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Abstract The building sector is responsible for 
approximately 40% of total anthropogenic greenhouse 
gas emissions and 37% of global energy consumption. 
Hempcrete, fabricated from industrial hemp, can offer 
a tremendous potential to alleviate the carbon emis-
sions and energy usage from buildings and construc-
tion based on its carbon capture and storage capability 
and low thermal conductivity. However, conventional 
lime-based binders for hempcrete are carbon inten-
sive. This study investigates three low carbon binder 
alternatives for hempcrete: HL-Ref (100% hydrated 
lime), HL–CC (50% hydrated lime, 50% calcined 
clay), HL–CC–LS (50% hydrated lime, 50% calcined 
clay and limestone), Geo-CC [geopolymer binder 
with 70% calcined clay and 30% granulated ground 
blast furnace slag (GGBFS)]. Compressive strength, 
bulk density, sound absorption coefficient, thermal 

conductivity, surface bond strength and crystalline 
phases of hempcrete were assessed and a multicrite-
ria analysis was carried out to compare the hempcrete 
performance between different mix designs. Results 
showed that the Geo-CC hempcrete using the cal-
cined clay/GGBFS geopolymer binder achieved the 
best performance in terms of compressive strength, 
surface bonding capacity and thermal conductiv-
ity. The performance of HL–CC–LS hempcrete also 
achieved outstanding properties which could not be 
achieved by using only calcined clay (HL–CC), high-
lighting the beneficial synergy between limestone and 
calcined clay in a lime-based system. The HL–CC–
LS hempcrete achieved the best acoustic performance 
with the highest sound absorption coefficient.
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1 Introduction

The building sector, including both the construc-
tion phase and operational phase, is responsible for 
approximately 40% of total anthropogenic green-
house gas (GHG) emissions and 37% of global 
energy consumption [1]. In Australia, the construc-
tion sector accounts for 18% of GHG emissions and 
38% of national waste [2, 3]. Greenhouse gas emis-
sions which result in global warming and the grad-
ual exhaustion of natural resources contribute to the 
degradation of the environment [4]. Construction 
materials produce emissions which are a significant 
contributor to global carbon emissions. Specifically, 
the production of cement, which is the main com-
ponent of concrete, accounts for 5–8% of total GHG 
emission [5]. The implementation of environment 
friendly materials plays a crucial role in reducing the 
embodied and overall carbon footprint of the build-
ing sector. Sustainable construction materials can 
offer advantages such as reducing the energy con-
sumption, a minimal dependence on natural resources 
and alleviating the negative impacts on the environ-
ment [6]. Over the years, several efficient materials 
have been developed exhibiting various mechanical, 
acoustic and thermal properties [7–9]. The utilisation 
of bio-based construction materials, especially for 
the thermal insulation, is observed to be an effective 
method for minimising the environmental impacts 
of the built environment [10, 11]. Hempcrete, fabri-
cated from industrial hemp, is considered as a poten-
tial alternative to traditional building materials for its 
versatility, rapid production cycle and least carbon 
output [12–14]. Due to the biogenic carbon sequestra-
tion of hemp during its growth cycle, hempcrete is a 
low embodied energy (EE) and a negative embodied 
carbon (EC) material [15]. Biogenic carbon seques-
tration refers to the process of capturing and storing 
atmospheric carbon dioxide  (CO2) through the growth 
of plants, such as hemp. While hempcrete has the 
potential to be a low-embodied-energy material, it is 
not automatically so. The energy required to produce 
hempcrete depends on the methods used for cultivat-
ing hemp, processing hemp hurds, and manufacturing 

the binder (e.g., lime or geopolymer). Efficient pro-
duction methods can significantly reduce embodied 
energy and embodied carbon [16]. Embodied energy 
refers to the total energy required to produce a mate-
rial, including raw material extraction, transportation, 
manufacturing, and construction. For hempcrete, this 
includes the energy used to grow, harvest, and process 
the hemp, as well as the production of the lime binder 
and the creation of the final product [17]. The con-
nection between biogenic carbon sequestration and 
embodied carbon lies in the fact that hempcrete may 
have a negative net carbon footprint due to the carbon 
absorbed during hemp’s growth phase. Essentially, 
the carbon captured by the hemp plant can offset the 
embodied carbon involved in producing the mate-
rial, potentially making hempcrete a carbon-negative 
material. However, this outcome depends on several 
key factors, such as local sourcing, processing of 
hemp hurds, mixing of different additives into types 
of hempcretes, transportation, lime binder production 
and availability, supply chains, and the availability of 
mass-scale production units.

The acoustic and thermal performances of hemp 
based composite materials can be studied by analys-
ing the sound absorption coefficient and thermal con-
ductivity. Fernea et  al. studied the sound absorption 
properties and thermal conductivity of hemp-based 
materials by dividing the experiments into mon-
olayer and multilayer fibre [18]. The results showed 
that the incorporation of hemp improved both thermal 
and acoustic performance of the material. It was also 
reported that hemp-lime and hemp-clay demonstrated 
similar acoustic behaviour using the impedance tube 
test and that the hemp to binder ratio is an important 
parameter governing the acoustic properties of bio-
based concrete [19]. Hempcrete has been a promising 
carbon-negative and energy efficient non-load bearing 
material in some regions such as European countries, 
but most of its full potential as a sustainable carbon 
sequestering construction material is not completely 
still explored [20–22].

Hempcrete is already a low embodied carbon 
construction material as a result of carbon stor-
age during hemp growth, and the low quantity of 
binder required compared to traditional concrete. 
Two types of binder are commonly used in hemp-
crete: Ordinary Portland Cement (OPC) or lime. 
The manufacturing process of both OPC and lime 
is instinctively carbon-intensive because it involves 
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the thermal decarbonisation of limestone, releas-
ing  CO2 into the atmosphere [23, 24]. Supple-
mentary cementitious materials (SCMs) such as 
ground granulated blast furnace slag (GGBFS), 
clay or metakaolin blended with OPC or lime, have 
been successfully considered as alternative bind-
ers to further reduce hempcrete’s global warming 
potential (GWP) while retaining its favourable 
mechanical, moisture and thermal quality [17, 18]. 
Degrave-Lemeurs et  al. [19] also reported that 
hemp-clay composites have a significantly lower 
embodied carbon and energy than hemp-lime com-
posites. Alkali-activated materials i.e., geopolymer 
have been also considered to manufacture hemp-
crete [25, 26].

