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ABSTRACT: Lime hemp concrete is a sustainable, @arbegative building material that can be usedeiriain applications
lowering the environmental impact of constructiblemp absorbs large quantities of mixing water (328% s own weight at
24hours), and this may not leave sufficient moistiarthe binder for hydration or carbonation toetgitace adversely affecting
curing and strength development. This paper ingatds the effect of using water retainers to enthat sufficient water is
available for proper curing. Hemp concrete inclgda lime: pozzolan (either GGBS or metakaolin) kindnd three water
retainers (methyl cellulose and two commercial wattainers one of which is methyl cellulose basedde investigated. This
paper studies the impact of the water retainerst@ngth, drying, setting and microstructure. Isvi@und that the three water
retainers delayed setting and drying.

The commercial binders did not significantly affetiength however the methyl cellulose improveddbmmpressive strength of
both lime:pozzolan pastes and hemp concrete at tges (100 days). The increase in compressivegitreis partially
attributed to an enhanced binder water retentiahithproves hydration. This assumption is basetherincrease in the amount

of pozzolanic cements, evidenced with SEM at thahterface, in the composite with methyl cell@os
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1 INTRODUCTION

Lime hemp biocomposites are sustainable, carborativeg
materials that can replace high embodied energgnmaé in
certain applications, lowering the environmentalpatt of
construction. They are non-load bearing materidtd wood
thermal and insulation properties which are ususilg-cast,
projected or prefabricated as blocks or slabs. THee been
used in France since the 1990s and are gaininglaniguin

Europe, for example in Ireland there are now ovér
buildings constructed using lime hemp biocomposited a
further 100 that have been thermally upgraded [1].

Lime hemp composites contain a lime based binder a

hemp shiv which is the woody interior of the hemtplis
Cement is usually incorporated to produce an daytraulic
set and improve early age properties such as getimd
strength. This paper is part of a wider researadgmme
which aims at formulating a binder where cemeneaced

by pozzolan, resulting in a biocomposite with a dow X . >
Pozzolans are materials waim 2aPsorption of the hemp shiv induces a competitietwben

environmental impact.
amorphous siliceous or siliceous and aluminousesunthat

react with portlandite (Ca(OR)in the presence of water to

form cementitious hydration products (calcium sitee
hydrates and calcium silicate aluminate hydraté®rety
accelerating hardening of calcium limes by impartia
hydraulic set.

The purpose of this paper is to investigate theabielur of

water retainers in the lime-pozzolan hempcrete. eVat

retainers improve the binder ability to hold watend were
developed for use when rapid dehydration occufseeiby
absorption of a substrate or evaporation due tangr{2].

suction brick. The mortar water retention becomegrem
important as the suction rate of the brick incred8ereferring

to 4]. Similarly, in hemp concrete, the water réigmcapacity

of the binder is very important due to the hightsucrate of

the hemp.

The hemp aggregate (shiv) is a complex woody tissua
the xylem layer of the hemp stem whose main funci®
conducting water therefore, as an aggregate, ibrabdarge
amounts of water. The lime binder counteracts thigh

ssuction ability: Lime binders typically possess ighhwater

retention, values ranging from 94.2 to 99.5% haweenb
consistently measured in 3:1 mortars made with dtedr and
Ratural hydraulic limes [5], [6].

In the biocomposite, water is needed for pozzolanic
reactions to take place in the lime:pozzolan bintéater is
chemically bound to hydration products calciumcailhydrate
(CSH) and calcium silica alumina hydrate (CSAH) ,aifd
water is not present, these hydration products aaform.
Nozahic and Colinart state that following mixindpethigh

the hemp and binder for water [7] [8].

This study uses water retainers in an attempt surenthat
sufficient water remains in the binder to be usen f
carbonation and hydration. This is particularly arant in
lime:pozzolan binders, where water is required hoitially
and at later ages, due to the fact that pozzolasiction starts
early, but it is slower than cement hydration aodtimues for
long time periods.

