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Abstract

This work is part of a wider research programme diras at producing alternatives to
conventional building materials. The aim of thijpct is to investigate several
physical properties of a sustainable, carbon-neggalime-hemp biocomposites which
can patrtially replace existing, non-biodegradahte-sustainable, building materials
of high embodied energy and high £€®missions. The shrinkage, flexural and
compressive strengths of these lime-hemp concnetade with either calcium lime or
a commercial binder with a cement content and wagryime:hemp proportions (1:9,
1:1 and 3:1), were investigated according to tHeveat European standards. The
shrinkage and strength development at 7, 28 andl&88@ were monitored. The
relationship between shrinkage and binder type,pheamtent and water content was
observed.The development of the flexural and compressivengtths shared several
characteristics but their behaviour departed iati@h to increasing hemp content with
compressive strength continuously decreasing wideural strength varied little
between 50% and 75% hemp content.
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1. Introduction

The construction industry is non-sustainable. feisponsible for the consumption of
non-renewable raw materials and fossil fuels, aod High CQ emissions that
adversely impact on the environment. In light a$ thhere is a critical need to develop
sustainable alternatives to conventional buildingterials of high embodied energy
responsible for high C{emissions.

Lime-hemp composites, are providing such altereatiand can replace high
embodied energy materials for certain applicatiofbey have been used in
construction in France since the 1990s, and thezenaw several hundred hemp
buildings in the country. Lime-hemp concrete hasodbeen gaining popularity in
Ireland in recent years, and there are now ovdsu2idings constructed in lime-hemp
concrete and a further 100 that have been thermagdiyraded (Pronchetti, 2010)
throughout the country.

A lime-hemp concrete is a composite material, casing of hemp shiv, which is
the woody interior of the hemp stalk, and lime. Hydic lime, pozzolans and cements
may also be added to the binder to reduce seitimgst Lime-hemp concrete acts as a
CO, sink and 1 of lime-hemp concrete wall can sequester over 06k CO
(Bevan and Woolley, 2008). Lime-hemp concrete displays good thermal, acoustic
and fire properties.
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The physical properties of lime-hemp concrete éiler®t well known which affects
their uptake into mainstream technology. As parttho$ research, three important
physical properties are examined including shriekagd flexural and compressive
strength. Two binders were investigated: a hydrditeé and a commercial binder
incorporating cement and other pozzolanic and ralnedditions. The hydrated lime
will set purely through carbonation while hydraudidditions in the commercial binder
will result in a partial hydraulic set which isaster process. The effect of the different
hemp shiv contents, relating to different applizasi; wall, floor and plaster on the
physical properties shall also be examined.

Shrinkage is unlikely to cause problems in propesnstructed lime-hemp
concrete walls (Bevan and Woolley, 2008). The phesmon has not been widely
investigated for lime and hemp shiv concretes,oaigin hemp fibers (sheath of fiber
inside the bark) are widely used to reduce shriakiagplasters. Shrinkage tests to
date, using hemp shiv, have produced varied restitg have not proved
representative of their performance in real liteaions (Evrard, 2003).

The effects of hemp fibers on the flexural strengtHime, cement and gypsum
binders has been investigated by Le Troédec eR@09), Sedan et al (2008) and
Dalmay et al (2010) respectivebA similar flexural loading vs strain curve was
observed by all authors in which, initially, theatbis primarily supported by the
matrix but following the occurrence of the first enascopic damage, the load is
transferred to the matrix/fiber interfaces, witbharesponding slight increase in stress
uptake and a reduction in rigidity. Unlike britt®mposites, after the peak load is
achieved, there is a gradual load decrease on micobthe progressive failure of the
matrix/fiber bonds. In addition, Elfordy et al (Z)Oinvestigated a commercial lime
binder and hemp shiv and established the relatipristtween increasing density and
increased flexural strength.

The compressive strength of lime-hemp concretestiescted more attention than
flexural strength and has been investigated by lyrg2003); O’'Dowd and Quinn
(2005); de Bruijn et al, (2009) and Elfordy et @008). Lime-hemp wall concrete is
considered a non-load bearing material with congivesstrengths typically under
1.2MPa, that is typically cast around a timber feanit has low rigidity and
accommodates major deformations without rupturtbgdrd, 2003).

2. Materials and Methods
2.1 Mixing

Different composites were produced by mixing herhj svith either hydrated lime
CL90s complying with EN459-1 (2001) or a commerdimder (TH) which included
hydraulic and pozzolanic additions. Each binder wased with hemp in three ratios
by volume (Table 1) in accordance with the speafplication. It is noted that the
commercial binder is significantly denser than tiyelrated lime. The water content
was dependent on the amount of hemp in the miXy @i8litres of water per litre of
hemp as advised by the supplidihe 10% hemp mixes (CL90H10& TH10), on
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account of the low hemp content required additiomater in order to achieve an
adequate workability which was determined experiagn

