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Lightweight porous composites have been widely explored to improve their acoustic and thermal performances.
Hempcrete can serve as thermal insulating or soundproofing material by utilising its high porosity. However, the
rigorous correlation between hempcrete thermal and acoustic performance and its pore structure remains poorly
understood due to its different pore types. In this study, three hempcrete pore types [i.e., i) inter-pore between
hemp and mortar, ii) hemp intra-pore, and iii) mortar intra-pore] were modified by tamping, delignification, and

foaming agent conditions, respectively. Then the volumes of three types of pores were estimated using X-ray
micro-computed tomography (LCT) and mercury intrusion porosimetry. The new segmentation methods were
developed and their reliability and accuracy were validated. Then, the pore volumes were correlated to the
thermal and acoustic properties of hempcrete. Low tamping and high delignification conditions are recom-
mended to increase inter-pore volume and enhance hempcrete performances relating to both thermal insulation
and sound absorption for real-world hempcrete applications.

1. Introduction

Hemp concrete (i.e., hempcrete) is an eco-friendly and high-
performance building material that contains hemp particles in its
cementitious binder. It brings some advantages to the construction in-
dustry, such as lower CO, emissions, lightweight, thermal insulation,
and sound absorption. In recent years, hemp (Cannabis sativa L.) has
gained popularity in the agricultural and construction sectors as a
growing interest in bio-based materials derived from plants for their
ability to sequester carbon during growth and their minimal environ-
mental impact [1]. Given that hemp is composed of high porosity,
hempcrete finds application as a sound-absorbing or thermally insu-
lating material for roofs and walls [2,3] by utilising its inherent porosity
to reduce sound transmission and resist heat transfer [4,5]. Moreover,
compared to conventional thermal and acoustic insulation materials [6],
hempcrete shows good thermal and acoustic performances as well as has
a negative greenhouse gas (GHG) emission value, indicating ecological
benefits from extraordinary CO, capture due to hemp growth and
carbonation of binder [1].

Meanwhile, lightweight materials (e.g., hollow glass microsphere,
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wood aggregate, and entrained air) have been incorporated into
cementitious material to enhance their thermal and acoustic properties
by utilising their pore properties (e.g., porosity, size, and tortuosity)
[7-9]. However, the quantification of different pore volumes within
hempcrete is challenging for determining its thermal and acoustic
properties (see Fig. 1) due to its various pore types, encompassing i)
hemp intra-pores, ii) mortar intra-pores, and iii) inter-pores between
hemp and mortar. Therefore, despite the significance of pore analysis of
hempcrete, the majority of the research focused on the binder type,
hemp size, degree of compaction, and binder contents [10-12] to
improve the properties of hempcrete. In addition, most studies focused
on the evaluation of the mechanical (e.g., compressive strength, hard-
ness, bending stress, and flexural strength) [11,13] and durability
properties (e.g., fire resistance, freeze-thaw resistance, salt exposure
resistance, and biodegradation) [14,15] of hempcrete to apply it as a
thermal insulating or sound-absorbing wall system. Not much research
has been conducted on the effects of different pore types of hempcrete.
Thus, the investigation of the effects of different pores will provide a
thorough understanding of lightweight materials, including hempcrete.

Tamping affects the thermal and acoustic performance of hempcrete
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through modification of its inter-pore between hemp and mortar [16].
Likewise, foaming agents can be used to change the pore structure of
mortar. Foaming agents are widely used as a chemical foaming tech-
nique to develop lightweight construction materials by entrapping air
void in its cementitious matrix [17,18].

Meanwhile, the delignification of hemp and the foaming agent
addition to cementitious binder are applicable to modify the intra-pores
of hemp and mortar, respectively. Delignification is a thermochemical
treatment to remove lignin from plant cell walls, making the material
easier to process for purposes like cottonizing or pulping [19,20]. For
example, X. Zhao et al. did delignification to improve wood by modi-
fying its pore structure [21]. Using appropriate delignified conditions is
also important to improve the mechanical properties of hemp. In the
previous studies [22-24], the strength of fibrous materials like hemp
increased by alkaline treatment, but it adversely reduced in highly
alkaline environments. For example, alkaline treatment made the rough
surface topography and formed fibrillar, contributing to better fibre-
matrix adhesion [23]. However, highly alkaline treatment removed
lignin and hemicellulose, making the interfibrillar region less dense and
reducing the tensile strength of the fibres [22]. When using concentrated
NaOH solution, treatment times and temperatures also affect the opti-
mum efficiency of its mechanical properties [23].

Despite the potential application of X-ray micro-computed tomog-
raphy (uCT) to pore analysis of hempcrete, there is little study utilising
UCT to identify different pore types in hempcrete [25-27]. This tech-
nique has emerged as a valuable tool for non-destructive image char-
acterisation on porous materials [28]. It is widely used in cement and
concrete studies, including alkali-silica reactions [29,30], cement hy-
dration [31-33], and pore distribution and crack detection in concrete
[34,35]. However, analysing different pore types in hempcrete using
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pCT is a challenging task due to its multiphase composition (hemp,
mortar, and air voids) and different length levels of pores in hemp,
hempcrete, and mortar solids as shown in Fig. 1. Moreover, hempcrete
exhibits inhomogeneity due to the compressibility of hemp, contrasting
with the incompressibility of other phases. Therefore, a reliable method
to provide high-quality phase segmentation must be developed.

To address these challenges, this study focuses on two aspects: i) to
develop a reliable segmentation method to analyse the pores in hemp-
crete and ii) to investigate the effects of pore modifications within
hempcrete on the thermal and acoustic performance. According to the
overall flowchart presented in Fig. 1, hemp intra-pores and mortar intra-
pores were modified through delignification treatments and foaming
agents addition, respectively, while inter-pores between hemp and
mortar were modified through controlled tamping conditions using 3D-
printed moulds. Material properties of raw cement were evaluated using
X-ray diffraction (XRD), X-ray fluorescence (XRF), and particle size
analysis. Afterwards, bulk density, thermal conductivity, and sound
absorption of hemp, mortar, and hempcrete were assessed. Finally, pCT
analysis was performed to explore the multiphase within hemp and
hempcrete, focusing on correlating the 3D pore structures with both
thermal conductivity and sound absorption characteristics of
hempcrete.

2. Materials and methods
2.1. Raw materials
Hemp particles were supplied by the Australian Hemp Masonry

Company (AHMC) in Australia. Australian General Purpose cement (GP
cement, Boral, Australia), foaming agent (Isocem S/X, Isoltech, Italy),
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Fig. 1. Flowchart of the hempcrete pore-modification procedure.
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Sydney sand (Silica sand, Australia), and analytical grade NaOH pellet
(Chem-Supply, Australia) were used.

2.2. Hempcrete sample preparation with pore modifications

The present study categorised three types of pores within hempcrete:
i) hemp intra-pores, ii) mortar intra-pores, and iii) inter-pores between
hemp and mortar. While two types remained constant, one type was
modified to assess the impact of these pores on the thermal and acoustic
performances of the hempcrete. The study modified hemp intra-pore
through delignification treatment, mortar intra-pore through foaming
agent, and the inter-pore between hemp and mortar through controlled
tamping conditions using a 3D-printed mould.