Insufficient water in the binder also delays cadt@mn (as
Ca(OH) and CQ must be in solution to react) however,
carbonation typically occurs over months and yeed does

They are often used when the mortar is mixed witsh h not significantly contribute to early age propestie



The effect of the water retainers is investigatgdstudying absorbs water; hastening the drying of the paste giving
the microstructure of the biocomposite as well experties inaccurate results. Therefore, setting time wassorea in
including drying, setting and strength. Setting ainging are pastes in which the hemp shiv was replaced by heatpr.
important parameters as lime concrete requiresga lamount This hemp water was prepared by soaking the henfeh
of mixing water that leads to long setting and dgytimes, 45 minutes so that it releases its water solublestitoients
which are not acceptable at industrial scale [9kmig including pectins.
concrete is a non load-bearing material therefooepressive .
strength is not a critical consideration, howewempressive 2.3  Preparation of pasies
strength gives an indication of the integrity oé tbomposite The composition of the pastes is set out in Tabl®astes
including degree of carbonation/hydration and careat the made with water were included as control samplés. Water
binder/hemp interface. content was fixed for all pastes to equally compgheeeffect

of the water retainer.

2 MATERIALS AND METHODS Table 2. Paste composition
21  Materials Sample Pozzolan Lime WR Water
MW 40g M 160g - W 172g
A hydrated commercial lime (CL90s) complying witiNE MH 40g M 160g - HW 172g
459-1 was used. Two pozzolans: Metakaolin and GG&Se M'\H’”: \J;vl\F/aI((:A) jggk/'ﬂ 1289 . 4£\>lN '\QC(A) ';VV\\// gig
identified as having potential for use in the lirhemp Gt 0c o 403 v 1603 4gg WRE)  HW 172%
biocomposite on account of their fast setting tiraed high GW 60g G 140g . W 1729
reactivity [10,11]. The pozzolans’ chemical compiosi, rate GH 60g G 1409 . HW 172g
of amorphousness and surface area are includechiite TL. GH + MC 609 G 1409 4g MC HW 1729
The chemical composition was assessed by XRF uaing S * WR () 609G 140g  4gWR(A)  HW172g

: . . GH + WR (B) 60g G 1409 49 WR (B) HW 172g
Quant’X EDX Spectrometer and UniQuant analysis pgek —~ metakaolin; G- GGBS; W- water; H- hemp water:

The rate of amorphousness was indicated by X-R C-methyl cellulose; A,B- water retainers A and B.
diffraction (XRD), using a Phillips PW1720 XRD with
PW1050/80 goniometer and a PW3313/20 Cu k-alphaisanoMiXing was in accordance with EN 459-2 [12] excépt the

tube at 40kv and 20mA. The specific surface are® waqgition of the pozzolan (added after 1 minute)e Samples

measured using a Quantachrome Nova 4200e and tfie Bfore demoulded after 1 day and stored in a curignrat
method, a model isotherm based on adsorption ofogaa 20°C+3°C and relative humidity 65%210%
surface. - T

Three water retainers were investigated; modified

hydroxypropyl methyl cellulose (MC) and two commiatc 2.4  Preparation of hemp concrete

water retainers referred to in this paper as A ¢whs methyl  jocomposites were made with 20% metakaolin/80%e lim

cellulose based) and B, whose composition is unkndue to  ang 30%GGBS/70% lime; 2% water retainer (by weight

commercial considerations. Industrial hemp shiv aigsplied  pinder) was added. These pozzolan contents wersidesed

by La Chanvriere De L'aube in central France. the most suitable on the basis of reactivity, sgttiehaviour
Table 1. Chemical and mineral composition, rate of N the presence of hemp and environmental impa@{1[.

amorphouseness and surface area of pozzolans. The binder:hemp:water ratio was fixed at 2:1:3.1 &l

samples.