Table 1 —Mix proportions by volume

Mix Name Binder Hemp:Binder:Water Application
By Volume % volume
CL90H75 CL90 1:0.33:3.3 Non-load bearing wall
75% hemp 25% binder
CL90H50 CL90 1:1:3.3 Floor
50% hemp 50% binder
CL90H10 CL90 1:9:22.2 Plastering
10% hemp 90% binder
TH75 Commercial 1:.0.33:3.3 Non-load bearing wall
Binder 75% hemp 25% binder
TH50 Commercial 1:1:3.3 Floor
Binder 50% hemp 50% binder
TH10 Commercial 1:9:22.2 Plastering
Binder 10% hemp 90% binder

The binder and hemp were dry mixed for approxinyai€l seconds and the water
gradually added in 100ml segments at regular iatenEach batch was mixed for 10
minutes except for the 90% binder mixes which rexglia further 5 minutes of mixing
to achieve workability. After mixing, the samplesemn transferred into prismatic
moulds filled in three layers and tamped 25 timashe The final layer was levelled
off with a steel trowel. They were stored under gdahessian for three days at
temperature 20°C+2°C and relative humidity 95%z=5%d ahen demoulded and
transferred to a curing room at temperature 20°C1&13d relative humidity 65%+5%.

2.2 Shrinkage

Testing was based on American cement standard AGHY6-96 (1996). One sample
of each mix was tested. Measurements were recoaied, daily basis, with gauges
accurate to 0.002 mm following removal from the idoan day 3 and were concluded
after 30 days by which time, changes in shrinkagefi samples were under 0.0025%
per day.

2.3 Flexural and Compressive Strength

Flexural and compressive testing was carried ouigus Zwick Testing machine. No
standards currently apply to lime-hemp concrete BNd459-2 (2001) was used to
guide the tests. Four samples of each mix weredesbading rates of 1N and 10N
per second were selected for the flexural and cesgpre strengths, respectively.

2.4 Modulus of Elasticity
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The Young’s modulus was used as a measure of iffreest of the material and was
determined by the slope of the linear part of thess-strain curve both under
compression and in flexion.

3. Results and Discussion
3.1 Shrinkage

Shrinkage is primarily due to the evaporation otexaduring drying, and therefore
shrinkage was most significant at early ages (gged 1). The decrease in length was
significant, however, shrinkage was uniform andsmgmificant cracks appeared in any
of the samples.

Shrinkage was greatest in the first 10 days. By t@ythe CL90 samples had
undergone over 90% of their total 30-day shrinkagdle the commercial mix
displayed a slower rate of shrinkage, ranging fré6i90% of the total 30-day
shrinkage. The total shrinkage at 30 days for t@mercial mix was found to be
lower than that of the hydrated lime samples fdrliaie:hemp ratios. This was
expected as mortar shrinkage decreases with inegebmder hydraulicity.
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Figure 1 - Shrinkage

The difference in the 30-day shrinkage of the tW&6lhemp mixes is greater than that
of the 75% hemp mixes; this suggests that the bitygye has a higher impact on the
total amount of shrinkage than the hemp content.

An increase in shrinkage was observed for the 76%phmixes partly on account
of the increased water content demanded by thgirenihemp content. At early stages,
the two 75% hemp samples displayed a similar rateshankage as excess water
evaporated. However, the commercial 10% and 50%phemxes have similar
shrinkage despite the 50% mix having lower wateant@ot. This suggests that the
hemp content must also contribute to shrinkage.

Shrinkage is a complex process that has an interdkgmt relationship with water
content, binder type and hemp content. Binder gymgears to have a stronger effect
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on total shrinkage than hemp content or water ciin@n site, the drying process can
take several months thus shrinkage can also exiead several months. CL90H50
results are not included on account of experimesrtalr.

3.2 Flexural Strength

The flexural strength development and mechanichbtieur of hemp composites in
flexion are included in figures 2 and 3. This reskafound that flexural strength
increased with increasing binder content betweéx 26d 50%. However, a further
increase in binder content to 90% had little eftatiflexural strength. This suggests a
contribution from the lime-hemp bonds towards fle&dral strength of the composite.
The commercial mix was found to produce samplesigrificantly higher flexural
strength than the CL90s samples. The values olotairne comparable to those from
former aurthors: the flexural strength of TH75, glhhas an equivalent composition
to the hempcrete blocks investigated by Elfordyle¢2008), had a similar flexural
strength at 28days of 1.2MPa and 1.19MPa, resmdygtifior an equivalent density.
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Figures 2 — Flexural strength development of hemp composites

Figures 3 —Mechanical behaviour of hemp composites in flexion

All samples rapidly attained flexural strength, iaeing over 90% of their total 90
day flexural strength by 28 days (with the excaptdthe 50% commercial mix). The
commercial samples developed their early flexutt@&ngith marginally faster than the
CL90s samples, likely on account of the early fararaof hydraulic products. All the
low hemp content composites gained their flexutedrgyth significantly faster than
the high hemp content samples.