In this study, to enhance the sustainability and 
accelerate the adoption of hempcrete technology by 
the construction industry, three low carbon bind-
ers were investigated. Calcined clay, which has 
been attracting significant worldwide attention as 
an emerging SCM [27], is utilised as one of the 
main components in the low-carbon binders. The 
first binder is a blend of 50 wt.% hydrated lime and 
50  wt.% calcined clay. The second one is a blend 
of 17  wt.% limestone, 33  wt.% calcined clay and 
50  wt.% hydrated lime. This binder was similar 
to limestone calcined clay cement (LC3) that has 
been successfully used in traditional OPC-based 
concrete [28, 29]. However, the hydrated lime was 
employed instead of OPC as in the LC3 system 
as hydrated lime manufacture produces less  CO2 
emission than OPC [24]. The third low-carbon 
binder is a geopolymer binder activated using a 
sodium hydroxide and sodium silicate solution. 
The precursor used is a blend of 70 wt.% calcined 
clay and 30 wt.% GGBFS which has also been suc-
cessfully used in traditional concrete applications 
[30–34]. Compressive strength, bulk density, sur-
face bond strength, acoustic and thermal properties 
for each hempcrete composite were investigated 
in this study. The acoustic and thermal properties 
were evaluated by sound absorption coefficient and 
thermal conductivity respectively. XRD analysis 
was conducted in binder pastes to reveal the reac-
tion products affecting the properties of the differ-
ent hempcrete mixes. Finally, a multicriteria analy-
sis was discussed to elaborate on the advantages of 
hempcrete with low-carbon binders.

2  Materials and mix designs

2.1  Hemp hurds characterisation

The stem component of the industrial hemp, which 
has undergone the process of retting also known as 
hemp hurds, has been used for the study. The hemp 
hurds are locally sourced by the Australian Hemp 
Masonry Company Pty. Ltd. The particle size distri-
bution of the hemp hurds, measured using the sieve 
analysis recommended by RILEM TC 236-BBM 
[35], is presented in Fig.  1. The particle size distri-
bution of the hemp hurds in this study is finer than 
that of the Australian hurds used by Delhomme et al. 
[13] with more particles passing within the range 
0.6–4.74 mm.

The water absorption of the hemp hurds, includ-
ing initial water content (INC) and final water con-
tent (FWC), was assess using a “salad spinner” 
following the recommendations of the RILEM 
TC 236-BBM [35]. The water absorption results, 
from 1  min to 48  h, obtained on three specimens 
are presented in Fig. 2. In the previous study con-
ducted by Delhomme et al. [13], a very significant 
specimen mass increase was observed between 
4 and 48  h, whereas the hemp hurds used in this 
study show a small increment of mass after 4  h 

Fig. 1  Gradation, i.e., particle size distribution of hemp hurds 
(compared to hemp hurds in the previous study [13]), and Syd-
ney sand
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or 1  day (Fig.  2). The 1-min initial water content 
(INC) measured by Delhomme et  al. [13] was 
165–190%. The INC ranged between 118 to 130% 
in this study. Regarding the 48  h immersion, the 
final water content (FWC) values measured by Del-
homme et  al. [13] ranged from 354 to 387%. The 
FWC values obtained in this study range between 
158 and 165%. As a result, the water absorption of 
the hemp hurds used in this study is overall signifi-
cantly lower than the water absorption of the hemp 
hurds used in a previous study by the authors [13]. 
The influence of hemp hurds water absorption on 
hempcrete properties will be discussed in Sect. 4.

2.2  Binders

Four different binders were used in this study to 
investigate their effects on hempcrete performance. 
The binder of the reference mix is 100 wt.% hydrated 
lime, which was supplied by Australian Hemp 
Masonry Company Pty. Ltd. For two of the low-car-
bon binders, hydrated lime was replaced by calcined 
clay and limestone up to 50 wt.%. The calcined clay 
was sourced from Argeco, France obtained by flash 
calcination of raw clay. The kaolinite content of raw 
clay was 55 wt.% which classified as low-grade clay. 
The limestone (branded as Omyacarb) was supplied 
by Oyma Australia Pty. Ltd.

The third low-carbon binder is a geopolymer 
binder. The precursor is composed of calcined clay 
and Ground Granulated Blast-Furnace slag (GGBFS). 
GGBFS was produced by Australian Steel Mill Ser-
vices (ASMS), Port Kembla, New South Wales, 
Australia. The chemical composition of hydrated 
lime, calcined clay, limestone and GGBFS, deter-
mined by X-ray fluorescence (XRF), is presented in 
Table  1. The activator solution for the geopolymer 
mix contained sodium hydroxide pellets and sodium 
silicate solution. The specifications of NaOH pel-
lets included a specific gravity of 2.1, a molecular 
weight of 40 and a purity of 98%. The sodium sili-
cate solution consisted of 9.1 wt.%  Na2O, 28.9 wt.% 
 SiO2 and 61.1 wt.%  H2O with the molar ratio  SiO2: 
 Na2O = 3.16–3.26.

2.3  Mix design and batching procedure

This study investigates four hempcretes with dif-
ferent binders: hempcrete HL-Ref is the reference 

Fig. 2  Water absorption of hemp hurds

Table 1  Chemical 
composition of hydrated 
lime, calcined clay, 
limestone and GGBFS

Chemical composition (wt.%) Hydrated lime Calcined clay Limestone GGBFS

SiO2 1.3 70.4 1.1 31.5
Al2O3 0.5 22.3 0.2 12.2
Fe2O3 0.3 2.3 0.2 1.1
CaO 71.8 0.5 54.8 44.5
MgO 0.8 0.2 1.5 4.6
Na2O – 0.1 – 0.2
K2O – 0.2 – 0.3
TiO2 0.1 1.1 – 1.0
SO3 – – – 3.2
Loss on ignition (LOI) 25.5 1.8 43.1 0.8
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hempcrete with only hydrated lime. 100% hydrated 
lime binder is the conventional binder to fabricate 
hempcrete in Australia. Hempcrete HL–CC is the 
first low carbon binder hempcrete considered with 
50 wt.% of the hydrated lime being replaced by cal-
cined clay. Hempcrete HL–CC–LS is the second 
low carbon binder hempcrete with 50  wt.% of the 
hydrated lime being replaced by a blend of lime-
stone and calcined clay (calcined clay to limestone 
ratio of 2). Hempcrete Geo-CC uses a geopolymer 
binder with 70 wt.% calcined clay and 30 wt.% 
Ground Granulated Blast furnace Slag (GGBFS) 
being activated using the sodium hydroxide and 
sodium silicate solution [30].

Table 2 represents the density of the raw powder 
materials used for the four hempcretes investigated, 
namely hydrated lime, limestone powder, calcined 
clay and GGBFS, obtained using an Anton Paar 
Ultrapyc 5000. It is observed that the density for 
GGBFS is significantly higher than the density of 
the other materials.

