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Abstract

Pozzolans were used by ancient civilizations tcaechk the properties of mortars and
concrete and are now regaining popularity as susbée, environmentally-friendly
alternatives to cement. This paper studies théi@akhips amongst some properties
of nine pozzolans and their impact on compresgnength and setting time of the
resultant composites. Its objective is to assishaking informed choices in the
selection of pozzolans for the production of mari@nd concrete. Results indicate
that each pozzolan has a specific water demandnitr&iases with its specific surface
area; and that a high water demand by the pozaidavs down the setting of the
paste but does not undermine the strength of thgosite. It was also found that
specific surface has a much greater influence emiiter demand of the paste than
particle size or lime:pozzolan ratio. The resukpased the adverse effect of a small
water increase on setting time, and the lack attiaiship between setting and
reactivity. It was evidenced that the pozzolan®keate the final set of lime by at
least 40%, and that the specific surface areaeoptizzolan and its amorphousness are
the most important variables affecting reactivitylatrength. Strength development
and reactivity results allowed determining the nrestctive pozzolans.

Keywords. pozzolan, particle size, specific surface, amorghess, water demand,
reactivity, compressive strength, setting time

1. Introduction

Pozzolans are materials with an amorphous silicemusiliceous and aluminous
content that react with portlandite (Ca(@QH)n the presence of water to form
cementitious hydration products (calcium silicated acalcium silicate aluminate
hydrates). They have been used to enhance the rpesp®f composites since
antiquity. The oldest evidence of the use of pamslhas been found in the Neolithic
period (7000 BC) in Galilee (Caijun 2001 refering Malinowski et al.). Today,
growing environmental concerns have focused onimguand recycling materials.
Pozzolans are often industrial or agricultural bgeucts. Using them in composites
carries environmental benefits, reducing the neggatnvironmental impact of
building. The replacement of conventional industbanders by pozzolanic waste
material lowers the cost of construction and ergbiet only recycling waste whose
disposal poses a threat for the environment, &d st¢ducing energy consumption,
non-renewable, raw material consumption ang €@issions (Pavia & Regan 2010).
Pozzolans can enhance durability of compositebepdre used in the production
of high performance PC concrete with a view to iowerthe service life of concrete
structures. The filler effect of pozzolans incregsilensity and strength is well known
and has been previously reported. When used asawddin lime or PC composites,
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pozzolans can act as nuclei for the precipitatiomydration products refining pore
structures and increasing density plus reducinggtyron account of their filler

effect. In contrast, pozzolans partially repladi®t@ usually result in materials of
higher porosity (especially at early ages dueredaction of hydration products) but
lower permeability and sorptivity and smaller defion coefficients than the parent PC
(Massazza refering to Day et al. 1989; Ganesah 20@8; Chindaprasirt and Rukzon
2009). As a result, the penetration of ions, batledpillary suction and by diffusion,

is lower in pozzolan cements than in PC pastesthpdgfore, their resistance to salt
attack and leaching of lime improves (O’'Donnelakt1995; Higgins 2003; Luo et al.
2003; Chindaprasirt et al. 2007). The resistanqeoazolan cements to sulfate attack
is further increased as replacement of PC by panzolwers GA and Ca(OH)

content (Massazza 2007). In addition, pozzolansarecd mechanical properties of PC
composites (Al-Jabri et al. 2006; Shoaib et al.@iacio et al. 2007). They also
affect the kinetics of hydration, the compositidrsome hydrates and the heat of
hydration of PC composites (replacing PC by pozzdiecreases the initial
autogenous temperature rise of PC - Sanchez des Rdfaias 1996; Mostafaa &
Brown 2005). Some pozzolans reduce the alkalirfith® pore solution, and this
impacts the durability of concrete.

