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A B S T R A C T

Hemp-lime composites have captured attention in the construction industry due to their sustainability and 
excellent hygrothermal performance. However, variability and inconsistent performance have hindered their 
widespread adoption. This research introduces a novel approach to improve the uniformity and hygrothermal 
characteristics, aiming for reproducibility and consistency comparable to traditional insulation materials. This 
method included (1) reducing hemp particle size to coarse (1.33 mm), medium (0.92 mm), and fine (0.72 mm) 
particles; (2) maximizing the hemp proportion to 70 % by weight; and (3) standardizing dry density using vi
bration techniques. The findings indicate dry density variability reduction in all samples, with a coefficient of 
variation ranging from 0.16 % to 2.36 %. The hygrothermal analysis demonstrates enhanced insulation and 
moisture-buffering properties, along with reduced directional disparity in thermal conductivity (1.2–6.8 %) 
compared to the control sample, particularly in samples with fine particle sizes. Thermal conductivity was within 
the range of 0.0535–0.0667 W/m K, considerably lower than previously reported values. Also, a positive cor
relation is observed between moisture-buffering and hemp ratio, indicating that higher hemp ratios in the 
composite lead to increased moisture capacity, with moisture buffer values of 2.47, 2.28, and 2.12 g/m2 RH 
corresponding to the binder-to-hemp ratio of 30:70, 40:60, and 50:50 by weight, respectively.

1. Introduction

Bio-based construction materials have captured the attention of 
research and industry sectors over the last decade, mainly due to their 
carbon sequestration ability and superior hygrothermal properties 
[1–5]. As such, they pose a sustainable solution for developing an 
energy-efficient, carbon-zero built environment with a healthy indoor 
environment [6–9]. Hemp-lime composites (HLC), or hempcrete, are 
among the most recognized and broadly used bio-based materials 
globally, consisting of a mixture of hemp shiv, hydrated lime-based 
binders, and water [9]. Analogous to other bio-based construction ma
terials with high porosity, hemp-lime composites are known to be sen
sitive to many factors affecting their performance that fall into two 
broad categories: properties of natural lignocellulosic constituencies 
(shiv/hurd) and manufacturing or construction approaches [10–13]. In 
this respect, hemp shiv contains impurities and exhibits highly variable 
granulations and sizes depending on the decortication process and the 
industrial hemp variety [13]. Simultaneously, the distribution of hemp 
shiv particle sizes has a crucial effect on the thermal and mechanical 

properties of the resulting composite [14].
Several studies investigated the impact of shiv particle size on the 

hygrothermal and mechanical properties of hemp-lime composites. 
While they all reported the relevance of this impact, their findings may 
seem discrepant, raising the need for further investigation of the impact 
of particle size on hygrothermal and mechanical properties of hemp- 
lime composites. For example, Brzyski [13] investigated the impact of 
two hemp shiv sizes on the mechanical and hygrothermal behavior of 
HLC. Fine shivs, averaging 2.74 mm in length and 1.42 mm in width, 
were used to create samples with a density of 382 kg/m3, while thick 
shivs, with an average length of 8.4 mm and 2.68 mm in width, resulted 
in samples with a density of 377 kg/m3. Their results suggest that the 
samples with thick shiv exhibited a higher compressive strength of 
around 0.51 MPa than those with fine particles, which had a compres
sive strength of approximately 0.40 MPa. Additionally, samples made of 
thick shiv had higher capillary uptake of 8.82 kg/m2 h1/2 compared to 
7.27 kg/m2 h1/2 for fine shiv. The study reported average thermal 
conductivity values of 0.105 W/m K for fine shivs and 0.099 W/m K for 
thick shivs, concluding that HLC with fine shivs has about 6 % higher 
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thermal conductivity than HLC with thick shivs. Another study by 
Arnaud [15] explored the effect of using hemp shiv of 3.1 mm, 7.6 mm, 
and 8.9 mm, conforming to dry densities of 390 kg/m3, 400 kg/m3, and 
430 kg/m3, respectively, on the mechanical properties of hemp-lime 
composites. This study concluded that large shivs showed a higher 
compressive strength when tested at 28 days by about 52.38 % 
compared with small shivs. However, the study also concluded that the 
samples with a smaller shiv size produced higher strength by 30.5–50 % 
than those with larger and medium-sized shivs after 4 months, respec
tively, as fine shivs were better wrapped with binder particles. Stevulova 
[14] studied the mechanical and thermal properties of hemp-lime 
composites using three different shiv sizes of 7.3 mm, 27.7 mm, and 
33.7 mm, corresponding to 1150 kg/m3, 1070 kg/m3, and 1040 kg/m3 

densities. While their study concluded an increase in compressive 
strength from 2.73 MPa to 5.20 MPa when particle size reduced from 
33.7 mm to 7.3 mm, thermal conductivity values were around 0.11 W/m 
K regardless of the particle size.

Manufacturing is another crucial factor affecting hemp-lime perfor
mance due to the material’s anisotropic behavior, which may yield 
different mechanical and thermal properties based on the direction in 
which the material is tested [16]. In real-world applications, hemp-lime 
composites are applied via spraying, casting on-site, or installing precast 
products (e.g., panels, blocks) [17]. Regardless of the method, the 
compaction level, the depth of the layer, and the direction of compaction 
can significantly affect the distribution of density, thermal conductivity, 
compressive and tensile strength, and capillary rise [4,16–20]. Nguyen 
[4] investigated the effect of compaction on the mechanical and thermal 
properties of hemp-lime composites for different densities ranging from 
320 kg/m3 to 810 kg/m3 and binder types. The study confirmed previ
ous findings that thermal conductivity and compressive strength have a 
linear relationship with the density and also concluded that the thermal 
conductivity of hemp-lime composites tested perpendicular to compac
tion was 50 % higher than those tested in a direction parallel to 
compaction. Brzyski [16] also studied the effect of compaction direction 
on hemp-lime composites’ thermal and mechanical properties for two 
different hemp shiv sizes averaging 2.7 and 8.4 mm and reported a 
variation in the thermal conductivity values for samples with parallel 
(0.094 and 0.087 W/m K) and perpendicular (0.105 and 0.101 W/m K) 
heat flow to the compaction direction. Additionally, the water absorp
tion coefficient in the parallel direction was reported to be 17.6 % and 
18.4 % higher than the coefficient determined in the perpendicular di
rection for 2.7- and 8.4-mm shiv, respectively. Williams [18] studied the 
effect of the casting process on the mechanical and thermal properties of 
three hemp-lime layers, 25, 50, and 150 mm, and three compaction 
levels, 30, 40, and 60 % of volumetric decrease with two sets of tests, one 
parallel to compaction and one perpendicular to it. The study showed 
that the layer thickness did not significantly impact the hemp-lime 
composite properties. In contrast, an increase in the compaction level 
from 30 % to 60 % increased thermal conductivity by 16.5 % and 8.4 % 
for perpendicular and parallel directions, respectively. The results also 
showed a linear relationship between thermal conductivity and 
compaction level.

