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a b s t r a c t

Hempcrete is a bio-aggregate based composite material used for building envelopes which typically
consists of hemp shiv (hurd), lime binder and water. Hempcrete has several distinct advantages including
low thermal conductivity, effective moisture buffering, and high sound absorption, while having a high
carbon sequestration “index”. This work investigates the impact of mix proportions on hempcrete
properties and the hygrothermal performance of two proposed hempcrete wall assemblies for Ontario,
Canada. The experimental results highlight the significant influence of the binder on the density and
thermal conductivity of the final material. Thermal conductivity measurements ranged from 0.074 to
0.103 W/mK. Finally, hygrothermal analysis demonstrated that when using hempcrete in the Canadian
climate a rain screen wall system is more suitable than a mass wall.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Buildings are now accepted as a major contributor to resource
consumption and depletion across the planet (Berardi, 2016). In
response, attention has been growing significantly over the last few
years towards using sustainable building materials from biological
sources. Various research and pilot projects have looked at the
possibility of using natural materials in buildings. However, lack of
consistency in the experimental results often due to variations in
the characteristics of natural materials and the ad-hoc processes
used in their manufacture, have meant that it is sometimes difficult
to prove that natural materials are code compliant. In particular, the
importance of using natural raw fibers has been extensively dis-
cussed in recent papers that have focused on their thermal and
acoustical properties (Woolley, 2012; Berardi and Iannace, 2015;
Schiavoni et al., 2016).

Hempcrete is one such bio-aggregate- based, natural building
material which has potential for use as a thermal and acoustic
insulation system (Arnaud and Amziane, 2013). Although it may
seem to be a new material, in reality hempcrete is just a modern
version of a very old, natural composite construction material
al).
(Stanwix and Sparrow, 2014) composed of hemp shiv (hurd), lime
binder and water. At the end of its life the hempcrete can be easily
broken down and re-used in a new build, or alternatively, being a
natural product, it will break down and contribute lime and organic
matter to the land (Hemp Edification, 2015).

Hempcrete is a lightweight, cementitious, insulating material
that has many useful characteristics: it does not slump, demon-
strates more flexibility than concrete, cures within a few hours,
weighs only one-seventh the weight of concrete (by volume), and
helps to strengthen a stud wall (Kenter, 2015). Hempcrete has a low
effusivity and a high thermal inertia, so it does not take as long to
warm and once heated, it slowly releases the heat when the sur-
rounding temperature drops (Evrard, 2008). For this reason,
hempcrete has been proposed for use as a thermal insulator,
although not an exceptional one (Arnaud and Amziane, 2013).
Significant characteristics of hempcrete that affect its thermal
performance include: particle size, moisture content of the shiv,
proportions of hemp to binder, mixing methods, and placing and
compaction (Woolley, 2012).

This paper reports on a project which aims to provide more
reliable and consistent information on hempcrete in the Canadian
context through laboratory tests, literature review and one-
dimensional hygrothermal simulations. Given the variance of
hempcrete properties listed in the literature, this research aimed to
obtain measured values for several mixes of hempcrete (hemp to
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binder ratio of 1:1, 1:1.5 and 1:2) using locally grown Canadian
hemp. Further objectives included defining the required thick-
nesses of an above grade hempcrete wall to meet the thermal
performance requirements of the Ontario Building Code, 2012 and
to quantify the hygrothermal behavior of hempcrete walls in the
context of Canada.

2. Literature

2.1. Background

Hempcrete construction is relatively simple and can be installed
in three ways: spraying (shot concrete or shotcrete), moulding
(monolithic) and precasting (Collet and Pretot, 2014). Casting in-
situ (moulding) by hand-placing is most common due to its
simplicity and the ability of hempcrete to support a monolithic
insulation layer with increasing air-tightness (Bevan and Woolley,
2008; Stanwix and Sparrow, 2014). Hempcrete is usually used as
the insulation in a composite (timber frame) structure with single
or double studs (Woolley, 2012; Stanwix and Sparrow, 2014). Since
the thermal conductivity, thermal capacity, effusivity, diffusivity,
swelling and shrinkage and dampening of hempcrete and timber
(radial) are similar, this provides a quasi-homogenous system,
reducing thermal bridging issues (Evrard and HerdeDe, 2005;
Bevan and Woolley, 2008; Evrard, 2008; Alembic Studio, 2013).
Once fully hardened, hempcrete provides 10 times more racking
strength compared to traditional diagonal timber bracing due to its
superior tensile strength; adding capability to resist lateral loads
(Stanwix and Sparrow, 2014). Hempcrete creates a monolithic
material which is inherently airtight (Stanwix and Sparrow, 2014)
and if used with timber frame (composite) forms a solid mass that
is almost impossible to catch fire (Bevan and Woolley, 2008).
Arnaud and Amziane (2013) estimate that hempcrete based walls
store more carbon (262 kg CO2e/m3) than is emitted (127 kg CO2e/
m3) due to their construction, representing a lifetime net balance of
135 kg CO2e/m3. According to Bevan and Woolley (2008) and
Eberlin and Jankovic (2015), carbon sequestration of hempcrete is
between 108 and 133 kgCO2/m3. Further, there is hardly any risk of
“off-gassing” or toxicity during the in-use phase of a building, or at
end-of-life demolition (Bevan and Woolley, 2008; Ahlberg et al.,
2014; Stanwix and Sparrow, 2014).