This paper studies the impact of some physicalgnt@gs of pozzolans including
particle size, specific surface, amorphousnessnamand and reactivity, on the
density, porosity, compressive strength and setimg of composites, in order to
understand and predict the behavior and qualipoakzolan composites for building.
Lime pastes were used however, the results arécapfa to both PC and lime
composites as, in both cases, pozzolanic readibased on portlandite consumption.

When mixed with PC and water, pozzolans react thighportlandite formed
during hydration of calcium silicates. As a restlie portlandite content pozzolan-PC
pastes is lower than that of the parent PC. Thuiglt®in a reduction in the number
and size of portlandite crystals both in the pasig at the aggregate interface which
improves the microstructure of the paste by deargdkaws, enhancing the
homogeneity of the matrix (Massazza 2007), andesing the microstructure of the
transition zone (Massazza refering to Bentur at@87; Zhang et al. 1996). In
general, replacement of PC by pozzolans lowery sagngth and improves the long
term one: initially, the pozzolan behaves as art material reducing the initial rate
of strength gain. However, at greater ages, por&nlaaction begins and pozzolan
cements attain the same or higher strengths tleapatent PC.

When mixed with lime and water, pozzolans reach\pitrtlandite forming
hydration cements similar to those found upon hyaineof PC and hydraulic limes.
Pozzolans accelerate the slow hardening processofcation) of calcium limes by
imparting a hydraulic set. Pozzolanic reactioniasvsthus early strength does not
increase, however, when combined in the right rgtdzzolans increase the ultimate
strength of lime composites: the compressive stheag2 years can be as high as 3
times the 28-day strength (Massaza 2007).

Particle size, specific surface and amorphousnaas been linked to reactivity by
former authors. It is widely accepted that an iaseeof specific area and/or decrease
in particle size will expose a greater surfacehtensical reaction enhancing reactivity,
and that amorphous structures are more reactivedtyatalline ones on account of
the greater mobility and superficial location oéithatoms: glassy pozzolans are
considered to be active, while weak pozzolans ladesv glass content associated to
significant amounts of crystalline minerals. Thiralso an obvious relationship
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between pozzolan reactivity and compressive stheoijthe resultant composite (the
hydration products of the pozzolanic reaction dbnote to the strength of the paste).

The setting time of some pozzolan cement doesiffet fom that of PC. Some
pozzolans such as fly ash usually delay both irata final setting times (Massazza
2007 refering to Berry and Malhotra 1987). Finaflgzzolans can either increase or
reduce water demand, depending on the nature gictkeolan and the properties of
the binder with which they are mixed.

2. Materialsand Methods

2.1 Materials

Nine pozzolans were studied including Ground Graieal Blastfurnace Slag
(GGBS); Leca; Pulverised Fuel Ash (PFA); CalcindayGMetaStar); Microsilica
(MS); Rice Husk Ash (RHA); Red Brick Dust (RBD);l@iand Yellow Brick Dust
(YBD). Two lime:pozzolan ratios 1:1 and 1:3 (by glet) were investigated. The
water content was fixed to produce a flow diametekt65mm. A hydrated
commercial lime (CL90s) complying with EN 459-1waesed.

2.2 Properties of the pozzolans

Chemical composition was determined by XRF analyssg a Quant’X EDX
Spectrometer and a UniQuant analysis package. arhples were mixed with
Hoescht wax and pressed into aluminum cups usiif@@ytanne hydraulic press.
Amorphoussness was analysed by X-Ray DiffractioRDXusing a PW1720 XRD
with a PW1050/80 goniometer and a PW3313/20 Cypkahnode tube at 40kV and
20mA. Measurements were taken from 3 to 60 dedg&st 0.02 degrees/second.
Particle size was determined with laser diffraciiptalvern Mastersizer 2000).
Specific surface area was measured using a QuaotaetNova 4200e and the BET
method, a model isotherm based on adsorption obgassurface.