Furthermore, Holcroft et al. [2] investigated how different compac
tion levels affect the moisture buffering capacity of HLC. Their study 
used a 1-part hemp shiv ratio to 1.65 parts lime binder, creating samples 
with densities ranging from 210 kg/m3 to 333 kg/m3. These densities 
were achieved by compacting the samples with weights varying from 
1 kg to 10 kg. The study found that the sample with the lowest density 
had the highest moisture buffering value (3.06 g/m2 RH). This value 
decreased by just 6 % when the density increased to 278 kg/m3 but fell 
by 39 % at the highest 333 kg/m3 density. Additionally, Collet et al. 
evaluated the effect of the manufacturing method on the hygric behavior 
of HLC [11]. The study considered three types of HLC for wall con
struction, where each type varies in composition and manufacturing 
technique: precast, sprayed on, and molded, with average produced 
densities of 460, 430, and 430 kg/m3, respectively. The study showed 

that the moisture buffering values were 1.94, 2.15, and 2.15 gm/m2 RH, 
corresponding to precast, sprayed-on, and molded samples. The study 
also indicated a negative correlation between HLC density and moisture 
buffering value.

The literature review indicates that hemp-lime composites’ me
chanical and hygrothermal properties significantly vary depending on 
the hemp particle size, orientation, and compaction level, hindering 
their reproducibility and consistent quality. Commercial, large-scale 
application of hemp-lime composites requires natural constituent 
properties and manufacturing procedures to be standardized and easily 
controlled. This study addresses these challenges by proposing a new 
integrated approach combining uniformly reduced-in-size hemp shivs 
with vibration as a casting process to produce consistent quality and 
performance hemp-lime samples. Hence, this is the first study to address 
the following critical research objectives: (i) to combine finely ground 
hemp particles and vibration techniques to develop consistent hemp- 
lime composite materials, (ii) to investigate the impact of uniformly 
reduced hemp shiv particle sizes obtained through a grinding process on 
the hygrothermal and mechanical performance of hemp-lime compos
ites, (iii) to evaluate the effectiveness of the vibration process in pro
ducing hemp-lime samples with consistent physical properties, and (iv) 
to decrease the hemp-lime composites’ thermal conductivity and carbon 
footprint through the increased content of natural constituencies. Hemp- 
lime samples were created using hemp shives that were ground to four 
different particle sizes (D90 of 4.52, 1.33, 0.96, and 0.72 mm) and three 
different binder-to-hemp ratios (1:1, 1:1.5, 1:2.4). All hemp-lime sam
ples were manufactured through a vibration process to achieve three 
different target dry densities within a tolerance of +/-3.5 %. The sam
ples’ hygrothermal and mechanical behaviors were experimentally 
investigated following relevant standards.

2. Materials and methods

2.1. Hemp shiv

The hemp-lime samples were created from hemp shiv, hydrated lime, 
slag, and water. The hemp shivs used in this study were provided by a 
local Canadian producer (Terrafibre). Four types of hemp shiv with 
different fractions were considered in this study, as shown in Fig. 1-a. 
The first type was the received (R) shiv, while other types were reduced 
in size to various degrees: coarse-size (C), medium-size (M), and fine- 
size (F), produced by grinding the received shivs using an industrial 
grinder (JTANGL Electric Grain Grinder Mill, 3000 W).

2.2. Characterization techniques

Various approaches have been employed in the literature to char
acterize hemp shiv [19]. A laboratory investigation by [20] on estab
lishing characterization methods for hemp shiv demonstrated strong 
repeatability [19]. Consequently, this study adhered to the prescribed 
protocols [21] for assessing density, water absorption, particle size 
distribution, and moisture content.

2.2.1. Bulk density
The bulk density was determined using the following procedure. 

Firstly, enough material was selected to fill out at least half of the cy
lindrical mold expected to be used to measure the bulk density. Sec
ondly, the material was oven-dried at 60 ◦C using a convection oven 
fitted with an extraction fan to remove the humidity until a constant 
mass was achieved when the variation between two consecutive read
ings at 24 h was less than 0.1 %. Then, the sample was placed in a sealed 
plastic bag until it reached room temperature. Then, the shivs were 
placed in the cylindrical mold to reach half of the volume of the cylinder. 
After that, the cylinder was upended ten times and shaken to achieve a 
horizontal surface. The following step included marking the level of the 
shiv in the cylinder and then removing the shiv from the mold to 
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determine the mass of the sample. Finally, the occupied volume was 
determined by filling the mold with water up to the previously marked 
level and measuring the weight of the water. The test was repeated three 
times with three different samples of shiv. The bulk density was calcu
lated using Eq. (1) [21]: 

ρ = M/V (1) 

Where ρ is the bulk density, M is the mass of the shiv, and V is the sample 
volume.

2.2.2. Moisture content
The following procedure was followed to determine the initial 

moisture content in the hemp shiv. A sample of 200 gm of hemp shiv was 
selected. Subsequently, the sample was oven-dried at 60 ◦C until a 
constant mass was achieved when the variation between two consecu
tive readings at 24 h was less than 0.1 %, and the dry mass of the sample 
was determined. The test was repeated three times with three different 
samples of shiv. The bulk density was calculated using Eq. (2) [21]: 

W = 100 × (m0 − md)/md (2) 

Where W is the initial water content, m0 is the initial mass of the sample, 
and md is the dry mass of the sample.

2.2.3. Water absorption
The following procedure is used to assess water absorption in the 

hemp shiv. Initially, a 25 gm of hemp shiv sample was selected. Then, 
the sample underwent oven-drying at 60 ◦C until reaching a consistent 
mass, indicated by a variation of less than 0.1 % between two consec
utive readings taken 24 hours apart, and their dry mass was measured. 
Subsequently, the sample was submerged in a plastic pail filled with 
water for 1 minute. After that, the water in the pail was drained, the 
sample was placed in a "salad spinner" and turned 100 times at a rate of 2 
rotations per second. Finally, the weight of the spun sample was deter
mined. The same steps were repeated using another 25 gm of sample but 
with different immersion times of 15, 240, and 2880 minutes. The test 
was repeated 3 times with 3 different samples of shivs. The absorption 
(water content) value using Eq. (2) was determined each time. The 
initial rate of absorption, measured at 1 minute, and (K1) representing 
the absorption curve’s slope as a logarithmic time function was deter
mined. The water absorption at any given time (Wt) was calculated 
using Eq. (3): 

Wt = IRA+K1Log(t) (3) 

Where Wt is the water absorption at any given time, IRA is the initial rate 
of absorption, and K1 is the slope of the absorption curve.

2.2.4. Fiber content
It is essential to report the purity level of the hemp shiv used to 

produce HLC because hemp fiber content can affect the properties and 
performance of the HLC [55]. To the authors’ knowledge, no standards 
exist that directly report how to measure the fiber content in the hemp 
shiv. Therefore, a new methodology was developed to measure the fiber 
content. This methodology was developed based on the flotation tech
nique, as it is widely used in industries where materials can be separated 
through density differences caused by the difference in absorption rate 
between hemp shiv and fibers. The methodology’s effectiveness in 
determining fiber content was assessed through previous testing using 
hemp shiv samples with different fiber contents ranging from 2 % to 
44 %, and the results were crosschecked using a handpicked method 
where fibers were separated manually from the shiv. The proposed 
method predicted the fiber content within ±5 % of the results obtained 
from the handpicking method.

