The second cause is the 

use of dark materials which absorb and retain the sun’s energy. Gartland (2008) and Taha et al. 

(1988) believe that other factors, such as an increase in anthropogenic heat released from 

buildings and vehicles and increased city roughness (slower wind speeds), also contribute to its 

formation. It is important to look at the energy balance at the earth’s surface in order to 

understand the origin of the energy and how it is transferred. This is done by evaluating the 

energy balance equation.

2.3.1 Energy balance equation

The energy balance equation illustrates how energy is transferred to and from the earth’s 

surface and is based on the first law o f thermodynamics which states that energy cannot be lost 

(Gartland, 2008). The energy balance equation is represented by Equation (2-28);

Convection + Evaporation + Heat storage = Anthropogenic heat + Net radiation (2-28)

• Convection is energy which is transferred from a solid surface to a fluid, in this case 

from the earth’s surface to the air above it, and it increases with higher wind speeds.

• Evaporation is energy which is transmitted away from the earth’s surface by water 

vapour, and includes the process of evapotranspiration. Both processes increase when 

there are higher wind speeds and when the air is drier and warmer, and also when there 

is more moisture available.

• Heat storage depends on two properties o f a material; thermal conductivity (a high 

value indicates an increased ability o f the material to transmit heat into its depth) and 

heat capacity (a high value indicating a material can store more heat in its bulk). These 

properties are outlined in Section 6.2.

• Anthropogenic heat is heat which is generated by buildings, machinery or people. In 

dense urban areas this term is larger and can have a significant effect on the formation 

o f heat islands.

Net radiation (see Equation (2-29)) consists o f four separate radiation processes taking place at 

the earth’s surface with each term defined below;
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Net radiation = Incoming solar radiation -  Reflected solar radiation + Atmospheric (2-29)

radiation -  Surface radiation

where:

• Incoming solar radiation is the amount o f  energy reaching earth as radiated by the sun 

and is dependent on the season, tim e o f day, cloud cover and atm ospheric pollutant 

levels.

• Reflected solar radiation represents the amount o f  solar energy reflected o ff  the earth’s 

surface and is represented by the albedo value.

•  Atm ospheric radiation is heat which is emitted by particles present in the atm osphere 

such as water vapour droplets and clouds.

•  Surface radiation is heat which radiates from the earth’s surface and is dependent on the 

tem perature o f  the surface and the surroundings.

2.3.2 Factors which Influence the UHI Effect

There are many factors which can influence the heat island effect. Akbari et al.(2008a) and

Gartland (2008) focuses on five main causes;

1. Reduced evaporation

2. Increased heat storage

3. Increased net radiation

4. Increased anthropogenic heat

5. Reduced convection

2.3.2.1 Reduced evaporation

Urban areas evaporate less water which contributes to elevated air and surface tem peratures 

(Akbari et al., 2008a). Trees and vegetation provide shade which keeps surfaces cooler,

reducing the amount o f  heat transferred to the air above them and reducing the energy use o f

buildings below (Gartland, 2008). In addition, this vegetation helps to reduce tem peratures 

through evapotranspiration, which is the process whereby the plants release water to the 

surrounding air, dissipating ambient heat (Solecki et al., 2005). When there is no energy outlet 

o f  evaporation available, urban and suburban areas store more energy during the day which is 

subsequently released back into the atm osphere at night (Gartland, 2008). Shade from trees 

intercept sunlight before it warms a building or pavement. They also decrease the wind speed 

and shelter buildings from cold winter breezes (Akbari et al., 2001). Taha (1997b) studied the 

impacts o f  evapotranspiration on the near surface clim ate through numerical sim ulations. These 

results indicated that increasing vegetation cover in urban areas can result in approxim ately 2°C
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decrease in air temperature. Taha et al. (1988), Bretz et al. (1998) and Rosenfeld et al. (1995) 

also believe that reduced vegetation cover, in addition to exposed dark exterior surfaces, lead to 

the increase in urban air temperatures.

23.2.2 Increased heat storage

Properties o f  urban m aterials determine how the sun’s energy is reflected, emitted and 

absorbed, in particular, solar reflectance, thermal emissivity, thermal conductivity and heat 

capacity (Akbari et al., 2008a). Thermal diffusivity (as previously discussed in Section 2.1.4), 

represents the ability o f  the material to respond to changes in the thermal environm ent. The 

larger the value, the quicker the material will come into equilibrium with the surroundings 

Urban areas tend to have lower thermal diffusivity due to manmade m aterials such as concrete 

and asphalt pavements. M aterials such as concrete and asphalt have a higher heat capacity than 

natural m aterials found in the environment and as they absorb and retain solar radiation, the 

stored heat is released slowly at night time from the urban surface. Thus, the urban heat island 

intensity peaks several hours after sunset as the urban surfaces are still warm.

2.3.2.3 Increased net radiation

The difference in net radiation between urban and rural areas is mainly due to factors such as 

the low albedo value o f  urban materials, urban geom etries and the higher air pollution levels in 

cities (Gartland, 2008). Most urban m aterials have a low albedo value and as a consequence 

reflect less o f  the incoming solar radiation. A typical example o f  this is asphalt which has an 

albedo o f  approxim ately 0.05 when new com pared to grass, for example, which has an albedo 

ofO.25.

Urban geometry refers to the dim ensions and spacing o f  buildings within a city (Akbari et al., 

2008a). It influences wind flow, energy absorption and the ability o f  a surface to emit long­

wave radiation back to space. A surface at ground level, which is surrounded by buildings, 

radiates heat diffusely or evenly in all directions and this heat is captured by building walls 

instead o f  escaping to the atm osphere (Gartland, 2008). Urban geometry can be simulated 

through urban canyon models which study a configuration o f  buildings surrounding a street. 

The model is based on energy balance equations that represent the heat transfer between 

pavements and building walls. The model takes into account wind patterns, solar loads and 

shading o f  certain areas throughout the day and can help evaluate how urban geom etry affects 

urban climate (Gartland, 2008). The effects o f  urban geometry are assessed using a ‘sky view 

factor’(SVF) which is the visible area o f  the sky from a given point on the surface and this
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factor ranges from 0 to 1 with close to 0 being a low SVF typically in urban areas where there 

are tall closely spaced buildings and 1 being a high SVF such as in a field (Akbari et al., 2008a). 

The SVF value in urban environm ents is calculated by using one o f  three methods; analytical, 

photographic or video imagery (Emmanuel, 2005). An analytical method is one whereby the 

SVF is calculated once the angles from the planar surface to the tops and sides o f  the 

surroundings are known. A photographic method is one where a fish eye lens photograph is 

used to project the hemispherical radiating environm ent onto a circular image plane and a 

photographic method is one where a video cam era with a fish eye lens is digitalised and 

analysed to distinguish the relative areas covered by sky and buildings.

2.3.2.4 Increased anthropogenic heat

Anthropogenic heat refers to heat produced by human activities (Akbari et al., 2008a, Gartland, 

2008) and it comes from many sources such as cars, buildings, industrial processes and people. 

The importance o f  each source depends on the city itself but in general there are three major 

sources; intensity o f  energy use, power generation and transportation systems (Taha, 1997b, 

Shahmohamadi et al., 2011). Anthropogenic heat is calculated by com puting the sum o f all 

energy use (com m ercial, residential, industrial and transport) and dividing it by the region’s 

area. It is typically larger in w inter than in summer due to the larger heating load in winter. The 

average value o f  anthropogenic heat for most m ajor U.S cities ranges between 20-40W/m^ in 

summer and 70-200w W  in w inter (Taha, 1997b).

2.3.2.5 Reduced convection

Urban heat islands require calm w inds and clear skies to form. This is due to the fact that less 

heat is convected from the surface to the air when wind speeds are low. The decreased wind 

speeds increase heat storage during the day which is released slowly at night time. As buildings 

within cities act as wind breaks, cities tend to have slow er wind speeds than rural areas 

(Gartland, 2008).

2.3.3 Characteristics of an UHI

Gartland (2008) suggests that the heat island effect is characterised by hotter surface 

temperatures, hotter air tem peratures, larger effects during clear, calm weather, and it increases 

with development and thermal inversions.
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2.3.3.1 Hotter surface temperature

During tiie daytime, urban surfaces heat up by absorbing the incom ing solar radiation from the 

sun and at night-time these surfaces release the heat, eventually cooling down to the air 

tem perature. Areas containing vegetation, however, contain moisture which evaporates and 

keeps the surfaces cool (Gartland, 2008, Sabnis, 2012). The surface tem perature o f  the earth 

was first visualised from satellites in the late 20th century and it was possible to map the 

tem peratures on the earth’s surface. The Explorer M ission 1 was one o f  the first satellites used 

to observe urban heat in 1978. For exam ple, a heat capacity m apping radiom eter was used to 

m easure surface tem peratures in Buffalo, New York. This means o f  visualization clearly 

showed warm regions both in urban areas and surrounding them  all over the world (Gartland, 

2008).

2.3.3.2 Hotter air temperatures

The difference between the urban and rural air tem peratures is used to measure the heat island 

effect. The heat island effect is usually largest at night time as urban surfaces continue to 

release heat. Heat island intensity varies in its magnitude and the tim ing o f  its peak for each 

city. These peaks usually occur 3-5 hours after sunset (Oke, 1987). Cities built o f  materials that 

release heat quicker reach peak heat island intensity sooner after sunset whereas a material, 

such as concrete which releases heat more slowly, may not reach the peak until sunrise 

(Gartland, 2008). The air tem perature in a typical city on a summer afternoon can be 2.5 

degrees higher than in the surrounding rural areas (Rosenfeld et al., 1995, Akbari et al., 2001). 

Gartland (2008) describes a phenomenon known as the ‘oasis effect’ which has been recorded 

in the desert city o f  Phoenix in Arizona. This is where urban daytime tem peratures are cooler 

than the surrounding rural desert as a result o f  more landscaping and irrigation. However, the 

night-time air tem peratures are warm er than the surrounding rural area, therefore, the heat 

island is still a factor here. Similarly, in cold northern clim ates, a ‘cool island’ can be created 

whereby the urban-rural air tem perature difference during the day is less than zero as a result o f 

the low sun casting long building shadows. Consequently the city is cooler than its surroundings 

and this cool island consequence can be seen in Reykjavik in Iceland. Surface tem peratures 

have a significant effect on air tem peratures, especially in the canopy layer, which can be seen 

in Fig. 2-20.

The peak in surface tem perature during the day is located directly at the location o f  the 

buildings, with the m inimum value o f  surface tem perature occurring in vegetated areas. The 

diagram also shows that the pond area is cool during the day and warm at night time, which is 

due to  its high heat capacity. The increase o f  surface tem perature during the day consequently
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has an effect on the night time tem perature which also reaches a peak where the buildings are 

situated.

2.3.3.3 Larger effects during clear, calm weather

The heat island effect is weakest during cloudy, windy weather and is strongest during calm 

clear weather. The main reason for this is that calm er winds remove the heat at a slower rate 

and also more solar energy is received on clear days.

2.3.3.4 Increases with development

As urban areas expand over time, the heat island also expands and tends to be more intense. 

Brazel et al. (2000) studied the effect o f  increasing urbanization in two urban locations in 

Phoenix, Arizona, as well as urban M esa and com pared them with suburban Tempe, Arizona. 

The maximum and minimum tem peratures in these cities are compared to tem peratures in 

Sacaton, a rural area in the A rizona desert. M aximum temperatures in the urban and suburban 

areas have not changed relative to the tem perature in Sacaton, but minimum tem peratures at 

night time have increased by 4°C in Phoenix, M esa and Tempe relative to the tem peratures in 

Sacaton. This study would imply that the cities are storing more heat due to param eters outlined 

in Section 2.3.2 such as urban geom etry, reduced vegetation and anthropogenic heat, and 

releasing the heat at night-time which is increasing the intensity o f  the heat island effect.

Surface Tem perature (Day) 
Air Tem perature (Day} 
Surface Tem perature (Night) 
Air Tem perature iN*ght)

 - t J -  '------- ■ *  ' ^ 0 * ^

Rural Suburban Pond W arehouse Urban 
or Industrial Residential

Downtown Urban Park Suburban Rural 
Residential

Fig. 2-20 V 'ariations o f  su rface  and a ir  tem p era tu res  (A kbari et al., 2008)
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2 . 3 . 3.5  Thermal inversions

The effect o f  the heat island can also be seen at the boundary layer, which is the lowest 2000 

metres o f  the earth’s atmosphere. As the earth’s surface heat up during the day by solar energy, 

this heats the air above it. This warm air expands and becomes lighter, therefore rising into the 

atmosphere. This can often result in a thermal inversion o f  warm air over cool air, thus inverting 

the usual condition in which air becomes cooler with altitude (see Fig. 2-21). Urban and 

suburban areas tend to heat up more than rural areas, and this extra heat gives rise to thermal 

inversions which trap warm air and pollution near the ground (Gartland, 2008, Thorpe, 2009). 

This could have adverse effects on health such as asthm a and an increase in lung cancer.

Cooler air 

Cool atr

Cool atr
1

: Warm invBrsion layer

Warm av Cool air

—.Ml
NORMAL PATTERN INVERSrON

Fig. 2-21 N o rm a l  p a t t e r n  o f  a i r f l o w  a n d  th e r m a l  invers ion  ( R o h r e r ,  2013)

They are influenced by the presence o f  clouds, wind, length o f  the night and the condition o f  the 

ground (Ackerm an and Knox, 2012, O'Hare et al., 2005). Clouds are made up o f  tiny water 

droplets which absorb outgoing thermal energy from the surface and can reradiate such energy 

back to the surface. W inds are the mixers o f  the atm osphere, therefore, if  a thermal inversion 

exists and the winds increase suddenly then the inversion will be destroyed. W inter nights are 

longer than sum m er nights, therefore, the surface has more time to cool down and form an 

inversion. Finally, the condition o f the ground is a factor, for example, the presence o f ground 

snow cover. Snow has many air filled pockets which prevent the heat being conducted from the 

surface o f  the ground to the air above. Also, snow has a high solar reflectance value, therefore, 

by not absorbing much solar radiation, the surface can rem ain cold. The presence o f  snow cools 

the air im m ediately above much more effectively and for longer than if  there was no snow 

present (Ackerm an and Knox, 2012, O'Hare et al., 2005).

Radiation (nocturnal) inversion is the most common form o f  surface inversion and occurs 

nightly as land cools rapidly by emitting thermal infrared radiation. During the day, the land 

also em its thermal infrared radiation, but this loss is exceeded by a gain in solar radiation. At 

night, thermal infrared emissions cool the ground, which in turn cools the m olecular layers o f  

air above the ground, creating an inversion. The strength o f  a radiation inversion is maximized
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during long calm cloud free nights where the air is dry (as dry air minimizes absorption o f  

thermal IR energy by w ater vapour). Radiation inversions also form in the winter during the day 

in regions that are not exposed to m uch sunlight. They do not form regularly over the ocean as 

the ocean water only cools slightly at night-time (Jacobson, 2012, Ahrens et al., 2012). This 

phenomenon is demonstrated in some preliminary experim ents, which are discussed in Chapter 

6 .

2.3.4 Effects of the urban heat island

The urban heat island effects are most severe during days and nights with limited cloud cover 

and light winds, when tem perature differences between urban areas and surrounding rural areas 

tends to be at a maximum (Solecki et al., 2005). Taha et al. (1988) categorize the effects o f  

albedo on building energy use as either local or global. The local effects o f  albedo, or direct 

effects, refer to those due to m odifications in the absorptive and reflective characteristics o f  the 

envelope o f a building. Global or indirect effects refer to micro climatic changes i.e. the change 

in the climate o f  a small, specific place within a larger area, mainly in air temperature, which 

result when the meso-scale (100-km order) urban albedo is altered.

As previously stated in Section 2.3.3, the air tem perature in a typical city on a clear sum m er’s 

day is as much as 2.5°C higher than in surrounding rural areas. This elevated summertime 

temperature in cities increases the energy demand for cooling. Akbari et al. (1992) have found 

that peak urban electric demand in six American cities (Los Angeles, CA; W ashington, DC; 

Phoenix, AZ; Tucson, AZ and Colorado Springs, CO) rises by 2-4%  for each 1°C rise in daily 

maximum tem peratures above a threshold o f  15-20°C. The additional air conditioning use 

caused by the urban air tem perature increase is responsible for 5-10%  o f urban peak electric 

demand costing several billion dollars annually.

In cold climates, the effect o f  the heat island is considered a mild asset as it reduces the heating 

loads in buildings. However, in warm or hot climates, the urban heat island contributes to the 

discom fort o f  the urban population. A ir conditioning is used to maintain a comfortable indoor 

environment, however, where air conditioning is not used, there is discomfort and even death, 

as transpired in the high profile heat wave in Chicago in 1995 (Bretz et al., 1998, Solecki et al., 

2005). The heat wave resulted in the death o f  more than 700 people (Klinenberg, 2002). In 

2003, the extended heat wave in W estern Europe caused over 14,800 deaths in France alone 

(Pirard et al., 2005). Solecki et al. (2005) identify a potential link between the urban heat island 

effect and heat waves which is a concern, particularly during sum m er months.
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The use o f air conditioning to compensate for the heat island effect has a number o f drawbacics. 

It can be expensive to both buy and use. It represents one-sixth o f electrical energy demand in 

the United States, totalling to an annual cost o f $40 billion (Rosenfeld et al., 1997). In order to 

meet this demand for energy, a large amount o f fossil fuels are burned. The combustion o f these 

fuels results in the emissions o f air pollutants from power plants including sulphur dioxide 

(SO2 ), nitrogen oxides (NOx), particulate matter (PM), carbon monoxide (CO) and mercury 

(Hg) which are ozone precursor chemicals. A precursor chemical is a compound such as carbon 

monoxide that, in the presence o f solar radiation, w ill react with other chemical compounds to 

forni ozone (Cleveland and Morris, 2009). These pollutants are harmful to human health and 

sulphur and nitrogen oxides are associated with acute and chronic respiratory diseases (Solecki 

et al., 2005). The burning o f large amounts o f fossil fuels also releases greenhouse gases such as 

carbon dioxide (Solecki et al., 2005, Akbari et al., 2008a, Bretz et al., 1998), which contributes 

to global climate change.

Shahmohamadi et al. (2011) conducted an analysis o f the urban heat island effect in Tehran, 

Iran. Their research focused on the relationship between the urban heat island effect and human 

health. The urban heat island effect is due to a number o f contributing factors including 

materials and on-going activities within a city which are responsible for anthropogenic heat 

release and air pollution as outlined in Section 2.3.2. As a result, the urban heat island exerts a 

direct or indirect effect on human health.

The elevated temperatures associated with the heat island effect accelerate the formation o f 

smog (Bretz et al., 1998, Taha, 1997b, Rosenfeld et al., 1997) . Akbari et al. (1990) shows that 

the probability o f smog increases by 6% per °C in maximum daily temperature, above a 

threshold o f 22°C. Decreasing the near surface air temperature can lead to a reduction in the 

depth o f the mixed layer potentially resulting in higher ozone concentrations (Rosenfeld et al., 

1995, Taha, 1997b). Rosenfeld et al. (1995) and Bretz et al. (1998) state that as well as 

accelerating the formation o f smog, higher air temperatures are associated with increased 

emissions o f reactive organic hydrocarbons in addition to ozone precursors from automobiles 

and vegetation.

Surface urban heat islands also degrade water quality by thermal pollution. Pavements and roofs 

can reach excessive temperatures, higher than air temperature, and this excess heat is 

transferred to storm water, which drains into storm water sewers and eventually rivers. This 

rapid temperature change affects aquatic life (Akbari et al., 2008a).
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2.3.5 Adaptation to and mitigation o f urban heat islands

A response to the urban heat island effect may be described as either adaption or mitigation. 

Adaption o f  the urban heat island is defined as an adjustment to moderate the harm caused by it, 

while mitigation o f  the urban heat island may be defined as an intervention to reduce the extent 

o f  it (Solecki et al., 2005). A num ber o f  adaptive measures in response to urban heat islands 

have been studied by Solecki et al. (2005). The primary objective o f  these measures is to reduce 

night time sleeping tem peratures as tem peratures higher than the normal body tem perature can 

induce stress on the human body. Traditional measures include:

•  W earing light coloured clothing

• Reducing indoor cooking/ increasing outdoor cooking

• Use o f  fans and wet clothes by windows

• Finding places to sleep outside

However, the most recent adaptive measure to heat islands is the use o f  indoor air-conditioning. 

2.3.5.1 A cool material

A ‘cool m aterial’ is characterised by having a high solar reflectance value and a high thermal 

em ittance value as previously mentioned in Section 2.2.4. The use o f  materials presenting these 

tw o characteristics, contribute to increasing the urban albedo which is considered to be one o f  

the more promising techniques to mitigate the heat island effect (Santam ouris et al., 2011). Cool 

surfaces (cool roofs and cool pavements) along with urban trees can have a significant effect on 

urban air temperature, therefore reducing cooling energy use and smog (Akbari et al., 2001, 

Taha, 1997a). Urban trees can improve urban air quality through the direct uptake o f  pollutants 

(Taha, 1997a). The effects o f  m odifying the urban environment in this way are quantified in 

term s o f ‘direct’ and ‘indirect’ contributions (Akbari et al., 2001). The direct effect o f  planting 

trees around a building or using reflective materials on roofs is to alter the energy balance and 

cooling requirements o f  that building. Indirect effects are as a result o f  albedo modified 

throughout an entire city producing city-wide changes in climate. Cool m aterials can be divided 

into two main categories; cool roofing m aterials and cool paving materials.

Fig. 2-22 illustrates the methodology used to analyse the impact o f  heat island mitigation 

m easures, such as shade trees, cool roofs and cool pavements, on energy use and urban air 

pollution. The mitigation o f  urban heat islands can be achieved by increasing the albedo o f  the 

surface and by planting trees in urban areas (Rosenfeld et al., 1995, Boriboonsomsin and Reza, 

2007). The implementation o f  these strategies could have a number o f  positive effects such as 

reducing the need for air conditioning and reducing health problems.
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The incorporation o f higher albedo surfaces into the urban environment could be achieved by 

using lighter coloured roofing materials on new developments or by painting roofs and shingles 

lighter colours as used in the USA (Solecki et al., 2005). Pavements can be made lighter in 

colour by the use o f white or light coloured aggregate in an asphalt binder such as quartz, white 

stone or white marble (Bretz et al., 1998).

In addition to aggregates, the use o f a lighter cement in concrete is more important than the 

aggregate as the aggregate tends not to be exposed, and in particular white cement is more 

likely to produce a concrete which is lighter in colour. A concrete containing white cement w ill 

have an approximate albedo o f between 0.68-0.77 when new (Levinson and Akbari, 2002).

Strategies
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Fig 2-22 Methodology used to analyse the impacts of heat island mitigation measures on energy use and urban
air pollution (Akbari et al., 2001)

2.3.5.2 Cool Roofs

Cool roofs can lower the energy flux which enters into the building through the roo f This is 

governed by three factors, namely the solar reflectance, infrared emittance and thermal 

insulation o f the roof (Boixo et al., 2012). The insulation in a roof defines how much energy 

w ill go through the roof as a result o f the heat absorbed by the roof from the sun. Insulation is 

quite expensive as this factor depends on the physical constitution o f the material, however, the 

solar reflectance value can be altered by the utilisation o f highly reflective materials.

Cool roofing involves using materials which have both high solar reflectance and high thermal 

emittance. These properties are outlined in Section 2.2 and 2.1.2 respectively. There are two
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types o f  cool roofing; a low slope ro o f and steep slope roof. A low slope roof has a slope o f  no 

more than one in twelve and is generally used for industrial buildings such as warehouses. A 

steep sloped roof has a slope greater than one in twelve and is found on residential buildings 

using materials such as com posite shingles and metal roofing in the USA and roofing tiles or 

slates in Ireland.

There are two options for low-slope roofs; these include coatings and single-ply membranes. 

Cool coatings are surface treatm ents with the consistency o f  paint, however, with superior 

characteristics such as their ability to ‘se lf w ash’ and high durability. The two main types are 

elastomeric and cementitious which are both bright white in colour with a solar reflectance o f  

0.70 or higher when new and a therm al em ittance greater than 0.8 (Santam ouris et al., 2011). 

The coating has no effect on the ro o f s  insulation and in general the cem entitious coatings tend 

to be more problematic when it comes to sticking to the roof due to their brittle nature under 

thermal movements (Gartland, 2008). Single-ply roofing is a m aterial which comes in a 

prefabricated sheet and is applied in one layer to the ro o f  Such cool single-ply products include 

thermoplastic polyolefin (TPO), polyvinyl chloride (PVC), ethylene propylene diene m onom er 

(EPDM ) and copolymer alloy chlorosulphonated polyethylene (CSPE).

Steep sloped roofs are visible in com parison to low sloped roofs, therefore contributing to the 

visual architecture o f  a building. The easiest option for a cool roof is to make it bright white by 

applying a cool coating, for example, which is more desirable in hot dry climates.

Research carried out by Levinson et al. (2007) indicates that non-white surfaces can be made 

cool by, maximising reflectance in the near infrared (NIR) spectrum which does not affec* the 

colour, and this is equivalent to m axim ising the solar reflectance. They state that the solar 

reflectance can be maximised by establishing high reflectance’s in the visible and in the NIR 

spectra which comprise 95% o f incident solar radiation. The reflectance in the NIR spectrum is 

maximised by colouring a topcoat with pigments which weakly absorb NIR radiation, in 

addition to adding a NIR reflective basecoat. A grey-cement concrete tile has low NIR 

reflectance, but by applying coatings o f  NIR scattering pigments, a NIR reflectance o f 0.60 was 

achieved. This could be further increased by using a white basecoat, increasing the NIR 

reflectance to 0.85.

Xu et al. (2012) conducted research into the benefit o f  coo! roofs using data collected from a 

field study in Hyderabad, India. The objective o f  this study was to develop a new field-based 

analytical method in addition to a building sim ulation, and to quantify the direct cooling energy 

savings by applying cool roof technologies to buildings. The results are displayed in Table 2-8. 

The data from the field-based analysis was used to estimate the potential carbon em ission 

reductions associated with the cooling energy savings. Two side by side commercial buildings
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in Hyderabad, India were used for the study, both buildings having sim ilar use and a flat 700m^ 

concrete ro o f The reflectance o f  the roofs were altered by applying various coatings to the roof 

o f  each building in different phases over the course o f  one year and these are highlighted in 

Table 2-8. There is essentially three phases over the duration o f the project. The west building 

had a concrete ro o f (0.3) initially in phase 1 and a white roo f coating (0.7) in phase 2 and 3. The 

east building also had a concrete roof initially in phase 1 (0.3), painted black (0.1) in phase 2 

and then a white coating (0.7) applied in phase 3.

A number o f  param eters were measured including indoor and outdoor air tem peratures, roof 

surface tem peratures, roof heat fluxes, solar radiation and electricity use for the building’s 

cooling systems. For the west building, the maximum roof tem perature decreased from 54.7°C 

in phase 1 to 41.2°C in phase 2 following the application o f the white coating on the concrete 

ro o f  It decreased to a further 38.3°C in phase 3, where the white coating rem ained on the roof, 

with the outdoor tem perature decreasing to approxim ately 27°C. For the east building, the 

maximum roof surface tem perature increased from 54.7°C to 71.3°C after the black coating was 

applied to the concrete roof in phase 2 and decreased to 39.6°C once the roof was coated white 

in the final phase (see Table 2-8).

I ab le  2-8 Resu l ts  o f  b u i ld ings  m o n i to re d  in H y d e r a b a d ,  In d ia  ( \ u  et  al., 2012)

Param eters and perform ance metrics W est building East building
R oof Coatings and corresponding solar Concrete roo f (0.3) Concrete roof (0.3)
reflectance value for each phase to white roof (0.7) to black roof (0.1)

to white roo f (0.7) to white roof (0.7)
R oof area (m^) 700 700
Maximum roof-surface tem perature (°C) (°C)
Phase I (Jan-M arch)- (Pre-coating) 54.7 54.7
Phase 11 (M arch-July)- (Post-coating) 41.2 71.3
Phase 111 (August-Dee)- (Post-coating) 38.3 39.6
R oof heat flux (W/m^) (W/m^)
Phase 1 - Peak 12.8 11.0
Phase 11 - Peak 12.6 21.9
Phase III - Peak 7.6 8.6
Phase I -  Average between 9am-5pm 2.2 2.8
Phase 11 -  Average between 9am-5pm 3.6 9.7
Phase 111 -  Average between 9am-5pm 0.1 0.8
Daily air-conditioning energy use kW h/day kW h/day
Phase I 219 200
Phase 11 285 280
Phase 111 215 187
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T he coo ling  energy use w as m onitored  from  9am  to 5pm  on w eekdays and , w hen the surface 

reflec tance changed  from  0.10 to  0 .70, the  m easured energy  sav ings w ere  approxim ately  46- 

50kW h/day  per 700m^ o f  ro o f  a rea  (20-22kW h/m ^ o f  ro o f  area  per year). By chang ing  the ro o f  

from  concrete  (0 .3) to  w hite  coated  (0 .7), the savings o f  app rox im ate ly  31-34kW h/day  for 

700m^ o f  ro o f  area (13-14kW h/m ^ per year) w ere observed . T he annual d irec t C O 2 reductions 

associa ted  w ith cool roofs w as estim ated  betw een  11 -1 2 k g /C 0 2 /m^ o f  flat ro o f  area per year by 

ch an g in g  a concrete ro o f  to  a w hite  co a ted  roof. T here w ere additional fac tors affec ting  the 

daily  coo ling  energy dem and, such as th e  total area o f  the  w est-fac ing  w indow s in the w est 

bu ild ing  w hich w ere larger than that o f  the  east building, therefore, h igher so lar heat gains into 

the a ir-conditioned  space in the w est bu ild in g  w ere expected  than that o f  the  east bu ild ing  in all 

phases. T his in tensified  the dem and fo r m ore  coo ling  energy use in the w est bu ild ing  com pared  

to  tha t o f  the east building. H ow ever, th is study ind icated  that cool roofs w hich  have a h igher 

su rface  reflectance can sign ifican tly  reduce coo ling  energy  use for bu ild ings com pared  to  roofs 

w ith  a  low er surface reflectance.

A kbari et al. (2003) conducted  field  research  on tw o sm all non-residen tia l bu ild ings (14.9m ^) in 

N evada, US during  the sum m er o f  2000 . T he ro o f su rface  albedo  w as m easured  using  a 

pyranom eter. The albedo  o f  the concrete  ro o f  w hich w as pain ted  g rey-g reen  w as 0.26. The ro o f 

w as then  pain ted  w ith a w hite coa ting  w ith  a reflectance o f  0.80, how ever, th is decreased  by 

10%  to  0.72 after only tw o m onths. T he ro o f  surface tem peratu re  w as m onitored  in addition  to  

tem peratu re  in the attic space and inside the  building. B efore the ro o f  w as coa ted  w hite , the ro o f  

su rface  tem peratu re w as approx im ate ly  14-19°C  h igher than  the am bien t a ir  tem perature . A fter 

the coa ting  w as applied , the average daily  ro o f  surface tem peratu re  w as approx im ate ly  19-22°C 

co o ler than  the pre-re trofit conditions. In bo th  bu ild ings, the results o f  the hourly  data  co llected  

ind icated  savings o f  about 0 .5kW h/day  (33W h/m ^). T he daily  air co n d itio n in g  energy use for 

each  o f  these build ings is about 3 5 -4 0  kW h, therefore, sav ings as a resu lt o f  im plem enting  the 

reflec tive  roofs am o u n t to  a b o u t 1% o f  th e  to ta l a ir  c o n d itio n in g  u se . A s th e  bu ild ings w ere 

a ir  cond itioned  for over 250 days o f  the  year, the annual energy sav ings w ere estim ated  at 

approx im ate ly  100-125kW h/year equa ting  to  an annual sav ing  o f  $ 1 0 -$12 .50  or $0.67-0.84/m ^ 

per year. A kbari et al. (2003) acknow ledge that it costs s ign ifican tly  m ore  than  th is am ount to  

apply  the reflective coating , how ever, since the prefabrica ted  roofs are a lready  pain ted  before 

a rriv in g  onsite, pain ting  them  a w hite  (re flective) co lo r w ould  b ring  no additional cost, 

the re fo re , a reflective ro o f  saves energy  at no  increm ental cost.

F u rthe r research  on m on ito ring  the effec ts  o f  cool roofs w as carried ou t by A kbari et al. (2005). 

A to tal o f  6 build ings in C alifo rn ia  w ere m onitored  in th ree d iffe ren t sites; a retail store in 

S acram ento , a school in San M arcos, and a  four bu ild ing  cold sto rage facility  in R eedley . The
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a lbed o o f  the r o o f  areas w a s m easured  u sin g  A S T M  E l 9 1 8 -0 6  (1 9 9 7 ) . T he retail store in 

Sacram ento (1400m ^) w as a s in g le  story con crete bu ild in g  w ith  a p lyw ood  d eck  r o o f  covered  

w ith  grey m ineral cap  sh ee t w h ich  has an a lbedo o f  0 .2 1 . T he a lbedo increased  to  0 .8 0  

fo llo w in g  the co v er in g  o f  the r o o f  w ith  a w h ite  elastom er coatin g . T he elem entary sch o o l in San  

M arcos (570m ^) w as a s in g le  storey  w ood  fram e bu ild ing  w ith  a ro o f covered  w ith  a grey  

m ineral cap sh eet m easu rin g  an a lb ed o  o f  0 .2 5 . T he ro o f had a w h ite  PV C  sin g le -p ly  m em brane  

insta lled  w h ich  increased  the a lb ed o  to 0 .7 9 , h ow ever, th is dropped to  0 .65  in tw o  m onths. T he  

co ld  storage fa c ility  (9300m ^ ) w as m ostly  covered  w ith a b lack  m em brane w ith  an a lbed o o f  

0 .0 4  w ith the rem ainder o f  the r o o f  area con sistin g  o f  m etal w ith  an a lbedo o f  0 .3 0 . A ll o f  the  

roofs w ere coated  w ith  a w h ite  e lastom eric  coatin g  w ith  an a lbedo ranging b etw een  0 .63  and 

0 .7 0 . A  num ber o f  param eters w ere m onitored, in clud ing  the r o o f  surface tem perature, indoor  

and outdoor air tem peratures, air co n d itio n in g  and e lec tr ic ity  energy use. A ll bu ild in gs had 

recorded a reduction in the daily  peak ro o f surface tem perature to betw een  3 3 -4 2 °C  after ro o f  

coating . In the retail store, the sav in gs in average air con d ition in g  en ergy  use w as 

approxim ately  70W h /m V d ay  o f  con d ition ed  area (52% ). In the sch o o l bu ild ing  the m easured  

sav in gs in average air con d itio n in g  energy use w as ap proxim ately  42-48W h/m ^ /day o f  

con d itioned  area (1 7 -1 8 % ) and the co ld  storage facility  in R eed ley  m easured sav in gs in average  

ch iller  energy use o f  about 57-81 W h/m V day o f  con d itioned  area (3-4% ). D ep en d in g  on the 

clim ate  zon e, the v a lu e  o f  annual air con d ition in g  sav in gs ranged betw een  $0.6-2/m ^.

S om e research w as carried out by S yn n efa  et al. (2 0 1 2 ) to  estim ate the im pact o f  a co o l r o o f  on  

energy perform ance and therm al behaviou r o f  a n o n -co o led  sch oo l bu ild in g  in A th en s, G reece. 

T he bu ild ing  w as 410m ^ and w as n on -insu lated  w ith an initial solar reflectance o f  0 .2 0 . T his 

value increased to 0 .8 9  o n ce  the w h ite  e lastom eric co o l coa tin g  w as applied . R esu lts o f  onsite  

m easurem ents o f  air tem perature, relative hum idity and surface tem perature w ere com bined  

w ith a num erical a n a ly s is  u sin g  d yn am ic b u ild ing  sim ulation  softw are to a ssess  the therm al 

com fort con d ition s and the en ergy  p erform ance both b efore and after the application  o f  the coo l 

r o o f  T he results sh o w  that after the co o l coatin g  w as applied , the indoor tem perature w as 

reduced by 1 .5 -2°C  d uring  sum m er and by 0 .5 °C  during w inter. T he annual energy load  

reduction w as 40%  w ith  a h eatin g  penalty  o f  10%. T here w a s  a sign ifican t surface tem perature 

reduction reach ing up to  2 5 °C  during the sum m er.

S im ilarly , recent research  into the h igh -sca le  im plem entation  o f  co o l roofs in Andaluci'a, Spain  

w as carried out by B o ix io  et al. (2 0 1 2 ) . A n estim ated  potential sa v in g  o f  2 9 5 ,0 0 0 k W h /y ea r  (2%  

o f  the overall residentia l e lec tr ic ity  con su m p tion ) cou ld  be ach ieved  by con sid er in g  on ly  

residential areas w ith  flat roofs, w h ich  am ounts to €59m  per year in electricity . A sav in g  o f  

1 3 6 ,000  tonnes o f  C O 2 cou ld  poten tia lly  be avo id ed  by a reduction  in this electricity  production. 

T he num bers are ca lcu la ted  a ssu m in g  that all o f  the h ou ses use electrical heating. B o ix io  et al.

53



(2 0 1 2 ) con clu d e from  th is research that the eco n o m ica l sav in gs are sign ifican t at approxim atel) 

61/m V year. In addition , i f  radiative forcin gs are considered , in sta llin g  co o l roofs in A ndalucfa  

cou ld  p oten tia lly  o ffse t 9 .4 4 -1 2 M t o f  C O 2 . R adiative forcin g  is reported in the c lim ate  change  

sc ien tific  literature as a change in en ergy  flu x  in the tropopause (the boundary b etw een  the 

troposphere and stratosphere) and is ca lcu la ted  in units o f  W/m^ (N ation a l_R esearch _C ou n cil. 

2 0 0 5 ). A  n egative  radiative forcin g  (corresp on d in g  to m ore ou tg o in g  energy) essen tia lly  results 

in a co o lin g  o f  the clim ate system . T h is ph en om en on  w ill be d iscu ssed  in detail in C hapter 8.

T h e cost o f  ap p ly in g  a co o l coat dep en d s on the con d ition  o f  the roof. If the r o o f  is w ell 

con served  the co st ranges b etw een  9 and € 1 1/m^ in clu d in g  labour co sts  and m aterials. T he cost 

o f  the w hite paint ranges b etw een  €2.9/m ^ and €6.5/m ^ d ep en d in g  on the application . H ow ever, 

during construction  or upgrade o f  the roof, the m arginal co st o f  a coo l r o o f  is n eg lig ib le  

(b etw een  0 and € l/m ^ ) for a certified  reflective  paint (B o ix o  et al., 2 0 1 2 ). C ool roofs incur no 

additional co st i f  a solar reflective  surface is ch osen  at the tim e o f  installation  (R o sen fe ld  et al., 

1995 , B retz et al., 1998, A kbari et a l., 2 0 0 1 ), therefore a reflective  ro o f sa v es  energy  at no 

increm ental cost.

S om e o f  the principal ben efits  o f  co o l roo fs are as fo llo w s  (G artland, 2 008 );

1. Im proved b u ild ing  com fort

2. E nergy and utility bill sav in gs

3. Peak e lec tricity  dem and reductions

4. R educed  air pollu tion

5. R eduction  in the heat island e ffec t

T he p o ss ib le  d isadvantages o f  im p lem en tin g  a co o l ro o f are;

1. H eatin g  penalty during w inter

2. It d oes not negate the need  for g o o d  insu lation , and they cannot be com pared in term s 

o f  energy sav in gs

In general, the c o o lin g  energy  sav in gs o u tw e ig h  the heating  penalties s in ce  the e ffec ts  o f  albedo  

in w inter are sm aller becau se o f  lo w  sun an g les , shorter day lengths, c lou d y  w eather and snow  

on the r o o f  (B retz and A kbari, 1997).

T he use o f  co o l m aterials can a lso  increase the life tim e o f  the r o o f as the degradation o f  som e  

m aterials is a ssocia ted  w ith  ch em ica l reactions w h ich  increase w ith  h igher tem peratures. A s a 

co n seq u en ce , the r o o f  w ill exp erience  le s s  therm al fatigue (B erdahl et a l., 2 0 0 8 , Santam ouris et 

al., 2 0 1 1 ). A n  exam p le  o f  c o o l roofs in B erm uda is d isp layed  in F ig. 2 -2 3 .
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Fig. 2-23 Cool roofs in B erm uda (Boixo ct al., 2012)

2.3.5.3 Cool Pavements

Pavements are essential for transportation and account for a significant percentage o f the urban 

fabric which was evident from Table 2-7 . As with roofing materials, paving m aterials can reach 

approxim ately 65°C or more during a sum m er’s day, with this excess heat radiating into the air 

in the UCL during the day and at night (Sabnis, 2012). Boriboonsomsin and Reza (2007) and 

Gartland (2008) exam ine the concept o f  cool pavements as a m itigation strategy. Cool 

pavements do not require new materials and can be constructed with existing paving 

technologies. In order to reduce the surface temperature o f  the pavement it is necessary to:

1. Increase the solar reflectance: There are a num ber o f  options to achieve this. The use o f  

conventional concrete or concrete with a light coloured cem ent, white topping, asphalt 

concrete and asphalt chip seals with light coloured aggregate as used in the USA.

2. Increase permeability: Permeable pavements can be constructed from concrete or 

asphalt, open celled stones and gravel, the main difference being that they are mixed in 

such a way as to create an open cell structure. The purpose o f  this is to allow air and 

water to pass through. This can lower the tem perature o f  the pavement through the 

evaporation o f  water.

There are two main types o f  pavements, namely asphalt cement concrete (ACC) or simply 

asphalt, and Portland cement concrete (PCC) or simply concrete. An asphalt pavement is black 

in colour when new, with a solar reflectance value o f approxim ately 0.05. However, it lightens 

with age and this value increases typically to 0.10. An asphalt pavement absorbs solar radiation
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and heats up due to its dark colour. This heat is stored until it is eventually given o ff  as the 

pavem ent cools down in the afternoon and evening (Gartland, 2008). Asphalt pavem ents can be 

lightened using light pigm ent or light coloured aggregates in an asphalt binder, increasing the 

solar reflectance by 30%. Light coloured aggregates that are suitable for asphalt pavements 

include high silica gravel, quartz, white stone, white marble and certain types o f  granite (Bretz 

et al., 1998). Asphalt pavements can also have w hite-topping applied whereby a thin layer o f 

concrete is used to cover the existing pavement to increase the reflectance.

Concrete pavem ents are light grey in colour with a solar reflectance ranging from 0.35 to 0.40 

when new. The pavement becomes dirty over time, reducing the solar reflectance to between 

0.25-0.35. A com parison o f  the solar reflectance o f  asphalt and concrete pavem ents can be 

view ed in Fig. 2-24. Concrete can be also be applied over existing asphalt pavem ents through 

processes called w hite-topping or ultra-thin w hite-topping (Gartland, 2008). Although both the 

concrete and asphalt pavements age over time, the concrete pavement remains more reflective 

and, therefore, cooler than asphalt pavements as they store less heat in the m orning and do not 

release as much heat back into the air in the afternoon. Concrete pavements have a higher initial 

cost than asphalt pavements but typically last longer and with less m aintenance costs. They are 

especially suited to parking areas and driveways where access to underground utilities is not 

necessary (Bretz et al., 1998).
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Fig. 2-24 V'ariation o f the  so la r reflection o f a sphalt and  concrete  pavem ents over tim e (G a rtla n d , 2008)
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An additional method to cool either an asphalt or concrete pavement is to have permeable 

pavem ents which allow rainwater to pass through the pavement and this is stored in the layers 

and soil below. The water evaporates and cools the pavement on sunny days. Asphalt and 

concrete pavements are made permeable by excluding the fines o f  sand and rock from the mix 

creating space between the larger stones that allows the water to pass through (Gartland, 2008).

Block pavers are another type o f  cool pavement and these comprise lattice blocks made o f  

plastic, metal or concrete. The blocks are laid in place over a prepared base and filled with 

rocks or filled with soil and planted with grass or flowers. The blocks allow  water to drain, be 

stored and evaporate in addition to providing structural support (Gartland, 2008). They are used 

in low traffic areas such as car parks and driveways. Resin-based pavements use tree resin, 

which is clear in colour, to bind the pavement as opposed to cement or asphalt binders. Resin 

pavem ents are generally lighter in colour than other pavements and as they are clear in colour 

they adopt the colour o f  the rocks and sand that form the rem ainder o f  the pavem ent mix. They 

are used mainly as hiking and biking paths in parks (Gartland, 2008). A summary o f  the various 

pavement types is displayed in Table 2-9.

Akbari et al. (2001) carried out research into the relationship between pavem ent tem perature 

and albedo at two locations in California, namely Berkeley and San Ramon. The data was 

recorded at about 3pin in Berkeley on new, old, and light-colour coated asphalt pavements. The 

data from San Ramon was taken at about 3 pm on four asphalt concrete and one cement concrete 

pavements. The data demonstrated a linear relationship between tem perature and albedo, with a 

10° decrease in tem perature for a 0.25 increase in albedo.

Table 2-9 S u m m arj' o f  pavem ent types (G artlan d , 2008)

M aterial Pavem ent Type Colour/ Solar Reflectance

Asphalt Asphalt 0.05 (new), 0.1 (old)

(ACC) Chip Seals 0.40-0.50 (dependant on aggregate)

Pavement texturing

Coloured asphalt seals and seal coats Designed to be black

Open-graded asphalt pavement Dependant on aggregate used

Concrete Portland cement concrete 0.35-0.40 (new), 0.25-0.35 (old)

(PCC) White topping Up to between 0.40-0.60

Interlocking concrete pavers Tinted with pigment

Porous cement concrete Wide range o f  solar reflectance

O ther Resin based pavement Resin is clear in colour

Porous block pavement 0.30-0.50 if  using light colour

aggregate
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Research conducted into the use o f  reflective coatings on the building envelope, including other 

surfaces such as pavements and footpaths was carried out by Synnefa et al. (2006). A total o f  14 

types o f  reflective coatings applied to concrete tiles were assessed to investigate their thermal 

performance on a 24h basis by using tem perature sensors on the surface o f  the sample. A 

spectrophotom eter was also used to m easure the spectral reflectance, in addition to an 

em issom eter and infrared camera. It was dem onstrated that the use o f  a cool coating can reduce 

a white concrete tiled surface under hot sum m er conditions by 4°C and during the night by 2°C. 

Similarly, Wan et al. (2009) conducted research into the effectiveness o f  dark coloured 

pavement coatings with high albedo (near infrared reflection o f  81%), low conductivity o f  

0.252W /mK and high em issivity o f  0.828. Field m easurem ents dem onstrated a reduction in 

surface tem perature o f  asphalt to 38°C (a reduction o f  17°C). Sim ilarly for concrete, there was a 

reduction o f  approxim ately 5°C in peak surface tem perature. The difference in the pavement 

tem perature o f  concrete in com parison to asphalt is demonstrated clearly in Fig. 2-25. The 

digital photo on the L.H.S can be compared with the corresponding thermal infrared image on 

the R.H.S, with the asphalt pavement having a much higher temperature (pink/red) than the 

adjacent concrete pavement (yellow/green) on a sunny day.

Fig. 2-25 Digital image of a concrete  pavement adjacent  to an asphalt  pavem ent (left) with the corresponding 
therm al  image dem onstra t ing  the surface  tem pera tu re  difference (Chao, 2010)

The benefits o f  cool pavements are as follows;

1. Cooler urban and suburban air tem peratures

2. Better management o f  w ater run-off

3. Increased pavement durability

4. Better night-time illum ination and lower lighting energy use

5. Less road noise

6. Greater flexibility and beauty in urban design
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The possible disadvantages o f implementing a cool pavement;

1. Concrete has a higher initial cost than asphalt

2. Concrete pavements generally have lower life cycle costs than asphalt pavements

3. For a pavement to have a high solar reflectance, lighter coloured components must be 

used which might not be readily available

4. Increased glare in sunshine when driving

The increased night-time illumination is evident in Fig. 2-26 where photographs were taken in 

Springfield Illinois at night-time o f two similar malls with the same amount o f lighting outside. 

The main difference between these images is that the left image has an asphalt surface and the 

right image has a concrete surface which appears much brighter as it is reflecting the light. The 

brighter surface does two things; it increases visib ility especially at night time, and this leads to 

greater security and reduced lighting costs by approximately 30% (SCA, 2003).

. •

$1 i f t r  ft

Fig. 2-26 The albedo effect at night time demonstrating the difference between an asphalt pavement (left) and
a concrete pavement (right) (SCA, 2003)

Colour has the largest influence on solar reflectance, therefore, the lightest coloured pavements 

are generally the coolest. However, a large increase in the albedo has the ability to create a glare 

and visual discomfort for drivers i f  not maintained at a reasonable level which in turn could also 

increase the amount o f traffic accidents (Akbari et al., 2001). There is on-going research into 

cool coloured pavements which absorb in the visible part o f the spectrum in order to appear 

darker in colour, but w ill reflect in the near infrared part o f the solar spectrum (Santamouris et 

al.,2011).
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On a global scale, Akbari et al. (2008b) estimate that by increasing the world wide albedo o f  

urban roofs and paved surfaces (having a net albedo increase for urban areas o f  0.1) will induce 

a negative radiative forcing on the earth equivalent to offsetting approxim ately 44Gt o f  carbon 

dioxide emissions (as discussed in detail in Chapter 8), without allow ing for the carbon cost o f  

reducing the albedo.

2.3.5.4 High Solar Reflectance Concrete

A method in which the albedo o f  concrete can be increased is to alter the com position o f  the 

concrete through suitable choice o f  cem ent and aggregate. Levinson and Akbari (2002) 

exam ined the correlation between the albedo o f  sm ooth concrete and cem ent. The albedo was 

measured using a solar spectrum reflectom eter. They manufactured 32 concrete m ixes using 

two types o f  cement, four types o f  sand and four types o f  rock. The cem ents used were white 

cem ent and normal Portland cement, which is medium grey. Unfortunately, as 24 o f the 32 

mixes had surface finishes which tended to crum ble easily, their study focused only on the 8 

rem aining mixes. The four most reflective unexposed samples were constructed using white 

cem ent with albedo values ranging between 0.68 and 0.77. The four rem aining samples which 

were the least reflective had results ranging between 0.44 and 0.52 and were made with grey 

cement.

As white cement is typically more expensive than grey cement, a cem ent replacem ent known as 

ground-granulated blast furnace slag (GGBS) can be used as it is lighter in colour than normal 

Portland cement (NPC). GGBS is a waste product from the blast furnace production o f  iron 

from ore and its use as an NPC alternative in concrete at sufficiently high replacem ent rates 

results in a concrete that is lighter in colour, thus increasing its albedo. Limited research carried 

out by Boriboonsomsin and Reza (2007) using 30, 60 and 70% GGBS replacem ent gave early 

indications which seem to suggest that they have increasingly higher albedo values than the 

conventional mix and that the albedo o f  concrete consistently increases as the percentage o f  slag 

increases. The samples containing 70% slag achieved an albedo o f  0.58 at 14 days which is 

approxim ately 70%> higher than typical conventional concrete.

2.3.5.5 Thermochromic material

A therm ochrom ic material is one which responds therm ally to the environm ent and changes in 

colour, with the process being reversible. As a result, the material is highly absorptive (when 

dark in colour) during the w inter and highly reflective (when light in colour) during the sum m er 

w hich contributes to both the heating and cooling needs o f  the building (Santam ouris et al..
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2011). This reversible transform ation is based on organic leuco dye m ixtures with the 

com ponents com prising o f  a colour former, which determ ines the colour o f  the material in its 

coloured state, the colour developer, which is a weak acid that allows the colour change, and the 

solvent whose m elting point controls the transition tem perature for the change in colour. 

Photodegradation is a big problem for therm ochrom ic m aterials as the solar radiation causes the 

breaking o f  the polym er chains leading to loss o f  the reversible therm ochrom ic effect. The cost 

o f  this material is also very high. There have been tests carried out using this m aterial, however, 

this is outside the scope o f  this thesis report and will not be discussed further.

In sum m ary, global climate change, in addition to the heat island effect, increases the 

tem perature o f  the urban environment, and m aterials play an important role in determ ining at 

large the thermal balance in the environm ent. The use o f  m aterials containing high solar 

reflectance and high thermal emittance values contributes significantly to the reduction o f  the 

convective and radiative thermal gains in the environm ent, and as a consequence, mitigation o f 

the heat island phenom enon (Santam ouris et al., 2011).

2.4 Standards and Ratings

The use o f surfaces with high solar reflectance is internationally recognised through various 

energy rating systems. These rating systems award credits for im plem entation o f highly 

reflective surfaces and three o f  these will be discussed in this section, namely LEED, BREEAM 

and Green Globes.

2.4.1 LEED Green Building Rating System

Leadership in Energy and Environmental Design (LEED) is a green building rating system 

w hich has been developed by the United States Green Building Council (USGBC) to assess the 

environm ental perform ance o f  a building (USGBC, 2013b). LEED certification provides 

“ independent, third-parly verification that a building, home or com m unity was designed and 

built using strategies aimed at achieving high perform ance in key areas o f  human and 

environmental health: sustainable site developm ent, w ater savings, energy efficiency, materials 

selection and indoor environmental quality” (USGBC, 2013b). Developed by the USGBC in 

2000, LEED has evolved and is currently in its fourth version, which consists o f  a total o f nine 

ratings systems. These nine ratings are grouped to form five m ajor categories, nam ely Green 

Building Design and Construction, Green Interior Design and Construction, Green Buildings 

O perations and M aintenance, Green Neighbourhood and Development and Green Home Design 

and Construction (see Fig. 2-27).
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LEED is a credit-based system whereby points are awarded relative to performance under the 

aforem entioned categories. There are 100 base points distributed across five m ajor credit 

classifications: Sustainable Sites, W ater Efficiency, Energy and Atmosphere, M aterials and 

Resources, Indoor Environmental Quality and an additional 6 points for Innovation in Design as 

well as 4 additional points for Regional Priority. Ratings are determined by the total num ber o f 

points recorded in each category and a given building can qualify for four potential levels o f 

LEED certification as follows: Certified (40-49 points). Silver (50-59 points). Gold (60-79 

points) and Platinum (greater than 80 points).
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Fig. 2-27 T he m ain categories and sub  categories under the L E E D  rating system

2.4.1.1 LEED and Solar Reflectance Index (SRI)

The use o f  concrete in construction can increase the num ber o f  LEED points achieved, in 

particular, the tw o relevant credits to note are credit 7.1 and 7.2, which correspond to the heat 

island effect for a roof and non-roof These credits can be achieved as follows;
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• The non-roof credit is worth 1 point and involves the use o f  hardscape m aterials having 

an SRI required value o f  at least 29.

• The roof credit is worth 1 point and involves using roofing m aterials with an SRI value 

equal to or greater than the required value calculated (which is dependant on the slope 

and the calculation is outlined in the standard), for a minimum o f 75% o f the roof 

surface.

2.4.2 BREEAM

BREEAM (Building Research Establishm ent Environmental A ssessm ent M ethod) is the most 

widely used environmental assessm ent method for buildings in the world and was first launched 

in the U.K in 1990 (BRE-Global, 2012). BREEAM  has been regularly updated over the years 

and can be applied to a range o f  building types and designs. It is now applied in its various 

forms in over 50 countries. There are 5 main schemes for BREEAM  (see Fig. 2-28). BREEAM 

Communities is the main category o f  relevance as it is concerned with the social and economic 

impacts o f development. It contains 5 main categories plus a sixth category for innovation.
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Fig. 2-28 The main categories and sub categories (for  BR E E A M  C om m unities) under the B R E E A M  rating  
system  includ ing the percentage w eigh ting  o f  each category
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Credits are awarded in the listed categories according to the assessed performance o f  the 

building against the assessm ent criteria. These credits are totalled to produce a single overall 

score. The BREEAM rating benchm arks for the BREEAM  Com m unities 2012 scheme are as 

follows; outstanding (>85% ), excellent (>70% ), very good (>55% ), good (>45%), pass (>30% ), 

unclassified (<30% ). An additional 1% can be added to the final category score to which the 

innovation is most relevant. The maximum num ber o f ‘Innovation credits’ that can be awarded 

for any one developm ent proposal assessed is 7. Therefore, the maximum available score 

achieved for innovation is 7%.

2.4.2.1 BREEAM and the heat island effect

W ithin the social and economic wellbeing (SE) categor>', there is a subcategory “ SEIO: 

Adapting to climate change” and there are 3 credits available here (with an overall w eighting o f  

2.7% ). The aim o f this category is to ensure a developm ent is resilient to  the known and 

predicted impacts o f  climate change.

• Credit I requires that evidence has been used from the local authority and statutory 

bodies to understand the known and predicted impacts o f  climate change for the site. 

An impact o f  climate change which should be considered is increased tem peratures 

(including the heat island effect), or changes in ground conditions.

• l b  obtain up to 3 credits, the m asterplan takes account o f  the evidence o f  impacts o f  

climate change on the site and dem onstrates in the design plans how the risks will be 

reduced through the use o f ‘w in-w in’ m easures. A win-win measure delivers benefits in 

addition to climate change adaptability and these coutd include;

o  Reducing more than one impact o f  climate change. For example, helping to 

reduce the heat island effect whilst also reducing flood risk, 

o  Reducing the contribution o f  the developm ent to climate change. For example, 

reducing the need for electric cooling and therefore reducing carbon em issions.

One such method specified for adapting to or reducing the heat island effect includes providing 

external finishes that are designed to avoid heat absorption. The standard, however, does not 

specify a minimum SRI value for surfaces.
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2.4.3 Green Globes

The G reen Globes system was introduced by The G reen Building Initiative (GBI) in the United 

States in 2004. It was adapted from a Canadian protocol o f the same name, which evolved 

through an iterative process from BREEAM  C anada (G.B.I, 2013). Green Globes is a web- 

based program for green building guidance and certification and assesses the overall 

environm ental performance and sustainability o f  commercial buildings. The Green Globes 

system provides higher levels o f  achievem ent based on the num ber o f  points a building 

acquires. Those buildings that achieve 35%  or more o f  the 1,000 points possible in the Green 

G lobes rating system are eligible candidates for a certification o f one, two, three, or four Green 

G lobes as follows; 85-100% (4 globes), 70-84%  (3 globes), 55-69%  (2 globes) and 35-54%  (1 

globe). There are three main categories (see Fig. 2-29), however, the category o f  relevance to 

this re.search is Green Globes for N ew  Construction as it contains the sub heading ‘site’. The 

G reen Globes for existing buildings or the Green Globes continual im provement o f  existing 

buildings for healthcare do not contain this category.
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Fig. 2 -29  I he main categories and sub  categories under the G reen  G lobes rating system  includ ing the points
aw arded for each category
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Under the ‘site’ category, there is an opportunity to attain up to 7 points by reducing the heat 

island effect. These credits are under the category o f  ‘M inim ization o f  ecological im pact’ and 

the requirement is;

1. Specify measures to reduce heat build-up on the roof, either by using high-albedo 

roofing m aterials (reflectance o f  at least 0.65 and em issivity o f  at least 0.9) for a 

minimum o f  75% o f  the ro o f surface, or by constructing a green roof, or by a 

combination o f  both high-albedo m aterials and a green roof.

A further 7 points may be obtained by carrying out the following criterion which also has an 

indirect affect on the heat island effect;

2. Ensure at least 35%  o f  impervious surfaces be shaded - preferably with trees, shrubs or 

vines

In conclusion, each o f  the three aforem entioned rating systems provide an incentive for owners 

o f  buildings to reduce the heat island effect by utilising surfaces that are designed to avoid heat 

absorption i.e. a surface which has a high SRI value. The individual credits awarded for the 

implementation o f  these strategies is small when the entire rating system is considered, 

however, the impact on the environm ent could be quite significant in terms o f  a reduction in 

surface and air temperatures.

2.5 Concrete and G round-G ranulated Blast Furnace Slag (GGBS)

2.5.1 Normal constituents of concrete

Concrete is a com posite material made from cement, water and aggregate. Portland cement was 

invented in 1892 by Joseph Aspdin o f  Leeds and it took this adjective as it resembled Portland 

stone (Tilley, 2004). It com prises approxim ately 80% limestone and 20% clay/shale. To make 

cement powder, the raw m aterials are ground together with w ater to form a slurry which is then 

heated in a kiln to 1500°C, firstly to dry o ff  the water and secondly to decompose the calcium 

carbonate. The reaction products partly melt to produce clinker, which is then ground finely 

when it is cooled. Finally 2-5%  gypsum  is added to produce the grey cement powder best 

known as the binder in concrete.

2.5.2 Ground Granulated Blast Furnace Slag (GGBS)

G round-granulated blast furnace slag (G G BS) is a by-product from the blast furnaces used to 

produce iron. Blast furnaces are fed with a controlled mixture o f  iron-ore, coke and limestone,
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and w h en  th ese  com p on en ts m elt (at approxim ately  15 0 0 °C ), both m olten  iron and m olten  slag  

are produced. T he p rocess o f  granulating the s la g  in v o lv es  co o lin g  the m olten  sla g  through h igh  

pressure w ater je ts  w h ich  rapidly quench  the sla g  and form  granular particles. T he granulated  

sla g  is further processed  by drying and grind in g  in a rotating ball m ill to  a very fin e  pow der  

ca lled  G G B S  (S id d iq u e and Khan, 2 0 1 1 ).

T h e co lou r  o f  con crete is principally  determ ined  by the co lou r o f  the cem en titiou s m aterial. 

G G B S is  an o f f  w h ite  p ow der and its u se, particularly at lev e ls  o f  50%  or ab ove, ligh ten s the 

co lou r o f  con crete (T h e_ C o n cre te_ S o c ie ty , 2 0 1 1 ). G G B S can be used as a direct replacem ent 

for ordinary cem en t on a o n e-to -o n e  b asis by w eigh t (S id d iq ue and K han, 2 0 1 1 ), w ith  

rep lacem en t rates varying from  30 -8 5 % . In general, 50%  is used in m ost ap p lication s and h igh  

rep lacem ent rates o f  70%  in Ireland are used  in sp ecia list app lications, such  as structural 

con crete, w here the need  to reduce the heat o f  hydration is necessary. A s a w aste  m aterial and 

as the em b od ied  C O 2 o f  Portland cem en t is so  high (1 tonne o f  cem ent produces app roxim ately  

8 0 0 k g  o f  C O 2 (N e v ille , 1995)), there are natural advantages to u sin g  G G B S . H ow ever, the 

s low er  hydration rate m eans curing tim es have to be longer, w hich  d o es not suit the precast 

concrete industry. But. the su bsequent low er peak tem peratures in G G B S  con crete m ake 

therm al crack ing  m uch le s s  lik ely . In add ition , the contrast in co lou r b etw een  G G B S  and 

ordinary con crete  is ev id en t in F ig. 2 -3 0  w h ich  has ob v iou s advantages for a lbedo.

Fig. 2-30 Colour contrast o f  G GBS (left) and ordinary cement (right) (Ecocem, 2009)

T h e a lb ed o  o f  con crete con ta in in g  variou s cem en t substitu tions is d isp layed  in T able 2 -10 . 

T raditional concrete, w hen  n ew , has an a lb ed o  ranging b etw een  0 .3 5 -0 .4 0 , h ow ever , th is value  

decreases w ith  age. It is ev id en t that concrete con ta in in g  G G B S in su ffic ien tly  high  

concentrations y ie ld s a h igher a lb ed o , h ow ever , this is based  on one lim ited  study. T he a lbedo  

o f  con crete con ta in in g  w h ite  cem en t ranges b etw een  0 .6 8 -0 .7 7 .
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Table 2-10 Albedo values fo r v a r jin g  concrete surfaces

Surface Material Albedo Source

Concrete Concrete (new) 0.35-0.40 (Bretz et al., 1998)

Concrete (aged) 0.25-0.30 (Bretz et al., 1998)

0.22 (Solanki, 2008)

Concrete (30%  GGBS) 0.36 (Boriboonsomsin and Reza, 2007)

Concrete (60%  GGBS) 0.54 (Boriboonsomsin and Reza, 2007)

Concrete (70%  GGBS) 0.58 (Boriboonsomsin and Reza, 2007)

Concrete (white cement) 0.68-0.77 (Levinson and Akbari, 2002)

2.5.3 The influence o f mix constituents, flnish type and age on concrete albedo

2.5.3.1 The influence o f  cement type on albedo

As mentioned previously in Section 2.3.5, Levinson and Akbari (2002) conducted a study 

where the variation with com position and environmental exposure o f  the solar reflectance o f  

Portland cement concrete pavem ents was investigated through laboratory fabrication and 

exposure o f  concrete. The cement types used in this study were white Portland cement and grey 

Portland cement. The values o f  solar reflectance were recorded using a solar spectrum 

reflectometer. However, as stated previously, due to improper casting, 24 o f  these mixes were 

substandard and consequently rejected. O f the rem aining eight mixes, the four most reflective 

unexposed concretes were made with white cement (0.68-0.77) and the four least reflective 

unexposed concretes were rriade with grey cem ent (0.44-0.52). Levinson and Akbari (2002) 

concluded that the albedo o f white cement concrete was significantly higher than grey cement 

concrete. The albedo o f  the most reflective white cement smooth concrete was 0.18 to 0.39 

higher than that o f  the most reflective grey cem ent sm ooth concrete. White cement, however, is 

typically twice as expensive as grey cement (Levinson and Akbari, 2002, Bretz et al., 1998).

A sim ilar study carried out by Boriboonsom sin and Reza (2007) in Ohio focused on methods o f 

creating high albedo concrete for use in pavem ent applications by making concrete whiter 

through the replacem ent o f  cem ent with w hiter constituents. The study focuses on fly ash 

(which is a darker pozzolanic binder, a waste product o f the coal-fired electricity generation 

industry) and slag in particular. The levels o f  GGBS replacement used were 30, 60 and 70% and 

the levels o f  fly ash were 24, 30 and 60%. The top surface o f the samples were measured for 

albedo at 14 days in accordance with ASTM  C l 549 (2009), using a portable solar reflectometer. 

Results showed that concrete mixes containing fly ash all had lower albedo values than

6 8



conventional concrete, but with no consistent trends. The mixes containing GGBS, however, 

recorded a higher albedo than the conventional concrete mix and the albedo value consistently 

increases with the increase in the level o f GGBS replacement. The samples containing 30, 60 

and 70% GGBS recorded albedo values of 0.36, 0.54 and 0.58 respectively. The albedo o f the 

70% mix (0.58) is an increase of approximately 70% in comparison with conventional concrete 

which recorded an albedo of approximately 0.34. Thus, concrete containing substantial 

percentages o f GGBS, is lighter in colour than concrete made with conventional Portland 

cement, particularly with higher levels of GGBS (Neville, 1995).

It is the significant contrast in colour of the cement which is of particular interest to this 

research. As outlined in Section 2.2 and 2.3, the implementation of a material with a higher 

solar reflectance, is a mitigation technique for the urban heat island effect. In terms o f concrete, 

the colour of the concrete can be made brighter by using cement which is whiter in colour such 

as GGBS. Substitution rates o f up to 70% GGBS will be used for this research project.

2 .5 J .2  The influence o f  aggregate type on albedo

Asphalt is a widely used material in the construction of roads and has a very low albedo o f 0.05 

when new. As it wears over time, the aggregate in the road becomes exposed and oxidation 

causes the binder to fade, resulting in an albedo increase which is evident from the published 

albedo values presented in Section 2.2.3 (Bretz et al., 1998). One technique for light coloured 

pavements is to use white or light coloured aggregates in an asphalt binder. Light coloured 

aggregates that are suitable for asphalt pavement mixtures include high silica gravel, quartz, 

white stone, white marble and some types o f granite (Bretz et al., 1998).

Similarly, Santamouris et al. (2011) state that in order to increase the solar reflectance o f a 

pavement, amongst a number of methods, one such method is the use of white or light coloured 

aggregate (gravel, white stone) or pigment in the asphalt mix to increase the solar reflectance by 

approximately 0.3. The research carried out by Botiboonsomsin and Reza (2007) examined 

conventional concrete made with white sand and also with latex which are both off white 

ingredients. It was found that these both increase the albedo o f concrete. The albedo o f white 

sand and latex individually are 0.46 and 0.39 respectively.

There has been limited research conducted on the effect o f aggregate type on albedo, however, 

since it has shown that the aggregate type does alter the albedo, this parameter will be 

investigated in this research.
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2.5.33 The influence o f  surface finish on albedo

A rough surface is less reflective than a smooth flat surface o f  the same material since part o f  

the light reflected from the rough surface returns to the rough surface and dispersed light tends 

to be less intensive than direct reflected light (Levinson et al., 2010b). Research carried out by 

Levinson et al. (2010b) involved creating solar reflective non-white concrete tile and asphalt 

shingle roofing materials, w here analysis o f  surface roughness effects were performed using a 

spectrophotom eter. They estim ated that the probability for a photon reflected from a coated 

shingle to return to its surface is about 33.3% and that surface roughness reduces the spectral 

reflectance o f  a coated shingle by approxim ately 0.10.

A rough surface can result in a sm aller albedo value because o f  geometrical effects and because 

air-borne particles can accum ulate in depressions on the surface thereby darkening the overall 

surface (Bretz and Akbari, 1997). A clean smooth and solar-opaque white surface strongly 

reflects both visible and near infrared radiation, achieving a solar reflectance o f approxim ately 

0.85. By sm oothing rough surfaces, reflectance at all wavelengths can be increased (Levinson 

et al., 2007).

Similarly, research was conducted into the effect o f  surface roughness on albedo by Berdahl et 

al. (1997) who state that if  a surface is rough rather than smooth, a photon which is reflected 

once is likely to require one or more additional reflections before it escapes, therefore, the 

probability o f  absorption is increased. They demonstrated this by m easuring the reflectance o f  a 

white coating which was applied to both a smooth glass substrate, and on a rough asphalt 

shingle (which was covered in granules). The exposed surface area o f  the shingle was estimated 

to be approximately tw ice its nominal area. The study dem onstrated that the rough surface had 

only 75% o f the reflectance o f  the smooth surface, therefore, from their results they concluded 

that that the roughness o f  the asphalt shingle contributed significantly to the low surface 

reflectance.

Taha et al. (1992) measured albedo on a num ber o f  samples which were painted white. 

A lthough the paint was highly reflective, it was applied to a rough surface, consequently 

reducing the albedo, due to geom etrical effects o f  the surface (multiple reflections). They 

concluded that for the same m aterial/colour, a rough texture decreases the albedo com pared to 

that o f  a smooth texture, because a rough surface increases the possibility that a reflected beam 

strikes the same surface again and is absorbed. In general, a rough surface will have a higher 

tem perature than a sm ooth one. The dispersion o f  the light rays when reflected o ff a rough 

surface is dem onstrated in Section 2.1.3 which displays the difference between specular and 

diffuse reflection. The finish o f  concrete surfaces is thus assum ed to have an effect on albedo 

and heat development, therefore, this param eter will also be investigated in this research.
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2.5.3.4 The influence o f  weathering and age on albedo

The albedo o f  a surface changes over tim e due to the effects o f  weathering and wearing. 

Building surfaces are exposed to many external factors such as solar radiation, humidity, frost, 

dust, dirt and rain. Urban surfaces (roads, footpaths and car parks) are subject to wear effects 

from pedestrians and vehicles in addition to the aforem entioned factors. By sloping a roof for 

example, this m inim ises the effect o f dirt accumulation, w ater ponding and biological growth 

(Taha et al., 1992). In general, asphalt surfaces tend to increase in albedo over time due to 

asphalt oxidation. In contrast, solar reflective surfaces decrease in albedo as dirt collects on the 

surface (Bretz and Akbari, 1997, Taha et al., 1992).

Bretz and Akbari (1997) examined high albedo coatings on roofs at various stages o f  exposure 

to determine the magnitude o f  this effect. The change in albedo over time depends on factors 

such as the coating itself, the absorption and texture o f  the surface, the slope o f the surface and 

nearby sources o f  dirt and debris. From the roofs monitored in this study, they estimate an 

average decrease o f  0.15 in the first year and a more gradual decline after the first year 

(approximately 2%). In most cases, washing the high albedo roof coatings returns the albedo to 

90-100%  o f the estimated original value.

W eathering is caused by surface contamination (atm ospheric pollution, biological growth) 

and/or other alterations such as UV radiation, sudden tem perature changes or moisture 

penetration. Synnefa et al. (2006) examined the thermal perform ance o f 14 types o f  reflective 

coatings. Some o f these coatings showed degradation in the thermal perform ance after a 

relatively short period o f  exposure (2.5 months), with one coating in particular becom ing 

warmer during the second and third month o f  the expe rim ent (acrylic elastomeric coating). The 

study concluded that coatings with good weathering and ‘dirt pick up’ resistance should be 

chosen.

Similarly, Li et al. (2013) conducted research involving the m easurement o f  albedo on 9 test 

surfaces over a period o f  time. These comprised o f three different pavement surfaces, namely 

interlocking concrete pavers, open graded asphalt concrete and Portland cement concrete. The 

colour o f  the pavement surface tends to change over time due to weathering and traffic (the 

duration o f the experim ent is approxim ately 9 months). The 9 surfaces were not exposed to any 

type o f traffic. The albedo o f  the concrete pavements generally tend to decrease over time and 

in contrast the albedo o f  asphalt pavements increase slightly with time. The change in the 

albedo occurs mostly in the first month just after construction o f  the test surfaces, due to 

weathering. Under both continued weathering and trafficking, the change o f albedo is expected 

to be larger, and for concrete and especially asphalt, traffic will wear the binder (cement or 

asphalt) o ff o f  the surface aggregate which will result in the albedo being influenced by the
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reflectiv ity  o f  the aggregate. T he e ffec t o f  a g e in g  on concrete a lbedo is the final param eter to be 

investigated  in this research.

2.6 Conclusions

It is ev iden t from the foreg o in g  literature rev iew  that there are sign ifican t gap s in k n o w led g e  in 

relation to h ow  solar reflectiv ity  or a lb ed o , as a p henom enon , is a ffected  by d ifferent typ es o f  

con crete constituen ts, and in particular, the am ount o f  w ork don e on the surface fin ish  types, 

aggregate typ es, and h ow  a lbedo  relates to  G G B S  concentration  and agein g . T h ese  are all areas 

w h ere there is a sign ifican t ab sen ce o f  in-depth research. T he restricted stu d ies that have been  

cond ucted  to date are not in any w ay com p reh en sive  and, hence, due to rating system s, such  as 

L E E D , there is a dem and co m in g  from  the infrastructure ow n ers, particularly in sunny c lim ates, 

to  try to take advantage o f  the additional benefit o f  using  G G B S  as a con seq u en ce  o f  its 

im proved solar reflectance. T h is is  the top ic  o f  th is th esis, h ence the o b jectives , as described in 

C hapter I are as fo llow s;

1. T o in vestiga te the present k n o w led g e  surrounding all relevant aspects o f  p h ysics and 

eng in eerin g  to  understand the p hen om en on  o f  solar reflectiv ity .

2 . T o evaluate the sen s itiv ity  o f  an albed om eter and determ ine w hether it is p oss ib le  to  

m easure the a lb ed o  o f  sm all con crete  sp ec im en s, thus calibrating the instrum ent.

3 . T o  d esign  a unique and reliab le test m ethod o f  m easuring the light reflectance o f  

individual concrete sp ecim en s.

4. T o investigate the e ffec t o f  con crete  constituen ts such  as aggregate type, G G B S  

content, surface fin ish  and age on  light reflectan ce and co lou r o f  concrete by u tilising  a 

num ber o f  instrum ents to m easure either d irectly  or indirectly , the e ffect o f  the key  

param eters on the light reflectance or co lou r o f  concrete, and as a con seq u en ce , 

com pare the various test m ethods.

5. T o  conduct a ca se  study at T rinity C o lleg e  D ublin  to a ssess  the p o ss ib le  areas w h ere the 

albedo o f  surfaces cou ld  be im proved , and fo llo w in g  th is, to ca lcu late  the p oss ib le  

em itted  C O 2 w h ich  cou ld  be o ffse t against ex is tin g  va lu es and com pared to ex istin g  

savings.
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3 Laboratory Methodology

3.1 Introduction

The following chapter is concerned with the methodology that outlines the primary objectives 

o f  the work, and as a consequence, the parameters to be evaluated. Following this, an 

experim ental design was created based on the testing param eters and a subsequent testing 

regim e produced, which outlines the various instrumentation utilised to examine the parameters 

o f  the concrete specimens. The chapter also concerns itself with the manufacture and placement 

o f  the concrete specimens. Extensive laboratory work was carried out, from the initial concrete 

design stage to the final stage o f  placing the finished specim ens prior to being tested.

3.2 M ethodology

3.2.1 Primary objectives

The objectives o f  this experim entation are as follows;

1. To calibrate and use an albedom eter to record albedo o f  small scale concrete specimens.

2. To com pare direct methods o f  recording light reflectance from the following 

instruments; a lux meter, an albedometer, a sphere spectrophotom eter and a greyness 

scale.

3. To determine whether indirect methods o f  testing light reflectance are a viable 

alternative as an indicator o f  concrete albedo, for exam ple, therm ocouples and an 

infrared camera.

4. To investigate the effect o f  param.eters such as the cem ent type, aggregate type, surface 

finish and age on concrete albedo.

5. To collect data over a num ber o f  years using various instrum ents to measure 

tem perature and light reflectance o f the specimens.

3.2.2 Parameters to be evaluated

An im portant component o f  this research which was outlined in the primary objectives, is to 

investigate the principal param eters affecting concrete albedo. There are many properties that 

affect the colour o f  concrete such as formwork type and segregation. However, there are other 

factors that influence the colour variation o f  concrete which are principally due to 

workm anship, and are outside the scope o f this study, for example, mould oil, grout loss, 

laitance, curing regime, striking time and compaction (Deegan et al., 2012, Newman and Choo,
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2003). Based on the findings from previous research conducted in this area, as was presented in 

Section 2.5, the i<ey param eters which will be evaluated are as follows;

1. Aggregate type

2. Surface finish type

3. Cement type

4. Age

The effect o f  age on concrete albedo will only be discussed by virtue o f  a com parison between 

the data sets collected over the course o f  the project which is o f  3 years duration. The three 

primary param eters are numbers 1-3, which will be the main em phasis in the experimental 

design.

3.2.3 Experimental design

Based on the objectives outlined for the project, and consequently the key param eters to be 

assessed, an experimental design was created and is illustrated in Fig. 3-1. It was decided that 

small scale concrete specimens would be m anufactured, having dim ensions o f  300x300x60mm. 

As the surface is the only area o f  relevance for m easuring albedo, the specimen did not require a 

large depth, therefore, they needed to be deep enough to provide sufficient rigidity and strength 

but also light enough to be lifted for testing purposes. The surface area was sufficiently large at 

300x300mm as the specimens would be too heavy if  they were made larger but also the 

restriction o f placing them on a rooftop, their destination for testing, needed to be considered in 

terms o f  both loading and the space available. For each o f  these specimen types, a duplicate 

specimen would be created for repeatability purposes. These duplicate specim ens were placed 

apart to determ ine whether there were significant m icroclimatic influences on the specimens.

Three aggregate types were chosen, namely crushed limestone, partially crushed limestone and 

sandstone. Crushed limestone is readily available in Ireland and is typically dark grey in colour. 

It comes directly from a quarry source where it has been blasted from the rock. It was sourced 

from Cement Roadstone Holdings (CRH) in Belgard. Partially crushed limestone is used very 

frequently in Ireland also, and was sourced from Cem ex in Tullamore. This aggregate type is 

from a natural deposit, for example, a river o r glacial deposit, that crushes down the oversize 

stone allowing the more rounded sm aller stones to pass through. In general, the crushed 

limestone contains more flaky/elongated shapes whereas the partially crushed limestone is 

smaller and contains more rounded stones. Sandstone is a much lighter aggregate and was 

sourced from John A W ood in Cork. These three aggregate types are typically light in colour 

when com pared to basalt, for example, which is not used in Ireland and is dark grey in colour.
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There were tour concentrations o f GGBS chosen, namely 0, 30, 50 and 70%. The substitution 

rate o f 0% was used as a baseline against which other concentrations could be compared. A 

substitution rate o f 30% was chosen as it is used in applications where the development o f 

strength w ill not be affected and is slowly becoming the normal rate o f substitution due to the 

environmental advantages o f using GGBS. Similarly, a substitution rate o f 50% was chosen as 

it is used in applications where the development o f strength w ill only be affected marginally 

and it is the most common substitution rate used in Ireland at present. A concentration o f 70% 

was chosen as it is the maximum allowable rate o f GGBS and is specified for bridges in 

particular.