2.3 Reactivity of pozzolans: chemical activity index

This method follows the pozzolanic reaction indileby measuring the changes in
the conductivity of a saturated lime and pozzolant®on. The fixation of dissolved
Ca(OH) reduces portlandite concentration in solutionglieg to a decrease in
conductivity. 4g of pozzolan were added into arsdtd solution of lime (electrical
conductivity reading 9.8mS at 20°C). The solutiaswontinuously stirred by a
magnetic stirrer and the conductivity and tempeeatmeasured at intervals over
125hours using a WTW LF 197 conductivity meter vétfietracon 325 probe.

2.4 Pozzolan water demand and setting time of the paste

Water demand was assessed by measuring initialiil@ecordance with EN459 for
ratios 1:1 and 1:3 (lime:pozzolan). The water conteas adjusted to produce a
165mm flow diameter. Mixing was in accordance viath 459 except for the addition
of the pozzolan (added after 1 minute and the mgistopped for 30 seconds). Setting
times were measured on the pastes above, incltigengater required in order to
produce a standard consistency (165mm flow).

2.5 Compressive strength development

The prisms were demoulded after 1 day and storaccuring room at 20°C+3°C
temperature under damp hessian to maintain hurmadity95%. The unconfined
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compressive test was measured with a Zwick loadiaghine according to EN459.
Water content was determined by fixing initial flotne low water demand pozzolans
(GGBS, Leca, PFA, RBD, Tile and YBD) were givennad:pozzolan:sand:water
ratio of 1:1:3:1 and therefore a binder: waterorafi 0.5 while the ratio for those with
a with a higher water demand (Meta, MS and RHA$:1:3:1.5.

2.6 Bulk/real densities and porosity

These were tested on the compressive strength sarfipILEM 1980). Bulk density
(0) is the ratio of the dry mass of the sample tditk volume while real density)
is the ratio of the dry mass to its impermeablein@. Both inform on grain packing
and compaction and enable calculating the effectivepen porosity (P).

3. Reaults

3.1 Particle size, surface area, composition, amor phousness and water demand.
Figure 1 includes the particle size distributiortled pozzolans. According to the
results, Metastar, RHA and GGBS are the finest. mMlweosilica particles flocculated
during the laser analysis on account of their exélg small size, therefore, the MS is
finer than determined by the laser method. Accaydinthe specific surface area
results (Table 1), MS, Metastar and RHA have a ngrehter specific surface than
any of the other pozzolans.
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Figure 1 - Particle size distribution of pozzolans.

Table 1 - Specific surface area of pozzolans.

Pozzolan GGBS| Leca| PFA|[ Meta] Ms| RBO RHA Tie|[ YBO
Surfacearea m°/g | 2.65| 1.28] 4.09 18.3 236 4.49 137 4]16 (31

The chemical composition and amorphousness ofdheqgtans are included in table
2. Amorphousness was loosely categorised into dpgroanging from totally
amorphous (displaying a large amorphous hump aratystalline fraction in the
XRD pattern) to slightly amorphous (very small aptayus hump). According to
these, GGBS, Meta, MS and RHA are the most regdtilewed by Leca and PFA.
Finally, YBD, RBD and Tile are the least active polans. The water demand of each
pozzolan was calculated based on the water denfahd bme (water:lime ratio for
the lime to flow 165mm is 0.862), the amount ofdiand pozzolan, and the total
water content of the paste. According to the restitie pozzolans were divided into
two groups of high (Meta, MS and RHA) and low (GGB8ca, PFA, RBD, Tile and
YBD) water demand respectively.
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Table 2 - Chemical composition and amorphousness of the pazzo- not detected.