A 10 gm hemp shiv sample was selected to determine the fiber 
content. Then, the sample was oven-dried at 60 ◦C until a constant mass 
was achieved when the variation between two consecutive readings at 
24 h was less than 0.1 %, and the dry mass was measured. After that, the 
sample must be ground to achieve the desired length (2–5 mm). This 
step can be skipped if the particle size matches the desired length. 
Subsequently, the sample was entirely submerged in a plastic pail con
taining 3 liters of water at room temperature. The sample was then 
stirred for 5 minutes using a magnetic stirrer at medium speed (750 
RPM) and left to settle for another 10 minutes. The floating hemp shiv 
particles were then removed using a fine mesh strainer. The remaining 
part of the sample in the pail was sieved through sieve No.200 (75 μm), 
and what was left on the sieve was placed in a container and transferred 
to a drying oven at 60◦C until a constant mass was achieved when the 
variation between two consecutive readings at 24 h was less than 0.1 %, 
and the dry mass of the fibers was measured. The fiber content was 
calculated using Eq. (4): 

fc = 100 × mf
/
md (4) 

Where fc is the fiber content, mf is the dry mass of the fibers and md is the 
dry mass of the sample.

2.2.5. Particle size distribution
The particle size distribution of the received (R) shiv was obtained 

using the image analysis method to determine the shiv’s parameters, 
including length, width, Feret’s diameter, and area [22]. The analysis 
procedure was conducted on 5 gm R-shiv samples, and the Feret’s 
diameter, representing the diameter of the smallest circle that confines 
the shiv particle outline, was the default output of the image analysis 
software ImageJ [23]. Meanwhile, (C), (M), and (F) shiv particle size 

Fig. 1. Hemp shivs that were used in this study (a) and their particle size distribution were determined by image analysis, mechanical sieving, and laser diffrac
tion (b).
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distribution was determined using a combination of mechanical sieving 
for particles bigger than 0.3 mm and laser diffraction for particles less 
than 0.3 mm, as there was a limitation on detecting the larger particle 
sizes with laser diffraction apparatus. Fig. 1-b shows the particle size 
distribution, and Table 1 summarizes the physical properties of the 
hemp shiv used in this study. The sieve sizes at which 90 % (D90) of the 
total particles pass were 4.52, 1.33, 0.96, and 0.72 mm, and the sieve 
sizes corresponding to 50 % pass particle sizes (D50) were 2.59, 0.74, 
0.54, and 0.30 mm for R, C, M, and F shiv particles, respectively.

2.3. Binder mix design

Before preparing the HLC samples, a pilot study was carried out to 
examine the effects of incorporating by-products and locally available 
pozzolanic and cementitious materials at various replacement ratios and 
different water-to-binder ratios on the physical and mechanical prop
erties of the lime binder. The results indicated that a binder containing 
20 % slag and a 100 % water-to-binder ratio exhibited the best me
chanical performance compared to the other mixtures. Therefore, the 
binder mix design included hydrated lime, in compliance with the ASTM 
C207–18 [24] standards, at an 80 % ratio, and slag, in compliance with 
ASTM C989/C989M-18a [25], at a 20 % ratio of the total binder weight. 
Table 2 summarizes their chemical composition and physical properties.

The use of hydrated lime in the formulation offered several advan
tages. First, hydrated lime has a high pH level, making it suitable for 
preventing biological corrosion when used with organic materials [13]. 
Second, lime’s large surface area (see Table 2) due to its fine particle size 
and ability to regulate the pH levels within the mixture [26] promoted 
optimal conditions for forming stable mineral bonds between hemp shiv 
and lime, thus enhancing the resulting material’s cohesion and strength. 
Third, hydrated lime aids in carbonation, whereby carbon dioxide from 
the atmosphere reacts with lime during curing, forming calcium car
bonate and effectively sequestering carbon, enhancing the material’s 
sustainability and durability. Nevertheless, because hydrated lime gains 
strength through slow carbonation progress, the binder formulation was 
enriched with slag, a by-product of metal smelting processes, and a 
cementitious material that provides early strength and moisture resis
tance [26,27]. The addition of slag offered the following benefits. First, 
high silica content in slag improved cohesion within the hemp-lime 
matrix, resulting in increased compressive strength and reduced brit
tleness. Additionally, using slag in hemp-lime composite increased sus
tainability by diverting industrial waste from landfills and reducing the 
environmental footprint associated with traditional construction 
materials.

2.4. Composition and preparation of hemp-lime specimens

This study aimed to produce hemp-lime composites with consistent 
performance, high thermal resistance, and a minimized environmental 
impact, suitable for sustainable buildings exposed to cold climates. This 
aim was achieved by (i) maximizing the share of hemp shiv using binder- 

to-hemp (B/H) ratios of 1:1, 1:1.5, and 1:2.4, (ii) producing lightweight 
samples with dry densities of 140 kg/m3, 170 kg/m3, and 200 kg/m3, 
and (iii) using a mechanical process to manufacture uniform samples 
with consistent dry density.

Table 3 summarizes the mix ratios and percentages by mass of hemp- 
lime samples produced from four types of shiv particle sizes (R, C, M, 
and F) using three B/H ratios (50/50, 40/60, and 30/70). It should be 
mentioned that it was unfeasible to create a robust sample with a 1:2.4 
(30/70) ratio with the R-shiv received from the manufacturer because 
the samples kept collapsing when demolding and handling. This finding 
indicates that reducing and standardizing the shiv particle size is 
necessary to increase the share of the bio-based component in the hemp- 
lime mix design. Such behavior could be attributed to the improved 
cohesion forces, contact, interfacial bonding, packing, and connection 
between the lignocellulosic particles and the cementitious binder by 
reducing hemp particle sizes and enhancing homogeneity. Simulta
neously, voids and gaps were reduced, resulting in a more robust and 
compact material less prone to collapse, even with a hemp content of 
70 %. Furthermore, the hygroscopic nature of hemp shivs helps regulate 
moisture levels within the material, contributing to a healthier indoor 
environment and moisture management by absorbing excess moisture 
and releasing it when humidity levels decrease. Nevertheless, the hy
groscopic properties of hemp shiv can lead to the binder’s incompletion 
of the hydration process. Hence, the quantity of water incorporated into 
the mixture was calculated considering both the requisite amount for 
binder hydration and the water absorption capacity of the hemp shiv.

The preparation of the samples included placing the hemp shiv in a 
plastic pail and adding the binder mix composed of hydrated lime and 
slag. A hand-operated drill mixer was used for the dry components for 
3–4 minutes until a homogenous mixture was achieved. The water was 
then added to the dry components, and further hand-operated mixing 
was applied for another 10 minutes to ensure that the moistened binder 
encapsulated all shiv particles. Fine hemp particles allowed easier mix 
preparation and more uniform samples than the received hemp shiv 
product. Considering the lack of standards to measure the workability of 
the hemp-lime composites, a "test ball" procedure was followed where 
the mixture was stuck together in hand, forming a ball without excess 
water, as shown in Fig. 2-b. Since most previous studies that manually 
produced hemp-lime samples reported significant variations in the 
density [18,28], the vibration technique was chosen to ensure consistent 
properties of the hemp-lime samples. Hence, when a desired mixture 
was obtained, the molds were filled, placed on a vibration table, and 
vibrated for 30 seconds using 60 Hz frequency to achieve the targeted 
wet density, as shown in Fig. 2. It is important to note that a preliminary 
study was conducted to determine the maximum density that could be 
achieved using vibration before stratification occurs. In this respect, 
depending on the B/H ratio, the maximum target dry densities achieved 
by vibration were 200 kg/m3, 170 kg/m3, and 140 kg/m3 for 1:1, 1:1.5, 
and 1:2.4, respectively. The decrease in dry density corresponds to the 
increase in the share of hemp shiv with consistent vibration technique 
applied to all samples.