The four surface finishes chosen are cast, screed, tamp and brush. The cast surface finish was 

used as baseline against which other finishes could be compared. Although a cast finish w ill 

never normally see the sun, it was chosen as the baseline finish as it is easier to control and is 

expected to be the surface with the smoothest finish. Similarly, the screed finish is also 

expected to be a smooth surface and its typical application is for a roof slab. As a contrast, a 

tamped fmish was chosen as it is typically used for a pavement. A brush surface finish was also 

chosen as it is typically used on footpaths.

Therefore, the total number o f specimens to be fabricated is as follows;

2 (duplicate) x 3 (aggregate type) x4 (GGBS concentration) x4 (surface finish) = 96 specimens

Aggregate type (3)

Crushed
limestone

Partially
crushed

limestone

Sandstone

Experimental Design !

I
Duplicate specimens (x2)

GGBS concentration (4) Surface Finish (4)

0% Cast

Screed

Tamp

Brush

Fig. 3-1 Experimental design demonstrating all testing parameters
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3.2.4 Testing regime

A test regime was established following the fabrication and placement o f the concrete 

specim ens (see Fig. 3-2). The regime can be categorised into three main groups, namely direct 

test m ethods, indirect test methods and other tests. Three o f  the direct test methods involve 

using the albedometer, sphere spectrophotom eter and a lux meter, to directly measure an aspect 

o f  light reflectance o ff the specimens. The fourth test method is a greyness scale index which 

indicates the concrete ‘colour’.

Similarly, the indirect test methods m easure the effect o f  the parameters on the internal 

tem perature o f  the specimens using two m echanisms, namely a thermal imaging cam era and a 

therm ocouple wire. A thermal imaging cam era measures infrared emissions given o ff  from the 

surface o f  the specimens and a therm ocouple wire measures, for example, the internal 

tem perature o f  the concrete and is placed prior to the specimen being cast.

Albedometer

Sphere spectroph otom eter
Direct test  m ethods

Lux m eter

Greyness scale

Indirect test  m ethods Thermal Imaging cameraTesting regim e

Thermocouple wire

Sunshine duration sensor |

Other tests

Follow 1200 pro lamp

Moisture m eter

Fig. 3-2 Testing regime dem onstra t ing  direct an d  indirect test methods, and o th e r  tests

The other tests com prise o f  using a sunshine duration sensor, a heat lamp (Follow 1200 pro 

lamp) and a moisture meter. The sunshine duration sensor will be used in tandem w ith the 

therm ocouple wires to m onitor the sunshine intensity and duration, which will be com pared
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with the tem perature change in the specimens. The heat lamp will be used on a small scale 

preliminary experim ent to dem onstrate some key physical characteristics relating to the thermal 

properties o f  materials. The moisture meter will be used to determ ine the m oisture present on 

the surface o f  the specimens at the time o f  testing, as moisture content o f  damp concrete can 

affect its greyness.

3.3 Concrete Mix Constituents

The primary focus o f  this study is to dem onstrate enhanced albedo o f  GGBS concretes 

compared to a reference concrete with no GGBS present, for a variety o f  different concrete 

constituents, finishes and at different ages. Therefore, the established testing param eters for the 

concrete mix design are the aggregate type, cement type and surface finish.

3.3.1 Aggregate type

There are three different types o f  aggregates used; crushed limestone, partially crushed 

limestone and sandstone. It is not believed that the aggregate type will significantly affect the 

surface albedo, however, it was included in the study to justify  the elim ination o f  this param eter 

to ensure consistency throughout all test samples. There is, however, a clear differentiation in 

colour between, for example, limestone and sandstone (see Fig. 3-3), so the extent, if  any, o f  the 

effect o f  aggregate type on albedo needs to be clearly determ ined. The limestone is a dark grey 

colour and sandstone is a light yellow colour.

Fig. 3-3 C oarse and fine aggregates used in concrete  mix: crushed lim estone (left), partia lly  crushed  lim estone
(m iddle) and sandstone (righ t)

1'he coarse aggregate sizes are 20mm and 10mm and both aggregates were taken from the one 

batch for consistency in the concrete mix. The moisture level o f  the fine aggregate (sand) was
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measured using the 'Speedy Test' (see Section 3.4.2) in order to ensure that the same am ount o f  

free water was present in each concrete mix.

3.3.2 Cement type

There are two types o f  cements which are used in the concrete mixes; Normal Portland cement 

blended with a small percentage o f  limestone pow der known as a (CEM II A-L) to l.S EN 197- 

1(2011) and the supplementary cementitious material ground granulated blast furnace slag 

(GGBS). There is a significant difference in colour between these two cements, with GGBS 

being significantly lighter in colour than CEM II A-L (see Fig. 2-30). GGBS when used as a 

partial replacem ent for CEM II A-L, at sufficiently high replacement rates, results in a concrete 

that is much lighter in colour, thus increasing its albedo. The substitution rates were chosen 

based on replacement rates in established concrete practice, as reflected also in previous 

research which was carried out by Boriboonsomsin and Reza (2007), who used 30, 60 and 70% 

GGBS replacement. The substitution rates chosen for testing were 0, 30, 50 and 70% GGBS.

3.3.3 Surface finish

Previous research carried out by Taha and Sailor (1992) measured the albedo o f  certain roofing 

m aterials and they concluded that for the same m aterial or colour, a rough texture effectively 

decreases the albedo compared to that o f  a smooth texture. Based on the very limited existing 

research into the effect o f  surface roughness on solar reflection, surface roughness is 

investigated here. In total, four different surface finishes were chosen; generally, two rough and 

two smooth finishes. These surface finishes represent different application types and were 

achieved as follows:

•  Cast (smooth) -  achieved by exposing the underside (cast face) o f the slab

•  Screed (sem i-sm ooth) -  using a steel fioat to smooth and seal the surface o f  the 

concrete

•  Tamp (rough) -  crudely, a piece o f  tim ber is used to tamp the surface, resulting in an 

undulating surface

• Brush (sem i-rough) -  carried out by using a brush over the surface prior to final set, 

sweeping in one direction
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3.4 Concrete Mix Design and Formwork

A concrete mix design form was com pleted (see A ppendix A) and the concrete was specified 

with a characteristic strength o f  35M Pa at 28 days. A summary o f  the resulting quantities is 

displayed in Table 3-1. The GGBS replaced CEM  11 A-L, one-for-one, by percentage weight. 

The chosen slab size (which will be discussed further in chapter 4) was 300x300x60m m  (having 

a volume o f  0.0054m ’) and each concrete pour consisted o f  fabricating a total o f  8 slabs with 4 

concrete cubes (o f side 100mm). An additional 15% volume was added to account for the loss 

o f  material in the mixer. Therefore the mix volum e for one pour is as follows;

[8 slabs (0.0432m^) + 4 cubes (0.004m^)] + 15% (waste) = 0.0543m^

As there were 48 different types o f  specimens to be m anufactured (96 in total including 

duplicate specimens), each consisting o f  a different aggregate type, cem ent type and surface 

finish, a detailed schedule o f  mixing was outlined to dem onstrate what each pour contained (see 

A ppendix B). I'here was a total o f  12 pours to be com pleted over the duration o f  3 weeks. The 8 

slabs and 4 cubes were made in the morning, followed by stripping o f  the previous pour’s slabs 

and cube m oulds in the afternoon, in preparation for the following day.

I a b l c 3 - 1  C o n c rc tc  m ix  de.sign q u a n t i t i e s ( p e r  kg/m^)

Unit weight o f  m ix Pour w eight per 0.0543m^

(kg/m^) o f mix

Cement (CEM 11 A-L) 410 22.26

W ater 225 12.24

Fine aggregate 615 33.40

Coarse aggregate (10mm) 380 20.60

Coarse aggregate (20mm) 760 41.24

3.4.1 Trial mix

In order to establish whether the specified concrete mix design would conform to the standards 

required, a trial mix was conducted. The volume o f w ater needed for the mix was calculated 

based on the Speedy test result. The Speedy test determ ines the amount o f  moisture present in a 

granular material. The sand had 5.5% water present for the trial mix, therefore, the actual water 

added to the mix was calculated as follows;

12.24L -  [(5.5/100) x 33.4kg] = 10.4L

79



This procedure o f  w ater content adjustment was carried out for the 12 pours to follow (see 

A ppendix C for the moisture content results). It was important to ensure that all o f  the concrete 

pours had equal am ount o f  water present as the water/cem ent and aggregate/cem ent ratios may 

affect the resulting colour o f  the concrete. All o f  the cem ent and GGBS came from one batch 

from the manufacturers.

3.4,2 Concrete tests

3.4.2.1 The "Speedy” Test Procedure (BS 812-109:1990)

The “ Speedy” test is a method o f  measuring the moisture content o f  a material and gives 

accurate results in approximately three minutes. In the case o f  these experiments, the moisture 

content o f  the sand was required in order to account for the excess water in it as sand with a 

saturated surface dry condition is assumed in the concrete mix. The details o f  how to conduct 

the test are contained in the supplier’s instructions or the standard BS 812-109:1990. A sample 

o f  sand and a reagent, calcium carbide, is added into the Speedy pressure cham ber which is 

shaken when closed to ensure that the reagent reacts fully with the water in the sand. 

Consequently a gas is produced which increases the pressure in the chamber and the calibrated 

reading on the gauge on the front o f  the device displays a moisture content reading for a given 

quantity o f  sand.

3.4.1.2 The Slump Test ( IS  EN 12350-2)

The purpose o f perform ing a slump test is to test the workability o f  fresh concrete on site. The 

slum p test was carried out for each pour o f  concrete in accordance with l.S EN 12350-2 

(2009c). The details o f  how to conduct the test are contained in the standard and the results o f 

the tests are presented in Appendix C.

3.4.2.3 Cube strength testing (I. S  EN 12390-3)

The procedure for testing the cubes for the concrete’s compressive strength was carried out in 

accordance with l.S EN 12390-3 (2009b). The details o f  the test procedure can be found in the 

standard and the results are presented in A ppendix C. The range in average strength o f  the 

cubes at 28 days is between 35.4 and 47.5M Pa, with the higher concentrations o f  GGBS 

content, in particular 70% GGBS, having lower cube strength due to the slower rate o f  strength 

developm ent associated with using GGBS. One cube strength result was discarded as the range 

in strength divided by the average cube strength result was greater than 15% (see Appendix C).
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It can also be noted that the partially crushed limestone aggregate is weaker than the crushed 

limestone aggregate. This result can be explained by the fact that the crushed limestone 

aggregate is more angular in shape, therefore, it increases the cube strength as there is better 

interlocking o f  the aggregates and increased surface area for the cem ent to bond with the 

aggregates.

3.4.3 Formwork Manufacture

3.4.3.1 Design o f  formwork

The form work for the slabs was constructed according to the chosen dim ensions o f  

300x300x60m m . A total o f  18 slab forms were required to allow for consecutive days o f  

pouring (8 slabs each day), taking into account the stripping o f  the moulds, and also having two 

supplemental forms on standby. The base o f  the formwork was m anufactured using marine 

plywood which was a requirement in order to produce a smooth finish on the underside o f  the 

slab to represent a cast surface finish. The sides o f  the formwork consisted o f  a standard rough 

tim ber m easuring 60x60mm in cross section which were cut to the required length.

Before the sides were fixed onto the base o f  the formwork using screws, a hole was drilled for 

the therm ocouple wire to enter through the side o f  the slab (highlighted in red in Fig. 3-4). The 

therm ocouple wire is set to be 20mm from the top surface for all specim ens (see location 

highlighted in blue in Fig. 3-4). However, as one quarter o f  the slabs would be turned upside- 

down to produce a cast finish, 4 forms were m anufactured especially for the cast finish slabs 

and m arked appropriately, with the hole drilled 40mm from the top o f  the formwork 

(equivalent to 20mm from the bottom).

Fig. 3-4 T herm ocouple  wire placement in fo rm work
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The sides o f  the formwork were screwed tightly into the marine plywood base to prevent any 

gaps allowing concrete grout to escape. This was important as surface discolouration due to 

grout loss had to be avoided. Following this, a piece o f  m asking tape was placed over each 

screw to prevent concrete setting into it. This procedure allowed the formwork to be easily 

disassembled for cleaning and reuse. The formwork was prepared with de-m oulding oil both on 

the inside and outside surfaces prior to the placem ent o f  fresh concrete, to aide in the removal o f  

the formwork once the concrete was set.

Similarly, the plastic cube m oulds (lOOxlOOxlOOmm) had a small hole on the bottom surface 

which was covered with m asking tape to prevent air entering or fresh grout from escaping 

through it. The cube moulds were prepared with de-m oulding oil both on the inside and outside 

surfaces prior to the concrete being placed in them. The oil made the removal o f  the cubes and 

their cleaning easier after they had set.

3.4.3.2 Thermocouple placement

Each slab required internal tem perature m onitoring using a thermocouple wire. Each 

therm ocouple wire (96 in total) was cut to approxim ately 2.5m length from a 25m roll. This is 

to allow adequate distance between the slab and the data logger. Each end o f the wire was 

stripped back by approxim ately 10mm to expose the therm ocouple wire underneath. At one 

end, the two wires were twisted to make a secure connection between them. This is the location 

where the temperature is measured. Once it was tw isted, the connection was also welded to add 

further security to the connection before being placed into the formwork. The other end o f  the 

wire is later inserted into a channel in the data logger which will record the tem perature reading 

over a set period o f  time.

It was necessary for the therm ocouple wire to be situated exactly in the centre o f  the slab, 

20mm below the top surface as highlighted in blue in Fig. 3-4. As mentioned previously, a 

small hole was drilled into the side o f  the formwork to allow the wire to pass through. However, 

to overcome the problem o f  how to maintain the therm ocouple in position while the concrete 

was being poured and com pacted in the formwork, a fishing line was used to secure the wire in 

place. The fishing line was tied to a small wooden peg (circled in red in Fig. 3-4). The line was 

inserted into one side o f  the fonnw ork and out through the other side where another peg was 

used to wrap the fishing line around and create tension in the line. A staple gun was then used to 

hold the peg in place at the side o f  the formwork. Once this procedure was com pleted, the 

therm ocouple wire was inserted into one side o f  the formwork and was placed over the fishing 

line, with the welded part o f  the wire at the very centre o f  the slab. A couple o f  small pieces o f
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additional fishing line were used to tie the therm ocouple wire onto the fishing line, thus holding 

it in position. A glue gun was used at a num ber o f  locations along the wire for added security 

and it was also placed over the two holes at the sides o f  the formwork to act as a sealant. The 

wire outside the formwork was then wrapped up in a coil to avoid being accidentally pulled 

during casting.

To ensure this method o f  placem ent o f  the therm ocouple wires was successful, it was tested on 

the trial m ix specimen. One o f the specimens was cut down the centre using a concrete saw to 

locate the therm ocouple wire. As dem onstrated in Fig. 3-5, the therm ocouple wire can be seen 

in the section entering the slab on the left and running through to the centre o f  the slab at a 

depth o f  almost exactly 20mm (circled in red). This test confirmed that the chosen method o f 

placing the therm ocouple wires worked to the required accuracy.

Fig. 3-5 Scction of concretc slab to determine location o f  thermocouple  w ire

3.5 Concrete Specimen Manufacture 

3.5.1 Concrete mixing procedure

The concrete mixer was prepared for each mix firstly by pouring water in, rotating the drum, 

and subsequently pouring it out. The purpose o f  this was to prevent the m ixer surface from 

absorbing the water from the designed concrete mix. The fine and coarse aggregates and the 

cem ent were weighed out on a scales correct to 0.001 kg and the water was m easured in a plastic 

graduated cylinder. The aggregates were previously batched out in plastic bags in advance o f  a 

pour taking place.

The batched aggregates were placed in the mixer in order according to their size- the 20mm 

aggregates, 10mm aggregates and sand. The lid on the m ixer was closed before being turned on 

for approxim ately one minute to briefly blend the aggregates together. Following this, the 

cem ent was added and combined again until such a time as it was uniformly distributed
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throughout the mix. The Speedy test was carried out beforehand and an adjustm ent to the water 

was made. The water was then slowly added to the contents o f  the mixer through a small lid on 

the top o f the m ixer which allowed the concrete to mix continuously while the w ater was being 

added. The concrete was blended for a further 5 minutes. The finished concrete was left to stand 

for a further fifteen minutes. Following this, the slump test was carried out to assess the 

workability o f  the concrete (see Section 3.4.2). The slab forms and two cube moulds were 

placed on the vibrating table (see Fig. 3-6) ready for the placem ent o f  the concrete.

Fig. 3-6 F o rm w o rk  on v ibrat ing  tabic (right)

3.5.2 Concrete placement

3.5.2.1 Placement o f  concrete in cube and slab formwork

1. The cube m oulds and the slab formwork (two forms) were placed on the vibrating table 

(with dem ouling oil applied first), and half filled with concrete. Care was taken when 

placing concrete into the slab forms so that the tliermocouple wire in the centre was not 

damaged. This could be easily determ ined as the wooden peg on the outside o f  the 

formwork which was holding the fishing line in place, would drop if  the wire had 

broken.

2. The specimens were vibrated for 10 seconds to eliminate air voids. The vibrating time 

was recorded and was the same for all o f  the specimens. It was important not to over 

vibrate the concrete as this would have caused segregation o f  the aggregates.

3. The forms were then filled to the top before being vibrated again.

4. The cube m oulds were finished o ff with a steel trowel to obtain a sm ooth finish on the 

surface.
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3.5.2.2 Surface finishes

The method by which the surface finishes were obtained was important as it needed to be 

consistent throughout each pour. The slabs were finished o ff  as outlined in Section 3.3. The cast 

surface finish was attained simply by using the underside o f  the slab. The top o f  the slab was 

finished o ff with a wood float finish. A screeded finish is normally achieved by vibrating the 

concrete over a 6m span. However, the screeded finish was achieved here by vibrating the 

concrete beforehand using a vibrating table and by using a steel trowel to seal the top surface o f  

the concrete and to mimic this surface finish type as found on a ground floor slab or a roof slab. 

The width o f the steel float was greater than the w idth o f the slab which was im portant so that 

the finish could be achieved in one continuous motion. The screed surface finish (see Fig. 3-7 

(a)) could be applied as soon as the concrete was compacted.

The rough surface finishes, however, could not be achieved immediately following the 

placement and compaction o f  the concrete, therefore, the specimens were initially finished 

using a wood float finish before being left to set for one hour. This enabled the concrete to 

become less w orkable and for initial set to occur, therefore, m aintaining the surface finish. The 

brushed finish was achieved by dragging a brush over the surface in one direction only once. 

The tamped surface was attained by using a piece o f  tim ber to tamp the surface resulting in an 

undulating surface finish. For all o f  the surface finishes, the bleed water comes to the top after 

the concrete is finished and evaporates o ff the surface, (see Fig. 3-7 (c) and (d)).

Fig. 3-7 D ifferent surface  Tinishes (a) C ast (b) Screeded (c) T am ped  (d) B rushed

3.5.2.3 Curing o f  the specimens (l.S EN 12390-2)

The cubes were left to set and harden overnight, covered in wet hessian and a sheet o f  plastic to 

provide an optimum level o f  moisture to the concrete. They were removed from the moulds 

using an air pump (after 24 hours), labelled appropriately then placed in the curing tank o f  

am bient temperature in accordance with l.S EN 12390-2 (2009a) for the rem ainder o f  the 28 

days. These are ideal conditions for curing concrete as the water is at ambient tem perature and 

all sides o f the concrete are in contact with water.
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The slabs were left for 48 hours under wet hessian and plastic (without touching the surfaces o f  

the specimens) before being removed from the formwork (see Fig. 3-8). Following this, the 

slabs were covered with wet hessian and plastic for the rem ainder o f  the 4 weeks curing. These 

curing conditions were ideal as the concrete specimens were in a moist environment allow ing 

comparisons to be made between the specimens.

Fig. 3-8 Slab specim ens before cu ring

3.5.2.4 Labelling and storing o f  the specimens

Before the slabs were placed on the rooftop, where they would remain for the duration o f  the 

project, they were stored in the laboratory. Each slab was labelled with chalk on one side 

immediately following the removal o f  the formwork. Once the slabs were fully cured, this chalk 

was replaced by industrial paint (see Fig. 3-9) so that it would not wear away and so that each 

specimen was easily identifiable. The labelling system was as follows; initial o f  aggregate type, 

percentage o f  GGBS and surface finish. For example, the label o f  the slab at the top o f  the stack 

displayed in Fig. 3-9 (C-70-T) represents a slab containing crushed limestone aggregate with 

70% GGBS and a tamped surface finish. The slabs were stacked using two pieces o f  tim ber 

between each one to allow them  to breathe. The cast and screed surface finishes were placed at 

the bottom o f  the stack and brushed and tamped at the top. The purpose o f  this particular order 

was due to the nature o f  the surface finish (the undulating rough finishes could be dam aged at 

the bottom o f the stack).
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Fig. 3-9 Labelling system  fo r slab specim ens

3.6 Placem ent o f specim ens in an exposed area

A flat rooftop with low parapets was identified on campus to expose the specim ens to the 

environment in Dublin city centre. The location o f the 96 specimens to the rooftop required 

planning as they would be placing an additional load on the roof o f  the building. Norm ally this 

would not be a concern but in this instance the roof was a lightweight insulated metal deck. The 

following steps were carried out in order to com plete this task;

1. The additional load imposed by the concrete slabs was calculated. If the imposed load 

was below the permitted design live load, a detailed procedure for laying out the 

specimens on the rooftop along the lines o f  the steel joists below would be necessary.

2. The method by which the slabs would be transported from the laboratory onto the roof 

and placed in position would require a detailed method statement as normal access to 

the roof was through a ceiling hatch over a stairwell which was not considered to be a 

safe route.

3.6.1 Loading calculation

The specimens were to be placed on plywood boards (1.2x2.4m) and based on this size, 16 

specimens could be placed onto one board.

Therefore, the imposed loading on one plywood board due to 16 specimens was calculated to be 

0.72kN/m^, where the concrete density was assumed to be 24kN/m^. As the design snow load 

on the roof was 0.75kN/m^, it was thought prudent to position the boards in line with the steel 

joists below.
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3.6.2 Layout of specimens

An image o f  the civil engineering building under construction was obtained (see Fig. 3-10) to 

assess where the columns and beams were located in the building. The purpose o f this was to 

determ ine where the beams were spanning on the rooftop (see image on right in Fig. 3-10) so 

they could be m arked out using tape on the ro o f  This task was necessary in order to distribute 

the imposed load o f  the specim ens directly over the beams.

Fig. 3 -10 Trinity  College  Civil  E n g in e e r in g  bu i ld in g  u n d e r  c o n s t ru c t io n  (left)  a n d  r o o f  o f  the  b u i ld ing  w h e r e
th e  co n c rc te  sp e c im e n s  a r e  p laced

A plan o f the rooftop is displayed in Fig. 3-11. For health and safety reasons (a fall hazard 

existed due to the low parapet wall), a 2m wide area around the parapet o f  the roof was 

identified and marked out as a no entry zone and a fall arrest system was put in place in case o f  

an accident. On the top o f  the drawing, the area where an air handling unit is situated was also 

marked out. Therefore, after the exclusion o f  these two main areas, there were just 7 rem aining 

possible areas to locate the boards where the beams below existed, 6 o f  which are clear in Fig. 

3-11.

The air handling unit is located to the north side o f  the roof and the parapets are only 0.9m high, 

therefore, even in winter the specim ens were never in shadow. However, microclimates could 

exist locally on the roof and pairs were placed as far apart as possible on the roof to establish if 

this was a cause for concern.

From this, based on the size o f  the chosen plywood boards (1.2x2.4m), 16 specimens could be 

placed on one board, m aking a total o f  6 boards, as displayed in Fig. 3-11. The slabs were 

situated around the perim eter o f  the plywood boards, with the centre o f the board being left free 

for the data logger to be placed when the tem perature is being measured.
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Lines o f  beams below A'*" handling unit

 ̂ Exclusion zone

■2 1 , «

Fig. 3-t I Drawing of roof  to assess location of specimens including board  num bers  1-6

3.6.3 Procedure for placing the specimens on the roof

Following the establishment o f  where the specim ens would be situated on the roof, it was 

necessary to decide which specimens would be located on which boards, labelled 1 to 6. Based 

on the know ledge that 16 specimens could be placed on one board, it was decided that the 

samples would be placed in situ according to aggregate type. There are three different aggregate 

types, with duplicate specimens, therefore, this would com prise o f  6 boards in total. The 

duplicate aggregate boards were not placed beside one another in order to assess w hether there 

were m icroclim atic differences which would affect the weathering o f  the samples over time.

Initially the striations on the slab surfaces were random but when the initial readings were 

taken, when it was realised that the reflectance o ff the surface varies depending on what the 

orientation o f  the slab was for the rough surfaces, they were consistently put in the one 

direction, that is, the striations were parallel to the direction o f  North-South.

The board specim ens were comprised as follows (see Fig. 3-11);

1. Board 1-Limestone aggregate

2. Board 2-Partially crushed limestone aggregate
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3. Board 3- Sandstone aggregate

4. Board 4- Sandstone aggregate

5. Board 5-Limestone aggregate

6. Board 6-Partially crusiied limestone aggregate

A method statement was drawn up detailing the method by w hich the concrete slabs would be 

put in place on the roof. This was submitted for safety approval before permission was granted. 

The following steps were carried out;

1. Plastic sheeting was cut to size (1 .2x2.4m) to be placed under the tim ber boards

2. A cherry picker was used to bring the 6 plywood boards onto the roof to  put them in

place with the plastic sheet being placed underneath each board.

3. The slabs were loaded onto the cherry picker, taking 8 at once. These were offloaded on 

the roof and were placed on the relevant boards.

4. The specimens were placed around the perim eter o f  the boards (see Fig. 3-12) with the 

thermocouple wire facing inwards towards the centre (where the data logger would be 

situated), the label o f  the slab facing outwards, and the relevant surface finish facing 

upwards.

5. Wooden boxes (manufactured from tim ber and felt) were placed in the centre o f  the 

boards to protect the therm ocouple wire connectors from the environment. These had 

concrete cubes placed on top to prevent the wind from m oving or overturning them.

Fig. 3-12 Im age of concrcte specim ens in place on the rooftop, w ith the therm ocouple  connectors being stored
in the cen tre

In conclusion, based on the param eters to be evaluated, a detailed experim ental design was 

fabricated. This comprised o f  m anufacturing appropriate concrete m ixes and finishes to
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investigate a number o f  !<ey param eters on tiie effect o f  concrete albedo including aggregate 

type, GGBS concentration, surface finish and ageing.

The concrete specimens were m anufactured in a laboratory where param eters such as curing, 

com paction, moisture content and striking time rem ained constant. This was important as the 

aforem entioned factors would affect the resulting colour o f  the concrete. Following the 

m anufacture o f  the specimens, placem ent in an exposed area was conducted, with careful 

consideration as to their precise location. The next procedure following their placement in situ 

is to utilise some o f the test methods for m easuring light reflectance o ff the specim ens, which is 

the topic o f  the next chapter.
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4 Instrum entation

4.1 Introduction

This chapter focuses on the various devices which were employed/designed for testing certain 

properties o f  the specimens in relation to sunlight. The technical specification o f  each o f the 

instrum ents is included in addition to calibration procedures for the relevant instruments. The 

instrumentation to be discussed in this section is as follows;

Direct (Primary) measurements:

1. Albedometer to measure the albedo/solar reflectance o f  a surface

2. Spectrophotom eter to measure colour values o f a surface

3. Lux m eter to measure the incom ing visible light and its reflectance from the specimen

4. Greyness scale to measure the colour or greyness o f  a surface

Indirect (Secondary) measurements:

1. Thermal camera to detect infrared emissions from a surface

2. Therm ocouple wire and data logger to measure internal temperature o f  the specimens 

O ther measurements:

1. Sunshine duration sensor to measure intensity and duration o f  sunshine

2. Follow 1200 pro lamp to be used as a light source to heat up specimens

3. M oisture meter to measure the level o f  moisture in a concrete specimen

4.2 Albedometer

An albedom eter measures the true albedo o f  a surface and consists o f  two components, an upper 

dom e (pyranom eter) to measure the incoming solar radiation and a lower dome (albedometer) 

to measure the reflected solar radiation (see Fig. 4-1). It measures albedo from a recommended 

height o f  1.5m above the reflective surface. It is also a requirement that the upper dome has an 

unobstructed horizon. The lower sensor has a field view o f  170°, so, again, a large unobstructed 

surface is usually sought to give an accurate reading.

As the concrete specimens are 300mm square, it is necessary to scale down and calibrate the 

instrum ent by restricting the field view o f the lower dome. This is discussed in detail in Section

5.2 in addition to the sensitivity tests carried out on the albedometer. A stand was designed and 

m anufactured specifically for the albedometer in the laboratory in Trinity College in order to
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support and keep the instrum ent level for tak ing  a lbedo  m easu rem en ts. A tim ber box  w ith 

handles w as also m anufactured  to  im prove portability .

Fig. 4-1 Albcdonietcr model C M A l 1 series conta ining u p p e r  dom e (p j  ranom ctcr)  and lower dome
(albcdometer)

4.2.1 Specification o f Albedom eter -  C M A ll series

T he albedom eter has the fo llow ing  technical spec ifica tions and w as calibrated  by the supply  

com pany fo llow ing  the m anufactu ring  o f  the instrum ent. It com plies w ith the relevant ISO 

standard  (ISO  9060 :1990) and is supplied  w ith a ca lib ra tion  certifica te  traceab le to  the W orld 

R adiation C entre, w ith the dev ice  being  very sensitive  to  irrad iance  change.

•  Spectral range from  285-2800nm

• Sensitivity: 7 to  14 |.iV/W/m^

• M axim um  solar irrad iance: 4000W /m ^

•  Field o f  view: P y ranom eter 180°, a lbedom eter 170°

A bubble level is fitted in the  albedom ete r and a screw -in  d ry in g  cartridge keeps the in terio r 

free from  hum idity .

T he calibration  coeffic ien t, know n by the supp liers as sensitiv ity  (S) o f  th^ instrum ent, w as 

attained  at the calib ration  s tage  w hich  w as carried  out by th e  m anufactu rer and the values are as 

follow s:

•  U pper dom e (p y ranom eter) S =  8 .39 |iV /W /m ^

•  L ow er dom e (a lbedom eter) S =  8 .7 2 n V /w W

A ccord ing ly , the irrad iance (Ejoiar) is ca lcu lated  in W/m^ for both the py ranom eter and 

albedom eter, using the a fo rem en tio n ed  sensitiv ity  va lues, as per E quation  (4-1);

^  _  ^em f
^ s o l a r  ~  ^  (4-1)

w here Esoiar (W /m^) =  irrad iance , Uemf ( |iV )  =  ou tpu t vo ltage  and S ([iV /W /m ^) =  sensitiv ity
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For example, if the output voltage for the pyranometer and the albedometer is 5.3x10^ |iV 

(5.3mV) and 1.7x10^ |iV (1.7mV), the incoming solar irradiance E; and reflected solar 

irradiance are 631 W/m^(5.3x10^8.39) and 195W/m^ (1,7xlO'V8.72) respectively. The albedo 

value is calculated from these two resulting irradiance values.

Some typical values o f incoming sunshine irradiance are as follows:

• Fully clouded (50-120W W )

• Sunny partly clouded (120-500W W )

• Clear and sunny (500-1000W/m^)

These values are dependant on the degree o f cloud cover, time o f day, season and location.

4.2.1.1 Calculation o f  albedo value

Once the irradiance is calculated individually for the pyranometer and albedometer, the albedo 

value (between 0 and I) is calculated as per Equation (4-2).

ErAlbedo = —  (4-2 )

where Er(W/m^) is the total reflected solar irradiation and E,(W/m^) is the total incoming solar 

irradiation. From the example above, the albedo is 0.31 (195W/m^/63l W/m^).

4.2.1.2 Meteon voltmeter

The output voltage (Uemf) is measured using a voltmeter (see Fig. 4-2). Meteon is a highly 

accurate hand-held display unit and data logger for the measurement o f solar irradiance. The 

specification of the Meteon voltmeter is as follows:

• Input range: ± 6.25 to ± 200 mV

• Inaccuracy: < 0.1 %

Fig. 4-2 M eteon voltm eter
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4.2.1.3 Stand fo r  the albedometer

For the purpose o f  taking readings with the albedometer, an instrument height o f 1.5m and an 

unobstructed horizon are necessary. As the instrument weighs 1.2kg, a stand was designed and 

m anufactured from steel (see Fig. 4-3). This stand contained a wide base for support in addition 

to a bracing bar under the main horizontal mem ber to hold the instrument firmly in place. The 

stand can be disassembled allowing it to be transported for site measurements. There is also a 

sliding vertical bar which allows for lower height readings for smaller specimens if  required.

Fig. 4-3 Stand for the a lbedom eter  which is necessary to keep the in s trum ent level and the view largely
unobstructed

4.3 Sphere Spectrophotometer

A spectrophotom eter is the most commonly used instrument for measuring colour. It measures 

the amount o f  light energy reflected from an object at several intervals along the visible 

spectrum. A colour has its own unique appearance based on three attributes; hue, chrom a and 

value (lightness). Hue is how an object’s colour is perceived e.g. red, green, blue etc. Chroma 

describes a colour’s vividness or dullness. Lightness describes the luminous intensity o f  a 

colour and the degree o f lightness is called its value. Colours can be classified as either light or 

dark when com paring their value.

Three things are necessary in order to observe and measure a colour; a light source, an object or 

sample, and an observer or processer. The CIE (Com m ission Internationale de I’Eclairage, or 

the international com m ission on illumination) is the body responsible for international 

recom m endations for photometry and colourimetry. One such method which the CIE 

recommends to measure colour and express it numerically is CIE (L*a*b*) or CIELAB.
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Fig. 4-4 H u e  (left) , c h ro m a t ic i ty  (m idd le )  a n d  l ightness ( r igh t)

4.3.1 CIELAB method

When a colour is expressed in CIELAB form, L* defines lightness, a* denotes the red/green 

value and b* the yellow/blue value. Fig. 4-5 and Fig. 4-6 display the colour plotting diagrams 

for L*a*b*. A colour measurement in the +a* direction depicts a shift towards red and -a*  

towards green. A m easurement in the +b* direction represents a shift towards yellow, and —b* 

towards blue. The centre axis (perpendicular to the page in Fig. 4-5) is represented by L*. An 

L* value o f  zero represents black or total absorption, and a value o f  100 represents w hite, or 

total reflection.

Yellow
♦ b *

270

Fig. 4-5 C IE LA B  colour ch art
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- a *
greon
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black

4 3
red

Lightness

L’-O

Fig. 4-6 The K* is represen ted  on the cen tra l vertical axis and the a* and b* axes a re  located an the horizontal
plane

4.3.2 Specification of Sphere Spectrophotometer Model SP62

A spectrophotom eter measures spectral data, the amount o f light energy reflected from an 

object at several intervals along the visible spectrum. The relevant details o f  the sphere 

spectrophotom eter’s specification (Fig. 4-7) are as follows;

•  Spectral range: 400-700nm

• Range for L*, a* and b* readings: -60 to +60 (a* and b*), 0 to ICO (L*)

• Accuracy: 0.02

Fig. 4-7 SP62 sphere  sp ec tro p h o to m eter
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4.3.2.1 Process o f taking a reading

The spectrophotom eter is calibrated first before readings o f  L*, a* and b* values can taken. The 

calibration option is selected from the menu. Calibration is carried out by defining dark and 

light references; the instrument is placed onto the black reference surface provided with the 

instrument. The top surface o f  the instrum ent is then pushed down firmly against the shoe until 

the light is issued from the device onto the surface and the reading appears on the screen. This 

process is repeated for the white reference surface and the instrument is then calibrated.

In order to take a reading o f  L*, a* and b* values for a surface, the instrument m ust be placed 

on the surface and the mode ‘analyse’ is selected from the menu. The top o f  the instrum ent is 

placed firmly down against the shoe o f  the instrum ent and this position is held for a couple o f 

seconds until the light is issued onto the testing surface and the reading appears on the screen. 

The readings for L*, a* and b* are noted at this point.

43.2.2 The spectral output produced by the sphere spectrophotometer model SP62 

A spectrom eter is an instrument used to m easure properties o f  light over a specific portion o f 

the electrom agnetic spectrum. It was used to measure the exact output o f  light em itted from the 

sphere spectrophotom eter SP62 in terms o f  the spectral intensity. The spectrom eter used to 

determ ine this (see Fig. 4-8) has a wavelength range o f  200-1 lOOnm which encom passes the 

ultraviolet, visible and infrared w avelengths (StellarN et_lnc, 2013). The device has a accuracy 

wavelength < 0.25nm, repeatability w avelength < 0.05nm and resolution o f  <0.75nm.

Fig. 4-8 Black com et spec tro m ete r m odel C -SR -50 fo r IIV, VIS and M R  (S tellarN et_Inc, 2013)

The spectral data for the sphere spectrophotom eter is displayed in Fig. 4-9 (blue line) along 

with the sun’s direct global radiation (red line) which was obtained from ASTM  G173 - 03 

(2012) for AM 1.5. The AM represents air mass and 1.5 refers to the length o f  the path through 

the atm osphere in relation to the shortest length if  the sun was in the apex (see Section 2.2.1 for
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description on Air Mass). Tiie spectral intensity will change depending on the season, time o f  

day and location.

As shown by the dashed lines in Fig. 4-9, a wavelength o f between 10-400nm represents the 

ultraviolet radiation component o f  light. Visible light ranges between 400 and 750nm and a 

wavelength o f  between 750nm and 1mm represents the infrared component o f  light. The direct 

global radiation from the sun (red line) ranges over all three com ponents o f  light as expected, 

with the highest intensity from the visible light. The spectrophotom eter, however, produces 

light that primarily falls in the visible section as indicated in the specification o f  the instrument. 

This inform ation is relevant, in particular, for Section 6, which focuses on results from a 

physical test carried out, where the L* was measured on a num ber o f  different materials.
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Fig. 4-9 Spectral information from a sphere spectrophotometer (blue) and direct global radiation (red) for air
mass 1.5 (ASTM,2012)

4.4 Lux meter

A lux m eter is a device which measures visible light in units o f  lux (lumens/m^), which is the 

unit o f  illuminance. It is frequently used by cricket umpires, photographers and lighting 

engineers. The digital lux meter (model LX 1330B) has a range o f 0.1 to 200,000 lux and an 

accuracy o f ±3%  when reading up to 20,000 lux and ±5%  thereafter (see Fig. 4-10). A typical
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value o f  incom ing lux at midday in the sum m ertim e in Dublin with sunny weather conditions is 

between approxim ately 50,000 and 80,000 lux. The photo detector consists o f  one silicon photo 

diode with a filter.

W hen using a lux m eter for reflectance o ff  a surface, like the albedometer, it is very sensitive to 

background light interference, thus, as shall be shown, for the purposes o f  testing, it is used in 

conjunction with a black box specifically designed for this project to measure the visible light 

reflectance o ff  a concrete slab (see Chapter 5) without such interference. The design and initial 

testing process are carried out to determine whether the lux m eter can be used as a discerning 

and reliable indirect means o f  calculating the albedo value, and thus distinguish between 

different specim en reflectance characteristics.

Fig . 4 -10  D ig ita l lux m e te r  to m e a su re  v isib le  ligh t

4.5 Greyness scale

As the colour o f  a surface has an effect on the amount o f  light reflected o ff it, it is important to 

exam ine and evaluate this parameter. This can be carried out by characterising the ‘greyness’ o f  

the concrete slabs surface by using a greyness index card. A greyness scale was utilised in order 

to give an indication o f  the level o f  ageing o f  the slabs over time through subjective visual 

evaluation. The greyness scale (Fig. 4-11) ranges from 0%  (white) to 100% (black) in 

increm ents o f  5%. It is placed on the exposed surface o f  the slab and the percentage o f  greyness 

w hich m atches the concrete’s colour segment o f  the chart is evaluated and recorded (Sweeney 

and West, 2013).

As albedo ranges from 0%  (black) to 100% (white), the greyness scale is converted to an 

albedo index value using Equation (4-3) as follows;

C olour A lbedo index  =  (1 0 0  — g rey n ess  v a lu e ) /1 0 0  (4-3)
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Fig. 4-11 G reyness card  (Sweeney et al., 2012a, Sweeney and W est, 2013); Source: (R esnik, 2013)

Concrete surface m easurements using a grey scale ranging from a very light grey to a very dark 

grey is simple in principle, however, is problematic due to the subjectivity o f  the human eye and 

the different optical properties o f  concrete and paper (Lem aire et al., 2005). A lthough this is a 

colour albedo ‘index’, it is not a representation o f the true albedo o f a surface as it is a 

subjective visual examination, whereas the true albedo o f  a material factors into account the 

reflectance o f different frequencies o ff the surface, which are dependant on a number of 

parameters such as surface roughness and the nature o f  the material. However, it is a quick and 

free means o f  assessing the relative values o f  the colour albedo index.

4.6 Thermal Imaging Camera: FLIR InfraCAM SD

A thermal image is a representation in colour o f  infrared radiation differences in objects. Hotter 

objects emit more infrared radiation for a given emissivity and so appear brighter and this can 

be used to dem onstrate differences in a material's tem perature. An infrared thermal imaging 

camera (see Fig. 4-12) is being used to measure surface heat developm ent and differences 

between the slabs (Sweeney et al., 2012a). As the concrete slabs absorb sunlight, this is 

converted into heat and is reemitted as infrared radiation. Two param eters which are expected 

to have an effect on the radiation observed are the GGBS content and surface finish (see Section 

’’.5 for results).

Fig. 4-12 T herm al im aging cam era; FL IR  InfraC A M  SD
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It is a requirem ent to input the em issivity o f  the surface to be tested into the thermal cam era 

before a thermal image can be taken. For the concrete specim ens, the em issivity (e) was set to 

an average constant value o f  0.94 (Baehr and Stephan, 2011). In general, the em issivity o f  

concrete ranges between 0.85 and 0.95, with a rougher surface finish having a slightly higher 

em issivity value (Anderson, 2006). Thermal images were recorded only when there was 

sufficient sunshine to allow the slabs to heat up. The thermal imaging cam era has a spectral 

range o f  7.5-13|im  and an accuracy o f  ±2°C or ±2%  o f reading.

4.7 Therm ocouple w ire and data logger

The internal tem perature o f  the slabs is being m easured using therm ocouples which were placed 

in the slab 20mm from the top or bottom surfaces (as appropriate) during the m anufacturing 

process. They measure the increase in tem perature inside the slab when the surface is exposed 

to natural sunlight and this is being used to indirectly evaluate the solar light absorption. A data 

logger is used to collect results (see Fig. 4-13).

The therm ocouple wire used is a type K therm ocouple (the most common general purpose 

therm ocouple). A therm ocouple is available in different com binations o f  metals or calibrations. 

The four most common calibrations are J, K, T and E. The type K com bination o f  metals 

provides a range in tem perature o f  approxim ately -200 to 1250°C.

Each slab’s therm ocouple is connected to one channel on a data logger. The Datascan 7220 is a 

16 channel data logger with a maximum sample rate o f  one sam ple per second.

B B S

Fig. 4-13 D ata logger con tain ing  16 channels

4.7.1 Calibration of thermocouple wires

The therm ocouple wires w ere connected to a data logger, which was in turn connected to a 

laptop. The software enables the user to observe real-time changes in values across all channels

102



in the data logger. Two tests were carried out using 6 therm ocouple wires. The simplest and 

m ost effective method to check the accuracy o f  the therm ocouple w ires is to measure two 

known tem peratures o f  water, ice melt water, which is 0°C and steam , w hich is IOO°C.

The first test involved placing ice cubes in a beaker and allow ing the ice to melt slightly. As 

soon as melt water is produced, all therm ocouple wires are placed in this melt water together 

and the tem peratures were recorded. The results are displayed in Table 4-1 and are 

approxim ately 0°C.

The second test involved boiling water in a kettle and placing the w ires at the nozzle where 

steam is produced. As soon as the kettle boiled the results were noted and the outcom e o f  the 

tests are displayed in Table 4-1. The results o f  both tests dem onstrate that all thermocouples 

agree well, having a tem perature o f  approximately 100°C. Results from both the melt water test 

and steam test indicate that the therm ocouple wires are accurate in taking m easurem ents with 

the data sets having a reasonably low standard deviation.

Table 4-1 C a l ib r a t io n  re su l t s  f o r  t h e rm o c o u p le  w ires

Wire Melt water test (°C) Steam test (°C)

1 -0.03 100.20
2 -0.35 100.13
3 0.38 100.16
4 0.49 100.44
5 0.57 100.20
6 0.65 100.50

0.30 100.27
o 0.38 0.16

4.8 Sunshine Duration Sensor

Sunshine duration is defined by the W orld M eteorological O rganization (W M O) as the time 

during which the direct solar radiation exceeds the level o f  120 W/m^. The sunshine duration 

sensor CSD 3 operates from a I2V D C (Voltage Direct Current) pow er source and has built-in 

heaters to dissipate rain, snow and frost. The sensor is required to be m ounted in the vertical 

plane at an angle equal to the angle o f  latitude within ±1° and in the direction o f  the nearest pole 

within ±5°. For the purpose o f  testing in Trinity College, the sensor was pointed in the direction 

o f the north pole at an angle o f 53.34°N. An unobstructed horizon is also required so the sensor 

was placed on the paraphet on the roof o f  the civil engineering building w here the sample 

specim ens are located.
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Fig. 4-14 Sunshine du ra t ion  sensor CSI) 3

4.8.1 Specification of Sunshine Duration Sensor -  CSD 3

The sunshine duration sensor has the following technical specifications and was calibrated by 

the company following the m anufacturing o f  the instrument.

• Spectral range: 400-1 lOOnm

• Sunshine signal: 1 ±0.1 V (direct radiation > 120 W/m^)

• Analogue output signal: 1 mV/Wm^

• Accuracy o f  sunshine hours: > 90% in m onthly total

Some typical values o f  sunshine hours per day and corresponding direct irradiance values are 

indicated in Table 4-2 for summer and w inter on m idlatitude (the Earth's tem perate 

zones between the tropics and the Arctic and Antarctic polar regions). As expected, there is 

significantly less sunshine hours and intensity o f  sunshine in w inter due to the sun’s altitude.

Table 4-2 Typical  va lues  fo r  c l e a r  a n d  s u n n y  con d i t io n s  on  m id l a t i tu d e  (K ip p _ a n d _ Z o n e n ,  2013)

  ------------------------
Sum m er half year 12-16 hours sunshine 500-1000W /m  direct irradiance

W inter half year 6-12 hours sunshine 3 0 0 -9 0 0 W W  direct irradiance

4.9 Follow 1200 Pro lamp

The Follow 1200 Pro lamp (see Fig. 4-15) was used as part o f  a physical test to demonstrate 

som e key reflectance and absorption properties o f  m aterials when subjected to a light source. 

The results from this test can be found in Chapter 6. The lamp produces light over the three 

wavelengths o f  light; visible, infrared and ultraviolet, and mimics daylight. The exact quantities 

o f  each com ponent o f  light were measured using a spectrom eter (as discussed in Section 4.3). It
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was necessary to obtain this information so that the temperature increase on exposure to light 

could be interpreted correctly.

F-'ig. 4-15 Fo llow  1200 P ro  h ea t lam p

The Follow 1200 Pro contains a 1200W HTl lamp, h contains a variable colour temperature; 

3200K (tungsten light), 5600K (daylight) or 6000K (daylight), with a motorized focus and 

movement o f pan (360°) and tilt (90°). The colour temperature o f a light source is determined 

by comparing its hue with a theoretical perfect black body radiator. The colour temperature of 

the light source is the same as the thermal temperature that the black body must be heated to in 

order for the two to emit radiation with the same hue. The apparent colour temperature of a light 

source does not refer to the thermal temperature (Malpas, 2007).

4.9.1.1 The spectral output produced by the Follow 1200 Pro light 

A spectrometer was used to measure the exact output of light emitted from the Follow 1200 Pro 

lamp in terms of the spectral intensity. This result was then plotted (see Fig. 4-16) against the 

sun’s direct global radiation which was obtained from ASTM G173 - 03 (2012) for AM 1.5. 

The global radiation from the sun (red line) ranges over all three components of light as 

expected, with the highest intensity from the visible light. The lamp, however, which is 

represented by the blue line, produces light that primarily falls in the visible section with little 

contribution from the ultraviolet or infrared section. This information for the lamp will be 

useful when clarifying the cause of the resulting temperature changes in materials which are 

exposed to this light source for a period of time.
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4.10 Moisture meter: Tramex concrete moisture encounter

The Tramex Concrete Moisture Encounter is a meter which is placed directly on the surface to 

measure moisture in concrete. The Concrete Moisture Encounter operates on the principle o f 

non-destructive impedance measurement. Parallel coplanar electrodes fitted with spring-loaded 

contacts are mounted on the base o f the instrument. During operation, a low frequency signal is 

transmitted into the concrete or floor screed to measure the change in impedance caused by the 

presence o f moisture (Wan et a!., 2009). The device measures the near-surface moisture 

condition and is calibrated to measure between 2 and 6% moisture content.

Research by Levinson and Akbari has shown that wetting the surface o f the concrete strongly 

depressed the albedo o f the concretes by virtue o f a darker surface colour, which pertained until 

their surfaces were dried (Sweeney and West, 2013). Therefore, as the slabs are exposed to the 

environment, the moisture level on the surface w ill change depending on weather conditions. 

The surface moisture is recorded using a moisture meter (see Fig. 4-17) before taking readings 

o f light reflectance as the moisture level has an effect on the colour o f the concrete slabs 

(Sweeney and West, 2013). A reading greater than 4.5% moisture content would be considered 

to be significant, therefore, as the cast surface finish was always the slowest to dry out, moisture 

readings were taken on this finish to ensure that the surface was relatively dry.
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Fig. 4-17 Tram ex concrete moisture cncountcr

To dem onstrate the resuhing decrease in light reflectance and colour with increase in surface 

m oisture, a small test was conducted using a lux meter in conjunction with a greyness scale card 

to assess the change in light reflectance and colour, both before and after w etting the surface of 

the slab. The details o f  this test are discussed in Section 7.3.4.

In conclusion, the principal instruments to be used to test the prepared specim ens for their solar 

reflectance have been described. An exam ination o f  the light reflectance m ethods follows.
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5 Light Reflectance Test Methods

5.1 Introduction

This chapter focuses on two o f  the direct methods o f  testing light reflectance, namely an 

albedom eter and a lux meter. As outlined previously in Chapter 4, an albedom eter measures 

solar reflectance over three wavelengths (visible, infrared and ultraviolet radiation), whereas a 

lux meter measures only visible light. These test m ethods will be investigated in this chapter to 

establish w hether they can be em ployed to measure the light reflectance from small concrete 

specimens.

5.2 A lbedom eter  

5.2.1 Introduction

An albedom eter is the primary means o f m easuring the solar reflectivity or albedo value o f  a 

surface. The apparatus is levelled over the chosen surface at the recommended height o f  1.5m 

and a voltm eter is used to m easure the solar radiation o f both the upper (pyranom eter) and 

lower (albedometer) sensor/dome. The albedo value is calculated as a ratio o f the reflected to 

the incoming light from the readings o f  the upper and lower dome, taking into account the 

calibration factor for each sensor. The principal objective o f  the testing here is to determine 

whether the instrument can be calibrated (by carrying out a number o f sensitivity tests) to 

measure the albedo o f  the small (300x300m m ) concrete specim ens which were manufactured. 

To calibrate the albedom eter in this way, it was necessary to restrict the field view o f the lower 

dome (normally 170° field o f  view), which was achieved by attaching a black cardboard cone to 

the lower dome;

Initially, the normal operation o f  the albedom eter is established through its use on three 

different sites in which new concrete had been poured. Then, using a restricted view, sensitivity 

test parameters are performed to establish:

1. The change in albedo over tim e on one day

2. Albedo on different days in sim ilar circum stances

3. The effect o f  changing the height o f  the instrument

4. The consequences o f  em ploying a black cone to restrict the field view o f the lower 

sensor

5. The relationship between albedo readings with and without the cone.
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5.2.2 Testing at St James Gate Brewery on an aged concrete slab

5.2.2.1 Introduction

The objective of this site testing is to examine the normal use of the albedometer in practice and 

to assess the solar reflectivity, or albedo, of a concrete pavement with 30% GGBS cement 

replacement o f ordinary Portland cement, and with a brushed surface finish, using an 

albedometer. The concrete slabs are approximately 12 months old and are subject to heavy 

trafficking at St. James Gate Brewery (see Fig. 5-1). Following the tests, the solar reflectance 

index (S.R.l) can be established in accordance with ASTM 1980-11 (2011). By obtaining a 

minimum S.R.l value o f 29 for a surface (0 and 100 being the SRI values for a standard black 

and standard white surface respectively), it is possible to obtain points in an environmental 

rating system under the LEED incentive (see Section 2.4 for details). A typical published albedo 

value for traditional concrete when new is generally between 0.30-0.40 and aged concrete has a 

value of between 0.20-0.30 (Bretz et al., 1998). However, by using 30% GGBS, as a partial 

replacement for grey Portland cement, one can reasonably expect slightly higher albedo values 

to be obtained for new concrete due to GGBS’s whiteness (Boriboonsomsin and Reza, 2007). 

This value would be reduced for aged concrete as discolouration and dirt accumulation due to 

exposure to the environment can substantially increase greyness.

v .D a te  9^^Q/g0l

Fig. 5-1 Satellite  image o f St. Jam es G ate  site w ith th ree  site locations indicated in red (G oogle_E arth , 2008)
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5.2.2.2 Process o f  taking measurements

The testing was carried out in Novem ber 2012 and the locations o f  the two sites are displayed 

in Fig. 5-1 labelled 1 and 2 (with James Street at the north o f  the image beside the river Liffey). 

The third site location will be discussed in Section 5.2.3. Prior to gaining access to the site, a 

safe pass course was com pleted and an extensive method statem ent was developed. Two 

different site locations were chosen: both locations have a brushed surface finish (see Fig. 5-2 

and Fig. 5-3). This was to obtain a comparative result o f  albedo for this type o f  concrete slab 

surface. Barriers were erected around the two different site locations during testing for safety 

purposes. The surfaces were dry and the sun was shining for the duration o f  testing. A 

procedure was form ulated in order to determine the variability and repeatability in the albedo 

readings (see A ppendix D). The testing was carried out as follows;

1. The pavement to be evaluated (see Fig. 5-2) had four different random spot locations 

marked out with chalk (labelled A, B, C and D) with approximately 2 metres between 

each location.

2. At location A, three reading o f albedo were recorded, one taken every minute.

3. The albedom eter was moved to locations B, C and D in turn and the process was 

repeated.

4. The cycle o f  taking readings at locations A-D was repeated to ensure small variability.

5. The albedom eter was relocated to site 2 (see Fig. 5-3), where processes 1 -4 were again 

carried out as appropriate.

6. Site 2 was divided into 2(a) and 2(b) where site 2(b) consisted o f  a rougher brushed 

surface finish in com parison to site 1 and site 2(a). This is evident from the relevant 

photographs in Fig. 5-4 and Fig. 5-5. A full set o f  4 readings were taken at both site 

2(a) and 2(b).

Fig. 5-2 Photograph of Site 1 at St. Janies Gate Brcwerj'
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Fig. 5-3 Photograph  o f Site 2 a t St. Jam es G ate  Brew ery

Fig. 5-4 Photograph  of site 2 divided into site 2(a) and site 2(b)

Fig. 5-5 Photograph  d em onstra ting  d ifference in surface  finish between site 2(a) and site 2(b)



5.2.2.3 Results o f  albedo measurement

The detailed results o f albedo for each o f the site locations can be found in Appendix D. For 

each o f the four locations on the three sites, an average reading was calculated for three albedo 

readings, with little variability evident between these readings. This is demonstrated clearly in 

Table 5-1 with the standard deviation (a) being very low. Upon returning to the same location, 

there is also little change in the albedo which is evident by the results shown in Table 5-2, 

which outline the second cycle o f readings recorded at the same site location. This would verify 

the reasonable repeatability o f the testing. A summary o f these results is shown in Table 5-3.

T a b le  5-1 C yc le  1 o f  r e a d in g s  a t  s ite 1 d e m o n s t r a t i n g  th e  v a r ia b i l i ty  in a lbedo

L ocation R eading A lbedo
A 1 0.242

2 0.241 ^3 0.2413
3 0.241 03 0.0006

B 1 0.230
2 0.232 kl3 0.2310
3 0.231 O3 0.0010

C 1 0.226
2 0.226 ^3 0.2270
3 0.229 O3 0.0017

D 1 0.245
2 0.243 ^3 0.2450
3 0.247 03 0.0020

Table 5-2 C yc le  2 o f  r e a d in g s  a t  si te 1 d e m o n s t r a t i n g  the  v a r ia b i l i ty  in a lbedo

Location R eading A lbedo
A 1 0.253

2 0.253 H3 0.2527
3 0.252 O3 0.0006

B 1 0.242
2 0.242 Hi 0.2417
3 0.241 0 3 0.0006

C 1 0.235
2 0.231 Hi 0.2337
3 0.235 0 3 0.0023

D 1 0.248
2 0.247 ^3 0.2473
3 0.247 0 3 0.0006

For site 1, albedo values ranging between 0.23 and 0.25 were recorded. These readings were 

slightly higher at location 2(a) where the albedo ranged between 0.25 and 0.26. This may be 

explained by the fact that there were some shadows present at the periphery location 1 due to 

the low elevation of the sun early morning. The albedo at site 2(b) was marginally the lowest
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(betw een 0.23 and 0.24). This can be expected as this surface had a rougher surface finish 

w hich produces more diffuse radiation and the surface was visibly slightly darker than site 2(a) 

(see Fig. 5-5).

Table 5-3 Sum niar>’ o f av erage albedo results a t th ree  site locations

Site Cycle no. Location Average Range in albedo
albedo readings

1 1 A 0.241 0.231-0.253
B 0.231
C 0.227
D 0.245

2 A 0.253
B 0.241
C 0.233
D 0.248

2(a) 1 A 0.246 0.241-0.264
B 0.252
C 0.261
D 0.254

2 A 0.241
B 0.248
C 0.264
D 0.254

2(b) 1 A 0.240 0.226-0.241
B 0.226

2 A 0.241
B 0.227

The albedo values obtained from this testing were used in accordance with ASTM  1980-11 

(2011) to evaluate an approximate S.R.I value (see Section 2.2.4 for details o f  equations). This 

calculation assum es standard solar and ambient conditions. Three convective coefficients o f  5, 

12 and 30W/m^K, corresponding to low (0 to 2m/s), medium (2 to 6m/s) and high-wind (6 to 

lOm/s) conditions respectively, were evaluated for their effect on S.R.I but made less than 

approxim ately 2%  difference in the results. The reason why the wind affects the result is 

because the surface tem perature reduces under high winds, thereby reducing the em issions from 

the concrete.

By using em issivity values o f  0.90, 0.95 and 1.0, for exam ple, the corresponding S.R.I values 

range between approximately 25 and 31. The em issivity o f  the concrete was estim ated at 0.94 

for a rough finished concrete (Baehr and Stephan, 2011), yielding an S.R.I value o f  29.
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5.2.2.4 Conclusions

•  The range o f  albedo values for the two sites ranges between 0.23 and 0.26. This 

corresponds to a range in S.R.l. o f  between 25 and 29 (assum ing he = 5W/m^K). By 

using the average albedo value o f  0.25, an S.R.l. value o f  28 was obtained. However, in 

order to meet the LEED requirements, an S.R.l. value o f  29 is necessary. By assum ing 

an em issivity o f  0.94 for a brushed surface finish, a m inimum albedo value o f  0.26 is 

required to achieve the required S.R.l. o f  29.

•  If one wished the tested slabs to qualify for the LEED credits, a higher S.R.l. value may 

be attained by cleaning the surface o f  the concrete on a regular basis. Alternatively, it 

is suggested that a new concrete topping could be applied to the slabs with a significant 

GGBS content, to ensure degradation o f  whiteness over time does not disqualify the 

slab from being awarded this credit within a reasonable period.

5.2.3 Testing at St James Gate Brewery on a new concrete slab

5.2.3.1 Introduction

1 he objective o f  this additional survey is to assess the albedo o f  a new concrete surface (one 

w eek after casting) with 30% GGBS cem ent replacement and a brushed surface finish using an 

albedom eter at St. Jam es Gate Brewery. The location o f  the test (site 3) is at the site entrance at 

Victoria Quay (as labelled in Fig. 5-1).

5.2.3.2 Process o f  taking measurements

The testing was carried out on 16* April 2013. The surface was apparently dry and the sun was 

shining for the duration o f  testing. U sing a method statem ent derived for the purpose, as 

previously, a total o f  10 readings o f  albedo were taken at this location.

It is important to note that the albedo values m easured will be conservative due to the presence 

o f  some shadow in the periphery o f  the testing surface, as evident in Fig. 5-6.
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Fig. 5-6 A lbcdomcter set up (left) and testing surface containing a b rush  finish with 30 %  G G B S (right)

5 . 2 . 3.3 Results o f  albedo measurement

The results o f  albedo are displayed in Table 5-4, with the pyranom eter (upper dome) and 

albedom eter (lower dome) showing consistent readings, and the average albedo for the surface 

is 0.285. There is very little variation over the 10 readings with a coefficient o f  variation (CoV) 

o f  0.88% , indicating the results are accurate and repeatable.

Table 5-4 Albedo results for new 3 0 %  GGBS concrcte  containing a b rushed surface  finish

R eading P y r (W /m^) A lb (W /m^) A lbedo
1 740 211 0.285
2 737 208 0.282
3 741 212 0.286
4 741 211 0.285
5 740 210 0.284
6 738 208 0.282
7 751 216 0.288
8 746 213 0.286
9 742 208 0.280
10 750 216 0.288

M 0.285
o 0.002

CoV  (% ) 0.878

The albedo values obtained from this testing were used in accordance with ASTM  1980-11 

(2011) to evaluate an approximate S.R.l value (see Section 2.2.4 for details o f  equations). This
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calculation assumes standard solar and ambient conditions. The albedo value for the site is 

0.285 which corresponds to an S.R.l o f  32 (assum ing h  ̂ = 5W/m^K and an emissivity o f  0.94 

for a rough finish surface (Baehr and Stephan, 2011).

Similarly, by using emissivity values o f  0.90, 0.95 and 1.0, for example, the corresponding 

S.R.l values range between approxim ately 30 (e =0.90) and 34.5 (e =1.0).

5.2.3.4 Conclusion

• In obtaining the albedo reading o f  0.285 for the site, the corresponding S.R.l value is 

32. Therefore, the S.R.l value o f  the surface o f  32 at this location in St. James Gate 

Brewery exceeds the m inimum S.R.l requirem ent o f  29 for LEED accreditation.

• The albedo reading o f  0.285 is lower than would be expected, as a new concrete surface

has a published albedo o f  approxim ately 0.35-0.40 (see Table 2-3). The measured

albedo is a conservative albedo value as the testing surface was relatively small, in 

addition to the periphery o f  the test area being in shadow, with some obstructions.

• The S.R.l value o f  a new concrete surface containing 30%  GGBS is 32 compared to a

sim ilar but aged concrete surface which had an S.R.l o f  28. Therefore, in order for a 

surface to maintain the minimum S.R.l requirement o f  29, a higher GGBS content is 

recommended to allow for ageing with time.

5.2.4 Testing at Father Collins Park Donaghmede on a 2 year old slab

5.2.4.1 Introduction

The objective o f  this site testing is to  assess the solar reflectivity, or albedo, o f  a concrete 

pavement with 70% GGBS cem ent replacem ent o f  ordinary Portland cement, and with an 

exposed aggregate finish, using an albedometer. The concrete slabs are approximately 24 

months old and are subject to light trafficking by pedestrians as they are located within Father 

Collins Park in Donaghmede, Dublin (see Fig. 5-7). An additional concrete surface containing 

no GGBS at the same site will be tested for comparison. Following the tests, the solar 

reflectance index (S.R.l) can be established in accordance with ASTM  1980-11 (2011).

As already stated, a typical albedo value for traditional concrete when new is generally between 

0.30-0.40 and aged concrete has a typical albedo value o f  between 0.20-0.30 (Bretz et al., 

1998). However, by using 70% GGBS, as a partial replacem ent for grey Portland cement, one 

can reasonably expect an appreciably higher albedo value to be obtained for new concrete due
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to G G B S’s whiteness (Boriboonsomsin and Reza, 2007). Research suggests that a concrete 

sample containing 70% GGBS has an albedo o f  approxim ately 0.58 after 14 days 

(Boriboonsom sin and Reza, 2007), which is an increase o f  71% in comparison with 

conventional concrete, which has an albedo o f  approxim ately 0.34 at the same age. This value 

would be lower for aged concrete as ageing due to pollution from the environm ent can 

substantially decrease albedo.

Fig. 5-7  Sate l l i te  im ag e  of  F a t h e r  Col l ins  P a r k  w i th  th e  s ite locat ion  in d ica ted  (G o o g le _ E a r th ,  2009)

5 . 2 . 4.2  P rocess o f  taking measurements

The testing was carried out in March 2013. The two testing surfaces containing 0 and 70% 

GGBS are displayed in Fig. 5-8. For the 70%  GGBS surface, three site locations in close 

proximity to one another were tested, and for 0% GGBS surface two different site locations 

adjacent to one another were tested. The purpose o f  the m ultiple site testing is to assess the 

variability across the surface. The surfaces were dry for the duration o f  testing and the sun was 

shining.

The testing was carried out as follows;

1. The albedom eter was set up directly above the 70%  GGBS surface, and three readings 

were recorded (see Fig. 5-8).
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2. A lux meter was used on the same location approxim ately 300mm above the surface to 

measure the incoming and reflected lux, with three readings recorded.

3. A sphere spectrophotom eter was used to measure the L* value o f  the surface. A total 

o f  5 readings were taken and the purpose o f  this was to assess the variability in colour 

due to the exposed aggregate on the surface which is evident from the photograph in 

Fig. 5-8.

4. A greyness chart was used to measure the colour o f  the surface.

5. The albedom eter was relocated to Site 2 and Site 3 in turn, w here processes 1-4 were 

again carried out as appropriate.

6. The processes 1-5 were repeated for the 0%  GGBS surface for both selected sites.

Fig. 5-8 Digital im age  o f  si te (left)  a n d  im ag e  o f  the  t »  o tes t ing  su r fa c e s  c o n ta in in g  d i f fe re n t  levels o f  G G B S
(r ig h t )

5.2.4.3 Results o f  albedo measurement

The results o f  albedo are displayed in Table 5-5 with the pyranom eter (upper dome) and 

albedom eter (lower dome) show ing consistent readings, and the average albedo for the 0 and 

70% surfaces are approximately 0.24 and 0.33 respectively. There is very little variation over 

the readings with the coefficient o f  variation (CoV) ranging between 0.05-0.80%  indicating the 

results are accurate and repeatable.

The albedo values obtained from this testing were used in accordance with ASTM 1980-11 

(2011) to evaluate an approxim ate S.R.l value. A value o f  5W/m^K was input for the convective 

coefficient and the emissivity o f  the concrete was estimated at 0.94.



T able  5-5 Results o f testing  albedo a t F a th e r  Collins P a rk

Albedo
Surface Site Pyr Alb. Albedo

70% 1 242.4 83.1 0.343 ^ 3 0.34
244.8 83.2 0.340 0 3 0.003
245.4 82.8 0.337 CoV (%) 0.80

2 244.4 79.6 0.326 V-3 0.33
241.5 78.5 0.325 0 3 0.001
238.4 77.4 0.325 CoV (%) 0.16

3 210.5 67.1 0.319 1 ^ 3 0.32
208.8 66.5 0.318 0 3 0.000
207.7 66.2 0.319 CoV (%) 0.05

0% 1 217.4 53.6 0.247 H 3 0.25
219.5 53.8 0.245 0 3 0.001
221.2 54.3 0.245 CoV (%) 0.31

2 229.6 56.1 0.244 I - I 3 0.24
230.8 56.5 0.245 0 3 0.000
232.3 56.8 0.245 CoV (%) 0.10

The albedo for 0%  GGBS ranges between 0.24-0.25, which is a typical result for aged concrete 

containing no GGBS. However, the surface containing 70%  GGBS is significantly higher, 

having an albedo ranging between 0.32-0.34. The albedo is still lower than might be expected 

o f  a surface containing 70% GGBS from published literature. There are two reasons for this; the 

exposed aggregate surface finish results in much o f  the aggregate being exposed and the 

concrete surface is approxim ately 2 years old. Both o f  these factors would decrease the albedo 

o f the concrete. This albedo value yields an S.R.I result o f  between 36.7 and 39.3 which is 

considerably higher than the LEED requirem ent o f  29 (see Table 5-6). The 0% surface, 

however, does not meet this criterion as a value o f  approxim ately 27 is obtained.

Table 5-6 Su m m ary  o f  results a t  F a th e r  Collins Pa rk

Surface Site Albedo S.R.I

70% GGBS 1 0.34 39.3

2 0.33 38.0

3 0.32 36.7

0%GGBS 1 0.25 27.9

2 0.24 26.6



5.2.4.4 Conclusions

• The albedo o f  0%  GGBS surface ranges between 0.24-0.25 which is typical o f  an aged 

concrete surface. The 70% GGBS surface is approximately 36% more reflective having 

an albedo ranging between 0.32-0.34.

•  The albedo readings have a coefficient o f  variation (CoV) ranging between 0.05-0.80%  

indicating the results are accurate and repeatable.

• The resulting albedo o f  the 70% GGBS surface would confirm  that ageing has 

occurred to some extent as the albedo should be higher given the high level o f  GGBS 

present. The surface finish would also have a significant effect on the resulting albedo 

as the aggregate, which is exposed at the surface (see Fig. 5-8), would reduce the 

overall reflectance.

•  The albedo value for 70% GGBS yields an S.R.l resuh o f  between 36.7 and 39.3 

despite the presence o f  aggregate on the surface, which is considerably higher than the 

LEED requirement o f  29. The 0%  surface does not meet this criterion.

This section dem onstrates the normal satisfactory use o f  an albedom eter when large surface test 

areas are available. It also shows that the device is accurate and reliable.

5.2.5 Sensitivity testing using the albedometer

The objective o f  the sensitivity tests conducted using the albedom eter, were established to 

determ ine w hether the albedo value changes over the course o f  a day or if  it is a constant value, 

irrespective o f  the varying external conditions. M oreover, as the lower dome o f  the albedom eter 

has a large field o f  view, further testing was conducted to verify whether this field view could 

be reduced in order to test the albedo o f  small concrete specimens.

5.2.5.1 The change in albedo over time on one day

Testing with the albedom eter was carried out on a number o f  different surfaces, one o f  which 

was located in Trinity College. The chosen surface, which was in sunshine just inside the Civil 

Engineering Building, was adequate as is a spacious old concrete surface (see Fig. 5-9). The 

data displayed in Fig. 5-10 was recorded in April 2010 and displays the output voltage for the 

pyranom eter and albedom eter starting at approxim ately 11:30 and finishing at 15:30. The 

incom ing sunshine recorded by the pyranom eter at 11:30 was 4.5mV which is equivalent to 

approxim ately 530W/m^, confinning that it is sunny with no clouds present. This intensity 

value increases to a maximum o f 5mV (600W /m^) at approximately 15:30, before decreasing to 

4mV (480W/m^) at 16:00 in the afternoon. The corresponding reflectance from the surface as
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m easured by the lower dome, the albedometer, is significantly lower in magnitude, as would be 

expected, at approxim ately 0.55mV in the morning. This value increases marginally as the 

incom ing intensity increases, reaching a peak o f  0.76mV at 13:30. This value o f  reflectance is 

m aintained throughout the rem ainder o f  the day. The corresponding albedo is displayed in Fig. 

5-11 which is calculated by dividing the albedom eter result by the pyranom eter result.

It is im portant to note that the corresponding albedo plots hereafter factor in the calibration 

coefficient for the upper and lower dome (as described in Section 4.2), therefore, the resulting 

albedo will be modified very slightly to accommodate this.

Fig. 5-9 C oncrcic  testing surface  a t T rin ity  college

The albedo recorded at approxim ately 11:30 is 0.12, however, this increases broadly linearly 

reaching a value o f  0.17 by 15:30 in the afternoon. Upon linear regression, the coefficient o f  

correlation (R^) is 0.98 which confirms that there is a strong correlation between the resulting 

albedo and time. The plot dem onstrates the change in albedo over time as there is a significant 

change in the incom ing sunlight throughout the day (across a range o f  475-600W /m^). It can be 

noted that the albedo o f  the surface is low (0.12-0.17) as the concrete is in a heavily trafficked 

area and is approxim ately 15 years old.

A lthough it would be simpler in this research project if  the albedo was a constant value at a 

given point in time for a given surface, this appears not to be the case. This is supported by the 

view o f  Li et al. (2013) who found similar results, whereby the albedo is high in the early 

m orning and then low and relatively constant around the m iddle o f  the day, and then relatively 

high again in the late afternoon, when there is a low incident angle o f  solar radiation as in the 

early m orning (see Fig. 2-17). Similarly, Levinson et al. (2010a) also verify that there are a 

num ber o f  restrictions when using an albedom eter as the spectral distribution o f  the incident 

solar irradiance and the irradiance angle o f  the solar beam both vary with hour o f  day and day 

o f  year which restricts the daily time window for testing. They concluded that the technique will 

always slightly underestimate the solar reflectance as the shadows cast by the pyranom eter and
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its support reduce the reflected solar irradiance and also that the pyranometer responsitivity is a 

strong function o f the angle o f incidence. In conclusion, as the height o f the sun changes 

throughout the course o f the day, the dispersion o f the surface may vary (even i f  the surface 

appears smooth to the eye i.e. at a macro level) depending on the time at which a reading is 

taken.
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Fig. 5-10 Pyranometer and albedometer output on testing surface in Trinity College (21®' A pril 2010)
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Fig. 5-11 Resulting albedo of testing surface in Trin ity  College (21 A p ril 2010)
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To confirm the results from the testing carried out in April, an additional test was carried out on 

the same surface in May 2010. The new data is displayed in Fig. 5-12 giving the output voltage 

for the pyranometer and albedometer. The testing commenced at 12:20 when there was a high 

level o f incoming sunshine, recorded at approximately 5.5mV which equates to 650W/m^. It is 

evident from the plot that this level o f sunshine intensity is not constant with time, as it 

increases to 5.85mV (700W/m^) at approximately 13:30. Following this peak, the intensity 

decreases to approximately 4.78mV (570W/m^) in the late afternoon. This result is not 

consistent with the albedometer which remains at a broadly constant value o f approximately 

Im V, reaching a maximum, albeit marginally, o f l . lVmV at 13:30.

The resulting albedo is displayed in Fig. 5-13 where it is evident once more that there is a linear 

relationship between albedo and time with an initial value o f 0.18. As the incoming sunshine 

intensity changes throughout the day, this results in an increase in the albedo to 0.20 at 

approximately 15:40. This confirms the surprising result that the time o f day at which the 

albedo is recorded is important as it affects the resulting albedo value. The value for the plot 

is 0.96 which confirms that there is a strong linear relationship between albedo and time.
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Fig. 5-12 Pyranometer and albedometer output on testing surface in T rin ity  College (4"' M ay 2010)
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Fig. 5-13 R esu ltin g  a lb e d o  o f  te s tin g  su r fa c e  in T rin ity  C o llege  (4'*' M a y  2010)

In conclusion, the albedo reading does indeed depend on the tim e o f day at which it is recorded. 

As dem onstrated from the albedo results, it increases linearly from about midday to mid 

afternoon. This is a relatively short duration o f  testing, and had the albedo been recorded over a 

longer duration, the expected result would indicate that the albedo is high in the early morning 

and then low and relatively constant around the middle o f  the day, and then relatively high 

again in the late afternoon, as confirmed by Li et al. (2013).

The method o f  testing solar reflectance using an albedom eter was evaluated by Levinson et al. 

(2010a), who state that as the spectral distribution o f  the incident solar irradiance and the 

irradiance angle o f  the solar beam both vary with hour o f  day and day o f  year, this restricts the 

daily time window  for testing i.e. as the height o f  the sun changes throughout the course o f  the 

day, the dispersion o ff the surface may vary.

5.2.5.2 Albedo on different days in similar circumstances

In order to ascertain whether m easuring albedo o f  a single surface on different days would yield 

different results, two data sets will be presented, one from April 2010 and another from June 

2010. These results were taken on the same surface at the same location in Trinity College (see 

Fig. 5-9) and at the same time o f  the day. However, these tests were conducted 2 m onths apart, 

therefore, there are a number o f  param eters to be noted. The elevation o f  the sun is slightly
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different in April as compared w itii June, and the intensity o f the sun would be different in June 

with the earth being closer to the sun. In addition, there w ill be a small variation included from 

taking a reading for albedo from one day to the next.

The data displayed in Fig. 5-14 represents the pyranometer and albedometer output for the 

testing carried out in April 2010. The pyranometer recorded ranges between approximately 4- 

5mV (475-600W/m^) over a period o f 3 hours, while the albedometer remains constant at 

approximately 0.75mV. This result corresponds to an albedo ranging between 0.14 at 13:00 to 

approximately 0.165 at 16:00 (see Fig. 5-15).

This outcome can be compared with the resuh from June which is displayed in Fig. 5-16. There 

is a higher sunshine intensity on this day which is evident by the higher range in the 

pyranometer readings o f between 5-6.5mV (600-785W/m^). The reflectance from the surface 

recorded by the albedometer remains at a constant ImV. As seen in the previous results o f 

incoming and reflected light in Fig. 5-10 and Fig. 5-12, the reflected light (detected by the 

albedometer) remains broadly constant. This recurring trend is once again as a result o f the 

spectral distribution o f the incident solar irradiance and the irradiance angle o f the solar beam 

both varying with hour o f day and day o f year i.e. the change in the elevation o f the sun with 

time.
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['ig. 5-14 Pyranometer and albedometer output on testing surface in T rin ity  College (2 Is t A pril)
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Fig. 5-15 Resulting albedo o f testing surface in T r in ity  College (21*' A p r il)

y = 0.001x + 0.1356 
R" = 0.9162

 Pyranom eter  A lbedom eter
7.00

6.00

5.00

4.00

3.00

2.00

1.00    -

0.00
13:00 13:20 13:40 14:00 14:20 14:40 15:00

Time

Fig. 5-16 Pyranom eter and a lbedom eter ou tpu t on testing surface in T r in ity  College (2nd June)
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The resulting albedo from testing carried out in June is presented in Fig. 5-17. The albedo 

ranges between 0.14 at 13:00 and increases linearly to approxim ately 0.17 at 15:30. A 

com parison o f  these results is displayed in Table 5-7 for every h a lf hour between 13:30 and 

15:30. It is evident that the albedo is almost identical at each tim e interval, with a marginal 

difference in some cases.

Table 5-7 Com parison  of albedo for M ay and Ju n e  2010 on the same concrete  surface  in T rin i ty  College

13:30 14:00 14:30 15:00 15:30

May 0.140 0.150 0.160 0.165 0.175

June 0.150 0.155 0.160 0.168 0.172

In conclusion, although there is a significant difference in the incom ing sunshine intensity 

between the two days o f  testing, the resulting albedo is approxim ately the same for the surface 

when taken at the same time o f  day, despite being 2 months apart. This result also reconfirms 

the effect that the time o f day at which the reading is taken has as there is a 0.035 difference in 

albedo over just 3 hours. This figure would appear small, however, in order to determine the 

difference in albedo o f  concrete specim ens which may only differ very slightly in colour (such 

as in specim ens described here in), this difference in albedo is quite substantial. Therefore, this 

test would suggest that the albedom eter cannot be used easily to establish accurate results of 

albedo for small scale concrete specimens.
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Kig. 5-17 Resulting albedo of testing surface in Trinity  College (2nd June)
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5.2.53 The effect o f  changing height o f  the instrument

The recom m ended height at which the aibedom eter is positioned to taice a reading is 1.5m 

above the surface, with an unobstructed horizon, however, this param eter was tested with the 

intention o f  m easuring the albedo at a lower height due to the small surface area to be tested. 