Pozzolan GGBS Metakaolin The binder and three quarters of the water weresthirto

SIO 34.14 51.37 a paste for 1 minute and the hemp and remainingniben

Al,03 13.85 45.26 added. The samples were mixed in total for 5.5 temuAfter
CaOo 39.27 - mixing, the samples were transferred into 100mmecub

Fe0; 0.41 0.52 moulds in a single layer and lightly tamped. Thegles were

SG; 2.43 - transferred to a curing room at temperature 20°C+and

MgO 8.63 0.55 relative humidity 65%+10%. The samples had a drysitg of

Mineralogical no quartz, tohdite, c.430kg/rﬁ.
composition crystalline  aluminium oxide,
fraction wollastonite and )
paragonite 25  Water absorption of the hemp aggregate

Rate of Totally Mostly Hemp particles were suspended in a porous badgé&aker of

amorphousness water. Overtime, the hemp absorbed water redutieagvater

Surface area ffy 2.65 18.3 content in the beaker. The quantity of water absdrby the

hemp was determined by weighing the beaker at aegul

intervals. A control sample monitored weight losse dto

22 Preparation of samples evaporation and absorption of the bag.

Due to the nature of the material, both pastescamdposites
needed to be investigated. For example, it is mssible to
determine the setting time of the biocomposite gigire Vicat
test as the organic aggregate impedes needle aptoetand



2.6  Setting time of paste

The effect of the water retainers on setting timasw

determined by comparing the Vicat test [EN 459€jults of
lime:pozzolan pastes with and without the watesinetrs.

The Vicat test determines the rate of stiffening thé
paste/mortar by dropping a needle from a fixed eind
measuring its penetration. Stiffness is relatedinging and
flocculation, the formation of hydrates and the eraif
carbonation. The initial and final setting times 88mm and
0.5mm respectively) were recorded as standardemdes to
provide comparative data between samples. Durittng,
the effect of the water retainer on drying was roees by
weighing the pastes at regular intervals.

2.7  Drying

The rate of drying of the hemp concrete was moedoby
weighing the biocomposite at regular intervals dl/@d days.
Overtime there was a net weight loss due to wabss. |
However, carbonation causes a small weight gainthas
calcium carbonate is heavier than portlandite. Fas been
disregarded as carbonation weight gain is very &vearly
ages and should be similar in all samples.

2.8

The unconfined compressive test of half 40*40*16&ms
was measured with a Zwick loading machine accorthnigN
459-2 with a loading rate of 400N/s. No standardgently

Compressive strength of pastes and biocomposite

stress (force (F) / area (a)) by the strain (tistadice travelled
by the loading point AL) and the original height of the
sample (h)) according to equation 1 below:

E- Fl/a
AL/h

)

2.10 Microstructure of the hemp concrete

The effect of the water retainer on the microstitestof the
binder, and the formation of pozzolanic reactiomducts
were investigated using a Tescan MIRA Field Emissio
Scanning Electron Microscope. The samples werehlfyes
fractured and covered with a gold coating in an sEwpe
SC500' plasma coating unit. The effect of the wadéainer
methyl cellulose was investigated in the bulk moatad at the
hemp interface at 100days. Only the methyl celkilogs
considered as the two commercial water retaineds rait
appear to impart a beneficial effect to the biocosite.

3 RESULTS AND DISCUSSION
31

Hemp shiv absorbs large amounts of water due thidghly
porous structure [7]. Mixing water is primarily abbed by
capillary action through the tracheids of the shivich are
typically oriented along the long side of the hepurticle

Water absorption of hemp

apply to lime-hemp concrete and EN 459-2 was useffrigure 4).

Typically, the composite does not break but cormtiraly

deforms, therefore, the ultimate strength was seha stress
at which the stress/strain curve departs from aalin

relationship (Figure 3).
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Figure 3. Representative stress/strain curve peaimen of
hemp concrete illustrating the ultimate compressivength
and compressive modulus.
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The deformation of the biocomposite when load igliad is

Compressive modulus
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Figure 4. SEM image of the end of a hemp aggresfaiaving
the open tracheids that absorb the mixing water.