Two mold shapes were utilized to assess the hemp-lime samples’ 
hygrothermal and mechanical properties. In this respect, 160 mm 
(width) X 160 mm (length) X 80 mm (height) samples were used to 
measure the thermal conductivity, specific heat capacity, thermal 
diffusivity, and moisture buffering potential. Additionally, cubic sam
ples (100 mm×100 mm X 100 mm) were used to measure the 
compressive strength. As fresh hemp-lime composites have marginal 
strength, the mold size can affect the de-molding process, as samples 
might collapse while removed from the mold. Therefore, samples cast 
for compressive strength were de-molded immediately, whereas other 
larger samples for hygrothermal tests were de-molded after 48 hours.

Samples were placed in a curing chamber for 28 days under 70 % RH 
and 22±1 ◦C temperature until testing. Samples intended for thermal 
conductivity, specific heat, thermal diffusivity, and moisture buffering 
value analysis were oven-dried at 65–80 ◦C until a constant weight was 

Table 1 
Physical properties of four hemp shiv types.

Property Hemp shiv type

Received Coarse Medium Fine

Bulk density (kg/m3) 94 104 107 114
Initial moisture content (%) 7.20 6.94 7.38 7.52
Hemp fiber content (%) 8.91 8.32 9.03 9.12
Water absorption ​ ​ ​ ​ 
IRA % 150.08 137.26 142.91 139.91
K1 47.42 51.88 52.94 52.79
*D90 (mm) 4.52 1.33 0.96 0.72
**D50 (mm) 2.59 0.74 0.54 0.30

* 90 % of the total particles are smaller than the specified sizes.
** A cumulative 50 % point of diameter (or 50 % pass particle size).
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achieved. In contrast, samples tested for compressive strength were 
tested directly after removal from the curing chamber. Previous studies 
reported that the direction of casting and compaction affect the thermal 
and mechanical properties of the hemp-lime composites [4,13,18]. In 
this study, all mixes were initially cast in a direction perpendicular to 
heat flow (i.e., vertically). Selected HLC mixes were also cast in a par
allel direction (i.e., horizontally) to investigate the effect of casting di
rection on the thermal properties, and the results were compared with 
the corresponding mixes cast in the perpendicular direction, as shown in 
Fig. 2-a.

2.5. Experimental tests

2.5.1. Physical and mechanical properties tests
The apparent dry and wet densities were determined due to a sig

nificant correlation between the hemp-lime density and its mechanical 
and hygrothermal properties. Three cubic samples of each mix were 
used to determine the apparent densities. Given the absence of specific 
standards governing the measurement and calculation of compressive 
strength in hemp-lime composites, protocols outlined in BS EN 12390‑1 
[29] and BS EN 826:2013 [30], devised for concrete and thermal insu
lation materials in building applications were adhered to for the 

preparation, testing of samples, and determination of compressive 
strength [31]. The compressive strength was determined as an average 
value of six samples for each mix and tested at 30 days using a hydraulic 
press machine MTS 103. The load was applied in a displacement control 
manner at a rate of 2 mm/min, and the failure mode was determined 
when the load-displacement curve reached the maximum value [28]. 
Fig. 3 illustrates the compressive strength testing setup.

2.5.2. Thermal conductivity
This test was performed on four samples for each hemp-lime mix 

using a FOX 304 Heat Flow Meter Apparatus (HFMA) following ASTM 
C518 standard [32] for both perpendicular and parallel cast samples. 
The apparatus was first calibrated using NIST 1450b SRM (Standard 
Reference Material of the National Institute of Standards and Technol
ogy) to convert the voltage signals into heat flux. Then, the test is con
ducted using Fourier’s law of heat conduction by applying a steady 
one-dimensional heat flux through the sample by setting a different 
but constant temperature for the upper and lower plates [28]. For all 
samples, the thermal conductivity was determined in oven-dry condi
tions at an average temperature of 12.5 ◦C where the hot plate was 25 ◦C 

Table 2 
The chemical composition and physical properties of hydrated lime and slag.

Material Chemical composition Physical properties

Mass %

CaO Na2O MgO Al2O3 SiO2 P2O5 K2O TiO2 Fe2O3 Specific gravity Surface area g/m2

Hydrated lime 67.56 0.05 0.42 0.04 0.75 0.02 0.03 0.02 0.11 2.39 13.72
Slag 37.82 0.37 11.82 10.20 36.80 0.00 0.49 1.43 0.43 2.74 1.63

Table 3 
Composition of the hemp-lime samples.

B/H ratio *Name Mix % by mass

Lime Slag Hemp Water

50/50 R50 13.40 3.35 16.75 67.00
C50
M50
F50

40/60 R60 10.00 2.50 18.75 68.75
C60
M60
F60

**30/70 C70 7.05 1.77 20.58 70.60
M70
F70

* R-received; C-coarse; M-medium; F-fine.
** It was impossible to create a robust 30/70 sample with the shiv received 

from the manufacturer.

Fig. 2. The molds filled with HLC were placed on the vibration table (a) to produce the samples and the test ball method (b) [29].

Fig. 3. Compressive strength testing setup.
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and the cold plate was 0 ◦C. Additionally, thermal conductivity was 
determined at different average temperatures (12.5, 22.5, and 32.5 ◦C) 
for selected mixtures, including control mixtures (R50 and R60), and the 
best-performing mixtures for each B/H ratio (F50, F60, and F70). 
Furthermore, five different mixes (R50, F50, R60, F60, and F70) were 
cast in a parallel direction to investigate the effect of casting direction on 
the thermal properties, and the results were compared with the corre
sponding mixes cast in the perpendicular direction. For all samples, a 
high thermal resistance material was placed surrounding the sample to 
fill up the gap between the chamber walls and the samples to ensure heat 
flowed through the sample in one direction, as shown in Fig. 4.

2.5.3. Specific heat capacity
The specific heat capacity of a material is its ability to store thermal 

energy [33]. The specific heat capacity was indirectly measured by first 
measuring the volumetric specific heat using LaserComp FOX 304, as a 
new method was integrated into the software to measure the volumetric 
specific heat directly. WinTherm32 software records all the readings of 
the heat HFMA and calculates the time interval between the readings 
(typically ~1–1.3 seconds). Then, the software calculates the amount of 
the total heat per unit square absorbed by both the sample and the in
strument using Eq. (5): 

H =
∑[

SU
(
QUi − QUequil

)
+ SL

(
QLi − QLequil

) ]
τ, (5) 

Where SU and SL are upper and lower calibration factors, QUi and QLi are 
the HMFAs readings, and QUequil and QLequil are the final equilibrium 
values of the HFMA signals, which are subtracted to eliminate drift of 
the sum due to edge heat losses (or gains), and τ is the time interval 
between the readings. Then, the software calculates volumetric specific 
heat value as the amount of heat (per unit of square area and degree ◦C) 
absorbed by the sample, divided by the sample’s thickness as shown in 
Eq. (6) [34–37]: 

Cpρ = [Htotal/(ΔT − HHFMs)]
/
L, (6) 

Where Cpρ is the volumetric specific heat, Htotal is the total heat absor
bed, ΔT is the temperature change, HHFMs is the heat absorbed by the 
heat flow meter, and L is the sample thickness. Finally, the specific heat 
capacity was manually calculated using Eq. (7): 

Cp = Cpρ
/

ρ, (7) 

Where Cpis the specific heat capacity, and ρ is density.