The mix design of all hydrated lime-based 
hempcretes was 1:1.8:1:2 hurds, binder, sand and 
water, except for geopolymer-based hempcrete. 
The HL-Ref mix design was formulated similarly 
to the hempcrete mix design used in the Austral-
ian industry. As mentioned above, the main objec-
tive is to reduce the content of the carbon inten-
sive hydrated lime in hempcrete. 50 wt.% hydrated 
lime was substituted in HL–CC and HL–CC–LS 
mixes, while mix Geo-CC is hydrated lime free. 
Calcined clay replaced 50 wt.% of hydrated lime in 
mix HL–CC. In the mix HL–CC–LS, calcined clay 
and limestone replaced 33.3  wt.% and 16.7  wt.% 
of binder content respectively. The mix design 
of all geopolymer-based hempcretes (Geo-CC) 
was 1:1.8:1:0.15:0.65:1.1 for hurds, binder, sand, 

sodium hydroxide pellets, sodium silicate solution 
and water [28].

For all mixes, Sydney sand was used as the fine 
aggregate. Sydney sand relative density and water 
absorption values were 2876 kg/m3 and 3.5% respec-
tively. The gradation of Sydney sand is shown in 
Fig.  1. For the Geo-CC mix, the activator solution 
containing NaOH pellets, sodium silicate solutions 
and free water were prepared 24  h prior to mixing. 
The hempcrete was mixed in a 70L electric pan mixer. 
Hemp hurds absorb a large amount of water during 
mixing, which affects the workability of the hemp-
crete mixture. The high water absorption of hurds 
requires additional water to ensure proper hydration 
of the lime binder and to achieve a homogeneous 
mix. Therefore, a specific mixing procedure was fol-
lowed to ensure sufficient free water for the mixing 
and hydration process [22]. Firstly, the hemp hurds 
were placed in the mixer and mixed for 30  s. Sec-
ondly, water was added to achieve Saturated Surface 
Dry (SSD) condition, which was calculated based on 
the initial water content (INC) in hurds, and mixed for 
1 min. This step ensured that the hemp hurds did not 
absorb any of the free water which is required for the 
binder reaction process.

Lastly, both the binder and free water (or activator 
solution) were evenly distributed over the wet hemp 
and mixed for 2 min. The mixing procedure was fol-
lowed the current engineering practice. Cylindrical 
and prismatic specimens were fabricated from the 
fresh hempcrete mixture. The specimens were com-
pacted into 100 mm diameter cylinders using a 2.7 kg 
compacting hammer generating an approximate com-
pacting energy of 38 kJ/m3. The specimens were filled 
by 3 compacted layers. The hammer was dropped 5 
times per layer for cylinders and 13 times per layer 
for prisms (100 × 100 × 400  mm) to obtain the same 
compact energy. All specimens were demoulded after 
24 h and stored in a controlled room at a temperature 
of 23 ± 2  °C and relative humidity (RH) of 55 ± 3% 
until 28 days.

3  Experimental programs

3.1  Compressive strength and bulk density

The compressive strength test was performed using 
100  mm diameter cylinder specimens with 200  mm 

Table 2  Density of the raw powder materials used in hemp-
crete (kg/m3)

Raw materials Average density Standard 
deviation

GGBFS 3022.3 1.3
Limestone 2545.5 17.0
Hydrated lime 2503.0 0.6
Calcined clay 2715.2 1.27
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height after 28 days, which is widely utilised to meas-
ure the compressive strength of the conventional con-
cretes. A clear different in reaction products between 
different binders can be observed at 28 days in con-
ventional concretes [32, 36]. An example of cylinders 
from the different mix design is shown in Fig. 3. For 
all the testings, 3 samples were tested in each setting 
and iterations, and an average is reported. The com-
pression tests were conducted on a universal testing 
machine in displacement control at a rate of 3  mm/
min up to failure. A thin rubber sheet and polyethyl-
ene packing foam were added between the cylindri-
cal samples and the press plates to ensure a smooth 
contact between the cylindrical sample and the press 
plates as well as an even distribution of the load 
across the cylinder surface. The bulk density was cal-
culated by the measuring dimensions and weight the 
cylindrical samples [37].

3.2  Sound absorption and airflow resistivity

Hempcrete is a porous structure with interconnected 
pores which facilitates sound wave penetration, con-
verting sound energy into heat through friction and 
attenuating sound through various mechanisms, 
such as viscous dissipation, thermoelastic damping, 
resonance and mechanical damping [38–40]. The 
sound absorption efficiency is influenced by material 

thickness, density, porosity, structural composition, 
and airflow resistance. While more and larger pores 
can enhance sound absorption, they might compro-
mise the material’s structural integrity. The study in 
this section focuses on two key metrics for porous 
sound absorbers: the normal incidence sound absorp-
tion coefficient and airflow resistivity. The normal 
incidence sound absorption coefficient refers to the 
proportion of sound energy absorbed when sound 
waves perpendicularly strike the material’s surface. 
This coefficient is between 0 and 1, where a higher 
value signifies better sound absorption. Airflow 
resistivity is a fundamental parameter governing the 
sound absorption behaviour of different materials. It 
is defined as the ratio between the pressure drop and 
the flow velocity through a layer of material of unit 
thickness and indicates air permeability through the 
material [39, 40]. The higher the airflow resistivity, 
the less air permeability, resulting in reduced sound 
absorption due to fewer sound waves entering the 
material. However, smaller airflow resistivity lessens 
the transformation efficiency from sound energy to 
thermal energy. Therefore, an optimal airflow resis-
tivity exists to maximize sound absorption efficiency 
[39, 40].

The sound absorption measurements for the fre-
quency range of 50–1600 Hz were performed using a 
two-microphone impedance tube (Brüel & Kjær Type 

Fig. 3  Hempcrete cylinders 
from reference mix HL-
Ref (left) and mixes with 
calcined clay (middle and 
right)
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4206) based on the transfer-function method by ISO 
10534-2 standard [41]. The airflow resistivity meas-
urements were performed using the same equipment 
following the test method in [42], with additional 
measurements of each sample backed by a 100  mm 
thick air cavity. Hempcrete samples with a thickness 
of 50  mm were prepared to fit the 100  mm internal 
diameter of the impedance tube. These samples were 
cast using 3D-printed cylindrical plastic moulds with 
one layer of compaction and subsequently stored in 
a controlled environment for 28  days prior to test-
ing. For each specimen type, three individual sam-
ples were created. The sound absorption properties 
of the sample were measured twice: initially after 
28 days of curing period (28D specimens), and sub-
sequently after 332  days of curing period (332D 
specimens). Additionally, the flow resistivity of the 
samples was also determined after 332  days of cur-
ing period (332D). By measuring both sound absorp-
tion and airflow resistivity, it was possible to estimate 
the optimal airflow resistivity for each specimen. This 
allowed for a more accurate comparison of sound 
absorption across different specimens, minimizing 
bias caused by significant differences in airflow resis-
tivity. Detailed information about the impedance tube 
can be found in Fig. 4, while the experimental results 
and analysis are presented in Sect. 4.2.