The hemp was found to absorb approx 225% and 3Z5% o
own weight, at 5 minutes and 24 hours respectiadyshown
in figure 5. This is lower than the absorption megad by
Nozahic [7] who observed a 300% percent increas® at
minutes. The typical hemp:water ratio in hemp ceteris

plastic [13]. The compressive modulus measurestiffaess approximately 1:3 (by weight- in this research i8.1). As
of the material and is calculated as the slopdefinear part the hemp absorbs 325% of its own weight at 24hatrg)ese
of the stress vs strain curve (between 5mm and 10nffPportions, the hemp has the potential to absdrtthe
deformation) (Figure 3). It was calculated by dimgl the Mixing water. Therefore, the water retention cayaof the

binder is of great importance. Brick masonry alss lthe



potential to absorb large amounts of water from ritar.
Brocken [14] states that the water extraction ifaten the
mortar by brick is primarily determined by the siwp of the
brick, but the amount of water that remains innfartar after
reaching equilibrium strongly depends on the mantpe (its
water retention capacity).

e

Water Absorption as % of hemp weight

o 10 20 30 40 50 60 70 80

Time (hours)

Figure 5. Water absorption of hemp aggregate.

3.2  Setting time

It has been demonstrated that the soluble constguef
hemp delay setting of lime:pozzolan pastes, antdtheadelay
is greater in the lime:GGBS than in the lime:metdikepastes
[15]. This is evidenced in the results (Figuremél &), where
the pastes made with hemp water (GH, MH) are delayeen
compared to those made with water (GW, MW). In &dij it
is well established that water retainers delayirggtime [2].
This is also observed in the results in Figuresi@ & where
all three water retainers delay setting. Commereiater
retainers A and B cause a similar delay while MQaye
setting the furthest.

Setting is due to drying, flocculation and the fation of
hydration products (in this particular hemp coreras a result
of pozzolanic reaction). The water retainers celyaslow
drying: this is demonstrated by the reduced welgs of the
pastes with water retainers in table 3.
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Figure 6. Effect of water retainers on the settofglime:

pozzolan (GGBS) pastes. GH WR(A) is concealed liehin

GHWR(B).

G-GGBS; W-water; H-hemp water; MC-methylcellulose;

WR(A),WR(B)-commercial water retainers A and B.
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Figure 7. Effect of water retainers on the setbhime:
pozzolan (metakaolin) pastes.

Table 3. Weight loss of samples (between 0 ando8@sh due
to drying during setting

Sample Weight  Sample Weight
Loss Loss
MW 2.8 GW 2.4
MH 2.9 GH 2.4
MH + MC 25 GH + MC 2.1
MH + (A) 2.7 GH +WR (A) 2.3
MH +(B) 2.4 GH +WR (B) 2.3

*M- metakaolin; W- water; H- hemp water; MC-methyl
cellulose; (A) (B)-commercial water retainers A d@hd

3.3  Drying of the hemp concrete

Drying refers to the removal of the free water battthe
composite is in equilibrium with the ambient hunydiThe

open connected porosity of the biocomposite allthesinternal
transfer of fluid and facilitates the release ofexaluring drying
[13]. In the initial drying phase, liquid water Winove by
capillary forces to the surface and, later, duesdgption of
water vapour [16]. In hemp concrete, the rate gfrdy drops
as the moisture content of the sample decreasesrdiog to
the results, the GGBS hemp concrete dries fasem the
metakaolin concrete, and the water retainers sloxingl for

both. The methylcellulose and commercial waterimetaB

delay drying to a greater extent than A (Figurendl 8). The
drying delay caused by the water retainer has aativeg
impact on the concrete as long drying times are aggom
drawback in construction.
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Figure 8. Effect of water retainers on the dryifighe
lime:pozzolan (GGBS) hemp concrete
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Figure 9. Effect of water retainers on the dryifighe
lime:pozzolan (metakaolin) hemp concrete
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The trend in the compressive strength resultsidai in both
the pastes and the composites: methyl cellulosafisigntly

increases compressive strength at 100 days (MMCGVE

in Figures 10 and 11), while the commercial wagtainers A
and B tend to slightly reduce it, but do not haveoasistent
significant effect (90% confidence) on compresssieength
(MWR(A) (B) and GWR(A) (B) in Figures 10 and 11).