There are essentially no industry standards for hempcrete at this
time; however, some manufacturers have established basic rules
for their own use. This results in a lack of clear cross-industry ref-
erences (Stanwix and Sparrow, 2014). As a rule of thumb a hemp-
crete based assembly should be protected from the exterior to
prevent strong water penetration, while the interior surface of the
wall can stay exposed. In addition, with hempcrete being highly
alkaline (pH > 7) any metals encased in it should be highly corro-
sion resistant (galvanized); leading to its typical use with timber
(Stanwix and Sparrow, 2014).

Consisting of flexible hemp and a more rigid binder, hempcrete
is a non-fragile elasto-plastic material which differs from other
construction materials due to its high deformability under stress,
lack of fracturing, and high ductility (Arnaud and Amziane, 2013).
Lawrence et al. (2012) stated that the compression strength of
hempcrete (0.05e0.35 MPa) is too low to make it suitable for
consideration as a structural material. Walker et al. (2014)
concluded that increasing binder hydraulicity enhanced early
strength development but did not significantly affect the ultimate
strength. In the study by Pinkos et al. (2011), the low values of the
Young's Modulus showed that hempcrete canwithstand significant
geometric changes under residual stress. Colinart et al. (2012),
stated that a balance should be struck between the good static and
dynamic structural properties of hempcrete and its thermal
performance within an enclosure.
Evrard and HerdeDe, (2005) state that hempcrete normally

stays in the hygroscopic adsorption region; however, other simi-
larly used materials are normally in the range of 40e70% RH. The
small amount of moisture in the hempcrete plays an important role
in its thermal performance. By adding a phase change between
liquid and vapour, hempcrete slows down the quick flow of heat
when temperature changes abruptly maintaining much more
thermally stable conditions (Bevan and Woolley, 2008). In fact, the
low thermal diffusivity (1.48 � 10�7 m2/s) and effusivity (286 J/
m2Ks�1/2) of hempcrete result in longer times to change tempera-
ture (time lag or decrement delay) and create a warm sensation to
the touch. Low thermal diffusivity directly relates to increased
thermal comfort within the building (Evrard and HerdeDe, 2005;
Bevan and Woolley, 2008). The relatively high thermal mass also
maintains indoor environment quality (Stanwix and Sparrow,
2014). The high vapour permeance of hempcrete allows moisture
to diffuse through the envelope and this helps to maintain indoor
environment quality (Bevan and Woolley, 2008). The moisture
buffering capabilities (passive regulation of humidity) of hempcrete
help to control indoor relative humidity and reduce the risk of
mould growth caused by dampness and condensation (Bevan and
Woolley, 2008).

The major moisture loading mechanisms in hempcrete as in
other walls are rain penetration, condensation, rising damp and
initial moisture (Kunzel, 1995; Tolkovsky, 2010). The moisture is
stored and transported through diffusion, capillary water and sur-
face diffusion (Evrard, 2008). The average Moisture Buffer Value
(MBV) of hempcrete was reported to be 2.14 g/(m2%RH), slightly
higher in desorption than absorption for an average density 430 kg/
m3 (Collet et al., 2013). Based on the classification of the NORDTEST
Project, hempcrete is an excellent hygric regulator (i.e. MBV >2 g/
m2%RH), showing the ability to regulate ambient relative humidity
(Collet et al., 2013).

Despite its benefits, the use of hempcrete has not gained mo-
mentum in Canada although the country is one of the main pro-
ducers of this product (Canadian Hemp Trade Alliance, 2015).
Conversely, in Europe, hempcrete technologies have been increas-
ingly used since the early 1990's (Rhydwen, 2006). This delayed
adoption in Canada may be due to difficulties in getting licenses to
grow hemp in North America due to its association with cannabis.
This has recently changed. Today, residential hemp construction
projects are permissible under Section 9 of the Ontario Building
Code, 2012 as alternative solutions (Kenter, 2015).

2.2. Physical characteristics

Several previous studies have published dry density (density of
materials at fully dried state) values (r0) ranging between 220 kg/
m3 to 627 kg/m3 for hempcrete with varied mix proportions, as
shown in Table 1.

The density of hempcrete primarily depends on the proportion
of binder, level of moisture content and extent of compaction (loose
filled or compressed one). When any of these increase, the density
and consequently the thermal conductivity (k) values increase.
Further, where insulation is more important than strength (such as
in the roof) typically hempcrete with small amounts of binder,
loose filled/very lightly compacted, and in a fully dried state is used,
leading to low density and low thermal conductivity. In contrast,
where both insulation and structural integrity are equally signifi-
cant (wall), higher density hempcrete is required (compromising
“k” value) and in this situation more binder and more compaction
are to be necessary (Stanwix and Sparrow, 2014; Woolley, 2012).

Regarding the wide variation in measured density (220e627 kg/
m3), the lowest density of 220 kg/m3 was measured in a fully dried



Table 1
Dry density of hempcrete of different compositions as reported by various authors.