POZZOI an S|Oz A|203 CaO F6203 803 MnO K 20 M gO Rate of
amor phousness
GGBS 34.14| 13.85 39.27 0.41 2.43 0.2p 0.46 8.635) Tdtally
Leca 52.78| 24.39 359 1142 0.34 0.3 2.42 2.703) Infermediate
Meta 51.37| 45.26| - 0.52 - - 2.13 0.54 (4) Mostly
MS 92.10| 2.13 1.10 1.64 0.28 - 1.32 1.0b (4) Wos
PFA 65.32 | 24.72 0.94 4.84 0.37 - 1.3} 0.68 )(3-2
Intermediate to
slightly
RBD 48.24 | 22.15| 10.31 6.6f 6.94 - 2.9Y 1.1)7 ()h8y
RHA 93.84 1.93 0.68 0.29 - 0.12 1.38 0.46 Mdptly
Tile 46.61 | 21.47| 11.34 719 7.62 - 3.0% 1.1p  Sihtly
YBD 43,90 | 44.94 0.36 211 - - 1.27] 6.28 (2pBily

3.2 Effect of pozzolan properties on water demand

The results indicate that water demand dependseopdzzolan’s particle size and
specific surface, and on the lime:pozzolan ratigyfe 2). However, specific surface
has a considerably greater influence on water ddrttean particle size or ratio. As
expected, the greater surface pozzolans had arhigiter demand. Specific surface
has a much greater influence on water demand thdiclp size (RHA and GGBS
have a similar particle size but RHA has a grestigiace and significantly higher
water demand). It was noted that replacing lim@dszolan lowered the water
demand of all pastes with the exception of Metadthais is due to the greater water
demand of the Metastar with respect to lime on aetof its high specific surface.
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Figure 2 - Water demand of pozzolans in lime:pozzolan pastestios 1:3 and 1:1

3.3 Reactivity of pozzolans and strength development of the paste
A high reactivity (acceleration of the pozzolargaction) positively affects strength
development because strength builds up with inorgasmount of combined lime.
Therefore, strength development and reactivityrfabal index) are closely related.
According to the strength and chemical index res{iiable 3), Metastar, GGBS,
RHA and MS are the most reactive (Walker and P20120). These pozzolans are
either totally (GGBS) or mostly amorphous (MetasRiA and MS). In addition,
Metastar, RHA and MS have a specific surface mughen than any of the other
pozzolans, while GGBS has a lower specific surfadat is amongst the finest. This
indicates that specific surface and amorphousmessngortant variables affecting
reactivity and strength development. Although restsitive to the chemical reactivity
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index, GGBS has a strength comparable to that aasfiar, much higher than any of
the other pozzolans, therefore, it can be consibda@neongst the most reactive.

Table 3. Pozzolan reactivity and compressive strength efpidsste. (*) ratio of the
compressive strength of the lime/pozzolan mix stemdard lime/sand mix.

Pozzolan | Compressive strength (*) Chemical Activity Index
Phase 1 % drop Latent Period (hr§)

GGBS 29.5 - -
Leca 4.6 - -
PEA 3.4 3.4 65.0
Meta 38.1 9.8 18.0
MS 12.5 4.3 39.5
RBD 2.5 2.5 91
RHA 12.0 6.8 55.0
Tile 3.3 3.5 90.0
YBD 1.2 3.9 67.0

Strength increases with decreasing particle siiggi(€ 3). The well known filler
effect of fine pozzolans is partially responsilie the high strength of the finer
pozzolans (GGBS, Metastar and RHA). A clear retetiop between increasing
amorphoussness (Table 3) and increasing reactwasyestablished for the nine
pozzolans (Figure 4). In addition, the higher walkemand pozzolans show the
greatest 28-day strength, therefore, water dematiee@ozzolan does not affect
compressive strength of the paste. Metastar andSsl@gher compressive strength
values than any other pozzolan; followed by théntsdica RHA and MS (68%
reduction); and finally the PFA, Leca and brick du89% lower than the Metastar).