2.5.4. Thermal diffusivity
This property indicates how fast the material temperature would 

change when subjected to heating or cooling loads, where the higher the 
thermal diffusivity, the faster the material would heat or cool and vice 
versa. Therefore, it is imperative to characterize this property, especially 
when considering the unsteady state of the heat transfer environment 
[1]. Thermal diffusivity can be determined using Eq. (8). 

α = k
/(

ρ.Cp
)
, (8) 

Where α is the thermal diffusivity and k is the thermal conductivity.

2.5.5. Moisture buffering value
Since the hygroscopic behavior of materials subjected to a dynamic 

humid environment is more realistic than a steady state condition, the 
Nordtest project introduced an experimental procedure to estimate the 
moisture buffering behavior of hygroscopic materials using a universal 
coefficient known as Moisture Buffer Value (MBV) [38]. This coefficient 
indicates the quantity of water transferred out or in a material per open 
surface area in a definite time when subjected to varying humidity 
loading conditions. Under Nordtest, the tested material is subjected to at 
least three consecutive humidity cycles. The MBV is determined when 
the test satisfies two conditions: (1) in the last three cycles, the mass 
difference should be less than 5 %, and (2) within the same cycle, the 
mass difference in loss or gain should be less than 5 %. Following the 
Nordtest procedure, four samples of each mix were tested. All sample 
sides except one (160 mm×160 mm) were sealed. The samples were 
then placed in an environmental chamber and exposed to a dynamic 
humidity cycle of 24 hours between high (75 %) and low humidity 
levels (33 %) for 8 and 16 hours, respectively, at 23±1 ◦C.

The environmental chambers were built using sealed plastic con
tainers with dimensions of (37.4 ×47.6 ×60.3 cm) and saturated salt 
solutions to produce 33 % and 75 % relative humidities (RH). ASTM 
E104–20a standard was followed to produce the humidity levels where 
33 % RH was produced by mixing magnesium chloride (MgCl2) with 
distilled water at a 10:1 wt ratio, while 75 % RH was produced by 
mixing sodium chloride (NaCl) with distilled water at 2:1 wt ratio [39]. 
Two humidity sensors were positioned at the top and bottom of each 
chamber to continuously monitor the humidity levels and ensure the 
required RH levels and uniform humidity. According to recent research, 
air velocity can significantly impact the MBV, especially regarding 
bio-based materials, which can exhibit an increase in MBV by about 
150 % when airspeed is increased from 0.108 m/s to 1.91 m/s [40]. In 
this respect, it is essential to mention that environmental chambers 
employed in this study use the passive method (i.e., saturated salt so
lutions) to provide the required moisture conditions while minimizing 
air movement, unlike conventional climate-controlled environmental 
chambers with fans or blowers to circulate air within the chamber. The 
environmental chambers were kept sealed during the test, except when 
taking weight measurements, and also placed in a climate-controlled lab 
environment with consistent conditions, including an ambient temper
ature of 20 ⁰C (±1⁰C), relative humidity of 45 % (±5 %), and air velocity 
of 0.2 m/s (±0.05 m/s), to minimize further the air movement caused 
by natural convection due to the variations in ambient conditions. Fig. 5
illustrates the samples and climate chamber. When the test conditions 
were satisfied, the MBV for each sample was determined using Eq. (9). 

MBV = Δm/(A.ΔRH), (9) 

Where MBV is the moisture buffer value, Δm is the moisture uptake/ 

Fig. 4. Thermal conductivity setup using FOX 304 Heat Flow Meter.
Fig. 5. Test assembly and setup of hemp-lime samples in a climate chamber for 
MBV testing.
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release during the cycle, A is the sample exposed area, and ΔRH is the 
difference between the highest and the lowest relative humidity.

3. Results and discussion

3.1. Dry density

Table 4 summarizes the descriptive statistics of dry densities of the 
hemp-lime samples created using three B/H ratios (1:1, 1:1.5, and 1:2.4) 
and three hemp shiv particle sizes (received - R, coarse - C, medium - M, 
and fine - F). Results show a low variability between the dry densities for 
all B/H ratio categories and sizes of hemp shiv particles. In this regard, 
all samples’ coefficient of variation (CV) is between 0.16 % and 2.36 %. 
The samples with the F-shiv type exhibited the lowest variability, 
averaging a CV of 0.56 %. The hemp-lime samples with the highest 
targeted density of 200 kg/m3 and B/H ratio of 1:1 exhibited the highest 
variability, averaging 1.84 kg/m3. The consistency achieved in dry 
densities shows the efficiency of the applied production method, 
potentially leading to a consistent, repeatable, and reliable mechanical 
and hygrothermal performance of hemp-lime composites.

Fig. 6 compares the variation in dry density of the samples produced 
in this study against the previous research that focused on similar den
sities. The vibrated hemp-lime samples exhibited superior dry density 
consistency within the targeted weight categories. For example, when 
using manual tamping as a compaction method to achieve the required 
density [28], a variation of 17.83 kg/m3 was introduced. Moreover, 
when machine press compaction and projection process were used [4, 
41] to produce hemp-lime samples, a significant variation in densities 
was produced with a CV of around 16 %. Variations in density were 
reported within the same sample types where an axial gradient of 
compactness is observed inside the specimen. Specifically, the density of 
material near the piston (upper part of the cylinders) was higher than 
that of material in the lower part. Similar density fluctuations were also 
noted in the projection process [4,41]. Having such high variation can 
cause a significant impact on the mechanical and thermal properties as 
they are both heavily dependent on the density.

3.2. Compressive strength

When examining low-strength construction materials such as hemp- 
lime composites, it is essential to understand the insights gained from 
testing the material’s compressive strength, especially in non-structural 
applications. While not intended for load-bearing, compressive strength 
can be a useful measure of relative performance or quality between 
similar materials. Hence, compressive strength may indicate how well 
the material can fulfill its intended purpose within its specific environ
ment, considering aspects like durability, constructability in handling, 

transporting, and installing, and compatibility with other components in 
the construction assembly. Fig. 7 depicts the hemp-lime samples’ two 
distinct mechanical failure behaviors under continuously applied 
compressive load. Samples with received shiv behaved as bilinear ma
terials, whereby the curve could be divided into two distinct regions. 
The first linear phase occurs when the binder fails, and initial cracks 
propagate. The second linear phase represents significant deformation 
with less stress development increase than the first. In this phase, the 
cracking noises became louder, indicating the collapse of the hemp 
particles, providing additional strength by increasing the contact be
tween those particles. In contrast, hemp-lime samples made of hemp 
shiv powder exhibited collapse similar to a shear failure, regardless of 
the particle size. Three different regions can be observed in the stress- 
strain response: the ascending portion, the peak point or the 
maximum compressive stress point where the behavior is no longer 
linear, and finally, the descending portion, where the curve shows a 
descending trend after reaching maximum stress.

The stress-strain curve for all samples shows a significant ability of 
the material to deform under loading before total failure, registering a 
high level of strains in the range of 0.087–0.26 mm/mm. This behavior 
could make the hemp-lime composite resilient in earthquake regions as 
it sustains high deformation before failure. Similar findings were also 
confirmed by previous literature [13].