Therefore, establishing the effect o f  changing the height at which albedo is m easured is 

important, to establish whether it is possible to obtain com parable and sensitive readings when 

one modifies this variable. An assessm ent o f  this param eter was carried out by placing the 

instrument on a testing surface using the accom panying stand. The chosen surface was the 

testing surface at Trinity College (see Fig. 5-9), using two different heights o f  1.5m and 0.50m 

(see Fig. 5-18).

The results were recorded at the same time o f  the day to elim inate this param eter having an 

effect. The albedo recorded at the recom m ended height ranges between approxim ately 0. ] 45 to 

0.170, however, by reducing the height o f  the instrument there is an appreciable difference o f 

approximately 28%, with the albedo ranging between approxim ately 0.185 to 0.20. The albedo 

value increases when the instrument is closer to the surface. This outcome can be explained by 

the fact that there is less background interference from the surroundings when the instrum ent is 

closer to the testing surface, as suggested by Levinson et al. (2010a). This result verifies that the 

height o f  the instrument does affect the resulting albedo value and, in conclusion, this param eter 

would need to remain constant in order to exclude this variable.
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Fig. 5-18 T he resulting  albedo on the sam e surface  (w eathered  concrete  a t T rin ity  college) a t d ifferen t heights
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5.2.5.4 The consequences o f  employing a black cone to restrict the f ie ld  view o f  the

lower sensor

The field view  o f the albedometer is 170°, therefore, when the instrument is positioned at a 

height o f  1.5m above the surface, a large surface area for testing is required, otherwise the 

instrum ent will take the reflectance reading from the surroundings as well as the testing surface. 

To overcom e this issue for the purposes o f  testing sm aller concrete specimens, the field view o f 

the albedom eter would need to be restricted. Thus to enable m eaningful comparisons, 

calibrating the instrument to factor in the restricted reflected light would be essential. 

Restricting the field o f  view to the surface o f a 300mm square slab 1.5m below the albedometer 

requires a cone to be m anufactured from black card and fixed onto the lower sensor (see Fig. 

5-19). The dimensions o f  the cone are 200mm in height and 200mm in diam eter at the base.

A test was carried out at Dun Laoghaire east pier in Dublin on a concrete surface over a 

duration o f  four hours and the output for the individual sensors is displayed in Fig. 5-20 both 

with and without the cone restriction. The pyranom eter reading is identical for both cases as 

there was no restriction placed on this sensor. However, not surprisingly the results for the 

albedom eter show otherwise. The output voltage w ithout the presence o f  the cone is 

approxim ately 2mV, however, with the cone, a significantly lower value o f  approximately 

0.6mV is observed.

The corresponding albedos are displayed in Fig. 5-21 for testing both with and without the cone 

restriction. The albedo o f the surface is approxim ately 0.27, which is typical o f  such a concrete 

surface, however, by using the cone, an albedo o f  approxim ately 0.09 is recorded, a difference

0.050m

Black
Cone

0.200m

Fig. 5-19 The black cone used to restric t the field view o f the lower sensor
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o f 67%. Not unexpectedly, the presence o f the cone greatly reduces the amount o f light detected 

as reflecting o ff the surface.
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g  Pyranometer (Cone)  Albedometer (Cone)
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Fig. 5-20 Testing at Dun l^aoghaire on concrctc surfacc both with and without the black conc (June 2010)
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Fig. 5-21 Resulting albedo of testing surface at Dun Laoghaire (June 2010)
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It should be noted that the albedo is decreasing linearly, however, in previous results it was 

increasing, for example, in Fig. 5-18. It was concluded in the first sensitivity test that the time 

o f  day at which the albedo is recorded is important, and this is evident here once more. This test 

was conducted earlier in the morning when com pared with the previous tests, and from the 

published work conducted by Li et al. (2013), who verify that albedo is at a maximum in the 

m orning and afternoon, and is lower in the m iddle o f  the day, it is possible to conclude from 

this test that the albedo is decreasing here as the result was recorded earlier in the day.

5. 2.5.5 The relationship betM’een albedo readings with and without the cone

To identify whether the cone would be a viable solution to the problem o f  how to get the true 

albedo o f  small specimens, albedo results were analysed. A test carried out at Trinity College in 

June 2010 (see Fig. 5-22) dem onstrated that the albedo, without the presence o f  the cone, 

increased linearly from 0.14 to 0.17, while the addition o f the cone reduced the albedo by about 

ha lf (0.07), in addition to rem aining constant. This difference in slope would suggest that the 

results are not correlated because the device loses its sensitivity once the cone is in place.

0.20

0.18

0.16

0.14

0.12
0

1  0.10 
<

0.08

0.06

0.04

0.02

0.00
13:00

-Albedo (No Cone) ■Albedo (Cone)

13:20 13:40 14:00 14:20 14:40 15:00

Time

Fig. 5-22 Resulting albedo of testing surface at Trinity College (June 2010)

The correlation for albedo between the cone being present and absent for this test is displayed in 

Fig. 5-23, with an value o f 0.12. Although the value would suggest that there is no 

correlation present between the cone being present and absent, it is m isleading as the scale is
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very small, and there is a small range o f  albedo. This results in a very small range having a very 

shallow slope. In order to establish whether there is a good correlation, the data points need to 

be over a w ider scale.

0.076
y = 0.0806X + 0.0559 

= 0.1201
0.074

0.072

0.070

♦  ♦♦ ♦  ♦(Ucou
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o■a
OJ

<

0.066

0.064

0.062

0,060
0.140 0.145 0.150 0.155 0.160 0.165 0.170 0.175

Albedo (No cone)

Fig. 5-23 R elationship between albedo for cone and  no cone (June  2010)

To confirm this important result, this relationship was investigated for a second test also carried 

out at Trinity College (see Fig. 5-24). The albedo result where there is no cone present, yields a 

linear relationship once more, ranging from 0.12 to 0.18. W here the cone is present, this range 

is between 0.06 to 0.08, confirm ing that the device has lost some considerable sensitivity.

The results from this second test are displayed in Fig. 5-25 with an value o f  0 .8 8 .1  here is a 

reasonably good correlation here but it is not acceptable as it needs to be accurate and reliable 

enough to detect small changes between two concrete specim ens containing different surface 

finishes, for example. As there is too much variability in the curve, it can be concluded that the 

device cannot be calibrated using the cone given that its presence results in the sensor becom ing 

less sensitive.
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Fig. 5-25 R e la t io n sh ip  be tw een  a lb e d o  fo r  cone  a n d  no c o n e  (A p r i l  2010)

133



5.2.5.6 Conclusions

• The results indicate that the incom ing solar radiation increases throughout the day 

until it reaches a peak, before reducing again. This is due to the change in position 

o f  the sun and thus would also depend on latitude and the time o f the year. The 

albedo changes with time over the course o f  one day as a consequence o f  getting 

different am ounts o f  light being dispersed o ff the surface. This would suggest that 

the time o f day at which albedo is recorded is important. The results from these 

tests would support previous work carried out whereby the albedo is at a maximum 

in the m orning and afternoon, but it decreases to a minimum during the middle o f 

the day, as the elevation o f  the sun changes throughout the course o f  the day.

•  Although the incom ing sunshine intensity is slightly different depending on the 

day, the resulting albedo is approxim ately the same for the same surface, provided 

that the reading is taken at the same time o f day. In addition, the season is 

important as the sunshine intensity would be different as the sun is higher in the sky 

in the sum m er and lower in the sky in winter.

• The recommended height o f  the albedom eter is 1.5m, however, this parameter was 

tested with the intention o f measuring the albedo at a lower height due to the small 

surface area to be tested. The result dem onstrated that the height o f  the instrument 

does affect the albedo reading, with the albedo increasing as the height o f  the 

instrument is reduced. This param eter would need to remain constant in order to 

exclude this variable.

•  The use o f  a cone to restrict the field view results in a significant reduction in the 

reading o f  the lower dome, it is also evident that the albedometer is not at all 

sensitive when the cone is used as the rate o f  change in albedo is not the same as 

when there is no cone present. This would strongly suggest that the device cannot 

be calibrated using the cone given that its presence results in the sensor becoming 

so insensitive.

• The height o f  the cone was reduced significantly in order to determine w hether this 

would com pensate for a reduction in albedo with the cone, however, it was found 

that this made the lower sensor even less sensitive as the area over which the light 

is being reflected reduced even further.
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5.2.6 Conclusions

•  The overall range in S.R.l values for St Jam es Gate Brewery on the first site is between 

25 and 29. By taking an average albedo reading o f  0.25 for the site, the corresponding 

S.R.l value is 28 which is just below the LEED requirement o f  29. The average albedo 

value obtained for the second site at St Jam es Gate Brewery containing new 30%  

GGBS concrete is 0.285, with a corresponding S.R.l value o f 32, which exceeds the 

minimum S.R.l requirement for LEED accreditation. This would suggest that with age, 

30%  GGBS does not seem to be sufficient, therefore, it could either be cleaned or 

replaced, however, if  it is to be replaced, a higher percentage o f  GGBS content would 

be advisable.

• The albedo o f  0% GGBS surface at Father Collins park ranges between 0.24-0.25 

which is typical o f  an aged concrete surface and the 70% GGBS surface is significantly 

more reflective having an albedo ranging between 0.32-0.34. These albedo readings 

correspond to S.R.l values on average o f between 27.2 and 38 respectively. The 70% 

GGBS surface is considerably higher than the LEED requirem ent o f  29, however, the 

0% surface does not meet this criterion.

• The albedom eter works well in the field provided there is a large unobstructed area

available, however, it is inconsistent when one is testing small specimens. The

albedom eter can be used reliably for calculating the approxim ate albedo o f  a large 

surface, such as was carried out at the three site locations (St. Jam es Gate Brewery and 

Father Collins Park).

•  The albedom eter is a very sensitive instrum ent, however, it is not possible to adjust it so 

that it can be used to measure albedo o f  small specimens. The results from the 

sensitivity tests performed indicate that there are a num ber o f  param eters which affect 

the albedo value. These include; the time o f  day the reading is taken, the time o f  year, 

the location, the height o f  the instrument, the influence o f  cloud cover, and an 

unobstructed horizon is required.

• The albedom eter (lower) sensor is not as sensitive when the cone is present as the rate 

o f  change in albedo is not the same as when there is no cone present. This would verify 

that the device cannot be calibrated using the cone, so that it can be used on small 

concrete specimens, given that its presence results in the sensor becom ing so 

insensitive.
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5.3 Lux m eter box developm ent

5.3.1 Introduction

An accom panying blacic box was required to obtain lux m eter readings from the small concrete 

samples in order to eliminate background light and to obtain a reading o f  visible light 

reflectance solely from the concrete specimen under test. Since no such device exists, a 

prototype needed to be designed and constructed for this purpose. The prototype to be 

developed needed to be a device which holds a lux meter in a suitable position over a concrete 

slab so readings o f  reflected light could be taken from the concrete surface. The following 

points were taken into consideration before and during the design process:

1. The maximum exposure o f  the concrete slab to sunlight is necessary so as to obtain 

adequate reflectance o f  visible light.

2. As the sun moves throughout the day, it is necessary for the box device to rotate 

horizontally as well as vertically. This is necessary because the incom ing light needs to 

be hitting the surface o f the slab at an incident angle which ensures the maximum 

reading at the lux meter and also without the device casting a shadow on the surface o f  

the specimen, which would reduce reflected lux values.

3. The background light must be eliminated (light reflecting from building etc.) as this 

would affect the overall result. It is important that only direct sunlight is being reflected 

from the slab in order to reduce the effect o f  variability o f  surroundings on the readings.

4. The inside surfaces o f  the device needs to be matt black in colour so as not to allow any 

light to reflect o ff  it into the sensor. The outside o f  the box is also painted black for 

appearance, however, this will not affect the reading o f  light reflectance.

One o f  the first aspects o f  the design process which needed to be determined was the optimum 

angle at which the sun’s rays should hit, and be reflected off, the concrete surface (assum ing a 

smooth surface, at which the angle o f  incidence equals the angle o f  reflection, that is, ignoring 

dispersion).

5.3.2 Lux meter box prototype development stages

A test was devised to determ ine an optimum angle o f  inclination o f  the specimen to the 

incoming rays and to assess light reflectance from small prisms containing different contents o f 

GGBS. A test model was designed to demonstrate light reflection from a small concrete 

specimen and was fabricated first from cardboard (before being m anufactured from alum inium ) 

to determ ine the optimum angle at which the specimen should be placed at the back o f  the 

apparatus (see Fig. 5-26). The light source was placed at a height in such a way that it was
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pointing towards thie surface o f the specimen. By rotating the specimen, small variations in the 

angle, a, were created, and the results o f lux for the varying angles are outlined in Table 5-8. 

By taking the geometry o f the design into account, a is equal to 44°.

0.220m

60

0.300m
0.187m

0.156m

0.300m

Fig. 5-26 Skctch of test setup to determine optimum angle of specimen inclination

I able 5-8 Results from varj ing the angle of the prism (50®/o GGBS) to the horizontal

Angle to horizontal (°) Lux
30 36.8
35 38.6
40 40.0
45 42.4
50 42.0
55 41.4
60 41.2

When the optimum angle o f approximately 45° was confirmed, the apparatus was then 

constructed using aluminium so that samples o f concrete with varying percentages o f GGBS (0, 

50, 70 and 90%) could be tested with a lux meter to determine whether there was a discemable 

difference in lux reflected by the different samples. Rectangular prisms (160x40x40mm in size) 

were placed in the apparatus, as illustrated in Fig. 5-27. The lux meter was placed on top o f the 

apparatus which previously had a circular hole cut that was the exact diameter o f the lux meter 

receiver so that it protruded through but also to exclude peripheral light entering from above, 

around the edge o f the hole. The apparatus’ surfaces are black inside to absorb any background
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or reflected light. Artificial or natural light enters the front open face o f  the apparatus and is 

reflected o ff the surface o f  the sam ple and up towards the lux m eter where a reading is taken.

This apparatus demonstrated that for each increase in the percentage o f GGBS, there was a 

corresponding and identifiable increase in the am ount o f  light reflected o ff the surface as 

established by the varying readings on the lux meter. The reflected lux readings from the 

experim ent are displayed in Fig. 5-28. These values ranged from approxim ately 30 to 60 lux 

w hich indicates a small range but discernable trend, despite the relatively small reflective 

surface o f the prism and the low intensity (60W att bulb) o f  the incom ing light (Sweeney et al., 

2 0 1 0 ).

Fig. 5-27 Test ap p a ra tu s  fo r d em o n stra tin g  light reflection (Sweeney et al., 2010)

70

60

„  50

^  40

= 30

20
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0
No Sam ple Black 0% GGBS 50% GGBS 70% GGBS 90% GGBS W hite

Specimen

Fig. 5-28 Results from  test a p p a ra tu s  fo r dem o n stra tin g  light reflection
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5.3.2.1 Prototype number 1

Based on the four requirements which the device has to meet (see start o f  Section 5.3), a 

prototype was designed, as displayed in Fig. 5-29. This model was proposed to be fabricated 

from metal and the base o f the apparatus was to be placed onto the concrete slab specimens 

planned to measure 400x400mm at that time. The quarter-spherical component is independently 

free to rotate around the cut out circular shape on the surface o f the slab so that the slab does not 

need to be moved as the sun moves across the sky, while still exposing the circular plan o f  the 

slab to incom ing rays.

A pointer device is attached to the top o f the plate, as indicated in Fig. 5-29, the purpose o f  

which is to determ ine the degree o f tilt in the slab in the vertical direction so as to align the 

pointer with the incident radiation, i.e. position the pointer in the direction o f  the sun such that 

there is no shadow cast by the pointer. This ensures that the light rays hit the slab at an identical 

angle every time and are reflected back up perpendicularly towards the lux m eter which is 

situated at the back o f  the spherical component.

Pointer on surface

Lux reading 
measured at 
back o f the
spherical
component

of slab to aide user 
in positioning the 
slabHole in absorptive 

surface
Top surface is 
painted black 
(2mm)

-  +

,0mm

'60,0mm

400.0mm

Fig. 5-29 Prototype n u m b er  one using a spherical com ponent (Higgins and W est, 20!0)
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There are a num ber o f  advantages and disadvantages to this design. The advantages are as 

follows:

1. The spherical component allow s for the device to rotate with the sun as it moves 

throughout the day in the horizontal plane. This is very practical com pared with the 

alternative o f  lifting and rotating the slab in order to achieve the correct horizontal 

angle.

2. The vertical angle o f  the sun in relation to the slab can be found using the small pointed 

device which rotates with the quarter-sphere. The slab is rotated in the vertical direction 

until the point where there is no shadow  cast by the pointer.

The disadvantages o f  this design;

1. The circular shape results in a significant reduction o f  surface area which is exposed to 

the sun’s rays.

2. A lthough the device allows for rotation through the horizontal plane, it does not allow 

for vertical rotation. This would require the slab to be lifted and unfortunately it would 

be pivoting about a corner which is more awkward.

3. The design does not elim inate all background light from reaching the concrete slab’s 

surface, nor all background light from the lux meter.

4. Construction o f  the spherical com ponent using metal would also be difficult.

From critiquing this design, it was necessary to create a new design, which would expose more 

o f  the surface area to the incom ing light. It was also important to incorporate the elim ination o f 

background light in this prototype in addition to making the design easier to fabricate.

53.2.2 Prototype number 2

N oting that horizontal rotation is only possible by using spherical shapes, and that the slab 

needs to be tilted in the vertical plane by lifting, a separate device was m anufactured for the slab 

specimens to allow for rotation in the vertical and horizontal plane (see Fig. 5-30). There are 

two vertical bars (one at each corner o f  the device) which allow the change in the vertical angle 

and there are two wheels on the apparatus to reduce the amount o f  lifting involved. The tilting 

device is placed beside the board where the slab is located and the slab can slide onto the base 

o f  the lifting device. This sim plifies the overall design o f  the apparatus for m easuring light 

reflectance and allows the focus to be on m axim izing the exposed surface area and lim iting the 

entry o f  background light.
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Fig. 5-30 T i l t in g  ileviec allo>ving ro ta t io n  o f  th e  s p e c im en  in t h e  ve r t ica l  a n d  hor i / .onta l  d irec t io n

T he second m odel w hich  w as designed  took  these  factors into account, and can  be seen  in Fig. 

5-31. I ’his design  is largely based on the apparatu s show n in Fig. 5-27 but w here there is an 

increase in the exposed  surface area and the ang le  o f  reflec ted  v isib le light is at 45° w hen the 

back o f  the slab  is lifted w hile po in ting  tow ards the sun . T here is a further add ition  to  the 

design , w hereby  a lip has been included at the top  part o f  the pro totype to  prevent, as m uch as 

possib le, d irect incom ing  light from  reach ing  the lux m eter, as illustrated  in Fig. 5-31. The 

inside o f  the apparatus w ould  have to  be m att b lack  as m entioned  prev iously , to  absorb  

background  and unw anted reflected  light.

Slot for lux
m eter sensor

Lip at the top 
to prevent 
incoming light 
directly hitting 
the light sensor

313.0mm

173.0mm

Inside o f  the 
apparatus is 
m att black 60,0mm

400,0mm400.0mm

Fig. 5-31 P roto type nu m b er 2 (H iggins an d  W est, 2010)
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The prototype is illustrated in Fig. 5-32, w ith the specimen in place. In order to take a reading, 

the apparatus is tilted in the vertical direction (6) so the surface o f  the slab is in full sunshine 

(with no shadow cast on the surface). Once this is carried out, the apparatus is designed in such 

a way that the incoming sun rays are entering the apparatus and are perpendicular to the lux 

sensor at the back o f  the device.

The advantages o f  this design are;

1. The shape o f the device is sim ple m aking the fabrication easier.

2. The lip at the top o f the device stops any direct sunlight shining onto the lux meter.

3. The depth o f  this lip is designed to aide the user to determ ine the angle o f  the sun 

relevant to the slab i.e. the shadow  cast by the lip is on the intersection between the slab 

and the back wall. In this position the sun’s rays are approxim ately at a 45° angle.

4. The horizontal positioning is easily determ ined by ensuring the front edge o f the sides 

do not cast a shadow onto the concrete’s surface.

The disadvantages o f  the design;

1. There is still a considerable am ount o f  exposure to background light from the front

region although it is partially excluded from the sides.

Lux meter sensor

0.027m

p.244m

0.173m

0.060m

0.400m

Fig. 5-32 Sketch of specimen tilted using p ro to type  n u m b e r  2 where  the incoming sun rays a re  entering  the 
a p p ara tu s  and are  p e rpend icu la r  to the lux sensor at the back  o f  the device
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5.3.2.3 Prototype number 3

In order to overcome the disadvantage o f  having excessive exposure o f  the slab to bacicground 

side light, a final design was proposed which allows for sunlight to be channeled onto the slab 

as shown in Fig. 5-33 and Fig. 5-34. The design acts in a sim ilar way to the previous design 

(prototype num ber 2) but also elim inates background light.

Incident light

sensor

Fig. 5-33 P ro to type n u m b er 3

Incident light
'400.0mm

Void for light
sensor

' ' A - i

282.8mm

450,0mm

150.0mm

400.0mm

Fig. 5-34 Design o f  p ro to type  n u m b er 3 (H iggins and W est, 2010)

In this design, the box is placed on top o f  the slab and they are rotated in a horizontal plane so 

that the tunnel points towards the incom ing sunlight. Both the slab and the box are then tilted on
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the front edge (or back edge depending on the sun’s position) in the vertical plane until there is 

no shadow cast on the surface o f  the slab, at which point the incoming rays are parallel to the 

entrant sides o f  the tunnel. Firstly, the incom ing incident light is m easured orthogonal to the ray 

at the slab surface then, secondly, the reflected light is m easured through a circular hole at the 

back o f  the box. This hole is fully blocked to prevent am bient light leakage during data 

collection. The chosen length o f  the tunnel is 450mm as shown in Fig. 5-34, the reason being 

that no light that passes from point A to point B can impact directly on the lux m eter sensor (see 

red dashed line in Fig. 5-34). Therefore, only light reflected o ff  the slab specimen is m easured 

at the lux meter sensor and, as the box is painted black internally, very little o f  this reflected 

light is further reflected o ff the walls onto the lux meter.

In choosing this design, the accom panying mechanical device with wheels can hold the concrete 

slab (w eighing 13kg) in place and which, essentially, enabled the user to rotate the specimen 

easily in both a horizontal and vertical direction until there was no shadow cast upon the surface 

o f  the concrete slab (see Fig. 5-30).

5 . 3 . 2.4 M anufacture o f  pro to type

A prototype made from cardboard was manufactured and covered in black plastic as seen in 

Fig. 5-35, the purpose o f  which was to test the effectiveness o f  the prototype before proceeding 

to the m anufacturing stage. By placing the prototype over black and white surfaces and taking 

readings using the lux meter, a significant difference in the lux was measured which indicates 

that the prototype is capable o f  accurately testing reflectance o ff a surface as designed.

Fig. 5-35 M anufacture of prototype num ber 3

5.3.3 Preliminary testing using the prototype lux meter box

In order to understand the outcom es o f the light reflectance measured in the lux meter box, a 

number o f  preliminary tests were devised. These tests were carried out using two concrete slabs,
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both with equally fiat surfaces which were finished o ff  in the same manner. The slabs which 

measured 400x400m m  in plan dimension, contained 0% and 70%  GGBS. Five sensitivity tests 

were devised as described herewith (Higgins and West, 2010).

5.3.3.} A comparison o f reflected lux meter readings on slabs containing both 0 and 

70% GGBS

This test was conducted in order to identify the extent o f  the difference in reflected lux meter 

readings between the two specimens, with one containing 0% GGBS and one containing 70% 

GGBS, for two different weather conditions, namely cloudy or diffuse conditions (Fig. 5-36) 

and sunny or direct conditions (Fig. 5-37). The readings o f  reflected lux were recorded at the 

back o f  the lux meter box prototype for each slab specim en and were taken at 5 second 

intervals. The m agnitude and range o f reflected lux readings in Fig. 5-36 is small (130-300 lux) 

due to the presence o f  clouds. Conversely, the data in Fig. 5-37 displays a larger range in 

reflected lux readings (8,000 to 10,500 lux) which are much m ore consistent due to clear-sky 

conditions.

0% GGBS (cloud-medium/dark) B  70% GGBS (cloud-medium/dark)

Percentage increase betw een 0 and 70%

350 100

300

250

200

150

100

50

0 0 a.
0 20 40 60 80 100 120

Time (seconds)

Fig. 5-36 C hange  in reflected lux reading for 0 and 70 %  G G B S slab in m ed ium /dark  cloud conditions

There is an increase observed in the reflected lux readings with time due to a change in the 

cloud conditions in Fig. 5-36. There is also a measurable difference between the reflected lux
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readings for the slab containing 0% G G B S and the slab containing 70% GGBS despite the 

cloudy conditions, with 70% being noticeably more reflective. It can also be noted that the 

difference in lux between the two slabs is relatively low (70-110  lux), although this outcom e 

results in a relatively high percentage increase from 0 to 70% GGBS o f  approximately 50%.

In sunny conditions, the reflected lux for both specim ens is relatively constant due to the clear- 

sky conditions, and there is a significant difference between the tw o specim ens o f  

approximately 2,260 to 2 ,620 lux. H ow ever, as the lux readings are higher in sunny conditions 

by a substantial amount, this results in a low er percentage increase from 0 to 70%  G G BS o f  

approximately 30%. This could be a significant improvement in terms o f  CO 2 reductions.

In conclusion, there is a discernable difference between the amount o f  lux reflected o f f  a 0% 

GGBS specim en when compared with that o f  a 70% GGBS specim en, and this d ifference is 

evident in both sunny and cloudy weather conditions. However, the lux reading in cloudy  

conditions is not constant, therefore, a more reasonable com parison can be made betw een the 0 

and 70% G G BS specim ens in sunny conditions as there is a sm aller variability in the readings 

o f  reflected lux over time.

•0% GGBS (sunny) ■70% GGBS (sunny) Percentage increase betw een 0 and 70%
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Fig. 5-37 C hange in reflected lux read ing  fo r 0 and  70%  G G B S slab in $unny conditions
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5.3.3.2 The change in reflected lux over time

This test records reflected lux readings at the back o f the lux meter box at thirty second 

intervals over a ten minute period to assess the variability in the readings. The specimen 

containing 0% GGBS was tested in conditions varying from cloudy to sunny. The aim o f this 

test is to determine the consistency o f  reading taken and to investigate the effect o f  cloud cover 

on a lux meter reading. The plot in Fig. 5-38 dem onstrates the change in the reflected lux and 

there were three tests carried out on different occasions for repeatability purposes. There is little 

variability in the readings, indicating that on a clear sunny day, uniform results can be achieved 

within the sensitivity o f  the lux meter. As the results were recorded on different days, there is a 

difference in the light intensity, therefore, the reflected lux values will be different, as evident 

from the outcome in Fig. 5-38.

Furthermore, from additional sensitivity testing conducted at a later stage, the results verified 

that the day on which the lux readings are recorded will not affect the resulting percentage o f 

lux reflected but absolute values may vary considerably depending on incom ing light intensity.

In conclusion, the results are uniform over 10 minutes provided there is no cloud cover. The 

reflected lux value is dependant on the incoming light intensity. It is also evident that the 

percentage reflected does not vary much between different days

- A - Test 1: 28/07/2010@11.05 - B - T e s t  2; 05/08/2010@12.15
- ♦ - T e s t  3: 06/08/2010@12.00

8,000

7,000

6,000

5.000
C

g 4,000

3.000

2,000

1,000

6.0 9.0 10.50.0 1.5 3.0 4.5 7.5
Time Period (minutes)

Fig. 5-38 Readings of three tests recording reflected lux taken over a 10 minute period o f  one slab containing
0 %  GGBS
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Similar testing was carried out in varying cloud conditions. These results are displayed in Fig. 

5-39 for 0% GGBS. These results dem onstrate how the presence o f  cloud cover adds a 

significant variability to the results. The inconsistency o f  these results indicates that it would be 

difficult to carry out accurate testing in overcast conditions as there is a wide range in lux 

readings over a short period o f  time. For example, the test carried out on 03/08/2010 at 11.30am 

in medium cloud conditions displays a large variability in lux readings, ranging from 350 lux at 

3 minutes to 900 lux at 7.5 minutes. During testing it was also noted that the readings taken 

when w hite clouds were in close proximity to the sun were higher than the readings taken in 

direct sunlight. In this case, the increase in lux readings was due to two contributions o f 

incom ing light; the direct incident light from the sun and the light reflecting o ff  and being 

dispersed by the clouds. This indicated, firstly, that, as expected, it is not possible to com pletely 

elim inate background light from reaching the slab and, secondly, that care should be taken 

when testing in sunshine to ensure that the clouds are not in close proxim ity to the direct 

sunlight so as not to influence the readings o f  light reflectance i.e. ideal reading conditions are 

in uninterrupted sunshine with clear skies. Two o f tests in Fig. 5-39 were carried out on the 

same date (03/08/2010) but at 20 minutes apart, by which time the cloud conditions had 

changed to dark, with a corresponding significant decrease in the reflected lux readings.
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■Cloud-Medium (03/08/2010@ 11.30) 

■Cloud-Medium/Dark (28/07/2010@  10.50) 

•Cloud-Dark (03/08/2010@ 11.50)
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Fig. 5-39 R eadings o f reflected lux on a 0 %  G G B S slab in d ifferen t cloud conditions
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In conclusion, there can be a large variability in the lux readings depending on the type o f 

cloud conditions as illustrated in Fig. 5-39. There are also extreme values o f  lux where readings 

vary by more than 550 lux over a period o f  less than ten minutes. Thus, due to the large 

variability in these results brought about by the presence o f  clouds, it is recom m ended that 

direct and unimpeded sunshine should be a requirement for taking consistent readings o f  light 

reflectance.

5.3.3.3 The change in reflected lux as a result o f  changing the surface area 

The aim o f  this test is to determ ine how a change in the exposed surface area will affect a 

reflected lux meter reading. The area o f  the slab is decreased from the maximum (370x370mm) 

and readings are taken at each increment in exposed surfaces. The change in area is achieved by 

placing a matt black non-reflective material over the slab at the perim eter effectively reducing 

the cross sectional area but m aintaining a perfect square surface area in the centre. The 

reduction o f  the cross sectional area is outlined in Fig. 5-40 indicating both the initial and final 

areas, where 4 reductions were imposed in 30mm side reduction increments. The angle o f  the 

incident rays were kept constant in these tests as the entire surface area is enclosed with light 

but only the edges o f the slab were covered to effectively reduce the surface area reflecting 

light.

400mm

Fig. 5-40 R eduction in cross sectional a rea  o f slab  specim en

The data displayed in Fig. 5-41 represents results o f  lux which were taken when the test area o f 

the slab was changed for both 0%  and 70% GGBS slabs respectively. These results were taken 

in sunny conditions and the areas to be used ranged from 250m m x250m m  to 370mmx370mm. 

The lux reading values range between 4,000 and 6,500 lux for the 0% GGBS slab and there is a 

broadly linear relationship between the area o f  exposed slab and the corresponding lux reading. 

As the 70% GGBS slab is more reflective, the range o f lux readings increases to between 6,000

400mm 
 ►

250mm

x250mm
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and 10,000 lux also with a broadly linear relationship. There is on average approxim ately 50% 

increase in reflected lux for 70% GGBS when compared w ith that o f  0% GGBS.

0% GGBS 09/08/2010@ 10:00 70% GGBS 09/08/2010@10;35
12,000

10,000

^  8,000

6,000

4,000

2,000

62,500 78,400 96,100 115,600 136,900
Area (mm^)

Fig. 5-41 Change  in reflected lux readings resulting from change in surface area  exposed for a 0 %  and 70 %
GG B S slabs

This test was carried out in order to evaluate the sensitivity o f  results to the area exposed. In 

conclusion, as the area o f  the slab increases, there is a proportional increase in the reflected lux 

reading. This result is explained by the fact that there is more light reflected from a larger 

surface area and that this should be a factor to take into account when m aking a decision on the 

size o f  the concrete specimens to be tested. Once an area is chosen, this must be maintained in 

order to be able to make a com parison between readings o f  reflected lux. It can also be 

concluded that the sensitivity o f  the test results are well within the range o f the lux meter 

sensitivity. As the resulting ratio o f  reflected lighi depends on the size o f  the specimen, it can be 

concluded that the lux meter cannot be used to m easure the true albedo o f  a surface.

5.3.3.4 The change in reflected h a  as a result o f  changing the vertical angle 

This test was carried out to determine how a change in the angle at which the slab is tilted from 

the horizontal affects a lux meter reading. This is carried out whereby the slab angle was varied 

in intervals o f  6° starting from an initial position where the entire slab is exposed to sunlight 

(angle o f  0°). The slab was tilted in the vertical orientation until a maximum angle o f 24°, at
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which point there was httle hght reflectance from the surface. The results from this test are 

displayed in Fig. 5-42 and represent the change in lux reading for both the 0 and 70% slabs.

Both 0 and 70% GGBS dem onstrate a common trend, whereby the maximum value o f  lux is 

obtained only where there is 100% exposure o f  the slab, as expected. Full exposure o f  the 0%  

GGBS specimen at an angle o f  0° (where the entire surface is in sunshine) produces a reflected 

lux o f approximately 7,300 lux, however, this is reduced to approxim ately 900 lux when the 

slab is cast in shadow, a reduction o f  approxim ately 88%. The same trend is observed for 70% 

GGBS, whereby the maximum lux reading occurs when the slab is com pletely exposed to 

sunlight at 0° (10,000 lux) and the minimum occurs when the slab is at its greatest angle o f  24° 

(1,200 lux), corresponding to a reduction o f  approxim ately 88%  also. This is due to the simple 

fact that the shadow is being cast on the surface as a result o f  the specimen being tilted in the 

vertical direction, and this shadow reduces the resulting lux reading by a significant amount. It 

can also be observed that the rate o f  change reduces so that any deviation from the angle o f  0° 

results in a sudden change.

in conclusion, the slab is required to have full exposure to the sunlight in order to get the 

maximum reading o f  reflectance, as any presence o f  shadow cast upon the surface gives rise to 

substantial changes in reflected lux. When small trends in albedo exist due to mix constituents 

or surface fmish, controlling such gross changes will be important.

0% GGBS - ■ - 7 0 %  GGBS

12,000

10,000

~  8,000 

c ̂ 6,000 
3

X
3

4 ,0 0 0

2,000

0 6 12 18 24 18 12 6 0

A ngle (°)

Fig. 5-42 T he change in reflected lux read ing  as a resu lt o f changing  the vertical angle o f the slab
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5.3.3.5 C om paring ‘relative a lbedo  ’  with pu blish ed  albedo values 

The aim o f  this test is to calculate a ‘relative albedo’ value. The lux meter is positioned in the 

centre o f  the slab at an angle o f  45° to the slab surface with the sensor pointing out o f  the tunnel 

in the direction o f  sunlight, and the reading o f  incom ing lux is recorded. A reading o f  reflected 

lux is taken im m ediately afterwards at the recessed hole o f  the lux meter box. It should be noted 

that normally an albedo value is calculated as the reflected solar radiation divided by the 

incoming solar radiation over all wavelengths o f  solar rays. However, the ‘relative albedo’ is 

calculated as the ratio between the incom ing and reflected lux readings. The resulting ‘relative’ 

albedo values will be compared with published albedo values. A number o f  readings for each 

slab were recorded for comparison purposes. This test was carried out in full sunshine 

conditions only, as the presence o f  cloud results in readings with very high variability and are, 

therefore, not reliable.

From the results obtained in Table 5-9 (which display the incoming lux, reflected lux and 

relative albedo) there is a detectable difference in the relative albedo o f  these two concrete 

specimens. However, the values calculated from this test are much lower than published albedo 

values for concrete. This is due to the sample size as it was demonstrated previously in this 

chapter (see section 5.3.3.3) that the surface area has a significant impact on the resulting 

reflected lux. As the surface area is restricted, this reduces the overall reflectance ratio. For the 

slab containing 0% GGBS an expected albedo value would be in the region o f  0.35 to 0.40 for 

new concrete and for the slab containing 70%  GGBS, an expected albedo value would be 

approxim ately 0.60. However, the relative albedo values for 0 and 70% slabs based on visible 

light reflectance are 0.0583 and 0.0747 with corresponding standard deviation values o f 

0.000362 and 0.000750 respectively.

Table 5-9 T he ‘re la tive  a lbedo’ test fo r 0 and 70%  GG BS slab

0%  GGBS

Reflected Lux
Incoming

Lux
Relative
Albedo

70%  GGBS
Reflected

Lux
Incoming

Lux
Relative
Albedo

7,900 135,000 0.0585 10,000 132,000 0.0758
7,800 134,900 0.0578 10,100 134,000 0.0754
7,800 134,400 0.0580 9,900 134,000 0.0739
7,900 134,500 0.0587 10,000 134,100 0.0746
7,800 134,700 0.0579 10,100 133,900 0.0754
7,900 134,800 0.0586 9,900 134,300 0.0737
7,900 134,900 0.0586 10,100 134,200 0.0753
7,800 134,800 0.0579 10,000 133,900 0.0747
7,900 134,900 0.0586 9,900 133,800 0.0740
7,900 134,900 0.0586 9,900 133,800 0.0740

Average 
St. Dev

0.0583
0.000362

0.0747
0.000750
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The relationship between the incoming lux and relative albedo was also investigated in Fig. 

5-43 for the 0 and 70% GGBS specimens. It is evident from this plot that there may be a 

correlation between these two parameters, however, two sets o f points is not sufficient to 

determine this. However, the plot demonstrates a clear differentiation between the 0 and 70% 

GGBS specimens, with 70% GGBS resulting in a higher ‘ relative albedo’ .

In conclusion, the ‘ relative albedo’ value for both specimens is not comparable to the published 

albedo values as the restricted surface area and the restricted light frequency (only visible light) 

do not produce a true albedo, however, the lux meter prototype has shown that it is a very good 

mechanism for comparing results as it is very sensitive. It can only be used for comparative 

studies as it has been demonstrated that the prototype apparatus can distinguish very clearly 

between different surfaces finishes and different percentages o f GGBS as the device is 

sensitive. However, ‘ relative albedo’ values enable a comparison to be made between different 

slab surfaces for identical surface areas. Hereafter, the parameter ‘ relative albedo’ w ill be 

presented as a percentage which is calculated by dividing the reflectance o f the specimen by the 

incoming light.

♦  0%GGBS ■70% GGBS
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Fig. 5-43 Relationship between relative albedo and incoming lux forO and 70%  GGBS specimens
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5 . 3 . 3.6  Conclusions from  using the prototype lux meter box

•  T he rep lacem ent o f  cem ent by G G B S  increases the reflectiv ity  o f  the concrete , w ith  the 

70%  G G B S  specim en p roducing  a  h igher reflected  lux reading. T here  w as a s ign ifican t 

increase in the reflected  lux o f  th e  70%  G G B S  specim en by app rox im ate ly  30%  (from  a 

baseline o f  0%  G G B S) in c lea r sunshine.

•  R eadings taken  in overcast cond itions are ex trem ely  variab le and canno t be carried  out 

reliab ly  in these circum stances, how ever, read ings recorded w hen there is sunsh ine  w ith  

no clouds in close proxim ity  to  the sun i.e. w hen there is no  light d ispersion  from  the 

clouds, resu lt in very consisten t and reliab le readings.

•  T here is a c lear trend  w here the change in reflected  lux is p roportional to  the change in 

surface area, w ith  the  re la tionsh ip  being  broad ly  linear. T he device is very  sensitive to  

th is  param eter, therefo re , the size o f  the su rface  area  m ust be a constan t in o rder to  be 

able to  com pare resu lts o f  reflec ted  lux.

•  In o rder to  ach ieve a m ax im um  read ing  fo r lux, the en tire  concrete  slab  m ust be 

exposed  to  sun ligh t i.e. w ith no shadow  present on the su rface o f  the slab. W here there 

is any shadow  presen t on the surface , there is a sudden  dec line in the result, 

dem onstra ting  that the dev ice is a lso  very sensitive  to  th is param eter.

•  The results o f  ‘rela tive a lb ed o ’ w ere not consisten t w ith published  albedo  values w hich 

is due largely to  the size o f  the testing  surface . It w ould  suggest th a t lux m eter read ings 

u sing  the black box cannot be used as a d irect m ethod o f  te s tin g  albedo , how ever, the 

instrum ent is su ffic ien tly  sensitive to  detect a sm all d iffe rence betw een  the tw o slab  

types, ind icating  that it cou ld  be used as an indirect m eans o f  testing  a lbedo  w here 

com parisons are desirab le . In conclusion , ‘rela tive a lbedo ’ values enab le  a com parison  

to  be m ade betw een  d ifferen t slab  surfaces prov ided  the area rem ains constant.

5.3.4 Manufacture of final lux meter box

F ollow ing  testing  u sing  the pro to type, the final lux m eter box for m easuring  v isib le  light 

reflectance w as fabricated . A s m en tioned  in Section  5.3.2, the m aterial for the dev ice  w as 

orig inally  proposed  to  be th in  sheet m etal, how ever, as there w as a  risk o f  the m etal d isto rting  

due to  the se lf  w eight o f  the device , the chosen  m aterial w as changed  to  tim ber. It shou ld  be 

no ted  that the final design  w as reduced  from  400x400m m  to 300x300m m  in surface area  in 

o rder to  reduce the w eigh t o f  the specim ens (from  23kg  to  13kg).

T he jo in ts  w ere filled  w ith  silcone to  seal the apparatus, thus p reventing  any  stray  light passing  

into the cham ber. F o llow ing  th is  it w as pain ted  in ternally  using  m att b lack  pain t to  preven t any 

light reflec ting  from  the inside su rfaces o f  the dev ice . T he outside w as also  pain ted  black for
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aesthetic purposes only. The reflectance o ff  a matt black surface was conducted to determ ine if 

there was any light reflectance from the inside o f  the black box, and the resulting lux was zero. 

Fig. 5-44 illustrates the finished prototype.

Fig. 5-44 Black box to m easu re  visible light reflectance (left) and view o f inside the box from  the opening 
w here the lux m eter is placed to m easure the reflected light o ff the surface  (righ t) (Sw eeney et al., 2012b)

5.3.5 Sensitivity tests using lux meter box

In order to have confidence in results obtained using the lux m eter and black box, a number o f 

tests were carried out, the main objective o f  which was to assess the sensitivity o f  the device. 

The tests were conducted on two slabs, one with a rough surface finish (brush with 50%  GGBS) 

and one with a smooth surface finish (cast also with 50% GGBS). A single GGBS content was 

chosen to facilitate com parison between the finishes. All tests were conducted when, ostensibly, 

the sun was shining with little if  any, cloud cover. The tests can be described as follows:

1. Large area test- to determ ine the approxim ate lux readings using the device without the 

black box present.

2. Repeatability test- to assess whether a variability in a reading is due to the instrument or 

is a result o f  a process error.

3. O rientation test- to determ ine whether the orientation o f  the slab gives different results 

o f  light reflectance, particularly for samples o f  brush and tamp finishes.

4. Time o f  day test- to assess how the sun elevation (sun intensity) impacts on light 

reflectance.

5. Day test- to determ ine whether the particular day has an effect on light reflectance 

including the effect o f  cloud cover (testing w ithin the same season, a couple o f  days 

apart and at the same time o f  day).

5.3.5.1 Large area test (no lux meter box)

The lux meter is used in conjunction with the designed black box for m easuring the light 

reflectance o ff the small slab specim ens, however, a test was conducted w ithout using the black
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box. The objective o f  this test is to determ ine the approxim ate overall percentage o f lux 

reflected if  the lux meter was used in a sim ilar m anner to an albedom eter. The lux meter was 

held in position over a concrete surface at a height o f  1.5m and the incom ing and reflected lux 

were recorded by facing the sensor upwards for the incom ing reading and downwards for the 

reflected reading (see Table 5-10 for results). This was perform ed for four locations over the 

same surface.

During the test, it was observed that the readings were difficult to take, with large variations in 

the resulting lux, and this was due to  the surroundings having an im pact on the sensor. Although 

there was sunshine with no clouds present, the incoming lux was in the region o f  18,000-20,000 

lux. This is a significant reduction when com pared with the incom ing lux m easured using the 

lux meter box in the aforem entioned sensitivity tests. The range o f  incom ing lux was between 

70,000-80,000 for these tests and this would suggest that when the black box is used, only 

direct sunshine is measured, with the impact o f  the surroundings removed completely. 

Accordingly, a low value o f  percentage reflected lux is obtained (~6%).

It is also important to note that the lux m eter is parallel to the concrete surface in this test, and is 

not pointing directly at the sun unlike testing with the lux meter box. This would reduce the 

incoming lux reading significantly.

Table 5-10 Testing on a concrete surface  using the lux m eter  without the b lack box at four locations (1 -4 )

Location Incoming Lux Reflected Lux %Lux Average
1 16,250 5,310 32.7 28.3

17,800 4,730 26.6
18,930 4,880 25.8

2 18,600 4,020 21.6 21.5
19,400 4,110 21.2
18,200 3,960 21.8

3 16,210 4,130 25.5 22.4
17,380 4,080 23.5
23,500 4,320 18.4

4 17,830 5,290 29.7 29.9
15,900 5,230 32.9
20,500 5,540 27.0

In conclusion, the average reflected lux results ranges between approxim ately 21 and 30% 

(0.21-0.30 in ‘albedo’ terms) when the lux m eter box is not used, for a concrete surface. 

However, there is fluctuation in the reading o f  the lux meter as the surroundings have an effect 

on the result. There is no strong correlation between the incom ing and reflected lux using this 

method, hence a loss in the sensitivity o f  the device is observed. Accordingly, this m ethod is not 

used to measure the reflectance o ff surfaces due to the unreliability o f  the test method.
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5.3.5.2 R epeatability test

There were a total o f  10 readings recorded over one hour (one reading every 6 minutes). As 

each reading was taken, the lux meter box apparatus was removed from the slab and 

reassem bled between each reading. The purpose o f  this was to determine whether there was any 

error present through carrying out the process o f  recording a reading assum ing the incoming 

light did not vary much. The results for the brushed slab are displayed in Table 5-11, while the 

results o f  the readings taken for the cast finish slab are displayed in Table 5-12. The values for 

the average (|a), standard deviation (o) and coefficient o f  variance (CoV) are provided in both 

cases.

I able 5-11 Result o f repea tab ility  test for b rush  50®/o slab

Reading
No.

Incoming
lux

Reflected
lux %lux

Brush 50% 1 75,500 4,720 6.25
2 74,400 4,620 6.21
3 74,800 4,680 6.26
4 76,200 4,740 6.22
5 76,100 4,700 6.18
6 74,000 4,540 6.14
7 66,600 4,180 6.28
8 67,100 4,170 6.21
9 72,200 4,510 6.25
10 70,500 4,370 6.20

6.22
o 0.042

CoV 0.70%

W hen the readings were recorded there was no cloud cover, however, there is a small 

fluctuation in the incoming light. This results in a corresponding change in the result for the 

reflected light. The average light reflectance ratio for the brush finish slab was 6.22%  with a 

standard deviation o f 0.042. Similarly, the average reading o f  light reflectance for the cast finish 

slab was 5.12%  with a standard deviation value o f  0.074. As the com puted values o f  the 

coefficient o f  variation are low (0.70 and 1.45% respectively), it can be concluded from this test 

that there is low variability as a result o f  the instrum ent accuracy and due to the process o f 

taking a reading.

The data for a brush and cast finish slab respectively, is also displayed in Fig. 5-45 in order to 

dem onstrate the relationship between incom ing and reflected lux. The plot verifies that the 

reflected lux does depend on the incom ing lux, and over a relatively small range o f lux 

readings, the ratio o f  reflected to incoming lux is approxim ately a constant. There is some
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variability, in particular for the cast finish specimen, however, there is the value for for each 

o f  the specim ens is very high. The slope o f  the line is calculated as y/x, or reflected/incom ing, 

w hich is approxim ately a constant.

It is also evident from the plot that the brush specimen is more reflective than the cast specimen. 

This can be explained by the fact that the colour o f  the finish has more predom inance in terms 

o f  outcome, rather than the nature o f  the surface finish, with a cast finish having a slightly 

darker colour than a brush finish, therefore reflecting less light.

Table 5-12 Result o f repea tab ility  test fo r cast 50%  slab

Reading
No.

Incoming
lux

Reflected
lux %lux

Cast 50% 1 77,400 3,940 5.09
2 73,300 3,690 5.03
3 74,600 3,840 5.15
4 76,100 3,950 5.19
5 76,000 3,860 5.08
6 75,200 3,760 5.00
7 64,400 3,270 5.08
8 64,700 3,360 5.19
9 67,800 3,530 5.21
10 70,300 3,650 5.19

H 5.12
a 0.074

CoV 1.45%

♦  Brush - 50% GGBS ■  Cast - 50% GGBS
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= 0.9813

y = 0.0474X + 276.53
R̂  = 0.9544

62,000 67,000 72,000 77,000 82,000
Incoming lux (lumens/m^)

Fig. 5-45 R epeatability  test fo r cast and b ru sh  specim ens contain ing 50®/o G G B S

158



5 J .5 . i  O rien ta tion  test

As there are two surface finish types which are undulating, the objective o f  this test was to 

determine whether the orientation o f  the slab has an effect on the light reflectance o f  the slab, 

and the brushed case is used to demonstrate this. For comparison purposes, this test was also 

carried out on a smooth surface finish (cast).

The first orientation o f  the slab was set up so that the vertical component o f the lines o f  the 

rough finish are parallel to the vertical component o f  the incoming rays (inclined to the 

vertical). A total o f three readings were taken for each orientation. Then the slab was rotated in 

a clockwise direction by 90° so that the lines o f  the surface finish were perpendicular to the 

incoming light (horizontal). This process was repeated twice, whereupon the slab was back in 

its original orientation. The average o f  the three readings was taken to give one result o f  light 

reflectance for each orientation. The results are presented for both brush and cast surface 

finishes in Table 5-13 and Table 5-14 respectively.

I 'able 5-13 O r i e n t a t i o n  tes t  us ing  b r u s h  5 0 %  slab

Orientation Incoming Reflected % Refl. Average
0° (vertical) 79,800 4,930 6.18 6.18

79,000 4,890 6.19
79,200 4,890 6.17

90° (horizontal) 79,000 4,410 5.58 5.58
79,200 4,410 5.57
78,900 4,400 5.58

180° (vertical) 76,600 4,750 6.20 6.19
77,300 4,780 6.18
76,300 4,710 6.17

270° (horizontal) 78,400 4,390 5.60 5.57
78,500 4,400 5.61
78,200 4,300 5.50

The results for a brushed finish slab illustrate that there is more light reflected from the surface 

o f the slab where the lines run in the vertical direction. The average readings for this orientation 

are 6.18 and 6.19% respectively. However, when the slab is orientated with the lines running in 

a horizontal direction, there is less light reflected from the surface even though the incoming 

light is constant with marginal fluctuation. These results give a reflectance ratio o f  5.58 and 

5.57% respectively. The difference in the percentage o f  reflected light between the two 

orientations is, on average, approximately 10% (0.60/5.57). This difference can be attributed to 

the enhanced dispersion of light from the surface when the incident light impacts on horizontal 

striations.
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The results for a cast finish slab are displayed in Table 5-14 and although the slab was rotated in 

the same m anner as the brushed finish slab, the average light reflectance rem ains the same, at 

approxim ately 5.1%. This result is due to the slab having a smooth surface finish, with the 

incom ing light being reflected to the some degree regardless o f  the orientation. In conclusion, 

this test has dem onstrated that the orientation o f  a concrete slab with an undulating surface 

finish has an effect on the resulting light reflectance, with the vertical orientation giving a 

higher light reflectance ratio by approxim ately 10%, while there is practically no difference in 

albedo with orientation for slabs with a smooth finish.

T able  5-14 O rien ta tion  test using cast 50%  slab

Orientation Incoming Reflected % Refl. Average
0° (vertical) 76,100 3,800 4.99 5.0

76,100 3,820 5.02
77,200 3,850 4.99

90° (horizontal) 77,700 3,880 4.99 5.0
77,500 3,880 5.01
77,200 3,870 5.01

180° (vertical) 78,000 3,930 5.04 5.07
75,600 3,850 5.09
77,000 3,910 5.08

270° (horizontal) 77,000 3,950 5.13 5.09
78,000 3,950 5.06
77,400 3,940 5.09

5.3.5.4 Time o f  day test

As the sun elevation changes throughout the course o f  one day, so too does the incom ing 

intensity and angle o f  incidence to the ground. This variable is exam ined by m easuring the 

percentage lux reflected o ff the two specimens at different times throughout the course o f  one
I

day, when the sunshine is present. The data presented in Table 5-15 represents the cast finish 

and the data from Table 5-16 represent the brush finish specimen. The coefficient o f  variation 

(CoV) is presented for both data sets. The readings were taken every hour between 10:00 and 

14:00, with three readings recorded each time.

The results displayed in Table 5-15 confirm that the incoming lux changes throughout the 

course o f  the day, starting at approximately 66,000 lux and increasing to approxim ately 80,000 

lux at 14:00. However, this increasing trend is also present for the reflected lux and as a 

consequence, the percentage o f  lux reflected from the specimen rem ains approxim ately 

constant at 4.8%, having a low CoV o f approxim ately 0.46% . Similarly, the brush finish slab 

(see Table 5-16) was also recorded at the same tim e interval. The incom ing lux at a particular 

tim e is approximately the same as a result. However, the reflected lux is marginally higher for
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this specimen due to the nature o f the surface finish. The average percentage o f lux reflected 

remains relatively consistent when it is recorded each time, therefore, the CoV is low at 0.25%.

Tabic 5-15 Tim e of day sensitivity test results using cast 50%  slab

Incoming Reflected
Time Reading Lux Lux %Lux Average
10:00 1 66,600 3,200 4.80 4.83

2 65,800 3,150 4.79
3 66,000 3,230 4.89

11:00 1 74,900 3,630 4.85 4.84
2 72,800 3,510 4.82
3 73,600 3,580 4.86

12:00 1 75,000 3,600 4.80 4.80
2 75,100 3,600 4.79
3 74,800 3,590 4.80

13:00 1 76,100 3,660 4.81 4.79
2 76,400 3,630 4.75
3 75,700 3,650 4.82

14:00 1 79,900 3,840 4.81 4.80
2 80,500 3,860 4.80
3 80,500 3,860 4.80

4.81
o 0.022

CoV (%) 0.46

Table 5-16 'l ime of day sensitivity test results using brush 50%

Incoming Reflected
Time Reading Lux Lux %Lux Average
10:00 1 65,800 3,430 5.21 5.21

2 65,600 3,430 5.23
3 66,000 3,430 5.20

11:00 1 73,200 3,820 5.22 5.22
2 73,200 3,820 5.22
3 73,300 3,830 5.23

12:00 1 78,500 4,090 5.21 5.19
2 77,200 3,990 5.17
3 78,000 4,040 5.18

13:00 1 76,300 3,970 5.20 5.20
2 75,700 3,940 5.20
3 75,600 3,930 5.20

14:00 1 73,300 3,850 5.25 5.20
2 78,000 4,030 5.17
3 79,100 4,100 5.18

H 5.20
a 0.013

CoV (%) 0.25
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The data from Table 5-15 and Table 5-16 which represents a cast and brush finish respectively, 

is presented in a plot in Fig. 5-46. It is clear from this plot that there is a linear relationship 

between the incom ing and reflected lux readings with very high values o f  R^, therefore, it can 

be concluded that time o f  day at w hich the reading is taken is not important given that the 

outcom e will be a constant value.

♦  Ca st - 50 %GGBS ■  Brush - 50% GGBS
4,200

y = 0.0502X + 133.65 
R" = 0.9957 I

4,000 y = 0.0462X + 138.88 
R' = 0.9896

3,800

3,200

3,000
62,000 67,000 72,000 77,000 82,000

Incom ing  lux ( l u m e n s /m ^ )

Fig. 5-46 Time o f day test for cast and brush specim ens containing 50% GGBS

In conclusion, the incom ing lux changes during tiie day as a result o f  the change in the sun’s 

elevation. However, this change is also evident in the amount o f  light reflected by both 

specimens, w hich confirm s that the time o f day at w hich the reading o f  lux is recorded will not 

significantly alter the overall reflected lux result, provided that there are no clouds present.

in the albedo test as discussed previously, it was concluded that there was variation in the 

albedo value during the day and this was as a result o f  the testing surface being fixed at a 

horizontal position. Therefore, as the sun’s position changed throughout the course o f  the day, 

the dispersion properties also changed. However, in the case o f  the lux meter test m ethod, the 

slab is rotated such that it is always pointing tow ards the sun and although the intensity changes 

throughout the day, the dispersion properties do not. As a result, there is no variation during the 

course o f  one day. This method is therefore a superior method o f testing over the albedom eter.
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5.3.5.5 Day test

The previous sensitivity test (time o f day) was repeated to evaluate whether the reflected lux 

ratio is identical on a different day as one clear day may be different to another clear day (close 

to the previous day). There were readings recorded every hour between 10:00 and 14:00, with 

three readings recorded each time for the two specimens, as previously. The data presented in 

Table 5-17 represents the cast finish specimen and the data from Table 5-18 represents the 

brush finish specimen.

The important value to note is the average o f the three percentage lux readings recorded at each 

time interval and this value ranges between 4.80 and 4.84%, with an overall average o f 4.82% 

for the cast finish specimen. The CoV is very small at 0.30%. I f  this outcome is directly 

compared w ith the results which were taken on the different day one week previously (see 

Table 5-15), a very similar average o f 4.81% is observed. This would confirm that the day on 

which readings are recorded does not affect the resulting percentage reflected lux reading, 

provided the readings are taken close to each other in time.

Table 5-17  Day sensitivity test results using cast 5 0 %  slab

Incoming Reflected
Time Reading Lux Lux %Lux Average
10:00 1 68,100 3,290 4.83 4.84

2 68,200 3,300 4.84
3 67,900 3,290 4.85

11:00 1 71,300 3,450 4.84 4.82
2 71,200 3,420 4.80
3 71,300 3,440 4.82

12:00 1 73,600 3,520 4.78 4.80
2 73,500 3,520 4.79
3 73,600 3,560 4.84

13:00 1 75,700 3,660 4.83 4.82
2 76,400 3,680 4.82
3 75,800 3,650 4.82

14:00 1 78,500 3,790 4.83 4.84
2 78,700 3,820 4.85
3 78,700 3,800 4.83

4.82
o 0.014

CoV (%) 0.30

Similarly, the brush finish specimen results (see Table 5-18) have an average percentage 

reflected lux ranging between 5.18-5.23%, with an overall average o f 5.21%, and a low CoV o f 

0.41%. When this average is compared to the previous result recorded on a different day (see 

Table 5-16), the average lux recorded was 5.20%. This result reaffirms the conclusion that the 

day on which a specimen is tested w ill not alter the resulting reflectance, provided the time
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interval between the two days is not sufficiently big to allow the specim ens time for ageing to 

occur, the season does not change and there are no clouds present, as all o f  these param eters 

may result in a different percentage o f  lux being reflected.

T able  5-18 Day sensitivity test results using b ru sh  50*% slab

Incoming Reflected
Time Reading Lux Lux %Lux Average
10:00 1 68,300 3,560 5.21 5.22

2 68,400 3,580 5.23
3 68,300 3,570 5.23

11:00 1 71,700 3,710 5.17 5.19
2 72,000 3,730 5.18
3 72,200 3,760 5.21

12:00 1 73,800 3,820 5.18 5.18
2 73,700 3,810 5.17
3 73,700 3,830 5.20

13:00 1 75,200 3,920 5.21 5.23
2 75,500 3,950 5.23
3 75,600 3,960 5.24

14:00 1 78,000 4,070 5.22 5.21
2 78,300 4,090 5.22
3 78,800 4,100 5.20

H 5.21
a 0.021

CoV (%) 0.41

5.3.5.6 Conclusions from  sensitivity tests

• When the lux meter box is not used, the incom ing lux is significantly lower due to the 

impact from the surroundings. There are fluctuations in the lux m eter reading using this 

test method as tlie instrument loses its sensitivity. The overall percentage o f  reflected 

lux ranges between 21-30%  for a concrete surface containing 30%  GGBS and a brush 

surface finish using this method. In conclusion, a box apparatus is necessary to detect 

small changes due to aggregate type, GGBS content, surface finish or age.

•  The repeatability test dem onstrated that the use o f  the lux meter with the black box is a 

reliable test method. There is neither significant variation as a result o f  the instrument 

nor in the process o f  taking a reading.

• The orientation o f  the rough surface finish is important as it effects the percentage of 

light reflected by approxim ately 10%. The am ount o f  light reflected is higher when the 

lines o f  the surface finish are vertical with respect to the sides o f  the black box. The 

orientation o f  a smooth slab does not impact on the resulting light reflected.
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•  The incom ing lux changes during the course o f  one day due to the sun’s position, 

however, the amount o f  light reflected by the specimen increases accordingly. 

Therefore, it can be concluded that the time o f  day at which the reading is recorded will 

not affect the overall percentage o f  reflected lux, provided there are no clouds present, 

unlike the albedo readings. This is because the angle o f  the slab can be changed so that 

the sunlight always comes in at the same angle and, therefore, the dispersion is a 

constant.

•  The time o f  day sensitivity test was repeated within a few days on the same two slab 

specim ens. The same average percentage reflectance was obtained on both days. 

Therefore, it was concluded that the day on which the specimen is tested does not affect 

the result, provided that the slab has not aged, it is roughly at the same tim e o f  year, and 

there are no clouds present to obscure the reading.

5.3.6 Conclusions

•  It has been demonstrated that the lux m eter box apparatus works well in that it can 

distinguish very clearly between different surfaces finishes and different percentages o f  

GGBS. The sensitivity tests also confirm  that the device is sensitive and produces 

uniform readings over a short period o f  time, for a given specimen size which is fully 

exposed to sunlight.

•  The lux m eter box readings are restricted in two ways; the surface area is small and the 

light frequency being measured is visible light only, therefore, a true albedo is not 

attained. However, the apparatus and lux m eter are a very good mechanism for 

com paring results as it is very sensitive, so it can be used for com parative studies.

•  The lux m eter test is a superior test to the albedo test as a lux reading is not dependant 

on the time o f  day at which a reading is recorded. In addition to this, the apparatus for 

the lux m eter eliminates background light, whereas the albedom eter has a large field o f  

view. The lux meter is about one hundredth the cost o f  an albedom eter and so is more 

universally accessible.

5.4 Conclusions

The albedom eter works reasonably well in the field provided there is a large unobstructed area 

available. It can be used reliably for calculating the approxim ate albedo o f  a large surface, such 

as was carried out at the three site locations (St. Jam es Gate Brewery and Father Collins Park).
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It is a very sensitive instrument, but has proven to be problem atic in terms o f  its ability to 

measure the albedo o f  small specimens accurately. The results from the sensitivity tests 

performed indicate that there are a number o f  param eters which affect the albedo value. These 

include; the time o f day the reading is taken, the time o f  year, the location, the height o f  the 

instrument, the influence o f  cloud cover, and the ability to obtain a 170° unobstructed horizon. 

In addition, the lower sensor is not as sensitive when the field view is restricted as the rate o f 

change in albedo is not the same as when there is no restriction present. This would verify that 

the device cannot be calibrated so that it can be used on small concrete specimens, given that its 

presence results in the sensor becom ing much less sensitive.

An alternative means o f  measuring the light reflectance from the small concrete specimens was 

devised using a lux meter. A lux meter reading is not the same as an albedom eter reading as 

there is a restricted wavelength - the lux meter m easures across the visible range only. The lux 

meter cannot be used to take direct albedo readings, however, it enables the user to distinguish 

between the specimens containing different param eters such as GGBS content and surface 

finish. It provides consistent results which are repeatable and reliable. Unfortunately the lux 

meter cannot be used to measure the visible light reflectance o ff small surface areas without the 

use o f  a black box which excluded the surrounding light. The slab and the black box were tilted 

together, rotated and pointed in the direction o f  the sunlight, which would be impossible to do 

for a large surface area.
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6 P relim in ary  T esting

6.1 Introduction

There were three prelim inary tests carried out which will be discussed in detail in this chapter. 

These tests are as follows;

1. Physical tests on materials; aluminium, concrete and timber.

2. Test to determ ine the influence o f external am bient air tem perature on internal tem perature 

o f  concrete specim ens in the absence o f  other heat sources.

3. Test to determ ine the air tem perature distribution in the vicinity o f  a concrete slab 

com pared to the internal temperature.

The objective o f  the physical tests is to determ ine how different m aterials behave (in both their 

natural state and when they are painted on the surface), when they are subjected to a light 

source. This experim ent will aide in understanding how heat generated from light and is 

transferred through a material as both the top and bottom surface o f  test specim ens will be 

monitored.

The primary aim o f  the second test is to establish the relationship between the air temperature 

(on the roof where the slab specimens are located) and the concrete specimens, both during the 

day and at night time.

The final prelim inary test conducted involves m onitoring the tem perature o f  one slab both 

internally and externally on the surface at a num ber o f  locations. In addition to this, the 

tem perature o f  the air will be m easured at different heights with respect to the slab.

6.2 Physical test on materials: Aluminium, concrete and timber

As part o f  an extensive literature review, research was conducted into the physics o f  light and 

its interaction with m aterials (as described in Section 2.1), however, some fundamental 

questions rem ained unanswered. One particular question is as follows; if  two different 

m aterials, which are the same size, are both painted with the same colour paint and are 

subjected to a light source, is the dom inating factor for the tem perature change the parent 

material itself or is it as a result o f  the light’s reaction with the surface that has been painted. A 

physical test was devised to answer this key question. Three m aterials were chosen for this 

experim ent, namely alum inium , concrete and timber.
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6.2.1 Test configuration

A total o f  9 specimens were m anufactured for this experim ent; three solid alum inium  prisms 

(6061 aluminium alloy), three concrete prisms (using CEM 11 A -L) and three tim ber prisms (red 

deal timber), each 160x40x40mm in size for com parison purposes. For each o f  these three 

materials, one specimen was painted m att black, one matt white and the rem aining specimen 

left in its natural colour. In order to  m easure the tem perature o f the materials, therm ocouple 

wires would be fixed to both the top and bottom surfaces o f  each o f  the 9 specim ens so as to 

measure the temperature change as a result o f  heat being generated at the surface by a light 

source and transm itted through the material.

6.2.1.1 Calibration o f thermocouple wires

The therm ocouple wires were calibrated before being placed on the surface o f  the specim ens 

and the results are displayed in Table 6-1. The wires were placed in steam from a kettle at 

boiling point and the maximum tem perature was recorded using a data logger. The average 

temperature was 98.9°C with the coefficient o f  variation (CoV) calculated at 0.78%  which is 

satisfactory. This calibration procedure is important to ensure that the therm ocouple wires are 

accurately m easuring tem perature so that accurate and reliable com parisons can be made 

between the tem peratures recorded on each channel.

Table 6-1 C a l ib r a t io n  o f  th e r m o c o u p le  w i r e s  f o r  the  physics tes t  u s in g  s t e a m  o n  a lu m in iu m ,  c o n c re te  a n d
t im b e r

Channel no. Temp (°C) Channel no. Temp (°C)
1 99.9 12 98.6
2 99.8 13 97.9
3 98.4 14 98.9
4 99.0 15 98.0
5 99.5 16 98.7
6 99.6 17 97.9
7 98.7 18 98.4
8 99.4 19 98.9
9 97.9 Hl9 98.92

10 97.9 Ol9 0.776
11 98.0 CoV(%) 0.784

6.2.1.2 Placement o f thermocouples and painting o f the specimens

Once the therm ocouple wires were calibrated, the surfaces o f  each o f  the specim ens were 

cleaned to ensure no dirt was present before placing the therm ocouple wire on the surface. The 

thermocouple wires were fixed to the centre surface (ensuring the wire made good contact with
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the surface) using silicone (as this would not affect the tem perature reading and would provide 

a good adhesive bond with the surface o f  the specim ens). Following the placem ent o f  the 

therm ocouple wires top and bottom, the designated samples were then painted, each having two 

coats o f  paint applied to the surface. The 9 specim ens are displayed in Fig. 6-1, with three 

aluminium sam ples on the left, three concrete sam ples in the middle and three tim ber samples 

on the right as dem onstrated. The therm ocouple wires can be seen on each surface o f  the 

specimens and these are all connected to the data logger which is shown on the right in Fig. 6-1. 

The samples were fixed on tim ber supports and an additional therm ocouple wire was situated 

beside the test set up to measure the air tem perature o f  the laboratory.

Fig. 6-1 A lu m in iu m ,  c o n c rc te  a n d  t i m b e r  sp e c im e n s  w i th  d a ta  lo g g e r

6.2.1.3 Test procedure using heat lamp

The heat lamp (see Section 4.9 for the specification o f  this instrument) was configured to shine 

light evenly on three sam ples in one test. The lamp and test set up is displayed in Fig. 6-2. The 

lamp could not be used to test all 9 specim ens concurrently because there was a large range o f 

irradiation intensity across the spot light which the lamp produces. For consistency purposes, it 

is necessary to have equal intensity across all o f  the specim en’s surfaces so that the results are 

comparable. The contours o f  light across the specim ens were examined and were found to be 

broadly uniform (within 5% ) across all specimens once the testing area was reduced to three 

specimens. The average light intensity was measured across the spotlight prior to testing all 

specimens and was found to be approxim ately 380W/m^±20W/m^ as m easured using a 

pyranometer.

Three separate tests were conducted; one test per m aterial type. The specimens were propped on 

tim ber for two purposes;

I . This inclined the specim ens at an angle o f  approxim ately 50° so that their surfaces were 

parallel to the lens o f  the lamp in order to obtain optimum light intensity.
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2. The surface below the specimens did not affect the tem perature recorded on the underside 

o f  the specimens.

Once the test specimens were set up on the tim ber supports as per Fig. 6-2, the data logger was 

set up to record tem perature at one minute intervals. The heat lamp was then switched on (on 

the white light setting to produce all com ponents o f  visible light) and the specimens were left 

under the lamp for a period o f 2 hours. Thereafter, the lamp was switched o ff and the data 

logger continued to record the tem perature for a further 1.5 hours to m onitor the cooling rate o f  

the specimens. This method was repeated for the rem aining tw o tests with the lamp set up 

rem aining unaltered throughout testing.

I im oer specim ens
Pig. 6-2 l lca t  lamp (left) and test set up of th ree  samples at once with na tura l,  b lack  and white (right)

6.2.1.4 Thermal properties o f  aluminium, concrete and timber

Knowledge o f  the thermal properties o f  the three m aterials is necessary to aide in understanding 

the behaviour o f  the m aterials when subjected to heat. The mass, volum e and density o f  each 

material was acquired (specimen size: 160x40x40mm), which along w ith the published values o f 

specific heat, c, thermal conductivity (k) and em issivity (s) are displayed in Table 6-2.

The volumetric heat capacity (VHC) o f the three m aterials was calculated also (VHC = cp). The 

reader is referred to Section 2.1 for a detailed description o f these properties. The specific heat, 

c, o f  a material is the energy required to change the tem perature o f  that material by one degree 

Kelvin (or one degree Celsius). The VHC is a measure o f the am ount o f  heat a material can 

store. Thermal conductivity, k, is a m easure o f  the rate at which heat is transferred through a 

material. Emissivity, e, is defined as the ratio o f  the total radiation em itted divided by the total 

radiation that would be em itted by a blackbody at the same tem perature.
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Table  6-2 Physical and radia tive properties of  a lum inium , concrete  and t im b e r  (Wilson et al., 2007, Askeland
and Phule, 2006)

Material Mass
(kg)

Volume
(m ')

Density
(P)

c (J/kg.K) VHC =  op 
(MJ/m^K)

k £ 
(W/mK)

Aluminium 0.64 0.000256 2500 900 2.25 240 0.05

Concrete 0.57 0.000256 2226 840-1170 1.87-2.6 1.3 0.85

Timber 0.13 0,000256 508 1700 0.86 0.15 0.90

6.2.2 Results of physical test

6.2.2.1 Results o f  L* for aluminium, concrete and timber

The colour o f  the 9 specimens was measured first using a sphere spectrophotom eter (see 

Section 4.3 for specification o f  this instrument), where L* defines lightness, a* denotes the 

red/green value and b* the yellow /blue value. A colour m easurement in the +a* direction

depicts a shift towards red and -a *  towards green. A measurement in the +b* direction

represents a shift towards yellow, and -b *  towards blue. An L* value o f zero represents black 

or total absorption, and a value o f  100 represents white, or total reflection.

The objective o f  this test is to aide in understanding the tem perature changes which arise when 

the samples are subjected to a uniform light source. Each prism sample had three spot readings 

recorded, with each specimen having a low coefficient o f  variation that is, CoV (< 1.31 %). The 

average L* readings (|.i|..) are displayed in the chart in Fig. 6-3 and also highlighted in bold in 

Table 6-3. The standard deviation for the three L* readings (oi,*) are also displayed in Table 

6-3. The a* and b* values were also noted but are small and do not contribute to the

tem perature change o f  the m aterials and so will not be discussed further.

For the case o f  the natural specimens, that is those w hich were not painted, the order o f 

decreasing L* is as follows; aluminium (88.05), tim ber (80.08) and concrete (68.20). Once 

painted black, the three different materials have an average L* value o f approxim ately 25.70 

and are within 5.3% o f  one other. The average L* value o f  the three specimens painted white is 

approxim ately 94.21 and the results are within 0.4%  o f one another, in conclusion, if  a surface 

is painted black or white, the L* value recorded will essentially be the same when measured 

using a sphere spectrophotom eter, irrespective o f  w hether the material is aluminium, concrete 

or tim ber, not surprisingly.
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■ Aluminium ■ Concrete ■ Timber

--------------- ' ■. ■■ ■I ' .Ai.V

9 3 .8 1 9 4 .4 1 9 4 .4 1

Black Natural White
Material Colour

Fig. 6-3 Results o f L *  for aluminium, concrete and timber

I able 6-3 Results of L * , a * and b* for aluminium, concrete and timber specimens

Material Reading L* a* b*
Aluminium: natural 1 88.74 0.09 1.97 H l* 88.05

2 87.07 0.08 2.58 O f 0.870
3 88.33 0.2 2.26 CoV (%) 0.988

Aluminium: black 1 26.34 -0.02 -1.34 26.56
2 26.40 -0.04 -1.52 Ol* 0.330
3 26.94 0.04 -1.16 CoV {%) 1.244

Aluminium: white 1 93.39 -0.81 2.10 klL* 93.81
2 93.97 -0.84 1.76 0.364
3 94.06 -0.81 2.05 CoV (%) 0.388

Concrete: natural 1 68.38 -0.44 4.88 68.20
2 67.36 -0.36 5.25 O l * 0.770
3 68.87 -0.28 5.01 CoV (%) 1.129

Concrete: black 1 26.69 -0.02 -1.06 H l* 26.36
2 26.40 0.01 -0.85 O l - 0.346
3 26.00 -0.01 -0.92 CoV (%) 1.314

Concrete: white 1 94.72 -0.44 2.94 94.41
2 94.06 -0.49 1.90 0.332
3 94.45 -0.47 3.05 CoV (%) 0.351

Timber: natural 1 80.33 5.32 19.20 80.08
2 79.71 5.74 18.71 0.327
3 80.20 5.35 18.92 CoV (%) 0.408

Timber: black 1 24.20 0.08 -0.27 24.09
2 23.89 0.06 -0.35 o l * 0.176
3 24.19 0.09 -0.21 CoV (%) 0.731

Timber: white 1 94.33 -0.37 2.44 94.41
2 94.36 -0.43 2.79 O l * 0.119
3 94.55 -0.45 2.89 CoV (%) 0.126

172



6.2.2.2 Results o f  temperature change fo r  each material type; aluminium, concrete and 

timber

The data recorded for aluminium, concrete and tim ber are plotted in this section, with three 

different colour surfaces included, namely natural, black and white. The scale on the y-axis 

represents the tem perature change from that o f  the ambient air tem perature. This was calculated 

by subtracting the air temperature at that time from each data point. The ‘T ’ descriptor denotes 

the top surface temperature (this therm ocouple is fully exposed to the light) and ‘B ’ denotes the 

bottom, or underside tem perature o f  the sample which is not in direct light.

The tem perature change for alum inium  is displayed in Fig. 6-4. The sample which is painted 

black increases in temperature at a higher rate, with the underside o f  the sam ple increasing at 

the same rate. This would suggest that aluminium is a highly conductive material. The thermal 

conductivity value, k, o f  aluminium is high at 240W /mK which would explain the very small 

tem perature difference between the top and bottom surface o f  the sample. The sample absorbs 

the light on the top surface and, as it is a highly conductive material, the subsequent heat 

generated is conducted through the material very quickly and it is also dissipated from the 

material in every direction. The specimen painted black is significantly higher in temperature 

than the natural specimen, by approxim ately 4°C.

There is approxim ately a l°C  difference in temperature between the natural sample and the 

sample which is painted white. The difference in L* values would account for the small 

tem perature difference between the natural coloured specimen and the specimen which was 

painted white. In other words, as the natural colour o f  aluminium is closer to the white 

specimen than to black, there is little difference in their tem peratures. The L* value for the 

natural specim en is approxim ately 88.1 and the L* for the sample painted white is 

approxim ately 93.8. As aluminium has a high L* value in its natural state, painting the surface 

white only increases its value very slightly.

As soon as the lamp is switched off, after approxim ately 2 hours, the natural and white 

specim ens decrease in tem perature at the same rate, however, the sample painted black loses 

heat more quickly. There are two reasons for this, as the tem perature obtained by the black 

specimen is higher, it naturally gives o ff heat quickly due to a higher tem perature differential 

with the air and also as it is black in colour, it is naturally more radiative. It can also be 

observed that when the lamp was switched on, there was a m easurable difference between the 

top and bottom surface o f  each o f  the specimens. However, as soon as the light is switched off, 

the tem peratures at the top and bottom are almost identical, suggesting that the material is very 

conductive as heat is transferred rapidly across the material.
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Fig. 6-4 I'imc vs. temperature for aluminium specimens under heat lamp ( I ) J a n u a r y  2013)

The temperature change in the three concrete specimens is displayed in Fig. 6-5. These samples 

experience a higher change in temperature than that o f aluminium due to concrete having a 

particularly high VHC (see Table 6-2). The black sample reaches a peak o f approximately 13°C 

on the top surface and 11°C on the underside. As concrete has a low thermal conductivity value 

(1.3W/mK), this temperature difference is expected as concrete is less conductive than 

aluminium. The natural coloured specimen has a peak top surface temperature o f approximately 

9.4°C and a bottom peak surface temperature o f 8°C. The peak temperature o f the white sample 

is approximately 7.3°C on the top and 6.2°C on the bottom. A more discernable distribution in 

temperature between the samples is observed in the concrete when compared with those o f 

aluminium. The corresponding L* values for natural, black and white are 68.2, 26.36 and 94.41 

as outlined in Fig. 6-5. This would explain the distribution in temperature as there is a better 

distribution between the L * values o f the specimens.

There is radiative heat being generated on the surface due to the light source and this heat is 

transmitted through to the bottom o f the specimen through thermal conductivity. As concrete is 

somewhat insulative, as soon as light switched o ff  after 2 hours, the heat on the top surface 

dissipates upwards very quickly (in particular for the black specimen due to its colour).

L=26.56 (black)

L=88.05 (natural)

L=93.81 (white)
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therefore, there is a sudden change in tem perature. The tem perature reduces until it reaches the 

am bient tem perature o f  the specim en itself. The tem perature o f  the 3 specim ens decreases 

gradually as heat is lost from both top and bottom surfaces, a characteristic o f  concrete’s well 

known thermal mass.