2.2.1. Intra-pore modification of hemp

Raw hemp was sieved to categorise its types and shapes. As displayed
in Fig. 2, hemp exhibited significant non-uniformity in size and shape.
Notably, hemp #3 (2.36-4.75 mm) and hemp #4 (1.18-2.36 mm)
constituted approximately 76.2 % of the total raw hemp; thus, these
sizes of hemp were exclusively used to minimise variables relating to
hemp hurd type and size effects since as they affect the thermal and
acoustic performance of hempcrete [16,36]. The ratio between hemp #3
and hemp #4 was approximately 1.62. A detailed summary of the sieved
hemp quantities can be found in Appendix A.

One of the various delignification treatments was selected in this
study to modify the hemp intra-pores. Delignification can be achieved
through various methods, including enzymatic, microbial, chemical, or
physical treatments [37]. For example, X. Zhao et al. [21] enhanced
natural wood's thermal and acoustic properties through chemical
delignification using a 5.0 wt% NaOH solution. In the present study,
hemp #3 and #4 were subjected to chemical delignification to modify
hemp intra-pore, following procedures in previous studies [38-40]. 3.0
w/v% NaOH solution was prepared by dissolving 30.0 g of NaOH pellet
into 1.0 L of deionized water. Then, hemp was immersed in a 10.0 wt%
hemp/NaOH solution in NaOH solution for 10 min. Subsequently, it was
heated in a vacuum oven at 120 °C for either 1 or 3 h. After the treat-
ment, hemp was washed with water and dried in an oven at 80 °C for 72
h to remove moisture. Conversely, non-delignified hemp was dried
similarly without thermochemical treatment. This untreated hemp and
two delignified hemps using low (1 h) and high (3 h) processes were
denoted as D(0), D(L), and D(H), respectively.

2.2.2. Intra-pore modification of mortar

Besides enhancing sound absorption and thermal insulation capa-
bilities, foaming agents have been utilised in cementitious materials to
increase the mortar intra-pores [17,18]. Thus, the present study modi-
fied the intra-pore of hardened cement mortar using foaming agent
additions. A compressed air foamer (DEMA, Australia) was employed to
aerate the foaming agent [17], with foaming agent-to-water ratios set at
1.5 % and 3.0 %. Conditions with foaming agent-free, low foaming agent
content (1.5 %), and high foaming agent content (3.0 %) were denoted
as F(0), F(L), and F(H), respectively.

1.18-2.36 mm

4.75-9.5 mm

0.6-1.18 mm

Fig. 2. Digital image of sieved hemp.
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2.2.3. Inter-pore modification between hemp and mortar

Since hempcrete comprised compressible hemp and relatively
incompressible phases (GP paste, sand, and water), achieving consistent
tamping energy and a flat top surface for samples was challenging. To
control the inter-pore between hemp and mortar, a 3D-printed mould
was manufactured using the fused deposition modelling (FDM) method
by a 3D printer (Ultimaker S5, Ultimaker, Netherlands). The mould
consisted of an upper container, container, and bottom plate with a
diameter of 99.0 mm (see Fig. 3). In particular, the diameter of the
sample was specified as $99.0 mm to be inserted into the impedance
tube for the sound absorption test, considering the inner diameter of the
tube (~100.0 mm).

After assembling those three parts, different amounts of hempcrete
fresh paste (270.0, 310.0, and 340.0 g) were added to the mould and
compacted to a height of 50.0 mm using a tamper. Afterwards, the upper
container was removed, and the top surface was levelled using a
scrapper. Samples were then covered with plastic wrap to prevent
moisture evaporation, cured in a curing room, de-moulded, and stored
until testing dates. Detailed curing conditions will be provided in Section
2.2.4.

Low (270.0 g), medium (310.0 g), and highly-tamped (340.0 g)
conditions were denoted as T(L), T(M), and T(H), respectively. Notably,
340.0 g was the maximum weight used, as samples exceeding this
weight could not be further compressed to meet the designed height (50
mm). Conversely, 270.0 g was the minimum weight utilised, as samples
weighing less than this were significantly damaged during de-moulding.

2.2.4. Sample preparation

Table 1 outlines the mixture proportions for hempcrete and mortar
samples. For the hempcrete sample preparations, the cement: sand:
water: hemp ratio was fixed at 0.9: 0.5: 1.0: 0.5 based on the preliminary
study. Hempcrete samples were prepared using different tamping con-
ditions [T(L), T(M), T(H)] with untreated/delignified hemp [D(0), D(L),
D(H)] and foaming agent additions [F(0), F(L), F(H)]. The hemp #3-to-
hemp #4 ratio and bulk density of hemp and fresh mortar were
considered (see Appendices A and B). The water-to-cement (w/c) ratio
was maintained at 1.11, with the foaming agent-to-water ratios set at 0
%, 1.5 %, or 3.0 %. In particular, the HC-Raw sample was prepared as a
reference using raw hemp without sieving or delignification. As shown
in Table 1, T(M), D(0), and F(0) are omitted in the naming scheme as
those were references in each modification. Thus, HC-Ref is HC-T(M)-D
(0)-F(0) and, for example, HC-D(L) means HC-T(M)-D(L)-F(0), which
indicates the hempcrete incorporated with the low delignified hemp,
moderate tamping, and no foaming agent in mortar.

Similarly, the reference mortar sample (MO-Ref) was prepared to
mirror HC-Raw proportions, except for hemp additions. Besides, other
mortar samples [MO-F(0), MO-F(L), and MO-F(H)] were prepared by
adjusting the w/c ratio to 0.44 to prevent severe bleeding associated
with the high w/c ratio (1.11) of the MO-Ref sample.

GP cement and sand were initially mixed by hand drill with a ribbon
blade for 1 min, followed by another 2 min after adding water and
aerated foaming agent for mortar sample preparations. Meanwhile,
hempcrete samples underwent an additional 1.5 min of mixing after the
hemp addition. Fresh mortar samples were cast in 10 ml plastic tubes for
the bleeding test and mercury intrusion porosimetry (MIP) analysis.
Conversely, fresh hempcrete samples were cast in a 3D-printed mould
($99.0 x 50.0 mm) for bulk density measurement, thermal conductivity
testing, sound absorption testing, and pCT analysis. Afterwards, all
samples were cured in a moist-curing room at specific temperature and
humidity conditions (20.4 °C and 56.6 %, respectively) for 72 h.
Following curing, the containers and bottom plates were removed, and
hempcrete samples were stored under controlled conditions at 22.7 °C
and 63.2 % until the testing dates.
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Fig. 3. Hempcrete sample preparation using a 3D-printed mould for different tamping conditions.

Table 1

Mixing proportions of mortar and hempcrete. Note: (MO) mortar, (GP) GP cement, (HC) hempcrete, (Raw) raw hemp without any treatment, (T) tamping conditions,
(D) untreated/delignified hemp conditions, (F) foaming agent conditions, (0) none, (L) low, (M) medium, and (H) high.