As shown in Table 5, the prepared hemp-lime samples displayed 
satisfactory mechanical performance for such low densities when 
compared with faced rigid thermal insulation boards [42]. Thus, the 
average compressive strength ranged between 0.033 MPa and 
0.11 MPa. Similar to the findings of other studies [18,41], the 
compressive strength is directly proportional to dry density and 
inversely proportional to the increase in hemp shiv share. In this respect, 
samples with B/H ratios 1:1 producing 200 kg/m3 density exhibit the 
highest compressive strength value. A 35 % and 45 % reduction in the 
compressive strength was recorded when the density reduced from 
200 kg/m3 to 170 kg/m3 and 140 kg/m3, respectively. The results also 
show the production method’s effectiveness in reducing the variability 
between the mechanical behavior of hemp-lime composites. The C-type 
shiv exhibited the lowest variation in compressive strength, with a CV 
ranging between 4.24 % and 8.94 %. The findings also show a 32–36 % 
reduction in compressive strength in the 200 kg/m3 and 170 density 
groups when received particles were replaced with ground particles. The 
behavior observed is consistent with the findings of [13,15], which re
ported decreases in strength of 21.6 % and 34.4 % when larger hemp 
shivs were used instead of smaller ones.

In contrast, [14] found that using larger shivs resulted in a 47.5 % 
decrease in compressive strength compared to smaller shivs. The 

Table 4 
Descriptive statistics of samples’ dry densities.

Mix 
ID

Target 
density (kg/ 
m3)

Dry density (kg/m3)

Mean Maximum Minimum Coefficient of 
variation %

R50 200 193.30 193.90 192.72 0.31
C50 200.75 202.49 198.97 0.88
M50 199.80 203.27 196.20 1.77
F50 200.12 201.80 199.10 0.73
R60 170 166.02 167.73 164.80 0.92
C60 166.89 167.18 166.70 0.16
M60 168.97 173.50 166.02 2.36
F60 169.87 170.51 169.24 0.37
*C70 140 140.67 143.80 138.53 1.97
M70 142.38 143.12 141.15 0.75
F70 143.92 144.98 142.89 0.59

* It was impossible to create a robust 30/70 sample with the shiv received 
from the manufacturer.
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Fig. 6. Density variation comparison with other studies.
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discrepancy may be attributed to the average densities: large shivs had 
an average density of 1040 kg/m3, while small shivs had an average 
density of 1150 kg/m3, a 10.57 % difference. Such a variation in density 
can significantly influence compressive strength, as shown in this study, 
where a 15 % reduction in density from 200 kg/m3 to 170 kg/m3 led to 
about a 40 % decrease in average compressive strength.

Table 5 also presents approximate Young’s modulus values calcu
lated using the displacement values of the actuator, as it was challenging 
to mount the compressometer directly to the sample. As shown in 
Table 5, the average modulus of elasticity ranged between approxi
mately 1.82 and 3.96 MPa. Results show a direct relationship between 
HLC dry density and Young’s modulus. In this respect, a 15 % reduction 
in density from 200 kg/m3 to 170 kg/m3 led to an approximately 22 % 
decrease in average Young’s modulus. Similarly, a further decrease in 
density from 170 kg/m3 to 140 kg/m3 resulted in around 30 % reduc
tion in average Young’s modulus. Findings also show a negative corre
lation between Young’s modulus and hemp shiv particle size.

Fig. 8 compares the relationship between the density and the 
compressive strength results obtained from this study and the previous 
studies that used a hydrated lime-based binder [13,14,18, and 28]. As 
documented in prior studies, the compressive strength and density are 
directly and inversely proportional [15,28]. Therefore, Fig. 8 illustrates 
that when the results of this study are extrapolated to the available range 
of densities, they align with the findings reported in the previous liter
ature. Bryziki [13] and Williams [18] have reported higher compressive 
strength values than other studies, which can be explained using a B/H 
ratio of 2:1 and 2.25:1, respectively. As reported by previous literature, 
an increase in binder content in the formulation leads to an almost linear 
increase in compressive strength [10].

3.3. Thermal properties

3.3.1. Thermal conductivity
Table 6 summarizes the results of thermal conductivity measure

ments. As expected, thermal conductivity is positively linearly corre
lated with the dry density of the hemp-lime composites [28]. Hence, 
samples with the lowest dry density (140 kg/m3) had the lowest thermal 
conductivity, ranging from 0.054 to 0.056 W/m K, followed by 

Fig. 7. Typical stress-strain curve for hemp-lime samples (a); Compressive Strength test, hemp-lime cubes after crushing (b).

Table 5 
Descriptive statistics of samples’ compressive strength.

Mix 
ID

Density 
category 
(kg/m3)

Compressive Strength 
(MPa)

Young’s modulus 
(MPa)

Mean Coefficient of 
variation %

Mean Coefficient of 
variation %

R50 200 0.111 9.91 ​ 3.96 7.38
C50 0.070 5.71 ​ 3.76 5.01
M50 0.070 7.86 ​ 3.27 5.43
F50 0.071 19.72 ​ 3.22 13.82
R60 170 0.072 13.89 ​ 2.81 8.63
A60 0.047 8.94 ​ 2.74 7.62
M60 0.045 19.56 ​ 2.93 11.89
F60 0.049 10.00 ​ 2.61 6.31
*C70 140 0.033 4.24 ​ 2.09 3.28
M70 0.036 24.44 ​ 1.91 16.32
F70 0.042 14.29 ​ 1.82 7.54

Fig. 8. Comparison of density and compressive strength with the previ
ous literature.

Table 6 
Descriptive statistics of samples’ thermal conductivity.

Mix 
ID

Mean dry 
density (kg/ 
m3)

Thermal conductivity (W/m K)

Mean Maximum Minimum Coefficient of 
variation %

R50 193 0.0667 0.0713 0.0612 6.66
C50 201 0.0638 0.0701 0.0589 8.76
M50 200 0.0616 0.0674 0.0581 6.70
F50 200 0.0605 0.0625 0.0572 3.87
R60 166 0.0617 0.0683 0.0573 7.75
C60 167 0.0587 0.0622 0.0562 4.96
M60 169 0.0579 0.0621 0.0555 5.11
F60 170 0.0564 0.0597 0.0532 4.63
*C70 141 0.0559 0.0593 0.0538 6.05
M70 142 0.0545 0.0589 0.0522 5.71
F70 144 0.0535 0.0572 0.0502 5.40

* It was impossible to create a robust 30/70 sample with the shiv received 
from the manufacturer.
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170 kg/m3 samples with 0.056–0.062 W/m K, and 200 kg/m3 with the 
highest thermal conductivity ranging from 0.061 to 0.067 W/m K. It can 
also be observed that samples made of received shiv particles exhibited 
the highest thermal conductivity values within density category. 
Furthermore, the hemp-lime samples made with fine hemp particles 
tend to have the lowest thermal conductivity despite having the highest 
or as high density within their respective density categories. In this re
gard, thermal conductivity was reduced by 8.1–10.4 % when using the 
fine fragments compared to the received. A likely explanation for these 
findings is a discontinuity in the binder thermal path when using small 
hemp shiv particles, reducing the overall thermal conductivity of 
hemp-lime composites. These findings suggest that reducing the hemp 
shiv particle size benefits the thermal performance of hemp-lime 
composites.

Table 6 also shows the low variability in the thermal conductivity 
values across the samples at different densities, achieved using the vi
bration casting technique. Therefore, the CV of all samples was between 
3.87 % and 8.77 %. The samples with the finest particle size exhibited 
the lowest variability, recording 3.87, 4.63, and 5.6 % for samples with 
200, 170, and 140 kg/m3 density, respectively.