3.3  Thermal conductivity

The thermal characteristics are measured using a Hot 
Disc system using the transient plane source approach 
[13]. In comparison to all other existing measurement 

methods such as calorimeter, the Hot Disc method is 
quite flexible and offers significant advantages, mak-
ing it appropriate for a range of applications. 100 mm 
diameter and 50 mm height hempcrete disc samples 
were used for thermal conductivity. The thermal con-
ductivity was tested after 28  days of curing in the 
air-conditioned lab, with consistent ambient tempera-
ture of 20 ± 1 °C and humidity of 55 ± 5%. Five rep-
licated for each set of sample group was tested. The 
top and bottom surfaces were flattened by compac-
tion, to achieve a flat and smooth surface ideal for the 
test. In the tests, two cut surfaces were used to form 
a sandwich structure with the sensor in the middle. 
The hot disk sensor diameter is 60 mm, significantly 
larger than the average hemp particle dimension, thus 
the measurement is considered as a homogeneous 
response. The samples are extracted at positions away 
from the top and bottom surfaces, where preferable 
fibre orientation could be relevant. Therefore, heter-
ogeneity between the top and bottom parts could be 
minimised. The thermal conductivity was measured 
with the thermal power ranging from 100 to 250 mW 
and measuring duration of 640 s.

3.4  Hempcrete surface bond strength—Adhesion test

The surface bond strength was tested using the 
pull-out adhesion tester (Positest AT) on the sur-
face of hempcrete prisms with a dimension of 
100 × 100 × 400  mm after 28  days of curing. A 
hydraulic pump in the adhesion tester was used to 
pull a dolly attached to the surface of the hempcrete 
specimen and the failure force was recorded. The test 

Fig. 4  Details of the impedance tube (left) and an example of hempcrete sample inside the impedance tube (right)
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is used to evaluate the bond strength of hempcrete 
surface, ensuring that the hempcrete particles do not 
fall off during usage. The dolly with 50 mm diameter 
was glued with two-part epoxy to the lateral side of 
hempcrete specimens 24 h prior to the adhesion test. 
An example of adhesion test is shown in Fig. 5.

3.5  Crystalline phases by X-ray diffraction (XRD)

Paste cube specimens (50 × 50  mm) of HL-Ref, 
HL–CC and HL–CC–LS mixes were prepared based 
on the mix design details in Sect. 2.3 without hemp 
hurds and Sydney sand. The paste specimens were 
demoulded after 24 h of casting and cured in the con-
trolled room. After 28 days, the paste was ground to 
pass 75  μm sieve size. The XRD measurement was 
carried out by a Bruker D8 Discover diffractometer 
using Cu-Kα radiation (wavelength of 0.154  nm) 
operated at 45  kV and 40  mA together with a step 
size of 0.013°  2θ and a sample spinner at UTS 
Microstructural Analysis Unit (MAU). The crystal-
line phases detected from XRD analysis were used to 
elaborate the hempcrete performance with different 
mix designs.

4  Results and discussion

4.1  Compressive strength and bulk density

The compressive strength as the average of hemp-
crete cylinders at 28  days is presented in Fig.  6. 
The reference mix HL-Ref exhibited a compressive 
strength of 0.16  MPa, which is similar to the com-
pressive strength of HL–CC hempcrete containing 50 
wt.% hydrated lime and 50 wt.% calcined clay. This 

indicates that replacing 50 wt.% of hydrated lime 
using calcined clay in HL–CC mix did not negatively 
affect the compressive strength. Substituting 50 wt.% 
of hydrated lime by a combination of calcined clay 
and limestone in HL–CC–LS mix led to an increase 
in the compressive strength of about 60% at 0.26 MPa 
compared to the reference hempcrete, highlighting 
the synergy benefits of limestone and calcined clay 
in lime-based system. Noticeably, the geopolymer 
hempcrete (Geo-CC) exhibited the highest 28-day 
compressive strength of 0.65 MPa, which is approxi-
mately four times higher than that of the HL-Ref. 
The high compressive strength of Geo-CC mix also 
demonstrates the suitability of geopolymer binder for 
hempcrete applications. Narattha et  al. [26] reported 
the utilisation of fly ash geopolymer to produce hemp 

Fig. 5  Adhesion tester 
details: a The hydraulic 
pump with digital screen. b 
A dolly after failure

Fig. 6.  28-day compressive strength of hempcrete
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shiv lightweight aggregate. However, the chemical 
treatment with a complex mineraliser of  AlCl3 and 
KOH was required [26]. In contrast, Geo-CC hemp-
crete in this study does not require any chemical treat-
ment. Overall, the compressive strength results of the 
four mixes in this study fell within the range reported 
in previous studies for bio-based composites that 
used hemp, wood, sunflower pith, corn (maize), rice 
straw, or rice husk as coarse aggregate [16, 43–49]. 
Moreover, the compressive strength values in this 
study were consistent with results of the previous 
study of the authors [37], indicating negligible effect 
of the water absorption properties of hemp hurds on 
the compressive strength. This can be attributed to the 
mixing procedure as described in Sect. 2.3 that elimi-
nates the influence of hemp hurds water absorption. 
Traditional concrete, depending on its mix design, 
typically exhibits compressive strengths ranging from 
20 to 40 MPa for most applications. In contrast, Geo-
CC hempcrete compressive strength is extremely 
lower (less than 1  MPa) due to the low density of 
hemp hurds and its low binder content. Hempcrete is 
a non-bearing material. Therefore, high compressive 
strength similar to traditional concrete is not required. 
Hempcrete offers excellent thermal insulation, carbon 
sequestration, and sustainability benefits compared 
to traditional concrete. Specifically, Yadav and Saini 
[50] highlighted that while hempcrete cannot match 
the compressive strength of traditional concrete, it 
outperforms traditional concrete in terms of environ-
mental impact and energy efficiency.