Group Label Proportion (wWt%) Conditions

Mortar Hemp Sum T D F
GP Sand Water Foam Raw #3 #4

Hempcrete HC-Raw 31.0 17.2 34.5 - 17.2 - - 100.0 M 0 0
(HO) HC-T(L) 31.0 17.2 34.5 - - 6.6 10.7 100.0 L 0 0
HC-Ref 31.0 17.2 34.5 - - 6.6 10.7 100.0 M 0 0
HC-T(H) 31.0 17.2 34.5 - - 6.6 10.7 100.0 H 0 0
HC-D(L) 30.7 17.1 34.1 - - 6.8 11.3 100.0 M L 0
HC-D(H) 30.2 16.8 33.6 - - 7.4 12.1 100.0 M H 0
HC-F(L) 29.3 16.2 32.7 0.5 - 8.1 13.2 100.0 M 0 L
HC-F(H) 28.6 15.9 31.8 1.0 - 8.6 14.1 100.0 M 0 H
Mortar MO-Ref 37.5 20.8 41.7 - - - - 100.0 - - 0
(MO) MO-F(0) 50.0 27.8 22.2 - - - - 100.0 - - 0
MO-F(L) 49.5 28.0 22.2 0.4 - - - 100.0 - - L
MO-F(H) 49.7 27.6 22.1 0.6 - - - 100.0 - - H

2.3. Tests on raw material and hempcrete samples

2.3.1. Raw material characterisation for GP cement

The particle size distribution of the raw GP cement was analysed
using a Mastesizer 2000 particle size analyser (Malvern Panalytical,
United Kingdom). To assess the oxide compositions of the GP cement, X-
ray fluorescence (XRF) analysis was conductedusing Axios XRF spec-
trometer (Malvern Panalytical, United Kingdom). X-ray diffraction
(XRD) analysis was performed using PANalytical Empyrean 2 high-
powder X-ray diffractometer (Malvern Panalytical, United Kingdom)
with Co-Ka radiation (A = 1.79 A) at 20 scanning range of 5°-60°. The
International Center for Diffraction Data (ICDD) [41] was used as the
reference for the XRD patterns. Then, quantitative analysis was carried
out using the X'pert High Score software with Rietveld refinement.

2.3.2. Thermogravimetric analysis (TGA) of raw hemp and treated hemp

The thermogravimetric analyser (Q600, TA instrument, United
States) was used to evaluate the compositions of an untreated hemp #3
particle and delignified particles under D(L) and D(H) conditions. Each
sample, weighing 3.56 + 0.09 mg, was placed on an alumina pan. The
analysis began with an isothermal period at 30 °C for 180 min, followed
by heating to 500 °C at a rate of 10 °C/min under a nitrogen (N3)
environment with a flow rate of 10 ml/min.

2.3.3. Scanning electron microscope (SEM) of raw hemp and treated hemp
To visually inspect the plant morphological changes due to

delignification, SEM (S3400, Hitachi, Hitachi, Japan) was used to
observe the internal cross-sections of untreated hemp #3 and delignified
one under the D(H) condition. These hemp samples were precisely cut
and affixed to the SEM holder using carbon tape. An energy level of 15
kV was employed to collect secondary images at magnifications of
%1000 and x3000.

2.3.4. The bulk density of mortar and hemp

The bulk densities of mortar and hemp samples on 3, 7, and 28 days
were the weight of the sample of the same volume (¢99.0x50.0 mm).
Similarly, the bulk densities of hemp (raw, untreated, delignified) and
fresh mortar samples [MO-F(0), MO-F(L), MO-F(H)] were measured
using cylindrical containers (¢99.0x50.0 mm). Each density value was
averaged from three measurements. Then, bulk densities of hardened
mortar and hempcrete samples were measured at 3, 7, and 28 days. The
hempcrete sample with a bulk density closest to the average of the three
measurements underwent pPCT analysis. Thermal conductivity and
sound absorption tests were conducted on all three hempcrete samples.

2.3.5. Mercury intrusion porosimetry of cement mortars

The pore size distribution of cement mortar samples at 28 days was
determined using a mercury intrusion porosimeter (AutoPore IV 9500,
Micromeritics, United States). Hardened samples were removed from
10 ml plastic tubes and cut into 5 mm cubic pieces for the MIP test.
Intrusion and extrusion were carried out within the 0.5-60,000 psi
range. The penetrometer, having a bulb volume of 5 cc and a total stem
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volume of 1.131 cc, was used. The surface tension, contact angle, and
density of mercury were 485 dyn/cm, 130°, and 13.54 g/ml,
respectively.

2.3.6. Thermal conductivity

A thermal conductivity analyser (Trident, C-Therm, Canada) was
employed to determine the thermal conductivity of hemp, mortar, and
hempcrete samples cured at 28 days. Due to the low density and high
porosity of hemp samples, their thermal conductivities were assessed
using the method recommended by RILEM [42]. The flex transient plane
source (TPS) probe was inserted between plastic containers (¢99.0 x
50.0 mm) filled with hemp to measure its thermal conductivity. On the
other hand, a modified transient plane source (MTPS) probe was used
for the mortar and hempcrete samples to measure their thermal con-
ductivities. The probe was positioned at the bottom of the sample, and a
weight of 500 g was applied on top to minimise the gap between the
probe and the sample. All measurements were conducted five times, and
the average value was used.

2.3.7. Sound absorption

The sound absorption coefficient (o) of hemp, mortar, and hempcrete
samples was determined using a two-microphone impedance tube (B&K
type 4106, Briiel & Kjer, Denmark) following the transfer function
method to satisfy the ISO10534-2 standard [43]. The inner diameter of
the tube was 100 mm, with a microphone separation distance of 100
mm. It should be noted that this working frequency range for the two-
microphone technique depends on the diameter of the sample and the
spacing between the two microphones [43]. For example, the 100 mm
sample can measure up to 2000 Hz, while the 29 mm sample can mea-
sure up to 6300 Hz [44]. White noise was generated by a laptop sound
speaker, amplified, and introduced into the tube to ensure uniform
sound energy across all frequencies. Two microphones captured the
incident sound from the speaker, and the sound reflected from the
sample. The sensitivity of the two microphones was 48.19 and 46.92
mV/Pa. An analyser (NI 9234 Compact DAQ 24 bit) generated and
converted the electrical signal from the data acquisition (National In-
strument, United States). The captured signals were processed using
MATLARB to calculate the sound absorption coefficient within the 300 to
1600 Hz frequency range based on the transfer function. Initially, the o
value of the air was measured with the plunger pulled out to a depth of
20.0 cm, and the zero point was adjusted between 300 and 1600 Hz.
Subsequently, after the plunger was set to a depth of 5.0 cm, hempcrete
samples were inserted, and the sound absorption coefficient within the
same frequency range was determined. Measurements were repeated
three times, and an average value was computed.

2.3.8. X-ray micro-computed tomography (uCT)

pCT imaging was employed to determine hemp intra-porosity, pore
size distribution, and the various porosities within hempcrete samples.
All samples were positioned on a rotational stage and subjected to a 360°
rotation. First, hemp samples were measured with a current of 185 pA
and a voltage of 60 kV. The acquisition process lasted 7.5 h, and 2520
projections were obtained in a double helix mode [45]. Likewise,
hempcrete samples were measured with a current of 120 pA and voltage
of 80 kV. The same hempcrete samples that were tested for bulk density,
thermal conductivity, and sound absorption were selected for the uCT
analysis to ensure representativeness. The acquisition took 4 h, with
2880 projections acquired in circular mode. Then, the raw data were
reconstructed using the Australian National Super Computing Infra-
structure (NCI). The resolutions of the reconstructed tomograms for
hemp and hempcrete samples were 1.748 (+ 0.002) and 43.859 (+
0.005) pm/px, respectively. Following data acquisition, tomographic
imaging was analysed using Aviso, a 3D visualisation software, along
with ImageJ and MATLAB for further processing and analysis.