 C oncrete natural T C oncrete natural B  C oncrete black T
Concrete black B C oncrete w h ite  T C oncrete w h ite  B

14

L=26.36 (black)
12

10
L=68.2 (natural)

8
L=94.41 (white)

? 6

4

2

0
0 0.5 1.0 1.5 2.0 2.5 3.0

Time e lapsed  (hours)

Fig. 6-5 Time vs. t em p era tu re  for concrete  specimens u n d e r  heat lamp (lO"' J a n u a ry  2013)

The results o f  the test conducted on three tim ber specimens are outlined in Fig. 6-6. For this 

m aterial, the first observation to note is that timber reaches its peak tem perature quickly before 

reaching a plateau. The top surface o f  the black specim en reaches a peak tem perature o f 

approxim ately 20°C above ambient, with the bottom surface reaching only 8°C. This would 

suggest that tim ber is a good insulator, with a low thermal conductivity value o f  0.15W /mK to 

confirm  this. Therefore, as tim ber is a good insulator, the heat generated at the top surface 

rem ains at the top surface, and this would explain why the tem perature reaches a plateau very 

quickly. The top surface o f  the natural sample reaches a peak o f approxim ately 10.5°C and the 

bottom surface 5°C. This tem perature difference between the top surface o f the black sample 

and natural sample o f  almost 10°C is very significant and quite different to the aluminium and 

concrete. The white specimen is only slightly lower in tem perature than that o f  the natural 

coloured specimen, having a top surface tem perature o f  10°C and a bottom tem perature o f
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approximately 6°C. The corresponding L* values o f  natural, black and white tim ber are 80.08, 

24.09 and 94.41 are shown in Fig. 6-6. The large change in tem perature between the black 

specimen and natural or white specim en is prim arily explained by the large difference in L* 

value o f approxim ately 55.

There is heat being generated on the top surface o f  the specimens due to the light source and 

when the light is switched o ff  after approxim ately 2 hours, there is a rapid decrease in the top 

surface tem perature o f  all three specim ens due to the tim ber being a very good insulator. There 

is less heat going downwards, therefore, when light is switched off, the heat at the surface 

primarily dissipates upwards. This contrasts with the aluminium samples as shown in Fig. 6-4 

where there is no sudden drop in tem perature when the light is switched o ff due to alum inium  

being highly conductive, therefore, the heat is uniform throughout its depth.

 T im b e r n a tu r a l  T T im b e r n a tu r a l  B  T im b er  black T

T im b er  black B T im b er  w h i t e  T T im b er  w h i t e  B
25

20
L=24.09 (black)

15
L=80.08 (natural)

L=94.41 (w hite)

10

5

0
0 0.5 1.0 1.5 2.0 2.5 3.0

Time elapsed (hours)

Fig. 6-6 Time vs. t em p era tu re  for t im ber  specimens un d e r  heat lamp (H"" Ja n u a ry  2013)

6.2.2.3 Results o f temperature change for each colour; natural, black and white 

The tem perature change data for the three specim ens with no paint on the surface i.e. natural 

colour, is re-displayed in Fig. 6-7. The tim ber specimen demonstrates an interesting result 

because it reaches the highest top surface tem perature (10.5°C) and also at the fastest rate. The
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corresponding bottom surface has the lowest temperature (5°C). This is due to timber being a 

very good insulator as heat generated at the top surface is not conducted downwards and so the 

temperature increases on the surface. The concrete specimen increases in temperature at a 

steady rate, and as concrete is neither a good conductor nor a good insulator, there is a 

difference in temperature between the top and bottom surface o f approximately 1.5°C. The 

sample continues to increase in temperature as it has quite a high VHC o f approximately 1.87- 

2.6 MJ/m^K, compared with timber which has a value o f 0.86MJ/m’ K. Aluminium remains the 

lowest in temperature as is a very good conductor, therefore, the heat is transferred through the 

depth o f the material very quickly and it is also dissipated from the material in every direction. 

The maximum temperature reached by the specimens is also due to their emissivity values, with 

timber having the highest emissivity (0.90) which is similar to concrete (0.85), and aluminium 

the lowest (0.05).

Aluminium  natural T Alum inium natural B ---------Concrete natural T

Concrete natural B T im ber natural T T im ber natural B
12

Concrete (natural)

8
u

Aluminium (natural)OJ

3
H 6
0>
Q.
Ea>
I-

4

2

0

0 1.0 2.0 2.5 3.00.5 1.5

Time elapsed (hours)

Fig. 6-7 Time (over 3.5 hour period) vs. temperature for aluminium, concrete and tim ber specimens 
under heat lamp with no paint (Januar>' 2013)

In conclusion, the maximum temperature in the natural specimens is primarily due to the colour 

and conductance or dissipation o f heat. Furthermore, an insulation effect is very evident, 

particularly for the timber specimen. When the light source is switched off, it is clear that the
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specimens lose heat at different rates. The tim ber specimen drops suddenly as it is a very good 

insulator and once the heat at the top surface is given off, the tem perature ju s t below the surface 

will be cooler. This results in top surface tem peratures reducing rapidly to match that o f  the 

bottom surface. In contrast to this, the aluminium has a very slow rate o f  cooling as the 

tem perature is uniform throughout the depth o f  the material due to its high thermal 

conductivity. The rate o f  cooling for the concrete specim en is in between that o f  tim ber and 

aluminium, which is due to heat dissipating downwards as well as upwards.

The colour o f  the three different m aterials, when painted black, is virtually the same when 

measured with the sphere spectrophotom eter (L*~ 24-26) as expected. The tem perature gain 

which was m easured by the therm ocouple wire, however, was different although the top 

surfaces are all exposed to very sim ilar heat loads (see Fig. 6-8). By painting the specim ens 

black, it appears to make a difference with regards to the peak temperature obtained by the 

material. The tim ber specimen remains the highest in tem perature, however, it has increased 

significantly to 20°C. It also reaches a plateau as there is a limited amount o f  energy com ing in 

from the light source, therefore, it heats up very quickly and reaches an equilibrium . As the 

material is dissipating little heat downwards, the tem perature reaches a peak very quickly on the 

surface. The bottom surface o f  the specimen has only increased marginally.

The concrete sample has increased by approxim ately 3°C from its natural state, as has the 

aluminium sample. This result would confirm  that by painting the surface o f  a m aterial black, 

the paint will heat up and as a consequence the material underneath will also heat up as heat is 

transferred by conduction between the paint and the material. The temperature gain is also due 

to the thermal properties o f  the material itself particularly the thermal conductivity, w here heat 

is dissipated downwards in the more conductive materials, thus keeping the surface cooler.

Once the light source is switched off, the tim ber sample loses its heat almost immediately, 

while the concrete and aluminium retain heat and cool at a much slower rate. This is due to the 

difference in radiative properties between the three different materials, with tim ber having the 

lowest VHC o f  0.86MJ/m^K (see Table 6-2 for the full set o f  radiative properties), therefore, 

tim ber does not have much ability to store heat. It can also be observed that the most conductive 

material (alum inium ) is the slowest to return to equilibrium , due to it having a relatively high 

VHC (2.25 MJ/m^K). In conclusion, the black paint and the nature o f  the material below it, both 

contribute to the tem perature gain o f  the m aterial. The temperature difference between the top 

and the bottom surface o f  each o f the m aterials indicates the conductive ability o f  the material.
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Fig. 6-8 Time (over 3.5 hour period) vs. temperature for aluminium, concrete and timber specimen.s 
under heat lamp with black paint on the surface (January 2013)

A similar overall result is observed for the prism samples which have been painted white (see 

Fig. 6-9). The spectrophotometer recorded an approximate L* value o f 94 for all 3 samples. The 

temperature o f the specimens, when compared to the natural specimens, shows that there is a 

small reduction in temperature as a result o f the white paint, therefore, it is true to say that there 

is relationship between L* and the peak temperature, however, this particular behaviour 

depends on the material’ s conductance and not the surface colour (as they are all white). The 

timber sample has not changed in temperature from its natural state, however, the concrete 

sample is approximately 2°C lower and aluminium is l°C  lower. This result would suggest that 

by painting the materials white, there is only a small reduction in the temperature o f the 

material as compared to its natural surface colour, given all three materials are naturally on the 

white end o f the greyness spectrum. It can also be noted that there is virtually no difference in 

temperature between the top and bottom surface o f concrete as the generation o f heat on the top 

surface is slower due to the greater reflectance o f the white surface.

The plot also shows concrete behaving very similarly to aluminium more so than timber, even 

though, the k value o f concrete is closer to timber than it is to aluminium. This would suggest
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that although thermal conductivity o f a material is relevant, the VHC value is equally as 

important in terms o f the heat that is retained in the material. As timber has a low k value 

(0.85W/mK), illustrating that the heat is confined to the top surface, the temperature drops very 

quickly when the heat source is removed. However, the VHC value is equally important as the 

ability to retain and store heat is better for concrete and aluminium due to their higher density 

(see Table 6-2 for material properties).

When the light is switched off, it was evident that the top surface o f the specimens dropped 

below that o f the bottom surface. This may be explained by the possibility o f a small 

microclimate being created under the specimens upon cooling where the heat is being dissipated 

downwards, therefore, slightly increasing the temperature o f the bottom surface.

Aluminium  w hite  T Alum inium  w hite  B  Concrete w h ite  T
Concrete w h ite  B T im ber w hite  T T im ber w hite  B

Timber (white)

Concrete (white)

_  8 u
Aluminium (white)

3.00.5 1.0 2.0 2.50 1.5

Time elapsed (hours)

Fig. 6-9 Tim e (over 3,5 hour period) vs. temperature for aluminium, concrete and timber specimens 
under heat lamp with white paint on the surface (January' 2013)

A summary o f all results for this test are outlined in Table 6-4 including L* and peak 

temperature values on the top surface for the 9 specimens. By changing the natural surface to 

black or white, the percentage increase or decrease in L* and peak temperature were also 

calculated. There is a relationship between L* and the peak temperature, however, this 

behaviour is heavily influenced by the material’ s conductance and the surface colour. It is also 

evident that painting the surface o f the material black has a far greater effect on the colour and
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surface tem perature than painting the surface white, as the specimens are originally more white 

in colour than black. The results indicate that where there is an increase in L* value, there is a 

corresponding decrease in peak tem perature and vice versa. The data in Table 6-4 dem onstrates 

that there is a clear and consistent relationship between the change in surface colour (L*) and 

the corresponding peak temperature. The concrete specimen, for example, experiences the 

greatest reduction in peak tem perature by painting the surface white (22.3% ), and this 

corresponds directly with the highest increase in L* value.

In conclusion, it is a combination o f  the surface colour and the m aterials’ radiative properties 

which affect the resulting tem perature changes. For exam ple, in Fig. 6-9 the specim ens are all 

the same colour (white), but the difference between the tem perature is due to the different 

conductive and insulative properties o f  the individual materials. When the light is switched off, 

the heat in the tim ber specimens has been confined to the surface and heat dissipates from the 

surface very quickly. As a consequence, the top surface tem perature decreases to match the 

tem perature below the specimen. It is also evident that the aluminium specimen, which is the 

most conductive, is the slowest to return to equilibrium  and this is due to the temperature 

rem aining constant throughout the depth, in addition to having a relatively high VHC (2.25 

MJ/m^K) in comparison to concrete or timber.

Tabic  6-4 Sum m ary  table of  results of  physics test dem ons tra t ing  change in absolute L* and change in 
peak tem pera tu re  (on the top surface) from the na tura l  specimens

L* Peak Surface colour Change in L* Change in peak

temp. change from natural temp, from natural

(°C) (%) (°C) (%)

Alum inium 88.05 7.90

(white) 93.81 6.90 Natural to white +6.5 -12.6

(black) 26.56 11.6 Natural to black -69.8 +46.8

Concrete 68.20 9.40

(white) 94.41 7.30 Natural to white +38.4 -22.3

(black) 26.56 13.2 Natural to black -61.0 +40.4

Tim ber 80.08 10.3

(white) 94.41 10.0 Natural to white + 18.0 -2.9

(black) 24.09 20.0 Natural to black -70.0 +94.2

Similarly, a summary table o f  the results is presented in Table 6-5 dem onstrating the difference 

in peak tem perature between the top and bottom surface o f  the specimens. The thermal 

conductivity (k) is also displayed here. In general, as the aluminium specim ens have a high k
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value, the tem perature difference between the top and bottom surface is minimal (0-0.5°C) as it 

is a highly conductive material. On the other extreme, tim ber has a very low k value, therefore 

the tem perature range between the top and bottom surface is between 4.3-12.8°C as tim ber is a 

good insulator. The VHC value is better for concrete and alum inium  due to their higher density 

which is the reason why concrete behaves more like alum inium  than timber, despite concrete 

and tim ber having closer k values (see Table 6-2 for material properties).

Tabic 6-5 Su m m ary  tabic o f  results o f  physics test dem ons tra t ing  the difference in peak  tem pera tu re  
between the top and  bottom surfaces o f  the specimens

L* Peak Peak Thermal Difference in peak

temp. temp. (°C) conductivity temp, between top

(°C) (Bottom) (W /m K) and bottom (°C)

(Top)

Aluminium 88.05 7.90 7.40 240 0.50

(white) 93.81 6.90 6.90 240 0.00

(black) 26.56 11.6 11.1 240 0.50

Concrete 68.20 9.40 8.20 1.30 1.20

(white) 94.41 7.30 6.40 1.30 0.90

(black) 26.56 13.2 10.8 1.30 2.40

Timber 80.08 10.3 4.51 0.15 5.79

(white) 94.41 10.0 5.70 0.15 4.30

(black) 24.09 20.0 7.20 0.15 12.8

By measuring the spectral output from both the lamp used to heat the specim ens and the sphere 

spectrophotom eter to measure L* values, the results outline that both devices produce light 

predominately in the visible range o f  the spectrum , but more importantly there is very little 

infrared present. The information from both o f  these instrum ents is displayed in Fig. 6-10 with 

the Follow 1200 Pro lamp represented by the green line and the sphere spectrophotom eter by 

the blue line. The contribution from infrared and ultraviolet is negligible for both devices. The 

direct global irradiation on the earth’s surface is also displayed illustrating light across the three 

wavelengths for comparison purposes (ASTM , 2012).

The spectral irradiance from the direct global radiation is m easured in W/mVnm, however, the 

two instruments have a level o f  intensity m easured in arbitrary units (a.u). The m easurement 

from the spectrom eter is a photon count reading and not an intensity as such, as it m easures the 

number o f  photons produced by the lamp. It is a relative wavelength measurement and not a 

m easurement o f  intensity. Arbitrary units are often used in spectroscopy to express spectral
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intensity, iiowever, a com parison may be made betw een the intensity o f  the two instruments, as 

m easured by the spectrometer. The wavelength (nm ) is the factor o f  particular importance as it 

displays the distribution o f light across the spectrum . The purpose o f  the plot in Fig. 6-10 is to 

dem onstrate that the two instruments produce light predom inately in the visible range, when 

com pared with the global radiation. Despite this fact, the Follow 1200 pro lamp produces ample 

am ounts o f  light necessary in order to heat the sam ples and consequently detect the fundamental 

differences in the thermal properties between each o f  them.

 Follow 1200 Pro  Spectrophotometer  ASTM G173-03 AM1.5
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Fig. 6-10 Spcctral inform ation from  Follow 1200 pro  lam p (green), sphere  spectrophotom etc-r (blue) 
and d irec t global rad ia tion  fo r a ir  m ass 1.5 (ASTM , 2012)

6,2.3 Conclusions

6.2.3.1 Temperature change for each material

• The data demonstrated that aluminium is a highly conductive m aterial, with heat being 

transferred from the top surface to the bottom surface very quickly. The k value o f  

alum inium  is 240W /mK which explains the very sm all temperature difference between 

the top and bottom surface o f the sample.

• Painting aluminium black greatly increases the tem perature o f the specimen and reduces 

the L* value from 88 to 26, however, painting the specimen white does not have a
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significant influence in the tem perature as the colour was originally relatively light to 

start with. It was observed that when aluminium is painted black, it loses heat more 

quickly once the light source is removed. This is as a result o f  the peak tem perature being 

higher, therefore, it naturally gives o ffb e a t quickly and also as it is black in colour, it is 

naturally more radiative.

The concrete specimen is slow er to transfer heat through the depth o f  the material, 

therefore, it is a less conductive material than aluminium. It is clear from the data 

obtained that the peak tem perature o f  concrete is not as high as aluminium and the heat is 

transm itted downwards, with a clear tem perature difference betw een the top and bottom 

surface. However, the tem perature o f  aluminium is broadly uniform throughout the depth 

as the heat is transferred quickly through the material.

By painting concrete white (L=94.4), there is little difference in the tem perature as the 

concrete was close to the white sample to start with, however, painting the concrete black 

has a strong influence on the tem perature due to the lower reflectance from the black 

surface and also since the colour o f  the black surface (L=26.4) is further away in terms o f 

colour from the parent natural material (L=68.2). The heat is generated on the surface o f 

the material by virtue o f  the colour, and the colour is im portant in term s o f  the light 

reflected or absorbed. Once this heat is generated, whether or not it is emitted out into the 

atm osphere or whether it is conducted down through the material depends on the 

properties o f  the material.

The results from the tim ber specimen show that it is a good insulator and that there is 

only a small am ount o f  heat being transferred through the material. The surface o f the 

material heats up considerably as the material does not permit the heat to travel down 

through its depth, therefore, the heat is mostly dissipated upwards from the top surface. 

Timber reaches its peak tem perature and plateaus very quickly (within approximately 30 

minutes) as there is a certain am ount o f  energy com ing in from the light source, therefore, 

it heats up very quickly and reaches an equilibrium. As the material is not dissipating 

much heat downwards, the tem perature reaches a peak very quickly on the surface.

'.3.2 Temperature change for each colour

The plot o f  the three natural specim ens shows the true properties o f  the materials. Timber 

is a good insulator and reaches the highest tem perature with an L* o f  80. The poor 

conductivity o f  tim ber is confirm ed by the result when the bottom surface o f  the 

specimen has a very low tem perature. Concrete heats up at a slower rate than aluminium 

and has an L* value o f  68. If the heat source had been left on another hour, it is possible



that the tem perature o f  concrete would have surpassed that o f  tim ber as the L* value for 

concrete is lower than that o f  timber. A lum inium  rem ains the lowest in tem perature o f  all 

three specimens due its low em issivity value (0.05), with concrete and tim ber being 

significantly better em itters o f  radiation, having em issivity values o f  0.85 and 0.90 

respectively.

•  All o f  the materials have almost identical L* values when painted black (24-26) or white 

(94). However, despite the L* values and the heat input from the lamp rem aining the 

same, there is still tem perature differences between the different specimens which is clear 

from the results. This is due to the nature o f  the material e.g. w hether or not the material 

conducts heat downwards. For example, aluminium is a very good conductor , therefore, 

the tem perature is constant throughout the depth. On the other hand, tim ber is a very 

good insulator, therefore, the heat cannot easily transm it down through the material, and 

this results in the surface tem perature reaching a plateau very quickly and dissipating the 

heat upwards, with a large tem perature difference existing between the top and bottom 

surface o f  the material.

•  Tim ber increases significantly in tem perature when painted black and this heats the near­

surface o f  the tim ber only. This is evident from the results, where it is clear that when the 

heat is switched off, the material cools down extremely quickly until the top surface 

tem perature is m ore or less the same as the bottom surface tem perature. This would 

imply that the m aterial has not transmitted the heat throughout its depth and that the heat 

rem ained at the surface only. On the other hand, concrete and aluminium are significantly 

lower in tem perature and this would confirm their superior conductive properties as they 

allow the heat to transm it through the depth o f the material.

6.3 M onitoring the correlation between air tem perature and the 

tem perature o f  concrete

6.3.1 Test to determine the influence of external air temperature on internal 

temperature of the concrete specimens in the absence of other heat sources

6.3.1.1 Introduction

The following is a summary o f  results from a test carried out in December 2011, with the aim of 

determ ining the influence o f  the external am bient air tem perature on the internal tem perature in 

the concrete specimens. The concrete samples used in this test were m anufactured using 

partially crushed limestone aggregate both with screed and brush surface finishes. The GGBS 

contents o f  the slabs were 0%, 30%, 50% and 70%. Each concrete specimen on one board,
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containing a total o f  16 slabs, has a therm ocouple located at the centre o f  the plan o f  the slab at 

a depth o f 20mm from the top surface w hich was placed prior to the concrete being cast. An 

additional therm ocouple was situated in the centre o f  this board and was fixed to a stand, which 

was above the level o f  the specim ens and m easured the am bient air temperature. All 

therm ocouple wires were connected to a data logger to record the natural tem perature change in 

the specimens as well as the air tem perature. The objectives o f  this test were as follows;

1. To establish the influence o f  air tem perature with respect to changes in the tem perature o f  

the interior o f  the concrete slabs

2. To identify the behaviour o f  the am bient air tem perature over time

6.3.1.2 Results and observations

The results for the screed and brush finish specimens are displayed in Fig. 6-11 and Fig. 6-12. 

The variations o f  the tem peratures for the screed finish slabs ranging from 0% to 70% GGBS 

with the external air tem perature readings are observed in Fig. 6-11. The sun was not shining 

for the duration o f  this test, therefore, elim inating the influence o f  the sunshine on the 

tem perature. The slabs begin to increase slowly in temperature at the start o f  Day 1 to a 

maximum tem perature o f  IO°C at approxim ately 11am, with the external air temperature 

reaching a peak o f  approxim ately 11°C approxim ately one hour earlier. The chart indicates that 

the rate o f  change o f  tem perature in both m edia is approxim ately the same, however, there is a 

lag in the temperature gain in the concrete. This is due to the thermal mass o f  the concrete, 

which regulates the heat observed inside the slab. Accordingly it takes the external heat longer 

to induce a tem perature change at a depth o f  20mm into the concrete (where the therm ocouple 

wire is located). In the' afternoon there is a sudden drop in the am bient air tem perature which 

may be due to the passing o f  a cold front, for exam ple, and this produces a corresponding drop 

in the tem perature o f  the specim ens, however, the drop o ff in tem perature occurs approxim ately 

40 minutes after the ambient air tem perature drops off.

As these results were recorded in December, the tem peratures reached were not substantial 

enough to observe a difference between the peak internal tem peratures o f  the slabs com prising 

different GGBS contents. However, there are small differences in tem perature due to different 

GGBS contents, and this could be attributed to thermal conductivity changes or different 

emissivity values, or possibly as a result o f  different changes in the surface colour i.e. the 

thermal properties o f  concrete with GGBS may be slightly different to that o f  Portland cement. 

As the specimens cool down in the evening, the air tem perature and tem perature o f  the slabs 

remain in close proximity until about 18:00 such that at midnight, the air tem perature rem ains at
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a temperature o f  2°C, and the slab has decreased further to between 0°C and -1°C. This is a 

significant difference (o f  approximately 3°C) between the air tem perature and tem perature o f  

the specimens.

On the second day, the slab specimens slowly increases in tem perature in the m orning and 

reaches a peak o f  4°C around midday. The air tem perature is marginally higher at this point at 

approximately 5°C, w ith evidence o f  a lag occurring between the air tem perature and the 

tem perature o f  the concrete slabs. There is a noticeable difference between the tem perature o f  

the slabs on this day, w ith 0% and 30% recording a discernibly higher tem perature than 50% 

and 70%. This is resulting from the greater light reflectance from the brighter surface o f  the 

specimens containing a higher concentration o f  GGBS. Similarly, on this day the slabs cool 

down at night time reaching a minimum tem perature o f  -2°C and the air tem perature is 

approxim ately 1°C, a difference once more o f  3°C at night time. This reoccurring trend is due 

to a phenom enon known as a radiation inversion (described in Section 2.3.3), whereby the 

surface tem perature falls because the land cools by em itting thermal infrared radiation. The 

strength o f  a radiation inversion is maximized during long calm cloud free nights where the air 

is dry. This results in the surface (and hence internal tem peratures o f  an object) falling below 

that o f  the surrounding air temperature at night-time, it can also be noted that there is no lag in 

tem perature at night tim e between the air and the concrete as they have reached an equilibrium 

temperature.

Screed 0%  Screed 30% Screed 50%  Screed 70% External

a

Time

Fig. 6-11 1 imc vs. tem p era tu re  for a screed flnish slabs (0-70%  GCBS) and external a i r  tem p era tu re
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Similar observations to those made for the screed finish slabs are recorded in the brush finished 

specimens also in Fig. 6-12. The trend in the patterns o f  the lag periods is consistent with the 

screed finish (Fig. 6-11) which would confirm that the surface finish does not affect the 

resulting outcome. It may be observed once again that as soon as the air tem perature decreases 

relatively quickly due to for exam ple the passing o f  a cold front, the concrete loses its heat 

relatively quickly and therefore the tem perature o f  the air is almost the same as the tem perature 

o f  the concrete.

Brush 0% Brush 30% • Brush 50% Brush 70% External
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Fig. 6-12 Time vs. t em p era tu re  fo r  a brush  finish slab (0-70%  GGBS) and external a i r  t em pera tu re

6.3.1.3 Conclusions

• The external air tem perature is consistently higher than the tem perature o f  the slabs by 

between 2 and 3°C at night-time due to a radiation inversion.

•  The internal tem perature o f  the slabs lags behind the air tem perature when the concrete is 

increasing in tem perature. This outcome is due to the low thermal conductivity value o f  

concrete i.e. it takes time for a change in the ambient air tem perature to influence the 

tem perature in the concrete at a depth o f  20mm below the surface, and this is dependant 

on the thermal conductivity.

•  There is no significant difference in the tem perature o f  the slabs containing different 

levels o f  GGBS as the test was carried out when there was no sunshine on this particular
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day. The effect o f  GGBS concentration on the tem perature change within the specimens 

will be discussed in detail in Section 7.6.

•  There are identical trends present for both the screed and the brush surface finish w hich 

would suggest that the behaviour o f  the air tem perature with the tem perature o f  the 

specim ens is entirely independent o f  the surface finish type.

6.3.2 Test to determ ine the air temperature distribution in the vicinity o f a slab 

compared to the internal temperature

6.3.2.1 Introduction

This was an independent test which took place in February 2012 in order to further explain slab 

behaviour arising from the test outlined in Section 6.3.1. The purpose o f  this test was to monitor 

the variation in the surrounding air tem perature as well as that o f  the slabs. The sunshine 

intensity is also recorded to study its effect on the air tem perature change. The screed finish 

specim ens which were utilised in the previous externa! air tem perature m easurement test were 

used in this experim ent.

The objectives o f  the experim ent are as follows;

1. To m onitor the tem perature o f  a slab both internally and externally on the surface at a 

number o f  locations.

2. To m onitor the tem perature o f  the air at different heights with respect to the slab, in order 

to assess how the local air temperature behaves.

6.3.2.2 Test configuration

The experim ent involved the use o f  seven therm ocouple wires which were set up as per the 

layout in Fig. 6-13 to record tem perature changes o f  the air and slab over a period o f 2 days. 

The slab chosen for this setup had a screed finish with 50% GGBS. One therm ocouple was 

placed on the top centre o f  the slab (No. 1), one was previously cast inside the slab 20mm from 

the top surface (No. 2) and one was placed beneath the slab in the centre (No. 3). A 

therm ocouple was also placed on the side o f  the slab at mid-depth (No. 4). Three therm ocouples 

were set up beside the specim en to measure air tem perature on a therm ocouple stand (fabricated 

from concrete cubes), which the therm ocouple wires were fixed onto using tape. One was 

placed at a height o f  120mm above ground to monitor the am bient air tem perature (No. 5), one 

at a height o f 60mm w hich is the level o f the top o f  the slab (No. 6) and one at the ground level 

(No. 7) located just above the roof, without making contact with the surface. The therm ocouple
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wires were protruding out from the surface o f the cube by approximately 30mm, ensuring the 

measurement o f the air temperature and not the temperature o f the concrete cubes.

Thermocouple

st3nd

Concrete
slab

300 mm

Fig. 6-13 Thermocouple configuration for test on roof to measure a ir temperature, internal and 
external temperature of a concrete slab, with thermocouple locations numbered 1-7

6.3.2.3 Results and observations

The results for air temperature variation are displayed in Fig. 6-14 and these are plotted with the 

sunshine intensity superimposed on the chart. This plot focuses on the change in air temperature 

as a result o f the change in level o f direct irradiance (W/m^) and the natural change in the 

ambient temperature over a period o f 2 days. It is evident from the graph that the sunshine 

intensity ranges from a low peak value on Day 1 to a high peak reading on Day 2. On Day 1 o f 

the test, an initial air temperature o f approximately 11 °C is recorded, which then increases to a 

peak o f I5°C. A low intensity o f sunshine is also observed (<IOOW/m^), significantly below the 

threshold value o f l20W/m^ indicating that cloudy conditions were noted on this day. This 

would suggest that the increase in air temperature at the three different heights occurs due to the 

natural increase in the air temperature throughout the day. The thermocouple at a height o f 0mm 

(No. 7) experiences the highest temperature due to its close proximity to the black roof. As the 

incoming solar radiation, albeit low, is absorbed by the black roof, it is reemitted as heat, 

therefore warming the near-surface air temperature, resulting in a marginally higher air 

temperature reading. On both days, the highest air temperature is the surface temperature at a 

height o f 0mm, and the temperature at 60mm (No. 6) and 120mm (No. 5) are very close 

together. It is also important to note that there is only a very slight lag in temperature as the 

sudden change in air temperature is a direct consequence o f the change in sunshine intensity.
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The results from Day 2 in Fig. 6-14 demonstrate the effect o f  sunshine intensity on the resulting 

air tem perature. The data from Day 2 can be seen more clearly in Fig. 6-15 where there is a 

large increase in the level o f  sunshine intensity, reaching a maximum o f  850W/m^ which 

indicates that the sky was clear and it was sunny on this day. The peaks in the tem perature o f 

the air correspond directly to the peaks in sunshine intensity w ith a slight lag. The increase in 

sunshine intensity gives rise to a change in the air tem perature from 11°C to a maximum peak 

o f  20°C at approxim ately 1.30pm. Although the tem perature o f  the air would naturally increase 

as a result o f  the am bient tem perature (see Fig. 6-14), it has increased significantly as a result o f 

the presence o f  direct sunshine.
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Fig. 6-14 A ir  tem p e ra tu re  at three different heights vs. sunshine intensity over two days

There is a clear differentiation in the peak tem perature o f  the air; for example, the maximum 

peak occurring at approxim ately 13:30, shows the air tem perature close to the roof (No. 7) was 

recorded at 20°C, while the thermocouple at a height o f  60mm (No. 6) and 120mm (No. 5) 

recorded lower tem peratures o f  18°C and 17°C respectively. The large increase in temperature 

experienced by therm ocouple No. 7 is due to the heat radiating o ff the black roof. When the 

sunshine is incident on the black roof, it absorbs the sun’s energy and heats up as a 

consequence. This heat is dissipated from the surface due to the high thermal em ittance o f  the 

ro o f As therm ocouple No. 5 and No. 6 are further away from the radiating source, they 

consequently experience a lower tem perature as expected. It is also important to note that the
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last peak in tem perature at approxim ately 16:30 recorded a sunshine intensity o f  approxim ately 

700W/m^, however, the corresponding air tem perature is significantly lower than previously, at 

15°C. This is due to a noticeable drop in the am bient air temperature at this tim e o f  the day, 

resulting in an overall reduction in the air tem perature recorded.
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Fig. 6-15 A i r  t e m p e r a t u r e  a t  th r e e  d i f fe r e n t  he igh ts  vs. su n s h in e  in tens i ty  (Day 2)

In conclusion, the presence o f  sunshine has a significant influence on the tem perature o f  the air, 

however, this is dependant on the location o f  the air tem perature being recorded. The black roof 

contributes significantly to the results, as it heats up considerably when it is exposed to direct 

sunshine. This heat is emitted from the black surface (having a high em issivity value) which 

directly affects the air above the surface as expected, with the therm ocouple close to the heat 

source recording the highest temperature. The data would also suggest that the am bient air 

tem perature is important, in addition to the presence o f  sunshine intensity, as they both 

contribute to the resulting tem perature recorded, with a slight lag evident between the sunshine 

intensity and the air temperature.

Fig. 6-16 illustrates the results recorded by the therm ocouple wires located both on the surfaces 

o f  and inside the specimen already stated, in addition to the sunshine intensity. As it was cloudy 

on Day 1, there was a gradual increase in the tem perature o f  the slab, very sim ilar to that o f  the 

air tem perature in Fig. 6-14, reaching a peak o f  15°C. The temperature at the top surface o f  the 

slab increased at the greatest rate as it is exposed directly to sunshine, as expected. This was
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followed closely by the temperature inside the specimen, however, the curve is smoother as the 

temperature change within the slab is more gradual due to the thermal conductivity o f the 

concrete. As the other thermocouple wires were exposed but somewhat sheltered from the 

environment (side and underneath), the change in temperature occurred at a more gradual rate. 

The side o f the slab (No. 4) is exposed to the environment, therefore, decreasing in temperature 

at a faster rate. The temperature beneath the slab (No. 3) lagged as it took some time before the 

heat transmitted through to the bottom o f the slab due to thermal conductivity.

The data recorded over 2 days demonstrates the influence o f sunshine on the behaviour o f the 

specimens, and the resulting influence is evident on Day 2 in particular, recording a high level 

o f sunshine intensity.
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Fig. 6-16 Internal (depth =20m m) and external surface temperature of slab with sunshine intensity

The results from Day 2 can be seen clearly in Fig. 6-17. A t approximately 11:00, the sunshine 

intensity recorded is a maximum o f 833W/m^, and this incident radiation on the surface o f the 

specimen causes the top surface to experience a significant increase in temperature as there is 

heat being generated on the surface o f the slab. This trend is consistent throughout the day, with 

a slight lag occurring o f between approximately 15-30 minutes. The internal temperature o f the 

specimen increases in temperature at a slower rate due to the thermal conductivity o f the 

specimen. The heat generated at the surface takes some time before a change is experienced at a 

depth o f 20mm in the concrete. It can also be observed that when the sunshine intensity
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suddenly decreases, for example, at 11:10, the top surface tem perature decreases suddenly also. 

As the sunshine decreases, the heat is lost from the surface very quickly.

The internal tem perature peaks at 14:10, approxim ately 40 minutes following the last peak in 

sunshine intensity. Once the sunshine intensity drops off, the heat is radiated from the 

specim en, however, due to the thermal m ass o f  the material, this process takes some time, as the 

change in internal tem perature is gradual. The side tem perature follows the internal tem perature 

very closely, with approxim ately 1.3°C between their peak temperatures. As the side 

therm ocouple is sheltered from the environm ent somewhat, it would not receive as much direct 

sunshine as the top surface. The underneath tem perature is lower than the side tem perature 

during the heating up stage by approxim ately 1 °C, as the thermal mass o f  the concrete means 

that the tem perature at the bottom surface takes longer to register a change, with an additional 

lag present o f  approximately 20 minutes, it also has the slowest rate o f  cooling which is 

explained by the fact that it is kept warm by the specimen above it. Also, as there is tim ber 

below, this insulates the therm ocouple, therefore, the heat travels predominately upwards, 

resulting in this therm ocouple having the highest temperature upon cooling.
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Fig. 6-17 Internal (depth =20mm) and external surface  tem p era tu re  of slab with sunshine intensity
(Day 2)

In conclusion, the tem perature profile is as expected, with the order o f  decreasing temperature 

as follows; top surface, internal (screed), side and underneath. However, this order is not 

m aintained throughout the day, for a number o f  reasons relating to external factors. The ambient
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air tem peratu re  plays an im portan t role, and th is  is ev iden t in particu lar in the even ing  tim e 

w hen the specim ens drop in tem peratu re , w ith  the top  su rface  tem peratu re  decreasing  first, 

suggesting  tha t the specim ens are losing  the ir heat to  the environm ent. The sunshine is also 

im portant as it affects the tem peratu re  o f  the specim en, in particu lar, at the top  surface w here 

the heat is generated , w ith  a slight lag  present. T he conductance o f  heat th rough the dep th  o f  the 

slab is evident by the lag in the internal tem peratu re , w ith  the change in tem peratu re  being  very 

g radual. T he side and underneath  tem peratu res are sheltered  by the env ironm ent, therefore, 

experiencing  a fu rther lag in tem perature . T he ou tcom e dem onstrates that external factors such 

as sunshine and the am bien t air sign ifican tly  affect the tem peratu re  o f  the slab, and the therm al 

p roperties o f  concrete  are very d istinctive , w ith  the rate o f  change o f  tem peratu re  occurring  

som e tim e afte r the change in the external cond itions occur.

63.2.4 Conclusions

•  1 he therm ocoup le  w hich is placed closest to  the ro o f (N o. 7) recorded the h ighest air 

tem peratu re fo r both days due to  its close proxim ity  to the b lack r o o f  T he ro o f  absorbs 

so lar rad iation and reem its th is in the form  o f  heat, w hich in turn  w arm s up the n ea r­

surface air tem perature .

•  T here is a sign ifican t d iffe rence in the air tem peratu re at d ifferen t heigh ts w hich  is due to 

the d istance aw ay from  the ro o f  w hich is a rad ia tive source o f  heat. H ow ever, as there is 

tim ber beneath  the concrete  specim en, the heat from  the ro o f below  w ould  be m inor as 

tim ber is a very  good insulator, as w as dem onstrated  in the physical test on  m ateria ls in 

Section 6.2.

• T he peak in sunsh ine in tensity  co rresponds d irectly  w ith  the peak in air tem peratu re , w ith 

a blight lag o f  approx im ate ly  20 m inutes. A lthough  the sunsh ine in tensity  d irectly  affects 

the resu lting  air tem peratu re , the am bien t air tem peratu re is also  im portan t as it 

con tribu tes to  the gain /loss o f  heat in the specim ens also. For exam ple, in the afternoon, 

w hen the sunshine in tensity  rem ained  h igh  (800W /m ^), the tem peratu re  o f  the air did not 

reach as high as w ould norm ally  be expected , w hich  is due to the natural decrease in the 

am bien t air tem peratu re  in the afternoon.

• T he internal and external tem peratu re  o f  the slab , w here there is no sunsh ine present, 

show s a general trend in the tem peratu res, and these  fluctuations are as a resu lt o f  the 

am bien t air tem perature . T hese trends are seen m ore clearly  w here there is a  high level o f  

sunsh ine in tensity  in particu lar, at the top  surface w here the heat is generated , w ith  a 

sligh t lag present. The tem peratu re  p rofile is as expected , w ith the o rder o f  decreasing  

tem peratu re as follow s; top  surface , internal (screed), side and underneath , how ever, th is
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order is not maintained due to external factors. The ambient air tem perature plays an 

important role, for example, in the evening time when the specimens drop in tem perature, 

with the top surface tem perature decreasing first, suggesting that the specimens are losing 

their heat to the environm ent, as expected.

•  The conductance o f  heat through the concrete is evident by the lag in the internal 

tem perature, with the change in tem perature being gradual. This is clear from the result 

whereby the internal temperature peaks approxim ately 40 minutes following the sunshine 

intensity peak. The side and underneath tem peratures are sheltered by the environm ent, 

therefore, experiencing a further lag in tem perature, it was also noted that the underneath 

tem perature remained the highest upon cooling in the evening. This is explained by the 

fact that the therm ocouple is insulated from the environment and that due to the ability o f  

concrete to store heat, the heat generated in the specimen is retained and is released very 

slowly.

• The overall outcom e from this test dem onstrates that external factors such as sunshine 

and the ambient air significantly affect the tem perature o f  the slab, as expected. The 

thermal properties o f  concrete are very distinctive, with the rate o f  change o f  tem perature 

with depth occurring some time after the change in the external conditions arise.

6.4 Conclusions

•  1 he colour o f  a material is im portant in term s o f  white and grey, but equally if  not more

important is the thermal behaviour o f  the m aterial i.e. its emissivity or ability to  shed heat

from the surface, and the thermal conductance allowing the transfer o f  heat down through 

the depth if  the material.

•  Although thermal conductivity o f  a material is relevant, the VHC value is equally as

important in terms o f  the heat that is retained in the material. As tim ber has a low k value

(0.85W /mK), the heat is confined to the top surface, therefore, the tem perature drops very 

quickly when the heat source is removed. The VHC value is better for concrete and 

aluminium due to their higher density.

• There is relationship between the L* and the peak temperature, however, this behaviour is 

heavily influenced by the m aterials’ conductance and the surface colour. It is also evident 

that painting the surface o f  the m aterial black (for aluminium, concrete and timber) has a 

greater effect on the surface tem perature than painting the surface white, as the specim ens 

are originally more white in colour than black. The results indicate that where there is an 

increase in L* value, there is a corresponding decrease in peak temperature and vice versa.
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•  There are identical trends for both the screed and the brush surface finish for the second 

test, w hich would suggest that the behaviour o f  the tem perature o f  the specimens with 

respect to the air tem perature is entirely independent o f  the surface finish type.

• The overall outcome o f  the third test dem onstrates that external factors such as sunshine 

and the ambient air significantly affect the tem perature o f  the slab but in different ways. 

The thermal properties o f  concrete are very distinctive, with the rate o f  change o f 

tem perature occurring some time after the change in the external conditions arise.
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7 Data Analysis and Discussion

7.1 Introduction

T his chapter exam in es the data acquired by the fo llo w in g  test m ethod s as described  in detail in 

Chapter 4 and 5, three o f  w h ich  are direct test m ethods.

F o llo w in g  a n a ly sis  o f  the data obtained , a d iscu ssio n  o f  the test m ethods w ill be presented at the 

end o f  the chapter, w ith the aim  o f  g iv in g  an overall sum m ary o f  the find ings from  each  

process, thereby exp la in in g  the in flu en ce o f  aggregate type, G G B S  content, surface fin ish  and  

age on the solar reflectance o f  con crete.

A standard t-test w as used to an a lyse  and com pare som e o f  the data presented in th is chapter so  

that it cou ld  be estab lished  w hether there are system atic  or random variab ility ’s b etw een  tw o  

data sets b e in g  com pared. For com p aring  tw o  independent population  averages, a hyp oth esis  

testin g  procedure such  as the t-test can be em p loyed . A null hyp oth esis is a h yp oth esis to  be 

tested  and is denoted  by Ho (W eiss , 2 0 0 8 ). T he null h yp oth esis is that the tw o  population  m eans 

are the sam e i.e . that the d ifferen ce  in the m eans o f  the entire p opulations is equal to 0. T he  

notation for the null h yp oth esis is H o:n i= |i2 w here |.ii represents the m ean o f  the first population  

and 1^2 represents the m ean o f  the secon d  population . T he test statistic variable in E quation  (7 -1 )  

is the basis for d ec id in g  w hether or not to reject the null hyp oth esis o f  tw o  sa m p les o f  the 

populations:

w here X; represents the sam ple m ean , o , represents the standard deviation  and nj is  equal to the 

sam ple s iz e  (i =  1, 2). T he degree o f  freedom  (D F ) is d efin ed  as (n i+ n 2- l )  for th is test.

T he probability  o f  rejecting a true null h yp oth esis is ca lled  the s ig n ifica n ce  lev e l, a , o f  a 

hyp oth esis test. If the h yp oth esis test is conducted  at a high s ig n ifica n ce  leve l (e .g . a = 0 .0 5 ) , the 

ch ance o f  rejectin g  a true null h yp oth esis w ill be very sm all. For the purpose o f  the t-tests 

condu cted  hereinafter, a = 0 .0 5 . O n ce the t-statistic va lue is ca lcu lated  usin g  E quation (7 -1 ), and

1. Sphere sp ectrophotom eter

2. L ux m eter

3. G reyn ess sca le

4 . Therm al im agin g

5. T h erm ocou p le  w ire

t  =
( x  1 -  X 2 ) (7 - 1)
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the DF is determ ined, the percentiles o f the t-distribution table are used to determine if  the t- 

statistic value is greater than or equal to the critical P value obtained in the significance table 

(see Appendix E). If this is the case, one reject Hq. This demonstrates that the tw o sets o f  data 

are significantly different such that there is a systematic reason for their difference. Otherwise, 

the differences in the mean must be random, not systematic.

7.2 Sphere Spectrophotom eter

As outlined in Section 4.3, a sphere spectrophotom eter is an instrument which is used to 

measure colour. Colour is an important param eter when it comes to the albedo o f  a surface. The 

L* value, w hich a sphere spectrophotom eter produces, concerns itself solely w ith the scale o f 

black and white (L*=100=white, L*=0^black) which is most relevant to the colour o f  concrete. 

The concrete specimens that were fabricated for this project contain cem ent blends o f  CEM 11 

A-L with GGBS ranging between 0 to 70% GGBS. The following tests were carried out using 

the sphere spectrophotom eter to assess the difference in L* values between different cement 

blends, and subsequently different concrete specimens;

1. Sensitivity tests to determine the accuracy and variability o f  the instrument

2. Testing L*,a* and b* values o f  varying cement blends (W PC, GGBS, CEM II A-L)

3. Testing L*,a* and b* values o f  concrete specimens containing varying substitution rates 

o f  GGBS and different surface finishes

7,2.1 Sensitivity tests

A num ber o f  tests were devised to assess the sensitivity o f  the sphere spectrophotom eter before 

any initial testing could begin on the cement powder blends and the concrete slab specimens. 

The chosen surface for this test was a plain white A4 sheet o f  paper.

The first o f  these tests was to determine the accuracy o f  tne instrument by testing its 

repeatability. This was carried out by taking a reading in the same location on the white sheet o f  

paper 8 times. A reading for L*, a* and b* were recorded each time and the instrument was not 

moved between each reading. The second test was carried out to assess the variability o f  taking 

a reading on a uniform surface at 12 random locations on the same sheet o f  white paper. 

Similarly, a reading for L*, a* and b* were recorded at each location. Both o f  these tests were 

then repeated on a second white sheet o f  paper to ensure the results were applicable on a 

different specimen, recognising that although the paper appeared highly uniform, and that 

sheets were identical, they may not be.
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7.2.1.1 Test for accuracy and variability o f the spectrophotometer using a white sheet o f  

paper

The readings, which were obtained for L*, a* and b* for the first test are displayed in Table 7-1. 

The average value for L* is 93.75 and is not unexpected given it is a white surface. The value 

for a* is very small at 1.77 and would suggest there is a hint o f  red present. The b* value o f  

approxim ately -6.19 would suggest there is a small percentage o f  blue present. However, for the 

purposes o f  the sensitivity tests and the further tests carried out using the spectrophotom eter, 

these values o f  a* and b* are insignificant unless stated otherwise. The value for L* is the one 

o f  most importance as it is the axis concerned with the scale o f  black and white.

I ab le  7-1 R esu l ts  f o r  L*, a*  a n d  b* on f irs t  w h i te  shee t  o f  p a p e r  in the  sa m e  location

Reading L* a* b*
1 93.63 1.73 -6.19
2 93.66 1.72 -6.16
3 93.76 1.77 -6.12
4 93.81 1.79 -6.13
5 93.80 1.79 -6.12
6 93.80 1.78 -6.11
7 93.80 1.78 -6.10
8 93.77 1.79 -6.10
l̂L 93.75

Ol, 0.070
CoV 0.074%

The standard deviation between the L* values is very small at 0.070, giving rise to a coefficient 

o f  variation o f  0.074%  which is very low. This result is evidence that the instrument is very 

sensitive and accurate.

The second test, to determine the variability in L* reading across an apparently uniform white 

sheet o f  paper was performed and the corresponding results are outlined in Table 7-2. The 

average reading o f  L* is almost identical at 93.76, however, the standard deviation for the 12 

readings is marginally bigger at 0.109, which results in a bigger coefficient o f  variation o f 

0.12%. This result is still acceptably small and confirm s the accuracy and sensitivity o f  the 

instrument. It also signifies that there is little variability in a reading taken over a visibly 

uniform surface in different locations across that surface, and also that the white paper is highly 

uniform in colour. This increase in CoV could be due to the very small variations in whiteness 

across the sheet.

The first test was repeated on a second sheet from the same batch o f  white A4 paper with 8 

readings being recorded on the same point w ithout m oving the instrument (see Table 7-3). This 

time the average value o f L* has decreased marginally to 93.63 from 93.75 on sheet one. The
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standard deviation lias also increased from 0.07 to 0.085, w hich resuhs in an increase in the 

coefficient o f  variation to 0.09%. This rem ains an extremely low result and reaffirm s the 

accuracy and reliability o f  the instrument. The instrum ent is highly sensitive and can detect very 

small changes in colour between two sheets o f  white paper that appear identical to the naked 

eye.

Table 7-2 Results fo r L*, a* and b* on first w hite sheet o f p a p e r in d ifferen t locations

Reading L* a* b*
1 93.67 1.70 -6.04
2 93.72 1.74 -6.08
3 93.71 1.79 -6.09
4 93.79 1.79 -6.08
5 93.69 1.77 -6.1
6 93.73 1.78 -6.05
7 93.62 1.78 -6.13
8 93.73 1.76 -6.09
9 93.72 1.80 -6.12
10 93.87 1.85 -6.08
11 93.93 1.83 -6.05
12 93.98 1.84 -6.01

93.76

0|, 0.109
CoV 0.116%

A t-test was performed between the results from sheet one (see Table 7-1) and sheet two (see 

Table 7-3) where the reading was taken on the same location 8 times to assess w hether the two 

data sets are significantly different. The t-test statistic was calculated to be 3.09 and the critical 

P value was obtained from the t-distribution table (see A ppendix E). The critical P value ( 

where D F=I5) was 1.753 at a significance level (a=0.05), therefore, as the test statistic is 

greater than the critical P value the null hypothesis is rejected. It can be concluded that the test 

results are statistically significant at the 95%  level. This result illustrates that the data is 

statistically not from the same data set, and would reconfirm  the sensitivity o f  the instrument 

and the non-uniform ity o f  the paper sheets.

The second test was also repeated on the second sheet o f  white paper with 12 readings being 

recorded at random locations across the sheet (see Table 7-4). The average value o f  L* is 

almost identical to the first two tests carried out (see Table 7-1 and Table 7-2) with a value of 

93.70. The standard deviation is 0.093, which results in a coefficient o f  variation o f  0.09%. This 

value rem ains very low and dem onstrates the accuracy and reliability o f the instrument.
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I'able 7-3 Results fo r L*, a* and b* on second w hite sheet o f p a p e r in the sam e location

Reading L* a* b*
1 93.69 1.71 -6.01
2 93.67 1.72 -5.96
3 93.57 1.73 -5.97
4 93.46 1.74 -5.96
5 93.71 1.74 -5.98
6 93.68 1.72 -5.97
7 93.65 1.73 -5.98
8 93.57 1.72 -5.95
Hl 93.63
Ol 0.085

CoV 0.091%

In conclusion, tine two tests carried out on the two seemingly identical sheets of white paper 

result in an almost identical result in L* each time (<0.1% change). The standard deviation is 

very small for each test (< 0.109) as is the corresponding coefficient o f  variation (< 0.12%). 

These results suggest that the instrument is highly sensitive and produces readings with minimal 

variability when taken across a highly uniform white surface.

Table 7-4 R esu l ts  fo r  !>*, a* a n d  b* on second  w h i te  shee t  o f  p a p e r  in d i f fe r e n t  locations

Reading L* a* b*
1 93.65 1.73 -5.98
2 93.66 1.67 -6.01
3 93.65 1.70 -6.02
4 93.57 1.73 -6.05
5 93.70 1.73 -6.05
6 93.67 1.72 -5.98
7 93.62 1.73 -6.01
8 93.71 1.74 -6.02
9 93.71 1.73 -6.04
10 93.77 1.76 -6.01
11 93.80 1.78 -6.06
12 93.92 1.79 -6.03

93.70
Ol 0.093

CoV 0.099%

7.2.7.2 Sensitivity test using plastic sheet over white paper

As the spectrophotometer is to be used to take readings on cement powder blends, a clear 

plastic sheet was selected to cover the powders to prevent the powder from entering the aperture 

where the reading is taken, while also providing a uniform surface from which readings could 

be taken. The two sensitivity tests were repeated again, however, a clear plastic sheet was 

placed on top of the white sheet of paper first, to identify whether the clear plastic sheet had an
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impact on the readings. The first test indicated that the average L* value reduced from 

approxim ately 93.7 previously to 92.6 (see Table 7-5). This is an overall reduction o f 

approxim ately 1.3%. The standard deviation and corresponding coefficient o f  variation are very 

small which suggests that the instrument is very accurate and that the test is repeatable even 

with a plastic sheet in place, although there is a slight drop in the L* reading taken.

Table 7-5 Results for L*, a* and b* on w hite sheet o f p ap er in the sam e location using a c lear plastic
sheet as a cover

Reading L* a* b*
1 92.56 1.42 -4.73
2 92.53 1.45 -4.69
3 92.62 1.46 -4.70
4 92.62 1.48 -4.72
5 92.64 1.48 -4.71
6 92.60 1.48 -4.70
7 92.61 1.48 -4.71
8 92.64 1.47 -4.70

92.60
Oi, 0.038

CoV 0.042%

The t-test was performed on the results from sheet two (see Table 7-3) and the results using the 

plastic sheet (see Table 7-5) to investigate whether the two data sets are significantly different. 

The t-test statistic was calculated to be 31.2 and the critical P value was obtained from the t- 

distribution table (see Appendix E). The critical value (where again DF = 15) is 1.753 at the 

95% significance level. Therefore, as the test statistic is significantly greater than the critical P 

value the null hypothesis is rejected. It can be concluded that the test results are statistically 

significant at the 95%  level. This result illustrates that the tw o sets o f  data are not from the same 

data set, which is an expected result given the high accuracy o f  the device and the presence of 

the clear plastic sheet.

The second test was also repeated, with the clear plastic sheet placed on top o f the white sheet 

o f  paper. The data obtained from this test are displayed in Table 7-6. The average L* value is 

almost identical to that o f the previous test (Table 7-5). The standard deviation o f  0.054 is very 

low and this results in a low coefficient o f  variation o f  0.058% . This result leads to the 

conclusion that by using the clear plastic sheet on top o f  the white paper, although there is a 

minor reduction in the measured L* value, the result will not vary across the surface o f  the 

plastic sheet and so a clear plastic sheet may be used to obtain L* values o f  cem ent blends. In 

other words, the results o f  L* for cement powders will be slightly underestim ated, but the 

readings are repeatable to a very low variability.
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I'able 7-6 Results fo r L*, and on w hite sheet o f  p ap er in d ifferen t locations using a c lear plastic sheet as
a cover

Reading L* a* b*
1 92.5 1.49 -4.68
2 92.41 1.49 -4.70
3 92.54 1.49 -4.67
4 92.53 1.48 -4.72
5 92.58 1.52 -4.78
6 92.51 1.53 -4.71
7 92.58 1.52 -4.80
8 92.49 1.50 -4.67
9 92.47 1.50 -4.70
10 92.47 1.50 -4.68
11 92.42 1.54 -4.72
12 92.52 1.56 -4.73
Ml 92.50

Ol 0.054
CoV 0.058%

7.2.2 Testing o f cement blends for L* value

The colour o f  the cement is one o f  the primary characteristics which determines the colour o f 

concrete. It is therefore important to exam ine the difference between the L* values o f  the 

cement before looking at the difference in L* values between the different concrete specimens. 

In order to measure the L*(also a* and b*) values o f  a num ber o f  different cements, a clear 

plastic sheet, as mentioned in Section 7 .2 .1, is necessary to protect the spectrophotom eter from 

damage. This plastic sheet is placed over the compacted cement blend and the sphere 

spectrophotom eter is placed directly onto the plastic sheet for a reading to be taken. A total o f  5 

readings (the maximum am ount given the sam ple dim ensions) were recorded at random 

locations over the surface o f the cement sample.

7.2.2.1 Results ofL * values fo r  some typical cements

A num ber o f  typical cem ents were tested for L* value to obtain an overall picture o f  the colour 

o f  the various cements and the order in which they would be placed in a list o f  descending 

greyness. The average L* value for each o f  the cem ents are summarised in Table 7-7 and are in 

order o f  increasing L* value (see Appendix F for the full set o f  results). The data illustrates that 

the CEM 1 and CEM II cem ents are in the order o f  63.6 and 65.7. By m aking a 60:40 blend o f  

CEM Ill/A (containing 60%  GGBS and 40%  CEM  I), an increase in L* up to 77.1 is evident.
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Table 7-7 Summary' o f  L* values for some typical cements

Cement type and source L*
CEM II A-V (Quinn) 6 3 .57

CEM II (Ecocem ) 6 4 .7 8

CEM 1 (Spanish ce m e n t ) 6 5 .3 2

CEM II A-L (Irish c e m e n t ) 6 5 .6 5

CEM II A-V (Lagan) 6 5 .7 1

6 0:40  CEM III A-L 7 7 .0 6

GGBS (Sw eden) 8 1 .3 9

GGBS (Ecocem) 8 8 .2 0

W hite  c e m e n t  (WPC) 90 .7 2

A CEM II A-V cement contains pulverised fuel ash (PFA), which is naturally dark in colour (up 

to 20% PFA may be present but generally 10%). It is interesting to note that there are two 

different sources of this cement (Quinn and Lagan), however, there is a difference in the colour 

o f the cement. This would suggest that Quinn uses either a darker PFA or a higher percentage of 

PFA in the cement as the colour is darker. A CEM II A-L cement contains limestone powder, 

and similarly, up to 20% of the cement can contain limestone powder, however, in general 

approximately 10% is used.

It is important to note from Table 7-7 that the GGBS from Ecocem as used in this research, had 

the closest L* value (88.2) to white cement (90.7). This summary o f results for the typical 

cements on the market demonstrate the significant difference in colour between a standard 

CEM I/CEM II cement and that o f GGBS or white cement. The colour difference between these 

various cements is displayed in Fig. 7-1.

Fig. 7-1 Digital image of cem ent pow ders from  left to righ t: C E M  1, CEM  II A-L, C'EM II A-V,60:40
C EM  III A ,GGB S, W PC

7.2.2.2 Results o f  L * values fo r  various cement blends

The L*, a* and b* value of a number of GGBS powder blends mixed with CEM II A-L in 

various proportions (0-100%) were measured along with a number o f GGBS with different 

WPC powder blends ranging between 0-100%. For comparison purposes, the L*, a* and b* 

value o f a number o f WPC powder blends mixed with CEM II A-L in various proportions (0-
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100%) were also measured. For a detailed set o f results for the cement blend mixes containing 

GGBS and CEM 11 A-L, GGBS and WPG, and WPG and GEM I! A-L, the reader is referred to 

Appendix G, Appendix H and Appendix 1 respectively. In these results, the average L* is 

denoted by and the standard deviation o f the L* values is denoted by Gl. The coefficient o f 

variation (GoV) for the L* values is also displayed for each cement blend variation which is o f 

particular interest. The GoV values for the sets o f results are all less than 1% which confirms 

that the cement blends are very uniform and well blended. The readings o f a* and b* range 

between approximately -1.72 to 0.30 and 4.01-6.35 respectively. The range o f possible a* and 

b* parameters is between -60 and +60, therefore, as these results are within a small range and 

do not vary significantly, they w ill not be discussed as the L* value is the axis o f colour which 

has the greatest significance here.

A summary o f the average L* value readings is outlined in Table 7-8 and these results are 

displayed in graph format in Fig. 7-2. The three cement powders before any blending occurs 

show interesting results. The L* value for 100% WPG (90.72) is very similar to that o f 100% 

GGBS (87.92). As expected, the L* value o f GEM II A-L (64.78) is significantly lower as it is 

dark grey in colour. The mixing o f WPG and GGBS (in the ratios 70:30, 50:50 and 30:70) 

produce the highest range in L* values o f the cement blends, ranging from between 88.0 to 

89.6.

Tabic 7-8 Summary of average L *  values for cement blends containing different percentage quantities of 
W'PC, C;GBS and C E M  I I  A-l> cement powders

WPC GGBS CEM II A-L L*
100 0 0 90.72
0 100 0 87.92
0 0 100 64.78

70 30 0 89.59
50 50 0 88.94
30 70 0 87.96
0 70 30 76.31
0 50 50 72.80
0 30 70 68.28

70 0 30 75.61
50 0 50 71.65
30 0 70 68.55

There is a very small range in these L* values due to the close proximity in the colour o f the 

two parent cements. The blend containing GGBS and GEM 11 A-L (in the ratios 70:30, 50:50 

and 30:70) have a range o f L* values between approximately 68.3 and 76.3. By adding 70% 

GGBS to 30% GEM 11 A-L (76.3), there is an approximate increase o f 18% in the L* value 

from that o f 100% GEM II A-L (64.78). The cement mix between WPG and GEM 11 A-L (in the
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ratios 70:30, 50:50 and 30:70) produced a range o f results in L * between 68.6 and 75.6. These 

values are very similar to those o f GGBS mixed w ith CEM Il A-L.

In conclusion, this test indicates that the cement mixes were well blended and uniform across 

the surface and that the accuracy o f the instrument is such that it can detect small changes in 

colour which the human eye could not differentiate between. The results in Fig. 7-2 confirm 

that there is little difference in the colour produced by using GGBS with CEM II A -L  and WPC 

with CEM II A-L. However, as one adds WPC/GGBS to CEM II A -L, the colour becomes 

significantly lighter.

- ■ - G G B S  and CEM  II A-L GGBS an d  W P C  W PC  and C EM  II A-L

% WPC mixed with CEM II A-L (green) and GGBS (red)
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

100

90

(U
3
ni

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

% GGBS mixed with CEM II A-L (blue)

Fig. 7-2 Average L* value for cement blends using GGBS, CEM II A-L and WPC

7.2.3 Testing concrete specimens for L * , a* and b* values

The sphere spectrophotometer was utilised in order to determine the colour o f the slab 

specimens containing the 3 aggregate types, 4 different surface finishes and 4 levels o f GGBS 

substitution (after approximately 2.5 years o f exposure). The specimens were tested when the 

surface was dry as the moisture level would have an effect on the colour. The level o f near­

surface moisture was measured, using a moisture meter and noted for each specimen and these 

ranged between 2.5 and 4.5%. This suggests that the near-surface concrete is relatively dry 

(greater than 6% indicates that the concrete is still highly moist).
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For each specim en, a  to tal o f  9 read ings o f  L*, a* and b* w ere recorded (a m atrix  o f  3x3 on a 

notional grid on the surface) w ith  the  aim  o f  determ in ing  the  approx im ate un iform ity  o f  the 

surface. The resu lt o f  a* on  average ranged betw een  0.69 and 2 .45, w ith b* having an average 

read ing  o f  betw een  6.05 and 9.1. T hese read ings are nom inal w ith  respect to  the overall scale  o f  

co lour, therefo re, only the  L* values w ill be d iscussed  in the results to  follow .

For the 9 readings o f  L*, the average (pg) w as calcu lated  along  w ith the standard  dev ia tion  (0 9 ). 

F o llow ing  th is, the coeffic ien t o f  varia tion  (C oV ) w as calcu lated . For each  o f  the 96 specim ens, 

the C oV  w as less than 5%  w hich  confirm s both  the accuracy  o f  the device and the un iform ity  o f  

the surface being  tested . T he C oV  w as found to  be low er for the sm ooth  su rfaces and h igher for 

the undu la ting  surfaces in general. T h is result is due to  the light being  d iffused  o f f  the rough 

surface lead ing  to  a larger varia tion  o f  L* values over the surface o f  the slab, depend ing  on 

w here precisely  the read ing  is taken.

A s there are duplicate  specim ens present, hav ing  a lm ost identical L* values, the read ings w ere 

co llated  to  derive one average L* read ing  (pig). A detailed  set o f  these  resu lts can be found  in 

A ppend ix  J. A sum m ary  o f  these  L* readings are ou tlined  in T able 7-9 fo r each specim en type. 

T he G G B S concentra tion  (% ) is d isp layed  along  the left co lum n w ith aggregate  type (lim estone, 

partially  crushed lim estone and sandstone) alongside it. T he four su rface  fin ishes are d isp layed  

at the top o f  the table co lum ns. T he fo llow ing  will be d iscussed  in detail;

1. T he effect o f  aggregate  type on L*

2. T he effect o f  surface fin ish  on L*

3. T he effect o f  G G B S  con ten t on L*

4. T esting  0 and 70%  G G B S  concrete  su rfaces (at the F ather C ollins Park location)

Table 7-9 A verage L* value fo r slab  specim ens for d ifferen t surface finish type, aggregate  type and %  GG BS
(in F e b ru a ry  2013)

GGBS Agg. Cast Screed Tamp Brush
0 L

PCL
SS

58.59
60.00
58.84

64.06
64.51
61.17

55.00
51.69
46.57

61.08
57.52
52.07

30 L
PCL
SS

60.44
59.18
57.52

65.64
62.72
62.01

54.26
57.71
49.41

56.31 
54.70
58.32

50 L
PCL
SS

59.88
59.47
57.28

64.48
67.01
64.36

58.12
57.56
56.40

60.16
62.10
62.99

70 L
PCL
SS

60.83
61.91
57.76

66.71
66.89
64.62

61.79
58.81
55.84

65.31
61.65
60.87
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7.23.1 The effect o f  aggregate type on L* value

The effect o f  aggregate type on colour is evident from the L* value readings in Table 7-9. The 

specimens have been exposed to the environm ent for ju st over 2 years at the tim e o f these 

readings, with the aggregate visibly exposed on many o f  the cast finish specimens. The effect o f  

the aggregate type on the L* values will be studied in detail, for each o f  the surface finishes 

individually, focusing on the four concentrations o f  GGBS . The cast surface finish readings are 

displayed in Fig. 7-3 and, as suggested by the results, there is a small difference in L* between 

each o f the aggregate types for the four GGBS contents. The range in L* values across the 

aggregate types is between approximately 1.4 and 4 .15. This low range would suggest that the 

aggregate type does not significantly affect the colour o f  the concrete. It can also be observed 

that the SS aggregate has the lowest L* value consistently for the cast finish. This would 

indicate that the presence o f  SS aggregate results in a concrete which is marginally darker in 

colour than concrete containing LS or PCL aggregate. However, the cause for this difference in 

aggregate colour may be due to the finish type. As a cast finish exposes aggregates at the 

surface, this would contribute to the dissim ilar L* values.

♦  CastLS ■ C a s t  PCL A C as tS S
70 r

65 -

60 ■  
i  k

(U

g 55 -
* I

50 -

45 -

4 Q  -----------------------1-----------------------1---------------------- 1---------------------- 1---------------------- 1---------------------- 1---------------------- 1---------------------- 1

0 10 20 30 40 50 60 70 80
% G G B S

Fig. 7-3 T he effect o f aggregate  type on I.* value fo r a cast surface  flnish contain ing  0, 30, 50 and 70%  G G B S

A similar observation can be made for the screed surface finish displayed in Fig. 7-4. The L* 

values o f  LS and PCL interchange as they are almost identical in colour, however, the 

sandstone aggregate is the lowest L* value. The range in L* value across the three aggregate 

types for the screed finish is between 2.27 and 3.63. This is a small range in L* value, therefore,
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it can be concluded that the aggregate type does not make a considerable difference in the 

colour o f the concrete.

70 |-

65 ,p

60 “

CJ 
_3

g 55 - 
*
- j

50 -

45 -

40  I____ I_________1_________I_________I_________I_________I________ I
0 10 20 30 40 50 60 70 80

%GGBS

Fig. 7-4 The cffcct of aggregate type on L *  value for a screed surface finish containing 0, 30, 50 and 70%
G CBS

The trends observed for the rougher surface finishes (tainp and brush) are illustrated in Fig. 7-5 

and Fig. 7-6 respectively. It is evident from the data that there is a larger range in the L* values 

across the surface o f the specimens. The range in L* values in terms o f the aggregate type 

across the tamped finish is 1.72 and 8.43, and similarly, the range for the brush finish is 

! between 2.83 and 9.01. This is a marginally higher range when compared with the smoother 

surface finishes, however, the cause for this is due to the process o f taking a reading over a 

rough surface finish. The instrument is accurate and produces very consistent and reliable 

results, however, when it is employed to measure the L * o f an undulating surface, there is a 

wider range in readings. This can be seen very clearly by observing the coefficient o f variation 

(CoV) values for the rough surface finishes (see Appendix J). The CoV ranges between 3.47 

and 6.73 for the tamp finish, and between 1.42 and 5.06 for the brush finish. This increase in 

variability results in a wider range o f L* values for the specimens with a rough surface finish.

By examining the effect o f aggregate type for each o f the surface finishes in turn, it can be 

concluded that there is no perceptible difference in L* values for the specimens containing 

different aggregate types. The SS aggregate was observed to have a marginally lower L* value, 

however, the difference in L* value is not substantial. Therefore, the subsequent sections w ill

♦  Screed LS ■  Screed PCL A  Screed SS

■
~ w

210



disregard the effect o f  aggregate type, and derive one result in order to examine the effect o f  

GGBS and surface finish type on the L* value o f  concrete.
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Kig. 7-5 The cffcci of aggregate type on L* value for a l am p .surface finish containing 0, 30, 50 and 70%
GGBS
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Fig. 7-6 The effect of aggregate type n L* value for a brush surface Tinish containing 0, 30, 50 and 70%  GGBS
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7.23.2 The effect o f  GGBS content on L* value

The data displayed in Fig. 7-7 dem onstrates the effect o f  GGBS concentration (from 0 to 70%) 

on the L* value o f  concrete for the four different surface finishes. There is a broadly linear 

progression in terms o f  L* value, from 0 to 70% GGBS, in particular for the screed finish 

(maximum L*) and tamp finish (minimum L*) specimens. The smooth screed finish has the 

highest L* value as it is visibly the brightest in term s o f  colour, with cast having the lowest 

value o f  the smoother surface finishes as it is the darkest. The two undulating finishes overlap 

somewhat, in-between the two smooth finishes in term s o f  colour. This outcom e is due to the 

nature o f  the surface finish, which accum ulates dirt over time. However, it is interesting to note 

that the undulating surface finishes do not have as clear a progression, which is due to the larger 

variability in the L* reading. Nonetheless, there rem ains a strong correlation between the 

increase in L* value with a corresponding increase in GGBS content.

The general increase in L* with increased concentration o f  GGBS is evident in Fig. 7-8. The 

error bars denote the range at the 95% significance level. The error bars are large as they 

encompass the effect o f  the surface finish type, however, despite this fact it may still be 

concluded that the addition o f  GGBS to concrete increases the L* value by a measurable 

amount. The slope o f the line is approxim ately 1.56 which would signify a small increase in L* 

with percentage GGBS and the relationship between L* value and % GGBS is approxim ately 

linear.
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Fig. 7-7 The effect of GGBS concentration on L* value for specimens containing v arj ing surface Finishes
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7.2.33 The effect of surface finish on L* value

The data produced in Fig. 7-9 dem onstrates the clear effect which surface finish has upon the 

L* value o f  concrete. As the points are closely positioned for the four GGBS concentrations, 

and there is significant difference between the four clusters, this would confirm that the surface 

finish is the prevailing factor over the effect o f  aggregate type and the effect o f  GGBS 

concentration. The order o f decreasing L* value in term s o f  surface finish is screed, brush/tamp 

and cast. There is very little difference in the colour m easured between the tw o rough surface 

finishes, w hich is due to dirt accumulation on the surface in addition to the larger variability 

incurred with taking a L* reading on a rough surface. It can also be observed that the 70% 

GGBS specim ens have the highest L* reading in each case, which reconfirms the sensitivity o f  

the instrum ent as it has the ability to differentiate between two seemingly identical surfaces.

The influence o f  both the percentage GGBS and surface finish on the L* o f concrete are evident 

in Fig. 7-10 by means o f  a bar chart. The effect o f  GGBS is investigated by taking an average o f 

each o f  the GGBS concentrations, for all o f  the surface finishes. Similarly, the effect o f  surface 

finish is established by obtaining an average for each, including for every GGBS concentration. 

This process conceals the true trends present, however, it gives an indication as to the overall 

effect o f  surface finish and GGBS content on the L* value. The aforementioned trend o f GGBS 

(blue bar) is clearly demonstrated here having a linear relationship, with the increase o f  GGBS 

resulting in a marginal increase in L* value. M oreover, this chart allows the influence o f  the 

two param eters to be seen clearly. The surface finish type (red bar) has a stronger influence on
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L * as there is a significant difference between the various surface finish type L* values. The 

order o f decreasing L* value in terms o f GGBS concentration and surface finish type is 70, 50, 

30 and 0% GGBS, and screed, brush/cast and tamp respectively.
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Fig. 7-9 The effcct o f surfacc finish on L *  value for specimens containing 0 to 70%  GGBS
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7.2.3.4 Testing 0 and 70% GGBS concrete surfaces (at Father Collins Park location) 

The sphere spectrophotometer was used to measure the L* value o f two aged concrete surfaces 

located at Father Collins Park containing 0 and 70% GGBS (see Section 5.2.4 for details o f site 

location). A total of 5 readings were taken at random site locations across the test surfaces. The 

CoV in each case is acceptably low demonstrating the low variability of the readings. The 

variability due to differences in L* values between the 5 readings for a given location, is due to 

the surface having an exposed aggregate finish and not as a result o f instrument error. The L* 

value is dependant on colour of the exposed aggregate, therefore, obtaining a wider range in L* 

values than normally expected.

The L* o f the 0% surface ranges between approximately 53.0 and 58.9 (an average o f 54.9), 

with the 70% surface having a higher L* range between approximately 59.0 and 63.4 (an 

average o f 61.2). These L* results are very similar to the L* measured on the concrete 

specimens in Trinity College, with a 0% cast surface yielding a result of approximately 56-60 

and a 70% cast surface yielding a result of between 60 and 62.

I able 7-10 Sphere  spec trophotom eter  results recorded at F a th e r  Collins p a rk  for 0 and 70%  G C B S  concrete
conta ining an exposed aggregate surface

Surface
70%

Site
60.08 61.18
62.50 o 1.211
59.73 CoV 1.98
61.58
61.99
62.96 60.86
59.36 o 1.686
58.97 CoV 2.77
61.09
61.90
59.23 61.50
59.80 o 1.903
61.94 CoV 3.09
63.36
63.17

0% 56.57 56.78
56.37 o 1.264
58.91 CoV 2.23
56.54
55.52
53.04 52.92
54.57 o 1.597
50.33 CoV 3.02
52.89
53.79
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7.2.4 Conclusions

• The sensitivity tests carried out on the sphere spectrophotom eter dem onstrate its high

accuracy level. By testing the L* o f  a uniform white sheet o f  paper, a CoV o f  0.1%  is 

obtained which signifies that there is very little variability in a reading taken over a 

highly uniform surface in different locations across that surface.

•  By using a clear plastic sheet on top o f the cement powders to take a reading o f  L*, there

was an overall reduction o f  approxim ately 1.3% in L*. Similarly, by using the clear 

plastic sheet on top o f  white paper, there is a m inor reduction in the L* measured, but this 

result will not vary across the surface o f  the plastic sheet (CoV is 0.058%).

• The L* value o f  some typical cem ents displayed a range o f  values from 63.6 to 90.7. The

CEM 1 and CEM 11 cem ents tested were in the order o f  63.6 to 65.7. The L* o f  GGBS 

and white cement were o f  sim ilar m agnitude (88.20 and 90.72 respectively), with white 

cement having a higher L* than GGBS by approximately 2.8% . These results 

dem onstrate an important and discernible trend.

• The L* o f  WPC, GGBS and CEM 11 A-L before blending occurs is 90.7, 87.9 and 64.8 

respectively. By blending WPC with GGBS (in the ratios 70:30, 50:50 and 30:70) ranges 

between 87.9 and 89.6 result which is the highest range o f  L* in the cem ent blends.

•  The cement blend o f GGBS and CEM  I! A-L (in the ratios 70:30, 50:50 and 30:70) have 

a range o f  L* between 68.3 and 76.3. This range o f  L* is close to that o f  the cement 

blend between W PC and CEM II A-L which yields a range between 68.6 and 75.6.

• The L* o f the concrete specimens confirm ed that although there is a m inor difference in 

L* between the three aggregate types (with SS having the lowest L* value), on a whole 

the aggregate type does not have a significant affect on the colour o f  the concrete, as 

there are very small ranges in L* across the three aggregate types.

•  There is a genera! increase in I.* with increased concentration o f  GGBS [0(57.59), 

30(58.18), 50(60.82) and 70%  (61.92)]. This influencing parameter, however, is much 

less significant when com pared to that o f  the surface finish type.

•  The order o f  decreasing L* in term s o f  the surface finish type is screed, brush/cast and 

tamp. The t-test result shows that the surface finish type has a definite influence on the 

L* o f  the specimens. The only exception, however, is that there is virtually no difference 

in colour between cast and brush. Therefore, it is possible to conclude that the surface 

finish is the key determinant.

•  There is a significant increase from 0 to 70% GGBS concrete in term s o f  colour 

(approximately 11.5%), as m easured at Father Collins Park. The L* value o f  0% and 70% 

GGBS are similar to the L* o f  the cast 0%  and cast 70% concrete specim ens in Trinity 

College, with the age o f  both samples being approxim ately the same (2.5 years).
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7.3 Lux M eter Results

7.3.1 Introduction

A num ber o f  sets o f  lux meter results were recorded over the duration o f  this project using the 

designed apparatus as outlined in Section 5.3. Apart from calibration and sensitivity testing, a 

full set o f  results on all 96 specim ens were taken in M arch 2011, July 2 0 1 1 and March 2012, 12 

m onths following the first set o f  readings. There were three readings taken on each specimen in 

quick succession so as to assess any variability o f  the individual instantaneous readings. A 

summary o f  the results is presented in this section and the full set o f  lux meter readings can be 

found in Appendix K, Appendix L and A ppendix M. The level o f  GGBS is indicated along with 

aggregate type along the left hand side o f  the table, where L denotes limestone, PCL is partially 

crushed limestone and SS refers to sandstone. The surface finish is indicated at the top o f each 

column, along with a column indicating the coefficient o f  variance (CoV) for each set o f  data. 

The mean and standard deviation values are also displayed. Each entry has 6 readings as there 

are two identical slabs, each o f  which have had three readings taken.

There are a number o f  param eters which influence the reflectance o f  light which will be 

considered individually as follows;

1. Duplicate specimens

2. The effect o f  aggregate type

3. The effect o f  GGBS concentration

4. The effect o f  surface finish type

5. Ageing

7.3.2 Analysis of lux meter results

7.3.2.} Duplicate specimens

As discussed previously in Chapter 3, there were a total o f  96 concrete specimens manufactured 

for the purposes o f  testing, however, as there was a duplicate o f  each testing param eter 

included, there were 48 unique specimens. Therefore, before conducting an analysis on the lux 

m eter readings (percentage reflected lux ratio) to determine the influence o f key properties on 

lux reflectance, a t-test was carried out between the “ identical” slabs with the objective o f 

determ ining whether these duplicate specimens were producing different amounts o f reflected 

lux.
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The number o f DF for this t-test is low as it is a comparison between two sets o f readings in a 

pair, with each set containing three readings (where DF= [3 *2 ]- l=  5). Three results from each 

slab were recorded to eliminate any gross errors but as there are a large number o f concrete 

slabs, these readings were not always taken on the same day. However, unlike readings o f 

albedo, the lux meter test can be carried out on any day at any time, with broadly the same 

percentage o f reflectance obtained, with the readings taken only where there is consistent 

sunshine (no cloud cover). The reader is referred to Section 5.3.3 for a discussion on a 

sensitivity test on lux meter readings taken on different days.

The fu ll data set for this particular test can be found in Appendix N, Appendix O and Appendix 

P and a sample o f these results is displayed in Table 7-11. The four surface finishes are shown 

at the top o f the table, with the three aggregate types in rows, as indicated along the left side o f 

the table. These results are for 0% GGBS and are based on data recorded in March 2011.