45 45
= & GGBS
2 40 4 *GGBS 40
35 4 m Leca 35
3301 ¢ Meta 304 'S
25 PFA 25 | MS
20 X RBD 20 4 X PFA
154 ® RBD
® ® RHA 15
10 + Tile 104 +< +RHA
5 1 ] -YBD -Tile
0 X = X u
. . . o YBD
0 200 400 600 800 0
D90 (um) increasing >
Amorphous Content

Figure 3& 4- Relationship between patrticle size and strengtlebpment (left) and
influence of increasing pozzolan amorphousnesgrength (right)
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3.4 Setting time

All pozzolans reduced the final setting time (wltempared to that of the lime alone)
by at least 40% (Figure 5). In addition, exceptR&A and MS, the pozzolans also
accelerated the initial set (Figure 5). The redililtisnot evidence a relationship
between setting time and pozzolan reactivity, théy be due to the low speed of the
pozzolanic reaction. In addition, a pozzolan camioee reactive than other and yet
need more time to set if the hydration productsally formed make a smaller
contribution to the stiffness of the paste.
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It was evidenced that a small increase in watetertr{5%) significantly retards
setting. The adverse influence of water increasealso evidenced in the Metastar
paste. Here, due to the great water requiremethisopozzolan, setting time had to be
measured in a 1:3 paste which provided values caabfgto those of other pozzolans
in 1:1 pastes. It can be seen from the resultshieaGGBS paste sets significantly
faster than any other paste. It is the fasteset@ldp an initial set and takes only 7
hours to fully set. GGBS can contain calcium stksaand aluminates similar to those
found in PC clinkers, thus being a hydraulic ratihen a pozzolanic material. Neither
silicates nor aluminates were detected with XREhenGGBS, however, it can
contain a small amount of silicates/aluminates #éinataccelerating set (the limit of
detection is 5%). In addition, the GGBS contaitttelialumina (13.85%), however, it
is the only pozzolan that is totally amorphous hasd a high calcium content
(39.27%). These may also contribute to the eatlplthe GGBS paste.
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Figure5. Setting time of lime and lime:pozzolan pastesatbrl:3, except for
Metastar with a ratio of 1:1 (each value is an agerof 3 results).

3.5 Densitiesand por osity

The high water demand pozzolans (Meta, RHA and d&)lay the lowest real
density and greatest difference between real aliddansity thus including the
greatest amount of voids. In contrast, the low wd&mand pozzolans (GGBS, PFA,
RBD, Tile and YBD) have a real density greater ttiat of the reference lime. The
results agree with Papayianni (2006) who determihat in lime pozzolan mortars,
water/binder ratio is the most important factotuehcing porosity.
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Figure 6. Real and bulk densities of lime:pozzolan mortars.

For both the high and low water demand pozzolanslagionship between particle
size and porosity was evident (figure 7), with @ityoreducing as pozzolan particle
size decreases. The well established relatiors#tyween increasing strength with
reducing porosity in lime pozzolan mortars was ewicat the two water contents
(figure 8). However as noted by Papayianni (2088&ngth is also dependant on the
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pozzolanic reactivity and hence the Meta, RHA arfsl déspite having a higher
porosity on account of the high water demand a¢seta higher strength.
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Figure 7& 8 - Relationship between porosity and particle sief)(and strength
(right).
4. Conclusion

The conclusions below can contribute to makingndorimed choice in the selection
of pozzolans for the production of quality buildiogmposites.

When high reactivity and a high strength develeptmate are required, pozzolans
of high specific surface area and amorphousnessdhbe used. The fact that strength
also increases with decreasing particle size shalstiibe taken into account.
According to the strength development and the nafctesults, Metastar, GGBS,
RHA and MS are the most reactive pozzolans.

Water content should be carefully determined inprmeluction of pozzolan
composites as a small increase in water contehsigitificantly retard the set and
will increase the porosity of the composite. Eaohzmlan has a specific water
demand that is mainly determined by its specifitage area, however, a high water
demand by the pozzolan will not undermine the casiipts compressive strength.

Acknowledgements

The authors thank the EPA for funding this reseaftiey also thank the Traditional
Lime Company, Clogrennane Lime, Larsen BuildingdRicis and Ecocem for
providing materials; Dr R. Goodhue (Geology Deahdl Ms E. Treacy (Geography
Dept.), Trinity College, for their help with the XRand laser equipment respectively.