Figure  7 shows the bulk density results from 7 
to 28 days of the hempcrete specimens cured in the 
control room. The bulk density exhibits a reduction 
trend as the specimens were drying during the curing 
period. The 50 wt.% replacement of hydrated lime 
by calcined clay in HL–CC hempcrete resulted in the 
lowset bulk density over the test duration. HL–CC 
hempcrete bulk density was at around 530  kg/m3 at 
7  days and then stabilised at 475  kg/m3 from 14 to 
28  days. HL-Ref showed a consistent reduction in 
bulk density from 625 kg/m3 at day 7 to 530 kg/m3 
at day 28. HL–CC–LS hempcrete with 50 wt.% cal-
cined clay and limestone exhibited a comparable bulk 
density to the HL-Ref hempcrete with 610  kg/m3 
and 545 kg/m3 at day 7 and day 28 respectively. The 
maximum bulk density belongs to the geopolymer 
hempcrete CC-Geo which also achieved the highest 
28 days compressive strength. This high bulk density 

is due to the high density of GGBFS compared to 
hydrated lime, calcined clay and limestone powder 
(Table 2) and also the higher density of the geopol-
ymer activator compared to water. The bulk density 
of CC-Geo hempcrete reduced from 690  kg/m3 at 
7 days to 620 kg/m3 at 28 days. Overall, the increase 
in bulk density correlates could lead to the increase 
in hempcrete compressive strength. In addition, the 
bulk densities measured in this study are consistent 
with the results from previous studies on hempcrete 
[16, 43, 51]. The bulk density values in this study are 
slightly higher than the values reported in the previ-
ous study of the authors [37] due to the addition of 
sand. The low bulk density of hempcrete compared to 
traditional concrete negatively impacts the mechani-
cal properties. However, it leads to excellent acoustic 
performance, thermal insulation, and sustainability 
benefits compared to traditional concrete as a result of 
its low binder content.

4.2  Sound absorption and airflow resistivity

Figure 8 presents the sound absorption coefficients 
determined by the impedance tube test, conducted 
across the frequency range of 50–1600 Hz on 28D 
and 332D. These coefficients represent the aver-
age values obtained from testing three samples per 
specimen. In general, the sound absorption coeffi-
cients of hempcrete were significantly higher than 

Fig. 7  Results of bulk density from 7 to 28 days
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that of normal concretes [52]. Figure  8 shows that 
HL–CC–LS had a peak sound absorption coefficient 
of 0.94 in 28D and 0.92 in 332D, around 572  Hz. 
In contrast, HL–CC has the highest sound absorp-
tion at frequencies below 315  Hz. A comparative 
analysis of the data from 28 to 332D indicates that 
HL–CC–LS and Geo-CC experienced degradation 
in sound absorption at mid to high frequencies, 
particularly around the trough succeeding the reso-
nance peak, while the absorption at low frequen-
cies remained unchanged. Meanwhile, HL-Ref and 
HL–CC shifted their absorption curves towards 
higher frequencies, coupled with enhanced absorp-
tion at the resonance peak. However, they showed 
diminished performance at frequencies below the 
original resonance peak. Compared to the previ-
ous research [13], the samples analysed in this 
study exhibit a higher bulk density. This increase 
in density is a contributing factor to the resonance 
observed at lower frequencies, aligning with the 
observations reported in [13].

To quantify the sound absorption of the sam-
ple using a single-number rating akin to the Noise 
Reduction Coefficient (NRC) [53], we computed the 
average sound absorption as follows:

where �Oct,f c is the sound absorption value for three 
octave bands centred at 250 Hz, 500 Hz, and 1000 Hz, 
respectively. This is calculated by

(1)�Avg =
(

�Oct,250 + �Oct,500 + �Oct,1000

)

∕3

with the upper limit frequency f u
c
= round

�
√

2f c

�

 

and the lower limit frequency f l
c
= round

�

fc∕
√

2
�

 , 
for each octave band centered at 
fc = 250, 500, or 1000 Hz. Here, α(f) denotes the 
sound absorption coefficients at individual frequen-
cies within the octave band. Results indicate that 
HL–CC–LS has the best average sound absorption 
�Avg , though with the worst low-frequency perfor-
mance as indicated by �Oct,250.

Table  3 also presents the airflow resistiv-
ity results for each specimen, measured on 332D 
specimens. There is a notable disparity in airflow 
resistivity among the specimens. To facilitate a 
more accurate interpretation of the sound absorp-
tion results and mitigate bias caused by these dif-
ferences, the optimal airflow resistivity for each 
specimen was estimated to gauge their maximum 
potential sound absorption efficiency [39, 40]. This 
estimation is shown in the final column of Table 3 
and elaborated upon in Fig. 9, calculated as follows. 
First, the Delaney and Bazley formulation was uti-
lised [54] to interpolate the absorption coefficient 
values across varying flow resistances. The interpo-
lation is presented as follows:

where �DB(�, f ) represents sound absorption derived 
from the Delaney and Bazley formulation, detailed 
in Sect.  6.5.1 in [39] using a corresponding Matlab 
script [55]. Next, the estimated average sound absorp-
tion was calculated as follows:

where ‘tilde’ denotes the estimated value. Thus, the 
optimal airflow resistivity that yields the maximum 
average sound absorption is:

and the estimated maximum average sound absorp-
tion is:

(2)�Oct,f c
=

∑f u
c

f=f l
c

�(f )

f u
c
− f l

c
+ 1

,

(3)�̃(�, f ) =
�DB(�, f )

�DB

(

�0, f
) ∙ �

(

�0, f
)

(4)
�̃Avg(�) =

[

�̃Oct,250(�) + �̃Oct,500(�) + �̃Oct,1000(�)
]

∕3

(5)�opt = max
�

[

�̃Avg(�)
]

Fig. 8  Normal incidence sound absorption coefficients meas-
ured on 28D (shown with dashed curves) and later on 332D 
(shown with solid curves)
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It’s important to note that the Delaney and Baz-
ley formulation is applicable only within a specific 
frequency range, approximately 207  Hz–20  kHz for 
flow resistivity of 25,000N/m4 [39], and requires 
modification at low frequencies [56]. Considering 
the relatively low absorption at these frequencies 
and the objective of optimizing average absorption 
across bands, the Delaney and Bazley model, being 
a macroscopic empirical model, is ideally suited for 
determining the optimum airflow resistivity in the 
hempcrete, which are porous materials with irregu-
lar internal structures. As shown in Fig. 9, the opti-
mal airflow resistivity values are similar among the 
specimens compared. When using the optimal airflow 

(6)�̃�Avg, opt = �̃�Avg

(

𝜎opt

)

. resistivity, the estimated overall sound absorption 
performance is observed as HL–CC–LS > HL-Ref ≈ 
Geo-CC >  HL–CC.