One of the key innovations in this study is the development of a
systematic and reliable segmentation method for analysing the complex
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multiphase structure of hempcrete. This study has expended significant
effort on this segmentation method, which is useful to any researcher
who studies multiphase systems like hempcrete. Fig. 4 shows the whole
hempcrete segmentation process using Aviso software. Raw 2D sliced
images were filtered using a median filter, and noise around the sample
was removed using a volume editing function. Then, the sample was
divided into three parts, 7.5 mm apart from the upper and bottom sur-
faces, to minimise the underestimation of the air void phase in the
middle part [see Fig. E1 (a)]. Next, one cubic subvolume (~6.5 mm) was
extracted from each part (the upper, middle, and bottom). It should be
noted that subvolumes were selected from regions that evenly contained
air void, hemp, and mortar. The detailed hemp intra-pore segmentation,
intra-pore size distribution of hemp, and hempcrete segmentation can be
found in Appendix C, D, and E, respectively.

3. Results and analysis
3.1. Raw material analysis

Table 2 summarises the XRF, XRD, and particle size distribution re-
sults of raw GP cement. The cement composition consisted predomi-
nantly of CaO and SiO,, with additional traces of Al;03, Fe;O3, and SOs.
XRD analysis revealed the presence of various compounds, including
C3S, C3S, C3A, C4AF, CaCOs3, and CaSO4-2H20. Its median particle size
(Dsp) was determined to be 16.97 pm. A previous study of the authors
determined the properties of the Sydney sand used in this study [46].
The specific gravity, water absorption, and Dsq of the sand are 2.65,
3.50 %, and 0.35 mm, respectively.

3.2. Intra-pore modification of hemp through delignification

Fig. 5 illustrates the differential thermogravimetric (DTG) curves of
untreated hemp #3 and delignified ones [D(L) and D(H) conditions].
Cellulose was thermally decomposed at 250-350 °C due to the thermal
decomposition of its molecular structures, and lignin was thermally
decomposed at 150-450 °C due to the degradation of guaiacyl and
syringyl compounds [38]. Delignification resulted in decreased amounts
of cellulose compared to untreated hemp #3; consequently, delignifi-
cation modified the hemp composition.

Fig. 6 presents the SEM secondary images of untreated hemp #3 and
delignified one under the D(H) condition. While they exhibited uneven
plant cell walls [see Fig. 6 (a) and (c)], the untreated hemp had uniform
plant cell sizes, whereas delignified hemp had irregular sizes. Further-
more, Fig. 6 (b) displays well-connected plant cells in untreated hemp,
whereas Fig. 6 (d) shows partially disconnected and perforated cells in
delignified hemp. Hence, delignification appeared to modify the
morphology of the intra-pore structure of hemp.

3.3. Intra-pore modification of mortar through foaming agent

Fig. 7 visually examines the cement mortar samples with foaming
agent additions. The MO-Ref sample showed severe bleeding due to its
high w/c ratio of 1.11, the same w/c ratio used for the HC-Ref sample.
Hempcrete required more water than conventional concretes or mortars
because it contains a high volume of hemp with significant porosity,
leading to substantial water absorption (see Fig. 6). Insufficient water
would result in absorption by the hemp instead of enabling cement
hydration. To address this issue, the study adjusted the w/c ratio to 0.44
(i.e., 4.0/9.0) to minimise the bleeding, based on the preliminary test
and previous studies, which recommended w/c ratio range of 0.35-0.57
for the foamed concrete [47,48].

Fig. 8 illustrates the bulk density of mortar samples by adding a
foaming agent. The initial bulk densities of fresh MO-F(0), MO-F(L), and
MO-F(H) samples were 1955.2 (+ 0.0), 1509.7 (+ 0.0), and 1386.5 (+
0.0) kg/m®, respectively. Adding foaming agents reduced the bulk
density by 22.8-29.1 % compared to the mortar sample without foaming
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Table 2
Raw material result of GP cement.
Oxides (wWt%) Compounds (wt%) Size (pm)
CaO 64.86  Tricalcium silicate, C3S 58.6 Dio 3.28
Si0, 19.37 Dicalcium silicate, C,S 24.4 Dso 16.97
Al,03 4.50 Tricalcium aluminate, C3A 6.0 Dgo 41.82
Fe,03 2.95 Calcite, CaCO3 4.4
SO3 2.07 Tetracalcium aluminoferrite, 4.1
C4AF
Loss on 5.24 Gypsum, CaSO402H,0 2.6
ignition

agents (i.e., MO-F(0)). Their bulk densities at 28 days were measured at
1892.9 (+ 54.9), 1456.1 (+ 31.3), and 1333.0 (+ 20.1) kg/m>, respec-
tively. Consequently, only slight reductions of 3.2-3.9 % in bulk density
were observed after 28 days of curing.

Fig. 9 displays the pore size distributions of mortar samples as
measured by a mercury intrusion porosimeter. However, the MIP
method cannot accurately represent absolute porosity across all pore
sizes due to its intrinsic limitation. The ink-bottle effect is a well-known
phenomenon that causes the overestimation of small pores, and high
pressure applied to the sample can damage its microstructure [49-51].
Thus, the pore size distribution obtained from MIP (shown in Fig. 9) is
not the actual pore size distribution but the threshold diameter of the
pore entrance [50,51]. However, given that A. Vishavkarma [52] re-
ported that most pore sizes of foamed concrete ranged from 10 to 200
pm, the mercury intrudable pore volume (3 nm to 300 pm) can still be
valid for comparing relative pore volumes of mortars with different
foaming agent additions.

The pore volume within the range from 3 nm to 300 pm of MO-F(0),
MO-F(L), and MO-F(H) was 23.2 %, 35.7 %, and 44.3 %, respectively.
Foaming agent additions notably increased the presence of pores larger
than approximately 1.0 pm. This indicates that foaming agent additions
modified the intra-pore structure of mortar.
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Fig. 5. DTG results of untreated hemp #3 and delignified ones under D(L) and
D(H) conditions.

3.4. Inter-pore modification between hemp and mortar through controlled
tamping condition

Fig. 10 illustrates the bulk density of hempcrete samples. Specif-
ically, the HC-T(L), HC-T(M), and HC-T(H) samples exhibited fresh paste
densities of 701.8, 805.8, and 883.8 kg/m°, respectively. Notably,
hempcrete samples exhibited significant differences in bulk density
depending on the tamping conditions. Their bulk densities at 28 days
were 600.4, 714.0, and 768.7 kg/m?, respectively, indicating a reduc-
tion in bulk density of 11.4-14.4 % due to water loss during curing.



H. Song et al.

Cement and Concrete Research 186 (2024) 107702

Fig. 6. Cross-sectional SEM images of hemp #3 particle: untreated one at (a) x 1000 and (b) x 3000 and delignified one under D(H) condition at (¢) x 1000 and (d)
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Fig. 7. Visual inspection for bleeding of mortar samples.

Likewise, other samples [HC-Raw, HC-D(L), HC-D(H), HC-F(L), HC-F
(H)] exhibited the same fresh bulk density of 805.8 kg/m3 as the exact
same mass of each mixture was compacted to the same volume of mould.
Their bulk densities at 28 days (approximately 665.3-684.7 kg/m%)
were slightly lower or comparable to that of HC-Ref (714.0 kg/m®).
Samples also experienced 10.7 to 17.4 % bulk density reduction due to
water loss during the curing period. Thus, hempcrete sample properties
were time-dependent due to hemp additions because of the more sig-
nificant bulk density changes over the curing period compared to mortar
samples (3.2-3.9 % in Fig. 8).