The methyl cellulose increases the strength of bwtpaste
and the hemp concrete, this suggests that the essipe
strength enhancement of the concrete is not sdiedyto the
water retainer improving the water retention cagyaof the
binder in the presence of hemp.

Compressive strength of pastes and hemp concrete
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Figure 10. Compressive strength of lime:pozzolastgrmat
100days. (The error bars are + standard deviation)
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Figure 11. Compressive strength of hemp concret®@days.

Previous authors have reported contradictory resut the

above agree with Mischa [17] who observed increased
compressive strength in portland cement mortadal&ys for
carboxymethyl-cellulose water retainer contentsagd%. In
contrast, Paiva [2] observed a reduction of thel@g strength

in a cellulose methyl-hydroxypropyl cement baseddeg;
and, similarly, Fu and Chung [18] also found a dase in
compressive strength with increasing methylcellellosntent
blaming this effect on the disruption of the countig of
cement phases by the presence of the methylcedlulos

35

As it can be seen from Figure 12, the samples nveitte
methyl cellulose are stiffer than those without evatetainer

or with commercial retainers A and B. This agreeth ihe
strength results evidencing that methyl cellulosthamces
compressive strength at 100days. The results gseawith

Fu and Chung [18], who, investigating PC mortéwsnd an
increase in the compressive modulus with increasing
methylcellulose content.

Compressive Modulus

90 T
~ 380 +
£
ET0 T
Z60 1
=1

550+
o

240 1
a0t
7]

g20 1
g10 1
800

WM nlinn

M MMC MWR(A) MWR(B GMC GWR(A) GWR

Figure 12. Compressive modulus of hemp concrei®@t

days.
3.6  Microstructure of hemp concrete
No significant difference was found in the paste

microstructure in specimens made with and withoethyl
cellulose. However, differences were noted at tlemgh
interface. This agrees with Arizzi [19] who obsetvinat a
cellulose water retainer did not produce any milogiiaal and
morphological change in mortar pastes.
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Figure 12. Hemp particle covered with calcium caede in a
lime:pozzolan (GGBS) hemp concrete at 100 days.

effect of different cellulose based water retair@md dosages ag expected, the surface of the hemp particles laagly

on the compressive strength of cement mortars. rébalts

covered with small scalenohedral calcite cryst&jpically



smaller than 1im (Figure 12) [15].
cracked/corroded surfaces similar to those obsebye@Gizer
et al. [20]. Differences were noted at the hemperfiace:
While hydration products did not appear at therfate in the
concrete without methyl cellulose (Figure 12), & feusters
of needle-shaped hydration products were evidenthase
containing methyl cellulose (Figures 13). This nteydue to
the methyl cellulose retaining water in the binégilitating
the pozzolanic reaction.

5.00 kv
7394 tif
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Centre for Microscopy and Analysis
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Figure 13. Hemp particle covered with calcium cadde and
clusters of hydraulic needle-like phases, in a lpoezolan
(GGBS) hemp concrete, with methyl cellulose (atd&y).

4  CONCLUSION

All water retainers delay setting and drying of Ip]em[ll

concrete, however, the methyl cellulose signifigant
improves compressive strength at 100 days.

These showed Traditional Lime Company, Clogrennane Lime and Etoc

for providing materials and also Dr Heath Bagshish, Neal
Leddy and Mr. Colin Reid (Centre for Microscopy and
Analysis) and Dr. Robbie Goodhue (Geology Departinien
their help with the SEM and XRD respectively.
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