Reference(s) Dry density (kg/m3) Mix proportions (Hemp to Binder) Application

Cerezo (as cited in Lawrence et al., 2012) 220 (1:1) Roof
275 (1:1.5) Wall
330 (1:2) Wall
440 (1:2) Compressed Wall
500 (1:3) Floor
600 (1:4) Floor

Evrard (2008) 440 ± 20 (1:2) Compressed Wall
Evrard (2006) 361e466 (1:2) Compressed Wall
Evrard and HerdeDe, (2005) 480 (1:2) Compressed Wall
Tran Le et al. (2010) 413 (1:2) Compressed Wall
Collet et al. (2013) 430 (1:2) Compressed Wall
Collet and Pretot (2014) 381 (1:2) Wall
Walker and Pavía (2014) 531-627 (approximate) (1:2) Compressed Wall
Abbot (2014) 275 Not mentioned Wall
Mawditt (2008) 330 ± 10 Not mentioned Wall
Woolley (2012) 300e400 Not mentioned Wall

Table 3
Specific heat capacity of hempcrete as reported by various authors.

Reference(s) Specific heat capacity (J/kgK) Density (kg/m3)

Evrard (2008) 1560 ± 30 440 ± 20
Walker and Pavía (2014) 1240e1350 531e627
Walker and Pavía (2014) 1300 627
Collet et al. (2013) 1000 430
Evrard and HerdeDe (2005) 1550 480
Mawditt (2008) 1550 330 ± 10
Tran Le et al. (2010) 1000 413
Abbot (2014) 1500e1700 275
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state with 1:1 hemp:binder composition and loose filled to get
higher insulation performance (low “k” value) suitable for roof
applications (Lawrence et al., 2012). However, the high density of
627 kg/m3 was obtained in a hemp:binder mix of 1:2, tamped by
hand at every 300 mm, suitable for a wall application. In the latter
case, the sample (wall- 1000 mm wide x 900 mm high x 300 mm
thick) was cured outside for 1 year with protective covering fol-
lowed by 6 weeks curing in laboratory conditions. The authors state
that this result may lead to a slightly higher value than the final dry
density (Walker and Pavía, 2014).

Hempcrete has both micro (within hemp hurd) and macro
(within hempcrete) pore scales. Porosity (F) or void volume (m3/
m3) is defined as the difference of water in the maximum saturated
and dry states over volume (ASTM C67, 2000). At the macro scale,
the porosity due to the arrangement between the hemp shiv and
the binder adhesion can reach milli-metric widths (Collet et al.,
2013). Generally, in hempcrete, the pores are interconnected,
with large pores open onto smaller ones (pores in hemp particles
~10 mm) through the porosity of the lime binder (~1 mm) (Evrard,
2008). The slope of porosity vs conductivity is quasi-linear
(Bouguerra et al., 1998). Studies reported the porosity of the
hempcrete in the range from 71.1% to 84.3% by volume (Table 2).

Dry thermal (specific heat) capacity (c0) of materials denotes its
ability to store heat (Evrard, 2008). Studies report the average
specific heat capacity of the hempcrete ranged from 1000 J/kg K to
1700 J/kg K (Table 3).

Dry thermal conductivity (rate of the passage of heat flow
through the material) (“k0”) depends primarily on the density of
the material and increases in a quasi linear manner in relation to it
(Elfordy et al., 2008). Studies reported the dry thermal conductivity
of the hempcrete ranged from 0.05 W/mK to 0.138W/mK (Table 4).
The study of thermal conductivity versuswater content and density
by Collet and Pretot (2014) shows that water content has a lower
effect than density on thermal conductivity; the thermal conduc-
tivity of high density hempcrete is more than twice the value for
low density with the same formulation. Moreover, Cerezo (as cited
Table 2
Porosity and maximum water content of hempcrete reported by various authors.

Reference(s) Porosity (% volume)

Evrard (2008) 73%
Evrard and HerdeDe (2005) 71.1%
Mawditt (2008) 71.1%
Collet et al. (2013) 79%
Collet and Pretot (2014) 84.3%
in Walker and Pavía, 2014) established a relation of density to
thermal conductivity through the equation k ¼ 0.0002 �
r þ 0.0194.

Clear wall R-value (containing only insulation and structural
framing materials, excluding fenestration etc.) is used to define the
thermal performance of enclosures in ASHRAE Standard 90.1.
However, nominal center of cavity (ignoring the effects of framing)
R value is sometimes used in codes, etc. (Straube, 2007). It is typical
that clear wall R-values of walls are lower than nominal values due
to thermal bridging from studs. Clear wall R-values of hempcrete
walls 300 mme350 mm thick have generally a thermal resistance
value of RSi 3.5 m2 K/W (R-20) to RSi 5.3 m2 K/W (R-30) which is
equivalent to R 1.7 to R 2.5/inch, depending on the mix (Kenter,
2015). However, Magwood (2014), Stanwix and Sparrow (2014)
and Alembic Studio, LLC (2013) claim a value of 0.58 to 0.072 W/
mK (R2.0- R2.5/inch) in hempcrete, while Maher (2014) claims
hempcrete gives R value between 0.048 and 0.058 W/mK (R2.5 to
3.0/inch).

Hempcrete has a high vapour permeability, ranging from
1.7� 10�11 to 1.7� 10�10 kg/msPa for a density of 430 kg/m3 (Collet
et al., 2013). Hempcrete water vapour diffusion resistance factor
(resistance tomoisturemovement of thematerial over resistance to
moisture movement of the air) m0 has also been reported in the
range from 3.59 to 7.68 (Table 5).
Maximum water content (kg/m3) Density (kg/m3)

730 440 ± 20
711 480
711 330
790 430
843 381



Table 4
Dry thermal conductivity of hempcrete as reported by various authors.