3.5. Thermal conductivity

Fig. 11 depicts the thermal conductivity of hemp, mortar, and
hempcrete samples at 28 days. Fig. 11 (a) shows that raw hemp had a
thermal conductivity of 87.2 mW/m-K. After drying at 80 °C for 72 h, the
thermal conductivities of hemp #3 and hemp #4 decreased to 78.6 and
75.3 mW/m-K, respectively, reflecting a reduction of 9.9 to 13.8 %.

Bulk density [kg/m?3]
>
o
o
o

1200.0 +———t———trrrtrrrri
0 7 14 21 28

Cuding date [day]

Fig. 8. Bulk density of mortar samples.

Then, delignification further lowered their thermal conductivity, with
reductions of 1.5-7.0 % under D(L) and 10.0-23.9 % under D(H)
conditions.

In Fig. 11 (b), mortar samples exhibited higher thermal conductivity
than hemp samples regardless of foaming agent additions. Compared to
the mortar sample without foaming agent, foaming agent additions led
to thermal conductivity reductions of 25.4 % for F(L) and 34.6 % for F
(H) conditions.

In contrast, hempcrete samples in Fig. 11 (c) had thermal conduc-
tivities ranging from 69.0 to 150.0 mW/m-K, closer to those of hemp
samples (59.8-87.2 mW/m-K) than those of mortar samples
(948.3-1450.7 mW/m-K). The standard deviations of the thermal con-
ductivity for HC-Raw and HC-T(H) were 30.7 and 21.9 mW/m-K,
respectively, while those for other samples were lower than 8.8 mW/
m-K.

Meanwhile, tamping significantly increased the thermal conductiv-
ity of the hempcrete samples, while delignification and foaming agents
had a lesser impact on reducing it. For example, the thermal conduc-
tivity increased by 67.8 % when comparing HC-T(L) with HC-T(M). On
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Fig. 9. Pore size distribution of mortar samples cured at 28 days.

the other hand, compared to the HC-T(M)-D(0)-H(0) sample, delignifi-
cation reduced the thermal conductivity by 29.0 % under D(L) and 32.0
% under D(H) conditions. Similarly, foaming agent additions reduced
the thermal conductivity by only 6.8 % under F(L) and 12.3 % under F
(H) conditions. On the other hand, the delignification of hemp and the
foaming of mortar enhance the thermal resistance of hempcrete.
Compared to the HC-Raw sample, the HC-Ref sample exhibited a 32.3 %
reduction in thermal conductivity due to the use of sieved and dried
hemp with lower moisture content. The correlation between thermal
conductivities and the pores of hempcrete will be further discussed in
Section 4.1.

3.6. Sound absorption coefficient

While the human hearing range is 16 to 20,000 Hz, the ear is most
sensitive at about 200 to 10,000 Hz, representing the range primarily
used for communication [53]. In this study, as shown in Fig. 12, the
sound impedance tube could only provide the sound absorption coeffi-
cient (o) of hemp, mortar, and hempcrete samples between the
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Fig. 10. Density changes of all hempcrete samples.

frequency range 300 to 1600 Hz. As mentioned in Section 2.3.7, the
working frequency range monitored is a function of the diameter and the
spacing between the microphones. The current study used a two-
microphone impedance tube with a diameter of 100 mm and a work-
ing frequency range of 300 to 1600 Hz.

In Fig. 12 (a), all hemp had maximum «a values at 0.84-0.90 between
1200 and 1400 Hz. In particular, raw hemp exhibited slightly higher
sound absorption than hemp #3 and #4.

The foaming agent additions [see Fig. 12 (b)] increased the sound
absorption within the 400-1200 Hz range but decreased it between
1200 and 1400 Hz, shifting the maximum absorption from 1400 Hz to
1000 Hz. In particular, there was almost no difference between F(L) and
F(H) conditions.

Fig. 12 (c-e) shows the influence of tamping, delignification, and
foaming agent conditions on the sound absorption of hempcrete sam-
ples. All hempcrete samples showed a maximum sound absorption at
600 Hz. Fig. 12 (c) illustrates that high tamping conditions significantly
reduced the sound absorption of hempcrete, lowering the maximum
sound absorption coefficient («) at 600 Hz from 0.75 to 0.47.
Conversely, high delignification conditions increased the maximum o
value to 0.55-0.70 [see Fig. 12 (d)], while high foaming agent condi-
tions raised it to 0.55-0.63 [see Fig. 12 (e)]. Remarkably, minimal
disparity was observed between HC-F(L) and HC-F(H), which was
consistent with the trends observed in hardened mortar samples [see
Fig. 12 (b)]. Their sound absorption coefficient will be compared with
three different types of pores within hempcrete in Section 4.1.

3.7. Microstructure of hemp and hempcrete obtained from uCT

3.7.1. Hemp segmentation

Fig. 13 presents 3D images and 2D sliced imagess before and after
segmentation. Hemp solid (yellow; plant cell wall) and hemp intra-pore
(black) were segmented using the Otsu thresholding mode because it
identified the solid and intra-pore phases of hemp (see Appendix C). In
particular, the 2D sliced image in X-Y view showed that hemp was
composed of widely distributed pores of about 10 pm, with a few pores
larger than 30 pm. It was consistent with the cross-sectional images
collected by SEM (see Fig. 6). It should be noted that untreated hemp #3
showed high porosity (69.5 %), consistent with the previous studies
reporting the intra-porosity of hemp as 42.6-82.5 % depending on the
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Fig. 11. Thermal conductivity of (a) hemp, (b) mortar, and (c) hempcrete samples.

hemp sources [16,54]. However, delignification gradually decreased the
porosity of hemp. For instance, delignified hemp under the D(L) con-
dition showed a porosity of 62.1 %, while that under the D(H) condition
exhibited a porosity of 59.7 %.

The hemp intra-pore was shaped like cylinders because it should
supply water vertically from the roots to the leaves (see Fig. D1). Un-
fortunately, although the Avizo 3D visualisation software enabled the
measurement of sphere diameter, it could not provide that of cylinder
diameter. Thus, in this study, a cylindrical pore model was suggested to
compute the intra-pore diameter of hemp, which assumed that the shape
of the intra-pores can be described as a cylinder. The detailed cylindrical
pore model and its validation are in Appendix D.

Since this model assumed the intra-pore structure of hemp as a cyl-
inder, there might be potential differences between the calculated and
actual pore diameter values. Nevertheless, this method was helpful in
the relative analysis of irregular structures close to cylinders that Aviso
could not calculate. For instance, Fig. 14 displays the intra-pore size
(cylinder diameter) distribution of hemp with different delignification
conditions. The intra-pore size of hemp ranged from 2 to 30 pm.
Notably, delignification led to a reduction in pores smaller than 8 pm
and an increase in pores sized between 8 and 14 pm. These pore size
changes indicated the disappearance of small pores, which merged into
larger ones following the delignification treatment.

3.7.2. Hempcrete segmentation

Due to resolution limitations (43.859 + 0.005 pm/px), the intra-pore
within hemp and mortar could not be segmented. Instead, as shown in
Fig. 15 (a), the present study segmented hempcrete into three phases: i)
air void phase (inter-pore between hemp and mortar), ii) hemp phase
including its solid and intra-pore, and iii) mortar phase including its
solid and intra-pore. Two thresholding values were systematically
determined to determine the air void-to-hemp and hemp-to-mortar
boundaries. These thresholding values were computed through the

deconvolution of their colour map histograms obtained from the
extracted sub-volumes based on similar approaches from the literature
[55,56]. To the best of the authors' knowledge, a systematic segmenta-
tion method to analyse the complex hempcrete system is first introduced
in this paper, and further details and validation of the hempcrete seg-
mentation process can be found in Appendix E.