Fig. 9 compares the correlation between dry density and thermal 
conductivity from this research with other studies [4,13,18, and 28]. It 
can be seen that the thermal conductivity values from this study are 
25–65 % lower than those reported in previous studies, and corre
spondingly, the dry densities are also 28–65 % lower. To facilitate a 
seamless comparison, the thermal conductivity results from this study 
have been extrapolated, considering the nearly linear relationship be
tween density and thermal conductivity [28], to match the average 
densities reported in the other studies presented in Fig. 9. The extrap
olated thermal conductivity values were 0.0775, 0.0828, 0.0778, and 
0.07425 W/m K, which correspond to the average densities of (335, 
380, 340, and 310 kg/m3) reported in [4, 13, 18, and 28], in that order. 
The extrapolated values from this study are 18.82 %, 11.22 %, and 
19.16 % lower in thermal conductivity compared to the values docu
mented in [13,18,28], respectively. The extrapolated thermal conduc
tivities are only 1.35 % higher than those reported by [4]. These findings 
suggest that a decrease in hemp particle sizes reduces hemp-lime com
posites’ thermal conductivity, thus improving the material’s thermal 
performance even at higher densities.

3.3.2. Thermal conductivity as a function of temperature
Thermal conductivity was assessed at three distinct temperature 

levels (12.5◦C, 22.5◦C, and 32.5◦C) to evaluate the performance of 
hemp-lime composites across various climate zones. The study included 
selected hemp-lime mixes (F50, F60, and F70) with dry densities of 
200 kg/m3, 170 kg/m3, and 140 kg/m3, respectively. These mixes 
represent the optimal thermal performance within their respective 

groups, exhibiting the lowest thermal conductivity. Fig. 10 shows a 
nearly linear increase in thermal conductivity across all the samples, 
ranging from 6.6 % to 9.8 %, with a rise in testing temperature from 
12.5 ◦C to 32.5 ◦C. These results echo the findings from previous studies 
that reported an increase in conductivity of 8.9–10.78 % when the 
temperature increased from 10 ◦C to 30◦C [43]. This behavior is 
attributed to the increased thermal conductivity of air entrapped in the 
sample from 0.0253 W/m K at 12.5◦C to 0.0268 W/m K at 32.5◦C [44].

3.3.3. Anisotropy of thermal conductivity
The effect of hemp shiv orientation due to compaction via vibration 

on thermal conductivity is also investigated due to the inherently 
anisotropic nature of hemp particles, where thermal conductivity in the 
direction parallel to the capillaries is higher than in the transversal di
rection [4]. In this respect, EN ISO 10456 standard [45] reports two 
values with a significant difference reaching up to 27 % for the thermal 
conductivity of wood particles when heat flows along the material fibers 
versus when heat transfers across the fibers. Previous studies showed a 
significant effect of the compaction direction of hemp-lime composites 
on their thermal conductivity coefficients. For example, Brzyski [16] has 
reported a 12 % and 16 % difference in thermal conductivity in the 
parallel and perpendicular direction for short (2.74 mm) and long 
(8.40 mm) hemp shivs, respectively. Williams [18] reported that the 
average thermal conductivity for perpendicularly tested samples was 
16 % higher than that of parallel-tested samples. Pierre [46] has also 
reported a 33 % directional difference in thermal conductivity, similar 
to what was reported in [47,48].

In contrast, as presented in Fig. 11, this study significantly improved 
the directional difference in thermal conductivity to only 1.2–2.75 % 
when using fine hemp fragments and approximately 6.8 % when using 
R-shiv. The results confirm the previously reported trend as the smaller 
the hemp shiv, the lower the difference [16]. It also shows the significant 
effect of using compaction via vibration, leading to a consistent per
formance of the hemp composite. The perpendicular thermal conduc
tivity results also have a linear relationship with the dry density, as the 
lower the density, the lower the conductivity.

3.3.4. Specific heat capacity and thermal diffusivity
As shown in Table 7, the specific heat capacity of the hemp-lime 

samples ranged from 672 to 957 J/kg K. As expected, mixes with 
higher dry density and binder content had higher specific heat capacity, 
meaning more heat energy is needed to raise their temperature. For 
instance, 200 kg/m3 samples had around 28 % higher average specific 
heat capacity than 140 kg/m3 samples and approximately 15 % higher 
than 170 kg/m3 samples. The findings also show no tangible effect of the 
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Fig. 9. Comparing thermal conductivity results with other studies.
Fig. 10. Thermal conductivity of different hemp-lime mixes at different testing 
temperatures.
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hemp shiv size on the specific heat values, concluding that hemp com
posites are more susceptible to density and binder ratio than hemp shiv 
size [13]. The results also confirm the general trend of the linear rela
tionship between hemp-lime’s density and specific heat capacity. Pre
vious studies echoed these findings. For example, in [6], two different 
mixes, A (394.8 kg/m3) and B (298.1 kg/m3), with binder-to-hemp mass 
ratios of 1.8 and 1.13, respectively, have been investigated. The study 
found that mix B, which had a higher hemp content and lower dry 
density, exhibited an average specific heat capacity of 333 J/kg K, 
approximately 13.5 % lower than mix A, which had a lower hemp 
content and higher dry density, with a specific heat capacity of 385 J/kg 
K.

Thermal diffusivity measures a material’s ability to conduct heat 
relative to its ability to store thermal energy, quantifying the rate at 
which temperature changes propagate through the material over time 
[6]. Building materials with low thermal diffusivity reduce heat ex
change with their surroundings, leading to improved energy efficiency 
and thermal comfort for occupants [28]. Thermal diffusivity of all 
samples ranged between 0.321 (m2/s) x10− 6 and 0.585 (m2/s) x10− 6, 
with averages of 0.338, 0.433, and 0.565 (m2/s) x10− 6 for samples with 
200, 170, and 140 kg/m3 density categories, respectively. The densest 
(200 kg/m3) samples exhibited around 40 % lower thermal diffusivity 
than the lightest (140 kg/m3) and approximately 22 % lower than the 
170 kg/m3 hemp-lime samples. These findings were expected consid
ering the interdependency between thermal diffusivity, thermal con
ductivity, and density (see Eq. 8). Furthermore, the high thermal 

diffusivity of air of 18.69 (m2/s) x10− 6 [49] increased the thermal 
diffusivity of low-density samples. These findings echo previous studies 
[6,28,50,51]. The results also show a lower diffusivity value for samples 
with smaller hemp fragments. For example, F-type shiv particles were 
around 13 % and 11 % lower than R-type shiv for 200 and 170 kg/m3 

density samples. Such reduction could be attributed to filling the air gap 
between constituents when small hemp shiv particles were used.

3.4. Moisture buffer value

Moisture buffering ability plays a vital role in regulating the fluctu
ation in humidity in internal spaces. As illustrated in Fig. 12, all the 
samples showed an excellent moisture buffering capacity [38], as the 
average moisture buffer value (MBV) ranged between 2.06 g/m2 RH and 
2.53 g/m2 RH. The results show a negative correlation between dry 
density and MBV of hemp-lime composites. In this regard, average MBV 
values of 140, 170, and 200 kg/m3 samples were 2.47, 2.28, and 
2.12 g/m2 RH, respectively. A similar trend is confirmed by previous 
literature, as a high hemp ratio in the composite produces lower density 
and higher permeability, leading to a high moisture transfer and storage 
of the material [52]. Therefore, an increase in the hemp ratio in the 
hemp composite results in an increase in the moisture capacity, which 
causes an increase in the MBV. The results also showed an improvement 
in the MBV when using a smaller hemp shiv size.