References

Al-Jabri, K.S, Taha, R.A., Al-Hashmi, A, Al-Harthp,.S. (2006), ‘Effect of copper
slag and cement by-pass dust addition on mechgmicpérties of concrete’,
Construct Build Matef0, 322—-331.

Caijun, S. (2001), ‘Studies on several factorsddiifgg hydration and properties of
lime-pozzolan cementsJournal of Materials in Civil Engineerind3, 6, 441-445
Chindaprasirt, P., Kanchanda, P., Sathonsaowaphakao, H.T. (2007), ‘Sulfate
resistance of blended cements containing fly astriae husk ashConstruction and
Building Materials,21, 1356—-1361.

EN 459-1 (2001), Building lime. Definitions, spec#tions and conforming criteria.
EN 459-2 (2002), Building lime—test methods. CEN.

8 R. Walker, S. Pavia



In: BCRI Bridge Infrastructure Concrete Research Ireland University of Cork.

Ganesan, K., Rajagopal, K., Thangavel, K, (20@8ice husk ash blended cement:
Assessment of optimal level f replacement for gitemnd permeability properties of
concrete’ Construction and Building Material22, 1675-1683.

Giaccio, G., Rodriguez Sensale, G., Zerbino, ROT20Failure mechanism of normal
and high-strength concrete with rice-husk a€i@m. Concr. Composite2), 566-574
Higgins, D. D. (2003), ‘Increased sulfate resistanf ggbs concrete in the presence
of carbonate’Cem. Concr. Compo<25, 8, 913-919.

Luo, R., Cai, Y., Wang, C., and Huang, X. (2008}udy of chloride binding and
diffusion in GGBS concreteCem. Concr. Res33, 1, 1-7.

Massazza, F. (2007), ‘Pozzolana and pozzolanic semé: Hewlett P.C. Ed. Lea’s
chemistry of cement and concreigsevier, UK, 471-602.

Mostafaa, N.Y. and Brown, P.W. (2005), ‘Heat géltation of high reactive
pozzolans in blended cements: Isothermal conducterimetryThermochimica
Acta, 435, 2, 162-167

O’Donnell, C., Dodd, V., O'Kiely, P., and RicharagdM. (1995), ‘A study of the
effects of silage effluent on concrete: Part 1n8icance of concrete characteristics’,
J. Agric. Eng. Resf0, 83-97.

Papayianni, I., Stefanidou, M. (2006 ), * Strengtbresity relationships in lime—
pozzolan mortarsZonstruction and Building Material20, 700—705

Pavia, S., Regan, D. (2010), ‘Influence of cemdntdust on the physical properties
of calcium lime mortars'Materials and Structure<3, 381-391.

RILEM (1980), ‘Essais recommandeés pour mesureetaion des pierres et évaluer
I'efficacité des méthodes de traitement. Mat. ets<CBull. Rilem,13, 75, 216-220.
Sanchez de Rojas, M. I. and Frias, M. (1996), ‘Ptezolanic activity of different
materials, its influence on the hydration heat ortars’, Cement and Concrete
ResearchVolume, 26, 2, 203-213.

Shoaib, M.M., Balahab, M. M., Abdel-Rahmanb, A(@000), ‘Influence of cement
kiln dust substitution on the mechanical propentiesoncrete’ Cement Concr Res
30, 3, 371-373.

Walker, R., and Pavia, S. (2010), ‘Behaviour armpBrties of Lime-Pozzolan
Pastes’, irBth Int Masonry Conferenc®resden University of Technology.

Zhang, M.H., Lastra, R., Malhotra, V.M. (1996),¢B-husk ash paste and concrete:
some aspects of hydration and the microstructutbeointerfacial zone between the
aggregate and pasteGem. Concr. Res26, 6, 963-977.

R.Walker, S. Pavia -9-