For example, Fig. 15 (c) displays the segmented 2D slice of the HC-
Ref sample with three following phases: air void (blue), hemp (yel-
low), and mortar (red). Although some areas of the three phases were
not segmented ideally, the overall image segmentation was highly
satisfactory, given that hempcrete segmentation was challenging due to
its multiphase composition, inhomogeneity, and time dependency. This
study attempted to minimise these difficulties by using a 3D-printed
mould to apply the same degree of compaction, sieving hemp to mini-
mise the variety of hemp sizes and shapes, and curing all specimens
under the same controlled environment. However, it should be noted
that there are still limitations in the pCT segmentation for hempcrete.
For example, the intra-pores of the hemp and mortar could not be
segmented due to insufficient resolution, but these pores might be
analysed in future studies by reducing the sample size to improve the
resolution.

Fig. 16 shows the volume fractions of the three phases in hempcrete
samples to compare the phase changes regarding different pore modi-
fication conditions. Detailed 2D tomograms for segmented hempcrete
under different pore-modifying conditions can be found in Fig. E3. High
tamping conditions notably increased the mortar volume fraction while
reducing air void and hemp fractions. Notably, the air void fraction in
the HC-T(H) sample was nearly negligible, approximately 1.3 %. Sam-
ples with delignified hemp [HC-D(L) and HC-D(H)] seem to have volume
fractions similar to the ones in the reference sample (HC-Ref). Foaming
agent additions resulted in a slight increase in the air void fraction by
+2.5%pt. (point percentage) and the hemp fraction by +3.5%pt., along
with a decrease in the mortar fraction by —6.1%pt. compared to the
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Fig. 12. The sound absorption coefficient of (a) hemp, (b) mortar, and (c-e) hempcrete samples.

reference hempcrete. In particular, HC-F(L) and HC-F(H) exhibited
similar volume fractions across the three phases, indicating less effect of
foaming agent addition. The detailed effects of pore modifications will
be discussed in the following Section.

4. Discussion
4.1. Effects of pore modifications on hempcrete

Hempcrete contained three different porosities that exhibited vary-
ing pore shapes and sizes. For instance, the inter-pore displayed
irregular-shaped pores on a mm-to-cm scale (see Fig. 15). In contrast,
the hemp intra-pore featured cylinder-shaped pores sized at pm level
(see Fig. 14), while the mortar intra-pore figured spherical-shaped pores
[571 sized on a nm-to-pum scale (see Fig. 6). Then, this section compared
three modified pores and the thermal and acoustic properties of hemp-
crete samples. In addition, the sound absorption at 600 Hz was selected
because all hempcrete samples showed the highest o values at this fre-
quency [see Fig. 12 (c-e)].

4.1.1. Modification of inter-pore between hemp and mortar

Fig. 17 compares the thermal conductivity, sound absorption and
UCT results of hempcrete under different tamping conditions. In Fig. 17
(a), thermal conductivity increased by 67.8 %, while the sound ab-
sorption coefficient (o) decreased by 40.5 % with higher tamping con-
ditions. In Fig. 17 (b), the total air void phase in pCT decreased by
—6.4%pt. (percentage points), from 7.7 % for T(L) to 1.3 % for T(H)
conditions.

First, the decreased thermal conductivity in the T(H) hempcrete
shown in Fig. 17 (a) was attributed to the decrease in the cross-sectional
area of the solid and the increase in the tortuosity of the heat transfer

10

path through the pore structure [58,59]. For example, given that the air
void is larger than other pores in hempcrete, it could effectively decrease
the cross-sectional area of the solid. Thus, high tamping conditions
reduced air void contents, negatively impacting thermal performance.

Next, as sound waves travel through and interact with the pore
structure, they are converted into heat energy due to the friction of air
molecules against the pore walls [60]. Meanwhile, P. Glé et al. [16]
reported that high tamping conditions for hemp reduce porosity and
increase density and tortuosity, but the overall acoustic performance of
hempcrete is more dominated by larger pores (i.e., air void). Therefore,
high tamping conditions likely reduced the air void content, which
decreased the travel path of sound waves and compromised the acoustic
performance.

Fig. 17 (b) also indicates that hempcrete samples exhibit in-
homogeneity depending on the sample height. The upper, middle, and
lower parts were quantified at 7.5, 30, and 7.5 mm heights, respectively.
For example, low tamping conditions resulted in noticeable differences
in the air void phase at various sample locations, while high tamping
conditions minimised these differences. Moreover, for T(L) and T(M)
samples, the upper part contained a significantly higher amount of air
void phases. This variation was due to the compressibility and elasticity
of hemp; the less compressed hemp in the upper part partially returned
to its original state [10]. Consequently, in practice, achieving consistent
tamping conditions throughout the height of hempcrete is challenging;
thus, the thermal and soundproofing performance would change along
the tamping direction of the hempcrete.

The low tamping conditions provided the best thermal and sound-
absorbing performance for hempcrete, but the inhomogeneity along
the height must be considered. The compressive strength of hempcrete is
typically lower than 1 MPa [11,13]; thus, hempcrete is typically un-
suitable for load-bearing walls due to its very low compressive strength.
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Fig. 13. Hemp segmentation results: (a) raw 3D image of hemps. Raw and
segmented 2D tomograms in X-Y view under (b) untreated, (c) D(L), and (d) D
(H) conditions.

The effect of tamping on compressive strength was studied by S. Ben-
fratello et al. [13]. In their research, the hempcrete samples were pre-
pared using similar volumes (i.e., 97-100 mm in height and 95-99 mm
in diameter) but different densities (i.e., 328-955 kg/m%) by applying
different tamping conditions. They reported that hempcrete with higher
density achieved higher compressive strength [13]. In this study, the
degree of tamping was also proportional to the density of hempcrete (see
Fig. 10); thus, the compressive strength of hempcrete was likely to in-
crease within the same range but the compressive strength was not
measured.
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Fig. 14. Intra-pore size distribution of hemp using the suggested cylindrical
pore model.

Meanwhile, tamping could affect the distribution and orientation of
hemp hurds within the hempcrete samples due to the anisotropic
properties of hemp hurds [61]. Moreover, S. Nguyen et al. [54] reported
that transversely oriented hemp hurds contributed to better thermal
insulation compared to longitudinally or randomly oriented hemp hurds
based on thermal conductivity simulation. To the best of the authors'
knowledge, no study has experimentally analysed the distribution and
orientation of hemp hurds in hempcrete samples. In this study, the
segmented hemp phase clusters were attempted to separate into single
hemp hurds in the 3D tomography, but these clusters were too compli-
cated to be separated due to insufficient pCT resolution.

4.1.2. Modification of hemp intra-pore

Fig. 18 compares the thermal conductivity, sound absorption, and
UCT results of hempcrete under different delignification conditions. As
shown in Fig. 18 (a), when the duration of the delignification process
increased, the a value of hempcrete increased by 24.9 %, and both the
thermal conductivities of D(H) hemp and D(H) hempcrete decreased by
23.9 % and 32.0 %, respectively compared to the D(0) hemp and D(0)
hempcrete. However, in Fig. 18 (b), the total volume fractions of the
hemp phase in the hempcrete samples remained more or less constant in
the range between 53.2 % and 53.8 %, regardless of delignification
conditions. Considering the similar volume fraction of hemp in hemp-
crete, the delignification process of hemp improved the thermal and
acoustic properties of hempcrete. Fig. 18 (b) shows that the hemp phase
varied slightly depending on the height, although the overall difference
was minor.