Additionally, Fig. 13 shows the mass change percentage concerning 
the original sample mass for the F-type shiv when exposed to the hu
midity cycles during the MBV test. The mass change was determined per 
the exposed surface area and was measured every four hours. It can be 
seen that regardless of the B/H ratio, all samples showed similar mass 
change behavior. The mass change profile consists of two phases: the 
mass phase increases when the humidity level is 75 %, while the 
decreasing phase occurs at a 33 % humidity level. For both phases, the 
initial hours 0–8 hours record the highest rate of mass change, and then 
the change rate decreases with time. It can also be seen that the higher 
the hemp shiv ratio, the higher the mass change gain; thus, F70 samples 
have the highest mass gain. This behavior is attributed to the high ab
sorption capacity of the hemp compared to the binder.

Fig. 14 compares the uptake moisture buffering capacity at oven-dry 
as an initial condition for the three groups used in the study with B/H 
ratios 1:1, 1:1.5, and 1:2.4. It can be seen that the moisture buffering 
capacity starts at high values ranging between 2.5 g/m2 RH and 3.6 g/ 
m2 RH then it starts decreasing until reaching steady-state by the third 
cycle. This increase is attributed to the high absorption capacity of the 
hemp-lime samples when they have low moisture content, whereas 
higher initial moisture content leads to lower absorption. Fig. 14 shows a 
distinct behavior for the R-type hemp-lime samples where the decrease 

Fig. 11. Thermal conductivity for different testing directions.

Table 7 
Average specific heat capacity and thermal diffusivity.

Mix 
ID

Dry 
density 
category 
(kg/m3)

Ave. 
Specific 
heat 
capacity 
(J/kg K)

Coefficient 
of variation 
%

Ave. 
Thermal 
diffusivity 
(m2/s) 
x10¡6

Coefficient 
of variation 
%

R50 200 942 4.21 0.368 3.23
C50 931 6.79 0.337 5.75
M50 957 3.01 0.324 4.39
F50 933 2.26 0.321 3.56
R60 170 803 6.43 0.458 6.93
C60 798 5.27 0.436 4.22
M60 782 2.68 0.431 3.71
F60 811 4.11 0.406 5.03
*C70 140 681 5.79 0.585 4.68
M70 672 4.38 0.575 3.41
F70 689 4.17 0.534 3.79

* It was impossible to create a robust 30/70 sample with the shiv received 
from the manufacturer
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in the absorption from the first cycle takes longer than that of other types 
as they have a lower surface area. It can be concluded that hemp-lime 
composites with lower particle size can achieve moisture stability 
faster, leading to better moisture control performance.

4. Conclusions, limitations, and future work

Hemp-lime composites increasingly capture the spotlight in the 
construction sector due to their remarkable sustainability, minimal 
environmental impact, and impressive hygrothermal properties, making 
them a compelling choice for environmentally-conscious builders 
seeking durable and eco-friendly construction materials. However, the 
widespread adoption of hemp-lime composites has encountered obsta
cles due to significant variations in formulation and manufacturing 
techniques, leading to inconsistent mechanical properties and hygro
thermal performance. This study addresses these limitations by intro
ducing a novel methodology to enhance the homogeneity and 
uniformity of hemp-lime composites, rendering their performance as 
predictable, reproducible, and consistent as traditional insulation ma
terials. The new approach holistically addressed the variability of hemp- 
lime composites through two steps: (1) reducing the hemp shiv particle 
sizes from received of 4.52 mm to 1.33, 0.96, and 0.72 mm for coarse, 
medium, and fine particle sizes, respectively, (2) using vibration as a 
compaction method to produce uniform samples. The hygrothermal and 
mechanical characterization showed improved insulating and moisture 

buffer properties of samples with reduced particle sizes compared to the 
control sample made of the received shiv and similar studies. The 
principal conclusions drawn from this study and limitations that guide 
future research directions can be summarized as follows: 

• The experimental findings highlight the significance of reducing and 
standardizing the shiv particle size, resulting in a notable enhance
ment in material consistency and a reduction in variations across 
mechanical and hygrothermal properties among samples of the same 
targeted density. Furthermore, this reduction in particle size was 
pivotal in achieving a 70 % weight share of the bio-based component 
in the hemp-lime mix design. Subsequent research endeavors should 
delve into the effects of particle size reduction and augmented hemp 
shive content on properties such as fire resistance, freeze-thaw 
behavior, biological degradation, and durability.

• Employing vibration as a compaction method significantly enhanced 
the consistency and repeatability of the produced densities, show
casing a less than 3.5 % variation. Hence, the density disparities 
between the initial and fine hemp fragments were also negligible. 
Given the substantial influence of density on the hygrothermal and 
mechanical properties of hemp-lime composites, attaining such 
uniformity facilitates the material’s adoption in the construction 
industry and large-scale applications. Consequently, future en
deavors should prioritize optimizing hemp-lime composite mix de
signs tailored for various applications in building envelopes (walls, 
floors, ceilings), envelope component designs (blocks, panels), and 
installation methods (sprayed-in, precast).

• Although the hemp-lime composite may not match the structural 
capabilities of other load-bearing construction materials, it does fall 
within the compressive strength range of faced rigid insulation ma
terials ranging between 0.11 and 0.965 MPa. Future research could 
explore alternative binder mix designs, incorporating pozzolans such 
as metakaolin, silica fume, and fly ash. In addition to enhancing 
mechanical properties, these pozzolans have the potential to posi
tively influence the long-term alkalinity and durability of hemp-lime 
composites. Subsequent research should further optimize the binder 
mix design and distribution between hydrated lime and added poz
zolans. Additionally, adjustments to the binder-to-hemp ratio could 
be made to meet specific mechanical requirements.

• The received shiv exhibited a 60 % increase in strength compared to 
fine fragments and demonstrated a distinct failure pattern charac
terized by bi-linear behavior, contrasting with the shear failure mode 
observed in fine fragments. Subsequent investigations should prior
itize optimizing the particle size distribution by exploring various 
ratios of coarse and fine particles, aiming to enhance compressive 
strength while minimizing thermal conductivity.

• Hemp-lime samples containing fine hemp fragments displayed an 
approximate 13 % decrease in thermal conductivity compared to 
those with received shivs. This observation suggests that thermal 
conductivity is influenced by shiv size since uniformly reducing 
hemp particle size diminished areas containing predominant binder 
content with an inherently higher thermal conductivity than hemp 
shivs. Future research should focus on optimizing the smallest par
ticle size of hemp shivs and determining its threshold to prevent 
unnecessary expenditure of energy and resources on grinding and 
preprocessing. Furthermore, developing a detailed and validated 
finite element or finite volume thermal model could provide further 
insight and explanation of the experimental results.

• The results demonstrate a noteworthy enhancement in the direc
tional difference of thermal conductivity, reduced to less than 3 % 
when employing fine hemp fragments. These findings suggest that 
the proposed hemp shiv reduction approach could facilitate the 
creation of building envelope components with uniform thermal 
properties. In addition, it could enable the development of building 
envelopes with predictable thermal performance, accommodating 
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various installation methods such as projection, precast, and 
printing.

• Hemp-lime mixes with a higher hemp-to-binder ratio demonstrate 
improved moisture control, attributed to hemp’s greater moisture 
storage capacity than the binder mixture. Additionally, reducing the 
hemp size enhances the moisture buffer value by increasing the 
exposed surface area to the outside environment. However, further 
investigation is warranted to confirm this behavior conclusively. 
Additionally, the impact of air velocity on the variations in moisture 
buffer values should be investigated.
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