As hempcrete is a porous bio-based concrete, 
its acoustic properties are highly influenced by its 
complex porous structure, which is affected by vari-
ous factors, such as the manufacturing process, the 
binder composition and mix formulation. It is gen-
erally reported that the absorption coefficient of 
hempcrete samples should range between 0.3 and 
0.9 [57]. All the absorption coefficients in Table 3 of 
the hempcrete tested are within this range. In addi-
tion, the sound absorption coefficients of the hemp-
crete specimens in this study are comparable to those 
of conventional and advanced insulation materi-
als used in the building industry, such as rock wool, 
polyurethane, aerogel, and nano-insulation materials 
[58]. However, significant differences can be noticed 
depending on the binder composition in Table  3. In 
general, the variation trend of �Avg and �̃Avg,opt is simi-
lar between the different mixes. For convenience, the 
values presented below are based on the measure-
ments conducted on 28D specimens, immediately 
following the 28-day curing period. Compared to the 
reference mix (HL-Ref), the replacement of 50 wt.% 
hydrated lime by only calcined clay (HL–CC) nega-
tively affected the acoustic performance, leading to a 
significant reduction of the resonance peak from 0.72 
to 0.52 with also a significant shift in the resonance 
frequency from 446 to 286  Hz, shown in Fig.  8. A 
reduction of �Avg value from 0.52 in HL-Ref to 0.41 in 
HL–CC hempcrete was observed. Hempcrete HL–CC 
is also the hempcrete achieving the lowest 28  days 
bulk density (Fig.  7). However, blending calcined 
clay with limestone in HL–CC–LS hempcrete led to 
a large increase in the sound absorption coefficient 

Table 3  Comparative analysis of sound absorption in three 
octave bands (250  Hz, 500  Hz, and 1000  Hz) and average 
absorption of 28D and 332D specimens, along with flow resis-

tivity measured and estimated average absorption with optimal 
flow resistivity on 332D specimens

Hempcrete specimens Absorption 
250 Hz 
�Oct,250
28D/332D

Absorption 
500 Hz 
�Oct,500
28D/332D

Absorption 
1000 Hz 
�Oct,1000
28D/332D

Avg. absorption
�Avg 28D/332D

Flow resistiv-
ity� (N/m4)
332D

Opt. Avg 
Absorption 
�̃Avg,opt

332D

HL-Ref 0.44/0.38 0.65/0.68 0.47/0.49 0.52/0.52 27,975 0.52
HL–CC 0.49/0.49 0.39/0.48 0.36/0.43 0.41/0.47 43,061 0.49
HL–CC–LS 0.33/0.35 0.83/0.82 0.59/0.53 0.58/0.57 12,819 0.61
Geo-CC 0.45/0.44 0.60/0.59 0.54/0.46 0.53/0.50 40,290 0.52

Fig. 9  Estimated average normal incidence sound absorption 
coefficient across different airflow resistivities. A star symbol 
indicates the optimal airflow resistivity and its associated peak 
sound absorption
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compared to the reference mix from 0.72 to 0.94 for 
the resonance peak, and from 0.52 to 0.58 for �Avg . As 
already observed for compressive strength results in 
Fig. 6, for the same hydrated lime replacement rate of 
50 wt.% incorporating limestone calcined clay system 
leads to a significant performance improvement that 
cannot be achieved by using only calcined clay. The 
resonance frequency also slightly shifted from 446 to 
572 Hz. The reasons for better acoustics performance 
of HL–CC–LS will be discussed in Sect.  4.6. The 
performance of the geopolymer hempcrete (Geo-CC) 
was similar to the reference mix (HL-Ref) in terms 
of �Avg , despite having a significantly higher 28-day 
bulk density than the reference mix (Fig. 7). The peak 
sound absorption at the resonance frequency is lower 
than the values reported in the previous study of the 
authors [37], which can be attributed to the higher 
bulk density due to the addition of sand. Moreover, 
the sound absorption coefficient of hempcrete in this 
study was within the range of other natural build-
ing insulation materials such as bamboo fibres, rice 
husk and bagasse [58]. The findings from the meas-
urements taken on 28D specimens have been cross-
validated with those from 332D, and the estimated 
sound absorption at the optimal airflow resistivity. 
While the precise sound absorption values vary with 
the test dates and airflow resistivity, the compara-
tive trend among the specimens remains consistent: 
HL–CC–LS  > HL-Ref ≈ Geo-CC >  HL–CC in terms 
of overall sound absorption performance.

4.3  Thermal conductivity

Figure  10 presents the thermal properties of hemp-
crete mixes at 28 days after curing, including thermal 
conductivity and probing depth. The observed trends 
in these properties exhibit a similar pattern, which is 
consistent with their inherent correlation. The thermal 
conductivity was significantly lower than that of nor-
mal weight concretes and bricks [59, 60]. Among the 
tested hempcrete, the geopolymer hempcrete Geo-CC 
stands out for its superior thermal performance, evi-
denced by its lowest thermal conductivity of 0.085 W/
mK. The lower thermal conductivity of the geopoly-
mer hempcrete compared to the other hempcretes is 
unexpected as hempcrete thermal conductivity is usu-
ally increasing as its density is increasing [61]. This 
could be due to the thermal conductivity of the binder 
itself. Indeed, the thermal conductivity of calcined 

clay based geopolymer paste was investigated by Van 
Riessen [62], ranging from 0.55 to 0.65 W/mK, val-
ues being considered significantly lower than that of 
traditional lime-based binder pastes. Another reason 
could be the high delignification of hemp hurds due 
to the high pH of the activator which can also lead 
to a reduction in thermal conductivity of hempcrete 
[60]. Further investigations will have to be carried out 
in the future to clarify the role of both binder prop-
erties and hemp hurds delignification on the thermal 
conductivity of hempcrete. In contrast, the hempcrete 
HL–CC demonstrated the least favourable results, 
with the highest measured thermal conductivity of 
0.151 W/mK. Enhancements in thermal conductivity 
were also noted with the addition of limestone to the 
binder (HL–CC–LS), which significantly improved 
the performance of the calcined clay and hydrated 
lime blend system (HL–CC). Notably, the thermal 
conductivity of the HL–CC–LS mixture, approxi-
mately 0.1  W/m  K, was about 15–40% lower than 
that of other bio-based composites with similar den-
sities that use wood, sunflower pith, or corn (maize) 
as aggregates [46–48]. The thermal conductivity of 
the HL–CC–LS mixture was also comparable to that 
of bio-based composites made with a 50% rice straw 
and 50% rice husk aggregate blend [49]. The effect 
of the combination of calcined clay and limestone in 
hempcrete performance is discussed in Sects. 4.5 and 
4.6. Moreover, this adjustment resulted in lower ther-
mal conductivity compared to the reference hemp-
crete, mirroring the sound absorption improvements 
observed. The thermal conductivity of HL-Ref aligns 
with the results reported in the previous study of the 

Fig. 10  Thermal conductivity and probing depth of hempcrete 
specimens after 28 days of curing
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authors [37]. When comparing the water absorption 
of hemp hurds and the presence of sand in this study 
and the previous study [37], low water absorption 
and sand content have a minimal impact on thermal 
performance.