Fig. 18 (c) shows the trend of increasing hemp pore size between 8
and 14 pm and decreasing porosity after delignification. This trend
contradicts expectations, as thermal conductivity is typically lower with
smaller pores for the same pore volume [62,63] or greater total porosity
[64]. In this study, the treated hemp [D(L) and D(H)] exhibited higher
bulk density (see Table B1). The treated hemp had thinner walls and
perforated structures (see Fig. 6), and thus, these thinner walls and
perforated structures might be more susceptible to shrinkage during the
drying after the delignification.

It should be noted that smaller hemp hurds lead to better thermal
insulation [36] and sound absorption of hempcrete [16]. Given that
delignification made the hemp hurds shrink, the smaller sizes of
delignified hemp hurds might have contributed to the better thermal
and acoustic properties of hempcrete compared to untreated hemp
hurds. Meanwhile, according to D.S. Smith et al. [64], grain size
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significantly affected thermal conductivity more than porosity (pore
volume fraction) for relatively conductive materials like ceramics. For
example, smaller grain sizes can reduce the thermal conductivity of the
solid phase by increasing grain boundaries along the heat path [65]. In
the current study, although delignification increased the hemp pore size
and decreased the hemp porosity, it eventually improved the thermal
conductivity by reducing the hemp grain size. In other words, hemp
grain size affected the thermal conductivity of hempcrete more than
hemp intra-porosity and pore size.

Meanwhile, it should also be considered that the tamping during the
fabrication of hempcrete compressed the hemp and modified the intra-
pore structure of hemp. Hemp intra-porosity before the compaction
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segmentation results: (a) 3D image of hempcrete sample [e.g., HC-Ref], and sliced 2D tomograms in X-Y view (b) before and (c) after

seems different from its intra-porosity observed after the compaction.
This effect is not taken into account in this study but will be considered
in the future study.

Although the mechanical properties of hempcrete were not investi-
gated in this study, delignification is expected to improve the mechan-
ical properties by removing impurities on the surface of hemp hurds,
improving their adhesion capacity. M.S. Tugluca et al. [66] reported that
the delignified wood fibres enhanced the adhesion of the wood fibres by
removing surface impurities.

4.1.3. Modification of mortar intra-pore

Fig. 19 compares the thermal conductivity, sound absorption, pCT,
and MIP results of hempcrete under different foaming agent conditions.
The addition of foaming agents slightly reduced the thermal conduc-
tivity and showed almost negligible increase in sound absorption.
However, the MIP results indicated a significant increase in mortar
porosity, with a + 21.0 %pt. rise from 23.2 % for F(0) to 44.3 % for F(H)
conditions.

Although pores are known to impact sound absorption and thermal
insulation significantly, no remarkable performance changes were
observed. This suggests that most air bubbles generated from the
foaming agent were lost during sample preparation. The loss of foams is
also supported by the simple calculation of the volumes of mortars for
HC-Ref, HC-F(L), and HC-F(H) in Fig. 16 and Table 1. From Fig. 16, the
volume ratio of mortars is 1.17:1.01:1.00 (41.2:35.4:35.1) for HC-Ref,
HC-F(L), and HC-F(H). This reduced volume indicated the loss of
foams during the tamping as the initial volumes of mortars (before
tamping) were identical. In addition, HC-Ref, HC-F(L), and HC-F(H),
respectively, have 82.7 wt%, 78.2 wt%, and 76.3 wt% of 310 g of
mortar without considering foams (see Table 1.), which results in the
weight ratio of 1.08:1.02:1.00 for mortars of HC-Ref, HC-F(L), and HC-F
(H). GP cement particles, sand, and water can be assumed to be
incompressible during the compaction. The volume ratio is similar to the
weight ratio, indicating the identical density of mortars regardless of the
addition of foam. Thus, the foams added to the mortar disappeared
during tamping. Thus, the foams added to the mortar disappeared dur-
ing tamping. This may result in a higher air void in HC-F(L) and HC-F
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volume fraction of air void phase in pCT depending on the sample height.

(H), as shown in Fig. 16. Therefore, controlling the pores in the mortar
with a foaming agent was not an effective method for improving the
performance of hempcrete. Given that the pores generated by the
foaming agent were vulnerable to tamping conditions, future studies
could safely generate micro-sized bubbles in the binder using air-
entraining agents.

4.2. Improvement of thermal and sound performances of hempcrete

As discussed in Section 4.1, tamping conditions affected the intra-
pore of mortar and hemp. Thus, only the inter-pore between hemp
and mortar (i.e., air void) could be compared with the thermal and
acoustic properties of hempcrete samples, as illustrated in Fig. 20. The
increase in the inter-pore between hemp and mortar improved both
thermal and acoustic properties of hemp. In addition, given the same
mix design and the same degree of compaction, the use of delignified
hemp improved the thermal and acoustic properties of hempcrete.

Consequently, increasing the inter-porosity between hemp and
mortar was the optimal method for developing thermal insulating and
soundproof material, achievable through low tamping and high
delignification conditions. On the other hand, foaming agent conditions
were ineffective in improving both performances.
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Fig. 19. Modification of mortar intra-pore through foaming agent conditions:
(a) thermal conductivity, sound absorption at 600 Hz and (b) volume fraction of
mortar phase in pCT depending on the sample height and porosity in MIP.

5. Conclusions

As thermal insulating and soundproofing cementitious materials
have been widely developed by utilising lightweight porous composites,
hempcrete has been widely used as a lightweight material. Therefore,
pore analysis on lightweight materials, including hempcrete, is crucial
to these performance-based material designs. The present study in-
vestigates the effects of the three different pores in hempcrete (i.e., inter-
pore between hemp and mortar, hemp intra-porosity, and mortar intra-
pore) on hempcrete acoustic and thermal properties. The three different
porosities were modified by tamping, delignification, and foaming agent
usage. It should be highlighted that the present study newly developed
thorough techniques to segment the hempcrete phases in pCT images to
understand its intra-porosity and intra-pore size distribution. The sig-
nificant findings are as follows:

e In pCT analysis, hemp intra-porosity (59.7-69.5 %) was assessed by
thresholding method using the Otsu mode. Moreover, a novel cy-
lindrical pore model was suggested to estimate the distribution of its
intra-pore sizes (2-30 pm). Then, hempcrete samples were
segmented using thresholding methods with subvolume extraction,
colour map histograms, and deconvolution techniques.

e Hempcrete samples exhibited significant inhomogeneity along its
height; thus, the thermal and acoustic properties seem to be the
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Fig. 20. Correlation of the volume fraction of air void phases in pCT with (a)
thermal conductivity and (b) sound absorption coefficient at 600 Hz.

function of the height of the hempcrete. Moreover, they exhibited

time-dependent behaviour, with 10.7-17.4 % bulk density changes

over a 28-day curing period and were identified as multiple phases.
e The inter-pore between hemp and mortar exhibited a significant
correlation with thermal and acoustic properties compared to hemp
or mortar intra-pores. Higher tamping conditions significantly
decreased the inter-porosity between hemp and mortar. In other
words, low tamping was the optimum approach for developing
thermal insulation and sound-absorbing materials despite the
consideration of potential reductions in the mechanical strength of
hempcrete and inhomogeneity depending on sample height.
High delignification conditions also improved the thermal perfor-
mance of hempcrete by increasing the grain number of hemp.
Although the intra-pore structure in hemp was significantly reduced
due to its compressibility, delignification effectively improved the
thermal and acoustic performances of hempcrete samples.
The foaming agent was used to modify the intra-pore structure of the
cement mortar, leading to a reduction in total porosity from 23.2 %
to 44.3 % and bulk density from 22.8 % to 29.1 % as measured by
MIP analysis. However, the thermal and acoustic performances were
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not significantly improved, likely due to the loss of most air bubbles
during sample preparation.

e Future study will investigate the effect of compressive forces on the
hemp intra-pore to understand the actual porosity of hemp in
hempcrete. Moreover, the entrained air will be applied into the
cementitious mortar in hempcrete to generate micro-bubbles inside
the binder because the current mortar intra-pore generated by the
foaming agent was vulnerable to compressive forces.