Reference(s) Dry thermal conductivity (W/mK) Density (kg/m3)

Evrard (2008) 0.115 ± 0.006 440 ± 20
Arnaud and Amziane (2013) 0.064e0.09 220e450
Collet and Pretot (2014) 0.13 377
Walker and Pavía (2014) 0.117e0.138 531e627
Arnaud and Gourlay (2012) 0.06e0.12 250e660
Woolley (2012) 0.05e0.12 300e400
Rhydwen (2006) 0.076e0.11 e

Stanwix and Sparrow (2014) 0.06e0.12 e

Abbot (2014) 0.06 275
Mawditt (2008) 0.0697 ± 5% 330 ± 10
Evrard and HerdeDe (2005) 0.11 480
Bedliva and Isaacs (2014) 0.065 275
Tran Le et al. (2010) 0.10 413
Cerezo (as cited in Lawrence et al., 2012) 0.06e0.115 220e440

Table 5
Water vapour diffusion resistance factor of hempcrete as reported by various authors.

Reference(s) Water vapour diffusion resistance factor (�) Density (kg/m3)

Evrard (2008) 4.85 ± 0.24 440 ± 20
Evrard (2006) 3.59e7.68 361e466
Abbot (2014) 4.84 275
Walker and Pavía (2014) 5.47e5.71 531e627
Mawditt (2008) 4.85 ± 0.24 330 ± 10
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Maximum water content (Wmax) is the water content at fully
saturation or the state where the porous structure is considered to
be completely filled with water. Reference values for Wmax defined
through porosity range from 711 kg/m3 to 843 kg/m3 (Table 2).

Free water saturation (Wf) is the amount of water a material
absorbs at 100% RH or the water content at free saturation and
MCRH80%Equivalent is the amount of water a material absorbs at about
80% RH. Similarly, saturation the coefficient is a measure of the
quantity of open pore space available under average wetting con-
ditions. The lower the coefficient of saturation, the more space is
available to accommodate expansion of liquid water as it freezes
(Mensinga, 2009). The saturation coefficient is defined as the ratio
of free water saturation (Wf) to maximum water content (Wmax)
(ASTM C62, 2013). Table 6 reports the measured free water satu-
ration, MCRH80%Equivalent, and saturation coefficient of the hemp-
cretewhich ranges from 546 kg/m3 - 596 kg/m3, 33kg/m3-36 kg/m3

and 0.75e0.84.
Thermal conductivity supplement (b) quantifies the increase of

thermal conductivity [in (%) referring to dry value] when the water
content rises 1% referring to dry mass (Evrard, 2008). To determine
“b”, a test was conducted by Evrard (2008) to find “k” in moist state
in RH 80% (WC ¼ 33 kg/m3) and RH 65% (WC ¼ 28 kg/m3)
respectively for 2 samples. The mean temperature for the test was
respectivelyz18 �C, 26 �C and 34 �C. The reference mean “k” value
in a moist state (0.127 ± 0.002) and “b” value (3.34 ± 0.24%/%mass)
were found for a density of 440 kg/m3. In this regard, Evrard (2008)
claims that thermal conductivity in moist state for hempcrete can
be based on the numeric relationship kw ¼ [1þ (b w/r0)] k0 or
b ¼ r0 (k-k0)/k0. However, in another study by Evrard (2006), “b”
Table 6
Free water saturation, MCRH80%Equivalent and saturation coefficient of hempcrete as repor

Reference(s) Free water saturation (kg/m3) MCRH 8

Evrard (2008) 546 ± 16 33
Evrard and HerdeDe (2005) 596 36
was found as 2.73%/%mass (for density 361e466 kg/m3), assuming a
linear relationship between thermal conductivity and water
content.

The water uptake coefficient (A-value) is a measure of the water
sorption as a function of the surface area of the specimen and time
(Walker and Pavía, 2014). The liquid transfer coefficient (A) is the
slope of the mass uptake curve and is proportional to the square
root of time (√h, or √s) during 24 h (Evrard, 2008). According to
Mensinga (2009), the A-value is equal to (s/SA) �1000; where, the
A-value is the water uptake coefficient (kg/m2 s�1/2), s is the Initial
slope (kg/s1/2) and SA is the surface area (m2).

Walker and Pavía (2014) placed hempcrete samples on a wire
grill in a container of water so that the water covered the lower
10 mm of the samples and weighted at intervals over time for the
duration of the test 10,000 min (EN 1925:199). According to the
test, the water uptake coefficient (A value) varied between 2.65 and
3.37 kg/m2 h�1/2 (0.044e0.056 kg/m2 s�1/2) over the first 24 h for
densities 531e627 kg/m3. Evrard (2008) placed samples in 5 mm of
water (lateral side protected with paraffin). Mass uptake was linear
for the first 24 h. The water uptake coefficient of hempcrete was
4.42 ± 0.27 kg/m2 h�1/2 ¼ 0.074 ± 0.005 kg/m2 s�1/2 for a density of
440 kg/m3 (Evrard, 2008). However, De Bruijn et al. (2009) found a
water uptake coefficient of 9 kg/m2 h�1/2 (0.15 kg/m2 s�1/2) for high
density (587e733 kg/m3) hempcrete. As can be seen from the
capillary behavior of hempcrete, water absorption is initially high,
decreasing as time progress (De Bruijn et al., 2009). Table 7 sum-
marizes the measured reference values by various authors for the
hempcrete properties.
ted by various authors.