Flexural strength did not continuously increasehvtime for all mixes. A decrease

was recorded for TH75 and CL90H50 between 28 amhy@) Similar behaviour was

observed by Hanley and Pavia (2008) in which flakstrength was found to decrease
in several hydraulic lime mortars between 28 anday6. In the case of hydraulic

binders, this may be attributed to the evolutiorthaf hydration products formed over
time. Behaviour after 90 days was not measured.
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Figure 3 shows a representative example of theviairaof the hemp composites
under flexural loading. The 10% hemp mixes with ocmercial binder act in a brittle
manner, and the flexural load vs strain relatiopgiier the point of rupture displays a
similar behaviour to that observed by Le TroédealgR009) and other authors (as
discussed in the introduction). This suggests thathemp shiv particles act in a
manner similar to hemp fibers at low concentrations

The 50% and 75% hemp composites exhibit a lowed larying capacity and
progressive failure takes place in a ductile manmbe binder type has the greatest
influence on stiffness, with the commercial samplessing a greater Young's
modulus at higher binder contents. The Young's rhugluof the commercial
composites was not observed to continuously inergath time, the TH10 and TH50
samples decreasing by 11% and 22% respectivelyeleetvday 7 and day 90. In
contrasts, the CL90s hemp composites (on accountadfonation) increased in
stiffness overtime.

3.3 Compressive Strength

An increase in compressive strength was evidertt wicreasing binder content, as
found by Evrard (2003) and other researchers (EigiwrHowever O’Dowd and Quinn

(2005) noted that increasing the hemp content lkyor3:1 ratio had little further

effect on reducing the compressive strength.

As expected on account of their hydraulic conteie commercial binder
composites displayed higher ultimate compressivengths than the CL90s ones.
However, as the hemp content increased, the hydratrength of the binder was
found to have less effect on the compressive diinepigthe composite: the 10% hemp
commercial samples were approximately 5.5 timesngir than their equivalent
CL90 mixes, however the 50% and 75% commercial s&snwere only 3.2 and
approximately 2 times stronger, respectively, ttiair equivalent CL90s mixes. The
low strength samples are approximates on accountadhbility of the standard
deviation in measuring strengths under 2MPa.

The commercial samples, on account of their hydrazdmponent, had a higher
rate of strength gain than the CL90 samples thigddresolely on carbonation for
strength development. In consequence, the ratérefigth gain of the commercial
samples increased at higher binder content whdedte of strength gain of the CL90
samples did not.

The compressive strength results obtained areivelathigh when compared to
other authors (Evrard, 2003 and de Brujin et alQ0Elfordy et al (2008) determined
a relationship between increasing density and cesgire strength and the high
compressive strengths is likely linked to a higieleof compaction resulting in high
density samples.

Figure 5 shows the mechanical behaviour of the heromposites under
compressive loading. As for flexural strength, 186 hemp samples act in the most
brittle manner while at higher hemp contents, tlebaviour is more plastic. The
behaviour of the 75% hemp mixes is a continuoustiglaleformation similar to that
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described by Evrard (2003), with an initial linealationship between stress and strain
followed by a failure of the binder matrix at a poivhere the behaviour becomes
more ductile. This is likely due to the transferstriesses to the matrix’hemp interface
which allows the sample to continue accommodatiagl |
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Figures 4 — Compressive strength development of hemp congsosit

Figures 5 —Mechanical behaviour of hemp composites under cesspve loading.

According to the stiffness measured with the Yosngiodulus, the commercial
hemp composites achieve a much higher rigidityalas noted by (de Bruijn et al,
2009) however, stiffness greatly decreases at haghp contents. The results also

show a general increase in stiffness over time.
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Figures 6 —Average Young's modulus for commercial binder sasglibjected to
compressive loading

4. Conclusion

Figure 7 - Mechanical behaviour of hemp composites underdiexi

Shrinkage is strongly related to drying. It is hasilependent on the binder nature and
influenced in a lower extent by increasing hemp @&ater contents.
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The mechanical behaviour of the hemp compositef botflexion and under
compression shows similarities: the composites imeconore plastic as the hemp
content increases. The nature of the binder appearsave a slight impact on
mechanical character with the hydraulic componehttt® commercial binder
imparting a more brittle behaviour to the compoaiteow hemp contents.

The flexural and compressive strength also sharerakesimilarities including their
dependency on the binder nature at low hemp cantéme faster strength gain and
higher ultimate values wembserved at low hemp contents for the commercial mi
The composites gained their early flexural and c@sgive strength at a similar rate,
ranging from 30% of the 90 day strength at 7 daydHe high hemp content samples
to 75% for the low hemp content mixes. The onlysgtion was the CL90s low hemp
content mixes which developed compressive strestptver than flexural strength.
The commercial binder produced samples of high#nass however the effect of the
binder was less evident at high hemp contents wherbiocomposite’s rigidity was
significantly reduced.

The main difference between the flexural and cosgive strength gain was the
compressive strength increased with increasing dvirebntent while the flexural
strength achieved a maximum value at 50% hemp obnf€his suggests a
contribution from the lime-hemp bonds towards te&ural strength of the composite.
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