Table 7-11 Sample o f duplicate t-test March 2011 — OVo GGBS

DF=5
>2.015
<2.015

GGBS 0% Cast Screed Tamp Brush
L Has 4.81 8.25 6.78 5.20

Oa3 0.05 0.07 0.06 0.25
(a) P -a i 4.65 8.21 6.91 5.18

Oa3 0.04 0.08 0.03 0.22
t(aa) 4.58 0.66 3.41 0.12

PCL Hb3 4.60 7.92 6.24 5.59
ObS 0.35 0.28 0.37 0.08

(b) HbB 5.11 8.25 6.14 5.45
Ob3 0.10 0.05 0.04 0.17

t(bb) 2.44 2.02 0.48 1.31
SS V-C3 4.88 8.11 5.82 5.12

Oc3 0.01 0.08 0.15 0.24
(c) Hc3 4.91 7.53 5.46 4.38

Oc3 0.05 0.09 0.44 0.06
t(cc) 1.09 8.27 1.37 5.28

The mean ( 1̂ 3) and standard deviation (0 3 ) values are given for each data set containing three 

values. Accordingly, each aggregate type has been given a label o f a, b and c which have been 

included in the subscript for comparison purposes. These values are then used to carry out the t- 

test, to determine whether the two data sets are statistically the same or otherwise. For example, 

t(aa) denotes the t-statistic from a t-test carried out between the two limestone aggregate slabs 

i.e. the duplicate specimens each containing limestone aggregate, for a given surface finish. The
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critical P value for the significance level (a=0.05) is shown at the top right-hand corner o f  Table 

7-11, for DF=5. The calculated t-value is highlighted accordingly, indicating whether the value 

is greater (red) or less (green) than the t-value statistic. For example, the t-test for a cast surface 

finish containing limestone aggregate and 0% GGBS yielded a result o f  4.58 suggesting the two 

duplicate specimens are statistically different, however, this contrasts with the screed surface 

finish for the same aggregate type and GGBS content, having a result o f  0.66 suggesting there is 

no difference between the duplicate specimens. It should be noted that the value o f the standard 

deviation for each o f  the data sets is very low which greatly impacts the resulting t-test statistic. 

This indicates there is small variability in the test process rather than variability in the 

specimens, therefore, based on the variability o f  the test, there appears to be a difference 

between the two duplicate specimens.

In conclusion, this test would indicate that there is statistically a difference between the 

duplicate specimens based on the lux meter test method, however, this can be attributed to the 

very low values o f  standard deviation (o). Moreover, the difference between the individual 

specimens is small in com parison to the differences between GGBS content and surface finish, 

therefore, the data are sufficiently close to about half, enabling one to com bine the data for the 

duplicate specimens and compute an average. The succeeding sections will use the duplicate 

average when analysing the results.

73.2.2 The effect o f  aggregate ty>pe

The 6 boards on which the specimens were placed, each containing 16 slabs, were divided 

according to aggregate type and as a consequence, there were two identical boards for each 

aggregate type (see Fig. 3-11 for layout o f  the boards). These identical boards were randomly 

placed on the roof o f the Civil Engineering building in Trinity College. A t-test was conducted 

on the visible light reflectance results to com pare and contrast the three aggregate types. A 

sample o f  these results can be viewed in Table 7-12 for 0%  GGBS and Table 7-13 for 70% 

GGBS and the full set o f  t-test results can be found in A ppendix Q, A ppendix R and Appendix 

S. The results o f  the two duplicate specim ens have been collated and an average obtained. As 

each slab has three readings and there is a duplicate o f  each slab, the DF is 11 for this t-test 

(DF= [6*2]-l=  11). The mean and standard deviation are denoted by |i6 and oa and are 

displayed in Table 7-12 and Table 7-13.

A t-test is carried out between each o f  the aggregate types w ithin the same level o f  GGBS, and 

for a given surface finish. For exam ple, the t-test result is given by t(L,PCL), denotes a t-test 

conducted between the data set obtained for the specim ens containing lim estone and the
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specimens containing partially crushed lim estone (for a given surface finish and GGBS 

concentration) in order to determine w hether the light reflectance data for limestone and 

partially crushed limestone specimens are different. The calculated t-value is then highlighted 

accordingly, indicating whether the value is greater (blue) or less (yellow) than the t-value 

statistic. The result for the cast finish specim ens for t(L, PCL) in Table 7-12 is 0.82 (highlighted 

yellow), which would suggest that there is statistically no difference in the data between these 

two specimens containing different aggregate types. However, for the most part, the results are 

significant (highlighted in blue) w hich suggests that the aggregate type does in fact make a 

difference. The standard deviation value is low for each o f  the individual data sets (due to the 

accuracy o f  the test methods and closeness o f  the duplicates) and this affects the resulting t-test 

value quite significantly despite the individual results being close to one another.

Table 7-12 Sam ple A ggregate  t-test M arch  2011 -  0®/o CGBS

DF=11
>1.796
<1.796

GGBS 0% Cast Screed Tamp Brush
L 4.73 8.23 6.84 5.19

06 0.10 0.07 0.08 0.21
t(L,PCL) 0.82 1.35 6.23 3.15

PCL He 4.85 8.09 6.19 5.52
06 0.36 0.26 0.24 0.14

t(PCUSS) 0.31 1.58 3.11 4.13
SS 1̂ 6 4.90 7.82 5.64 4.75

06 0.03 0.33 0.36 0.43
t(SS,L) 4.14 3.03 8.05 2.25

T able  7-13 Sam ple A ggregate  t-te st M arch  2011 -  70%  GGBS

DF=11
>1.796
<1.796

GGBS 70% Cast Screed Tamp Brush
L 1̂6 5.91 8.84 6.26 6.43

06 0.22 0.48 1.08 0.44
t(L,PCL) 0.93 1.87 0.62 0.99

PCL Me 6.05 7.92 5.94 6.25
06 0.28 1.10 0.61 0.06

t(PCL,SS) 0.66 0.66 3.81 19.99
SS Me 5.97 8.22 7.05 5.29

06 0.07 0.18 0.37 0.10
t(SS,L) 0.61 2.93 1.70 6.21
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Similarly for 70% GGBS, the aggregate type t-test demonstrated that there were a number o f 

results which were statistically significant. However, when one observes the individual readings 

and the very low values o f standard deviation, it is possible to conclude that there is virtually no 

difference between the lux readings for the differing aggregate type specimens. The results for 

30 and 50% GGBS show broadly similar results in Appendix Q. The t-test conducted on the 

aggregate types shows that this parameter is statistically significant, however, the individual 

differences are small. Therefore, the data is sufficiently close to enable one to combine them 

and compute an average o f the three aggregate type results.

The effect o f aggregate type on light reflectance can also be viewed in Fig. 7-11 for a cast 

(smooth) surface finish and in Fig. 7-12 for a brush (rough) surface finish. These plots display 

both 0 and 70% GGBS with each o f the aggregate types plotted individually. The results for 0% 

are in a cluster and are circled with a black line, and the 70% GGBS results are presented in the 

same manner with a dashed black line.

♦  LS-0% G G BS BPCL-O roG GBS A S S -0% G G B S

X L S -70 % G G B S  X P C L -70% G G B S  # S S -7 0 % G G B S

7.00

6.50

6.00

5.50

5.00

4.50

4.00

3.50

3.00
30000 40000 50000 60000 70000 80000 90000

Incoming light (lux)

Fig. 7-11 The effect of aggregate type on light reflectance for a cast surface finish containing 0 and 70“/o GGBS

The typical rough and smooth surface graphs would strongly suggest that as the data points are 

closely grouped together and span in the horizontal direction as opposed to the vertical 

direction, therefore, the aggregate type does not have a significant influence on the lux 

reflectance despite the t-test results showing otherwise. This trend reconfirms the process o f 

combining the three aggregate type results together to compute an average result. 1'he plots for
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screed and tamp surface finishes can be found in Appendix T which display broadly sim ilar 

results.

♦  LS-0%GGBS BPCL-OroGGBS A SS-0% G GBS
X LS-70% G G BS XPCL-70%GGBS •S S -7 0 % G G B S

;.00

7.50

7.00

6.50

6.00

S 5.50
*♦ -
OJ
QC
SS 5.00

4.50

4.00

3.50

3.00
40000 50000 60000 70000 80000 90000

I n c o m i n g  l ig h t  ( lux)

Fig. 7-12 The  effcct o f  aggregate  type on light reflectancc for a brush  surface  finish containing 0 an d  70%
GGBS

7.3.23 The effect o f  GGBS concentration

The effect o f  GGBS concentration on the amount o f  light reflected o ff a concrete specimen is 

clearly evident in Fig. 7-13. The plot displays results for a cast surface finish and the aggregate 

types have been included in each o f  the data points. There is a clear progression from 0 to 70%  

GGBS with m inor overlapping evident for the individual GGBS concentrations. It is evident 

from the plot that there is overlapping occurring in particular for 50 and 70% GGBS results. 

Some o f the variability evident is due to including all o f  the aggregate types together, yet the 

trends are discernable.

A t-test was conducted on these results to determ ine w hether there was statistically any 

difference in lux reflectance between each o f  the GGBS concentrations, with the number o f 

param eters considered being 18, as there are three readings, with 2 duplicate slabs and including 

3 aggregate types (3 x 2 x 3=18). This is denoted by the subscript o f  |j,|8 and Oig in Table 7-14. 

The top o f  the colum ns denote the GGBS concentration and the DF is 35 [(18-1-18) -1], with the 

t-statistic shown as before. The t-test t(0,30) for example, demonstrates the test is conducted 

between 0 and 30%  GGBS, and if  the result is greater than the t-statistic obtained from the
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percentiles o f  the t-distribution table, it is highlighted in blue (otherw ise it is highlighted in 

yellow). As evident from Table 7-14, each t-test result is highlighted in blue, which confirms 

the significant difference in the lux reflectance between each o f  the concentrations o f  GGBS. 

The order o f  decreasing reflectance in terms o f  GGBS concentration is as follows; 70, 50, 30 

and 0% GGBS, as would be expected.

♦  CastO% ■  Cast 30% A Cast 50% X Cast 70%

7.00

6.50

6.00

S 5.50

5.00

4.50

4.00
30000 40000 50000 60000 70000 80000 90000

I n c o m i n g  l ig h t  ( lux)

Fig. 7-13 T he cffect o f  GG BS contcnt on light rcflcctancc for a cast surface  finish (including all aggregate
types) -  M arch  2011

I'able 7-14 T -test on cast su rface  finish for M arch  2011 (all aggregates included)

DF=55
>1.6905
<1.6905

0% 30% 50% 70%

1^ ,18 4.83 M-30,18 5.08 1̂ 50,18 5.71 ki7o,i8 5.98
Oo,18 0.224 030 ,18 0.2823 OSO,18 0.2395 070,18 0.2038

t(0,30) 2.942 t(30,50) 7.22 t(50,70) 3.643
t(0,50) 11.38 t(30,70) 10.967
t(0,70) 16.103

As mentioned previously, there is variability o f  the results evident in Fig. 7-13 which is due 

partly to the aggregate type. Therefore, one may consider the data for only one aggregate type, 

only to see if  the trends are clearer. To observe the effect o f  GGBS on light reflectance for the
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cast surface finish, only one type o f  aggregate is considered (LS) and tiiis plot is displayed in 

Fig. 7-14. The chart dem onstrates a very clear progression from 0 to 70% GGBS as before, 

however, there is some overlapping between 50 and 70% GGBS specimens. Furthermore, a t- 

test was conducted on this data and the results are displayed in Table 7-15. The number o f  

parameters has now been reduced from 18 to 6 (as there are 3 aggregate types), and this in turn 

reduces the DF from 35 to 11. It is evident from the t-test results that one result is highlighted 

yellow, indicating that the result lies below the t-test statistic. This signifies that there is 

virtually no difference between the results for 50 and 70%  GGBS, which was previously noted 

from the scatter plot.

♦  CastO% ■  Cast 30% A  Cast 50% X  Cast 70%
7.00  

6.50

^  6.00
U
Cn
o 5.50 

^  5.00

4.50

4.00
30000 40000 50000 60000 70000 80000 90000

Incoming light (lux)

Fig. 7-14 The effect o f G G B S conten t on light reflectance fo r a cast su rface  finish (only one aggregate  typc-LS)
- M a r c h  2011

Table 7-15 T -test on cast surface  finish fo r M arch  2011 (one aggregate  type included-LS)

DF=11
>1.796
<1.796

0% 30% 50% 70%

1^0,6 4.72 1^30,6 5.37 1^50,6 5.79 M̂ 70,6 5.91
Oo,6 0.0911 030,6 0.1538 Os0,6 0.1287 070,6 0.2234

t(0,30) 8.901 t(30,50) 5.13 t(50,70) 1.14
t(0,50) 16.62 t(30,70) 4.877
t(0,70) 12.082
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In conclusion, the GGBS concentration lias a significant influence in terms o f  the resulting lux 

reflectance, however, by elim inating the effect o f aggregate type and focusing on one aggregate 

in particular, the conclusions on GGBS influence are virtually the same. Therefore, when 

observing the trends in lux meter results, it is appropriate to combine all three aggregate type 

results within one scatter plot and t-test, but not the GGBS data.

A scatter plot for the brush surface finish is displayed in Fig. 7-15 and this includes all 

aggregate type results. Again, there is a progression from 0 to 70% GGBS, however, there is 

overlapping o f  some o f  the results. For the brush finish specimen, where the surface effect 

would be more important due to the increased dispersion o f  light, the boundaries between 0 to 

70% GGBS are less clear. There is a clear difference between 0 and 70% GGBS but the 

differences between the adjacent GGBS concentrations (0-30, 30-50 and 50-70% ) are smaller. 

This is as a consequence o f  having a rougher surface finish.

♦  Brush 0% ■  Brush 30% A Brush 50% X Brush 70%
7.50

7.00

6.50
o;u
c
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u
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QC 5.50

5.00

4,50

4.00
30000 40000 50000 60000 70000 80000 90000

In c o m in g  l ight  (lux)

Fig. 7-15 The effect o f  GGBS content on light reflectance for a brush  surface finish (including all aggregate
types) -  M arch  2011

The corresponding t-test results for the brush surface finish are presented in Table 7-16. It is 

evident from the t-test results that one result is highlighted yellow, which indicates that the 

result lies below the t-test statistic. This implies that there is no statistical difference between 

the average results for 50 and 70% GGBS. This outcom e is confirmed by the scatter plot (Fig. 

7-15) as it can be observed that the 50 and 70% specim ens have approxim ately the same 

percentage light reflectance. The results for screed and tam p can be viewed in Appendix U, and
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these finishes broadly indicate the sam e trends. The reader is also referred to A ppendix V and 

A ppendix W for the results recorded in July 2011 and March 2012 respectively, which are 

discussed separately under the ageing section.

Tabic 7-16 T -test on b rush  su rface  finish fo r M arch 2011 (all aggregate  types included)

DF=35
>1.6905
<1.6905

0% 30% 50% 70%

M-0,18 5.15 p*30,18 5.49 1̂ 50,18 6.22 l-l70,18 5.99
Oo,18 0.420 030,18 0.651 Oso.iB 0.3865 070,18 0 .5 6 8 7

t(0,30) 1.863 t(30,50) 4.092 t(50,70) 1.419
t(0,50) 7.953 t(30,70) 2.455
t(0,70) 5.041

In conclusion, the effect o f  GGBS concentration on light reflectance is significant with 

differences evident from 0 to 70% GGBS, in particular for the cast surface finish. However, 

when the brush surface finish was considered, the differences between adjacent concentrations 

o f  GGBS (such as 0 and 30%, 30 and 50% and 50 and 70% GGBS) are less pronounced. This is 

due to greater dispersion o f  light from the brush surface finish.

7.3.2.4 The effect o f  surface fmish

The influence o f  surface finish on the am ount o f  light reflected from the specim ens is presented 

for both 0 and 70% GGBS in Fig. 7-16 and Fig. 7-17 respectively. The results were recorded in 

M arch 2 0 1 1 and the reader is referred to Appendix X , A ppendix Y and Appendix Z for a full 

set o f  results, including the results for 30 and 50% GGBS which display broadly sim ilar trends.

The data points in Fig. 7-16 illustrate that there is a clear distinction between light reflectance 

values for the four surface finishes, with a screed fmish having the highest percentage o f  visible 

light reflectance. The tam p surface fmish is the second most reflective surface, followed by a 

brush fmish and then a cast fmish. The brush and cast finish appear to overlap somewhat, 

having sim ilar light reflectance results. A lthough there is no GGBS present in these samples, 

the type o f  surface fmish has a strong influence on the percentage o f  reflected light.

A t-test was conducted on these results to determine whether there was statistically any 

difference in light reflectance between each o f  the surface fmish types, with the num ber of 

param eters considered being 18 as before. The results from this test are displayed in Table 7-17. 

The top o f  the columns denote the surface finish type and the DF is 35 [(18+18) - I], with the t-
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statistic shown as before. The t-test t(c,s) for example, demonstrates the test is conducted 

between cast and screed, and i f  the result is greater than the t-statistic obtained from the 

percentiles o f the t-distribution table, it is highlighted in blue (otherwise it is highlighted in 

yellow). As evident from the data, each t-test result is highlighted in blue, which confirms the 

significant difference in the lux reflectance between each o f the surface finish types, which is 

also clearly evident from Fig. 7-16. The order o f decreasing reflectance in terms o f surface 

finish type is as follows; screed, tamp, brush and cast. It is interesting to note that the two 

smooth surface finishes (cast and screed) are very different in terms o f the amount o f light 

which they reflect. This is due to the colour o f these specimens, as cast is visibly the darkest 

colour and screed the brightest, which was confirmed using the sphere spectrophotometer.

♦  0%Cast B0% Screed A 0% Tamp X0% Brush

10.00  

9.00  

90,000

Fig. 7-16 The effect of surfacc finish type on light reflectance for 0 %  GGBS (including all aggregate types) -
March 2011

Table 7-17 T-test on 0%  GGBS specimens for March 2011 (all aggregates included)

~DF=35
>1.6905

<1.6905

Cast Screed Tamp Brush
1^C,18 4.83 1^5,18 8.03 l^t,18 6.22 l^b,18 5.15
Oc,18 0.224 Os/18 0.2952 Ot,18 0.5589 Ob,18 0.4429

t(cs) 36.63 t(st) c . 13.43 t(tb) 6.37
t(ct) 9.79 t(sb) 24.47

t(cb) 2.74

8.00

TO 7.00
'

"  6.00 
s?

5.00

4.00

X X >̂<

3.00
40,000 50,000 60,000 70,000 80,000

Incoming light (lux)
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The data presented in Fig. 7-17 represents 70%  GGBS specim ens containing tiie four different 

surface finisiies. Tiiere is again a clear distinction evident, with screed observing the highest 

light reflectance as expected. The tw o least reflective surface finishes are cast and brush, and 

these have overlapping results. The effect o f  the smoothness is dom inated by the darker colour. 

A corresponding t-test was produced as before to quantify the differences in light reflectance 

between the various finish types, and the data is displayed in Table 7-18. The results 

dem onstrate that each o f the surface finish types are significantly different from one another, 

apart from cast and brush (highlighted in yellow). This observation was also noted for the 0% 

GGBS specim ens (see Fig. 7-16).

♦  70% Cast ■70% Screed A 70% Tamp X 70% Brush

10.00

9.00

8.00

7.00

6.00

5.00 XX

4.00
40000 50000 60000 70000 80000 90000

I n c o m i n g  l ig h t  (lux)

Fig. 7-17 T he effect o f su rface finish type on light reflectance fo r 70%  GG BS (including all aggregate  types) -
M arch  2011

T able  7-18 I'-test on 70%  G G B S specim ens fo r M arch  2011 (all aggregates included)

DF=35
>1.6905
<1.6905

Cast Screed Tamp Brush
M̂c.18 5.98 l-ls,18 8.33 Ml, 18 6.41 b̂,i8 5.99
Oc,18 0.204 Os;18 0.7656 Ot,18 0.8472 Ob,18 0.5687

t(cs) ‘ 12.58 t(st) 1^.7.134 t(tb) 1.746
t(ct) 2.094 t(sb) 10.41
t(cb) 0.07
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In conclusion, the effect o f  surface finish type on visible light reflectance is significant, with 

differences evident between each o f  the surface finish types, apart from cast and brush which 

overlap somewhat. Although both param eters are important, the effect o f  surface finish would 

appear to have a greater influence on the amount o f  light reflected when compared to the effect 

o f  GGBS concentration, as the differences between the different finish types is greater.

7.3.2.5 The effect o f  ageing

In March 2012, one year after the first set o f  readings were recorded, almost every t-test result 

was above the t-test statistic which is evident by the sample set o f  results for 0% GGBS 

displayed in Table 7-19. The reader is referred to Appendix P for a complete set o f  results. The 

calculated t-value is highlighted in the table to indicate whether the value is greater (red) or less 

(green) than the t-value statistic as before.

Table 7-19 Sample of duplicate t- test M arch  2012 - 0 %  CiGBS

DF=5
>2.015
<2.015

GGBS 0% Cast Screed Tamp Brush
L Ha3 5.27 7.60 6.12 6.37

Oa3 0.03 0.04 0.02 0.03
(a) Ha3 5.34 8.05 7.46 6.55

Oa3 0.02 0.02 0.02 0.01
t(aa) 4.16 20.65 89.44 11.63

PCL l^b3 5.25 7.47 6.83 6.64
Ob3 0.02 0.03 0.01 0.02

(b) l^b3 5.38 7.65 6.44 6.43
Ob3 0.03 0.01 0.03 0.03

t(bb) 5.43 9.88 24.73 12.36
SS \ic3 5.18 6.96 5.64 5.62

OcB 0.02 0.02 0.02 0.01
(c) Hc3 5.23 6.93 5.68 5.32

Oc3 0.03 0.05 0.01 0.02
t(cc) 2.65 0.72 3.10 25.24

This change in results when compared with the initial readings recorded in M arch 2011 (see 

Table 7-11) would suggest that with time, the slab duplicates are wearing at different rates, 

therefore, they are giving statistically different results o f  visible light reflectance. This may also 

be due to the location o f  the two slabs being com pared as the duplicate slabs are never beside 

one another on the ro o f It was observed visually that the duplicate slabs are not the same, in 

particular for the rough surface finishes more so than the sm ooth surface finishes. A possible
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reason for this result is that the slab surfaces were finished by hand, and that no two rough 

surface finishes are physically identical. In conclusion, the duplicate specimens are moving 

away from one another in terms o f  the am ount o f  light reflected o ff the surface. This is due to 

the surface o f  each o f  the specim ens ageing at different rates. However, it should be noted that 

the standard deviation is low for the data set, which reduces the possibility o f  the t-value being 

less than the t-statistic.

Similarly, a sample o f  the aggregate t-test conducted on the results for M arch 2012 is displayed 

in Table 7-20, with the complete data set displayed in Appendix S. The calculated t-value is 

highlighted, indicating whether the value is greater (blue) or less (yellow) than the t-value 

statistic as before. The majority o f  the results are significant (highlighted in blue) which 

suggests that the aggregate type does make a difference after the specim ens have been exposed 

to the environment. This table may be compared with results from one year previous (Table 

7-12). The standard deviation value is low for each o f  the individual data sets and this affects 

the resulting t-test value quite significantly despite the individual results being close to one 

another. The t-test conducted on the aggregate types shows that this param eter becomes more 

significant with time.

In conclusion, as the aggregate type has an influence on the am ount o f  light reflected after the 

specimens were exposed to the environm ent, the subsequent discussion on the influence o f 

ageing with respect to the GGBS concentration and surface finish type will focus on one 

aggregate type so as not to hide the true trends.

Table 7-20 Sam ple aggregate  t-test M arch  2012 -  0 %  GG BS

DF=11
>1.796
<1.796

GGBS 0% Cast Screed Tamp Brush
L He 5.30 7.83 6.79 6.46

O g 0.04 0.25 0.73 0.10
t(L,PCL) 0.38 2.38 0.50 1.16

PCL He 5.32 7.56 6.63 6.53
06 0.07 0.10 0.21 0.12

t(PCL,SS) 3.45 13.83 11.14 12.77
SS He 5.20 6.95 5.66 5.47

06 0.03 0.04 0.03 0.17
t(SS,L) 4.46 8.48 3.79 12.58
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The influence o f age on specimens containing different GGBS concentrations w ill be discussed 

for a smooth surface finish (cast) and a contrasting rough surface finish (brush). The reader is 

referred to Appendix AA for the supplementary results for screed and tamp which demonstrate 

broadly similar results. One aggregate type was utilised in order to clearly view the trends (LS 

aggregate). There were three sets o f data recorded over the course o f the project (March 2011, 

July 2011 and March 2012) and these are included to demonstrate the effect o f ageing on light 

reflectance for 0 and 70% GGBS.

The results for a cast surface finish are displayed in Fig. 7-18 with the corresponding t-test 

results shown in Table 7-21. The individual 0-70% data sets are labelled 1, 2 and 3 in the plot 

and correspond to March 2011, July 2011 and March 2012 respectively. It is evident from the 

plot that i f  one observes the difference in light reflectance between 0 and 70% GGBS for each 

o f the data sets, that the difference in light reflectance decreases with time. The final set of 

readings recorded, in particular, display only a small difference in light reflectance between 0 

and 70% GGBS. This would suggest that the results are converging with time due to ageing o f 

the specimens.

10% GGBS March 2011 

»70% GGBS July 2011
▲ 70% GGBS March 2011 

♦  0% GGBS March 2012
X 0%  GGBS July 2011 

70% GGBS March 2012
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Fig. 7-18 Ageing of 0 and 70%  GGBS cast finish slabs between M arch 2011, July 2011 and M arch 2012 for LS
aggregate only
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This outcom e is confirmed by tiie t-test conducted on tiie individual results between all GGBS 

concentrations, as before. The m ajority o f  the results are highlighted blue suggesting that there 

is a difference in light reflectance between the GGBS concentrations, however, the result 

highlighted yellow suggests that there is little or no difference between 30 and 70%  GGBS. If 

one observes the average reading for 30%  (5.90) and 70% (5.85) it confirm s the result that the 

70%  GGBS specimens have reduced in light reflectance to that o f  30%  GGBS. This differs to 

the initial results from March 2011 (see Table 7-15) whereby the 70% specimens obtained the 

highest reflectance. This would suggest that the 70% specimens in particular have aged and 

consequently have a lower percentage o f  reflected light.

’Cable 7-21 T -test on cast su rfacc  finish fo r M arch  2012 to dem onstra te  ageing (one aggregate  type included-
LS)

DF=11

>1.796
< 1.796

0% 30% 50% 70%

M-0,6 5.30 1^30,6 5.90 1^50,6 6.14 1^70,6 5.85

O q,6 0.04 0 3 0 ,6 0.23 OSO,6 0.02 0 7 0 ,6  0.05
t(0,30) 6.295 t(30,50) 2.55 t(50,70) 13.2

t(0,50) 46.01 t(30,70) 0.52
t(0,70) 21.04

Similarly, the results for a brush surface finish are displayed in Fig. 7-19 with the corresponding 

t-test results shown in Table 7-22. The influence o f  age on the effect o f  GGBS concentration 

can be viewed in the scatter plot as the differences between 0 and 70% GGBS decreases with 

tim e for the three data sets. The initial readings indicate a significant difference in light 

reflectance, however, this difference decreases substantially for the final set o f  results recorded. 

The t-test results account for the four GGBS concentrations and it may also be observed that the 

order o f  increasing light reflectance has changed since the first set o f  readings recorded in 

M arch 2011 (see Table 7-16). The nature o f  the surface finish contributes significantly to this 

change due to the dispersion o f  light o ff  the surface. Although the overall order o f  GGBS 

concentration has changed, the difference between specimens containing 0 and 70%  GGBS 

rem ains evident.

In conclusion, the influence o f  ageing on the am ount o f  light reflected from a specimen is 

evident despite there being only one year between the initial and final readings. The specimens 

containing 70% in particular, appear to decrease in light reflectance at a faster rate. However,
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irrespective o f  the surface finish and the incom ing light, the concrete slabs have aged and this 

results in deterioration in the corresponding light reflectance result.

■ 0%GGBS March 2011 A 70% GGBS March 2011 X  0% GGBS July 2011
•  70% GGBS July 2011 ♦  0% GGBS March 2012 -  70% GGBS March 2012
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Fig. 7-19 Ageing of 0 anil 70%  G C B S b rush  finish slabs betw een M arch  2011, Ju ly  2011 anil M arch  2012 for
l-S aggregate  only

Table 7-22 I'-test on b rush  su rface  finish fo r M arch  2012 to dem o n stra te  ageing (one aggregate  type included-
LS)

' D F = 1 1  

>1.796
< 1.796

0% 30% 50% 70%

l-lo,6 6.46 M-30,6 5.46 1^50,6 5.979 |i70,6 6.674

Oo,6 0.098 030,6 0.35 050,6 0.683 070,6 0.245
t(0,30) 6.739 t(30,50) 1.656 t(50,70) 2.346
t(0,50) 1.708 t(30,70) 6.96
t(0,70) 1.987
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The influence o f surface finish on light reflectance is presented here for a smooth surface finish 

(screed) and a contrasting rough surface finish (brush) for 0 and 70% GGBS for the three data 

sets namely March 2011, July 2011 and March 2012. The supplementary plots for 30 and 50% 

GGBS are displayed in Appendix BB and present broadly similar results. The corresponding t- 

test for this scatter plot is displayed in Table 7-23. The three data sets are labelled on the plot 

from 1 to 3 as before. Although there is a clear reduction evident in light reflectance between 

these contrasting surfaces with time, the difference in the light reflectance is greater between 

the surface finishes when compared to the differences between GGBS concentrations (see Fig. 

7-19). This is confirmed by the results o f the t-test which demonstrate that there is a difference 

between each o f the surface finish types (highlighted in blue), despite the specimens having 

been exposed for one year follow ing the initial readings taking place. It is interesting to note 

that the order o f decreasing reflectance is screed, tamp, brush and cast. As there is a distinct 

difference between the smooth surface finishes (cast and screed), this would imply that the 

colour o f the specimen is equally as important as the nature o f the surface finish. The cast finish 

specimen is the least reflective due to its visibly darker colour, and vice versa for the screed 

finish specimen.
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Fig. 7-20 Ageing of screed and brush finish slabs with 0“/o GGBS betw een M arch 2011, July 2011 and March
2012 for LS aggregate only
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Table 7-23 T-test on 0®/o GGBS specimens for March 2012 to demonstrate ageing (one aggregate type
Included-LS)

DF=11
> 1.796
< 1.796

Cast Screed Tamp Brush
5.304 l-ls,18 7.825 klt.lS 6.791 Hb.iB 6.459

Oc,18 0.044 Os/18 0.251 Ot,18 0.729 Ob,18 0.098
t(cs) 25.30 t(st) 3.30 t(tb) 3.00
t(ct) 4.98 t(sb) 12.45
t(cb) 26.45

Similarly, the data for 70% GGBS is presented in Fig. 7-21 for the screed and brush surface 

finishes also. Once more there is a significant difference in the percentage o f light reflected 

between the two surface finishes, in particular for March 2011 and July 2011. However, this 

decreases significantly one year later (March 2012).
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Kig. 7-21 Ageing of screed and brush finish slabs with 70% GGBS between March 2011, July 2011 and March
2012 for LS aggregate only
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The corresponding t-test results displayed in Table 7-24 confirm  this outcome as they 

dem onstrate that despite the specim ens having been exposed for one year following the initial 

readings, the difference in light reflectance between the individual surface fm ish types is still 

significant. One result is highlighted in yellow as there is virtually no difference between the 

tam p and brush surface finish, however, this was also observed for the initial results recorded in 

M arch 2011 (see Table 7-18).

In conclusion, despite the specimens being exposed to the environm ent for approximately one 

year, there rem ains a quantifiable difference in the am ount o f  reflected light between each o f  the 

surface finishes. This would suggest that this param eter is the dom inating factor over the 

influence o f  GGBS concentration. In addition, the 70% GGBS specimen performs quite poorly 

with age, as it is evident that the lux reading drops to below that o f  50% and is sim ilar to 30% 

GGBS. However, this decrease in light reflectance may be reversed by possible cleaning o f  the 

surface o f  the specimens.

Table 7-24 T -test on 70%  GG BS specim ens for M arch  2012 to dem onstra te  ageing (one aggregate  type
included-LS)

DF=11
>1.796
<1.796

Cast Screed Tamp Brush

l^c,18 5.846 l-ls,18 7.309 Ht,i8 6.770 Hb,i8 6.674
O c,18 0.047 O s;1 8 0.139 o,,i8 0.091 Ob,i8 0.245

t(cs) 24.4 t(st) 7.96 t(tb) 0.937
t(ct) 22.0 t(sb) 5.57
t(cb) 8.05

7.3.3 Night-time luminance test

As described in Section 2.3.5, the albedo effect can also be seen at night time with associated 

advantages, such as the need for reduced lighting and improved road safety. Accordingly, a test 

to measure night-time luminance was performed in M arch 2013. A total o f  four specimens 

containing 0-70%  GGBS with a tamped surface fmish were removed from their rooftop location 

and transported to two different street lamps located in Trinity College (see Fig. 7-22).
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Fig. 7-22 P h o to g ra p h  o f  l a m p  ty p e  u se d  (so d iu m  v a p o u r  la m p )  in n igh t  t im e  lu m in a n c c  test

The test procedure was carried out as follows;

1. The slab was positioned on the stand approximately 3m from the light source and the 

black box placed over it (see Fig. 7-23).

2. The tunnel o f  the black box is pointed directly up at the artificial light.

3. The box is propped in position ensuring there is no shadow cast on the surface o f  the

specimen.

4. A reading o f incoming and reflected lux are recorded and this is repeated twice.

5. Steps 1-4 are repeated for the three remaining specimens.

6. The four slabs are relocated to a second lamp o f  the same make where steps 1-5 are

repeated.

Fig. 7-23 N ig h t - t im e  lu m in a n c e  tes t in g  w i th  b lack  box

The data for Lamp 1 is displayed in Table 7-25 where the incom ing lux remains reasonably 

constant at approxim ately 28 lux. The reflected lux reading was also constant, with only a 0.1 

change in the reading for a given GGBS content. The average reflectance’s for 0, 30, 50 and
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70%  GGBS are 4.66, 4.79, 5.35 and 5.04%  respectively. The data would suggest that the 70% 

GGBS specim en is less reflective than the 50% specimen and that there is an increase in light 

reflectance from 0 to 50% GGBS o f approxim ately 15%. Similarly, the data for Lamp 2 is 

presented in Table 7-26. The incom ing lux is m arginally lower at approximately 25 lux. The 

average reflectance for 0, 30, 50 and 70% GGBS is 4.40, 4.57, 5.0 and 4.66%  respectively. 

There is once more an increase in light reflectance from 0 to 50% GGBS o f approxim ately 

15%. The relationship between the level o f  GGBS and reflected lux is very sim ilar to the result 

o f  Lamp 1. It should be noted that if  one measures night reflectance for a concrete surface 

against an asphalt surface, the benefit o f  using concrete is more significant.

Table 7-25 Night-reflectance da ta  for L am p 1 at Trin ity  College

Lamp Slab Reading Incoming Reflected Ratio (%) Average
1 0 1 28.6 1.3 4.55 4.66

2 28.7 1.3 4.53
3 28.6 1.4 4.90

30 1 28.6 1.4 4.90 4.79
2 28.5 1.4 4.91
3 28.5 1.3 4.56

50 1 28.8 1.5 5.21 5.35
2 28.4 1.5 5.28
3 28.8 1.6 5.56

70 1 28.0 1.4 5.00 5.04
2 28.5 1.5 5.26
3 28.8 1.4 4.86

Table 7-26 Night-reflectance da ta  fo r  L am p 2 at T rin i ty  College

Lamp Slab Reading Incoming Reflected Ratio (%) Average
2 0 1 25.8 1.1 4.26 4.40

2 25.6 1.1 4.30
3 25.8 1.2 4.65

30 1 25.6 1.2 4.69 4.57
2 25.5 1.2 4.71
3 25.4 1.1 4.33

50 1 25.9 1.3 5.02 5.00
2 26.1 1.3 4.98
3 26.0 1.3 5.00

70 1 25.6 1.2 4.69 4.66
2 25.8 1.2 4.65
3 25.9 1.2 4.63
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T he d a ta  for the tw o lam ps is illustrated  m ore clearly  in Fig. 7-24 w hich  dem onstra tes that the 

increase  (o f  approx im ate ly  15%) in G G B S  con ten t show s an increase in ligh t reflec tance up  to  

50%  G G B S. T here is a  reduction  in the ligh t reflec tance for 70%  G G B S, how ever, the cause  for 

th is is believed to  be enhanced  ageing. It can be noted  that the incom ing  light fo r the  tw o  lam ps 

is d iffe ren t and this m ay be due to  brigh ter surfaces nearby or a sligh tly  b righ te r light, as the 

m easurem ent o f  light reflectance w as taken  at the sam e distance from  each  lam p.

Lamp 1 Lamp 2
6.00

5.50

5.00

4.50

4.00

3.50

3.00
0 30 50 70

% GGBS

Fig. 7-24 Plot o f  light rcflectancc for tam ped specimens (0, 30, 50 and 70 %  GGIJS) at night time u n d e r  two
street lamps

733.1 Concl usions

•  T he incom ing  light rem ains alm ost constan t as it is an artific ia l light source.

• A lthough  the incom ing  lux is sm all (betw een  approxim ately  25 and 28 lux), the 

specim ens reflect betw een 4 .40 -5 .35%  light.

•  T he o rder o f  increasing  reflec tance generally  co rresponds w ith the increase  in G G B S 

conten t, how ever, w ith 70%  hav ing  a reduced  reflec tance due to  ageing.

•  T he trends for bo th  Lam p 1 and Lam p 2 are sim ilar.

•  T he d iffe rences betw een  the percen tage reflectance o f  the d ifferen t G G B S  con ten ts is

su ffic ien tly  large to  m ake it w orthw hile  to  prom ote the use o f  h igher G G B S  con ten ts in

pavem ents.

•  By increasing  the  level o f  G G B S from  0 to 50% , there is approx im ate ly  a 15% increase 

in the illum inance.
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7.3.4 Moisture test on slab specimens

A small test was conducted to illustrate the effect o f  m oisture on the surface o f  the concrete 

specimens. The test was conducted on a sunny day where the near surface conditions o f  the 

slabs were dry. A lux reading and a greyness scale reading was recorded both when the slab was 

dry and immediately after wetting the surface o f  the specimens. The objective o f  this was to 

determ ine how m oisture affects the resulting colour and in turn the light reflectance o f  the 

specimens. The percentage reduction in lux reflectance and greyness were calculated.

The data obtained (see Table 7-27), would suggest that the presence o f  m oisture strongly affects 

the colour o f  the specimen, as expected, with an overall reduction in lux readings ranging 

between approxim ately 24 and 40%, and a reduction in greyness ranging between 

approxim ately 38-53%  (the greyness is a more subjective test method as discussed in detail in 

Section 7.4). This factor is much more influential than the difference in readings obtained due 

to a change GGBS content and surface finish type, therefore, it is important that one ensures the 

near surface o f  the concrete specimen is dry.

In conclusion, the presence o f  moisture significantly decreases the light reflectance and colour 

o f  concrete, irrespective o f  the surface finish or level o f  GGBS present. However, depending on 

external conditions, the near-surface dries very quickly allowing for readings o f  reflectance to 

be recorded. In general, it is sufficient to leave the specim ens for one day after there is rainfall, 

allow ing ample time for the surface o f  the specim ens to dry out.

Table 7-27 Lux reading and g re j  ness scale reading for 0 and 70 %  G G B S specimens for four  surface  finishes
in » e t  and d ry  surface  conditions

Dry 
% Refi Lux

Wet 
% Refi Lux

Dry
Greyness

Wet
Greyness

Lux 
% Red.

Greyness 
% Red.

0% Cast 4.28 3.26 0.65 0.35 23.7 46.2
Screed 4.81 3.00 0.75 0.40 37.6 46.7
Tamp 4.00 2.72 0.65 0.35 32.0 46.2
Brush 3.71 2.29 0.65 0.35 38.1 46.2

70% Cast 4.06 2.71 0.65 0.40 33.1 38.5
Screed 5.40 3.22 0.75 0.40 40.4 46.7
Tamp 4.67 3.09 0.70 0.35 33.7 50.0
Brush 4.76 2.96 0.75 0.35 37.8 53.3

7.3.5 Conclusions

• This series o f  tests indicates that there is a statistically significant difference between the 

duplicate specimens, however, this can be attributed to the very low values o f  standard 

deviation. The difference between the individual specimens is small in com parison to the
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differences between GGBS content and surface finish. The data is sufficiently close to 

enable one to combine the data for the duplicate specimens and com pute an average.

The aggregate type does not have a strong influence on the percentage lux reflectance 

despite the t-test results show ing statistical significance, therefore, this enabled the 

com bining o f the three aggregate type results together to com pute an average result.

The effect o f  GGBS concentration on light reflectance is significant with differences 

evident from 0 to 70% GGBS, in particular for the sm ooth surface finishes, for example a 

cast surface finish. However, w here the rough surface finishes are considered, for 

exam ple, a brush surface finish, the differences between adjacent concentrations o f  

GGBS (such as 0 and 30%, 30 and 50% and 50 and 70% GGBS) are less pronounced. 

This is due to greater dispersion o f  light from the brush surface finish.

The effect o f  surface finish type on visible light reflectance is significant, with 

differences evident between each o f  the surface finish types. Although both param eters 

are important, the effect o f  surface finish has a greater influence on the am ount o f  light 

reflected when compared to the effect o f  GGBS concentration, as the differences between 

the different finish types is greater. The general order o f  decreasing reflectance in terms 

o f  surface finish is as follows; screed, tamp, brush and cast.

The influence o f ageing on the amount o f  light reflected from a specimen is evident 

despite there being only one year between the initial and final readings. The specimens 

containing 70% in particular, appear to decrease in light reflectance at a faster rate. The 

order o f  reflectance for the rougher surface finish is not well defined, due to the 

dispersion o f  light from the surface.

As there is a distinct difference between the smooth surface finishes (cast and screed), 

this would imply that the colour o f  the specim en is equally as important as the nature o f 

the surface finish. The cast finish specimen is the least reflective due to its visibly darker 

colour, and vice versa for the screed finish specimen.

A lthough the specimens were exposed to the environment for approxim ately one year 

follow ing the initial readings, there rem ains a quantifiable difference in the amount o f  

refiected light between each o f  the surface finishes. This would suggest that this 

param eter is the dominating factor over the influence o f  GGBS concentration.

The order o f  increasing night time lum inance generally corresponds with the increase in 

GGBS content, however, with 70% having a reduced reflectance due to ageing. By 

increasing the level o f  GGBS from 0 to 50% , there is approximately a 15% increase in 

the illuminance, which would be sufficiently large to  make it worthwhile to promote the 

use o f  higher GGBS contents in pavements.



• The presence o f  moisture strongly affects the colour o f  the specimen, with an overall 

reduction in lux readings ranging between 24 and 40% , and a reduction in greyness 

ranging between 38 and 53%. However, depending on external conditions, the near­

surface dries very quickly allow ing for readings o f  reflectance to be recorded.

•  The order o f  importance o f  factors influencing light reflectance are broadly as follows; 

surface finish type, percentage o f GGBS, ageing, aggregate type as determ ined by the lux 

meter testing.

7.4 G reyness Index Chart 

7.4.1 Introduction

As the colour o f  a surface has a strong effect on the am ount o f  light reflected o ff  it, it is 

important to exam ine and evaluate this parameter. Using a sphere spectrophotom eter, which has 

been shown to be highly accurate, is not always practical or affordable. Therefore, a more 

accessible method, using a greyness index card as a ready reckoner for colour, is investigated. 

Thus, characterising the ‘greyness’ o f  the concrete slabs surface using a greyness index chart 

(see Section 4.5) is achieved by placing the colour chart on the surface o f  the slab in order to 

determine the colour or greyness index value which it is closest to on the chart (see Fig. 7-25). 

The greyness index value is accurate to 0.05 and is a subjective test, however, one would aim to 

categorize the colour o f  a concrete specimen to within this accuracy range i.e. repeatable to 

within one band o f  greyness. The greyness value is then calculated as follows; greyness value = 

(100-greyness index chart value)/100.

A number o f  data sets were collected over the duration o f  this project. These were taken in 

August 2011, February 2012 a rd  February 2013. The concrete specimens were cast in 

September 2010. The results are presented in this section and the full set o f  greyness readings 

can be found in A ppendix CC. The results are presented for the three aggregate types, four 

different surface finish types and four concentrations o f  GGBS.

There are many factors which influence the colour o f  concrete. Some o f these factors are as 

follows;

1. Type o f  cement: The cem ents used for this particular test are conventional grey CEM 11 

A-L cement and GGBS, w hich is known for producing a concrete which is lighter in 

colour than concrete made with conventional cement.

2. Type o f  aggregate; The aggregate type used in concrete may influence the colour o f  the 

concrete, however, aggregate which is exposed on the surface is usually coated with
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cement paste. The effect o f aggregate type on colour is more prominent when the 

aggregate is exposed at the surface. There are three aggregate types used; limestone (L), 

partially crushed limestone (PCL) and sandstone (SS).

Curing time: This factor also has an effect on the end colour o f concrete as it affects the 

surface hydration o f the cement paste. Each concrete slab was cured for the same period 

o f time, thus eliminating this additional factor.

Moisture content: The amount o f moisture present in concrete is measured using a 

moisture meter to ensure the slab is sufficiently dry before taking a reading. A reading 

for greyness is taken only when there have been 3 consecutive days o f no rainfall to 

ensure this parameter is eliminated. In general, the smooth surface finishes take longer 

to dry compared with the rough surface finishes because the surface pores are more 

closed and so the evaporation rate is slower.

Ageing: To study the effect o f age on concrete, there was a 6 month period between the 

first two sets o f results taken, and a further year before the final set was taken.

100% 95% 90% eO% 75% 70S 66% 80% SS%I j i s o s ' '  45% 40% K% 30% 25% 20% 15% 10% 5% p T

< - - - - - - >

Fig. 7-25 The grcyness index chart with a concrete specimen aligned against it to determine the
greyness of the specimen

7.4.2 Results of greyiiess

The results o f greyness are displayed in Table 7-28 for each o f the three data sets recorded 

(Aug-11, Feb-12, Feb-13). This data set provides a single value for one particular slab type i.e. 

an average o f the duplicate slab readings were taken (a fu ll set o f the individual greyness 

readings recorded are located in Appendix CC). The GGBS concentration is presented in the 

first column on the left hand side, followed by the aggregate type in the second column. The 

surface finish type is displayed at the tops o f the columns, with the three data set dates for the 

different finishes in adjacent columns. The follow ing effects w ill be discussed in detail;

1. Aggregate type on greyness

2. Surface finish on greyness

3. GGBS content on greyness

4. Ageing o f the specimen
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Table 7-28 Sum m ary  o f  grcyness values fo r  each slab specimen (average values of  duplicate specimens)

Surface Finish Cast Screed Tamp Brush

GGBS Agg.

Aug-
11

Feb-
12

Feb-
13

Aug-
11

Feb-
12

Feb-
13

Aug-
11

Feb-
12

Feb-
13

Aug-
11

Feb-
12

Feb-
13

0 L 0.58 0.58 0.58 0.75 0.75 0.75 0.68 0.68 0.68 0.73 0.73 0.70
PCL 0.60 0.63 0.58 0.75 0.75 0.73 0.68 0.68 0.68 0.65 0.65 0.60
55 0.58 0.58 0.58 0.70 0.70 0.70 0.65 0.65 0.65 0.65 0.63 0.60

30 L 0.65 0.65 0.65 0.83 0.80 0.75 0.78 0.78 0.75 0.75 0.75 0.75
PCL 0.65 0.65 0.58 0.75 0.75 0.75 0.73 0.73 0.73 0.70 0.70 0.70
55 0.58 0.60 0.60 0.80 0.80 0.78 0.75 0.75 0.73 0.78 0.78 0.75

50 L 0.70 0.70 0.68 0.80 0.75 0.70 0.75 0.75 0.73 0.80 0.80 0.75
PCL 0.70 0.73 0.68 0.78 0.75 0.70 0.73 0.70 0.68 0.80 0.80 0.75
55 0.68 0.68 0.68 0.83 0.78 0.73 0.75 0.75 0.73 0.83 0.80 0.80

70 L 0.73 0.73 0.70 0.88 0.83 0.80 0.83 0.78 0.78 0.85 0.83 0.80
PCL 0.68 0.68 0.68 0.80 0.75 0.75 0.70 0.70 0.75 0.80 0.80 0.78
55 0.73 0.70 0.70 0.85 0.78 0.73 0.83 0.78 0.78 0.83 0.80 0.78

7.4.2.1 The effect o f  aggregate type on greyness

Unlike the data obtained using a spectrophotom eter or lux meter, the greyness readings are 

subjective as they are assessed by the naked eye to the nearest 0.05 (or 5%). Therefore, by 

studying the results obtained overall for the three different aggregate types in Table 7-28, it 

appears this method cannot accurately assess the effect o f  aggregate type on grey ness as it is not 

possible to differentiate between them visually. The coefficient o f  variation (CoV) between the 

three aggregate types for any one specim en is no more than 10%. Therefore, in order to assess 

the influence o f  GGBS and surface finish type on greyness, the readings for the three aggregate 

types will be averaged.

7.4.2.2 The Effect o f  GGBS concentration on Greyness

A summary o f  the greyness values with averaged aggregate values is displayed in Table 7-29. 

This data will be utilised to determ ine the effect o f  both GGBS content and surface finish on 

greyness. By observing the general trend from 0 to 70% GGBS, there is an increase in greyness 

value for each o f  the GGBS contents which can be viewed more clearly in Fig. 7-26. In 

addition, there is a consistent trend across the various surface finish types.

The data displayed in Fig. 7-26 is representative o f  the first set o f results recorded in August 

2011 for the four surface types. W ithin each o f  these surface finish (SF) type results, lie the four 

GGBS concentrations (0-70% ). This chart exhibits a direct correlation between GGBS 

concentration and greyness for each o f  the surface finish types, with 0%  having the lowest



greyness value and 70% the highest. The difference between 0 and 70% GGBS in term s o f  

greyness ranges between 0.11 and 0.16. This can be seen by observing the average greyness 

value for 0, 30, 50 and 70% which are 0.67, 0.73, 0.76 and 0.79 respectively.

Table 7-29 S u m m ary  of greyness values (average value o f th ree  aggregate  types fo r dup licate  pairs)

SF Cast Screed Tamp Brush

Aug- Feb- Feb- Aug- Feb- Feb- Aug- Feb- Feb- Aug- Feb- Feb-
GGBS 11 12 13 11 12 13 11 12 13 11 12 13

0 0.59 0.60 0.58 0.73 0.73 0.73 0.67 0.67 0.67 0.68 0.67 0.63
30 0.63 0.63 0.61 0.79 0.78 0.76 0.75 0.75 0.74 0.74 0.74 0.73
50 0.69 0.70 0.68 0.80 0.76 0.71 0.74 0.73 0.71 0.81 0.80 0.77
70 0.71 0.70 0.69 0.84 0.79 0.76 0.79 0.75 0.77 0.83 0.81 0.79

■ 0%GGBS ■ 30% GGBS ■ 50% GGBS ■70% GGBS

Cast Screed Tamp Brush
Surface Finish

Fig. 7-26 The effect o f  GG BS concen tra tion  on greyness fo r fo u r surface finish types (A ug-11)

This would suggest that the level o f  GGBS present in concrete has a significant and measurable 

effect on the colour or greyness o f  the concrete produced, with this change being significant 

enough to be detected easily by the human eye. However, it should be noted that the greyness 

index result is harder to ascertain for rough surfaces as reading the index is more subjective than 

for smooth surfaces.

7.4.2.3 The Effect o f  Surface Finish Type on Greyness

The effect o f surface finish on greyness can be studied by observing the average greyness for 

each o f  the finish types. The data presented in Fig. 7-27 exam ines the effect o f  surface finish
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type on greyness for the four GGBS concentrations from August 2011. It corresponds directly 

with the data presented in Fig. 7-26, however, the focus is now  on the effect o f  the surface 

finish type. There is a strong relationship between greyness and the finish type for each o f  the 

GGBS concentrations. The difference in greyness between the two extremes, screed and cast, 

ranges between 0.11 and 0.16. This range would suggest that the effect o f  surface finish type on 

greyness is significant and discernible using the greyness index chart, despite its subjectivity 

and low accuracy com pared to the sphere spectrophotom eter. The average greyness for the four 

finish types screed, brush, tamp and cast are 0.79, 0.77, 0.74 and 0.66 respectively. The results 

confirm that the surface finish does have a measurable effect on greyness using the greyness 

index scale, and that this param eter is equally as important, if  not more important, than the 

percentage o f  GGBS present.

■  Screed ■  Brush B T am p ■  Cast

0  30 50  70
% GG BS

Fig. 7-27 T he cffect o f su rface  finish on greyness fo r fo u r G G B S concen tra tions (A ug-11)

7.4.2.4 Ageing

in order to examine the effects o f  age, both the second and third data sets recorded in February 

2012 and February 2013 will be studied in terms o f  both GGBS concentration and surface finish 

type. The data obtained 6 m onths later (Feb-12) is presented in Fig. 7-28. Already it can be 

observed that there is a softening o f  the trend when compared w ith the first set o f  results (see 

Fig. 7-26). However, a detectable correlation between GGBS concentration and greyness 

remains for the most part. The difference in greyness between the tw o extremes o f  0 and 70% 

GGBS now ranges between 0.06 and 0.14 which signifies an overall decrease in the range of 

greyness. Similarly, the average greyness values for 0, 30, 50 and 70%  are 0.67, 0.72, 0.75 and 

0.76 respectively. Interestingly, it is the 70% GGBS which has reduced in colour most 

significantly.
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■  0%GGBS * 3 0 %  GGBS * 5 0 %  GGBS ■ 70%  GGBS
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Fig. 7-28 The effcct of GGBS concentration on greyncss for four surface finish types (Feb-12)

The relationship between greyness and GGBS concentration remains evident in Fig. 7-29 which 

were recorded in February 2013, however, for the screed and tamp surface finish, the trend o f 

increasing greyness with increased GGBS concentration is not as pronounced. The average 

greyness for 0, 30, 50 and 70% GGBS contents are 0.65, 0.71, 0.72 and 0.75 respectively. This 

is a significant change when compared with the results from August 2011 (see Fig. 7-27) where 

the greyness for 0, 30, 50 and 70% GGBS is 0.67, 0.73, 0.76 and 0.79. The results have 

somewhat reduced which would suggest that there is deterioration o f the samples due to 

weathering, however, the result would suggest that it is possible to differentiate between the 

different GGBS content levels throughout, despite the subjectivity o f the test.

In terms o f surface finish type, this particular parameter is more d ifficu lt to differentiate 

between for the four GGBS concentrations, because rougher surfaces are more subjective than 

smooth ones. The data recorded in February 2012 (6 months follow ing the first set o f results 

recorded) is displayed in Fig. 7-30. This chart is a re-representation o f the data from Fig. 7-28, 

however, w ith the primary focus being on the surface finish type and its effect on greyness. 

Again, there is a definite softening o f the trend between greyness and finish type, in particular 

for 50 and 70% GGBS concentrations, where the screed finish is now lower in greyness than 

the brushed finish.

Cast Screed Tamp Brush
Surface Finish
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■  0%GGBS ■  30% GGBS ■  5 0 %  GGBS ■ 7 0 %  GGBS

Cast Screed Tamp Brush

Surface Finish

Kig. 7-29 I hc effcct o f  G G B S concen tra tion  on g re j ness fo r fo u r su rfacc  finish types (Feb-13)

■  Screed ■  Brush ■ T am p  ■ C a st

0  30  50 70
%GGBS

Fig. 7-30 The effect o f su rface  finish on greyness fo r four GGBS concen tra tions (Feb-12)

The average greyness for the surface finish types screed, brush, tam p and cast is 0.77, 0.76, 0.73 

and 0.66 respectively. An overall reduction o f  greyness is evident based on these values, 

however, the order o f  surface finish type in terms o f  decreasing greyness remains the same.

The final set o f  results recorded in February 2013 are displayed in Fig. 7-31. The cast surface 

finish remains the lowest in term s o f  greyness, however, there is a detectable overlap o f  results 

for the rem aining surface finishes which would suggest that there is deterioration o f  the samples
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due to weathering to differing degrees. The average greyness for screed, brush, tamp and cast is 

0.74, 0.73, 0.72 and 0.64 respectively. On average, the order o f surface finish type in terms o f 

decreasing greyness remains unchanged, however, when the individual results are observed in 

Fig. 7-31, it becomes evident that the effect o f surface finish type has diminished with time. In 

conclusion, the surface finish and GGBS concentration both drop at approximately the same 

rate and not by a large amount in 18 months, according to the results obtained using the 

greyness index chart.

■  Screed ■  Brush B T am p  ■  Cast
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Fig. 7-31 The cffcct o f surface finish on greyness for four GGBS concentrations (Feb-13)

A summary o f the average greyness readings is displayed in Table 7-30. The data presents the 

order o f decreasing greyness in terms o f both GGBS concentration and surface finish type for 

the three data sets. The order o f decreasing greyness for GGBS is 70, 50, 30 and 0% and the 

order o f decreasing greyness for the various finish types is screed, brush, tamp and cast. This 

contrasts with the results obtained using the lux meter which seem to indicate that as time 

progresses, the 70% GGBS specimens deteriorate at a faster rate, however, this former test is 

very subjective. This outcome w ill be either verified or dismissed when the results o f the 

thermocouple readings are investigated in Section 7.6.

By observing the average values presented, the greyness has been observed to reduce for each 

GGBS concentration over time. Similarly, the greyness for each surface finish type has also 

reduced, with the three surface finishes brush, tamp and screed having almost identical results 

o f greyness in February 2013.

0 30 50 70
% GGBS
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T abic  7-30 Sum m ary  o f da ta  displaying o rd e r  o f  decreasing  greyness (average) in term s o f G G B S and surface
finish type

Order Aug-11 Feb-12 Feb-13

GGBS 70% 0.79 0.76 0.75

50% 0.76 0.75 0.72
30% 0.73 0.72 0.71

0% 0.67 0.67 0.65

Surface Finish Screed 0.79 0.77 0.74

Brush 0.77 0.76 0.73

Tamp 0.74 0.73 0.72

Cast 0.66 0.66 0.64

7.4.3 Conclusions

•  There are many factors which can influence the colour o f  concrete such as curing and 

moisture content for example. These param eters were controlled and m onitored so that 

there was reasonable consistency across all o f  the specimens, allowing the results for the 

other variables considered to be comparable.

• The greyness index result is harder to ascertain for rough surfaces as reading the index is 

more subjective than for smooth surfaces. In addition, there is also the presence o f  human 

error when taking a reading.

•  A direct correlation between GGBS concentration and greyness for each o f  the surface 

finish types was observed for the results recorded in August 2011 when the concrete was 

10 m onths old, with 0% having the lowest greyness value and 70% the highest, as 

expected.

• There is a strong relationship between greyness and the surface finish type for each o f the 

GGBS concentrations, with the order o f  decreasing greyness as follows; screed, brush, 

tamp and cast. This entirely concurs with the results o f  the lux meter readings but was 

achieved much more rapidly and cheaply.

•  The results confirm that the surface finish type does have a m easurable effect on greyness 

using the greyness index scale, and that this param eter is equally as important, if  not 

more important, than the percentage o f  GGBS present. The cast surface finish remains 

the lowest in terms o f  greyness, however, there is an overlap o f  results for the remaining 

surface finishes which would suggest that there are different rates o f  deterioration o f  the 

samples with different surface finishes due to weathering at differing rates.

• In term s o f  analysing the effect o f  ageing, the differences between the results are less 

pronounced which would suggest that there is deterioration o f the samples due to 

weathering, however, the results would also suggest that it is still possible to differentiate 

clearly between the different GGBS content levels after 18 m onths, despite the
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subjectivity o f  the test. The greyness index chart show s that the order o f  GGBS 

concentration remains the same after 18 m onths, however, this contrasts with the results 

obtained using the lux meter. The lux m eter results seem to indicate that as time 

progresses, the 70%  GGBS specim ens deteriorate at a faster rate, however, the greyness 

index chart is a very subjective test and therm ocouple results will be investigated to 

clarify this anomaly.

• The data recorded in February 2013 (18 m onths following the first set o f  readings) 

displayed a softening o f  the trends in term s o f  GGBS concentration and greyness, 

however, a detectable correlation remains. There is also a definite softening o f  the trend 

between greyness and surface finish type, in particular for 50 and 70% GGBS 

concentrations, where the screed finish is now lower in greyness than the brushed finish.

7.5 Therm al Im aging  

7.5.1 Introduction

An infrared thermal imaging cam era is used to measure heat developm ent o f  the slabs and is an 

indirect test method. As the slabs absorb sunlight, this is converted into heat which is either 

reemitted as infrared radiation or is conducted through the slab. The primary objective o f  this 

method o f  testing is to evaluate the tw o param eters which have an effect on the radiation 

observed; GGBS content and surface finish. Sim ilar to the lux meter, a high level o f  sunshine 

intensity is required, in this case to allow the slabs to heat up sufficiently so that there is a 

measurable difference between the tem peratures o f  the different slabs. For the most part, a 

digital image will be presented alongside a thermal image to dem onstrate the difference in the 

colour and radiation o f  the specimens.

A test was conducted to determine whether the thermal im aging cam era detected reflected 

infrared radiation as well as emitted radiation. This was conducted by recording a thermal 

image o f a concrete specimen when it is firstly in full sunshine, and secondly, when it is 

immediately removed from the direct sunlight i.e. placed in the shade. The results o f  these 

thermal images are presented in Fig. 7-32, where the tem perature at the crosshairs is displayed 

on the top left hand corner o f  the image. The tem perature scale on the bottom o f both images is 

virtually identical, therefore, the two images can be directly compared. From these images, it is 

observed that the m inor difference in the surface tem perature (0.8° C) between the two cases is 

within the accuracy o f the device (±2°C). Accordingly, it may be concluded that the influence 

o f  reflected infrared radiation is negligible.
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Fig. 7-32 Thermal image of slab in full sunshine (left) and in shade (right)

7.5.2 Results o f thermal imaging

7.5.2.1 Surface temperature for cast and screed surface finishes

The following section contains the results obtained from the analysis o f  surface tem perature o f  

cast and screed smooth surface finishes (assum ing an em issivity value o f  0.93 for concrete 

(Baehr and Stephan, 2011)). Thermal images o f  these specimens were recorded on 3 ‘̂* June 

2011 and the sunshine record for this day is displayed in Fig. 7-33. The tim e at which the 

images were taken is marked on the chart (approxim ately 15:00), and this corresponds to a 

sunshine intensity o f  approxim ately 870W/m^. This plot would suggest that the slab specimens 

have sufficient time to heat up before the reading was taken. This high value o f  irradiance 

confirms that it is both clear and sunny on this particular day.
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Fig. 7-33 Sunshine intensity on 3'̂ '' June 2011 displaying the time the thermal images Here recorded at 15:00
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The effect o f  surface finish on the surface tem perature is evident in Fig. 7-34 which displays the 

digital and thermal images for cast and screed finish slabs (with 0 and 70% GGBS 

photographed together). The advantage o f  photographing the specimens beside one another is 

that the specimens can be directly compared with one another using the same tem perature scale. 

On the other hand, the advantage o f  an individual photograph is that one obtains a better idea o f 

the variation across the surface as well as the individual tem peratures, and the image is more 

sensitive due to the absence o f  heat sources or sinks. From the digital image o f  both sets o f  

specimens, it would appear that there is little difference in colour visually, however, the thermal 

image would suggest otherwise. The cast surface specim ens records a tem perature o f  

approxim ately 42.7°C and the screed specimens records a significantly lower tem perature o f 

37.6°C, a difference o f  approxim ately 5°C. The thermal image also displays the result in terms 

o f  colour, with the darker colour representing a lower surface temperature. The screeded 

specimens have a cooler surface tem perature as they are darker in colour than the cast 

specimens in the thermal images. This confirms that the screed finish specimens are emitting 

less radiation than the warmer cast finish specimens. It is interesting to note that there is a bright 

spot on the thermal image on the left (cast finish), which is the sun being reflected o ff the 

smooth tim ber surface underneath. This suggests that there is some reflected radiation, 

however, the general image predominately displays em itted radiation. This interference from 

the sun’s reflection suggests that it would be better to photograph the specimens individually so 

that the temperature recorded is not distorted as a result o f  this interference.

Screed 0%

Screed 70%

Fig. 7-34 T herm al image displaying the effect o f su rface  finish type on surface  tem p era tu re  (3'̂ '* Ju n e  2011)

The tem perature indicated in the top left hand corner o f  a thermal image is the surface 

tem perature recorded at the crosshairs based on the assum ed em issivity value, therefore, little 

can be inferred from the reading in this particular case as the image is o f  two specimens. 

However, as the tem perature scales are almost the same for both images, the thermal images 

can be directly compared and they indicate that there is a clear difference in the tem perature
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between the 0 and 70% GGBS specimens. The tem perature o f  the surfaces (approxim ately 

40°C) are significantly higher when com pared to the ambient tem perature o f  the day 

(approxim ately 26.1 °C), despite a relatively cold climate and the low intensity o f  the sun.

These four specimens are examined individually in Fig. 7-35 with the thermal image o f  the 

specimen adjacent to the digital image. This set o f  images dem onstrates the effect o f  both 

GGBS concentration and surface finish type on the surface tem perature o f  these sm ooth surface 

finishes. The cast 0% specimen has a surface tem perature o f  41.9°C and the 70%  specimen has 

a surface tem perature o f  40.1°C, a difference o f  approxim ately 2.0°C. Similarly, the screed 0% 

specimen displays a surface temperature o f  38.7°C, and screed 70% a tem perature o f  36.7°C, a 

difference o f  2.0°C also. Therefore, it can be concluded that on this particular day with a 

sunshine intensity o f  approxim ately 870W/m^, the presence o f  GGBS with a substitution rate o f 

70% produces an overall reduction in surface tem perature o f  concrete o f  2.0°C.

Similarly, the effect o f  surface finish is also dem onstrated in these results. W here there is no 

GGBS present, the difference between a cast and screeded finish is 3.2°C, and where there is 

70% GGBS present, a difference o f  3.4°C between cast and screeded finish is observed. This 

greater temperature difference would suggest that the effect o f  surface finish on surface 

tem perature may be greater than the effect o f  GGBS concentration on surface temperature, 

though this difference is probably too small to be certain at this stage.

Fig. 7-35 The effect o f both G G B S concen tra tion  and  su rface  finish type on the surface  te m p e ra tu re  o f cast
and screed finish slabs (3' '̂' Ju n e  2011)

It is important to note that the thermal im aging cam era takes into account the variation o f 

infrared radiation which is within the image when setting the colour contour scale, however.

Screed 0% Screed 70%
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the four scales are very sim ilar (within 2°C o f  one other) in Fig. 7-35. This enables a reasonable 

comparison to be made between the four images. It can also be observed that there is a variation 

in temperature across the surface o f  one slab. The top left com er o f  the specimen is warmer as it 

is directly in sunshine and the bottom right corner is slightly cooler as there is a shadow cast by 

the slab on the tim ber below. Therefore, the tem perature o f  the slab is not com pletely uniform 

over the entire surface.

7. 5 . 2.2  Surface temperature fo r  tamp and brush surface finishes

The effect o f GGBS and surface finish will be exam ined in this section for the rougher surface 

finishes, tamp and brush, and these results were also recorded in June 2011. The effect o f  

GGBS concentration for a tamped surface finish in particular, is evident in Fig. 7-36 which is an 

overview o f the four concentrations o f  GGBS (0, 30, 50 and 70% ). The surface tem perature 

recorded is 35.6°C, however, more importantly, the objective o f  this thermal image is to 

demonstrate that the presence o f GGBS produces less thermal radiation. The two specimens on 

the bottom o f  the image (50 and 70%) appear visibly darker in colour than the top two 

specimens (0 and 30%) which does suggest that the 50 and 70%  specimens are marginally 

cooler on the surface. However, in order to assess each o f  the specim ens, an individual thermal 

image is required to produce the tem perature o f  one specimen.

Tamp 30%

e = 0.93

Tamp 70%

Fig. 7-36 Effect o f G G B S concentra tion  on tem p e ra tu re  fo r  tam ped  finish (2 0 " 'Ju n e  2011)

A sim ilar result is observed for the brushed specimens (Fig. 7-37), recording a tem perature o f  

39.2°C, approxim ately 4.0°C warm er than the tamped specimens. Once again, the 0 and 30% 

specimens are lighter in colour and the 50 and 70% specim ens are darker in colour, suggesting 

they are cooler. This result is interesting because it suggests that there is a sizeable difference in
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tem perature between 30 and 50% GGBS specimens. This observation will be confirm ed by the 

therm ocouple results which will be discussed later in Section 7.6.

$rush 0% Brush 30%

‘t iii;  j!'
l! Brush 50% Brush 70%

Fig. 7-37 F^ffect o f G G B S concen tra tion  on tem p e ra tu re  fo r b rushed  finish (2 0 " Ju n e  2011)

The effect o f both GGBS concentration and the surface finish type on the tem perature o f  the 

tamped and brushed specimens can be seen in Fig. 7-38 which displays a digital and thermal 

image o f  both 0 and 70% specimens photographed separately. The tamp 0% specimen produces 

a surface temperature o f  29.0°C, and the 70% tamp specimen displays a surface tem perature o f 

27.5°C which is a difference o f  1.5°C. Similarly, the brushed finish with 0%  GGBS has a 

surface temperature o f  32.0°C and the 70% GGBS specim en 29.2°C, a difference o f  2.8°C. In 

addition, the 70% GGBS specimens could have aged to some extent, which would also affect 

the range in tem perature reduction o f  the specimens.

Similarly, the effect o f  surface finish on the surface tem perature can also be determined. I ’he 

difference in surface tem perature between the tamped and brush finish specimens containing no 

GGBS is 3.0°C, and for 70% GGBS a difference o f  1.7°C was noted. This result would 

reconfirm that the effect o f  surface finish on the tem perature is more important than the effect 

o f  GGBS concentration, having a marginally higher range in tem perature difference o f  between 

1.7 and3.0°C .

It should be observed that the tem perature scales are quite different in Fig. 7-38, therefore, the 

colours in the images can only be compared if  one checks that the scales are roughly the same. 

This is the advantage o f  observing two specimens together in one thermal image. Although one 

loses some definition in the image, the scales are the same, therefore, the colour contours are 

relative to one another and can be more easily compared.
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Fig. 7-38 The cffect of both GGBS concentration and surface Finish type on the temperature of rough surface
finish slabs (20"’ June 2011)

7.5.23 The effect o f siiiface finish type and GGBS concentration on surface 

temperature

The following section contains the results obtained from the analysis o f surface tem perature of 

specimens which were recorded on 27* July 2011, with the sunshine record for this day 

displayed in Fig. 7-39. The time at which the images were taken is m arked on the chart 

(approximately 14:20). At this time, a sunshine intensity of approxim ately 830W/m^ was 

recorded.
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Fig. 7-39 Sunshine intensity for 27“’ July 2011 displaying the time the thermal images were recorded at 14:20
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The thermal images were taken at this time to allow the specimens ample time to heat up, as 

before. This high value of irradiance confirms that it is both clear and sunny on this particular 

day. The thermal images displayed in Fig. 7-40 contain a sample set o f results for slabs 

containing no GGBS for different surface finishes with the same aggregate type. It is interesting 

to note that one can observe differences due to surface undulations as the valleys on the surface 

may be slightly more in shadow and therefore heat up to a sm aller degree. This would imply 

that the orientation o f the striations does have an effect on the tem perature variation across the 

surface. This is only possible to observe as there is no heat source or sink present i.e. the 

thermal image encom passes the surface of the slab only and excludes the surroundings, thus 

giving a more sensitive image with a low colour contour range.

It would appear by observing the colour o f  the thermal images that the tamp and brush finishes 

are the warmest, however, if one exam ines the individual tem perature scales in addition to the 

cross-hair tem perature (the num ber on the top left hand corner of each of the images), this is not 

the case. It can therefore be concluded that one needs to interpret the thermal images carefully 

as the colour o f the images can be misleading.

(a) (b) (c) (d)

Fig. 7-40 Thermal image displaying surface temperature of 0% GGBS specimens (27"' July 2011) for (a) cast,
(b) scrced, (c) tamp and (d) brush surfaces

A summary of data is illustrated in Table 7-31 which contains the surface tem perature result for 

each of the 16 specimens from board 2, which contains PCL aggregate. In terms of surface 

finish, the results show that the cast finish reaches the highest surface tem perature in all cases 

and the screed finish is the lowest, with tamp and brush finishes having sim ilar tem peratures. 

As the cast finish is darker in colour, it is absorbing more radiation, therefore, reaching a higher 

temperature. The brighter screed finish is reflecting more of the sun's radiation thus 

experiencing a lower surface tem perature. This strongly confirm s the outcom e from  the 

greyness index chart, which in itself is not an accurate method. It may also be noted that the 

ambient air tem perature is approxim ately 28°C and the slab surfaces are as high as 45°C, which 

demonstrates how warm the specimens get even in a tem perate climate.
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In term s o f  the effect o f  GGBS concentration on the surface tem perature, this factor does not 

present as strong a trend as that o f  surface finish. For the 70%  cast and screed slabs, these 

recorded a higher tem perature than the 50% specim ens and this may be due to the visible ageing 

o f  these slabs which was noted previously using the greyness index chart. In general, there is a 

reduction in tem perature from 0 to 70% GGBS specimens, however, it is possible to conclude 

that it is more difficult to differentiate between specimens containing different levels o f  GGBS 

than by surface finish i.e. the difference between adjacent concentrations such as 0 and 30% for 

example.

Table 7-31 Surfaec t em p era tu re  readings for specimens locatcd on board  2 (Ju ly  2011)

% GGBS Cast Screed Tamp Brush

0 45.7° 40.1° 41.0° 42.5°

30 45.1° 40.4° 39.3° 41.0°

50 41.8° 39.2° 40.9° 41.5°

70 42.8° 40.3° 40.7° 40.7°

A general summary o f  thermal imaging is displayed for 0 and 70% GGBS in terms o f  the finish 

type in Table 7-32. The table was presented in this way as the surface finish type is the 

dom inating factor affecting the surface temperature o f  the specimens. The order o f  increasing 

surface temperature for both 0 and 70% GGBS is screed, tamp, brush and cast, with only a 

marginal difference in tem perature between tamp and brush. This confirms the greyness index 

chart and the lux m eter results.

■ able 7-32 Sum m ary  o f  therm al  imaging displaying o rd e r  o f  increasing surface tem p era tu re  in terms of 
surface  finish type for 0 and 70%  GGBS (Sweeney ct al., 2012a)

GGBS (%) Surface finish
70 Screed

Tamp
Brush
Cast

0 Screed
Tamp
Brush
Cast

7.5.3 Conclusions

• By com paring screed and cast surface finishes directly, the screed finish is darker than 

the cast finish on the thermal image which confirms that the screed finish is cooler on the 

surface and therefore em itting less thermal radiation, and it is thus cooler.
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The thermal image displays some bright spots which is the sun being reflected o ff  the 

tim ber surface underneath. This suggests that there is some reflected radiation, however, 

the general thermal image predominately displays em itted radiation. It is therefore 

recom m ended that one should take the slab out o f  the sun just prior to taking a thermal 

image to get a more accurate tem perature reading.

When a thermal image is taken in isolation (excluding ail surroundings beside the slab), 

the advantage o f  this is that one obtains a better idea o f  the variation across the surface as 

well as the individual tem peratures; for example, one can see the striations and 

differences over the surface, which cannot be seen in the other thermal images due to the 

contrasting colours given by the contours. In addition, the image is more sensitive due to 

the absence o f  heat sources or sinks. However, there is also an advantage to taking a 

thermal image o f  the specimens beside one another as the specimens can be directly 

com pared with one another using the same tem perature scale. In conclusion, the thermal 

imaging cam era can be used to show variations in the surface tem perature provided there 

are no heat sources or sinks. A more expensive camera may allow one to specify the 

colour contour scale which would allow more direct comparisons.

One should be careful when interpreting the thermal images as both the scales on the 

image as well as the tem perature recorded on the top left hand corner need to be 

considered, as the colour on the thermal image can sometimes be misleading. In addition, 

the em issivity o f  the material is required in order to obtain the temperature reading.

The effect o f  surface finish for the cast and screed specimens was also analysed, and 

where there is no GGBS in the specimen the difference between cast and s«!;reed finish is 

3.2°C, and where there is 70% GGBS present a difference o f 3.4°C is recorded. This 

result would confirm  that the effect o f  surface finish on the surface tem perature is as 

important as the effect o f  GGBS concentration, if  not moreso.

The overview o f  the tamp and brush specimens, with the four GGBS specim ens on one
i

thermal image, suggested that there is an appreciable difference in surface tem perature
I

between 30 and 50% GGBS specimens. This is evident on the thermal image by 

observing the colour variation, as the 0 and 30% specimens are noticeably lighter in 

colour than the 50 and 70% specimens. This result would also confirm that the thermal 

images can differentiate between the extreme GGBS concentrations 0 and 70% , with the 

adjacent concentrations being more difficult to differentiate.

The effect o f  surface finish on the surface temperature for the rough specim ens tam p and 

brush is the dominant factor over the effect o f  GGBS concentration once more, with a 

high range in temperature difference between the tamp and brush finish specim ens o f  the 

same GGBS content.



•  The effect o f  GGBS concentration on the surface tem perature dem onstrated that this 

factor is not as strong as that o f  the surface finish, with w eathering occurring in many o f 

the 70%  GGBS specimens.

•  There is a reduction in tem perature from 0 to 70% GGBS specim ens w hich is confirmed 

by the greyness index chart and lux meter results, however, it is more difficult to 

differentiate between specim ens containing different levels o f  GGBS using the thermal 

im aging camera.

•  The order o f  increasing surface tem perature/decreasing reflectance for both 0 and 70% 

GGBS is screed, tamp, brush and cast, with only a marginal difference in temperature 

between tamp and brush. This is broadly confirmed by the greyness index chart and the 

lux m eter results, with some interchanging between tamp and brush.

•  The tem perature o f  the slab surfaces are significantly higher (approxim ately 40°C) when 

com pared to the ambient tem perature o f  the day (approxim ately 26°C), despite the 

tem perate climate.

• The thermal imaging cam era can be used in isolation to differentiate between differing 

concentrations o f  GGBS, however, it is easier to use it to  distinguish between different 

surface finish types as this is the dominant factor.

7.6 Internal Tem perature V ariation with Sunshine Intensity

7.6.1 Introduction

I'he following section discusses the data obtained for internal tem perature o f  the concrete slabs 

at various tim es o f the year. Internal tem perature values were recorded at a depth o f  20mm from 

the surface o f  the slab using a therm ocouple wire and the corresponding sunshine intensity was 

also recorded, internal tem perature data will be discussed in 3 primary subsections (under 

aggregate type), in each o f  which two different param eters will be assessed, namely, the effect 

o f  surface finish and the effect o f  GGBS concentration. The ageing aspect o f  the specimens will 

also be discussed.

Before beginning to describe the data, it may be useful to recap the observations on the data 

using the lux meter in Section 7.2. As described previously, in Chapter 4.0, the lux meter was 

used to measure the surface reflection o f visible light from each slab, in general, the highest 

percentage reflectance was observed for the screed finished samples with the lowest for the cast 

specimens. The rougher surface finishes had similar reflectance, with the tamped finish 

typically slightly higher than the brushed finish. Similarly the 70%  GGBS specim ens had the

261



highest light reflectance and the corresponding 0% slabs the lowest. Based on these trends, it 

would be expected that the specimens with higher light reflectance would have the lowest 

internal tem peratures, as less light energy is absorbed into the material.

Following placem ent o f  the six boards (containing 96 slabs in total) on the roof o f  the Civil 

Engineering building in Trinity College, a data logger was installed to record the internal 

tem perature variations in the slabs. At any given time, one board containing 16 specim ens could 

be set up to record real time tem perature o f  the specim ens, for a period o f  approxim ately one 

week. The tem peratures o f  the specimens were recorded at various time intervals throughout the 

course o f  the project. As the specim ens were categorised and placed, primarily by their 

aggregate types (crushed limestone, partially crushed limestone and sandstone) on the roof, the 

results o f  tem perature will be studied separately for each o f  the three aggregate types. 