0% Equivalent (kg/m3) Saturation coefficient (�) Density (kg/m3)

0.75 440 ± 20
0.84 480



Table 7
Summary of hempcrete properties.

Properties Unit Min- Max General range

Dry Density (r0) kg/m3 220 (Cerezo as cited in Lawrence et al., 2012) e 627 (Walker and Pavía, 2014) 300e500
Porosity (F) m3/m3 0.71 (Mawditt, 2008; Evrard and HerdeDe, 2005) - 0.84 (Collet and Pretot, 2014) 0.71e0.73
Dry Thermal Capacity (c0) J/kgK 1000 (Collet et al., 2013; Tran Le et al., 2010) - 1700 (Abbot, 2014) 1500e1600
Dry Thermal Conductivity (k0) W/mK 0.05 (Woolley, 2012) �0.138 (Walker and Pavía, 2014) 0.06e0.12
Dry Vapour Diffusion Resistance Factor (m0) (�) 3.59e7.68 (Evrard, 2006) 4.84e4.85
Moisture Buffer Value (MBV) g/(m2%RH) 2.11 (Evrard, 2008) - 2.14 (Collet et al., 2013) 2.11e2.14
Thermal Diffusivity (a) m2/s 1.48 � 10�7 (Evrard and HerdeDe, 2005) �1.68 � 10�7(Evrard, 2008) 1.48 � 10�7-1.68 � 10�7

Thermal Effusivity (Eff) J/m2Ks�1/2 286 (Evrard and HerdeDe, 2005) - 297(Evrard, 2008) 286e297
Dampening %

Time Shift
98.5 (Evrard and HerdeDe, 2005)
15 (Evrard and HerdeDe, 2005)

98.5
15

Air Tightness m3/hm2@ 50 Pa 1.2 (Stanwix and Sparrow, 2014) - 2.0 (Bevan and Woolley, 2008), 1.2e2.0
Fire Safety hr 1.22 (Stanwix and Sparrow, 2014) - 1.67 (Bevan and Woolley, 2008) 1.22e1.67
Free Water Saturation (Wf) kg/m3 546 (Evrard, 2008) e 596 (Evrard and HerdeDe, 2005) 546-596 (124%mass)
WC at 80% RH (MC80% Equiv) kg/m3 33 (Evrard, 2008) - 36 (Evrard and HerdeDe, 2005) 33- 36 (7.5%mass)
Maximum WC (Wmax) kg/m3 711 (Evrard and HerdeDe, 2005; Mawditt, 2008) - 843 (Collet and Pretot, 2014) 711-843 (166%mass)
Thermal Conductivity Supplement (b) %/%mass 2.73 (Evrard, 2006) - 3.34 ± 0.24 (Evrard, 2008) 3.34
Liquid Absorption Coefficient (A value) kg/m2 s�1/2 0.044 (Walker and Pavía, 2014) �0.15 (De Bruijn et al., 2009) 0.074
Saturation Coefficient (�) 0.75 (Evrard, 2008) - 0.84 (Evrard and HerdeDe, 2005) 0.75e0.84
Carbon Sequestration kgCO2e/m3 (�)108 (Bevan and Woolley, 2008) e(-)135 (Arnaud and Amziane, 2013) (�)108 - (�)135
Compressive Strength MPa 0.05 (Cerezo, 2005; as cited in Lawrence et al., 2012) �3.5 (Lanos and Collet, 2011) 0.05e0.35
R value Imperial 1.7 (Kenter, 2015) - 3.0 per inch (Maher, 2014) 2.0e2.5 per inch
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3. Methodology

3.1. Materials

A commercially available pre-formulated hemp binder product
was used in this research (BATICHANVRE - a natural hydraulic lime
mix pre-formulated by St. Astier for usewith hemp construction). It
comprises of mainly hydrated lime with small amounts of pozzo-
lanic ingredients and 20e30% portland cement which assists the
setting process due to a mixture of both carbonation (exposure to
air) and hydraulic setting (exposure to water) (Stanwix and
Sparrow, 2014). The density of the lime binder on its own was
measured to be 712 kg/m3.

Hemp hurd (without fiber or dust) was sourced fromplain hemp
grown and processed in Manitoba, Canada. Particle sizes ranged
from 5 mm to 25 mm (length), 3 mme6 mm (width),
1.5 mme2.5 mm (thickness) and had a density of 125.5 kg/m3.

3.2. Composition

Three mixes (M1, M2 and M3) with a hemp to binder ratio of:
1:1, 1:1.5 and 1:2 respectively, were studied, as shown in Table 8.

3.3. Mixing and casting

For mixing, the moulding method was followed. A mechanical
bell (drum) mixer was used in accordance with the manufacturer
written specifications (BATICHANVRE, 2006). To confirm consis-
tency of the mix, as suggested by Stanwix and Sparrow (2014), ball
and finger tests were conducted for all mixes before placing in
moulds to ensure consistency. In order to achieve precise results,
variation was made in volume of the test samples. Four different
Table 8
Mix proportions by mass.