4.4  Hempcrete surface bond strength

The hempcrete surface bond strength results after 
28 days of curing assessed by pull-out adhesion test 
is shown in Table 4. Each test result was the average 
of three adhesion tests. The reference mix HL-Ref 
exhibited the lowest bonding capacity with the low-
est test result of 0.15 MPa whilst Geo-CC hempcrete 
obtained the highest strength at 0.36  MPa. HL–CC 
achieved 0.18  MPa. The addition of limestone in 
HL–CC–LS mix improved the performance by 
increasing the bonding capacity to 0.21  MPa which 
was approximately 15% higher than HL–CC hemp-
crete. Overall, the surface bond strength was well-cor-
related with the compressive strength results shown 
in Fig.  6. Higher surface bond strength between 
the hemp shiv and the binder improves the mate-
rial’s ability to withstand compressive loads. This is 
because a strong bond ensures effective load transfer 
and minimizes stress concentrations at the interface. 
The high surface bond strength also indicates a strong 
interfacial transition zone (ITZ) between the hemp 
hurds and binders. A better ITZ can reduce microc-
racking and enhance the hempcrete’s overall struc-
tural integrity.

4.5  Crystalline phases by XRD analysis

The XRD patterns of HL-Ref, HL–CC and 
HL–CC–LS pastes after 28 days of curing are exhib-
ited in Fig.  11. Geo-CC mix results are not pre-
sented as the XRD analysis, including N–A–S–H, 
C–(A)–S–H and C–N–(A)–S–H, was reported in the 

previous study of the authors [30]. The XRD patterns 
of the reference mix HL-Ref mainly shows the Port-
landite (Ca(OH)2) with the highest peak at 34.1° 2θ. 
In addition, the peak of calcite  (CaCO3) was observed 
at 29.4°  2θ demonstrating the ongoing carbonation 
process in the HL-Ref paste. The considerably lower 
intensity of calcite peak comparing to Portlandite 
peaks in the XRD pattern indicated the slow carbona-
tion process, leading to the low compressive strength 
of HL-Ref hempcrete in Fig. 6. Small peaks of dical-
cium silicate  (C2S) were detected between 32–33° 2θ 
which is consistent with the small amount of  SiO2 in 
the chemical composition presented in Table 1.

In contrast, the presence of calcined clay and 
limestone significantly modified the crystalline 
phases as well as reaction mechanisms of HL–CC 
and HL–CC–LS pastes presented in Fig.  11. In the 
HL–CC paste, the highest peak belonged to Quartz 
at 26.6°  2θ, which was the main inert crystalline 
phase of calcined clay [30]. The intensity of Portlan-
dite peaks in HL–CC paste was considerably lower 
than the Portlandite peaks in HL-Ref paste. In addi-
tion, the peak at 29.4° 2θ of HL–CC was significantly 
higher than that of HL-Ref. This can be attributed to 
the pozzolanic reaction between amorphous phases 
of calcined clay and Portlandite to form calcium–sili-
cate–hydrates (C–S–H), as also detected at 29.4° 2θ 
[36]. Small peak of zeolite (C–A–S–H) is shown at 
around 24° 2θ, which indicates the reaction between 
reactive  Al2O3 and  SiO2 from calcined clay with 
Ca(OH)2 from hydrated lime. The formation of hemi-
carbonaluminate  (Ca4Al2(CO3)0.5(OH)13⋅5.5H2O) and 
monocarboalumniate  (Ca4Al2(CO3)(OH)12⋅5H2O) 
was observed at main peaks of 10.8° and 11.7° 2θ in 
HL–CC paste respectively. The presence of these car-
boaluminate phases can be explained by the reaction 
of calcined clay and limited calcite formed from the 
carbonation progress of Portlandite in the hydrated 
lime. In summary, regarding the mechanical strength, 
the replacement of 50 wt.% hydrated lime by calcined 
clay in HL–CC hempcrete can be compensated by the 
formation of C–S–H, C–A–S–H, hemi- and monocar-
boaluminate, demonstrating by the similar compres-
sive strength at 28 days between HL-Ref and HL–CC 
hempcrete in Fig. 6.

In HL–CC–LS paste, the intensity of Portland-
ite peaks were slightly higher than in HL–CC paste. 
This can be attributed to the lower proportion of 
calcined clay in binder composition of HL–CC–LS 

Table 4  Adhesion test results of hempcrete at 28 days

Hempcrete specimens Pull-out adhesion 
test result (MPa)

HL-Ref 0.15 ± 0.04
HL–CC 0.18 ± 0.01
HL–CC–LS 0.21 ± 0.05
Geo-CC 0.36 ± 0.10
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in comparison to HL–CC mix, leading to a lower 
pozzolanic reactivity in HL–CC–LS. The peaks at 
29.4° 2θ for calcite/C–S–H had the highest intensity 
among the three pastes due to the presence of lime-
stone in the mixture. Noticeably, the monocarboalu-
minate phase exhibited the highest intensity whilst 
no hemicarboaluminate formation was observed in 
HL–CC–LS paste. In fact, the monocarboaluminate 
formation was favourable over hemicarboaluminate 
in the presence of excess calcite i.e., limestone [63], 
indicating the beneficial effects of limestone addition 
in the hydrated lime-based binder. The large amount 
of monocarboaluminate can contribute to the much 
better performance of HL–CC–LS hempcrete than 

the reference mix HL-Ref in terms of compressive 
strength, sound absorption, thermal conductivity, and 
particles bonding.

4.6  Discussion on multicriteria analysis in hempcrete 
performance

To provide a comprehensive assessment of the dif-
ferent hempcretes performance, Fig.  12 exhibits the 
multicriteria analysis of several properties including 
compressive strength, bulk density, average sound 
absorption �Avg , thermal conductivity, and particles 
bonding capacity at 28 days. A unidimensional scale 
between 0 and 10 was utilised for each property. The 

Fig. 11  XRD patterns of HL-Ref, HL–CC, and HL–CC–LS hempcrete at 28 days
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highest performance in each property was normalised 
as 10 marks. In addition, the better performance defi-
nition was divided into two groups: higher value for 
compressive strength, average sound absorption coef-
ficient, and surface bond strength while lower value 
for bulk density and thermal conductivity. To be spe-
cific, the higher value of compressive strength results 
in the better structural performance of hempcrete 
while higher sound absorption coefficient reduces the 
overall noise levels and improves the acoustic com-
fort of the building environment. The higher surface 
bond strength leads to better cohesion of hempcrete 
particles and better integrity of hempcrete structures. 
The lower bulk density results in less material con-
sumption to satisfy structural requirements while 
lower thermal conductivity reduces the heat trans-
mission in hempcrete. The Geo-CC hempcrete pre-
sented the best performance in terms of compressive 
strength, thermal conductivity, and particle bonding. 
This could be attributed to the formation of phases 
such as N–A–S–H, C–(A)–S–H and C–N–(A)–S–H 
leading to a better microstructure densification [30]. 
However, the usage of geopolymer binder results in 
the lower sound absorption coefficient compared to 
HL-Ref and HL–CC–LS and the highest bulk den-
sity among four mix designs. As a result, the Geo-CC 
hempcrete shows a potential to be utilised in applica-
tions where sound absorption capacity is not a crucial 

specification. Traditional precursors including fly ash 
and slag were considered as geopolymer precursors 
to produce hempcrete in previous studies [25, 26] but 
required hemp hurds chemical treatment. The results 
of Geo-CC hempcrete indicated a strong feasibility 
of using geopolymer as a low-carbon binder in hemp-
crete technology because the precursor of Geo-CC 
mix contains 70 wt.% low-grade calcined clay which 
has a global availability [27] without requiring any 
chemical treatment of hemp hurds. As geopolymer 
technology has been successfully used for precast 
concrete elements [64, 65], the Geo-CC hempcrete 
can be also an option for precast hempcrete bricks 
and panels.