Subsequently, the influence o f  both surface finish type and the concentration o f  GGBS in the 

samples will be examined within the aggregate type.

7.6.2 The influence o f sunshine intensity on internal temperature

Firstly, it is important to study the influence o f  sunshine intensity on the internal tem perature o f  

the concrete specimens. A sunshine duration sensor (see Section 4.5) was fixed in place on the 

roof where the slabs are located. The purpose o f  this device was to measure and record the 

intensity o f  sunshine at the same time as the data logger records temperature o f  the slabs. By 

taking these m easurem ents in tandem, the effect o f  sunshine intensity on the internal 

tem peratures within each sample could be assessed.

The data presented in Fig. 7-41 dem onstrates the influence o f  sunshine on the internal 

tem perature o f  the concrete slabs. These results were obtained fp m  sam ples on Board 1, 

com prising o f  crushed limestone aggregate, and were recorded over a period o f  three 

consecutive days in July 2011, indicated using the blue (day 1), red (day 2) and green (day 3) 

markers. The tem perature o f  the four cast finish specimens together with the intensity o f  

sunshine over time is plotted on the chart, and a strong relationship is evident between these 

two parameters.

There is no sunshine intensity observed on Day 2 (July 28'*') o f  this particular testing period 

which would suggest that any change in the tem perature o f  the specimens is as a result o f  the 

change in the am bient air tem perature, which is between approximately 18 and 20°C. These 

cloudy conditions have a direct effect on the internal tem perature variations o f  and between the 

four specim ens that reach a peak o f  approxim ately 20°C. There is little separation in peak

262



internal tem peratures between the four specim ens as a tem perature range that is slightly greater 

than 1 °C is observed on this day.

There is a small amount o f  sunshine present on Day 3 (July 29*), with a sunshine intensity o f  

approxim ately 700W/m^ and a duration o f  2.5 hours. As a consequence, the specim ens obtain a 

tem perature o f  approximately 25°C, having a range in tem perature o f  just 2°C. However, the 

sunshine intensity on Day 1 is approxim ately 850W/m^, which denotes a clear and sunny day, 

and is observed for approxim ately 8 hours. The corresponding peak tem perature observed in the 

0%  GGBS sample is approxim ately 40°C, despite the am bient air tem perature being o f  the 

order o f  magnitude o f  20°C. There is a distinct difference in the tem perature o f  the four GGBS 

specim ens ranging over approxim ately 5°C (from 35°C to 40°C) and this tem perature 

differential will be discussed in more detail later in this section. This result differs greatly with 

the tem perature differences observed on Day 2 and Day 3 o f  the testing period. The reason for 

the observed differences in both peak temperature and the tem perature range between Day 1 

and Day 3 are twofold. Firstly, although both days are clear and sunny. Day 3 has a lower peak 

sunshine intensity by approxim ately 200W/m^. Secondly, the duration o f  this sunshine intensity 

also contributes to the overall internal tem perature o f  the specimens.
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Fig. 7-41 Time vs. tem pera tu re  and sunshine intensity for cast finish slab (board  I) -  27"'-29"' July  2011

In conclusion, there are three important factors in relation to sunshine which influence the 

internal temperature o f the specim ens, namely w hether or not sunshine is present, its intensity 

and its duration. The tem perature variation from 15-20°C during the day (see Day 2 where there
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is no sunsiiine present) is due to natural ambient increases and is not due to solar gain, 

therefore, this is the background change in tem perature o f  the specim ens due to the ambient 

change. The presence o f  sunshine is o f  fundamental im portance as when there is negligible 

sunshine, i.e. deemed to be when sunshine intensity is less than 120W /m ^ there will be little 

difference between the internal tem peratures o f  the samples as indicated by the results observed 

on Day 2.

Secondly the intensity o f  sunshine plays a major role in increasing the interna! tem peratures o f 

concrete and this indicates w hether there are clouds present (between 120-500W/m^) or not 

(between 500-1000W/m^). W hen sunshine intensity is high, internal tem peratures increase 

rapidly in the samples as illustrated on Day 1 o f  the test. Finally, the duration o f  the sunshine 

dictates the magnitude o f  the internal tem perature observed as indicated by the data from Day 1 

and 3. However, if  there is continuous sunshine throughout the day, the slab reaches a particular 

tem perature which is dictated by the intensity and duration o f  the sunshine, but only up until a 

certain point. The specimen reaches an equilibrium whereby the convection downwards and the 

significantly increased radiation from the surface reach a plateau. On Day 1 sunshine intensity 

remained high for a period o f  8 hours compared to just 2.5 hours on Day 3. As a result, the 

internal tem perature is strongly dependant on the presence o f  sunshine first and forem ost, and 

where this is the case, it is dependant on the intensity and duration o f  this sunshine.

7.6.3 Results of internal temperature for crushed limestone aggregate

Data analysis carried out on a single aggregate type (crushed lim estone) is discussed in this 

section. Analysis o f  partially crushed limestone and sandstone sam ples are analysed in a 

subsequent section. Results will be considered based on GGBS content as well as finish type. In 

terms o f  completeness, when discussing the effect o f  GGBS content on the samples, all finish 

types will be discussed individually. Similarly for finish type, data collected from each GGBS 

concentration will be presented individually. The board num bers from which the data is chosen 

is selected on a random basis.

7.6.3.1 The Influence o f  GGBS on Internal Temperature

To identify any relationship between the internal tem perature o f  a concrete slab and the 

concentration o f GGBS used in their construction, it is necessary to elim inate the effect o f  any 

other potential parameters. Accordingly, the data illustrated in Fig. 7-42 was recorded on 12th 

March 2011, using the cast finished samples on Board 1. Despite being recorded in M arch, the 

internal tem peratures observed in the samples reach a maximum value o f  approxim ately 14-
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16°C shortly after noon. To aid in the analysis of the results, the sunshine intensity is 

superim posed on the chart. The sunshine intensity peaks range between approxim ately 

500W/m^ and 700W/m^, indicating that it is a clear and sunny day, although conditions are 

noted as partly clouded around midday. Based on the trends in both sunshine intensity and 

internal tem perature, a relationship betw een the two is observed as peaks in the tem perature in 

the slabs corresponds with the peaks in sunshine intensity. A lag between the peak in sunshine 

intensity and the peak in tem perature is observed, however, which suggests that the slabs take 

some time to heat up (as detected 20m m  below the surface) from the incom ing sunshine, as the 

surface heat generated by solar rays is conducted through the slab depth. This was also observed 

and com m ented upon in the fundam ental study on the physical characteristics in Section 6.2. 

This lag can be verified by observing the time delay between the peaks for sunshine intensity 

and tem perature. For exam ple, the first peak in sunshine intensity occurs at 10:00 and the first 

peak in temperature occurs at 10:30, 30 m inutes after the peak in sunshine. Similarly, the
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Fig. 7-42 Time vs. tem perature and sunshine intensity for cast finish slab -  12"’ M arch 2011

The tem perature trends give a good representation of diurnal variations observed in the concrete 

specimens on sunny days. Initially, the internal tem peratures o f the samples are all very similar, 

recording a value of approxim ately 8°C as they increase gradually with the am bient air. At

maximum peak in sunshine intensity occurs at 11:20, and the corresponding 

tem perature occurs at 12:00, with a broadly sim ilar lag of 40 minutes.
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approxim ately 09:10, sunshine intensity begins to increase whereupon the samples with lower 

GGBS concentrations, i.e. 0% and 30%, experience an increase in internal tem perature at a 

higher rate than the corresponding tem perature change noted in the samples with higher GGBS 

concentrations, such that the tem perature in the form er slabs are noticeably higher from 10:00 

onwards.

Due to the thermal properties o f the concrete, a lag period is also observed between decreasing 

solar intensity and the internal tem perature, as is the case between approxim ately 10:00 and 

10:30 when the solar intensity decreases to 90W/m^ and conditions are clouded. The rate of 

tem perature gain in the samples decreases in accordance with the clouded conditions and 

internal temperature plateau at approxim ately 10:20. During this time period, internal 

tem peratures remain reasonably stable and do not decrease. The internal tem perature between 

the four samples differ slightly in accordance with GGBS content i.e. a 1°C difference exists 

between 0% (1 1.9°C) and 70% (10.9°C), which is noteworthy considering that tem peratures are 

reasonably low at the time.

Sunshine intensity begins to increase from 10:40 onwards as the clouds pass, reaching an initial 

peak at 11:00 (566W/m^) before fluctuating to reach a maximum diurnal value o f 731W/m^ at 

11:20. The corresponding peaks in tem perature associated with the maximum sunshine intensity 

occur at approximately noon. At this point, a relatively large separation occurs between the low 

and high GGBS concentration. Similar internal tem peratures are observed at 0% (15.3°C) and 

30% (15.0°C) while a larger difference in internal tem perature exists between the 50% (14.3°C) 

and 70% (13.7°C). This would suggest that a threshold exists above which GGBS dominates 

the behaviour o f the specimens and below which NPC dominates the behaviour of the 

specimens. There is a 1.6°C tem perature difference between the 0% and 70% GGBS samples. 

Accordingly it can be seen that, as solar intensity increases over the course o f the day, the 

temperature difference increases across all samples, but in particular between 0% and 70% 

specimens, as the lighter coloured 70% GGBS concrete reflects a larger percentage of light, 

resulting in consistently lower internal tem peratures when com pared to the other samples.

W hen maximum internal tem peratures are observed, the difference between the 50% (15.1°C) 

and 70% (14.2°C) samples increases as the 50% sam ple approaches tem peratures values similar 

in magnitude to those recorded in the low GGBS concentration specimens. The samples 

containing 0 and 30% GGBS appear to plateau as relatively small increases in internal 

tem peratures are observed in the 0% (15.3°C to 15.6°C) and 30% (15.0°C to 15.3°C) samples 

when com pared with the 50% (14.3°C to 15.0°C) and 70% (13.7°C to 14.2°C) samples. W hen 

clouded conditions occur from approxim ately noon onwards, the internal tem perature of the 

0%, 30% and 50% samples converge at a tem perature of approximately 14.8°C while the 70%
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sample experiences a slightly lower tem perature initially. However, as the values reduce, the 

70% sample begins to approach the same tem perature as the other three samples, which cool 

down at a marginally quicker rate.

In com parison, data recorded for a screed surface finish slab over the same period in M arch are 

displayed in Fig. 7-43. The overall trends in the internal tem peratures recorded in the screed 

sample are sim ilar in nature to those observed in the cast samples as discussed previously. Once 

more the low concentration GGBS samples appear to attain higher internal tem peratures than 

the high concentration specimens. The maximum tem perature for the slabs having a screed 

finish is approxim ately 14°C and occurs sometime after the sun is hidden by cloud. The main 

difference between the cast finish and screed finish specimens is the difference in the maximum 

tem perature, which is approxim ately 2°C lower for the screed slabs. One would expect that 

there are equal differences in temperature between the adjacent GGBS concentrations, however, 

there is a recurring trend whereby the 0 and 30% specim ens are closely grouped in tem perature, 

and 50 and 70% specimens behaving similarly. The peak tem perature difference between the 0 

and 70% specimens is approxim ately 2°C which is significant considering the maximum 

tem perature reached by the slabs is just 14°C. It is also important to note that the lag between 

the peak in sunshine intensity and the peak in the tem perature o f the specimens ranges between 

approxim ately 30 and 40 minutes.
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To determine whetiier GGBS content influences rough surfaces in the same m anner as the 

smoother surfaces discussed previously, Fig. 7-44 displays results recorded on April 21*' 2011 

for a tamped surface finish, with the four specimens ranging from 0 to 70% GGBS. The 

maximum slab tem perature on this particular day is approxim ately 33°C. A lthough the sunshine 

intensity is not recorded on this occasion, the tem perature o f the specimens is higher than the 

previous results from  Board 1, with the change in tem perature being uniform. Therefore, the 

sunshine intensity and duration are likely to have been consistent and higher during the course 

of the day, particularly as it is one m onth later and closer to the summer. There is further 

evidence for this discussed later on.

As in the previous results for the smooth surface finishes, the specimens containing 0 and 30% 

GGBS are grouped closely together as are the 50 and 70% samples. The four specim ens are at 

the same tem perature at the start o f the day, but as the day progresses, there is a distinct 

difference in the rate of change in tem perature. The specimens containing 0 and 30% GGBS 

have a higher rate of change in tem perature than the specimens containing higher levels of 

GGBS. The maximum tem peratures obtained for 0, 30, 50 and 70% GGBS are approxim ately 

33.0, 33.0, 29.5 and 28.0°C respectively and occur at about 15:00. The four specim ens have 

returned to the same tem perature by approxim ately 19:00.
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Fig. 7-44 Time vs. tem perature for tam p finish slab -  21*' April 2011
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For completeness, the chart displayed in Fig. 7-45 represent temperature change for a brush 

finished surface on April 21®’ 2011 also. As in the aforementioned results for a tamped surface 

finish, the specimens with a brushed surface finish are displaying similar trends. The slabs 

containing 0 and 30% GGBS remain closely grouped in temperature. The specimens containing 

50 and 70% GGBS, however, have a lower rate o f change o f temperature, with the slabs having 

a peak temperature difference o f 2°C. The peak temperatures o f 0, 30, 50 and 70% GGBS slabs 

which occur at about 15:00 are approximately 33.0°C, 33.0°C, 30.0°C and 28.0°C respectively, 

similar to the tamped slabs.

In conclusion, the results for the four different surface finishes would imply that, irrespective o f 

the temperature reached by the specimens, the same trend is observed throughout. The 

temperature for slabs containing 0 and 30% GGBS are closely grouped, having almost identical 

temperatures. The temperature o f the slabs containing 50 and 70% GGBS follow  a similar 

trend, however, there is a difference in temperature between these specimens. The result overall 

would imply that the presence o f GGBS has a significant influence on the internal temperature 

o f the specimens, with the temperature difference o f about 5°C. This can be explained by the 

simple fact that the addition o f GGBS to concrete produces a concrete which is lighter in 

colour, and this results in increased solar reflectance from the surface o f the slab thus reducing 

the internal temperature.
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Fig. 7-45 Time vs. temperature for brush finish slab -  21st A pril 2011
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7.6.3.2 The influence o f  Surface Finish on internal temperature

In order to assess more closely the influence o f  surface finish on internal tem perature, two 

levels o f  GGBS are chosen from Board 5 (0 and 50%) and two from Board 1 (30 and 70%) 

w hich contain the same aggregate type. The data observed for the specimens containing 0% 

GGBS are displayed in Fig. 7-46. These readings were recorded on 2"‘* July 2011. The lag 

between the sunshine intensity and the temperature o f  the specim ens is apparent here once 

more. In the morning at approxim ately 09:30, there is already a clear distinction in temperature 

between the four surface finishes as a result o f  the sunshine intensity between 07:30 and 09:00, 

w hich reaches a peak o f  approxim ately 600 W/m^. The tem perature o f  the specimens reach a 

peak temperature approximately 30 m inutes after the first peak in sunshine intensity occurs. In 

the order o f  decreasing tem perature they follow the order o f  cast (21 .7°C), brush (20.5°C), tamp 

(20.0°C) and screed (I9 .4°C ), a range o f  approximately 2°C.

As the sunshine intensity reaches a maximum o f 800W/m^, there is a corresponding increase in 

tem perature o f  the four specimens some time later, with a difference in the peak maximum and 

minimum tem perature o f  approxim ately 4°C. The tem perature o f  the specimens reach a peak 

approxim ately 40 minutes follow ing the peak in sunshine intensity. The cast finish remains the 

highest in tem perature at 33.0°C, followed by the brush finish at 30.3°C. The specimens which 

are lowest in tem perature are screed and tamp, having the same tem peratures o f  approximately 

29.0°C in the early afternoon. As the sunshine intensity decreases later on in the day due to 

cloudy conditions, the difference in temperature between the four surface finishes also 

decreases, with the cast finish rem aining the highest in tem perature by approximately 2°C. 

There is a final increase in the specim en’s tem peratures around 16:50 corresponding with the 

increase in sunshine intensity at approxim ately 16:30 to 700W/m^, before reducing in 

tem perature once again in the evening. There is a short lag o f  approxim ately 20 minutes evident 

between the peak in sunshine intensity and the peak in the tem perature o f  the specimens.

There is a large fluctuation in the tem perature o f  the specimens during the day, and this is as a 

result o f  the change in the sunshine intensity over the course o f  the day. It can therefore be 

concluded that the sunshine intensity is considerably more im portant than the background 

am bient air tem perature. The lag between the peak in sunshine intensity and tem perature o f  the 

specim ens ranged between 20 and 40 minutes.
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Fig. 7-46 T ime vs. tem p era tu re  and sunshine intensity for 0 “/o G G B S specimens — 2nd Ju ly  2011

The results for specimens containing 50% GGBS are displayed in Fig. 7-47, also from 2"‘' July 

for Board 5. In general, these results are broadly sim ilar to the 0% GGBS results as they were 

recorded on the same day. In the m orning at approxim ately 07:00, the sunshine intensity begins 

to increase and this produces a corresponding separation o f  the tem peratures o f  the surface 

finishes at approxim ately 09:00, with cast having the highest temperature (20.8°C), brushed and 

tamped having an intermediate tem perature (19.6°C) and screed having the lowest tem perature 

(18.6°C), an overall tem perature range o f  approxim ately 2°C. There is a lag between the peak in 

sunshine intensity (occurring at 09:00) and the peak in the tem perature o f  the specim ens 

(occurring at 09:30) o f  approxim ately 30 minutes. The tem perature o f  the samples continues to 

increase until it reaches a peak tem perature at m idday, which is as a direct result o f  the sunshine 

intensity reaching a peak at 800W/m^. The lag evident here is approximately 40 minutes, with 

the peak in sunshine intensity occurring at 12:10 and the peak in tem perature o f  the specim ens 

occurring at 12:50. The cast sample maintains the highest tem perature o f  29.3°C, with brush 

and tam p having identical tem peratures o f  28.4°C. The screed remains the lowest in 

tem perature at 27.0°C. The overall range in tem perature is approximately 2°C. The last peak in 

sunshine intensity occurs at 16:30 in the afternoon, with the peak in the tem perature o f  the 

specimens occurring 40 minutes later at 17:10.
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At the time o f testing, the orientation o f  the striations in the rough surface slabs were not taken 

into account, therefore, if  the sun is shining parallel to the striations there will be no shadows 

cast on the slab and it will heat up even more. However, if  one turns the slab through 90°, 

particularly when the sun is low early in the day, there will be shadows cast on the slab by the 

striations and it is possible that the tem perature increase might be slightly different.

This lower tem perature range when com pared with the same peak tem perature range in Fig. 

7-46 is as a result o f  the specim ens having 50% GGBS present. The range in the lag period 

between the sunshine intensity and the tem perature is still between approxim ately 30 and 40 

minutes.
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The plot displayed in Fig. 7-48 represents results for 30% GGBS specimens from 30* July 

2011. These results are noticeably different to the previous two plots for 0 and 50% GGBS and 

the trends are not so clear here, as they were recorded on a different day in July where there was 

much intermittent sunshine. The four different surface finish types are indicated in the plot. 

There are two noticeable peaks o f  sunshine intensity which will be discussed and these are 

circled on the chart. The first peak occurs at approxim ately 10:25, which is the maximum 

sunshine intensity recorded on this particular day (750W/m^). This first peak in sunshine 

intensity corresponds to a peak in the tem perature o f  the specimens which occurs at 

approximately 11:05, a lag o f  approxim ately 40 minutes, where the temperature o f  brush, cast,
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tam p and screed finishes are 25.6°C, 25.0°C, 24.5°C and 23.1°C respectively. There is a lag 

present between the peak in the intensity o f  sunshine and the peak tem perature o f  the specim ens 

due to the low conductivity o f  the concrete and is outlined in the figure with an arrow 

illustrating where the lag occurs. The second main peak in sunshine intensity o f  570W/m^ 

occurs at 12:25. This peak in sunshine intensity corresponds to the maximum peak tem peratures 

o f  the specim ens which occurs at approxim ately 13:00, a lag o f  35 minutes. The maximum 

tem peratures o f  the brush, cast, tamp and screed finishes are approximately 30.0°C, 30.0°C, 

27.7°C and 26.6°C respectively. At this point the cast surface finish remains the highest in 

tem perature o f  the four specimens.

The lag times for this plot are somewhat unclear due to the nature o f  the sunshine intensity on 

this particular day, therefore, it is more difficult to differentiate between the differences in the 

peak tem peratures, however, despite this fact the overall range in the lag periods is between 35 

and 40 minutes. The general order o f  surface finish in term s o f  increasing refiectance 

(decreasing tem perature) is cast/brush, tam p and screed. Although the sunshine intensity has 

started to drop o ff by 14:24, there is still a range o f  approxim ately 2°C between the surface 

finishes at 16:48 and the rate o f  cooling is slower than the rate o f  heat gain.
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Fig. 7-48 Time vs. tem pera tu re  and sunshine intensity for 30®/o GGBS specimens -  30"' Ju ly  2011

The results for 70% specimens are displayed in Fig. 7-49 also for 30* July 2011. The two 

primary peaks in sunshine intensity correspond with the peaks in temperature o f  the specimens
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as the arrows in Fig. 7-49 indicate, with sim ilar lag times observed here o f  between 35 and 40 

minutes. The results for 70% GGBS concentration are broadly sim ilar to that o f  30% GGBS in 

that the order o f  surface finishes is the same. The order o f  increasing reflectance/ decreasing 

temperature o f  the four specimens is consistent over the duration o f the day. The specimens 

reach their peai< in tem perature o f  29.3°C, 28.0°C, 26.8°C and 25.7°C for cast, brush, tamp and 

screed finish slabs respectively.

In conclusion, the type o f surface finish has a measurable effect on the tem perature o f  the 

specimens. The smooth cast finish has the highest tem perature, however, the screed surface 

finish which is also a sm ooth surface finish, maintains the lowest temperature. This would 

suggest that not only does the nature o f  the surface finish (sm ooth or rough) have an influence 

on the tem perature o f  the specimens, but also the mechanism by which the surface finishes are 

achieved. The cast surface finish is attained from the underside o f  the formwork, therefore it is a 

more porous and darker finish. This differs from the screeded finish, whereby a steel float is 

used to close o ff the surface o f  the specimen (sealing the pores) while bringing some o f the 

cement fines to the surface, making the concrete visibly brighter in colour. The condition o f the 

pores will mainly affect ageing, discussed presently. The intermittent sunshine is the main 

reason for the fluctuations in the tem peratures o f  the specimens, however, the tem perature 

differentiation between the specim ens is evident despite this fact.
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In conclusion, the greatest segregation in the surface finishes is seen where there is a significant 

amount o f  sunshine present. The influence o f  the four different surface finishes on the internal 

tem perature o f  the slabs is evident for all levels o f  GGBS replacem ent, with the level and 

duration o f  sunshine intensity greatly affecting the overall tem perature difference between the 

specimens. In general, the order o f decreasing tem perature in terms o f  finish type is cast, 

brush/tamp and screed, with the range in tem perature across the finishes being strongly 

dependant on the properties o f  the sunshine such as the duration and intensity, in addition to 

lower tem peratures with increasing GGBS percentage, but to a lesser extent than the surface 

finish. The cast specimen is darker in colour than the others and so this property seems 

dom inant over the roughness or GGBS composition.

7.6.4 Results o f internal temperature for partially crushed limestone aggregate

It is difficult to com pare different aggregate types to determ ine w hether or not the aggregate 

type makes a difference as the sunshine intensities are different on different days. However, the 

trends are generally the same for the different GGBS concentrations and surface finishes. The 

order in which the surface finish and GGBS content affect the peak tem perature will be given in 

the discussion at the end for all o f  the plots (including plots in the appendices). For illustrative 

purposes, one exam ple will be presented to dem onstrate the influence o f  GGBS on internal 

tem perature, and likewise for the influence o f surface finish type on internal tem perature. The 

rem aining plots for GGBS content and surface finish type can be found in A ppendix FF and 

Appendix GG respectively.

7.6.4.] The influence o f  GGBS on internal temperature

The aggregate partially crushed limestone is present in the slabs situated on Board 2 and 6. The 

results outlined in Fig. 7-50 were recorded in M arch 2011, and are for cast finish specimens 

with varying concentrations o f  GGBS. The duration o f  sunshine intensity for this day is 

between approxim ately 09:00 and 18:00 with few interruptions in the intensity o f  the sunshine. 

This plot is som ewhat different to the previous plots as there is sunshine all day including the 

late afternoon. As a consequence, the tem perature curve is much more uniform in behaviour. 

The four cast finish specimens are originally at the same tem perature at 08:30, however, this 

changes once there is sunshine present. The temperature o f  0 and 30% GGBS specim ens group 

together, along with 50 and 70%  specimens as seen previously. This result is reoccurring and is 

due to a threshold which exists above which GGBS dom inates the behaviour o f  the specimens 

and below which NPC dom inates the behaviour o f  the specimens. The 0 and 30% specimens
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increase in tem perature at a iiigher rate than the 50 and 70%  specimens. Also, at 11:00 the 

tem perature o f  50 and 70% specim ens separate, as the specimen containing the higher level o f 

GGBS (70%  GGBS) maintains a lower tem perature. This does not occur until approxim ately 

13:00 for the case o f  the 0 and 30% specimens.

The sunshine intensity reaches a maximum o f  900W/m^, and as a result, the maximum 

tem perature o f  0, 30, 50, and 70%  specim ens at 15:00 is 21.4°C, 20.5°C, 17.0°C and 15.5°C 

respectively. There is a tem perature difference o f  almost 6.0°C between 0 and 70% GGBS 

specim ens due to the fact that the sun is out all day, which is very significant considering the 

tem perate climate o f  Ireland in addition to the time o f  year the test was conducted. The sunshine 

intensity drops o ff at approxim ately 16:00 as the sun is setting, with the tem perature o f  the four 

specim ens decreasing accordingly. It is difficult to distinguish a lag between the peak sunshine 

intensity and the peak tem perature as there is continuous sunshine for the most part o f  the day.
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Fig. 7-50 T im e vs. tem p era tu re  and sunshine intensity  fo r cast finisli specim ens — 16"' M arch 2011

In conclusion, the general trends observed for partially crushed limestone are very sim ilar to 

that o f  the trends observed for the specimens containing crushed limestone aggregate in terms 

o f  the order o f  the specimens and the grouping o f  results, despite the different sunshine 

intensities on the different days. Thus, possible small differences in thermal conductivity o f  

different aggregates in concrete do not materially affect the results. The order o f  decreasing
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tem perature corresponds directly with the percentage o f  GGBS contained in the specimen i.e. 

0%  GGBS has the highest internal tem perature and 70% GGBS the lowest, therefore, it is 

possible to confirm that GGBS has a strong influence on the internal tem perature o f  the slab. 

This result can be explained by the simple fact that the addition o f  GGBS to concrete produces 

a concrete which is lighter in colour, and this results in increased solar reflectance from the 

surface o f  the slab thus reducing the internal tem perature. Similarly, the findings for partially 

crushed lim estone correlate with those o f  crushed limestone, whereby the 0 and 30%  specimens 

are closely grouped in tem perature, and the 50 and 70% specim ens alike. This separation in the 

results would suggest that a threshold exists above which GGBS dom inates the behaviour o f  the 

specim ens and below which NPC dom inates the behaviour o f  the specimens.

7.6.4.2 The influence o f  Surface Finish on internal temperature

The results for 50% specimens from April are presented in Fig. 7-51, with the sunshine 

intensity included. This particular day shows constant sunshine throughout the day, beginning at 

06:00. The intensity o f  this sunshine increases slowly before reaching a maximum intensity o f 

900W/m^ at approxim ately 11:00, which signifies a clear and sunny day. The sunshine intensity 

does not drop below 7 0 0 W W  until 18:30 in the evening where clearly hours o f  sunshine are 

longer than in March in Fig. 7-50. There is a separation in the tem perature o f  the four 

specim ens as early as 09:00, with the cast surface finish having a higher rate o f  increase in 

tem perature, and screed the lowest as expected. The tamped and brushed surface finishes have 

the same tem perature. Once again, unfortunately the orientation o f  the striations were not taken 

into account, therefore, this could account for the variation in the peak tem peratures for the 

rough surface finishes. The peak tem perature o f  cast, tamp, brush and screed are 32.3°C, 

30.3°C, 29.4°C and 28.4°C respectively, an overall range o f  approxim ately 3.5°C. This result is 

som ewhat sim ilar to the previous results, however, the tamped and brushed surface finishes 

have reversed in temperature. The cast rem ains at the top in term s o f tem perature and this is due 

to the specim en having a visibly darker colour than brush for example. The opposite is the case 

for the screed surface finish which remains the most reflective and has the lowest tem perature 

due to the specimen having a visibly brighter colour and a sm ooth surface. This would suggest 

that the colour o f  the specimen is clearly more important than the influence o f  the surface finish 

on internal temperature.

There is a lag evident between the peak sunshine intensity (occurring at 11:50) and peak 

tem perature o f  the specimens (occurring at 14:10), which is just over 2 hours. A lthough for 

short term  peaks as seen previously, which gives rises to undulations in the tem perature o f  the 

concrete, where there is prolonged am ounts o f  sunshine intensity as in Fig. 7-51, it is the energy
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that is imparted by that sustained high tem perature which causes the tem perature to  increase. 

This sustained energy is depicted by the difference between the two occurring peaks, and is 

indicated by the two dashed lines in the plot.
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Fig. 7-51 T im e vs. tem p era tu re  and  sunsliine in tensity  for 50%  specim ens -  28tli A pril 2011

In conclusion, the trends for all levels o f  GGBS for partially crushed lim estone are consistent 

and show little if  any difference to the crushed limestone results. M oreover, the nature o f  

sunshine intensity on the test days has added new insights. The order o f  decreasing 

tem perature/increasing solar reflectance is cast, brush/tamp, screed respectively. The colour o f  

the specimen plays an important part in determ ining how reflective the specimen is, which was 

clearly evident by observing the difference in tem perature between the two smooth surface 

finishes cast and screed. The rough surface finishes are identical in tem perature except where 

there is a high level o f  sunshine intensity. There is some overlap between these specimens 

which could be accounted for by the orientation o f  the striations which were not always parallel 

to the sun’s rays at the time o f  testing.

7.6.5 Results of internal temperature for sandstone aggregate

Similarly for the sandstone aggregate, as the results were recorded under different sunshine 

conditions compared to the other tw o aggregate types, it is difficult to determ ine definitively 

whether or not the aggregate type has any influence over the reflective properties o f  the
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specimens. The order in which the surface finish and GGBS content affect the peak tem perature 

will be given in the discussion at the end for all o f  the plots (including plots in the appendices). 

The rem aining plots for GGBS content and surface finish type which are not discussed in this 

section can be found in A ppendix HH and A ppendix 11 respectively.

7.6.5.1 The in fluence o f  GGBS on internal temperature

The sandstone aggregate is contained in the concrete specim ens which are situated on Board 3 

and Board 4. Results o f  internal tem perature from these specim ens will be presented and 

analysed in this section. Fig. 7-52 displays the results obtained in June 2011 from Board 3 in 

particular. These specimens have a cast finish with varying concentrations o f  GGBS. The plot 

dem onstrates how the sunshine intensity varies on a perfectly sunny day in summer. The 

maximum specimen tem perature was 45°C as evident by the graph which is significant given 

that the am bient air tem perature on this day was approxim ately 21°C. The sunshine intensity 

begins to increase at 06:00 on this particularly sunny day and changes linearly until it reaches a 

peak o f  900W/m^ at approxim ately 13:00. The specim ens begin to increase in temperature 

following the presence o f  sunshine at 06:00 and at 10:00 the specimens begin to separate in 

tem perature as the brighter specim ens reflect the sunlight and the darker specimens absorb it. A 

change in the internal tem perature o f  the specimens is evident as a result. There is a lag between 

the peak in sunshine intensity (occurring at 13:00) and the peak in tem perature o f  the specimens 

(occurring at 15:00) o f  approxim ately 2 hours. A sim ilar lag was previously noted for a day 

where there was also a high level o f  sunshine intensity (see Fig. 7-51).

As seen in the previous results in Section 7.6.3 and Section 7.6.4, the specimens containing 0 

and 30%  GGBS stay in close proximity to one another w ith 50 and 70%  specim ens behaving in 

a sim ilar manner. The sunshine intensity remains constant between 12:00 and 16:30 when it 

begins to decrease slowly as the sun begins to set. This high level o f  sunshine has a direct 

impact on the difference in tem perature between 0 and 70%  GGBS producing a larger than 

usual difference o f  approxim ately 6°C. The maximum tem perature o f  the four specimens 

containing 0, 30, 50 and 70% GGBS are 44.6, 42.3, 38.3 and 38.3°C respectively, which occurs 

at approxim ately 15:00. There is a minimal tem perature difference between 50 and 70% GGBS 

specimens which is once again a reoccurring trend, indicating possibly some ageing o f  the high 

GGBS concentration specimens (see Section 7.6.6). As the results were not recorded until 

approximately 8 months follow ing the placement o f  the specimens, this may have been 

sufficient time for the specimens to age to a small degree.
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Fig. 7-52 Time vs. temperature and sunshine intensity for cast finish specimens -  3'̂ '’ June 2011

The data for a brush fmish slab are displayed in Fig. 7-53 with the corresponding sunshine 

intensity included. The specimen containing 0%  GGBS has the highest tem perature and 70% 

the lowest. Although the specimens having a brushed fmish, the overall result rem ains the same 

in terms o f  the tem perature differentiation between the specim ens containing different levels o f  

GGBS. The difference between 0 and 70%  GGBS is lower when compared with the cast surface 

fmish (see Fig. 7-52) which is due to the dispersion o ff the undulating surface as the sunshine 

intensity is the same. The maximum tem perature reached by 0, 30, 50 and 70% brushed fmish 

specimens is 41.2, 38.2, 37.2 and 37.2°C respectively, an overall range o f  4°C.

In conclusion, the different surface finishes present broadly sim ilar trends to the aforem entioned 

aggregate types (crushed and partially crushed lim estone) in terms o f  the order o f  the 

specimens. The addition o f  the cem ent replacem ent GGBS has a significant influence on the 

tem perature gain in the specimens, w ith a larger substitution rate resulting in a reduced internal 

tem perature in the specimen. The trends in tem perature do not change, irrespective o f  the 

surface finish type. These trends are as follows; the increase in GGBS substitution results in a 

reduced tem perature in the specimen and also the specimens have a tendency to group together 

with 0 and 30%  being close in tem perature, then a significant gap in temperature, then 50 and 

70%  sam ples are grouped together, having almost identical temperatures. W here there is a 

significant amount o f  sunshine intensity, the behaviour o f  the temperature is very uniform, and
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one observes a significant lag between the peaic in sunshine intensity and the pealc in the 

tem perature o f  the specimens o f  approxim ately 2 hours. The peak tem perature o f the 0% GGBS 

specim ens o f  45°C when the am bient air tem perature is 21°C indicates the potential extent o f  

heating due to solar effects leading to the UHI effect, even in moderate climates such as in 

Ireland.
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Fig. 1-55 1'ime vs. tem p era tu re  and sunshine intensity for brush  finish specimens — 3rd  Ju n e  2011

7.6.5.2 The influence o f  Surface Finish on internal temperature

The following section focuses on the effect o f  surface finish on the internal tem perature for the 

sandstone aggregate specimens. The two charts to be discussed are 0% GGBS (April 2011) and 

70% GGBS (June 2011). The data for 0 is from Board 4 and the data for 70% GGBS is from the 

duplicate Board 3. The chart displayed in Fig. 7-54 represents the 0% GGBS specim ens with 

the sunshine intensity included. The sunshine increases from approxim ately 09:30 to a 

maximum o f 800W/m^ at 12:30. There is a lag o f  approxim ately 2 hours in the tem perature o f 

the specimens which reach a peak tem perature at 14:30. The order o f  decreasing tem perature 

for the four surface finishes is as follows, cast (33.0°C), brush (32.4°C), tamp (31.0°C) and 

screed (30.8°C). This tem perature difference m aintains a plateau for approxim ately 2 hours 

before decreasing in the afternoon due to a dip in the sunshine which occurs between 14:30 and 

16:30. The general order o f  the specimens in terms o f  surface finish is the same as for the two 

previous aggregate types. Once again it is difficult to determ ine whether the sandstone
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aggregate has any influence on the internal tem perature as the trends between the specimens 

rem ain broadly sim ilar despite different sunshine intensities.
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Fig. 7-54 T ime vs. tem p era tu re  and sunshine intensity for 0 “/o GGBS specimens -  lO"' April 2011

The results for 70% GGBS are displayed in Fig. 7-55 and were recorded on a different day (2"‘* 

June 2011). The profile o f  the sunshine intensity would suggest that it is cloudy until 

approxim ately 12:30 where after the sunshine intensity begins to increase. At 13:30 a maximum 

o f  833W/m^ is obtained, and this level is maintained until approximately 17:30 before 

beginning to decrease as the sun sets. The peak in the tem perature o f  the specim ens for cast is 

34.5°C and brush is the second highest at 33.0°C. The screed and tamp finishes have identical 

peak tem peratures o f  32.0°C, occurring at approxim ately 15:15. The cast finish m aintains the 

highest tem perature due to the visibly darker colour o f  the surface, however, there is an overlap 

between the screed and tamp finishes. As previously mentioned, the orientation o f  the striations 

was not taken into account during this testing, which could have affected the peak tem perature 

reached by the rough surface finish specimens.

In conclusion, the two plots o f  GGBS for sandstone aggregate present the same trends as for the 

aforem entioned crushed limestone and partially crushed limestone aggregates. The cast surface 

finish rem ains the highest in tem perature and screed the lowest which is primarily due to the 

colour o f  these specim ens as well as the nature o f  the surface finish, however, the rough surface
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finishes are not always consistent in their tem perature profile. This inconsistency may be due to 

the dispersion of light by the rough surfaces in addition to the orientation of the striations which 

w ere not always parallel to the sun’s rays during testing.
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Fig. 7-55 Time vs. temperature and sunshine intensity for 70% G GBS specim ens -  2nd June 2011

In term s o f the aggregate type, it is not possible to state w hether it has a definite influence on 

the internal temperature of the specimens but it appears to be slight. The plots are not 

com parable across the aggregate types as there were different sunshine intensities on the 

different days. Some m inor change due to thermal conductivity may exist, giving rise to a slight 

difference in the lag times. However, it was possible to observe the trends present, in particular 

the difference in peak tem peratures, the order o f the specim ens in terms o f both finish type and 

level o f GGBS, and the grouping o f the results. From this it is possible to conclude that the 

aggregate type does not make any noticeable difference to the tem perature observed in the 

specim ens. This means of testing the specimens will be com pared with other methods o f testing 

in the discussion at the end of this chapter.
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7.6.6 Ageing of the concrete specimens

The concrete specim ens were exposed to the environm ent for over 2 years, therefore, ageing to 

some degree will have occurred. However, this param eter is more difficult to detect and isolate 

through therm ocouple data as the tem perature change in the specimens is dependant on ambient 

conditions, in particular, sunshine intensity. W hile this is true to say, there was evidence to 

suggest through the tem perature change, that some level o f ageing occuned  and these findings 

will be presented in this section. Results will be presented for a smooth surface finish in 

addition to a contrasting rough surface finish.

7.6.6.1 Ageing o f a smooth surface finish (cast)

There is evidence to show that ageing o f the concrete specim ens has occurred for a cast surface 

finish (located on board 1) in particular between the months o f March and July 2011 (a period 

o f  alm ost 6 months). The first set of results recorded when the specimens were 6 m onths old is 

pre.sented in Fig. 7-56 and as there is interm ittent sun.shine, there are some fluctuations ob.served 

in the resulting temperature. The primary focus in this chart is the peak tem peratures occuiring 

between approxim ately 11:00 and 13:00 of the specimens. As mentioned previously in the 

analysis o f the results, the effect o f GGBS on the tem perature can be clearly seen, with the 

decreasing peak temperature coirelating with the increased presence of GGBS.
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Fig. 7-56 Time vs. tem perature and sunshine intensity for cast finish specimens -  12*'' M arch 2011
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The order of decreasing tem perature of the specim ens in terms o f GGBS concentration is 0, 30, 

50 and 70% GGBS as expected, with the peaic occuning at approxim ately 12:20. The peak 

temperature of 0, 30, 50 and 70% GGBS are 15.6, 15.2, 15.0 and 14.2°C respectively. The peak 

temperatures o f the specimens occurs approxim ately 60 minutes following the peak in sunshine 

intensity o f 730W/m^. Once a peak in sunshine intensity occurs at 12:00, there is no sunshine 

from this time onwards for this particular day.

W hen one observes the results for these exact specimens two months later (see Fig. 7-57), it is 

d ea l' from the plot that there is virtually no difference in the tem perature between 50 and 70% 

GGBS specimens. The maximum tem perature recorded from the specim ens on this particular 

day in July was approximately 24°C which is significantly higher than for the first set o f 

readings recorded in March (see Fig. 7-56). This peak occurred in the afternoon at 16:45 as it is 

determ ined directly by the sunshine intensity. The tem perature of 0, 30, 50 and 70% GGBS 

specimens is approximately 23.8, 23.2, 21.7 and 21.7°C respectively. There remains a 

measureable difference between all adjacent concentrations apart from 50 and 70% GGBS. As 

there is increased sunshine duration in M ay on this particulai' day, it would be expected that 

there is a discernable difference in the tem perature between the 50 and 70% GGBS specimens. 

It can be concluded from this observation that ageing of the specimens is occurring to some 

extent.
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Fig. 7-57 Time vs. tem perature and sunshine intensity for cast finish specimens -  9"’ May 2011
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The results recorded after a further 2 months for the same specimens (July 2011) are displayed 

in Fig. 7-58. This particular day recorded a high sunshine intensity of 850W/m^ which was 

broadly constant between 12:00 and 17:00. Consequently the specimens reached an unusually 

high peak temperature at 14:00 of approximately 40°C. This peak temperature remained at a 

plateau before beginning to decrease at 17:00. The peak temperature of 0, 30, 50 and 70% 

GGBS is approximately 40.3, 39.5, 36, 37.6°C respectively. The peak temperature profile 

shows a change in the order of the specimens in terms of decreasing temperature. The 70% 

GGBS specimen has now shifted and lies between 30 and 50% GGBS specimens. This change 

in the order would suggest that ageing of the 70% specimen is occurring with the surface 

becoming less reflective and ultimately being warmer in temperature than the 50% GGBS 

specimen. This may be due to different surface characteristics in the higher GGBS 

concentration specimens and this is a potential avenue for further research.
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Fig. 7-58 Time vs. tem perature and sunshine intensity for cast finish specimens -  27**' July 2011

In conclusion, there is some ageing of the smooth cast finish specimens occurring as evident by 

the aforementioned trends. The original temperature profile (in terms of GGBS concentration) 

demonstrated that the increase in GGBS content resulted in a decrease in internal temperature 

i.e. the order of decreasing temperature was 0, 30, 50 and 70% GGBS. However, only 2 months 

after the first set of readings, it was observed that there was virtually no difference in 

temperature between 50 and 70% GGBS specimens. Furthermore, after another 2 months the
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70%  GGBS specimen has surpassed the 50% GGBS specimen and now lies between 30 and 

50%  GGBS. This trend clearly indicates that the 70% GGBS specimen is ageing and has 

becom e less reflective on the surface therefore reaching a higher internal tem perature. This 

trend was also observed using other m ethods o f testing such as the lux m eter results and the 

results for greyness. The surprising results earlier in the lux m eter section with regard to the 

deterioration o f the 70% GGBS specim ens is strongly confirm ed by the trends here in the 

therm ocouple results, despite this being an indirect test method.

7.6.6.2 Ageing o f  a rough surface fin ish  (lam ped fin ish)

Sim ilarly, the results for a rough surface finish dem onstrating ageing will be discussed in this 

section, in particular for tamp surface finish specim ens located on board 4. The first set o f 

readings were recorded in October 2010, and are displayed in Fig. 7-59. The sunshine intensity 

is shown along with the four specim ens containing 0, 30, 50 and 70% GGBS. There is 

interm ittent sunshine on this particular day, not exceeding 700W/m^. In addition the duration o f 

this sunshine is particularly short, therefore, the specim ens reach a peak tem perature at 16; 15 o f 

13.0, 13.0, 11.2 and 10.8°C corresponding to 0, 30, 50 and 70% GGBS specim ens respectively. 

It is clear from the plot that there is less difference in tem perature between the adjacent GGBS 

specim ens for the rough surface finishes when com pared with the smooth finish discussed in the 

previous section. It should be noted that the orientation of the striations were not taken into 

account at the time o f testing, therefore, this could have an influence on the tem perature 

observed by the specimens. In addition, the undulating surface finish would result in more light 

being dispersed off the surface.

The results obtained 6 months later in April 2011 are displayed in Fig. 7-60 with the four 

specim ens reaching higher peak tem peratures overall. The sunshine intensity is significantly 

higher at 900W/m^ in the afternoon and a longer duration o f sunshine is observed for this 

particular day. The tem perature o f the specimens as a consequence are much more uniform. The 

peak tem perature of 0, 30, 50 and 70% GGBS specim ens occurring at 16:30 are 22.5, 21.8, 20.5 

and 20.5°C respectively. This result is no different from the first set of results recorded 6 

m onths previously (see Fig. 7-59) as 50 and 70% GGBS specim ens are practically the same 

tem perature.
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Fig. 7-59 Time vs. temperature and sunshine intensity for cast finish specimens -  30"' October 2010
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Fig. 7-60 Time vs. temperature and sunshine intensity for tamp finish specimens -  12"’ April 2011
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The final set o f  results recorded a further 2 m onths later in June 2011, however, are presented in 

Fig. 7-61 and dem onstrate a som ewhat different result. The peak tem perature profile shows a 

change in the order of the specimens in terms o f decreasing temperature. The peak tem perature 

o f the specim ens occurs at 13:30 in the afternoon, with 0, 30, 50 and 70% GGBS recording 

maximum tem peratures of 31.3, 30.3, 28.2, 28.8°C respectively. The sunshine intensity reaches 

a maximum o f 800W/m^. The 70% GGBS specimen has now changed and lies between 30 and 

50% GGBS specimens, as observed for the cast finish specimen discussed in the previous 

section. This change in the order would suggest that ageing o f the 70% specimen in particular, 

is occun ing.

It should be noted that the trend o f ageing is a little more difficult to ascertain for a rough 

surface finish, when one observes the order o f the specimens over time. This is due to the 

presence o f the striations on the surface of the specimens, which have an influence on the 

resulting internal tem perature (see Table 5-13 and Table 5-14 for results).
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Fig. 7-61 Time vs. temperature and sunshine intensity for tamp flnish specimens -  14“’ June 2011

In conclusion, there is some ageing o f the rough tamped finish specimens occun ing  as evident 

by the aforem entioned trends. However, there is less differentiation evident between the 

adjacent GGBS concentration specimens which is due to the nature o f the surface finish in 

addition to the orientation o f the striations. W hen the final set of tem perature readings were
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recorded, the 70% GGBS specim en had surpassed the 50% GGBS specimen and now lies 

between 30 and 50% GGBS. This trend was also noted for the smooth surface finish as 

previously discussed. This trend clearly indicates that the 70% GGBS specimen is ageing and 

has become less reflective on the surface, and is reconfirm ed by additional methods o f testing 

such as the lux m eter results and the results for greyness as discussed previously in Section 7.3 

and Section 7.4 respectively.

7.6.7 Summary of thermocouple results

As there were graphs included in the appendices (see A ppendix DD to Appendix II) but not 

discussed in detail in the main text o f this discussion on therm ocouple results, a summary of 

these graphs will be presented for the three different aggregate types, dem onstrating the effect 

o f GGBS on internal tem perature (see Table 7-33) and the effect o f surface finish type on 

internal tem perature (see Table 7-34). It should be noted that the tem peratures obtained are 

difficult to cross com pare as they were recorded on different days with quite different sunshine 

intensities.

The results in Table 7-33 are in order of decreasing tem perature, with the maximum 

tem perature of the specim ens attained on the particular day o f  testing (Tmax) in addition to the 

difference between the m axim um  and m inimum tem peratures recorded (AT) displayed. The 

aggregate type (L, PCL and SS) are displayed in the first colum n, with the surface finish types 

displayed on the top o f each o f the subsequent columns. W here there is negligible difference in 

tem perature between the specimens, they are placed in the same row e.g. 50/70 which 

dem onstrates that there is iittle difference in tem perature between the specimens containing 50 

and 70% GGBS. The date on which the test took place is also indicated in the summary table of 

results.

These tem peratures are strongly dependant on the sunshine intensity and duration, however, the 

value for AT in Table 7-34 ranges between 1.5°C and 6.3°C. In general, it can be observed that 

where there is a higher Tmax result, there is a higher range in AT as expected. This result 

reconfirm s the need for a sufficiently high level o f  sunshine in order to obtain a reasonable 

difference in tem perature between the different specimens. In general, the order o f decreasing 

tem perature in terms o f GGBS concentration is 0, 30, 50 and 70% GGBS, however, there is 

som e overlapping between some o f the specim ens particularly as they age.
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Tabic  7-33 S um m ary  of results  for thermocouples dem ons tra t ing  trends  evident for  the effect o f  G G B S on the 
in ternal  tem p era tu re  o f  the concretc  specimens (M arch  2011)

Effect o f GGBS
Aggregate Cast Screed Tamp Brush
LS 0/30 0/30 0/30 0/30

50 50 50 50
70 70 70 70

Date 12th March 12th March 21st April 21st April
T• max 15.3 14.3 33.0 33.0
AT (0-70%) 1.5 1.6 5.0 5.0

PCL 0 0 0 0
30 30 30 30
50 50 50 50/70
70 70 70

Date 16th March 6th July 16th March 6th July
T m ax 21.4 22.0 19.5 23.1
AT (0-70%) 5.9 3.0 5.5 2.1

SS 0 0 0 0
30 30 30 30

50/70 50/70 70
50

50/70

Date 3rd June 14th June 14th June 3rd June
Tm ax 44.6 31.0 31.4 41.2
AT (0-70%) 6.3 2.6 3.4 4.0

Similarly, a summary o f  the effect o f surface finish type on internal tem perature (see Table 

7-34) results in AT ranging between 1.5°C and 4.0°C. The aggregate type is displayed in the 

first column, with the GGBS concentrations displayed on the top o f  each o f  the subsequent 

columns. The order o f  decreasing tem perature in term s o f  finish type is cast, brush, tamp and 

screed, however, there is overlapping between some o f  the finish types which is indicated where 

they are placed in the same row e.g. Brush/Tam p w hich demonstrate., that there is little 

difference in tem perature between the specim ens containing a brushed or tam ped surface finish.

In conclusion, the sum m ary o f  results dem onstrate that there is a correspondence between the 

maximum temperature observed by the specim en with the value o f AT for a particular day 

depending on GGBS content and surface finish. In general, where T^ax is high, there is a high 

corresponding value for AT. The order in which the specim ens lie in term s o f  GGBS 

concentration and surface finish type were broadly the same across all o f  the plots. The order o f 

decreasing temperature in term s o f  GGBS concentration is 0, 30, 50 and 70% GGBS and the 

order o f  decreasing tem perature in terms o f  finish type is cast, brush, tamp and screed. This 

order is broadly verified by previous methods o f  testing such as thermal imaging, greyness and 

lux meter results.
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Table 7-34 Su m m ary  o f  results for thermocouples dem ons tra t ing  trends evident for the effect o f  surface  finish 
type on the internal tem p e ra tu re  o f  the concrete  specimens (M arch  2011)

Effect of surface finish
Aggregate 0 30 50 70
LS Cast Cast/Brush Cast Cast

Brush Tamp Brush Brush
Tamp/Screed Screed Tamp

Screed
Tamp
Screed

Date 2nd July 30th July 2nd July 30th July
T* m ax 33.0 30.0 29.3 29.3
AT (finishes) 4.0 3.4 2.3 3.6

PCL Cast Cast Cast Cast
Brush/Tamp Brush Brush Tamp

Screed Tamp
Screed

Tamp
Screed

Brush
Screed

Date 19th March 19th March 28th April 28th April
T* m ax 20.7 21.7 32.3 32.3
AT (finishes) 2.5 2.8 3.9 4.5

SS Cast Cast Cast Cast
Brush Brush/Tamp Brush Brush
Tamp
Screed

Screed Tamp/Screed Tamp/Screed

Date 10th April lOth April 2nd June 2nd June
T• m ax 33.0 32.3 35.0 34.5
AT (finishes) 2.2 1.5 3.0 1.5

7.6.8 Conclusions

•  There are three important factors in relation to sunshine intensity which influence the 

internal temperature o f  the specim ens, namely whether or not the sunshine is present, the 

sunshine intensity and the duration o f  the sunshine. The intensity and duration o f  the 

sunshine is the key determ inant in the resulting peak tem perature difference obtained 

between the different specim ens containing varying GGBS and surface finish types.

• Slab tem peratures as high as 45°C in an ambient condition o f  21°C were experienced, 

even in Irelands tem perature climate, indicating the strong thermal gains from solar rays.

• There is a correlation between the internal tem perature o f  the specimens recorded using 

therm ocouple wires and colour or the light reflectance o f  the specim ens i.e. there is less 

light energy absorbed into the material depending on the GGBS concentration and 

surface finish employed.

• In general, a lag between the peak in sunshine intensity and the peak in tem perature of 

the specimens is observed, which suggests that the specimens take time to heat up from 

the incom ing sunshine due to the low thermal conductivity o f  concrete. The lag ranges 

between approxim ately 20 minutes and 2 hours. Where there are short peaks in sunshine
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intensity, tiie lag period was between approximately 20 and 40 minutes, however, where 

there was a sustained am ount o f  sunshine for the entire day, a longer lag period o f  2 

hours was observed as the specim ens absorbed a significant am ount o f  energy due to the 

prolonged sunshine intensity, whereby an accum ulation o f  energy occurred.

The specimens containing 0 and 30% GGBS have a higher rate o f  change in temperature 

than the specimens containing 50 and 70% GGBS i.e. the 0 and 30% specimens are 

grouped closely in tem perature and 50 and 70% behaving likewise. One would expect an 

even tem perature profile between the different GGBS concentrations. This would suggest 

that a threshold exists above which GGBS dominates the behaviour o f  the specim ens and 

below which NPC dom inates the behaviour o f  the specimens.

The results for the four surface finishes for the crushed limestone aggregate would 

confirm  that the presence o f  GGBS has a significant influence on the internal temperature 

o f  the specimens, with the order o f  decreasing tem perature as follows; 0, 30, 50 and 70%. 

This is expected as the specim ens containing higher concentrations o f  GGBS are brighter 

in colour, and therefore reflect more sunlight, resulting in a lower tem perature.

The influence o f surface finish on the internal tem perature o f  the slabs is evident for all 

levels o f  GGBS replacem ent for crushed limestone aggregate. The order o f  decreasing 

tem perature in terms o f  finish type is cast, brush, tamp and screed. This order is as much 

to  do with the surface finish as it is to do with the colour o f  the specimen. The cast finish 

specim en is visibly darker in colour and vice versa for the screed finish. As a 

consequence the cast slabs absorb the most sunlight obtaining the highest internal 

tem perature and the screed reflects the most sunlight therefore obtaining the lowest 

tem perature.

There is some overlap in peak tem perature for the surface finishes brush and tamp, and 

also  for tamp and screed. The irregular nature o f  the rough finish types result in different 

am ounts o f  light being dispersed o ff the surface. In addition to this, the orientation o f  the 

striations was not taken into account and this may have an effect on the resulting internal 

tem perature o f  the individual specimens.

The trends observed for the four different surface finishes containing partially crushed 

lim estone are very similar to that o f  the trends observed for the specim ens containing 

crushed limestone and sandstone. The order o f  decreasing tem perature corresponds 

directly with the increase in percentage o f  GGBS contained in the specimen. The order o f  

decreasing temperature in term s o f  surface finish type is cast, brush, tamp and screed, 

w ith some overlapping o f  tem peratures. Once again, the rough surface finishes are not as 

consistent in the order in which they fall in terms o f  peak temperatures.



• It is difficult to determ ine whether the aggregate type has any influence on the internal 

tem perature recorded by the specimens as the sunshine intensity recorded was different 

depending on the day, therefore, they cannot be directly compared. However, the overall 

results are broadly the same in term s o f  the order o f  the specimens, it would also be true 

to state that it is difficult to determ ine whether the surface finish type is more influential 

on the resulting tem perature over the influence o f  GGBS concentration, as both 

param eters have a significant influence on the tem perature recorded.

• Some ageing o f  the specimens has occurred as they have been exposed to the 

environm ent for an extended period o f  time. The 70% specimens have gradually become 

less reflective as they surpassed the 50% specim en and now lie between 30 and 50% 

GGBS specim ens, for both the smooth and rough surface finishes. This deterioration may 

be due to different surface characteristics in the higher GGBS concentration specimens. It 

may therefore be concluded that the optimum GGBS substitution rate is 50%.

7.7 Discussion

The colour o f  the raw cem ent material was measured with a sphere spectrophotom eter using a 

num ber o f  different cem ent blends in various proportions (0-100%). These cem ent blends 

comprised o f  three different mixes, namely WPC and CEM 11 A-L, WPC and GGBS, and CEM 

II A-L with GGBS, and a range o f  L* values between 63.6 to 90.7 were obtained. It was 

concluded from this testing that the L* o f  GGBS and WPC are o f  similar magnitude, with WPC 

having a higher L* value by only 2.8%. The results also confirmed that there is little difference 

in the colour produced by using GGBS with CEM 11 A-L or WPC with CEM II A-L. This test 

dem onstrated the range in colour between some typical Irish cement powders which have a 

significant infiuence on the resulting colour and consequently the albedo o f  concrete. In 

particular, it dem onstrates that there is only a slight difference in the colour between W PC and 

GGBS, w here WPC is considerably more expensive to purchase.

The primary method used to measure the albedo o f  a surface is an instrument known as an 

albedometer, and this instrument was utilised in the project to assess w hether it would be a 

viable means o f  accurately determ ining the albedo o f  small concrete specimens that were 

manufactured for the purpose o f  testing. Through a number o f  sensitivity tests conducted using 

the instrument, it could be concluded that although it is a very sensitive and accurate 

instrument, it is difficult to calibrate as there are a num ber o f  factors which affect the albedo 

value. These include the height o f  the instrum ent, the time o f day at which albedo is recorded, 

and also the reduction in the field view o f  the lower dome (sensor). The device could not be 

calibrated for use on the small concrete specim ens as the presence o f  a restriction on the lower
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dome results in the sensor becom ing so insensitive. It was, however, used on a num ber o f  large 

sites to m easure the albedo and consequently the S.R.l o f  the surface was calculated, to 

determine w hether the surface would qualify for LEED credits (under the heat island category).

The first site at St. Jam es’ Gate Brewery (30%  brush and 12 m onths old) obtained an albedo o f

0.25 which corresponds to an S.R.l o f  28, however, this is below the LEED requirem ent o f  29. 

A second site was tested at St. Jam es’ Gate where a new slab (brush 30%) was tested only one 

week after casting. The albedo o f  this surface was approximately 0.29 corresponding to an S.R.l 

value o f  32, exceeding the LEED requirement. This result demonstrates that the requirem ent for 

LEED can be met with a 30%  GGBS concentration level in the short term and also verifies the 

negative effect that ageing has on the albedo o f  a surface. The third site located at Fr. Collins 

park (24 m onths old) yielded an albedo o f  0.25 for 0% GGBS and 0.34 for 70% GGBS, both on 

an exposed aggregate surface finish. The corresponding S.R.l for both 0 and 70% GGBS 

surfaces is 28 and 39 respectively. Once again, the presence o f  GGBS in a concrete surface 

demonstrates a positive affect on surface albedo, with a higher concentration resulting in a 

higher albedo.

In conclusion, the albedometer is a very accurate instrument and can be used to measure the 

albedo o f  large surfaces, however, it could not be calibrated to be used on the small concrete 

specimens for this project. As a consequence, alternate m ethods o f  testing were utilised/devised 

to determine the light reflectance properties o f  the 96 fabricated specimens, containing different 

concrete constituents. These five methods com prise o f  a sphere spectrophotom eter, lux meter, 

grevness scale, thermal imaging and therm ocouple wire. The key param eters assessed by each 

test method on the resulting light reflectance are as follows; the effect o f  aggregate type, GGBS 

concentration and surface finish (age will be discussed within each o f  these param eters).

1. A ggregate type

Tes:ing the concrete specimens using the sphere spectrophotom eter confirm ed that although 

there is a difference in L* between two o f the aggregate types, with sandstone typically having 

a lower value, on a whole the aggregate type does not have a significant effect on the colour o f  

the concrete. Similarly, the results from the lux meter testing concluded that initially there is no 

discernable difference between the slab specim ens containing different aggregate types, 

however, the difference between the aggregates becomes more discernible with age as the 

concrete weathers. The specimens containing sandstone aggregate were m arginally less 

reflective, also suggesting that the colour o f  the aggregate type used may contribute to the 

resulting light reflected in the long-term.
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A more subjective method o f  testing involved using a greyness index card to visually assess the 

concrete specimens and as there was virtually no means o f  accurately assessing the effect o f  

aggregate type on greyness. Therefore, this parameter was elim inated and only the effect o f 

GGBS concentration, surface finish and age on the greyness o f  the specimens were evaluated. 

This is also the case for the thermal im aging cam era as the device is not sensitive enough to 

detect a difference in the surface tem perature o f  specimens containing different aggregate types. 

The resulting internal tem perature o f  the specimens was m easured through the use o f  a 

therm ocouple wire, and the effect o f  aggregate type on the internal tem perature could not be 

determined accurately as only 16 specim ens could be tested at any one time, all containing the 

same aggregate type. However, it was possible to evaluate the trends observed for the 

specimens containing different aggregate types in terms o f  GGBS concentration and surface 

finish, and as these trends were identical for each aggregate type, this parameter was one again 

excluded from analysis.

In conclusion, the two test m ethods which were sensitive enough to measure the effect o f  

aggregate type were the sphere spectrophotom eter and the lux meter. Both o f  the test methods 

concluded that the aggregate type does not have a significant influence on the light reflectance, 

therefore, the specimens may be studied together instead o f  focusing on each o f  the individual 

aggregate types.

2. GGBS concentration

Testing using the sphere spectrophotom eter indicates that there is a general increase in L* with 

increasing concentration o f  GGBS, w ith the order o f  increasing reflectance as follows; 0, 30, 50 

and 70% GGBS. This influencing param eter, however, is not as strong as that o f surface finish 

type. Since ageing would have occurred when the L* was recorded, there is only a difference in 

the colour between non-adjacent concentrations o f  GGBS such as 0 and 50%, 0 and 70% and 30 

and 70%. However, this instrument is very sensitive as it detects very small differences in 

colour between the specimens, even after they have been exposed to the environment for 24 

months. Similarly, the level o f  GGBS present in a specimen also has a significant and 

measurable effect on greyness o f  the concrete, m easured using the greyness index scale. This 

test method dem onstrated that there is a direct correlation between GGBS concentration and 

greyness achieved for each o f  the surface finish types, with this change being significant 

enough to be detected by the human eye. The order o f  increasing reflectance for the greyness 

index is as follows; 0, 30, 50 and 70%  GGBS. The trend o f  increasing greyness with increased 

GGBS concentration is not as pronounced upon the final readings o f  greyness, with the 70% 

GGBS specimen having reduced in colour quite significantly. This method o f assessing
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reflectance is a good ready reckoner and is cost neutral thus it can be used quickly and cheaply 

in the field.

Similarly, the use o f  a lux meter has also shown that the addition o f  GGBS to concrete increases 

the solar reflectance o f  the specimen, however, the benefit o f  this is reduced over tim e as the 

surface o f  the slabs become weathered. The results dem onstrated that the addition o f  GGBS to 

concrete gives increased amounts o f  light reflectance with increased levels o f  cement 

replacem ent and verified that the device is sensitive enough to detect the difference in light 

reflectance between adjacent levels o f  GGBS concentration for the most part. The general order 

o f  initial increasing reflectance is 0, 30, 70 and 50%  GGBS on aged concrete. One year after the 

initial lux m eter readings, it could be concluded that there was virtually no difference between 

the light reflectance for all levels o f  GGBS which strongly suggests that ageing has occurred. 

An explanation as to why the 70% GGBS specimen is not the most reflective is due to the fact 

that lux meter readings were not taken until 6 months after the specimens had been placed on 

the roof, providing a possible window for weathering to  occur. This trend is reaffirm ed in the 

testing o f  night-time luminance, where 70% GGBS reflects less light than the 50% GGBS 

specimen. The order o f  increasing reflectance is 0, 30, 70 and 50% GGBS for night-time 

luminance testing.

By using a thermal imaging camera, the effect o f  GGBS concentration on the surface 

tem perature is not as strong a trend as that o f  the surface finish. In general, there is a reduction 

in tem perature from 0 to 70% GGBS, however, it is difficult to differentiate between the 

specim ens containing intermediate rates o f  substitution. The 70% GGBS specim ens recorded a 

higher tem perature than the 50% specimens which would also indicate that ageing o f  the 70% 

GGBS specimen has occurred. This was previously noted using a lux meter and greyness index. 

An overview  o f  the tamp and brush specimens (containing the four GGBS specim ens on one 

therm al image) suggest that there is an appreciable difference between 30 and 50%  GGBS 

specimens. This is evident by observing the colour variation as the 0 and 30% GGBS specim ens 

are noticeably lighter in colour in the thermal image than the 50 and 70% GGBS specimens. 

This is an interesting result as it coincides directly with the result o f  internal tem perature o f  the 

specimens. The main objective o f  using the thermal imaging test method is to dem onstrate that 

there is an general reduction in the surface tem perature through the addition o f  GGBS, as this 

technique is a form o f UHI mitigation, and for the most part, the presence o f  GGBS in 

sufficiently high levels does reduce the surface tem perature, however, it is also strongly 

dependent on the surface finish.

Testing using the therm ocouple wire dem onstrated that the order o f  increasing reflectance is as 

follows; 0, 30, 50 and 70% GGBS, however, there is some overlap between 0 and 30%
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specim ens and also 50 and 70%  specimens. In general, the specimens containing 0 and 30% 

GGBS have a higher rate o f  change in tem perature than 50 and 70% GGBS specimens, 

therefore, the 0 and 30% specim ens are closely grouped together in temperature and 50 and 

70%  GGBS specimens behaving likewise. This outcome would suggest that there is little to be 

gained by using a GGBS substitution rate higher than 50%. Furthermore, ageing o f  the 

specim ens has occurred as they have been exposed to the environm ent for over 2 years and it 

was observed that the 70%  GGBS specim en is less reflective and lies between the 30 and 50% 

GGBS specimens in terms o f  tem perature, which is a reoccurring trend.

In conclusion, the five test m ethods demonstrate a common trend, that the increase in GGBS 

replacem ent in concrete produces a brighter coloured concrete with a corresponding reduction 

in tem perature (see Table 7-35 for summary o f  results). A lthough certain test m ethods cannot 

detect the tem perature difference between two adjacent levels o f  GGBS concentration, each o f  

the methods dem onstrate that there is a significant reduction in tem perature/increase in colour 

between a specimen containing no GGBS and a brighter specimen containing 70% GGBS.

3. Surface finish

I'he  surface finish has a definite and discernable influence on the L* o f the concrete specimens, 

with the decreasing order o f  L* as follows; screed, brush/cast and tamp. The t-test conducted 

between the surface finish types dem onstrated that there is no difference in colour between the 

cast and brush finish. It was noted that the L* o f  the rough specim ens is more difficult to obtain 

in com parison with the sm oother surface finishes due to the presence o f the undulating surface. 

It rem ains clear that the screed surface finish is the brightest specimen. The rem aining order o f  

decreasing reflectance, however, is not on par with the other four test m ethods (see Table 7-35 

for summary o f  results).

The lux meter results conclude that effect o f  surface finish on light reflectance is the primary 

factor affecting light reflectance as the t-test dem onstrates that there is still a discernible 

difference between each o f the four finish types even after one year o f  the initial test being 

carried out. The general order o f  decreasing reflectance is as follows; screed, tamp, brush and 

cast. Similarly, a strong relationship between greyness and the surface finish type for each o f  

the GGBS concentrations was obtained. The trend observed for the four finish types in term s o f 

decreasing reflectance is screed, brush, tamp and cast. The results confirm  that the surface 

finish has a measurable effect on greyness by using the greyness index scale, and this param eter 

is equally as important, if  not more important, than the percentage o f  GGBS present. The ageing 

o f  the specimens evaluated through measuring greyness found that the results have somewhat

298



converged with time, which would suggest that there is deterioration o f  the samples due to 

weathering, however, the order o f  decreasing greyness in term s o f  the surface finish type 

remains unchanged.

I 'he  thermal imaging cam era results dem onstrated in terms o f  surface finish, that the cast finish 

reached the highest surface tem perature and the screed the lowest, with tam p and brush finishes 

having sim ilar intermediate tem peratures. The brushed finish had a marginally higher 

temperature, therefore the order o f  decreasing reflectance is as follows; screed, tamp, brush and 

cast. The surface finish type is the dom inating factor once more, affecting the surface 

tem perature o f  the specimens. The influence o f  surface finish on the internal tem perature o f  the 

slabs is evident for all levels o f  GGBS replacement, as m easured by the therm ocouple wires. 

The order o f  decreasing tem perature in term s o f  finish type is screed, tamp, brush and cast. 

Although ageing o f the specimens will have occurred, as the surface finish is the dom inating 

parameter affecting the resulting light reflectance, there is virtually no change in the order o f  the 

specimens (see Table 7-35 for sum m ary o f  results).

I able 7-35 S um m ary  of t rends produced by five main testing methods on the fabricated concrete
spccimcns

Testing m ethod GGBS Surface finish
Sphere sp ectrop h otom eter 70 Screed

50 Brush/Cast

30

0

Tamp

Lux m eter 70 Screed

50 Tamp

30 Brush

0 Cast

Greyness scale 70 Screed

50 Brush

30 Tamp

0 Cast

Thermal imaging 70 Screed

0 Tamp

Brush

Cast

Therm ocouple wire 70 Screed

50 Tamp

30 Brush

0 Cast
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In conclusion, the five test methods dem onstrate a universal outcom e, that the effect o f  surface 

finish on temperature and light refiectance is the dom inating factor over the effect o f  GGBS 

concentration. In general, the most refiective surface finish is that o f  screed and the least 

reflective surface is that o f  cast. This outcom e is due to the colour o f  the latter specimen in 

addition to the surface finish itself, as a cast finish is visibly darker in colour when compared 

with a screed finish which has the brightest colour.

4. Ageing

The concrete specimens were cast in Septem ber 2010 and were placed on site in O ctober 2010, 

with testing carried out from October 2010 up until about February 2013, therefore, ageing o f  

the specimens would be expected to some extent. Due to its restricted availability, the sphere 

spectrophotom eter was used to m easure the specimens colour on a once o ff  basis, after the 

specimens were exposed to the environm ent for approximately 2.5 years, thus it is not possible 

to determine the effect o f  ageing using this particular test method. Similarly, the thermal 

imaging cam era was used to detect differences between different GGBS concentrations and 

surface finish types and was not used over a prolonged period o f time to determine the effect o f 

ageing on infrared emissions. However, the effect o f  ageing was detected by the other testing 

methods, namely the lux meter, greyness index chart and thermocouples.

The influence o f ageing on the am ount o f  light reflected from a specimen, as detected by the lux 

meter, is evident despite there being only one year between the initial and final readings. It was 

found that irrespective o f  the surface finish and the incoming light, the concrete slabs have aged 

and this results in deterioration in the light reflectance result, and a convergence o f  the results 

with time i.e. the differences in the light reflectance values are less pronounced with time. There 

remains a quantifiable difference in the am ount o f  reflected light between each o f  the surface 

finishes after one year and this would suggest that this param eter is the dom inating factor over 

the influence o f GGBS concentration. In terms o f  GGBS concentration, the 70%  GGBS 

specimen performs quite poorly with age, as it is evident that the lux reading drops to below 

that o f  50% and is sim ilar to 30% GGBS. This decrease may be due to different surface 

characteristics in the higher GGBS concentration specimens whereby the slabs w ith higher 

GGBS dosages may allow more dirt penetration on the surface. The lux meter was also used to 

measure night time luminance, and it was also found here that the older 70% GGBS specimen 

recorded a light reflectance lower than the 50% specimen.

In terms o f  analysing the effect o f  ageing using the greyness index chart, the differences 

between the results are less pronounced with time which would suggest that there is
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deterioration o f  the samples due to weathering, however, the results would also suggest that it is 

still possible to visibly differentiate clearly between the different GGBS content levels after 18 

months, despite the subjectivity o f  the test, with the general order o f decreasing reflectance as 

follows; 70, 50, 30 and 0%  GGBS. This contrasts with the results obtained using the lux meter, 

however, the greyness index chart is a subjective test method, in term s o f  surface finish type, 

this particular param eter was more difficult to differentiate between for the four GGBS 

concentrations, because rougher surfaces are more subjective than smooth ones. On average, the 

order o f  surface finish type in term s o f  decreasing greyness remains unchanged. The order o f  

decreasing greyness for the various finish types is screed, brush, tamp and cast, however, the 

greyness for each surface finish type has reduced, with the three surface finishes brush, tamp 

and screed having almost identical results o f  greyness when the final readings were recorded. In 

conclusion, according to the results obtained using the greyness index chart, the surface finish 

and GGBS concentration both drop at approxim ately the same rate and not by a significant 

amount in 18 months.

The use o f  therm ocouple wire in the specim ens is an indirect means o f  testing and demonstrated 

that ageing o f  the slabs had occurred by virtue o f the change in internal tem perature. The 

original tem perature profile (in term s o f  GGBS concentration) for smooth slabs demonstrated 

that the increase in GGBS content resulted in a decrease in internal tem perature i.e. the order o f 

decreasing tem perature was 0, 30, 50 and 70% GGBS as expected. However, only 2 months 

after the first set o f  readings, it was observed that there was virtually no difference in 

temperature between 50 and 70%  GGBS specimens. Furthermore, after another 2 months the 

70% GGBS specimen had surpassed the 50% GGBS specimen and now lay between 30 and 

50% GGBS. This trend clearly indicates that the 70% GGBS specim en is ageing and has 

become less reflective on the surface, therefore reaching a higher internal temperature. This 

surprising result o f  the deterioration o f  the 70% GGBS specim ens is strongly confirm ed by the 

trends in the lux meter test method.

Similarly, there is some ageing o f  the rough surface finish specimens occurring. However, there 

is less differentiation evident between the adjacent GGBS concentration specimens which is due 

to the nature o f  the surface finish in addition to the orientation o f  the striations. W hen the final 

set o f  temperature readings were recorded, the 70%  GGBS specimen had surpassed the 50% 

GGBS specimen and now lay between 30 and 50% GGBS, as noted for the smooth surface 

finish. This trend clearly indicates that the 70% GGBS specim en is ageing faster and has 

become less reflective on the surface, and is reconfirmed by the results for the lux meter.

In conclusion, the three test methods dem onstrate a universal outcome, that the exposure o f  the 

specimens to the environm ent for over two years resulted in measurable ageing o f the
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specimens. In general, the higher concentration o f GGBS (70% ) was found to age at a faster 

rate, as confirmed by the lux m eter and therm ocouple data. This outcome is most likely due to 

the surface characteristics o f  GGBS compared with NPC. It was also concluded that it is more 

difficult to assess the effect o f  ageing on the rough surface finishes due to  the nature o f  the 

surface finish.
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8 The Environmental Impact of Increasing Urban Albedo

8.1 Fundam ental Background Theory

8.1.1 The global radiation budget of the earth

The earth’s global mean energy budget is displayed in Fig. 8-1, with the incom ing sunlight 

consisting o f ultraviolet, visible and a limited portion o f  infrared energy (shortwave radiation) 

on the left and the outgoing infrared (longwave) radiation displayed on the right. The earth’s 

atm osphere receives an average 341W/m^ o f incoming solar radiation which is approximately 

one quarter o f  the solar constant (1367W /m^), and 102W W  o f  this radiation is reflected or 

scattered back into space by clouds and the atmosphere (79W/m^) and the surface (23W/m^). 

This ratio is known as the global albedo which is close to 31% or 0.31 (Zdunkowski et al., 

2007). In order to have a balanced radiation budget, the net gain (341-102=239W /m^) o f  short 

wave solar radiation must be balanced by the emission o f  longwave radiation to space to 

achieve an equilibrium. O f this rem aining 239W /m ^ 78W/m^ o f the incoming energy is 

absorbed by the atmosphere and 161 W/m^ is absorbed by the earth’s surface. When energy is 

absorbed, it raises the tem perature o f  the substance which absorbs it i.e. the earth, and this 

causes the earth to radiate this heat in the form o f  infrared radiation.

Assum ing that the ground emits black body radiation at the tem perature o f  15°C (which is 

typical o f  the surface tem perature o f  soil) an amount o f  396W/m^ o f  infrared energy is radiated 

upwards from the ground. However, 90% o f  this energy is trapped by greenhouse gases 

(356W/m^) and the remaining 10% (40W/m^) is released through the atmospheric window 

(where the atmosphere is transparent to certain wavelengths). Some o f  the infrared radiation 

escapes into space as it is emitted by the atm osphere (169W/m^ em itted by the atmosphere and 

30W/m^ emitted by the clouds), however, most o f  the radiation is directed back towards the 

earth’s surface which is denoted by back radiation (333 W/m^). This downward flow o f radiation 

is the cause o f increasing the surface tem perature to the point where it can radiate 396W/m^ 

Therefore, the total energy gain is 161 + 333 = 494W/m^, however, this exceeds the longwave 

loss o f  396W/m^ by 98W/m^. This is accounted for by the thermal loss o f  n w W  (the 

conductive heat flux from the earth’s surface to the atmosphere), evapotranspiration o f  80W/m^ 

and net absorption o f  1 W/m^.

By considering the earth’s budget o f  the atm osphere itself, it gains the following energy;

• 78W/m^ by absorption o f  solar radiation

• 98W/m^ by thermals, evapotranspiration and net absorption (17W/m^+ 80W/m^ +

1 W/m^)
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• 356W/m^ from long wave radiation emitted from the surface o f  the earth

This is a total o f  532W/m^, which must be reemitted by the atm osphere and is accounted for as 

follows;

•  169W/m^ by atm ospheric greenhouse gases

• 30W/m^ by clouds

• 333W/m^ as back radiation

In conclusion, there is 341 W/m^ o f incom ing solar radiation and approximately one third of this 

is reflected by the earth which is defined as the global albedo (79W/m^ by clouds and 

atmosphere and 23 W/m^ by the earth’s surface). In so far as improving the albedo o f  the earth’s 

surfaces are concerned, the objective is to increase the radiation reflected o ff the surface 

(currently 23W/m^) and to reduce the absorbed radiation by the surface (161 W/m^) which is 

relevant as it would reduce the amount o f  infrared radiation emitted from the surface.
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Fig. 8-1 T he e a r th ’s an n u al global m ean energy budget (Kiehl et al., 2009)

8.1.2 Theory o f radiative forcings and offset CO 2

8.1.2.1 Definition o f  a  ‘climate forcing ’

Climate change is driven by perturbations to the energy balance o f  the earth’s system and these 

perturbations are called climate forcings. A clim ate forcing is an energy im balance imposed on 

the climate system either externally or by human activities. Climate forcings are subdivided into
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direct radiative forcings, indirect radiative forcings and non-radiative forcings. Radiative 

forcing is reported in the climate change scientific literature as a change in energy flux in the 

tropopause (the boundary between the troposphere and stratosphere) and is calculated in units 

o f  W/m^ (National_Research_Council, 2005). The concept o f  radiative forcing provides a way 

to  quantify and compare the contributions o f  different agents that affect surface tem perature by 

m odifying the balance between incom ing and outgoing radiative energy fluxes 

(N ational_Research_Council, 2005). Direct radiative forcings directly affect the radiative 

budget o f  the earth, for exam ple, added CO 2 absorbs and em its infrared radiation. Direct 

radiative forcings may be due to a change in concentration o f radioactively active gases, a 

change in solar radiation reaching the earth or changes in surface albedo.