Components Mix 1 Mix 2 Mix 3

Mass %Mass Mass %Mass Mass %Mass

Hemp 1 28% 1 22% 1 17%
Binder 1 28% 1.5 33% 2 35%
Water 1.6 44% 2.1 46% 2.75 48%
Total 3.6 100% 4.6 100% 5.75 100%
sized samples were cast in plywoodmoulds. The numbers and sizes
of samples cast are highlighted in Table 9. Moulds were manually
filled, lightly pressed by hand (light compaction) avoiding “arching”
or an empty zone. Mixing was done at room temperature 20e21 �C
and RH z 50%.
3.4. Drying

Once filled, the samples were placed in an interior environment
(approximately 50% RH, 21 �C) for drying and their mass was
measured every 24 h, for 26 days. Evolution of mean density with
time is illustrated in Fig. 1. The bulk volume V (m3) was measured
for all samples after they were oven dried. Samples were removed
from the mould in day 6 and wrapped with aluminum foil from
three sides (one side opened, allowing drying and carbonation
simultaneously). The density/mass was stabilized during at around
day 26 (below 1% variation of preceding day density). Initial (day 0)
and natural drying (day 26) densities are highlighted in Table 10.
3.5. Dry density (r0)

In order to understand the influence of binder on the properties
of hempcrete and to increase the material input accuracy of the
one-dimensional hygrothermal simulation, several tests were
conducted for different parameters. All tests were carried out after
26 days of natural drying which is when density was stabilized.

The original block samples were cut into 36 cubes (12 for each
mix) with edges 7.6 � 7.6 � 7.6 cm. According to visual analysis
regarding representative volume element (RVE) of hempcrete, the
specimens larger than 100 cm3 (sides >4.7 cm) can take into ac-
count the specific pore and particle distribution of the material
(Collet et al., 2013). However, 9 original samples (3 for each mix) of
size 30.5 � 30.5 � 7.6 cm were not cut down.
Table 9
Sample sizes.

Type Size (cm) Number Total

1 30.5 � 30.5 � 7.6 9
2 15.2 � 15.2 � 15.2 3 18
3 15.2 � 15.2 � 12.7 3
4 15.2 � 15.2 � 10.2 3
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Fig. 1. Evolution of density during natural drying.
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The samples (45 numbers �15 for each mix) were dried in an
oven for 24 h at 110 �C until two successive weighing at intervals of
2 h show an increment of loss not greater than 0.2% of the last
previously determinedmass of the specimen. Dry densities (kg/m3)
weremeasured according to ASTM C 67, 2000 (drying was followed
by cooling for a period of approximately 12 h until the surface
temperature of the samples was within ±2.8 �C of room
temperature).
3.6. Dry thermal conductivity (k0)

Dry thermal conductivity (W/mK) was measured in accordance
with ASTM C 518, 2003. The equipment used for the test was
NETZSCH-HFM 436/3/E with two heat flux transducers in series
with one specimen. Nine dried samples (3 for each mix) of
size z 30.5 cm � 30.5cm � 7.6 cm were tested maintaining a
temperature difference of 10 �C between hot (25 �C) and cold
(15 �C) plates.
3.7. Free water saturation (Wf)

Free water saturation (kg/m3) was measured according to ASTM
C67, 2000. Immediately after measuring the dry densities, the
samples (15 random cut samples - 5 for each mix) were submerged
into cold clean water at 15.5�e30 �C temperature for 48 h (until
mass equilibrium of 1% variance was achieved) and were weighed
periodically (with a measuring scale sensitive to 1 g). Weighting
was completed within 5 min after removing the specimen from the
bath and wipping off the surface water with a damp cloth.
3.8. Maximum water content (Wmax)

To quantify Wmax (kg/m3), two methods listed in ASTM C67,
2000 were used: (i) boiling immediately following 5 h submer-
sion and (ii) boiling from the dry state. For comparative purposes,
both methods were executed. Wmax was the same using both
approaches.
3.9. Water content at 80% RH (W80% equivalent), porosity (F) and
saturation coefficient

Water Content at 80% RH (kg/m3) was measured using the value
of 7.5% of mass in accordancewith references. Porosity (m3/m3) and
Saturation Coefficient were measured by following WMax/rWater
(ASTM C67, 2000) and Wf/WMax (ASTM C62, 2013), respectively.
4. Material property results

4.1. Dry density

The dry density (the density of the materials at fully dried state)
was measured as 233.0 kg/m3 for Mix 1, 316.8 kg/m3 for Mix 2 and
387.8 kg/m3 for Mix 3 (Table 10). It should be noted that dry density
was linearly related to the proportion of binder; when binder was
increased by 50% and 100%, density increased by z 36% and 67%
respectively.

As shown in Table 10, the average density reduction during
drying was about 40% (Mix 1 decreased by 43%, the highest of all
because more was added water during mixing). Oven drying
(which was carried out after natural drying) reduced the density a
further approximately 10%. Overall, the decrease in density from
initial to oven dried was: Mix1z53%, Mix2z45% andMix 3z 45%.
These densities were within the satisfactory range of other refer-
ences (Table 7).

4.2. Dry thermal conductivity

Measurements of mean dry thermal conductivity were Mix
1 ¼ 0.074 W/mK, Mix 2 ¼ 0.088 W/mK and Mix 3 ¼ 0.103 W/mK
(Table 11). The value measured for Mix 1 was slightly above pub-
lished reference values; while, Mix 2 and Mix 3 were in good
agreement with published work (Cerezo, 2005; Evrard, 2008;
Arnaud and Gourlay, 2012; Collet and Pretot, 2014).