HL–CC with 50 wt.% hydrated lime replaced only 
by calcined clay presents the lowest sound absorption 
and highest thermal conductivity but the best bulk 
density (lowest value). In addition, HL–CC achieved 
a comparable compressive strength and better par-
ticles bonding capacity than HL-Ref, which can be 
attributed to the formation of C–S–H, C–A–S–H, 
hemi- and monocarboaluminate phases.

Interestingly, HL–CC–LS hempcrete achieved a 
comparable bulk density to HL-Ref and outperforms 
HL-Ref hempcrete in all other properties (Fig.  12). 
These results show the advantages of incorporating 
limestone calcined clay into the hydrated lime binder 
significantly improve the performance of hydrated 

Fig. 12  Comparison of 
several properties of four 
hempcrete mixes in this 
study
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lime hempcrete. Furthermore, the addition of lime-
stone can improve the performance of calcined clay-
hydrated lime binder (HL–CC hempcrete), leading 
to the better compressive strength, sound absorption, 
thermal conductivity, and particles bonding capacity 
of HL–CC–LS hempcrete. This highlights the sig-
nificantly beneficial effects of limestone calcined clay 
system in hydrated lime binder to fabricate hemp-
crete. The remarkable formation of monocarboalumi-
nate, which is a more stable phase than hemicarboalu-
minate, as observed in the XRD pattern (Fig. 11) can 
explain the outstanding performance of HL–CC–LS 
hempcrete. The presence of monocarboaluminate 
reduces the porosity [28, 66], along with limestone, 
being a filler material, helping in retaining a uniform 
pore network in HL–CC–LS binder for better perfor-
mance. Moreover, limestone is the component with 
the lowest environmental impact, cost and energy 
usage compared to hydrated lime and calcined clay, 
as only a grinding process is required [29, 67]. The 
embodied carbon of original Portland cement (OPC), 
hydrated lime, calcined clay, GGBFS is 0.95, 1.20, 
0.20, 0.02  kg  CO2e/kg materials respectively [29, 
68]. Therefore, the addition of limestone can further 
enhance the sustainability of HL–CC–LS hempcrete. 
Overall, limestone calcined clay system with 50 wt.% 
replacement of hydrated lime can be a viable option 
for a sustainable hempcrete technology without incur-
ring any significant technical difficulties. In addition, 
the long-term performance of hempcrete with these 
binders will be reported in a future study.

5  Conclusions

The study explored several low-carbon binders by 
using calcined clay, limestone and GGBFS to fabri-
cate hempcrete. 50 wt.% hydrated lime was replaced 
by only calcined clay (HL–CC) or a combination 
of calcined clay and limestone (HL–CC–LS) in 
lime-based binder whilst 70  wt.% calcined clay and 
30  wt.% GGBFS was used as the precursor for the 
geopolymer hempcrete (Geo-CC). Five properties 
were investigated: compressive strength, bulk density, 
sound adsorption coefficient, thermal conductivity, 
and surface bond strength. The main outcomes of this 
study can be summarised below:

– The geopolymer hempcrete Geo-CC achieved the 
maximum compressive strength, about four time 
higher than that of the reference hempcrete HL-
Ref. The HL–CC mix showed a comparable com-
pressive strength to HL-Ref whilst HL–CC–LS 
hempcrete achieved approximately 60% higher 
compressive strength than HL-Ref.

– The highest bulk density was also achieved by the 
Geo-CC hempcrete whist the lowest bulk density 
value belonged to the HL–CC hempcrete. Both 
Geo-CC and HL–CC mixes bulk density stabilised 
after 14 days of curing. HL-Ref and HL–CC–LS 
achieved comparable values and exhibited a con-
sistent reduction trend in bulk density from 7 to 
28 days due to drying.

– Despite Geo-CC hempcrete having the highest 
bulk density among the four mixes, its average 
sound absorption remains at least 0.5, comparable 
to HL-Ref and superior to HL–CC. The inclusion 
of limestone and calcined clay in the HL–CC–LS 
hempcrete mix achieves the best acoustic perfor-
mance, with the peak sound absorption coefficient 
around 572  Hz, exceeding 0.9. This outcome is 
consistent across tests conducted after 28-day cur-
ing and 332-day curing, as well as for the average 
sound absorption estimated at optimal air flow 
resistivity.

– The geopolymer hempcrete Geo-CC achieved the 
lowest thermal conductivity. Results also showed 
that incorporating limestone into the calcined clay 
based binder greatly improved the thermal effi-
ciency, underscoring the importance of material 
composition in optimizing the thermal properties 
of hempcrete.

– HL-Ref hempcrete showed the lowest surface 
bond strength and Geo-CC hempcrete exhib-
ited the highest value. The bonding capacity val-
ues were well-correlated with the compressive 
strength results.

– From XRD patterns at 28  days, the presence of 
calcined clay in HL–CC hempcrete led to poz-
zolanic reactions with Portlandite from hydrated 
lime, forming C-S–H and small amounts of C-A-
S–H. The formation of hemicarboaluminate and 
monocarboaluminate was also detected in HL–
CC hempcrete due to the reaction between cal-
cined clay and limited calcite from the carbona-
tion of hydrated lime. Noticeably, a large amount 
of monocarboaluminate, which is more stable 
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phase than hemicarboaluminate, was observed in 
XRD patterns of HL–CC–LS due to the excess of 
 CaCO3 from limestone in the binder composition.

– The multicriteria analysis indicated that the Geo-
CC hempcrete achieved the best performance 
in terms of compressive strength, surface bond 
strength and thermal conductivity, but also the 
lowest sound absorption coefficient. Thus, the 
Geo-CC hempcrete can be used in applications 
requiring high mechanical strength, low thermal 
conductivity, and only moderate sound absorption 
capacity.

– HL–CC–LS hempcrete presented a comparable 
bulk density to that of the reference hempcrete 
but superior performance in all other properties. 
This improvement in the performance could not 
be achieved by using only calcined clay (as in 
HL–CC hempcrete), highlighting the beneficial 
synergy between limestone and calcined clay in 
lime-based system. This can be attributed to the 
remarkable presence of monocarboaluminate in 
HL–CC–LS paste as determined by XRD analysis.
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