1. Indirect radiative forcings create a radiative imbalance by first altering clim ate system 

com ponents which immediately lead to changes in radiative fluxes, for example, the 

affect o f  aerosols (small particles in the atmosphere) on the precipitation efficiency o f 

clouds.

2. A non-radiative forcing is a climate forcing that creates an energy im balance that does 

not immediately involve radiation, for example, increasing evapotranspiration flux 

resulting from agricultural irrigation (IPCC, 2001).

Radiative forcings can be positive or negative. A positive radiative forcing (corresponding to 

more incom ing energy) warms the climate system and a negative radiative forcing 

(corresponding to more outgoing energy) cools the clim ate system (Casper, 2009, Dessler, 

2011).

The radiative forcing o f  the various factors which have influenced the climate over the past few 

centuries are displayed in Fig. 8-2. Radiative forcings are generally calculated as a change from 

a reference climate. The values plotted are radiative forcings caused by changes since 1750. The 

atm ospheric abundance o f  CO 2 increased by lOOppm between 1750 and 2005. Since 1750, the 

increase in greenhouse gases has imposed a radiative forcing o f  +3W/m^ and o f  this, CO 2 was 

responsible for approximately + 1 .66W/m^.

As globally averaged CO 2 concentrations have increased from 280ppm in 1750 to 380ppm in 

2005, it is important to estimate the global tem perature response to greenhouse gas forcings. 

This response is called the earth’s climate sensitivity to radiative forcing caused by C O 2 and 

other greenhouse gases. Sensitivity is expressed as the change in global tem perature (T) due to 

doubling o f  atm ospheric CO 2 concentrations (280ppm to 560ppm), or AT2xco2 - For this 

doubling o f  CO 2 , the climate sensitivity is likely to range between 2.0-4.5°C, with a best 

estim ate o f  approxim ately 3.0°C (Cronin, 2010, Dessler, 2 0 1 1). Doubled CO 2 corresponds to a

305



radiative forcing o f  approximately 4W/m^. Therefore, the climate sensitivity is 0.5- 

1 .12°C /(W W ) [(2.0/4) and (4.5/4)], with a best estimate o f  0.75°C/(W /m^) (Dessler, 2 0 II) .

In relation to this wortc, one is interested in the 2 xC 0 2  radiative forcing for a doubUng o f  CO 2 in 

the atm osphere (W/m^) as this is required to calculate the radiative change per tonne o f 

atm ospheric C O 2 (kW /tonne CO 2 ).

Solar

Aerosol indirect effec t 

Aerosol direct effec t 

Black carbon on snow 

Albedo 

S trat. w ater vapor 

S trat. ozone 

Trop. ozone 

Nitrous oxide 

Halocarbons 
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1 —J

1-------------------------------- 1

1-----------------1
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-E Land-use changes
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Q
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I

0.0 1.0
Radiative Forcing (W /m ‘ )

Fig. 8-2 Radiative forcing caused by changes in the clim ate between 1750 and 2005. The e r ro r  b a rs indicate
the uncertain ty  o f the estim ate (Dessler, 2011)

8.1.3 Previous research on radiative forcing and potential em itted offset C O 2

8.1.3.1 Study I: A kbari et cil. (2008b)

Akbari et al. (2003) suggest that the albedo o f roofs and pavements can be increased by at least 

0.25 and 0.15 respectively, resulting in an increase o f 0.1 in the albedo o f urban surfaces. In 

order to estimate the benefit in terms o f  CO 2 emission offset, Akbari et al. (2008b) derived an 

equivalency relationship between the radiative forcing o f  C O 2 versus the radiative forcing 

obtained if the albedo o f  all urban land areas were increased by 0.1.

1. Firstly, they estimated the increase in radiative forcing arising from increasing the 

atmospheric CO 2 by 1 tonne.

2. Secondly, by using a model they estimate the decrease in radiative forcing by 

increasing the albedo o f roofs and pavements in an urban area.
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By comparing these two radiative forcings, it allowed them to relate the changes in solar 

reflectance o f urban areas to the changes in atmospheric CO 2 content.

Akbari et al. (2008b) use a number o f different sources which give CO 2 forcings for a doubling 

of CO2 in the atmosphere in units of W/m^. Hansen et al. (1997) estimate a 2xC02 adjusted 

radiative forcing to be 3.95W/m^ and this yields a radiative forcing of 0.93kW/tonne CO2 . 

Estimates used in IPCC (2007) (based on Myhre et al. (1998)) obtain a 2xC02 adjusted 

radiative forcing o f 3.71 W/m^ and this yields a radiative forcing o f 0.88kW/tonne CO 2 . Akbari 

et al. (2008b) estimate a radiative change per tonne of atmospheric CO 2 o f 0.91kW/tonne CO2 

which is based on Myhre’s equation and on the current atmospheric concentration o f 385ppm. 

For the calculations, Akbari et al. (2008b) use the average value o f 0.91 kW/tonne CO 2 .

Akbari et al. (2008b) use the data presented in Fig. 8-1 to estimate the sensitivity o f radiative 

forcing to the solar reflectance of the surface. They calculated the change in radiative forcing 

per 0.01 (1%) change in solar reflectance to be -1.27W/m^. Using the estimated kW/tonne 

radiative forcing o f atmospheric CO 2 , they calculate an equivalency of (-1.27/0.91)= -1.40kg/m^ 

CO2 of urban areas for a 0.01 change in albedo. The IPCC (2007) state that the observed 

increase in atmospheric CO2 does not reveal the full extent o f human emissions in that it 

accounts for only 55% of the CO 2 released by human activity. The rest has been absorbed by 

the plants on the land. Therefore, assuming 55% of emitted CO 2 stays in the atmosphere, the 

emitted CO2 equivalent offset is (-1.40/0.55) = -2.55kg/m^ urban area for a 0.01 increase in 

albedo.

From this value, they found that increasing the albedo of a roof area by 0.25 could offset 

64kg/m^ CO2 (i.e. 16 m  ̂ o f cool roof area to offset 1 tonne o f emitted CO2). For cool 

pavements v/ith a proposed albedo change of 0.15, the emitted CO 2 offset is equal to 38kg/m^ 

CO2 (i.e. 26 m  ̂of cool paved area to offset 1 tonne o f emitted CO 2 ). The estimate o f the global 

emitted CO2 offset potential for cool roofs and cool pavements is calculated at 24Gt CO2 and 

20Gt CO2 respectively. Therefore, the total global emitted CO 2 offset potential is 44Gt CO2 

This offset is greater than 1 year o f the 2025 projected world-wide emissions of 37Gt CO 2 The 

assumptions for the calculations in this research are summarised as follows;

1. The study was only concerned with short term effects (25-50 years), and ignores any 

time dependence and economics, such as the carbon cost of increasing surface albedo 

on such a large scale.

2. The study uses existing short-wave radiation balance models for the earth-atmosphere 

system. The calculations are performed for the entire globe combining the effects of
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c lou d s and atm ospheric scattering and absorption  into tw o  com p on en ts, atm ospheric  

absorption and atm ospheric reflection .

3. R esearch has sh ow n  that sh ad ow s from  all sou rces reduce the annual in cid en ce o f  

sun light on residential roofs by about 10-25%  d ep en d in g  on tree cover , therefore, this 

tends to  reduce the eq u iva len t potential o f  co o l surfaces by a sim ilar 10-25% .

T his calcu lation  ap p lies for the average cloud  cover  over  the earth. T he radiative forc in g  for 

albedo change is a strong function  o f  the cloud  cover , therefore, d ep en d in g  on  the location  o f  

the urban area consid ered , the radiative forcing  va lu e  w ou ld  n eed  to  be adjusted. T he cloud  

cover  in Ireland lies  w ith in  the g lob a l average as w ill be d iscu ssed  in S ection  8 .2 , therefore, this 

is not an issue.

8.1.3.2 Study 2: Menon et al. (2010)

F o llo w in g  on  from  the w ork o f  Akbari et al. (2 0 0 8 b ), M en on  et al. (2 0 1 0 ) perform ed  

sim ulations using  the catchm ent land surface m od el (C L S M ) o f  the N A S A  G E O S -5  clim ate  

m odel u sin g  the sam e m eth od o logy  i.e . the m odel w as d esign ed  to  a llow  an understanding o f  

the e ffec t o f  a 0.1 increase in surface a lbedo  o ver  urban areas on radiative forcin gs and 

tem perature over all g lobal land areas.

B ased  on the radiative flu x  ch an ges obtained from  C L S M , M en on  et al. (2 0 1 0 ) exam in ed  the 

C O 2 o ffse ts  that m ay be exp ected . It w as found that the g lo b a l reduction in land surface  

tem perature w as 0 .0 0 8 K  for a g lob a l average increase o f  0 .0 0 3  in surface a lbedo. A n  average  

increase in total o u tgo in g  radiation o f  0.5W /m ^ w as obtained  from  the m odel for all g lobal land 

areas, for the average increase in surface a lbedo o f  0 .0 0 3 . T h ese  va lu es represent the change  

estim ated  from the C L SM  for all global land areas. T he adjusted radiative forc in g  va lue  

obtained (based  on the radiative forcing  for a 0.01 in crease in the surface a lb ed o) is 

[(0 .5 W /m ^ )x (0 .0 1 )/(0 .0 0 3 )], that is, - 1 .6 3 W W . S im ilarly , as b efore , a va lue o f  0 .91k W /ton n e  

C O 2 w as a lso  used  for the radiative change per ton n e o f  atm ospheric  C O 2 (A kbari et a l., 2 0 0 8 b ). 

T herefore, the atm ospheric C O 2 eq u iva len ce  for a 0.01 increase in urban a lbedo is obtained  

from  the ratio o f-1 .6 3 W /m ^  to  the radiative ch an ge per tonne o f  a tm ospheric C O 2 ( -1 .6 3 /0 .9 1 )  

w h ich  equals -1 .79kg/m ^. A ssu m in g  55%  o f  em itted  C O 2 stays in the atm osphere (IPC C , 2 0 0 7 ), 

the em itted  C O 2 equ ivalen t o ffse t is calculated  as (-1 .7 9 /0 .5 5 )  =  -3.26kg/m ^ urban area for a 

0.01 (1% ) increase in a lbedo. T he assum p tions for the ca lcu la tion s in th is research are 

sum m arised  as fo llo w s;
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1. The results represent all global land areas for the boreal summer (June-August). The 

CLSM sim ulations were performed for 3 m onths for 12 years.

2. A more meaningful evaluation o f  the impacts o f  urban albedo increase on global 

climate and the expected CO 2 offsets would require sim ulations which represent the full 

annual cycle. For annual changes, a lower value would be expected since w inter offsets 

could be lower in some locations.

3. The results are based on the Northern hem isphere summer averages for global land 

locations only.

Based on this calculation, Menon et al. (2010) found that increasing the albedo o f a roo f by 0.25 

could offset 82kg/m^ CO 2 (i.e. only 12 m^ o f  cool roo f area is needed to offset 1 tonne o f 

emitted CO 2 ). For cool pavements with an increase o f  0.15 in albedo, the em itted CO 2 offset is 

equal to 49kg/m^ o f  pavem ent area (i.e. 26 o f  cool paved area is needed to offset I tonne o f  

emitted CO 2 ). Therefore, based on radiative forcings obtained in this study, the potential global 

emitted CO 2 offset for a 0.25 and 0.15 increase in roof and pavement albedo in urban areas is 

31Gt CO 2 and 26Gt CO 2 respectively. This am ounts to a total o f  57Gt C O 2 which could 

potentially be offset as a result o f  the change in the albedo o f  roof and pavement areas 

(neglecting the CO 2 expenditure).

I a b le  8-1 S u m m a r y  o f  p o ten tia l e m itted  C O 2 o ff se t  fo r  a 0 .2 5  a n d  0 .1 5  in c r e a se  in a lb e d o  o f  r o o fs  an d
p a v e m e n ts  in u rb a n  a r ea s

Source R o o f (0 .25  increase) Pavem ent (0 .1 5  increase) Total (G lobal)

Akbari et al. 

(2008b )

64kg COz/m '

(=  I6m^ to offset 1 tonne C O 2 ) 

24G1 CO 2

38kg CO j/m - 

(=  26m^ to o ffse t 1 tonne C O 2 ) 

20G t CO 2 44G t CO:

M enon et al. 

(2 0 1 0 )

82kg CO j/m - 

(=  12m^ to offset 1 tonne C O 2 ) 

31G t C O ,

49 k g  COj/m^

(=  20ni^ to o ffset 1 tonne CO 2 ) 

26G t C O 2

I

57G t CO ;

8.1.3.3 Study 3: Akbari et al. (2012)

The current estim ates o f CO 2 offset are based on a constant (short-term: 50-100years) radiative 

forcing o f  approxim ately 0 .9 lkW /t o f  atm ospheric C O 2 . However, Akbari et al. (2012) state 

that radiative forcing resulting from a given C O 2 em ission will decrease with time, ow ing to the 

gradual removal o f  CO 2 by natural carbon sinks. Therefore, research was carried out by Akbari 

et al. (2012) where they conducted a series o f  transient model simulations (using the University

309



o f  V ictoria Earth S ystem  CHmate M o d el- U v ic  E SC M ) in w h ich  they  estim ated  the long-term  

effects  o f  urban surface a lbedo  m od ifica tion  on the g lob a l tem perature. In addition , they a lso  

calculated  the equ ivalen t C O 2 em iss io n  o ffse t corresp ond in g  to  the sim ulated  tem perature 

change from  a lb ed o m od ifica tion , u sin g  recent estim ates o f  the anticipated tem perature change  

per unit C O 2 em itted.

Firstly they increased  the surface a lbedo by 0.1 over all land areas betw een  ± 2 0  latitude and 

secon d ly  they applied  the sam e a lb ed o increase over all land areas betw een  ± 4 5  latitude. In 

addition to th is, A kbari et al. (2 0 1 2 ) used  tw o  glob al datasets o f  urban areas to  generate a m ore 

realistic estim ate o f  the e ffec t o f  urban surface a lbedo ch an ge, n am ely  G R U M P  (G lobal Rural 

and Urban M apping P roject) and M O D IS  (M oderate R eso lu tion  Im aging Spectroradiom eter). 

Akbari et al. (2 0 1 2 ) incorporated both datasets o f  urban areas into U v ic  E SC M , and increased  

surface a lbedo by 0 .1 . T he results from  the sim ulations dem onstrated  that in creasin g  the albedo  

by 0.1 for the case  o f  ± 2 0 °  and ± 4 5 °  latitude resulted  in a tem perature decrease o f  

approxim ately  IK and 2K  in 20  years, in creasin g  to 1.3K and 3K  after 2 0 0  years. Akbari et al. 

(2 0 1 2 ) sh o w  that by increasing  the a lb ed o  o f  Im^ o f  a surface by 0 .0 1 , it d ecreases the lon g ­

term global tem perature by about 3 x lO ’'^K.

M atthew s et al. (2 0 0 9 ) sh o w ed  that g lob a l average tem perature ch an ges linearly as a function  o f  

total C O 2 em issio n s and that th is tem perature change per unit C O 2 em itted  is approxim ately  a 

constant w ith tim e, therefore, they estim ate that each  3 ,7 0 0 G t C O 2 em itted  results in 1.75K  o f  a 

global tem perature ch ange (w ith  an uncertainty range o f  1 -2 .5K ). B ased  on th is estim ation , 

Akbari et al. (2 0 1 2 ) ca lcu la te  that 21G t C O 2 em itted  increases g lob a l tem perature by 

approxim ately  0.01 K [(3 ,7 0 0 G tx 0 .0 1 K )/l .75K ]. B y  u sin g  th is constant ratio, they ca lcu lated  the  

o ffse t in C O 2 em issio n s in term s o f  the e ffec t o f  tem perature reduction for ch an gin g  the a lbedo  

o f  Im^ surface area. T h e results sh o w  that increasing  the a lb ed o  o f  Im^ o f  a surface by 0.01 

w ould  have the sam e e ffec t on  g lob a l tem perature as d ecreasin g  em issio n s by approxim ately  

7k g  o f  C O 2 [ ( -3 x 1 0 -'^)(21X10 ’ )( 10 ’) ] /0 .0 1 ].

In g lob al term s, th ey  estim ate co o lin g  ranging from  0 .0 1 -0 .0 7 K  (based  on sim ulations  

perform ed u sin g  G R U M P  and M O D IS  datasets), correspond ing  to  a C O 2 eq u iva len t em ission  

reduction o f  2 5 -30G t C O 2 u sin g  the G R U M P  estim ate and 130 -150G t C O 2 u sin g  the M O D IS  

estim ate o f  urban areas. T here is a sign ifican t d ifferen ce  betw een  th ese estim ates, h ow ever, per 

unit o f  area, the g lobal c o o lin g  e ffec t and C O 2 eq u iva len t o ffse t w as the sam e for both cases; 

3x lO  '^K and 7k g  C O 2 r e sp ectiv e ly , per m^ o f  a surface that its a lb ed o increased  by 0 .0 1 .

310



T he assum ptions for the ca lcu lations in this research are sum m arised  as fo llo w s:

1. T here is a sign ifican t d ifferen ce  b etw een  estim ates o f  urban land areas in the tw o  g lob a l 

data sets (G R U M P  and M O D IS ) w h ich  w ere used and th is represents the largest source  

o f  uncertainty in their sim u lation s, h ow ever, the g lobal c o o lin g  e ffec t and C O 2 

eq u ivalen t o ffse t w as the sam e for both  cases .

2 . T h ey  estim ate a lon g  term glob al tem perature ch ange o f  1.75K  (uncertainty range o f  1- 

2 .5 K ) resu ltin g  from  the em issio n  o f  3 ,7 0 0  Gt C O 2 . A cco u n tin g  for th is uncertainty, the  

eq u ivalen t C O 2 o ffse t is estim ated  to  be in the range o f  4 .9 -l2 k g /m ^  for an a lb ed o  

increase o f  0 .0 1 , a ssu m in g  no n eg lig ib le  C O 2 increase to ach ieve  th is a lbedo increase in 

the lon g  term .

8.1.3.4 Conclusions

A sum m ary o f  the three stu d ies into the potential em itted  C O 2 o ffse t is presented in T able 8-2 . 

B y in creasin g  the a lb edo  o f  a surface by 0.01 (1% ), the potential em itted  C O 2 for urban areas 

ranges betw een  2 .55-7 .0k g/m ^ . A kbari et al. (2 0 0 8 b ) and M enon  et al. (2 0 1 0 ) use the sam e  

m eth o d o lo g y  in their ca lcu la tion s, therefore, the resu lting  o ffse t va lues are sim ilar. A kbari et al. 

(2 0 1 2 )  exam in e the lon g  term e ffec ts  (2 0 0  years) o f  urban surface a lbedo m od ifica tion  and 

con seq u en tly  obtained  a sign ifican tly  h igher potential o ffse t o f  approxim ately  -7 .0  kg/m^ C O 2 .

T h ese  estim ates are based on a num ber o f  a forem entioned  assum ptions, therefore, care should  

be taken as it is an estim ation . T he m in im um  potentia l em itted  o ffse t w ill be ca lcu lated  for a 

ca se  study usin g  the con servative  va lu e  o f  2.55kg/m ^ C O 2 for an increase o f  0 .01 in a lbedo  to  

dem onstrate the m inim um  am ount o f  C O 2 w h ich  cou ld  poten tia lly  be o ffse t.

T able 8 -2  S u m m ary' o f  p o ten tia l e m itted  C O 2 o ffse t p er  m ^ o f s u r fa c e  a rea  fo r  th r e e  d if fe r e n t s tu d ie s

Source A lb ed o  increase O ffset kg/m^ C O 2

Akbari et al. (2 0 0 8 b ) 0.01 -2 .55

M enon et al. (2 0 1 0 ) 0.01 -3 .2 6

Akbari et al. (2 0 1 2 ) 0.01 -7 .0



8.2 A case study of the topography of Trinity College Dublin

8.2.1 Introduction

Trinity College Dublin, corporately designated as the Provost, Fellows and Scholars o f  the 

College o f the Holy and Undivided Trinity o f  Queen Elizabeth near Dublin, was founded in 

1592 by Queen Elizabeth 1 as the "m other o f  a university", and is the only constituent college o f  

the University o f  Dublin. Trinity College is located in the centre o f  Dublin, containing many 

buildings, both old and new, ranged around large courts (known as "squares") and tw o playing 

fields (see Fig. 8-3). It is the oldest university in Ireland and one o f  the older universities o f  the 

world. Standing on a self-contained site in the heart o f  Dublin, the College covers some 40 

acres o f  cobbled squares and green spaces around buildings which represent the accum ulated 

architectural riches o f  nearly three centuries.

An exam ple o f  a classic old building within the campus is the Rubrics, which is the oldest 

surviving college building (circled in red in Fig. 8-3). The Rubrics is a redbrick range o f  college 

residences which was completed in c.1700. This is an example o f  a building which could not be 

altered in any way to accom m odate an increase in albedo for a couple o f  reasons. This building 

has a pitched roof which is highly visible and it is one o f the oldest buildings in college located 

in Front Square. In contrast to this, the arts building was completed in 1979 and has a surface 

area o f  approximately 4,000m^ w hich is relatively large (circled in yellow  in Fig. 8-3). It 

contains flat roofs which are ideal for im plem enting an albedo change.

Fig. 8-3 A erial P ho tograph  o f T rin ity  College Dublin (G oogle_Earth , 2008)
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T h e prim ary o b jectiv es o f  this ca se  study are as fo llo w s;

1. T o quantify and a ssess  the various surface typ es in the c o lle g e  w ith  the a ide o f  m aps 

and photographs.

2. T o  determ ine p o ss ib le  areas w ith in  the c o lle g e  w here the a lbedo cou ld  be increased .

3. T o  ca lcu late  the potential em itted  C O 2 w h ich  cou ld  be o ffse t from  the increase in 

alb ed o and to com pare th is to  the current em issio n s from  the cam pus.

8.2.2 Methodology

8.2.2.1 Outline o f  Trinity College

T he m ap d isp layed  in F ig . 8 -4  presents a deta iled  o v erv iew  o f  Trinity C o lleg e  D ub lin  w h ich  

w as obtained from  the c o lle g e  and is drawn to sca le . T he area o f  the m ap to be studied  is 

en c lo sed  by the heavy  b lack  line on the m ap. T he study has been con fin ed  to those parts o f  the 

cam p us w h ich  are contained  w ith in  the island.

A  w alk  around the cam pus w as com p leted  first so  that all o f  the surface areas on the m ap cou ld  

be iden tified  and marked out. T he green areas o f  the cam pus w ere marked green on the m ap, 

h ow ever, there w ere sligh t inaccuracies on the m ap as not all o f  the green areas on cam p us w ere  

m arked. S im ilarly , any area that is m arked w h ite  on the m ap is e ffec tiv e ly  a pavem ent or a 

footpath  w ith  the ex cep tio n  o f  the railw ay line. Each o f  th ese  areas w ere a ssessed  to  determ ine  

w hether they w ere  con crete or asphalt and w ere noted. O n ce the plan had been  updated and 

verified , the area o f  each  o f  the surface typ es w h ich  have potential for their a lb ed os to be 

changed , cou ld  be calcu lated  from  the m ap directly .

T he fiv e  m ain ca tegor ies w ere

1. C oncrete areas (in clu d in g  all p av in g  slab  areas)

2. A ll r o o f  areas

3. A sphalt footpaths

4. A sphalt car parks

5. A sphalt pavem en ts

A photograph o f  a typ ical asphalt car park area and a con crete  area are d isp layed  in F ig. 8-5 and  

w ere taken at a sim ilar tim e o f  day. A lthough  the con crete surface on ly  con ta in s ordinary  

Portland cem en t and has aged con sid erab ly , there is still a sign ifican t d ifferen ce  in brightness 

betw een  the tw o  surface types.
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Fig. 8-4 Scaled m ap of T rin ity  College Dublin to calculate surface a reas

Fig. 8-5 A sphalt c a r  p a rk  (left) and concrete  path  (righ t) w ithin 1 rin ity  College
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8.2.2.2 Calculation o f  surface areas

In order to calculate the roof areas, a large aerial photograph was obtained from the college and 

from this it was possible to analyse the roof areas o f  each o f  the buildings. The slanted roof tops 

and front square buildings could be eliminated immediately as possible roof areas that could be 

changed because the albedo changes are not effective on slanted roofs and as the college is a 

protected structure, one is not permitted to change the colour o f  the roofs in front square. The 

possible roof tops for albedo modification were examined separately and the surface area o f 

these were calculated, excluding areas such as glass on the roofs.

A breakdown o f each area within Trinity College can be found in Appendix JJ. The total area of 

the campus was calculated as approximately 165,390m^ and o f  this area almost one third is 

occupied by green space (50,705m^). The roof area also occupies one third, with pavements, 

footpaths and car parks making up the rem aining one third o f  the campus. The cobbled areas 

were found to be a small percentage o f  the campus in addition to the excluded areas (e.g. 

Provosts house) as outlined in Appendix JJ. The total asphalt area (pavements, car parks and 

footpaths) comprise approxim ately 16% o f  the total area (26,850m^) while concrete areas 

constitute for approxim ately 3.7%  (6,089m^) o f  the total area. The asphalt areas and the 

concrete/paving slabs together make up approxim ately 20%  (32,939m^) o f  the campus area. 

This area in conjunction with the total roof area in college (5 5 ,491 m^) makes up approxim ately 

53%  o f the campus area (88,430m^).

8.2.3 Possible areas to increase albedo in Trinity College

As the albedo effect is most effective on horizontal surfaces, and taking into account the 

historical characteristics o f buildings on campus such as Front Square, the roof areas displayed 

in Table 8-3 have been selected as possible areas in which the surface could be altered to 

increase the albedo value. This amounts to a total area o f  approxim ately 21,495m^. O f the 

surface area available for albedo change, 40% is accounted for by the roof area o f  the buildings 

(21,495m^), 50% is due to pavem ents, footpaths and car parks (32,939m^) and 10% is due to the 

concrete paving slabs (6,089m^).

The areas indicated in Fig. 8-6 display the possible surfaces on the campus which could be used 

to increase the albedo o f  the college, including existing concrete areas and asphalt areas such as 

carparks, pavements and footpaths. The ‘other’ section denotes the rem ainder o f  the college 

which cannot be used for certain reasons, such as the presence o f  cobble stones, a green area or 

simply due to the fact that the surface is not horizontal. As can be seen from this chart, there is
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approximately 33% o f surface area w ithin Trin ity College Dublin where the surface reflectance 

could be increased.

Table 8-3 Possible horizontal roof locations in T rin ity  College where albedo could be increased

Buildings Area (m^)

Douglas Hyde Gallery 1,390

Arts Building 4,120

Long Room Hub 460

James Ussher Library (excluding glass) 770

Aras an Phiarsaigh 1,350

Simon Perry building 600

Security Centre 500

Museum 200

Buildings Office 900

Luce Hall 1,360

Sami Nasr Institute o f advanced materials 880

The Lloyd institute 1,200

Botany and Computer Hut 415

Naughton institute 690

O Reilly Institute 1,260

Science Buildings (excluding glass) 3,300

Parsons Building 700

Roberts Laboratory 500

Chemistry 900

Total 21,495

6,089

10,800

110,557

I Concrete Paving Slabs 

I Horizontal Roof 

I Asphalt Footpath  

I Asphalt Car Park 

I Asphalt Pavement 

I O ther

Fig. 8-6 Potential areas to increase albedo in the college (approximately 33% )

316



8.3 P oten tia l em itted  C O 2 offset for T rin ity  C o llege

8.3.1 Estimated current albedo for existing surfaces on campus

Following the calculation o f  the surface areas in Trinity College, the potential emitted C O 2 

offset could be determ ined based on the research conducted in the three studies sum m arised in 

Table 8-2. In order to calculate the potential emitted CO 2 offset, the current albedo value o f  the 

surface in addition to the expected increase in albedo are also required. The five categories o f  

surfaces along with their estimated current albedo based on published albedo values are 

displayed in Table 8-4.

The albedo o f existing roofs does not exceed 0.20 according to Akbari et al. (2008b), therefore, 

an estim ated value o f  0.20 will be used for this surface (see Table 8-4). New  traditional concrete 

has an albedo o f  between 0.35-0.40, however, as most o f  the concrete on campus has aged, a 

reduced albedo value o f  0.20-0.30 is expected. A value o f  0.20 will be assum ed for this surface 

(see Table 2-3 for typical albedo values o f  urban materials). The three asphalt categories 

(footpath, car park, pavem ent) have been assigned an albedo o f  0 .15 as they com prised o f  aged 

asphalt. The area o f  each category is also presented in Table 8-4. It should be noted that these 

estim ated values o f  current albedo are conservative in som e cases (m arginally higher surface 

albedo than may be expected), to dem onstrate the minimum potential emitted C O 2 which could 

be offset.

Table 8-4 Surface a rea  and  c u rren t  albedo o f  the five categories o f  surface areas in I ' r in ity  College

Area (m ) Current albedo

Horizontal roof area 21,495 0.20

Concrete paving slabs 6,089 0.20

Asphalt footpath 9,077 0.15

Asphalt car park 6,973 0.15

Asphalt pavement 10,800 0.15

8.3.2 Calculation procedure o f potential emitted CO 2 offset

Akbari et al. (2008b) estimate in their research that approxim ately 206W/m^ o f  short wave 

radiation is incident on the surface, however, they use a lower estimate o f  l72W /m^ in their 

calculations which they obtained from Hatzianastassiou et al. (2005). They then calculate the 

change in radiative forcing per 0.01 change in solar reflectance o f  a surface to be -l.27W /m ^ 

(equating to -2.55kg/m^ CO 2 ). However, their calculation applies for the average cloud cover
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over the earth. Depending on the location o f  the urban area considered, the radiative forcing 

would need to be adjusted for variations in local cloud cover as the radiative forcing for albedo 

change is a strong function o f  cloud cover (the larger the cloud cover, the lower the radiative 

forcing value).

N A SA ’s Ice, Cloud and Land Elevation Satellite (ICESat) measures the height o f  dynamic

features such as glaciers, rivers and clouds with the use o f  lasers. ICESat has provided the most

accurate figure o f  cloud cover to date, stating that 70% o f the world is cloud covered. Previous 

estimates ranged from 50-75% (NASA, 2006). Similarly, cloud amounts (reported as the 

number o f  eight (okta)) show that the mean cloud amount each hour for Ireland ranges between 

five (62.5% ) and six (75%) okta (Met_Eireann, 2013). This would suggest that the cloud cover 

in Ireland lies within the global average o f  70%. Research into the analysis o f  sunshine records 

in Ireland over the period 1894 and 1994 also conclude that the satellite cloud factors over 

Ireland correlated well with cloud factors globally (Palle and Butler, 2001). Based on this 

knowledge, the radiative forcing value estimated by Akbari et al. (2008b) o f -1 .27W/m^ will not 

be adjusted.

In order to calculate the potential emitted CO2 offset for a given surface o f  area A, and increase 

in albedo Aa, Equation (8-1) is applied.

Aa 2.55 (8-1)
TTTTT TTTTTTT X A =  COn (tonnes)0.01 1000   ̂  ̂ ^

where Aa = the increase in albedo, 2.55 is the offset o f  CO2 (kg/m^) for a 0.01 increase in 

albedo, and A is the area o f  the surface (m^).

8.3.2.1 Potential em itted  CO 2 offset b ased  on pu blish ed  albedo values

The potential emitted CO2 offset was calculated for Trinity College campus using Equation 

(8-1), applying published values o f  albedo for 0, 30, 50 and 70% GGBS which are 0.25, 0.36, 

0.48 and 0.58 respectively (note that the albedo value for 50% GGBS was attained by 

interpolating between the albedo values o f  30 and 60% GGBS presented in Table 2-10). The 

resulting CO2 offset (in tonnes) is displayed in Table 8-5, showing a breakdown o f  each o f  the 

areas and a the total potential offset for each o f  the four GGBS concentrations (0, 30, 50 and 

70%). The initial albedo (Ainitiai) and final albedo (Asnai) are presented in Table 8-5, in addition 

to the increase in the albedo (AA). The areas as calculated previously, are also displayed here. 

The range o f  offset emissions ranges between 1,036 tonnes for 0% GGBS (albedo = 0.25) to 

5,617 tonnes for 70% GGBS (albedo = 0.58).



T h is resulting o ffse t is based on the m ost con serva tive  v a lu e  o f  -2 .55kg/m ^ C O 2 , therefore, the 

resu lting o ffse t is the m inim um  am ount w h ich  cou ld  be exp ected . H ow ever, i f  the average o f  

the three stu d ies (see  T able 8 -2 ) is calcu lated  [(2 .55k g /m ^ + 3 .26k g /m ^ + 7 .0  kg/m ^)/3], th is equ als  

an equivalent C O 2 o ffse t o f  4 .27kg/m ^. B y assu m in g  th is is  a m ore reasonable o ffse t result 

w h ich  cou ld  be exp ected  g iven  that the location  o f  Ireland is w ith in  the location  boundary o f  

each  o f  the a forem entioned  stu d ies, the em iss io n s  w h ich  cou ld  be o ffse t are n oticeab ly  higher. 

T he o ffse t em iss io n s  w ere ca lcu lated  using  the sam e v a lu es for AA and are as fo llo w s: 1 ,740  

ton n es (0%  G G B S ), 4 ,2 9 0  ton n es (30%  G G B S ), 7 ,0 8 0  ton n es (50%  G G B S ) and 9 ,4 1 0  ton n es  

(70%  G G B S).

I'ablc 8 -5  P o ten tia l e q u iv a le n t C O 2 o ffse t  by  v ir tu e  o f  an  in c r e a se  in a lb e d o  c o r r e sp o n d in g  to  th e  p u b lish ed  
v a lu e s  fo r  0 , 3 0 , 5 0  a n d  7 0 %  G G B S  (A k b a r i e t a l. 2 0 0 8 ) fo r  a lb e d o  A

%GGBS Surface A j n i t i a l A f i n a l AA Area (m^) CO2 (t)
0 Horizontal roof 

Concrete paving 
Asphalt footpath  
Asphalt car park 
Asphalt pavem ent

0.20
0.20
0.15
0.15
0.15

0.25
0 .25
0 .25
0.25
0.25

0 .05
0 .05
0 .10
0.10
0.10

21,495
6,089
9,077
6,973

10,800
Total

274  
78  

231  
178
275  

1,036
30 Horizontal roof 

Concrete paving 
Asphalt footpath  
Asphalt car park 
Asphalt pavem ent

0.20
0.20
0.15
0.15
0.15

0.36
0.36
0.36
0.36
0.36

0 .16
0 .16
0.21
0.21
0.21

21,495
6,089
9,077
6,973
10,800
Total

877
248
486
373
578

2,563
50 Horizontal roof 

Concrete paving 
Asphalt footpath  
Asphalt car park 
Asphalt pavem ent

0 .20
0.20
0.15
0.15
0.15

0.48
0.48
0.48
0.48
0.48

0.28
0.28
0.33
0.33
0.33

21,495
6,089
9,077
6,973

10,800
Total

1,535
435
764
587
909

4,229

70 Horizontal roof 
Concrete paving 
Asphalt footpath  
Asphalt car park 
Asphalt pavem ent

0.20
0.20
0.15
0.15
0.15

0 .58
0 .58
0 .58
0 .58
0 .58

0 .38
0.38
0.43
0.43
0.43

21,495
6 ,089
9,077
6,973
10,800
Total

2,083
590
995
765

1,184
5,617

8.3.2.2 Potential em itted  C O 2 offset based  on m easured albedo values 

The a lbedos o f  a se lec tio n  o f  surfaces w ere m easured during the project, w ith  the results  

outlined and d iscu ssed  in S ection  5 .2 . T he a lbedo v a lu es correspond  to a 0%  cast fin ish , 30%  

brush fin ish  and 70%  cast fin ish , each  o f  varying a g es , as d isp layed  in T able 8 -6  for the 

conservative o ffse t va lue o f  2 .55kg/m ^. T he m easured a lb ed o  va lu es are a lso  ou tlined , and 

differ som ew hat to the published  a lbedo  values. T he C O 2 o ffse t  w as calcu lated  for each  o f  these



surfaces as per Equation (8-1). The range o f  potential CO 2 offset is between 1,040 and 2 ,290  

tonnes.

T a b le  8 -6  P o ten tia l e m itted  C O 2  o ffse t  (@ 2 .5 5 k g /n i^ ) fo r  T r in ity  C o lle g e  u s in g  m e a su r ed  a lb e d o  v a lu e s

Surface A ge A lbedo CO 2 offset (t)

0% GGBS (exposed aggregate finish) 24 months 0.25 1,040

30% GGBS (brush) 12 months 0.25 1,040

30% GGBS (brush) 1 week 0.29 1,590

70%  G G BS (exposed aggregate finish) 24 months 0.34 2 ,290

Sim ilarly, by assum ing that the offset equivalent is higher than the minimum value o f

2.55kg/m^, by taking the average o f  the three studies (-4.27kg/m^), the potential maximum

offset o f  CO 2 is substantially higher at 1,740 tonnes where the albedo is 0 .25, and 3 ,830  tonnes

where the albedo is 0 .34. This is a sizeable offset o f  CO 2 cons;idering the relatively low  albedo

value o f  0.34.

T able 8 -7  P o ten tia l e m itted  C O 2 o ffse t  (@ 4 .4 4 k g /m ^ ) fo r  T rin ity  C o lle g e  u s in g  m ea su r ed  a lb e d o  v a lu e s

Surface A ge Albedo CO 2 offset (t)

0% G G BS (exposed aggregate finish) 24 months 0.25 1,740

30% GGBS (brush finish) 12 months 0.25 1,740

30% GGBS (brush finish) I week 0.29 2,670

70% GGBS (exposed aggregate finish) 24 months 0.34 3,830

In conclusion, by assuming that an average offset o f  4.27kg/m^ is a reasonable offset, the 

potential emitted CO 2 which could be offset as a result o f  increasing the possible roof, car park 

and pavem ent surfaces to a universal albedo o f  0.25 could be as much as 1,740 tonnes. This 

value is even higher if  an albedo o f  0 .34 could be attained, which would result in approximately 

3 ,830  tonnes o f  emitted CO 2 being offset.

8.3.2.3 CO 2 cost o f  implementation o f  concrete

There is a carbon cost associated with placing the concrete in these areas within the campus. As 

there is approximately 32,000m^ o f  the co llege w hich could be paved with concrete (assum ing a 

slab thickness o f  150mm), the total volum e o f  concrete required would be 4,800m^ (32,000m^  

xO.lSOm). A s Im^ o f  concrete contains approximately 400kg o f  cem ent, a volum e o f  4,800m^ 

w ould require 1,920 tonnes o f  cem ent. O ne tonne o f  cem ent produces approximately 800kg
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C O 2 , therefore, 1,920 tonnes o f  cem ent would produce approxim ately 1,536 tonnes o f  CO 2 . If 

one chose 50% GGBS, however, this would significantly reduce the am ount o f  C O 2  produced to 

768 tonnes CO 2

In conclusion, if  one chose to implement the albedo changes within the college to the selected 

areas using 50% GGBS concrete (as 70% GGBS ages quickly), the cost o f  placing the concrete 

in terms o f  CO 2  is approxim ately 768 tonnes. However, if  the concrete achieves an attainable 

albedo o f  approximately 0.34, the amount o f  potential C O 2  w hich could be offset (assuming 

4.27kg/m^) is as high as 3,830 tonnes which is approxim ately 5 times that o f  the carbon cost to 

implement the changes. Therefore, the potential C O 2  savings are approxim ately 3,062 tonnes 

(3,830-768 tonnes).

8.3.3 Comparison of potential offset CO 2 with current CO 2 emissions

8.3.3.1 Current CO  2 em issions from  the College

In order to operate all o f the facilities in the college over 24 hours, 7 days a week, there is a 

large amount o f  kilowatt hours (kW h) used per annum. For the academic year 2010/2011, 

Trinity College consumed approxim ately 35,697,000kW h o f  electricity, 38,000,OOOkWh o f 

natural gas and 330,000m^ o f  water, am ounting to just under €7m in cost. To convert this 

energy into equivalent C O 2  em issions, emission factors sourced from SEAl (2013) are used 

from the year 2011, which are presented in Table 8-8. The CO 2 em issions are calculated by 

m ultiplying the usage (kW h) by the individual em ission factor (kgC02/kW h) and this is then 

converted from kg to tonnes.

Thus the estimated total C O 2  em issions for the academic year 2010/2011 is approximately 

26,900 tonnes, o f  which approxim ately 25,220 tonnes are accounted for by electricity and 

natural gas usage. The rem aining 1,646 tonnes CO 2  is for the small quantity o f  oil for heating.

T a b le  8 -8  E n e rg y  c o n s u m p t io n  a n d  r e s u lt in g  C O 2 e m is s io n s  fo r  T r in ity  C o lle g e  fo r  th e  a c a d e m ic  y e a r  
2 0 1 0 /2 0 1 1  (e x c lu d in g  r en ew a b le  e n e r g y  u sed )

Source kWh Emission factor (kg C02/kW h) CO 2  em issions (tonnes)

Electricity 35,697,081 0.4886 17,442

Natural gas 38,000,000 0.2047 7,779

Other . . . . . . 1,646

Total 26,867
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Trinity C o lleg e  are currently trying to in crease the am ount o f  renew able energy used  each  year  

in order to  reduce the production o f  C O 2 . S in ce  2 0 0 7 , a substantial am ount o f  the e lec tr ic ity  has 

been  generated  from ren ew ab le energy sou rces. T aking into accou n t that 83%  o f  the electricity  

is provided by on e supplier w here h a lf  o f  the energy  is renew ab le (2 0 1 0 /2 0 1 1 ) , this w ould  

reduce the overall output o f  C O 2  em iss io n s  to approxim ately  19 ,628  tonnes.

S in ce  2 0 0 4 , T rinity C o lleg e  is w ork in g  togeth er w ith  three other c o lle g e s  in D ublin  (D C U , DIT  

and U C D ) to  reduce energy use for a better environm ent and a stronger eco n o m y  and the 

in itiative is ca lled  e3 . T he participation o f  T rinity in th is in itiative sin ce  2 0 0 4  has resulted  in the 

c o lle g e  a ch iev in g  accu m u lative  sav in gs o f  ju st under € lm  and 5 ,0 0 0  tonnes o f  green h ou se  gas 

em iss io n s  through reduced energy  con su m p tion .

8.3.3.2 Com parison o f  po ten tia l offset CO 2 with current CO 2 em issions

T he current C O 2 em iss io n s  from  T rinity C o lleg e  is approxim ately  2 6 ,8 6 7  ton n es (acad em ic  year  

2 0 1 0 /2 0 1 1 ) . H ow ever, there is potential for so m e o f  this em itted  C O ato  be o ffse t by increasing  

the solar reflectance o f  surface areas w ith in  c o lle g e  (car parks, foot paths and p avem en ts). A  

reasonable universal a lbedo o f  0 .3 4  cou ld  be ach ieved  for th ese surfaces and th is w ou ld  equate  

to  an additional sav in g  o f  approxim ately  3 ,0 6 0  ton n es o f  C O 2 (in clu d in g  the carbon cost o f  

p lacin g  the concrete u sin g  50%  G G B S ), w h ich  w ou ld  be a substantial contribution  to  the 

green in g  o f  the c o lle g e  com m unity .

8.3.3.3 List o f  recom m endations fo r  Trinity College

If the m od ifica tion  o f  a lbedo w ith in  the c o lle g e  w a s to be con sidered  for im plem entatiot:, the 

fo llo w in g  procedures w ou ld  be recom m ended:

1. T ake accurate m easu rem en ts o f  the current a lbedo  o f  the areas w ith in  the c o lle g e  w hich  

h ave potentia l for a lbedo im provem ent. A n  a g e in g  m odel should be taken into account 

w ith  regard to d ifferent percen tages o f  G G B S  and applied it to the d ifferent and 

appropriate surfaces.

2. T he potential C O 2 o ffse t should  be ca lcu lated  for a range o f  va lu es (2 .55 -4 .27k g /m ^ ), 

w ith  the C O 2 co st o f  im p lem en tin g  the strategy taken into account i.e . 50%  G G B S  

con crete  w ill contain  h a lf  o f  the C O 2 co st o f  0%  G G B S  concrete.

3. T he roofs should  be painted w h ite  o n ly , as the co st o f  im plem enting  con crete roofs  

w ou ld  ou tw eigh  the b en efits  o f  o ffse ttin g  C O 2 . P avem ents, footpaths and car parking  

areas should  be overla id  or replaced  w ith  con crete con ta in in g  50%  G G B S .
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4. Determine when the surfaces need to be cleaned in order to maintain the albedo value, 

say every 5 years.

5. Compare the CO 2 savings to be made with other CO 2 savings already made from the 

college.

8.4 Conclusions

•  By increasing the albedo o f  a surface by 0 .01, the potential emitted CO 2 offset for urban 

areas ranges between 2.55-7.0kg/m ^ (based on 3 studies conducted by others). T w o o f  

these studies use the sam e m ethodology in their calculations, therefore, their resulting 

offset values are similar. They estim ate that the global potential emitted CO 2 offset for a 

0.25 and 0.15 increase in roof and pavement albedo is 44Gt (Akbari et al. (2008b)) and 

57Gt (M enon et al. (2010)) respectively, but this needs to be set against the CO 2 cost o f  

im plem enting such a change and m aintaining the albedo over time.

•  The third study by Akbari et al. (2012) exam ined the long term effects o f  urban albedo 

m odification and consequently obtain a higher potential offset o f  approximately 7.0kg/m^ 

CO 2 .

•  The case study into the topography o f  Trinity C ollege demonstrated that approximately 

33% o f  the total surface area within the campus (54,434m ^) had the potential to be 

utilised to increase albedo. This potential area com prises o f  existing concrete paving 

slabs (6,089m^), horizontal roo f area (21,495m^), asphalt footpaths (9,077m ^), asphalt car 

parks (6,973m^) and asphalt pavem ents (10,800m^). Therefore, o f  the surface area 

available for albedo change, 40%  is accounted for by the roof area o f  the buildings 

(21,495m ^), 50% is due to pavem ents, footpaths and car parks (32,939m ^) and 10% is due 

to the concrete paving slabs (6,089m^).

•  The potential for emitted CO 2 to be offset was calculated based on the m ost conservative 

value (2.55kg/m^), and the average value from the three studies (4.27kg/m^) for 

com parison. By using published albedo values for 0, 30, 50 and 70%  G G BS, the potential 

emitted CO 2 w hich could be offset ranged between 1,040 and 5 ,620 tonnes for the 

campus. H owever, this value was significantly higher w hen the higher average equivalent 

offset was used. The range o f  potential CO 2 offset was between 1,740 and 9 ,410 tonnes 

0 fC 0 2 .

•  By using 50% GGBS concrete for the selected areas in the co llege (as 70% GGBS ages 

m ore quickly), the cost o f  p lacing the concrete in terms o f  CO 2 is approximately 768  

tonnes and if  the concrete achieves an attainable albedo o f  approximately 0 .34, the
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amount o f  potential CO 2 which could be offset (assum ing 4.27kg/m^) is as high as 3 ,830  

tonnes, therefore, the potential CO 2 savings are approximately 3 ,062 tonnes (3 ,830-768).

•  The measured albedo values from testing on site (see Section 5.2.3 for exam ple) were 

applied to calculate a reasonable potential offset o f  emitted CO 2 for the cam pus and this 

was found to be in the range o f  1,040 and 2 ,290 tonnes CO 2 using the conservative offset 

value (2.55kg/m^) and between 1,740 and 3 ,830 tonnes using the average offset value 

(4.27kg/m^).

•  The total CO 2 em issions from Trinity C ollege for the year 2010/2011 w as 26 ,867  tonnes. 

H owever, there is potential for an offset o f  CO 2 by increasing the albedo o f  surface areas 

within the co llege. If an albedo o f  0 .34 could be achieved for the surface areas calculated  

(33%  o f  the cam pus), this would result in an approximate offset o f  3 ,060  tonnes CO 2 . 

This is a very significant amount when the total accum ulative savings in the last 9 years 

(5 ,000  tonnes) and the current em issions per annum (26 ,900  tonnes) are taken into 

account.

324



9 Conclusions and Recommendations

9.1 Summary of work done
Based on the limited research carried out to date on the effect o f  concrete constituents on the 

albedo o f  concrete, the )<ey param eters to be evaluated were determ ined, namely the aggregate 

type, cement type, surface finish and age. A rigorous experim ental design was undertaken 

w hich factored in these param eters to be tested, resulting in extensive laboratory work being 

carried out. In order to exam ine the influence o f  these param eters on the light reflectance and 

tem perature change in the specim ens, the methods o f  testing were determ ined, which included 

m easuring the internal tem perature o f  the concrete specimens by means o f  therm ocouple wire. 

A total o f  96 concrete specimens (300x300x60m m ) were fabricated com prising 3 different 

aggregate types (crushed limestone, partially crushed lim estone and sandstone), four 

concentration levels o f  the cem ent replacem ent GGBS (0, 30, 50 and 70%), four different 

surface finishes to represent varying applications (cast, screed, tam p and brush) and a duplicate 

o f  each specimen, with the therm ocouple wire placed during the casting o f  all specimens. Once 

positioned on the flat rooftop o f  the civil engineering building in Trinity College, the concrete 

slabs were connected to data loggers so that the tem perature changes could be logged. A 

sunshine duration sensor was m ounted on the parapet o f  the rooftop so that simultaneous 

m onitoring o f sunshine intensity and duration could be recorded .

Some preliminary testing was conducted in order to assess the influence o f  param eters such as 

sunlight and air tem perature on the surface and internal tem perature o f  the specimens. 

Subsequently, the chosen test m ethods for assessing the albedo o f  the specim ens were both 

direct (albedometer, sphere spectrophotom eter, lux meter and greyness scale) and indirect 

(thermal imaging camera, therm ocouple wire). A significant part o f  the test m ethods involved 

determ ining the sensitivity and accuracy o f  the aforem entioned devices, as much o f  the testing 

was influenced by external param eters such as ambient tem perature, the incom ing sunlight and 

its intensity.

The albedom eter test method involved assessing and quantifying the param eters which have an 

influence on it, in addition to determ ining the albedo o f  a num ber o f  site locations containing 

different concrete surfaces. The lux meter test method developed as part o f  this research is a 

unique means o f  testing which was devised as part o f  the project, and involves the use o f  a lux 

meter to measure the visible light reflectance from the surface o f  the small scale slab 

specimens. The instrument was used in conjunction with a box apparatus, which was 

specifically designed for the task, whose purpose was to elim inate any background light and to 

measure only the reflectance o ff  the slabs. A sphere spectrophotom eter was also employed to
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measure the colour o f  the concrete specim ens (on a scale o f  black to white), in addition to 

m easuring the colour o f  a number o f  cem ent powders available on the Irish market. A greyness 

index chart was used to visually assess the colour o f  the specimens. The indirect test methods, 

on the other hand, m easure the tem perature gain o f  the specim ens when subjected to sunlight. 

The internal tem perature o f  the specimens were monitored at different stages over the course o f 

the project, in addition to thermal images recorded where there was sufficient sunshine present. 

By com paring these test methods for determ ining the influence o f  the key param eters on both 

the light reflectance and colour, the findings are summarised in this chapter.

On a global scale, research has shown that by increasing the world wide albedo o f  urban roofs 

and paved surfaces, if  this were practical, will induce a negative radiative forcing on the earth 

equivalent to offsetting significant quantities o f  carbon dioxide emissions. Consequently, a case 

study was conducted in Trinity College Dublin, whereby each o f  the horizontal surface areas on 

the campus were evaluated and measured to determ ine the potential surface area which could be 

altered to increase the albedo o f  these surfaces so as to offset, to some extent, the cam pus’ 

carbon emissions. The potential em ission offset was estimated, and furthermore, was com pared 

to the current annual em issions from the cam pus and recent savings in such.

9.2 Principal conclusions

The principal findings o f  this thesis may be sum m arised as follows:

•  From the physics test conducted on three different materials, it can be concluded that it is 

both the paint and the material underneath which are responsible for the tem perature 

change on the surface. This is because, depending on the nature and colour o f  the 

m aterial, solar generated heat is dissipated by infrared em issions from a surface and by 

conductivity through the material. If the thermal conductivity value is small, the material 

is a good conductor (e.g. alum inium ) while if  this value is large the material is a good 

insulator (e.g. timber).

• The external air tem perature is consistently higher than the tem perature o f the slabs by

between 2 and 3°C at night time due to a radiation inversion and the internal tem perature 

o f  the slabs lags behind the air tem perature due to the low thermal conductivity value o f 

concrete.

• The albedom eter was used to measure albedo o f  large surface areas at a num ber o f

different site locations. The albedo on the first site at St James Gate Brewery containing 

aged 30% GGBS concrete with a brush surface finish is 0.25 with a corresponding S.R.I 

value o f  28 which does not meet the LEED criterion o f  29. The average albedo value
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obtained for the second site at St James Gate Brewery containing new 30%  GGBS 

concrete is 0.285, with a corresponding S.R.I value o f  32, which exceeds the minimum 

S.R.I requirem ent for LEED accreditation. The albedo o f  0% GGBS surface at Father 

Collins park ranges between 0.24-0.25 which is typical o f  an aged concrete surface and 

the 70% GGBS surface is significantly more reflective having an albedo ranging between 

0.32-0.34. These albedo readings correspond to S.R.I values on average o f  between 27.2 

and 38 respectively.

• The albedom eter is a very sensitive instrument which is difficult to calibrate for limited 

specimen sizes. The results from the sensitivity tests performed indicate that there is a 

num ber o f  param eters which affect the albedo value, including the height o f  the 

instrument, the time o f day and season at which the albedo is recorded and also the 

reduction in field view o f  the lower dome. Thus, surprisingly, the albedo is not an 

inherent constant value for a surface. The albedom eter does not work with small 

specimens. The device cannot be calibrated using a restriction on the lower dome given 

that its presence results in the sensor becom ing much less sensitive. However, the 

albedom eter can be used for calculating the approxim ate albedo o f a large surface, such 

as was carried out at the site locations (St. James Gate Brewery and Father Collins Park).

• The sensitivity tests conducted on the lux meter and black box dem onstrated four key 

points; it is a reliable test method as there is little error as a result o f  the instrument or in 

the process o f  taking a reading; the orientation o f  the rough surface finish o f  a slab is 

important as it effects the percentage o f  light reflected; the time o f  day at which the 

reading is recorded will not affect the overall percentage o f  reflected lux and similarly the 

tim e o f year at which the specimen is tested does not affect the result significantly unlike 

the albedom eter results. If the lux m eter box is not used, the apparent percentage o f 

reflected lux from a surface is significantly higher, however, considerably less accurate, 

as background reflected light interferes with the result.

•  Preliminary testing using the lux m eter on concrete specimens dem onstrated some key 

findings; readings cannot be taken in overcast conditions as they are extrem ely variable, 

therefore, testing during sunshine with no clouds present is a requirem ent; the size o f  the 

surface area must be a constant in order to be able to directly com pare results o f  reflected 

lux; any shadow cast upon the slab surface significantly reduces the reflected lux; the 

results o f ‘relative albedo’ were not consistent with published albedo values, due largely 

to the size o f  the testing surface; however, relative values are useful in small scale 

experim ents for comparison purposes.

•  N ight time luminance testing using the lux meter dem onstrated that the order o f 

increasing night time luminance generally corresponds with the increase in GGBS
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content, however, with 70% having a reduced reflectance due to ageing. By increasing 

the level o f  GGBS from 0 to 50%, there is approxim ately a 15% increase in the 

illuminance, which would be sufficiently large to make it worthwhile to promote the use 

o f  higher GGBS contents in pavements.

•  The L* value o f  some typical cements displayed a range o f  values from 63.6 to 90.7. The 

CEM  1 and CEM II cem ents available in Ireland have L* values in the order o f  63.6 to 

65.7. The L* values o f  GGBS and white cem ent are o f  sim ilar magnitude (87.9 and 90.7 

respectively), with white cement having a higher L* than GGBS by approxim ately 2.8%. 

The test results o f  L* for the cement blends indicate that the cement mixes were well 

blended and uniform across the surface.

• The tw o test methods that were sensitive enough to measure the effect o f  aggregate type 

on light reflectance, which was slight, were the sphere spectrophotom eter and the lux 

meter. Both o f  these test methods concluded that the sandstone aggregate is marginally 

less reflective than the limestone aggregates, in addition, as the lux m eter was used a 

num ber o f  times to test the specimens at different stages, it was possible to observe a 

gradual increase in the affect o f  aggregates on the light reflectance, which signifies that 

there is a difference between the specimens due to weathering o f the surface.

•  The five principal test methods which were cross compared (sphere spectrophotom eter, 

lux meter, greyness scale, thermal imaging and therm ocouple wire) dem onstrate to what 

degree an increase in GGBS replacem ent in concrete produces a brighter coloured 

concrete, with a corresponding reduction in tem perature when exposed to solar rays. 

Although certain test methods, such as thermal imaging, cannot always detect the 

tem perature difference between two adjacent levels o f  GGBS concentration (i.e. 0 and 

30%, 30 and 50%, 50 and 70%), each o f  the m ethods demonstrate that there is a 

significant reduction in tem perature/increase in colour between a specimen containing no 

GGBS and a specim en containing 70% GGBS. It was also concluded that the optimum 

substitution level o f  GGBS is 50% as excessive ageing o f  the 70% specimen was noted 

by each test method.

• The five test methods dem onstrate a universal outcome, that the effect o f  surface finish 

on tem perature and light reflectance is the dom inating factor over the effect o f  GGBS 

concentration. In general, the most reflective surface finish is that o f  screed and the least 

reflective surface is that o f  cast. Where there is a rough surface finish such as brush, for 

example, dispersion on the surface takes place, and based on the review o f  literature, one 

would expect these surfaces to gain the highest temperature. However, it was concluded 

that the colour o f  the specimen is most important and explains why a sm ooth surface 

finish such as cast has the highest tem perature - it is visibly darker in colour than the
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other sp ec im en s, therefore, ab sorb ing  m ore o f  the solar rays. T h is fact is  c learly  m ore  

relevant than the surface fin ish  type.

In order to ascertain the in flu en ce o f  the key param eters on light reflectan ce, the internal 

tem perature ch an ge o f  the sp ec im en  is first and forem ost strongly  d ependant on the  

p resence o f  clear sunshine, and w here th is is the ca se , it is dependant on the in tensity  and 

duration o f  th is sunsh in e. E ven peripheral c lou d  co v er  can reduce the a lb ed o  e ffect.

T he order o f  im portance in term s o f  the in fluentia l param eters on the light reflectan ce o f  

concrete is co lour, surface fin ish , G G B S  concentration , age  and aggregate type. T h is w as  

con firm ed  by corresp on d en ces b etw een  the principal test typ es , nam ely  L* value, 

g reyn ess in d ex  chart, lux m eter and th erm ocoup le data.

It w as estim ated  that there is  a surface area o f  ap p roxim ately  33%  (54 ,434m ^ ) w ith in  

T rinity C o lleg e  D ublin , w here the surface reflectance cou ld  be increased . T he potential 

for em itted C O 2 to  be o ffse t w a s calcu lated  based  on  the m ost con serva tive  va lu e  

(2 .55kg/m ^) from  on e study con d u cted  by Akbari et al. (2 0 0 8 b ), and a lso  by u sin g  the 

average va lu e  from  three published  stu d ies (4 .27kg/m ^) for com p arison . By usin g  

published  a lb ed o va lu es for 0, 30 , 50  and 70%  G G B S , the potential em itted  C O 2 w hich  

cou ld  be o ffse t ranged b etw een  1 ,040  and 5 ,6 2 0  ton n es for the cam pu s. H ow ever, th is 

v a lu e  w as s ign ifican tly  h igher w hen  the higher average eq u ivalen t o ffse t o f  4.27kg/m ^  

w a s used. In th is ca se , the range o f  potential C O 2 o ffse t w as b etw een  1 ,740  and 9 ,4 1 0  

ton n es o f  C O 2 .

B y using  50%  G G B S con crete for the se lected  areas in the c o lle g e  (as 70%  G G B S  ages  

q u ick ly ), the co st o f  p lacin g  the con crete in term s o f  C O 2 is approxim ately  7 6 8  tonn es  

and i f  the con crete a ch iev es an attainable a lbedo o f  approxim ately  0 .3 4 , the am ount o f  

potential C O 2 w h ich  cou ld  be o ffse t (a ssu m in g  4 .27kg/m ^ ) is as h igh  as 3 ,8 3 0  tonnes, 

therefore, the potential C O i sav in gs are approxim ately  3 ,0 6 2  ton n es (3 ,8 3 0 -7 6 8 ).

T he total C O 2 em iss io n s  from  T rinity C o lleg e  for the year 2 0 1 0 /2 0 1 1  w as 2 6 ,8 6 7  tonn es. 

T he current a lbedo  o f  the surfaces w as assum ed to  be 0 .1 5  for asphalt surfaces and 0 .2 0  

for concrete p aving  and horizontal r o o f  areas. If an a lb ed o  o f  0 .3 4  cou ld  be ach ieved  for  

the surface areas calcu lated  (33%  o f  the cam pus), th is w ou ld  result in  an approxim ate  

o ffse t o f  3 ,0 6 0  ton nes C O 2 (tak ing  into account the carbon co st o f  im p lem en tin g  the 

ch an ge). T h is is  a very s ign ifican t am ount w h en  the total accu m u lative  sa v in g s in the last 

9 years (5 ,0 0 0  tonnes) and the current em issio n s per annum  (2 6 ,9 0 0  ton n es) are taken  

in to account.



9.3 Achievement of objectives

In order to d iscu ss the ach ievem en t o f  the o b jectiv es w h ich  w ere set out in the introduction , 

they are restated here and exam in ed  in d iv idually . T he fiv e  principal ob jectives are as fo llo w s;

1. T o  in vestiga te  the present k n o w led g e  surrounding all relevant asp ects o f  physics and  

en g in eerin g  to understand the p h enom enon  o f  so lar reflectiv ity .

2. T o evaluate the sen sitiv ity  o f  an a lbedom eter and determ ine w hether it is p o ss ib le  to  

m easure the a lbedo  o f  sm all con crete sp ec im en s, thus calibrating the instrum ent.

3. T o  design  a unique and reliab le test m ethod  o f  m easuring  the light reflectance o f f  

individual con crete sp ecim en s.

4. T o  in vestiga te  the e ffec t o f  concrete con stituen ts such  as aggregate type, G G B S  

content, surface fin ish  and age  on light reflectan ce and co lou r o f  concrete by u tilis in g  a 

num ber o f  instrum ents to m easure either d irectly  or indirectly , the e ffec t o f  the key  

param eters on the light reflectance or co lou r o f  concrete, and as a co n seq u en ce , 

com pare the various test m ethods.

5. T o  conduct a ca se  study at Trinity C o lleg e  D ublin  to  a sse ss  the p o ss ib le  areas w here the  

a lbedo o f  surfaces cou ld  be im proved, and fo llo w in g  th is, to ca lcu late  the p o ss ib le  

em itted  C O 2 w h ich  cou ld  be o ffse t against ex is tin g  va lu es and com pared to  ex is tin g  

sav in gs.

T he first o b jective  o f  th is project w as to in vestiga te  the present k n o w led g e  surrounding all 

relevant asp ects o f  p h ysics  and en g in eerin g  in order to  understand the phen om en on  o f  so lar  

reflectiv ity . T h is w as carried out by con d u ctin g  an ex ten s iv e  literature rev iew  w h ich  

en com p assed  research into the p h y sic s  o f  light and its interaction w ith m aterials i.e . h ow  light 

im pacts on a surface and the subsequent transfer o f  energy. It w as im portant to  understand the  

therm al properties o f  a m aterial, nam ely  how  heat is transferred through a m aterial b y  virtue o f  

conductance and the am ount o f  energy  w h ich  a m aterial can  store. F o llo w in g  th is research, 

there w ere a num ber o f  key physica l q u estion s w h ich  rem ained unansw ered  in relation to  the 

absorption o f  light and the con seq u en ce  o f  painting a m aterial, therefore, there w ere so m e  

prelim inary tests conducted  in relation  to m aterial properties. T h ese  tests in v o lv ed  m easurin g  

the top and bottom  surface tem perature o f  three d ifferent m aterials, n am ely  a lum in ium , 

concrete and tim ber, w h en  subjected  to a light source. T here w ere additional sp ec im en s (a lso  

alum inium , con crete and tim ber) w h ich  w ere painted  black (to  represent an a lbedo o f  0 ) , and  

w h ite (to represent an a lbedo o f  1). T here w ere a num ber o f  im portant co n c lu s io n s  drawn from  

th ese tests, on e o f  w h ich  w as that the co lour o f  a m aterial is im portant in term s o f  w h ite  and 

grey, but equally  i f  not m ore im portant is the therm al behaviour o f  the m aterial i.e . its 

em issiv ity  or ab ility  to  shed heat from  the surface, and the therm al cond uctan ce a llo w in g  the
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transfer o f  heat down through the depth o f  the material. These tests conducted on the different 

materials provided a basis to aide the understanding and interpretation o f  results from primary 

test methods.

The second objective involved evaluating the sensitivity o f  an albedom eter and to determ ine 

whether it is possible to measure the albedo o f  small concrete specimens, thus calibrating the 

instrument. In addition, it was used to m easure the albedo o f  a number o f  large surface areas. 

An albedom eter is used typically to m easure the albedo o f  large surface areas (approxim ately 

1 Ox 10m). Therefore, in order to determine the sensitivity o f  the device, a num ber o f  sensitivity 

tests were devised, with the aim o f  using the instrument on the small fabricated concrete 

specim ens containing varying concrete constituents. Before these tests were conducted, a stand 

was designed for the instrument so that it could be fixed in position over the surface to be 

tested, at a recommended height o f  1.5m and remain level. The five sensitivity tests performed 

w ere as follows; to assess the change in albedo over time, to measure the albedo on different 

days, to determ ine the effect o f  altering the height o f  the instrument, the use o f  a black cone to 

restrict the field view o f the lower sensor and to assess the relationship between using the cone 

and the absence o f the cone. By determ ining these key questions, it was then possible to assess 

w hether an albedo result is dependant on these key factors. Once these tests were performed, it 

was concluded that there are a num ber o f  param eters which affect the albedo value, including 

the time o f  day and the time o f  year at which the albedo is recorded, the height o f the 

instrum ent, and also the reduction in field view  o f the lower dome. By restricting the lower 

dom e, the sensor becomes much less sensitive, so it was concluded that the device could not be 

calibrated in this way. The albedom eter was, however, used to estimate the albedo o f  large 

surfaces and proved to be a very accurate instrum ent, when used as recom m ended. The SRI o f  

the surface could also be determined to assess whether the surface qualified for LEED points 

under the heat island category.

The third objective involved designing a unique and reliable test method o f  m easuring the light 

reflectance o ff individual concrete specimens. A lux meter measures light in units o f  kimens/m^ 

and is an inexpensive and reasonably sensitive instrument, therefore, it was chosen as a method 

o f  m easuring the reflectance o ff the concrete specimens. However, it could not be used simply 

by holding it in place over a small specimen to take m easurem ents; thus, a box device was 

designed, for the purposes o f  testing, in order to elim inate background light and to obtain a 

reading solely from the concrete specimens. A number o f  prototypes were designed, however 

the final design comprised o f a black box which sits on the surface o f the slab which is rotated 

horizontally and vertically, allowing incom ing light to reach the slabs surface at an angle o f 

45°. The sun rays are reflected o ff  the slab’s surface and hit the lux meter sensor orthogonal to 

its axis. To determine whether this test method was accurate and reliable, a number o f
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sensitivity tests was carried out on the prototype wiiicii dem onstrated that it is a rehabie test 

method as it is not dependant on factors such as the time o f  day or m easuring on a different day. 

It was concluded, however, that the presence o f  clouds affect the readings significantly. 

Preliminary testing was carried out on the lux m eter box to verify its reliability, before being 

used on the fabricated concrete specimens. This objective was met as a result o f  the outcome 

from the prelim inary tests which concluded that as long as the testing surface area remains 

constant, with no shadow cast upon the surface o f  the specimen, and no clouds present when the 

readings are being taken, the test method is reliable and sensitive enough to differentiate 

between two slab types with m inor reflectivity differences.

The fourth objective o f  the project is to investigate the effect o f  aggregate type, GGBS 

concentration, surface finish and age on the colour and light reflectance o f  concrete, by virtue o f  

a number o f  different testing methods. This objective was met by firstly conducting extensive 

laboratory work to manufacture 96 concrete slabs containing 3 different aggregate types, 4 

different GGBS levels and 4 different surface finishes. During this process, one o f  the test 

methods (therm ocouple wire) was set up so that the internal tem perature o f  the specimens could 

be monitored. The specim ens were then placed on the rooftop o f  the Civil Engineering building 

in Trinity College. Five primary test methods were employed on the specimens (excluding the 

albedometer) which involved the use o f  a sphere spectrophotom eter to measure the colour o f  

the specimens (L* value), a lux meter to measure the reflectance o f  visible light from the 

surface, a greyness scale to visually assess the colour o f  the specimens, a thermal imaging 

camera to determine the infrared em issions given o ff by the specim ens relative to one another, 

and the therm ocouple wire to log the internal tem perature o f  the specimens.

The sensitivity o f  the test methods were determined firstly to ensure the method was providing 

accurate and reliable results. Subsequently, when the various test methods were em ployed on 

the specimens, the effect o f  the concrete constituents were evident. Two test m ethods which 

were sensitive enough to measure the effect o f  aggregate type were the sphere 

spectrophotom eter and the lux meter. It was concluded that the aggregate type does not have a 

significant influence on the colour o f  the concrete in the short term, however, as ageing starts to 

occur, dirt accum ulates to different degrees and the aggregates become more exposed at the 

surface, this factor becom es more influential. The five test m ethods dem onstrate that the 

increase in GGBS replacem ent in concrete produces a brighter coloured concrete with a 

corresponding reduction in tem perature. Although certain test methods cannot detect the 

temperature difference between two adjacent levels o f  GGBS concentration, each o f the 

methods dem onstrate that there is a significant reduction in tem perature/increase in colour 

between a specimen containing no GGBS and a brighter specimen containing 70% GGBS. It 

was also concluded that the optimum substitution rate o f  GGBS is 50% as there is little or no
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d ifferen ce  b etw een  5 0  and 70%  G G B S , w itii the solar reflectance o f  the 70%  G G B S  sp ec im en s  

d ecrea sin g  w ith  tim e at a faster rate w hen  com pared w ith  the 50%  sam ples. T he fiv e  test 

m eth od s a lso  dem onstrate that the effect o f  surface fin ish  on tem perature and light reflectan ce is 

the d om in atin g  factor over  the e ffec t o f  G G B S  con centration . In general, the m ost reflective  

surface fin ish  is that o f  screed  and the least r e flec tiv e  surface is that o f  cast. W here there is a 

rough surface fin ish  such as brush, for exam p le , light d ispersion  on the surface takes p lace , and  

based  on  the rev iew  o f  literature, one w ou ld  ex p ec t th ese  su rfaces to  gain  the h ighest 

tem perature, w h ich  em erged  as not b e in g  the case  co n sisten tly . H ow ever, it w as con clu d ed  that 

the co lou r o f  the sp ec im en  is m ost im portant and exp la in s w h y  a sm ooth  surface fin ish  such  as 

cast has the h ighest tem perature as it is v is ib ly  darker in co lou r than the other sp ecim en s, 

therefore, absorb ing m ore solar radiation.

F o llo w in g  the testin g  o f  the sp ec im en s u sin g  the various instrum entation as ou tlin ed  earlier, the  

final aim  o f  the project w as to conduct a ca se  study o f  T rinity C o lleg e  D ub lin  to  exam in e  

w hether there w ere p oss ib le  areas w ith in  the cam pus to  im prove the surface a lbedo, and  

su b seq uently , ca lcu la te  the p o ss ib le  C O 2 e m iss io n s  w h ich  cou ld  be o ffse t as a result o f  this 

im provem ent. T h is w as carried out by firstly  ob ta in in g  a breakdow n o f  the various surface typ es  

in the c o lle g e  through the aide o f  m aps and photographs. T h e area o f  each  o f  th ese  surface typ es  

w ere d iv id ed  under the head ings o f  con crete areas, r o o f  areas, asphalt footpaths, asphalt car 

parks and asphalt pavem ents. A s there w ere certain areas w h ich  cou ld  not be used  to increase  

a lb ed o , such  as green  areas and cob b led  areas, the total estim ated  area w h ich  cou ld  be utilised  

w as approxim ately  55,000m ^ eq uating  to 33%  o f  the c o lle g e  cam pus. S eco n d ly , a rev iew  o f  the  

current research con d u cted  on the potential o ffse t o f  C O 2 due to increased  a lbedo  o f  surfaces 

w a s carried out and it verified  that there w ere  3 sp e c ific  stu d ies w h ich  estim ate the potential 

o ffse t o f  C C 2 as a con seq u en ce  o f  in creasin g  the a lbedo  o f  urban areas. Su b seq u en tly , the  

potentia l for em itted  C O 2 to be o ffse t from  the cam pus w as calcu lated  based on th ese  stud ies, 

u sin g  the m ost con servative  va lu e (2 .55kg/m ^) from  on e study, and a lso  by usin g  the average  

v a lu e  from  the three stud ies (4 .27kg/m ^ ) for com parison . B y  usin g  published  a lb ed o  va lu es for  

0 , 3 0 , 50  and 70%  G G B S , the potentia l em itted  C O 2 w as ca lcu lated , and th is w as a lso  

con d u cted  for the m easured a lbedo va lu es from  three site  v is its  carried out. T he total C O 2 

em iss io n s  from  T rinity C o lle g e  for the year 2 0 1 0 /2 0 1 1  w a s 2 6 ,8 6 7  tonnes. T he current a lbedo  

o f  Trinity C o lleg e  w as assum ed to be approxim ately  0 .15  for the asphalt surfaces and 0 .2 0  for 

the con crete  p aving  areas and ro o f areas based on pub lished  a lbedo va lu es. H ow ever, i f  a 

reasonab le a lbedo  o f  0 .3 4  cou ld  be ach ieved  for the surface areas ca lcu lated , this w ou ld  result 

in an approxim ate o ffse t o f  3 ,0 0 0  ton n es C O 2 . T h is potential C O 2 o ffse t takes into account the 

carbon co st o f  im p lem en tin g  th ese  a lbedo  ch an ges, w h ich  is  approxim ately  7 7 0  ton n es o f  C O 2 

(u s in g  50%  G G B S ). T h is sav in g  com p ares very favourab ly  w ith  hard-w on sa v in g s m ade in the
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last 9 years and tak ing  in to  accoun t the cu rren t C O 2 em issions from  the cam pus, in addition , the 

albedo  changes could  be m ade at no  increm ental cost to  the  co llege, as the new  surfaces could  

be im plem ented  over a num ber o f  y ears  once the surfaces require replacing.

9.4 Recommendations for future work

T his study has m ade a con tribu tion  tow ards understand ing  the effect o f  concrete  constituen ts on 

the  light reflectance and co lour o f  concrete . H ow ever, th e re  is m uch room  fo r fu rthe r research  

in th is  area. A s m uch o f  the te s tin g  is dependan t on  sunsh ine, in particu lar, w here the re  are no 

clouds present, there is scope for research  to  be conducted  u sing  artificial light though  care in 

the w aveleng th  o f  the light to  s tim ula te  hea t m ust be taken. M oreover, te s ting  could  also  be 

conducted  in a country  w ith  consisten t sunsh ine and less cloud  cover. In such countries, the 

benefits  o f  reducing  U H l effect and air cond ition ing  costs are likely to  be m uch m ore 

substan tia l.

T he key testing  param eters chosen  for th is  research  included a substitu tion  rate o f  up to  70%  

G G B S, how ever, by using  an even  h igher rate, say  85% , th is m ay p roduce a  specim en w hich  is 

even  b righ ter than a 70%  specim en. F urtherm ore , the use o f  w hite  cem ent as a  substitu tion  

cou ld  be carried out, w ith the resu lts being  com pared  to  specim ens con tain ing  G G B S. 

M oreover, the use o f  w hite agg regates could  be im plem ented  so tha t if  ag e in g  occurs and the 

aggregates becom e exposed  at the su rface , they will not sign ifican tly  reduce the overall colour 

o r light reflectance o f  the specim en. H ow ever, by p roducing  an even brigh ter m aterial w ith 

ligh ter co loured  constituen ts such as concrete  w ith  high levels o f  G G B S, the effect o f  g lare is 

one area w hich w ould  need to  be carefu lly  considered , in particu la r for roads. T his is an area 

w here  further research  could  be conducted . Furtherm ore, by using  a high levels o f  G G B S  such 

as 70%  rep lacem ent, it w as found that the specim en reduced  in albedo  faster than the  o ther 

specim ens i.e. at a faste r rate. A s a  consequence, research  could  be carried  out into the surface 

characteristics o f  the d iffe ren t G G B S  specim ens, in particu lar, w ith  rela tion  to  the absorp tion  o f  

d irt on  the surface.

T here  is scope fo r fu rther research  in rela tion  to  the te stin g  m ethods used th roughou t th is 

pro ject. A no ther possib ility  cou ld  involve c lean ing  the curren t slab  specim ens, to  assess 

w hether there is increased  light reflec tance as a result, and there is also  the  op tion  o f  pain ting  

the surfaces w hite to  determ ine its in fluence on the tem peratu re  o f  the specim ens. Furtherm ore, 

the effect o f  G G B S  concen tra tion  over tim e cou ld  be studied . This could  be conducted  by 

m on ito ring  the specim ens on ro o f  for several years to  determ ine w hether there are trends 

betw een  the G G B S concen tra tions and on that basis decide at w hich stage the c lean ing  o f  the
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surface should be carried out. M oreover, research could be carried out into the various m ethods 

o f  cleaning the surfaces o f  the specimens in term s o f  their effectiveness and how often it should 

be performed.

There is further scope for research by conducting this research in India where the clim ate would 

be a distinct advantage. Cool roofs could be im plem ented (by virtue o f  white toppings or paint) 

to sam ple buildings with on-going m onitoring o f  before and afterwards, to determ ine the heat 

differences on upper floors during the sum m er months. The carbon cost o f  im plem enting a high 

albedo solution should be determined and com pared to the carbon saving.

There is also further scope for research into the benefits o f  high albedo surfaces at night-time, in 

relation to safety and security and the savings attained by virtue o f  the need for reduced 

lighting. W ith further research, high albedo surfaces could be a positive recom m endation for 

reducing energy consum ption in buildings, and in turn, creating more sustainable cities. 

However, as the research area is relatively new within Europe, more scientific evidence o f its 

potential for improving the urban environm ent is necessary.
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Appendix A Concrete mix design form (Teychenne et al., 1997)

Job  t i t l e ...........................