Moreover, dry thermal conductivity of hempcrete maintains a
near linear relationship with density (Table 11). For dry density
233 kg/m3 (Mix 1), mean thermal conductivity is 0.074 W/mK,
when densities increased by z 36% (317 kg/m3) (Mix 2) and 67%
(388 kg/m3) (Mix 3), dry thermal conductivities increase by 18.32%
and 38.12% respectively.

4.3. Free water saturation (Wf), maximum water content (Wmax),
water content at 80% RH, porosity (F) and saturation coefficient

Table 12 lists the measured water content, porosity and satu-
ration coefficient for the three mixes. Free water saturations (Wf)
was measured as - Mix 1 ¼ 376.29 kg/m3 (161.48%mass), Mix
2 ¼ 374.96 kg/m3 (118.36%mass) and Mix 3 ¼ 423.55 kg/m3

(109.24%mass). Maximum water content at saturation (WMax) was
measured as - Mix 1 ¼ 532.66 kg/m3 (228.58%mass), Mix
2 ¼ 525.66 kg/m3 (165.93%mass) and Mix 3 ¼ 655.31 kg/m3

(169.01%mass). Porosity (F) was calculated as 0.53 m3/m3 (53%
volume) for Mix 1 and Mix 2 and 0.66 m3/m3 (66% volume) for Mix
3. Lastly, the saturation coefficient was calculated as 0.71(for Mix 1
and Mix 2) and 0.65 (Mix 3). From these findings, it is evident that
Mix 3 has a lower coefficient of saturation; hence it has more space
available to accommodate expansion of liquid water as it freezes in
comparison to Mix 1 and Mix 2. Fig. 2 shows the visual image of
samples in dry condition.

In comparison to reference values, our measured Wf, Wmax,
WC80% Equiv, porosity and saturation coefficient (F) were slightly
less; however, the mass differences in percentage were essentially
the same to references.

5. Discussion

Hygrothermal simulations were conducted using WUFI Pro 5.3
software. For input values the measured material properties for dry
density, dry thermal conductivity, porosity, maximum water con-
tent, free water saturation, water content at 80% RH and initial
water content were used. These were supplemented with reference
values where necessary. A sensitivity analysis of the reference



Table 10
Variation in densities.

Mix Density (kg/m3) Initial to natural drying Initial to oven dry Natural drying to oven dry Increment in dry density
(in reference to Mix1)

Initial
(Day 0)

Natural drying
(Day 26)

Oven dry
(Dry density) (r0)

1 491.89 279.12 233.03 �43.26% �52.63% �9.37% e

2 574.37 370.50 316.79 �35.50% �44.85% �9.35% 35.94%
3 697.76 459.89 387.74 �34.09% �44.43% �10.34% 66.39%
as¼ 103.61 90.39 77.44

a s ¼ Standard Deviation.

Table 11
Measured dry thermal conductivity (k0) values.

Mix and density Samples K (W/mK) Mean k (W/mK) Increment (In reference to mix 1)

1
(233 kg/m3)

(Hemp to Binder 1:1)

1 0.075 0.074 -
2 0.073
3 0.075

2
(317 kg/m3)

(Hemp to Binder 1:1.5)

1 0.088 0.088 18.39%
2 0.088
3 0.088

3
(388 kg/m3)

(Hemp to Binder 1:2)

1 0.104 0.103 38.12%
2 0.106
3 0.098

s (Standard Deviation) ¼ 0.015.

Table 12
Different features of water content.

Mix Wf (kg/m3) Wmax (kg/m3) WC80% Equiv (kg/m3) Absorption Porosity (F) (m3/m3) Saturation coefficient

Cold water (% Mass) 5 Hour boil (% Mass)

1 376.29 532.66 17.47 161.48% 228.58% 0.53 0.71
2 374.96 525.66 23.77 118.36% 165.93% 0.53 0.71
3 423.55 655.31 29.08 109.24% 169.01% 0.66 0.65
as¼ 27.68 72.92 5.81 27.90% 35.32% 0.075 0.035

a s ¼ Standard Deviation.

Fig. 2. Visual image of hempcrete samples in dry state.
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values used (i.e. water sorption and range of “k” values) was also
carried out to evaluate the impact of using published (reference)
values. Hempcrete was inserted into theWUFI material database as
a user-defined material with the inputs listed in Table 13.

A default climate file for Toronto was used. A user defined sine
curvewas used to define the inside temperature and RH referring to
a typical interior environment in residential buildings. The simu-
lation was then performed for three years. Two types of wall as-
semblies as described below and shown in Fig. 3 were simulated,
with and without exposure of rain, wind and sun:
� Assembly 1: Lime render (20 mm) þ Hempcrete
(300 mm) þ Lime plaster (15 mm); Total thickness: 335 mm
(mass wall system)

� Assembly 2: Wood cladding (spruce) (20 mm) þ Air layer
(20 mm) with continuous air changes of 8 per
hour þ Typar þ Hempcrete (300 mm) þ Lime plaster (15 mm);
Total thickness: 355 mm (rain screen system)

Fig. 4 shows a regular pattern of seasonal fluctuations in total
water content over time based onwatering incidents. No long-term



Table 13
Material inputs in WUFI.

States Hygrothermal parameters Values Source(s)

Dry Dry Density (r0) 388 kg/m3 Test
Porosity (F) 0.66 m3/m3 Test
Dry Thermal Capacity (c0) 1560 J/kgK Reference
Dry Thermal Conductivity (k0) 0.1 W/mK Test
Dry Vapour Diffusion Resistance Factor (m0) 4.85 Reference

Moist Thermal Conductivity Supplement (b) 3.34%/%mass Reference
Maximum WC (Wmax) 655 kg/m3 Test
Free Water Saturation (Wf) 424 kg/m3 Test
WC at 80% RH (MC80% Equiv) 29 kg/m3 (7.5% mass) Test/reference
Liquid Absorption Coefficient (A Value) 0.074 kg/m2/s1/2 Reference
Typical Built-In (Initial) MC 286 kg/m3 Test

Fig. 3. Simulated wall assemblies.
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Fig. 4. Total water content - Assembly 1 (mass wall) and Assembly 2 (rain screen).

Table 14
Water content of hempcrete and total water content range.

Descriptions Water Assemblies (Base)

Content Assembly 1 Assembly 2

Hempcrete kg/m3 23.18e44.07 13.98e29.00
%Mass 5.97e11.36 3.60e7.47

Total kg/m3 7.78e17.57 5.13e11.08
%Mass 0.22e0.49 0.18e0.39
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accumulation of water occurs in either assembly. Assembly 2 (with
water content of 0.18%e0.39% of mass) is clearly absorbing less
water than assembly 1(with water content of 0.22%e0.49% of mass)
highlighting the benefit of a vented cavity in Toronto (Table 14).

Fig. 5 and Table 14 further highlight the benefits of a vented
cavity in the Toronto climate as water content in the hempcrete
significantly dries out when vented (with water content 3.60%e
7.47% of mass) compared to a face-sealed mass wall system (with
water content 5.97%e11.36% of mass).

WUFI analysis shows both the wall assemblies (exposed face-
sealed mass wall and vented rain screen system) are performing
well without any hygrothermal risks such as condensation, frost
and salt damage andmould growth. However, when comparing the
two assemblies it is clear that vented rain screen is performing
significantly better from a hygrothermal perspective. It is drying
out faster (expected to reach in dynamic steady state much earlier
than the mass wall) and the water content range (Table 14) is also
lower. Therefore, the vented rain screen system (wall assembly 2)
Sensitivity analysis (Assembly 1)

Sensitivity 1 Sensitivity 2 Sensitivity 3 Sensitivity 4

25.54e46.93 22.90e43.95 23.38e44.15 24.16e44.41
6.58e12.09 5.90e11.33 6.02e11.38 6.23e11.45
8.47e18.47 7.70e17.53 7.84e17.59 8.08e17.67
0.24e0.51 0.21e0.49 0.22e0.49 0.23e0.49
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would be the better option for hempcrete in the southern Ontario
climate.

Further, to detect the most influential factor on the hygro-
thermal properties of hempcrete, a, series of (four) sensitivity an-
alyses were conducted by using referenced material properties for
wall assembly 1 (mass wall).

1. Sensitivity Analysis 1: Using referencemoisture sorption values:
Porosity ¼ 0.73 m3/m3, W80%EQUIV ¼ 33 kg/m3, Wmax ¼ 730 kg/
m3 and Wf ¼ 546 kg/m3; to understand the impact of water
content in the performance of hempcrete wall.

2. Sensitivity Analysis 2: Using a reference dry “k” value¼ 0.115W/
mK (high) and moist “k” value ¼ 0.768W/mK to understand the
impact of high “k” value.

3. Sensitivity Analysis 3: Using a mid-level reference dry “k”
value ¼ 0.09W/mK to understand the influence of intermediary
thermal insulation.

4. Sensitivity Analysis 4: Using a low-level reference dry “k”
value¼ 0.06 W/mK to understand the hygrothermal behavior of
wall in high thermal insulation scenario.

The results of the sensitivity analysis (Table 14, Fig. 6 and Fig. 7)
are similar to the base case results (Figs. 4 and 5). The total, and
individual layer, water content shows a regular pattern of seasonal
fluctuation. Overall, water content is well below 15% in each layer
throughout the simulation period. The wall is drying out fast and is
approaching dynamic equilibrium in all cases. No long term accu-
mulation of water in one point of any layer was observed. As such,
no significant changes in hygrothermal characteristics of hemp-
crete wall due to some variations in moisture sorption and thermal
conductivity have been detected through the sensitivity analysis.

6. Conclusions

This paper concludes that the thermal conductivity of three
studied hempcrete mixes (with hemp to binder ratios of 1:1, 1:1.5
and 1:2, respectively) is highly influenced by their density. The
higher the binder content, the higher the density, leading to a
higher thermal conductivity. This relationship follows a near linear
pattern.

Measurements of dry density and thermal conductivity ranged
from 233 kg/m3 to 388 kg/m3 and 0.074 W/mK, to 0.103 W/mK,
respectively. It was also noted that the drying period of hempcrete
(in controlled room temperature and RH) was approximately 26
days, where minimum density was stabilized.

One-dimensional hygrothermal analysis showed that both a
face-sealed mass wall, and a vented rain screen wall system, can
perform well in all the hygrothermal parameters without any
deleterious issues in an Ontario (Canada) climate. However, in
comparison to the face-sealed system, the vented rain screen sys-
tem performed significantly better in terms of moisture manage-
ment. Therefore, the vented rain screen system could be considered
as a better option for a hempcrete wall assembly in southern
Ontario. Finally, no significant impacts on hygrothermal charac-
teristic of hempcrete wall were noticed during the sensitivity
analysis due to some variations in moisture sorption and thermal
conductivity, based on published reference values.
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