S ta g e  Ite m

R o fere n cn  

or c a lc u la tio n V alu e s

1 1.1 Characteristic strength Specified

1 .2 Standard deviation Fig 3

1 .3 Margin C l
or
Specified

1.4 Target m ean strength C2

1 .5 Cem ent strength class Specified

1 .6 Aggregate type, coarsc  
Aggregate type: fine

1.7 fre e w a tc r /c e m e n l ratio Taljk; 2. f it

1 8 M axim um  free-w ate r/ 
cem ent ratio

Specified

2 2.1 Slump or Vebe tim e Specified

2 .2 Maximum aggregate  si^e Specified

2 .3 Free-water content Table 3

3 3.1 Cem ent content C3

3 .2 M axim um  cem ent content S pec ified

3 .3 M in im um  c c m e n t co n te n t S pec ified

3 .4 Modified frBO-water/cement ratio

4 4 1 Relative dot sity of 
aggregate  (SSD)

4 2 Concrete d tnsity F ig s

4 .3 Total aggregate  content C4

5 5.1 Grading of line aggregate Percentagi

N /n im * at

I Proportion defective

(k

days

  %

................................................ N/mm'ornodatn ...1̂ ..... N/mm'

X .......................  =  N /m m ^

  N/mm’

 ...... t  ..l.iA r.i.? .. = N/mm*

M 2 .5 /» 6 2 ,6

(Crushed/uncrushed 
' CrUshcd/uncrushed

1. 1 ,

Use the  lower value

Slump ..... m m o rV e b e tim e  ...................    s

.. mm

 *
...................................  kg /m -'

...................................  k g /m ’

1 k g /m ’

k g /m ’

use 3 .1  II £ 3 .2  
use 3 .3  if > 3  .1 /vO'' k g /m ’

...........................................     know n/assum ed

k g /m ’

-  / j . O . L . . .  -  = /^ ../.5 .tkg /m ’

P ercentage passing 6 0 0  pm  Steve ..............   / . Q ........................... %

   %

5 .3  Fine aggregate  content 1 ................................................. X ...........1 .7 . . .............. = ( 1 0  kg/m ^

5 .4  Coarse agg-egato  content J .... I../.'!,............. -  J A l L ...... .. k g /m ’

Q u a n titie s

C e m e n t

(k g )

W a te r  F in e  a g g r e g a te  C o a rs e  a g g re g a te  (kg)

(k g  o r  litre s ) (k g ) 1 0  m m  2 0  m m  4 0 m t ) i

p e rm ’ (to n e a re s t5 kg)     ..

p c r tr ia lm ix o f , 0 j 0 5 / f 3  m ’  ......... ...................................... ............................................

lems h Are optional hm4ing vshiRb thol majr be specfied (see Sectkon 7)
Concrete strength is exptnwd in the txAs N/mm'. 1 N/mm’ - 1 mn/ id  ̂•  1 MPi). (N - newton; Pa ^ pascal J
The (nteinationsly kn<>«n term ‘reMivp (JensKy* used heie synonymous wth 'spedfkc grsvfty' »nd K ttw ratn of the nvKS ai »rpvpn wiump of si4>$t«Kc to Itw mBs:> of tm equal vokm« of water. 
SSD '  based onthc saturated surface-dry concMkm
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Appendix B Schedule of mixing

Monday Tuesday Wednesday Thursday Friday
August 2nd 3rd 4th 5th 6th
Morning

Afternoon

Bank Holiday

Pour 1: Agg- Limestone 
09̂3 C'ushed- Cast 

09i C-'Ushed- Sc'eed 
OXo C'ushed-Tanp 
C9o C'ushed-B^ush

Pcur 2; Agg; PC L-'nestore 
0% Partially Crushed-Cast 

0% Partially Crushed-Screed 
0% Partially Crushed-'amp 
0% Partially Crushed-Brush 
Strip a id  cean rr.culds

Po'jr 3: Agg Sandstone 
C% Sandstone-Cast 

Sandstone-Screed 
C% Sandstone-~amp 
C% Sandstone-Brush 
St'ip and clean m.oulds

St'ip anc dean moulds

August 9th 10th 11th 12th 13th
Mcrning

Aftrrnoon

Pcur Agg- Limestcne 
3C% Crushed -Cast 
30% Crushed-Screid 
30% Crushed-'smp 
30% Crujhed-Bnjsh 
Strip and c^eai moulds

Pour 5; Agg: PC L'Ttesto'ie 
30% Partiallv Crushed-Cast 
30% Partially Crushed-Screed 
30% Partiallv Cnjshed-Tanr,p 
30% Partially Crushec-Brush 
Strip and ciea-i moulds

Pour 6; Agg Sandstone 
30% Sandstone-Cas: 
30% Sandstone-Screed 
30% Sandstone-Tamp 
30% Sandstone-B^us'i 
Strip a id  c’ean nnoulds

Pour 7: .Agg- Linestone 
50% Crushed-Cast 
50% Crushed-Screed 
50% Crushed-Tamp 
50% Crushea-B'ush 
Strip and clean m.oulds

Strip and clean moulds

August 16th 17th 18th 19th 20th
Morning

Afternoon

Pcur S: Agg; PC Limestone 
50% Partially Crushed-Cast 
50% Partially Crushed-Screed 
50% Partially Crushed-Tamp 
50% Partially Crushed-Brush 
Strip and clean moulds

Pour 9; Agg Sandstone 
50% Sandstone-Cast 
50% Sandstone-Screed 
50% Sandstone-Tanp 
50% Sandstone-B'ush 
Strip and c:ean moulds

Pour 10: Agg- Umestone 
70% Crushec-Cast 
70% Crushed-Screed 
70% Crushed- Tamp 
70% Crushed-Brush 
Strip a id  dean moulds

Pour 11; Agg: PC Limestone 
70% Pa'tially Crusned-Cast 
70% Pa'tially Crushed-Screed 
70% Pa'tially Crushed-Tarr.p 
70% Pa'tially Crushed-Brush 
Strip and dean moulds

Strip and clean moulds

August 23rd 24th
Morning

Afternoon

Pcur 12; Agg Sandstone 
70% Sandstone-Cast 
70% Sandstone-Screed 
70% Sandstone-Tanp 
70% Sandstone-B'ush 
Strip and dean moulds

Strip a id  c ean moulds
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Appendix C Fresh concrete (slump test) and hardened concrete (compressive strength) test results

Pour
no.

Cube
no. GGBS Aggregate W ater (L) Slump (mm)

Slump type 
>150mm = collapsed

Strength at 28 
days (MPa)

Average strength at 28 
days (MPa)

1 1 0 Crushed LS 10.4 >160 Collapsed 46.7 47.4
2 0 Crushed LS 48.1

2 1 0 PC Limestone 11.2 140 Shear 44.0 43.4
2 0 PC Limestone 42.8

3 1 0 Sandstone 10.9 90 True 42.9 43.7
2 0 Sandstone 44.4

4 1 30 Crushed LS 10.4 110 True 40.9 47.5 (discard result)
2 30 Crushed LS 54.1

5 1 30 PC Limestone 11.17 150 Shear 46.3 46.2
2 30 PC Limestone 46.2

6 1 30 Sandstone 10.9 45 True 42.3 43.1
2 30 Sandstone 43.8

7 1 50 Crushed LS 10.4 144 Shear 45.8 46.8
2 50 Crushed LS 47.8

8 1 50 PC Limestone 11.17 >160 Collapsed 42.1 41.4
2 50 PC Limestone 40.7

9 1 50 Sandstone 10.9 55 True 42.6 43.4
2 50 Sandstone 44.1

10 1 70 Crushed LS 10.4 >160 Shear 41.8 42.9
2 70 Crushed LS 44.0

11 1 70 PC Limestone 11.17 >160 Collapsed 34.3 35.4
2 70 PC Limestone 36.4

12 1 70 Sandstone 10.9 25 True 35.9 36.8
2 70 Sandstone 37.6
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Appendix D Results of Albedo at St Jam es G ate Brewery

Site 1

Cycle Location Reading
Pyr

(Upper) Pyr* Alb(Lower) Alb* Albedo Average

1 A 1 21.5 2.563 5.4 0.619 0.242 0.241
2 21.6 2.574 5.4 0.619 0.241
3 21.6 2.574 5.4 0.619 0.241

B 1 22.2 2.646 5.3 0.608 0.230 0.231
2 22.4 2.670 5.4 0.619 0.232
3 22.5 2.682 5.4 0.619 0.231

C 1 23.8 2.837 5.6 0.642 0.226 0.227
2 23.8 2.837 5.6 0.642 0.226
3 24.0 2.861 5.7 0.654 0.229

D 1 23.2 2.765 5.9 0.677 0.245 0.245
2 23.4 2.789 5.9 0.677 0.243
3 23.4 2.789 6.0 0.688 0.247

2 A 1 22.8 2.718 6.0 0.688 0.253 0.253
2 22.8 2.718 6.0 0.688 0.253
3 22.9 2.729 6.0 0.688 0.252

B 1 23.1 2.753 5.8 0.665 0.242 0.241
2 23.1 2.753 5.8 0.665 0.242
3 23.2 2.765 5.8 0.665 0.241

C 1 24.6 2.932 6.0 0.688 0.235 0.233
2 24.6 2.932 5.9 0.677 0.231
3 24.6 2.932 6.0 0.688 0.235

D 1 24.4 2.908 6.3 0.722 0.248 0.248
2 24.5 2.920 6.3 0.722 0.247
3 24.5 2.920 6.3 0.722 0.247
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Site 2(a)

Cycle Location Reading
Pyr

(Upper) Pyr* Alb(Lower)^ Alb* Albedo Average

1 A 1 25.9 3.087 6.7 0.768 0.249 0.246
2 26.1 3.111 6.6 0.757 0.243
3 25.9 3.087 6.6 0.757 0.245

B 1 26.1 3.111 6.8 0.780 0.251 0.252
2 26.2 3.123 6.9 0.791 0.253
3 26.2 3.123 6.9 0.791 0.253

C 1 26.1 3.111 7.1 0.814 0.262 0.261
2 26.2 3.123 7.1 0.814 0.261
3 25.9 3.087 7.0 0.803 0.260

D 1 25.0 2.980 6.6 0.757 0.254 0.254
2 25.2 3.004 6.6 0.757 0.252
3 25.2 3.004 6.7 0.768 0.256

2 A 1 25.5 3.039 6.4 0.734 0.241 0.241
2 25.5 3.039 6.4 0.734 0.241
3 25.5 3.039 6.4 0.734 0.241

B 1 26.1 3.111 6.7 0.768 0.247 0.248
2 26.1 3.111 6.7 0.768 0.247
3 25.9 3.087 6.7 0.768 0.249

C 1 25.6 3.051 7.0 0.803 0.263 0.264
2 25.6 3.051 7.1 0.814 0.267
3 25.6 3.051 7.0 0.803 0.263

D 1 25.1 2.992 6.6 0.757 0.253 0.254
2 25 2.980 6.6 0.757 0.254
3 24.9 2.968 6.6 0.757 0.255

Site 2(b)

Cycle Location Reading
Pyr

(Upper) Pyr* Alb(Lower) Alb* Albedo Average

1 A 1 25.3 3.015 6.3 0.722 0.240 0.240
2 25.3 3.015 6.3 0.722 0.240
3 25.3 3.015 6.3 0.722 0.240

B 1 25.5 3.039 6.0 0.688 0.226 0.226
2 25.5 3.039 6.0 0.688 0.226
3 25.6 3.051 6.0 0.688 0.226

2 A 1 25.1 2.992 6.3 0.722 0.241 0.241
2 25.1 2.992 6.3 0.722 0.241
3 25.2 3.004 6.3 0.722 0.241

B 1 25.6 3.051 6.0 0.688 0.226 0.227
2 25.5 3.039 6.0 0.688 0.226
3 25.3 3.015 6.0 0.688 0.228
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Appendix E Percentiles of the t-distribution 

Entry is /(A; »') where P{f(v) ^  /(A; »')) “  A

/(A; v)

A

V .60 .70 .80 .85 .90 .95 .975

1 0.325 0.727 1.376 1.963 3.078 6.314 12.706
2 0.289 0.617 1.061 1.386 1.886 2.920 4.303
3 0.277 0.584 0.978 1.250 1.638 2.353 3.182
4 0.271 0.569 0.941 1.190 1.533 2.132 2.776
5 0.267 0.559 0.920 1,156 1.476 2.015 2.571
6 0.265 0.553 0,906 1.134 1.440 1.943 2.447
7 0.263 0.549 0.896 1.119 1.415 1.895 2.365
8 0.262 0.546 0.889 i.loe 1.397 1.860 2,306
9 0.261 0.543 0.883 1.100 1.383 1.833 2.262

10 0.260 0.542 0.879 I.093 1.372 1.812 2.228
11 0.260 0.540 0.876 1.088 1.363 1.796 2.201
12 0.259 0.539 0.873 1.083 1.356 1.782 2.179
13 0.259 0.537 0.870 1.079 1.350 1.771 2.160
14 0,25* 0.537 0.868 1.076 1.345 1.761 2.145
IS 0.258 0.536 0.866 1.074 1.341 1.753 2.131
16 0.258 0.535 0.865 I.07I 1.337 1.746 2.120
17 0.257 0.534 0.863 1.069 1.333 1.740 2.110
18 0.257 0.534 0.862 1.067 1.330 1.734 2.101
19 0.257 0.533 0.861 1.066 1.328 1.729 2.093
20 0.257 0.533 0.860 1.064 1.325 1.725 2.086
2t 0.257 0.532 0.859 1.063 1.323 1.721 2.080
22 0.256 0.532 0.858 1.061 1.321 1.717 2.074
23 0.256 0.532 0.858 1.060 1.319 1.714 2.069
24 0.256 0.531 0.857 1.059 1.318 1.711 2.064
25 0.256 0.531 0.856 1.058 1.316 1.708 2.060
26 0.256 0.531 0.856 1.058 1.315 1.706 2.056
27 0.256 0.531 0.855 1.057 1.314 1.703 2,052
28 0.256 0.530 0.855 1.056 1.313 1.701 2.048
29 0.256 0,530 0.8S4 1.055 I.3II 1.699 2.045
30 0.256 0.530 0.854 1.055 1.310 1.697 2.042
40 0.255 ‘ 0.529 0.851 1.050 1.303 1.684 2.021
60 0.254 0.527 0.848 1.045 1.296 1.671 2.000

120 0.254 0.526 0.845 1.041 1.289 1.658 1.980
oo 0.253 0.524 0.H42 1.036 1.282 1.645 1.960
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Appendix F Spectrophotometer results for typical Irish cements

Sample Reading L* a* b*
CEM II A-V (Quinn) 1 63.4 -0.05 6.45

2 63.7 -0.27 6.41
3 63.18 -0.18 6.34 Hl* 63.57
4 63.59 -0.22 6.43 Ol* 0.306
S 63.99 -0.14 6.36 CoV (%) 0.4814

CEM 1 (Spain cement) 1 65.05 -0.23 6.12
2 65.47 -0.21 5.8
3 65.57 -0.28 5.59 65.32
4 65.31 -0.45 5.87 Ol* 0.211
5 65.18 -0.44 5.94 CoV (%) 0.3225

CEM II A-L (Irish cement) 1 66.26 -0.11 6.95
2 66.07 -0.15 7.04
3 65.99 -0.04 7.03 Î L* 65.65
4 65.04 -0.15 6.91 Ol« 0.632
5 64.90 -0.06 7.00 CoV (%) 0.9629

CEM II A-V (Lagan) 1 65.28 -0.27 6.33
2 66.15 -0.35 6.39
3 65.32 -0.3 6.26 Î L* 65.71
4 66.28 -0.19 6.35 Ol,‘ 0.473
5 65.51 -0.28 6.29 CoV (%) 0.7201

CEM II A-L (60:40) 1 76.41 -0.08 5.35
2 77.85 -0.19 5.23
3 77.40 -0.19 5.28 77.06
4 76.89 -0.15 5.32 Ol* 0.569
5 76.74 -0.18 5.28 CoV (%) 0.7380

GGBS (Sweden) 1 82.06 0.09 5.69
2 81.34 0.12 5.58
3 80.65 0.16 5.90 Hl* 81.39
4 81.16 0.14 5.70 Ol* 0.543
5 81.75 0.11 5.82 CoV (%) 0.6677

GGBS (Ecocem sample 1) 1 88.40 0.03 4.65
2 88.06 0.04 4.64
3 88.43 0.01 4.68 88.07
4 87.45 0.00 4.81 Ol* 0.395
5 88.03 0.00 4.71 CoV (%) 0.4486

GGBS (Ecocem sample 2) 1 88.53 0.07 4.39
2 88.51 0.12 4.39
3 88.79 0.04 4.36 88.66
4 88.42 0.07 4.45 0.250
5 89.03 0.04 4.39 CoV (%) 0.2824

GGBS (Ecocem sample 3) 1 88.37 0.02 4.61
2 88.61 0.13 4.41
3 87.06 0.01 4.71 88.15
4 88.45 0.03 4.65 O f 0.622
5 88.25 0.04 4.44 CoV (%) 0.7058

White cement 1 90.86 -1.72 5.87
2 90.50 -1.69 5.97
3 90.91 -1.69 5.86 90.72
4 91.17 -1.71 5.89 Ol* 0.397
5 90.15 -1.07 6.04 CoV (%) 0.4380
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Appendix G Sphere spectrophotometer results for cement blends containing GGBS and 
CEM  I I  A -L  powders in various quantities

GGBS CEM II Reading L* a* b*
100% 0% 1 87.81 0.26 4.03

2 87.33 0.28 4.10

3 88.04 0.25 4.06 ^lL• 87.92
4 88.27 0.26 3.97 O l * 0.371
5 88.15 0.30 4.01 CoV (%) 0.4218

70% 30% 1 76.66 -0.05 5.06
2 76.18 -0.07 5.10

3 76.48 -0.05 5.19 Ml* 76.308
4 76.07 -0.04 5.19 O f 0.251
5 76.15 -0.07 5.2 CoV (%) 0.3286

50% 50% 1 72.01 -0.05 5.66
2 73.35 -0.09 5.36

3 73.29 -0.06 5.41 Ml* 72.798
4 72.38 -0.08 5.57 O i* 0.585
5 72.96 0.00 5.52 CoV (%) 0.8035

30% 70% 1 68.45 0.00 5.98
2 68.87 -0.08 5.92

3 67.72 -0.03 5.99 Ml* 68.28
4 67.94 -0.06 5.98 O l * 0.454
5 68.42 -0.03 5.97 CoV (%) 0.6654

0% 100% 1 65.20 -0.09 6.16
2 64.85 -0.18 6.15

3 64.87 -0.05 6.35 Ml* 64.782
4 64.33 0.00 6.34 O l * 0.319
5 64.66 -0.04 6.26 CoV (%) 0.4920
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Appendix H Sphere spectrophotometer results for cement blends containing GGBS and
WPC powders in various quantities

GGBS WPC Reading L* a* b*
100% 0% 1 87.81 0.26 4.03

2 87.33 0.28 4.10

3 88.04 0.25 4.06 87.92
4 88.27 0.26 3.97 O l * 0.371
5 88.15 0.30 4.01 CoV (%) 0.4218

70% 30% 1 88.49 -0.19 4.51
2 88.19 -0.27 4.70

3 87.31 -0.20 4.74 H l* 87.958
4 87.69 -0.20 4.87 O l . 0.461
5 88.11 -0.17 4.72 CoV (%) 0.5246

50% 50% 1 89.30 -0.54 4.72
2 89.34 -0.59 4.82

3 89.20 -0.58 4.82 H l* 88.942
4 88.43 -0.48 4.91 O l * 0.466
5 88.44 -0.49 4.93 CoV (%) 0.5235

30% 70% 1 89.66 -1.03 5.22
2 89.38 -0.98 5.35

3 89.55 -1.04 5.26 89.586
4 89.64 -1.03 5.25 O l * 0.128
5 89.70 -1.07 5.31 CoV (%) 0.1424

0% 100% 1 90.86 -1.72 5.87
2 90.50 -1.69 5.97

3 90.91 -1.69 5.86 U l* 90.718
4 91.17 -1.71 5.89 0 | * 0.397
5 90.15 -1.07 6.04 CoV (%) 0.4380
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Appendix 1 Sphere spectrophotometer results for cement blends containing WPC and 
CEM II A-L powders in various quantities

WPC CEM II Reading L* a* b*
0% 100% 1 65.20 -0.09 6.16

2 64.85 -0.18 6.15

3 64.87 -0.05 6.35 64.78
4 64.33 0.00 6.34 O l* 0.319
5 64.66 -0.04 6.26 CoV (%) 0.4920

30% 70% 1 68.64 -0.12 6.10
2 68.47 -0.08 5.93

3 68.44 -0.13 6.10 68.55
4 69.00 -0.15 5.89 Ol * 0.296
5 68.20 -0.1 5.92 CoV (%) 0.4325

50% 50% 1 71.79 -0.18 5.88
2 71.69 -0.25 5.89

3 71.34 -0.26 5.89 Hl* 71.65
4 71.72 -0.26 5.74 O l * 0.179
5 71.73 -0.25 5.77 CoV (%) 0.2502

70% 30% 1 75.06 -0.39 5.66
2 75.88 -0.42 5.63

3 75.97 -0.44 5.68 75.61
4 75.86 -0.42 5.61 O l* 0.413
5 75.27 -0.47 5.76 CoV (%) 0.5466

100% 0% 1 90.86 -1.72 5.87
2 90.50 -1.69 5.97

3 90.91 -1.69 5.86 90.72
4 91.17 -1.71 5.89 O l* 0.397
5 90.15 -1.07 6.04 CoV (%) 0.4380
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Appendix J  L* value readings for concrete specimens

GGBS Agg. Cast Screed Tamp Brush

0 L Mi8 58.59 M̂18 64.06 l-ll8 55.00 M̂18 61.08

Ol8 1.25 Ol8 1.51 Oi8 2.12 Ol8 2.14

C o V is 2.14 CoVi8 2.36 C0Vi8 3.85 CoVi8 3.50

PCL 60.00 Hl8 64.51 Hl8 51.69 Hl8 57.52

Ol8 1.66 Ol8 1.56 Oi8 1.86 Ol8 2.61

CoVig 2.77 C o V is 2.41 CoVi8 3.60 CoVi8 4.54

SS 58.84 ^18 61.17 kll8 46.57 1̂ 18 52.07

Ol8 1.14 Ol8 1.26 Ol8 2.19 Ol8 2.64

C o V is 1.93 C o V is 2.05 C0Vi8 4.71 CoVig 5.06

30 L Mi8 60.44 1̂ 18 65.64 1̂ 18 54.26 kll8 56.31

Ol8 0.59 Ol8 1.28 Ol8 2.47 Ol8 1.88

C o V is 0.97 C o V is 1.95 C0Vi8 4.56 CoVig 3.34

PCL Hl8 59.18 M̂18 62.72 Hl8 57.71 kll8 54.70

OlB 1.00 Ol8 1.39 Ol8 2.49 Oig 2.29

CoVig 1.70 CoVis 2.22 C oV i8 4.32 CoVig 4.19

SS kll8 57.52 l-ll8 62.01 ^18 49.41 M̂18 58.32

Oi8 1.03 Ol8 1.06 Ol8 3.32 Ol8 1.19

CoVis 1.79 CoVjg 1.71 CoVis 6.73 CoVjg 2.05

50 L ^18 59.88 ^18 64.48 l-ll8 58.12 ^ll8 60.16

Ol8 0.82 Ol8 1.29 Oi8 3.24 Oi 8 2.43

C o V is 1.37 C o V is 1.99 C0Vi8 5.58 CoVig 4.04

PCL 1̂ 18 59.47 l-ll8 67.01 ^ll8 57.56 l-ll8 62.10

Ol8 1.28 Ol8 1.28 Ol8 2.35 Oi8 1.29

CoVig 2.15 CoViB 1.92 CoVi8 4.08 CoVig 2.07

SS Hl8 57.28 Hl8 64.36 Mi8 56.40 Mi8 62.99

Ol8 1.36 Ol8 1.67 Ol8 3.60 Ol8 0.90

C o V is 2.37 C o V is 2.60 C o V is 6.39 CoVig 1.42

70 L ^18 60.83 l-ll8 66.71 Hl8 61.79 65.31

Ol8 1.34 Ol8 1.28 Ol8 2.14 Oig 1.26

CoVig 2.20 C0Vi8 1.92 C0Vi8 3.47 CoVig 1.94

PCL Hl8 61.91 Mis 66.89 kll8 58.81 61.65

Ol8 0.97 Ol8 1.56 Ol8 3.72 Oi8 2.25

CoVi8 1.57 CoVi8 2.33 CoVi8 6.33 CoVig 3.66

SS 1̂ 18 57.76 1̂ 18 64.62 Hl8 55.84 Hl8 60.87

Ol8 1.28 Ol8 1.40 Ol8 2.66 Oi8 1.17

C0Vi8 2.21 C0Vi8 2.17 CoVis 4.76 CoVig 1.93
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Appendix K Lux m eter results M arch 2011

Agg. Cast CoV(%) Screed CoV(%) Tamp CoV(%) Brush CoV(%)

L 4.77 Ma3 4.81 8.21 Ha3 8.25 6.83 ^ia3 6.78 4.94 \ia3 5.20

(a) 4.86 0 ,3 0.05 8.22 O a3 0.07 6.71 Oa3 0.06 5.24 O a3 0.25
4.79 C 0 V 3 0.98 8.33 C 0 V 3 0.81 6.79 C 0 V 3 0.90 5.43 C 0 V 3 4.75

4.62 ^ â3 4.65 8.26 t^a3 8.21 6.91 ^ a 3 6.91 5.26 Ma3 5.18

4.63 O a3 0.04 8.12 Oa3 0.08 6.88 Oa3 0.03 5.35 Oa3 0.22
4.69 C 0 V 3 0.81 8.26 C 0 V 3 0.98 6.93 C 0 V 3 0.36 4.93 C 0 V 3 4.27

PCL 5.00 M̂ b3 4.60 8.22 ^ib3 7.92 6.53 ^ b 3 6.24 5.59 t^b3 5.59

(b) 4.38 Ob3 0.35 7.66 ObS 0.28 6.37 Ob3 0.37 5.51 Ob3 0.08
4.41 C 0 V 3 7.61 7.88 C 0 V 3 3.56 5.82 C 0 V 3 5.97 5.67 C 0 V 3 1.43

5.09 Mbs 5.11 8.27 Hb3 8.25 6.10 t^b3 6.14 5.57 Hb3 5.45

5.21 Ob3 0.10 8.29 Ob3 0.05 6.14 Ob3 0.04 5.52 Ob3 0.17
5.02 C 0 V 3 1.88 8.20 C 0 V 3 0.57 6.17 C 0 V 3 0.57 5.25 C 0 V 3 3.16

SS 4.89 ^C3 4.88 8.13 P-C3 8.11 5.73 Mc3 5.82 5.28 ^C3 5.12

(c) 4.88 O c3 0.01 8.18 Oc3 0.08 5.74 Oc3 0.15 4.85 Oc3 0.24
4.88 C 0 V 3 0.12 8.02 C 0 V 3 1.01 6.00 C 0 V 3 2.63 5.23 C 0 V 3 4.59

4.93 ^ c 3 4.91 7.61 ^C3 7.53 5.72 ^ c3 5.46 4.42 ^C3 4.38

4.95 O c3 0.05 7.43 Oc3 0.09 5.70 O c3 0.44 4.41 Oc3 0.06
4.86 C 0 V 3 0.96 7.54 C 0 V 3 1.21 4.95 C 0 V 3 8.04 4.32 C 0 V 3 1.26

L 5.51 Ha3 5.31 8.40 Ha3 6.78 6.54 Ha3 6.52 4.77 Ha3 4.66

(a) 5.32 O a3 0.21 6.48 O a3 1.49 6.51 O a3 0.02 4.65 Oa3 0.11
5.10 C 0 V 3 3.86 5.47 C 0 V 3 21.94 6.52 C 0 V 3 0.23 4.55 C 0 V 3 2.37

5.49 ^ 3 3 5.43 7.96 ^ia3 7.78 7.02 ^ia3 7.04 4.81 Ma3 4.89

5.43 OaS 0.06 7.95 Oa3 0.30 7.02 Oa3 0.03 4.88 Oa3 0.08
5.38 C 0 V 3 1.01 7.43 C 0 V 3 3.90 7.07 C 0 V 3 0.41 4.97 C 0 V 3 1.64

PCL 4.78 Hb3 4.77 7.75 ^ib3 7.99 7.55 \^b3 7.29 6.09 ^ b 3 6.09

(b) 4.74 O b3 0.03 8.24 Ob3 0.25 7.01 Ob3 0.27 6.17 Ob3 0.09
4.79 C 0 V 3 0.55 7.99 C 0 V 3 3.07 7.30 C 0 V 3 3.71 6.00 C 0 V 3 1.40

4.95 klb3 5.13 8.80 UbB 8.71 8.17 Plb3 8.11 5.53 ^b3 5.95

5.21 Ob3 0.16 8.64 Ob3 0.08 8.06 Ob3 0.06 6.15 Ob3 0.37
5.24 C 0 V 3 3.11 8.70 C 0 V 3 0.93 8.09 C 0 V 3 0.70 6.18 C 0 V 3 6.16

SS 5.01 ^c3 4.97 8.10 8.17 6.75 ^lc3 6.74 5.72 ^ic3 5.78

(c) 4.92 Oc3 0.05 8.19 Oc3 0.06 6.77 Oc3 0.03 5.79 Oc3 0.06
4.97 C 0 V 3 0.91 8.21 C 0 V 3 0.72 6.71 C 0 V 3 0.45 5.83 C 0 V 3 0.96

5.09 I^c3 4.85 8.01 ^ic3 8.00 5.32 Mc3 5.36 5.89 I^c3 5.81

4.95 O c3 0.30 8.17 Oc3 0.18 5.07 Oc3 0.31 5.89 Oc3 0.14
4.51 C 0 V 3 6.24 7.82 C 0 V 3 2.19 5.69 C 0 V 3 5.82 5.64 C 0 V 3 2.49
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GGBS Agg. Cast CoV(%) Screed CoV(%) Tamp CoV(%) Brush CoV(%)

50 L 5.53 ^ ia 3 5.72 8.12 k la 3 8.20 6.61 t^a3 6.64 5.85 ^ a 3 5.73

(a) 5.78
5.86

O a3

C0 V3

0.17
3.01

8.21
8.26

O a3

C0 V3

0.07
0.87

6.65
6.67

O a3

C0 V3

0.03
0.46

5.60
5.74

O a3

C0 V3

0.13
2.19

5.86 5.85 8.98 ^ a 3 8.91 6.32 ^ a 3 6.59 6.02 ^ a 3 6.02

5.84

5.86
O a3

C0 V3

0.01

0.20

8.85

8.89
O a3

C0 V3

0.07

0.75

6.75
6.70

O a3

C0 V3

0.24

3.57

6.00

6.03
O a3

C0 V3

0.02

0.25

PCL 5.71 I^b3 5.56 9.04 M b3 8.74 5.95 M b3 6.06 6.59 H b 3 6.56

(b) 5.30

5.68
O b 3

C0 V3

0.23

4.11

8.07

9.11
O b3

C0 V3

0.58

6.65

6.13

6.09
O b3

C0 V3

0.09

1.56

6.51

6.57
O b 3

C0 V3

0.04

0.63

5.90 J^b3 5.98 9.19 H b 3 9.20 6.05 H b 3 6.02 6.57 H b 3 6.60

6.00

6.05
O b 3

C0 V3

0.08

1.28

9.23

9.18
O b3

C0 V3

0.03

0.29

5.97

6.05
O b3

C0 V3

0.05
0.77

6.64

6.60
O b3

C0 V3

0.04

0.53

SS 5.77 I^c3 5.76 8.62 M c3 8.65 7.01 Hc3 6.98 6.46 H c3 6.52

(c) 5.78
5.72

O c3

C0 V3

0.03
0.56

8.64
8.68

O c3

C0 V3

0.03
0.35

6.91
7.03

O c3

C0 V3

0.06
0.92

6.54
6.56

O c3

C0 V3

0.05
0.81

5.09 ^C3 5.39 8.33 \ ic 3 8.16 6.20 \ ic 3 6.16 5.48 \ ic 3 5.88

5.56
5.52

O c3

C0 V3

0.26
4.83

8.23

7.93
O c3

C0 V3

0.21
2.55

6.10

6.19
O c3

C0 V3

0.06

0.89

6.06

6.09
O c3

C0 V3

0.34

5.85

70 L 5.68 ^ a 3 5.75 9.04 H a3 8.59 4.70 I^a3 5.32 5.92 M a3 6.04

(a) 5.60
5.96

O a3

C0 V3

0.19
3.29

7.86
8.88

O a3

C0 V3

0.64
7.45

5.69
5.58

O a3

C0 V3

0.54
10.19

6.02
6.18

O a3

C0 V3

0.13
2.17

6.00 P -a i 6.08 9.06 M a3 9.08 7.18 ^ a 3 7.19 6.93 H a3 6.81

6.08

6.16
0 , 3

C0 V3

0.08
1.32

9.09

9.09
O a3

C C V 3

0.02

0.19

7.22

7.16
O a3

C0 V3

0.03

0.43

6.80

6.70
O a3

C0 V3

0.12

1.69

PCL 5.58 M b3 5.87 6.82 Mb3 6.92 5.00 I^b3 5.44 6.33 I^b3 6.28

(b) 6.18
5.85

O b3

C0 V3

0.30
5.12

6.91
7.03

O b 3

C C V 3

0.11
1.52

5.59
5.72

O b3

C0 V3

0.38
7.06

6.20
6.30

O b 3

C0 V3

0.07
1.08

6.21 k lb 3 6.23 8.93 Mb3 8.92 6.46 H b 3 6.45 6.19 I^b3 6.22

6.17

6.30
O b3

C0 V3

0.07

1.07

8.92

8.92
O b3

C0 V3

0.01
0.06

6.47

6.42
O b3

C0 V3

0.03
0.41

6.26
6.20

O b 3

C0 V3

0.04

0.61

SS 5.92 ^ ic 3 5.91 8.27 M c3 8.35 7.21 M c3 7.36 5.29 I^c3 5.21

(c) 5.94
5.88

O c3

C0 V3

0.03
0.52

8.29
8.48

O c3

C0 V3

0.12
1.39

7.36
7.51

O c3

C0 V3

0.15
2.04

5.14
5.20

O c3

C0 V3

0.08
1.45

6.06 P-C3 6.03 8.24 M c3 8.09 6.90 ^C 3 6.73 5.39 M c3 5.37

6.00

6.03
O c3

C0 V3

0.03

0.50

8.05

7.99
O c3

C0 V3

0.13

1.61

6.61

6.69
O c3

C0 V3

0.15

2.22

5.38

5.34
O c3

C0 V3

0.03

0.49
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Appendix L Lux m eter results July 2011

GGBS Agg. Cast CoV(%) Screed CoV(%) Tamp CoV(%) Brush CoV(%)

0 L 5.28 I^a3 5.23 8.45 8.50 7.30 H a3 7.33 6.21 H a3 6.25
(a) 5.18

5.22
0 , 3

C 0 V 3

0.05
0.96

8.57
8.49

O a 3

C 0 V 3

0.06
0.72

7.34
7.35

O a 3

C 0 V 3

0.03
0.36

6.23
6.30

O a 3

C 0 V 3

0.05
0.76

5.36 H a3 5.35 9.05 Ma3 9.11 8.15 \i-a3 8.12 5.81 t^a3 5.83
5.36
5.34

O a 3

C 0 V 3

0.01
0.22

9.19
9.09

O a 3

C 0 V 3

0.07
0.79

8.12
8.08

O a 3

C 0 V 3

0.04
0.43

5.83
5.84

° a 3

C 0 V 3

0.02
0.26

PCL 5.40 H b3 5.38 8.71 t^b3 8.69 7.55 ^ b 3 7.50 6.05 ^ib3 5.98
(b) 5.40

5.35
O b 3

C 0 V 3

0.03
0.54

8.69
8.68

O b 3

C 0 V 3

0.02
0.18

7.48
7.47

O b 3

C 0 V 3

0.04
0.58

5.96
5.93

O b 3

C 0 V 3

0.06
1.04

5.55 l-lb3 5.54 8.55 ^lb3 8.57 6.94 H b3 6.92 5.92 H b 3 5.91
5.55
5.53

O b 3

C 0 V 3

0.01
0.21

8.59
8.57

O b 3

C 0 V 3

0.02
0.23

6.96
6.86

O b 3

C 0 V 3

0.05
0.76

5.93
5.89

O b 3

C 0 V 3

0.02
0.35

ss 5.11 I^c3 5.12 7.79 ^C3 7.83 6.32 H c3 6.28 5.42 I^c3 5.40
(c) 5.11

5.14
O c 3

C 0 V 3

0.02
0.34

7.72
7.97

O c3

C 0 V 3

0.13
1.65

6.26
6.27

O c3

C 0 V 3

0.03
0.51

5.39
5.38

O c3

C 0 V 3

0.02
0.39

5.47 I^c3 5.48 7.96 ^C3 7.90 6.26 H c3 6.22 4.85 Mc3 4.84
5.49
5.48

O c 3

C 0 V 3

0.01
0.18

7.88
7.86

O c3

C 0 V 3

0.05
0.67

6.21
6.18

O c3

C 0 V 3

0.04
0.65

4.83
4.84

O c3

C 0 V 3

0.01
0.21

30 L 5.79 I^a3 5.79 9.25 ^ a 3 9.13 7.26 ^ a 3 7.22 4.94 H a3 5.00
(a) 5.83

5.76
O a 3

C 0 V 3

0.04
0.61

9.07
9.08

O a3

C 0 V 3

0.10
1.11

7.22
7.18

O a 3

C 0 V 3

0.04
0.55

5.13
4.94

O a 3

C 0 V 3

0.11
2.19

6.06 ^ a 3 6.10 9.09 ^ a 3 9.08 8.21 t ia 3 8.19 5.75 ^ia3 5.78
6.14
6.10

O a 3

C 0 V 3

0.04
0.66

9.02
9.13

O a 3

C 0 V 3

0.06
0.61

8.21
8.14

O a 3

C 0 V 3

0.04
0.49

5,82
5.78

O a 3

C 0 V 3

0.04
0.61

PCL 5.74 ^ib3 5.74 9.25 l-lb3 9.12 8.29 H b3 8.28 6.63 I^b3 6.60
(b) 5.78

5.69
O b 3

C 0 V 3

0.05
0.79

9.07
9.05

O b 3

C 0 V 3

0.11
1.21

8.27
8.28

O b 3

C 0 V 3

0.01
0.12

6.63
6.54

O b 3

C 0 V 3

0.05
0.79

5.66 Plb3 5.74 8.91 ^ib3 8.86 8.58 M̂ b3 8.61 6.52 Mb3 6.50
5.81
5.74

O b 3

C 0 V 3

0.08
1.31

8.74
8.94

Ob3

C 0 V 3

0.11
1.22

8.73
8.51

O b3

C 0 V 3

0.11
1.31

6.42
6.56

O b 3

C 0 V 3

0.07
1.11

SS 5.45 V-C3 5.46 8.22 t^c3 8.17 6.82 V-C3 7.01 6.22 P-C3 6.23
(c) 5.44

5.48
O c3

C 0 V 3

0.02
0.38

8.16
8.14

O c3

C 0 V 3

0.04
0.51

7.16
7.05

O c3

C 0 V 3

0.17
2.47

6.22
6.26

O c3

C 0 V 3

0.02
0.37

5.72 \i-c3 5.74 8.60 \ i c 3 8.62 6.57 \ ic 3 6.55 6.61 H c3 6.59
5.74
5.76

O c3

C 0 V 3

0.02
0.35

8.59
8.67

O c3

C 0 V 3

0.04
0.51

6.55
6.53

O c3

C 0 V 3

0.02
0.31

6.56
6.60

O c3

C 0 V 3

0.03
0.40
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GGBS Agg. Cast CoV(%) Screed CoV(%) Tamp CoV(%) Brush CoV(%)

50 L 6.36 I^a3 6.34 8.72 8.62 7.32 Ma3 7.39 6.20 |.ia3 6.24

(a) 6.31
6.34

O a3

C 0 V 3

0.03
0.40

8.51
8.64

O a3

C 0 V 3

0.11
1.23

7.41
7.44

O a3

C 0 V 3

0.06
0.85

6.18
6.33

O a3

C 0 V 3

0.08
1.31

6.55 ^la3 6.53 9.29 Ma3 9.28 6.96 H a3 6.97 6.78 M a3 6.77

6.52
6.52

OaS

C 0 V 3

0.02
0.27

9.26
9.30

O a3

C 0 V 3

0.02
0.22

6.98
6.96

O a3

C 0 V 3

0.01
0.17

6.77
6.77

O a3

C 0 V 3

0.01
0.09

PCL 6.10 6.09 9.54 ^ b 3 9.61 6.51 H b3 6.57 7.06 ^ b 3 7.06

(b) 6.09
6.08

Ob3

C 0 V 3

0.01
0.16

9.67
9.63

Ob3

C 0 V 3

0.07
0.69

6.58
6.63

O b3

C 0 V 3

0.06
0.92

7.06
7.07

O b3

C 0 V 3

0.01
0.08

6.32 t lb 3 6.34 8.39 ^ b 3 8.44 5.97 ^ b 3 5.89 6.97 t^b3 6.99

6.32
6.38

O b3

C 0 V 3

0.03
0.55

8.51
8.42

O b3

C 0 V 3

0.06
0.74

5.86
5.85

O b3

C 0 V 3

0.07
1.13

7.00
6.99

O b3

C 0 V 3

0.02
0.22

ss 5.94 M c3 5.97 8.48 H c3 8.49 7.36 ^C3 7.39 6.74 ^C3 6.74

(c) 5.98
5.99

Oc3

C 0 V 3

0.03
0.44

8.54
8.44

Oc3

C 0 V 3

0.05
0.59

7.34
7.46

Oc3

C 0 V 3

0.06
0.87

6.75
6.74

Oc3

C 0 V 3

0.01
0.09

6.10 kic3 6.09 8.55 [ ic 3 8.53 6.84 ^C3 6.87 6.87 \^C3 6.92

6.08
6.10

Oc3

C 0 V 3

0.01
0.19

8.51
8.54

Oc3

C 0 V 3

0.02
0.24

6.91
6.85

Oc3

C 0 V 3

0.04
0.55

6.97
6.92

Oc3

C 0 V 3

0.05
0.72

70 L 6.31 6.31 9.54 t^a3 9.54 8.11 H a3 8.12 7.01 7.00

(a) 6.30
6.31

O a3

C 0 V 3

0.01
0.09

9.60
9.48

O a3

C 0 V 3

0.06
0.63

8.16
8.10

O a3

C 0 V 3

0.03
0.40

7.11
6.88

O a3

C 0 V 3

0.12
1.65

6.30 H a 3 6.36 9.42 H a3 9.50 7.49 t^a3 7.50 7.00 H a 3 6.99

6.41
6.36

O a3

C 0 V 3

0.06
0.87

9.52
9.56

O a3

C 0 V 3

0.07
0.76

7.49
7.51

O a3

C 0 V 3

0.01
0.15

6.97
6.99

O a3

C 0 V 3

0.02
0.22

PCL 6.64 ^ b 3 6.63 7.15 t^b3 7.17 5.85 Hb3 5.83 6.74 ^ b 3 6.67

(b) 6.68
6.57

O b3

C 0 V 3

0.06
0.84

7.20
7.15

O b3

C 0 V 3

0.03
0.40

5.79
5.85

O b3

C 0 V 3

0.03
0.59

6.67
6.60

O b3

C 0 V 3

0.07
1.05

6.54 Plb3 6.56 8.52 l-lb3 8.54 6.39 t^b3 6.34 6.41 J^b3 6.47

6.56
6.57

O b3

C 0 V 3

0.02
0.23

8.53
8.56

O b3

C 0 V 3

0.02
0.24

6.31
6.33

Ob3

C 0 V 3

0.04
0.66

6.52
6.47

O b 3

C 0 V 3

0.06
0.85

ss 6.08 6.07 8.30 I^C3 8.34 7.61 ^ic3 7.63 5.81 ^ic3 5.82

(c) 6.06
6.08

O c3

C 0 V 3

0.01
0.19

8.37
8.36

Oc3

C 0 V 3

0.04
0.45

7.62
7.66

Oc3

C 0 V 3

0.03
0.35

5.82
5.82

Oc3

C 0 V 3

0.01
0.10

6.16 Mc3 6.12 8.75 H c3 8.71 6.78 ^ c 3 6.72 5.97 Hc3 5.94

6.10
6.11

Oc3

C 0 V 3

0.03
0.52

8.70
8.68

Oc3

C 0 V 3

0.04
0.41

6.74
6.65

Oc3

C 0 V 3

0.07
0.99

5.95
5.91

O c3

C 0 V 3

0.03
0.51
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Appendix M Lux meter results March 2012

GGBS Agg. Cast CoV(%) Screed CoV(%) Tamp CoV(%) Brush CoV(%)

0 L 5.24 Ua3 5.27 7.56 ^ia3 7.60 6.10 V-a3 6.12 6.40 Ha3 6.37

(a) 5.29
5.27

Oa3

C 0 V 3

0.03
0.48

7.60
7.63

Oa3

C 0 V 3

0.04
0.46

6.14
6.13

Oa3

C 0 V 3

0.02
0.34

6.35
6.37

Oa3

C 0 V 3

0.03
0.39

5.35 \i-a3 5.34 8.04 I^a3 8.05 7.46 Ha3 7.46 6.55 \i-a3 6.55

5.35
5.32

Oa3

C 0 V 3

0.02
0.32

8.05
8.07

O a3

C 0 V 3

0.02
0.19

7.47
7.44

O a3

C 0 V 3

0.02
0.20

6.55
6.54

O a3

C 0 V 3

0.01
0.09

PCL 5.23 5.25 7.50 Plb3 7.47 6.82 ^ b 3 6.83 6.64 t^b3 6.64

(b) 5.26
5.27

ObB
C 0 V 3

0.02
0.40

7.47
7.44

Ob3

C 0 V 3

0.03
0.40

6.83
6.83

Ob3

C 0 V 3

0.01
0.08

6.62
6.65

Ob3

C 0 V 3

0.02
0.23

5.42 HbB 5.38 7.66 l-lb3 7.65 6.41 t^b3 6.44 6.40 Hb3 6.43

5.36
5.36

Obs
C 0 V 3

0.03
0.64

7.64
7.66

Ob3

C 0 V 3

0.01
0.15

6.46
6.45

Ob3

C 0 V 3

0.03
0.41

6.45
6.43

Ob3

C 0 V 3

0.03
0.39

SS 5.16 klc3 5.18 6.97 ^C3 6.96 5.66 ^^C3 5.64 5.61 \^C3 5.62

(c) 5.19
5.19

Oc3

C 0 V 3

0.02
0.33

6.93
6.97

Oc3

C 0 V 3

0.02
0.33

5.62
5.64

Oc3

C 0 V 3

0.02
0.35

5.63
5.63

Oc3

C 0 V 3

0.01
0.21

5.25 Mc3 5.23 6.89 P-C3 6.93 5.67 Mc3 5.68 5.34 V-C3 5.32

5.20
5.23

Oc3

C 0 V 3

0.03
0.48

6.92 
L 6.99

Oc3

C 0 V 3

0.05
0.74

5.68
5.69

Oc3

C 0 V 3

0.01
0.18

5.31
5.31

Oc3

C 0 V 3

0.02
0.33

30 L 5.68 ^ia3 5.69 8.27 \i-a3 8.29 6.56 J^a3 6.56 5.18 \i-B3 5.14

(a) 5.69
5.71

Oa3

C 0 V 3

0.02
0.27

8.29
8.30

Oa3

C 0 V 3

0.02
0.18

6.55
6.57

Oa3

C 0 V 3

0.01
0.15

5.14
5.11

O a3

C 0 V 3

0.04
0.68

6.13 6.12 7.92 7.90 7.16 Ma3 7.15 5.79 I^a3 5.78

6.09
6.13

O a3

C 0 V 3

0.02
0.38

7.91
7.87

Oa3

C 0 V 3

0.03
0.33

7.17
7.13

O a3

C 0 V 3

0.02
0.29

5.77
5.78

O a3

C 0 V 3

0.01
0.17

PCL 5.84 I^b3 5.85 7.45 ^b 3 7.42 7.28 Mb3 7.32 6.01 ^ b 3 6.01

(b) 5.85
5.87

Ob3

C 0 V 3

0.02
0.26

7.41
7.41

Ob3

C 0 V 3

0.02
0.31

7.35
7.33

Ob3

C 0 V 3

0.04
0.49

6.02
6.01

Ob3

C 0 V 3

0.01
0.10

5.58 Ub3 5.44 7.41 ^ b 3 7.43 7.03 klb3 6.97 6.05 M̂ b3 5.08

5.38
5.35

Ob3

C 0 V 3

0.13
2.30

7.41
7.48

Ob3

C 0 V 3

0.04
0.54

6.96
6.93

Ob3

C 0 V 3

0.05
0.74

6.10
6.08

Ob3

C 0 V 3

0.03
0.41

SS 5.25 klc3 5.22 7.10 ^C3 7.06 6.00 Mc3 5.95 6.21 P-C3 6.25

(c) 5.20
5.20

Oc3

C 0 V 3

0.03
0.55

7.03
7.05

Oc3

C 0 V 3

0.04
0.51

5.93
5.93

O c3

C 0 V 3

0.04
0.68

6.23
6.31

Oc3

C 0 V 3

0.05
0.85

6.17 Hc3 6.17 7.31 ^ c 3 7.31 5.74 t ^ 3 5.74 5.05 Hc3 5.03

6.16
6.17

Oc3

C 0 V 3

0.01
0.09

7.32
7.31

Oc3

C 0 V 3

0.01
0.08

5.77
5.70

O c3

C 0 V 3

0.04
0.61

5.02
5.02

Oc3

C 0 V 3

0.02
0.34
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GGBS Agg. Cast CoV(%) Screed CoV(%) Tamp CoV(%) Brush CoV(%)

50 L 6.16 kla3 6.13 7.29 Has 7.27 6.31 ^ a 3 6.28 5.36 H a3 5.36

(a) 6.11
6.13

0,3
C 0 V 3

0.03
0.41

7.29
7.24

O a3

C 0 V 3

0.03
0.40

6.25
6.29

O a3

C 0 V 3

0.03
0.49

5.39
5.32

O a3

C 0 V 3

0.04
0.66

6.14 6.14 6.89 t^a3 6.85 5.79 Ma3 5.77 6.65 ^ a 3 6.60
6.16
6.13

O a3

C 0 V 3

0.02
0.25

6.84
6.83

O a3

C 0 V 3

0.03
0.47

5.75
5.77

O a3

C 0 V 3

0.02
0.35

6.58
6.57

O a3

C 0 V 3

0.04
0.66

PCL 6.75 6.74 6.75 ^ b 3 6.74 6.28 t^b3 6.28 6.70 ^ b 3 6.70

(b) 6.73
6.75

Ob3

C 0 V 3

0.01
0.17

6.73
6.75

O b3

C 0 V 3

0.01
0.17

6.30
6.25

Ob3

C 0 V 3

0.03
0.40

6.69
6.70

O b3

C 0 V 3

0.01
0.09

5.90 ^ b 3 5.95 6.08 I^b3 6.09 5.91 ^ b 3 5.93 6.83 ^ b 3 6.81

5.95
5.99

ObB
C 0 V 3

0.05
0.76

6.10
6.10

Ob3

C 0 V 3

0.01
0.19

5.95
5.94

Ob3

C 0 V 3

0.02
0.35

6.80
6.81

O b3

C 0 V 3

0.02
0.22

SS 5.52 ^ c 3 5.52 7.14 klc3 7.14 5.89 Mc3 5.87 6.16 t^ 3 6.24

(c) 5.52
5.53

Oc3

C 0 V 3

0.01
0.10

7.14
7.13

Oc3

C 0 V 3

0.01
0.08

5.86
5.87

Oc3

C 0 V 3

0.02
0.26

6.30
6.27

Oc3

C 0 V 3

0.07
1.18

5.76 I^c3 5.79 6.04 ^C3 6.00 5.81 t^c3 5.71 6.58 Mc3 6.58
5.81
5.79

Oc3

C 0 V 3

0.03
0.43

6.00
5.96

Oc3

C 0 V 3

0.04
0.67

5.67
5.64

Oc3

C 0 V 3

0.09
1.59

6.59
6.56

Oc3

C 0 V 3

0.02
0.23

70 L 5.81 H a3 5.80 7.16 H a3 7.18 6.71 Ma3 6.69 6.91 ^ia3 6.90

(a) 5.80
5.80

O a3

C 0 V 3

0.01
0.10

7.21
7.18

O a3

C 0 V 3

0.03
0.35

6.68
6.67

O a3

C 0 V 3

0.02
0.31

6.88
6.90

O a3

C 0 V 3

0.02
0.22

5.87 1^33 5.89 7.45 Ma3 7.44 6.84 H a3 6.85 6.47 Ma3 6.45

5.91
5.88

O a3

C 0 V 3

0.02
0.35

7.43
7.43

O a3

C 0 V 3

0.01
0.16

6.85
6.87

O a3

C 0 V 3

0.02
0.22

6.47
6.42

O a3

C 0 V 3

0.03
0.45

PCL 5.89 ^lb3 5.90 6.49 ^ b 3 6.51 5.97 ^lb3 5.97 6.72 I^b3 6.70

(b) 5.90
5.90

Ob3

C 0 V 3

0.01
0.10

6.51
6.52

Ob3

C 0 V 3

0.02
0.23

5.99
5.95

Ob3

C 0 V 3

0.02
0.34

6.71
6.67

O b3

C 0 V 3

0.03
0.39

5.80 ^ b 3 5.82 6.82 ^ b 3 6.83 6.14 ^ib3 6.10 6.16 Mb3 6.22

5.84
5.81

O b3

C 0 V 3

0.02
0.36

6.83
6.83

O b3

C 0 V 3

0.01
0.08

6.08
6.07

Ob3

C 0 V 3

0.04
0.62

6.26
6.25

O b3

C 0 V 3

0.06
0.88

SS 5.02 I^c3 5.01 7.08 Mc3 7.08 6.43 ^ c 3 6.42 6.02 t^ 3 5.98

(c) 5.00
5.02

O c3

C 0 V 3

0.01
0.23

7.09
7.07

Oc3

C 0 V 3

0.01
0.14

6.40
6.42

Oc3

C 0 V 3

0.02
0.24

5.97
5.94

O c3

C 0 V 3

0.04
0.68

5.10 I^c3 5.06 6.93 Hc3 6.90 6.02 ^ c 3 6.00 5.61 \k3 5.58

5.05
5.02

Oc3

C 0 V 3

0.04
0.80

6.98
6.80

Oc3

C 0 V 3

0.09
1.35

6.00
5.98

Oc3

C 0 V 3

0.02
0.33

5.57
5.56

O c3

C 0 V 3

0.03
0.47

358



Appendix N Duplicate T-Test March 2011

DF=5
>2.015
<2.015

Cast Screed Tamp Brush

0 L [)-a3 4.81 8.25 6.78 5.2

Oa3 0.05 0.07 0.06 0.25

(a) 4.65 8.21 6.91 5.18

Oa3 0.04 0.08 0.03 0.22
t(aa) 4.58 0.66 3.41 0.12

PCL I^b3 4.6 7.92 6.24 5.59

Ob3 0.35 0.28 0.37 0.08

(b) ^lb3 5.11 8.25 6.14 5.45

Ob3 0.1 0.05 0.04 0.17
t(bb) 2.44 2.02 0.48 1.31

SS Hc3 4.88 8.11 5.82 5.12

Oc3 0.01 0.08 0.15 0.24

(c) ^C3 4.91 7.53 5.46 4.38

Oc3 0.05 0.09 0.44 0.06
t(cc) 1.09 8.27 1.37 5.28

30 L kl3 5.31 6.78 6.52 4.66

0 3 0.21 1.49 0.02 0.11

(a) kl3 5.43 7.78 7.04 4.89

0 3 0.06 0.3 0.03 0.08
t(aa) 1.01 1.14 27.22 2.92

PCL ^ 3 4.77 7.99 7.29 6.09

0 3 0.03 0.25 0.27 0.09

(b) ^ 3 5.13 8.71 8.11 5.95

0 3 0.16 0.08 0.06 0.37
t(bb) 3.89 4.83 5.14 0.61

SS \^3 4.97 8.17 6.74 5.78

0 3 0.05 0.06 0.03 0.06

(c) H3 4.85 8 5.36 5.81

0 3 0.3 0.18 0.31 0.14
t(cc) 0.66 1.56 7.64 0,3
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Cast Screed Tamp Brush

50 L Ha3 5.72 8.2 6.64 5.73

Oa3 0.17 0.07 0.03 0.13

(a) Ha3 5.85 8.91 6.59 6.02

OaS 0.01 0.07 0.24 0.02
t(aa) 1.31 12.64 0.39 3.93

PCL Mbs 5.56 8.74 6.06 6.56

ObB 0.23 0.58 0.09 0.04

(b) Mbs 5.98 9.2 6.02 6.6

Ob3 0.08 0.03 0.05 0.04
t(bb) 3.02 1.37 0.55 1.48

SS ^ic3 5.76 8.65 6.98 6.52

Oc3 0.03 0.03 0.06 0.05

(c) ^^c3 5.39 8.16 6.16 5.88

Oc3 0.26 0.21 0.06 0.34
t(cc) 2.42 3.98 16.78 3.2

70 L ^ia3 5.75 8.59 5.32 6.04

Oa3 0.19 0.64 0.54 0.13

(a) I^a3 6.08 9.08 7.19 6.81

Oa3 0.08 0.02 0.03 0.12
t(aa) 2.81 1.32 5.94 7.64

PCL Hb3 5.87 6.92 5.44 6.28

Ob3 0.3 0.11 0.38 0.07

(b) klb3 6.23 8.92 6.45 6.22

Ob3 0.07 0.01 0.03 0.04
t(bb) 2.01 32.89 4.56 1.33

SS ^ic3 5.91 8.35 7.36 5.21

OcB 0.03 0.12 0.15 0.08

(c) K 3 6.03 8.09 6.73 5.37

Oc3 0.03 0.13 0.15 0.03
t(cc) 4.72 2.51 5.12 3.46

29
19
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Appendix O Duplicate T-Test Ju ly  2011

DF=5
>2.015
<2.015

Cast Screed Tamp Brush

0 L Ua3 

Oa3

(a) H a3

Oa3

t(aa)

5.23

0.05

5.35

0.01

8.5

0.06

9.11

0.07

7.33

0.03

8.12

0.04
4.25 11.12

6.25

0.05

5.83

0.02
30.99 14.65

PCL

(b)

Hb3

Ob3

HbB

Ob3

t(bb)

5.38

0.03

5.54

0.01

8.69

0.02

8.57

0.02

7.5

0.04

6.92

0.05
8.91 8.49

SS Hc3

Oc3

(C )  H c3

Oc3

t(cc)

5.12

0.02

5.48

0.01

7.83

0.13

7.9

0.05
31.18 0.91

5.98

0.06

5.91

0.02
14.65 1.75

6.28

0.03

6.22

0.04

5.4

0.02

4.84

0.01
2.24 41.75

30 L Ha3

Oa3

(a) H a3

Oa3

t(aa)

5.79

0.04

6.1

0.04

9.13

0.1

9.08

0.06

7.22

0.04

8.19

0.04
9.98 0.8

PCL

(b)

Mb3

Ob3

b̂3

Ob3

t(bb)

5.74 

0.05

5.74 

0.08

9.12

0.11

8.86

0.11

5

0.11

5.78

0.04
29.45 11.73

8.28

0.01

8.61

0.11

6.6

0.05

6.5

0.07
0 2.92 5.01 1.95

SS ĉ3

Oc3

( c )  Mc3

Oc3

t(cc)

5.46

0.02

5.74

0.02
17

8.17

0.04

8.62

0.04
12.83

7.01

0.17

6.55 

0.02
4.56

6.23

0.02

6.59

0.03
17.59
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Cast Screed Tamp Brush

50 L

(a)

PCL

(b)

SS

â3

Oa3

â3

Oa3

t(aa)

I^b3

ObS

îb3

ObS
t(bb)

Mc3 

Oc3

(C ) Hc3

Oc3
t(cc)

6.34

0.03

6.53

0.02
10.96

6.09 

0.01

6.34 

0.03
12.01_

5.97

0.03

6.09 

0.01
7.4

8.62

0.11

9.28

0.02
10.58

9.61

0.07

8.44

0.06
22.26

8.49

0.05

8.53

0.02
1.48

7.39

0.06

6.97

0.01
11.55

6.57

0.06

5.89

0.07
13.11

7.39

0.06

6.87

0.04
12.07

6.24

0.08

6.77

0.01
11.38

7.16

0.01

6.99

0.02
8.13

6.74

0.01

6.92

0.05
6.08

70 L

(a)

Ha3

0,3

OaS

t(aa)

6.31

0.01

6.36

0.06
1.56

9.54

0.06

9.5

0.07
0.74

8.12

0.03

7.5

0.01
31.78

7

0.12

6.99

0.02
0.2

PCL

(b)

l-lb3

Ob3

klb3

Ob3
t(bb)

6.63

0.06

6.56

0.02
2.2

7.17

0.03

8.54

0.02
66.67

5.83

0.03

6.34

0.04
16.42

6.67

0.07

6.47

0.06

SS ^C3

Oc3

(C ) Uc3

Oc3

t(cc)

6.07

0.01

6.12

0.03
2.54

8.34

0.04

8.71

0.04
12.15

7.63

0.03

6.72

0.07
21.92

5.82

0.01

5.S4

0.03
7.06

39
9
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Appendix P Duplicate T-Test March 2012

DF=5
>2.015
<2.015

Cast Screed Tamp Brush

0 L Ha3 5.27 7.6 6.12 6.37

Oa3 0.03 0.04 0.02 0.03

(a) V-ai 5.34 8.05 7.46 6.55

033 0.02 0.02 0.02 0.01
t(aa) 4.16 20.65 89.44 11.63.

PCL Hb3 5.25 7.47 6.83 6.64

Ob3 0.02 0.03 0.01 0.02

(b) ^ b 3 5.38 7.65 6.44 6.43

Ob3 0.03 0.01 0.03 0.03
t(bb) 5.43 9.88 24.73 12.36

SS ^C3 5.18 6.96 5.64 5.62

Oc3 0.02 0.02 0.02 0.01

(c) klc3 5.23 6.93 5.68 5.32

Oc3 0.03 0.05 0.01 0.02
t(cc) 2.65 0.72 . 3.1 25.24

30 L Ma3 5.69 8.29 6.56 5.14

Oa3 0.02 0.02 0.01 0.04

(a) Ma3 6.12 7.9 7.15 5.78

Oa3 0.02 0.03 0.02 0.01
t(aa) 26.48 21.92 j44.5 30.2

PCL Hb3 5.85 7.42 7.32 6.01

Ob3 0.02 0.02 0.04 0.01

(b) ^ib3 5.44 7.43 6.97 6.08

Ob3 0.13 0.04 0.05 0.03
t(bb) 5.73 0.37 9.57 4.25

SS 1^3 5.22 7.06 5.95 6.25

Oc3 0.03 0.04 0.04 0.05

(c) 1^3 6.17 7.31 5.74 5.03

Oc3 0.01 0.01 0.04 0.02
t(cc) 55.89 12.02 7.01 37.95
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Cast Screed Tamp Brush

50 L I^a3 6.13 7.27 6.28 5.36

O a3 0.03 0.03 0.03 0.04

(a) P-aS 6.14 6.85 5.77 6.6

O a3 0.02 0.03 0.02 0.04
t(aa) 0.59 16.84 24.35 38.47

PCL klb3 6.74 6.74 6.28 6.7

Ob3 0.01 0.01 0.03 0.01

(b) Hb3 5.95 6.09 5.93 6.81

Ob3 0.05 0.01 0.02 0.02
t(bb) 29.64 68.94 18.21 12.37

s s ^C3 5.52 7.14 5.87 6.24

Oc3 0.01 0.01 0.02 0.07

(c) 5.79 6 5.71 6.58

Oc3 0.03 0.04 0.09 0.02
t(cc) 17.66 48.71 3.14 7.67

70 L 1^33 5.8 7.18 6.69 6.9

O a3 0.01 0.03 0.02 0.02

(a) I^a3 5.89 7.44 6.85 6.45

Oa3 0.02 0.01 0.02 0.03
t(aa) 6.68 15.85 11.18 23.51

PCL Hb3 5.9 6.51 5.97 6.7

Ob3 0.01 0.02 0.02 0.03

(b) Hb3 5.82 6.83 6.1 6.22

Ob3 0.02 0.01 0.04 0.06
t(bb) 6.41 33.94'j| 5.12 13.51

SS P-a 5.01 7.08 6.42 5.98

Oc3 0.01 0.01 0.02 0.04

(c) P-a 5.06 6.9 6 5.58

Oc3 0.04 0.09 0.02 0.03
t(cc) 1.79 3.27 28.68 14.22

44
4
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Appendix Q Aggregate Type T-Test M arch 2011(DF=1T)

DF=11

>1.796

<1.796

Cast

0 L

PCL

SS

kl6

06
t(L,PCL)

He
06

t(PCL,SS)
1̂ 6

0 6

t(SS,L)

4.73
0.10
0.82
4.85
0.36
0.31
4.90
0.03
4.14

Screed

8.23 
0.07 
1.35 
8.09 
0.26 
1.58 
7.82 
0.33 
3.03

Tamp

6.84
0.08
6.23
6.19
0.24
3.11
5.64
0.36
8.05

Brush

5.19
0.21
3.15
5.52
0.14
4.13
4.75
0.43
2.25

30 L

PCL

SS

H6

06
t(L,PCL)

06
t(PCL,SS)

l̂6
06

t(SS,L)

5.37
0.15
3.82
4.95
0.22
0.35
4.91
0.20
4.48

7.28
1.10
2.22
8.35
0.43
1.46
8.08
0.15
1.76

6.78 
0.28 
4.02 . 
7.70 
0.48 
4.38 
6.05 
0.78 
2.14

4.77
0.15

10.46
6.02
0.25
2.07
5.79
0.10

13.76
50 L

PCL

SS

kl6

06
t(L,PCL)

He
06

t(PCL,SS)
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5.57
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8.55
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0.45
2.58
8.41
0.30
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6.62
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8.43
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0.45
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9.55
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2.24
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0.42
1.76
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5.91
0.22
0.93
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0.66
5.97
0.07
0.61

8.84
0.48
1.87
7.92 
1.10 
0.66 
8.22 
0.18
2.93

6.26
1.08
0.62
5.94
0.61
3.81
7.05
0.37

1.7

6.43
0.44
0.99
6.25
0.06

19.99
5.29
0.10
6.21
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Appendix R A ggregate Type T-Test July 2011(DF=11)

DF=11
>1.796
<1.796

0 L

PCL

SS

î6
06

t(UPCL)
1̂6
06

t(PCL,SS)
He
06

t(SS,L)

Cast
5.29 
0.08 
3.60 
5.46 
0.09 
1.84
5.30 
0.20 
0.12

Screed
8.81
0.34
1.24
8.63
0.07
15.79
7.86
0.10
6.58

Tamp
7.72
0.43
2.34
7.21
0.32
7.25
6.25 
0.05 
8.31

Brush
6.04
0.23
0.92
5.95
0.06
6.54
5.12
0.31
5.87

30 L

PCL

SS

He
0 6

t(L,PCL)

06
t(PCL,SS)

6̂
06

t(SS,L)

5.95
0.17
2.86
5.74
0.06
2.04
5.60
0.16
3.S8

9.11
0.08
1.46
8.99
0.17
4.84
8.40
0.25
6.69

7.7
0.53
3.21
8.44
0.19
12.13
6.78 
0.28
3.78

5.39
0.43
6.43
6.55
0.08
1.6
6.41
0.20
5.24

50 L

PCL

SS

He
06

t(L,PCL)

06
t(PCL,SS)

Hg
06

t(SS,L)

6.43
0.11
3.04
6.22
_ai4
i K .
6.03
0.07
7.56

8.95 
0.37 
0.24 
9.03 
0.65
1.96 
8.51 
0.04 
2.93

7.18
0.24
5.21
6.23
0.38
4.61
7.13
0.29
0.34

6.51
0.30
4.22
7.03
0.04
4.28
6.83
0.10
2.54

70 L

PCL

SS

1̂6
06

t(L,PCL)
He
06

t(PCL,SS)
6̂
Oe

t(SS,L)

6.33
0.04
9.13
6.59
0.05
18.79
6.1
0.03
10.11

9.52 
0.06 
5.42 
7.85 
0.75 
2.13
8.53 
0.20
11.42

7.81
0.34
9.47
6.09
0.28
4.66
7.18
0.50
2.56

6.99
0.07
7.18
6.57
0.12
11.7
5.88
0.07
26.41
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Appendix S Aggregate Type T-Test March 2012 (DF=11)

DF=11

> 1 .7 9 6

< 1 .7 9 6

Cast

0  L

PCL

SS

Us
0 6

t(L,PCL)

V-6

0 6

t(PCL,SS)

Us
06

t(SS,L)

5.30
0.04
0.38
5.32
0.07
3.45 
5.20 
0.03
4.46 ■

S creed

7.83 
0.25 
2.38 
7.56 
0.10 

13.83 
6.95 
0.04 
8.48 ,

T am p

6.79 
0.73 
0.50 
6.63 
0.21

11.14
5.66
0.03
3.79

Brush

6.46 
0.10 
1.16 
6.53 
0.12

12.77
5.47 
0.17

12.58
3 0  L

PCL

SS

He
06

t(L,PCL)

0 6

t(PCL,SS)

Us
06

t(SS,L)

5.91
0.23
1.90
5.65
0.24
0.20
5.69
0.52
0.92

8.09
0.21
7.58
7.43
0.03
4.12
7.19
0.14
8.71

6.86
0.33
1.88
7.15
0.19

13.87
5.85
0.12
7.12

5.46
0.35
4.06
6.05
0.04
1.48
5.64
0.67
0.58

5 0  L

PCL

SS

He
06

t(L,PCL)

He
0 6

t(PCL,SS)

He
06

t(SS,L)

6.14
0.02
1.16
6.35
0.44
3.67
5.66
0.15
8.08

7.06
0.23
3.72
6.42
0.36
0.51
6.57
0.62
1.82

6.03
0.28
0.56
6.11
0.19
3.54
5.79
0.11
1.92

5.98
0.68
2.78
6.76
0.06
4.24
6.41
0.19
1.49

7 0  L

PCL

SS

Us
06

t(L,PCL)

Me
06

t(PCL,SS)

Ms
06

t(SS,L)

5.85 
0.05 
0.43
5.86 
0.05

34.64
5.04
0.04

33.35

7.31
0.14
7.02
6.67
0.18
3.81
6.99
0.11
4.33

6.77 
0.09

15.17
6.03
0.07
1.78 
6.21 
0.23 
5.57

6.68
0.24
1.45
6.46 
0.26 
4.88 
5.78 
0.22 
6.70
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Appendix T The effect of aggregate type on light reflectance for a screed surface finish 

(top) and tamp surface finish (bottom) for March 2011

♦  LS-0%GGBS BPCL-OroGGBS ASS-0%GGBS
XLS-70%GGBS XPCL-70%GGBS • S S - 7 0 % G G B S

V
X

♦
♦

X ■

■ 4

1 I 1 1 1 1
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Appendix U The effect of GGBS concentration on light reflectance for March 2011

♦  CastO% ■  Cast 30% A Cast 50% X  Cast 70%
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♦  TampO% ■T am p30%  ATam p50%  XTam p 70%
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Appendix V  The effect of GGBS concentration on light reflectance for July 2011

♦  Cast 0% ■  Cast 30% ▲ Cast 50% X  Cast 70%
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♦  Tamp 0% ■  Tamp 30% ATamp 50% XTamp 70%
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Appendix W The effect of GGBS concentration on light reflectance for March 2012

♦  CastO% ■  Cast 30% A Cast 50% X Cast 70%
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♦  TampO% ■Tam p 30% A Tam p50%  XTamp 70%
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Appendix X  The effect of surface finish type on light reflectance -  March 2011
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Appendix Y The effect of surface finish type on light reflectance -Ju ly  2011
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Appendix Z The effect of surface flnish type on light reflectance -  March 2012
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Appendix AA The effect of GGBS concentration with age on light reflectance for cast, 
brush, screed and tamp finishes (in order)
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Appendix BB The effect of surface finish with age on light reflectance for 0, 30, 50 and
70% GGBS (in order)

▲ Screed- March 2011

O Brush- July 2011
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▲ Screed- March 2011 
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Appendix CC Results of greyness for each specimen for three data sets

S u rface Finish Cast Screed Tamp Brush

GGBS Agg.
Aug-

11
Feb-
12

Feb-
13

Aug-
11

Feb-
12

Feb-
13

Aug-
11

Feb-
12

Feb-
13

Aug-
11

Feb-
12

Feb-
13

0 L 0.55 0.55 0.55 0.75 0.75 0.75 0.65 0.65 0.65 0.70 0.70 0.70

0.60 0.60 0.60 0.75 0.75 0.75 0.70 0.70 0.70 0.75 0.75 0.70

PCL 0.60 0.65 0.55 0.70 0.70 0.70 0.65 0.65 0.65 0.70 0.70 0.60

0.60 0.60 0.60 0.80 0.80 0.75 0.70 0.70 0.70 0.60 0.60 0.60

SS 0.55 0.55 0.55 0.70 0.70 0.70 0.65 0.65 0.65 0.65 0.65 0.60

0.60 0.60 0.60 0.70 0.70 0.70 0.65 0.65 0.65 0.65 0.60 0.60

30 L 0.60 0.60 0.60 0.80 0.75 0.70 0.75 0.75 0.75 0.75 0.75 0.75

0.70 0.70 0.70 0.85 0.85 0.80 0.80 0.80 0.75 0.75 0.75 0.75

PCL 0.70 0.70 0.55 0.75 0.75 0.80 0.75 0.75 0.75 0.75 0.75 0.75

0.60 0.60 0.60 0.75 0.75 0.70 0.70 0.70 0.70 0.65 0.65 0.65
SS 0.50 0.55 0.55 0.80 0.80 0.80 0.75 0.75 0.75 0.75 0.75 0.75

0.65 0.65 0.65 0.80 0.80 0.75 0.75 0.75 0.70 0.80 0.80 0.75

50 L 0.70 0.70 0.65 0.80 0.75 0.70 0.75 0.75 0.70 0.80 0.80 0.75
0.70 0.70 0.70 0.80 0.75 0.70 0.75 0.75 0.75 0.80 0.80 0.75

PCL 0.70 0.75 0.65 0.80 0.80 0.70 0.75 0.75 0.70 0.85 0.85 0.80

0.70 0.70 0.70 0.75 0.70 0.70 0.70 0.65 0.65 0.75 0.75 0.70
SS 0.65 0.65 0.65 0.80 0.75 0.70 0.75 0.75 0.70 0.80 0.80 0.80

0.70 0.70 0.70 0.85 0.80 0.75 0.75 0.75 0.75 0.85 0.80 0.80

70 L 0.75 0.75 0.70 0.90 0.85 0.80 0.85 0.80 0.80 0.85 0.80 0.80
0.70 0.70 0.70 0.85 0.80 0.80 0.80 0.75 0.75 0.85 0.85 0.80

PCL 0.70 0.70 0.70 0.75 0.70 0.75 0.70 0.70 0.80 0.80 0.80 0.80

0.65 0.65 0.65 0.85 0.80 0.75 0.70 0.70 0.70 0.80 0.80 0.75

SS . 0.70 0.70 0.70 0.90 0.80 0.75 0.85 0.80 0.80 0.80 0.80 0.80

0.75 0.70 0.70 0.80 0.75 0.70 0.80 0.75 0.75 0.85 0.80 0.75
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Appendix DD The influence of GGBS concentration on internal temperature for LS 
aggregate for cast and screed surface finishes (12th March 2011) and tamp and brush

surface finishes (21*‘ April 2011)
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Appendix EE The influence of surface finish on internal temperature for LS aggregate for 
0 and 50% GGBS (2"“ July 2011) and 30 and 70% GGBS (30"‘ July 2011)
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Appendix FF The influence of GGBS concentration on internal temperature for PCL 

aggregate for screed and brush surface finishes (6th July 2011) and cast and tamp surface
finishes (16'*' March 2011)
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Appendix GG The influence of surface finish on internal temperature for PCL aggregate 
for 0 and 30% GGBS (19"’ March 2011) and 50 and 70% GGBS (IS'" April 2011)
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Appendix HH The influence of GGBS concentration on internal temperature for SS 
aggregate for cast and brush surface finishes (3rd June 2011) and tamp and screed

surface finishes (H"" June 2011)
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Appendix II The influence of surface finish on internal temperature for SS aggregate for 0 
and 30% GGBS (10“’ April 2011) and 50 and 70% GGBS (2nd June 2011)
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Appendix JJ Breakdown o f areas in Trinity College Dublin

S c ie n c e  E n d  R o o f A re a  (m ^)
M u se u m 1.3D0
P rin tin g  H o u se 600
A ras s n  P h io rs ig h 1.350

SBC 730
S ecu rity  C en tre 940
B u ild in g s  O ffice 2,360
Civil Eng B u ild in g 650
Luce H all 1,360

B o tan y 410
B o tan y  H ut 225

C o m p u te r H ut 190
SNIAMS 1,2S0
LLOYD 1,435
F itzg e ra ld 460

F hysio logv 460
Z oology 720
R o b e r ts  Lab 500
B io c h em is try 545
A n a to m y 360
C h em istry 2,400
D e n ta l  H o s p i ta l 3,260
M oyne In s t i tu te 1,040
P av illio n 370
S c ien ce  Block 7,930
N a u g h to n  in s t i tu te 2,000
M isc(PC  Hut) 150
Total 33,025

A r ts  B lo c k  R o o f A re a  (m ^)
H o u s e s  1-5 603
H o u s e s  6-10 922
P u b lic  T h e a tre 740

C h ap e l 425
R e g e n t H o u se 300
A trium  & D im n g  H all 2,400
R e a d in g  R oom 700
N ew  S ite 460

D.H.G 1.39D
O id Library 1,230

A rts B u ild in g 4,120
H o u s e s  11-14 & 27 670
H o u s e s  15-20 790
GMB & H o u s e s  28+30 1.000

R ubrics 22-26 550
Berl<eley L ibrary i .6 o :
U s s h e r  Library 1.090
M is c e l la n e o u s 390
H o u s e s  33-37 870
H o u s e s  38-40 880
H o u s e s  47-52 730
N a s s a u  St E n tra n ce 290
C a m p a n ile 110
Total 22,466

C o b b le d  A r e a s A re a  (m ^)
F ro n t S q u a re 8,202
Total 8.202

E x c lu d e d  A r e a s A re a  (m ^)
C h ie f S te w a rd s  H o u se 1.355
P ro v o sts  H o u se 7.572
O iSin H o u se 1.700
Park L ane  E ast 385

Total 11,012

G r e e n  A r e a s A re a  (m ^)
F ro n t Arch 650
F ro n t S q u a re 1.227
Library S q u a re 3,640
B o tan y  Bay 1,698
F e llo w s  S q u a re 2.000
R ubrics 692
N ew  S q u a re 4,620
M u se u m 1.218
C o lle g e  Park 20,920
R ugby G ro u n d 9,460
M is c e l la n e o u s  A rea s 4,580
Total 50,705

Miscellaneous Area (m‘)
Chenistry 210
Red Brick Areas 1,000
Behind Ijce Hall 400

Sehmd Parsons Bu l̂d nj 500
Beside Luce Hail 510
The Arches 1,175
Areas between Anat S. PC Hut 3M
Pav'irj between O'fieillv and Naujhton 1,375

Miscellaneous 1571
Total 7,M1

Main Asphalt Carparks Area |in‘)
Nassau St 2,000
Botany Bav 1,320
Nevj Square 2,536

Ruiby Ground 1,117
Total 6,973

Asphalt Pavements Area (m“)
Arts Building 1,620
GMB Front Area 670
Oisin House Lane 870

Civil Enjinesrmj Building Front 1,454
MSO & Fitigerald Building 2,646
Parade Ground-Nassau St Carpark 3,510
Total 10,100

Concrete Areas Area (m’|
Nassau St (Ussher Ubrsry) 250

Arts Biock Ramp 65
Berkeiev Library Square 1026
Pai'-ng Siabs-behind housese 15-20 5S3
Pai'^ng Slabs Atrium Corner 460
Pav:ng Slabs (House 14) 115
SBC 410
Civil Engineering Rear 636
Luce Hall 5S
SNiAMS and LLOVD 300
Smurfit Institute 367
Science Entrances (Pano: Hamilton) 374
Parsons entrance ■* footpaths 672
Moyne Institute and Pavillion 611
0 Reilly Institute 162
Total 6.089

Asphalt Footpaths Area |m ’)
Janes Ussher Library 1,510

Fellows Square 755
Botany Bay 603
Campanile 300
New Square 422
College Park-Berkeley Side 810
House 43-50 70
SoardivBik 1,9!S
Surrounding Huts 530
Luce hall 359
Moyne and Pavillion 365
Naughton Inst tute 1,305
Total 3,077
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