Many hempcrete samples have been developed as thermal insulating
or soundproofing materials because they are used as sound-absorbing or
thermally insulating building elements (e.g., wall and roof) in real-world
hempcrete applications. These performances highly depend on pore
structure, but pore analysis for hemp and hempcrete has been chal-
lenging due to their inhomogeneity, multiphase composition, and time
dependency. The current study suggests a new pCT segmentation
method for hemp and hempcrete to understand the pore structure,
including size, shape, and quantity. This method successfully segmented
the inter pores (air voids), hemp, and binder phases and can be readily
expanded to analyse any porous structure of the multiphase materials.
The 3D data of the porous system inside hempcrete can be used to
investigate the properties of porous structures and to combine with the
computational modelling for porous systems. However, there is still a
challenge in segmenting the interface between hemp and mortar. In
addition, to analyse the intra-pores of hemp and mortar phases, small-
sized samples should be separately prepared to obtain pCT images
with sufficiently high resolution.
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Table A1 shows the residual weight percentage of raw hemp after sieving. Initially, 150.0 g of hemp was sieved for 30 min to achieve a thorough
separation. The hemp exhibited considerable variation in size and shape (see Fig. 2), with the majority classified as hemp #3 and #4. The ratio
between hemp #3 and #4 was approximately 1.62. Therefore, the present study used hemp #3 and #4 to prevent hemp size and shape inhomogeneity.

However, sieving for 30 min each time was inefficient in providing sufficient hemp needed for this study. As a result, hemp #3 and #4 were
obtained by sieving 150.0 g of hemp 13 times for 10 min each. Although the quantity of hemp classified through 10-minute sieving differed from that
of 30-minute sieving, the size of the hemp used in this study was consistent.

Table Al

The weight percentage of raw hemp sieved once for 30 min and 13 times for 10 min.

Label Size [mm] Residual weight percentage [%]
1 time for 30 mins 13 times for 10 mins

Hemp #1 4.75-9.5 2.61 4.50
Hemp #2 4.75-9.5 2.68 18.82
Hemp #3 2.36-4.75 35.43 24.26
Hemp #4 1.18-2.36 40.72 39.49
Hemp #5 0.6-1.18 7.97 9.62
Hemp #6 0.3-0.6 5.43 1.61
Hemp #7 0.15-0.3 2.01 0.96
Hemp #8 <0.15 3.15 0.74
Sum 100.00 100.00

Appendix B. Bulk density of hemp and mortar

Table B1 shows the bulk density of the materials used in this study. Triplicate samples were measured to calculate the average values and standard

deviations.
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Table B1
Bulk density of sand, fresh mortar, and hemp. D(L) and D(H) denote delignified conditions for 1 and 3 h, respectively. Oven drying condition denotes 80 °C for 72 h in
the oven.

Label Conditions Bulk density Label Conditions Bulk density (kg/m®)
(kg/m®)

Sand - Air 1512.4 (+ 2.3) Hemp #5 - Air 104.9 (£ 2.9)
MO-Ref - - 1563.2 (+ 40.9) Hemp #6 - Air 92.1 (£ 6.8)
MO-F(0) - - 1955.2 (+ 47.2) Hemp #7 - Air 55.8 (£ 5.4)
MO-F(L) - - 1509.7 (+ 39.2) Hemp #8 - Air 39.3 (£ 0.5)
MO-F(H) - - 1386.6 (+ 15.4) Hemp #3 - Oven 92.4 (+ 3.4)
Raw hemp - Air 107.2 (+ 2.6) Hemp #3 D(L) Oven 102.1 (& 3.3)
Hemp #1 - Air 99.4 (+ 2.6) Hemp #3 D(H) Oven 117.0 (+ 2.3)
Hemp #2 - Air 54.5 (+ 8.9) Hemp #4 - Oven 87.9 (£ 0.7)
Hemp #3 - Air 107.1 (£ 0.8) Hemp #4 D(L) Oven 91.2 (£ 1.4)
Hemp #4 - Air 101.8 (£ 3.2) Hemp #4 D(H) Oven 96.4 (+1.3)

Appendix C. Tomogram segmentations of hemp

Fig. C1 shows the entire process of segmenting intra-porosity in hemp under untreated, D(L), and D(H) conditions using Avizo and ImageJ
software. First, as illustrated in Fig. C1 (a), 2600 raw 2D scan images were collected and filtered using a median filter to reduce noise. Then, a mask
image was created corresponding to the hemp volume to remove areas outside the mask. Next, 5 cubic subvolumes (~0.5 mm) were extracted from the
hemp at constant intervals. A total of 15 sliced images were saved from the three different slices (upper, middle, and bottom) of the 5 subvolumes.

Next, since ImageJ software offered 17 different thresholding modes, all modes were applied to the 15 images obtained 5 cubic subvolumes. It
should be noted that the appropriate thresholding mode selection was significant for segmenting the intra-pore of hemp. For example, Fig. C1 (b)
shows the segmented images of hemp using three of the 17 thresholding modes (i.e., Percentile, Otsu, and Max entropy modes). The Percentile mode
overestimated the solid phase by identifying solid phases inside the hemp pore, while the Max entropy mode underestimated the solid phase as the
plant wall structure was not identified. On the contrary, the Otsu mode accurately identified the solid and intra-pore phases of hemp without mis-
estimations. Therefore, the present study applied the Otsu mode to the 15 images; thus, 15 thresholding values were obtained. Finally, the final
thresholding value was selected by averaging these 15 thresholding values and used to segment the 3D hemp segmentation.
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Fig. C1. Hemp intra-porosity segmentation using Aviso and ImagelJ software: (a) segmenting process in X-Y and Y-Z view and (b) segmented images with different
thresholding modes (Percentile, Otsu, and Max entropy).

Appendix D. Cylindrical pore model of hemp

The present study proposed a cylindrical pore model of hemp to calculate the hemp intra-pore diameter. The cylinder-shaped pores of hemp were
observed from the hemp segmentation, as shown in Fig. D1. Unfortunately, Avizo software did not directly provide the diameter of the cylindrical
elements. However, this software offered informative properties such as the volume and surface area computed from voxel counting. Thus, in this
study, the segmented intra-pores in hemp from 5 subvolumes (see Appendix C) were split into individual cylindrical pores using the label analysis
function in Avizo software. Afterward, the pore volume and the surface area of each cylindrical pore could be computed. Finally, from the equations of
the volume and surface area of the cylinder (see Egs. (D1) and (D2), respectively), the cylindrical pore radius (or even diameter) could be computed by
MATLAB software using Eq. (D3), where r and h were the radius and height of the cylinder, respectively.
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Label analysis of hemp using Aviso software Cylindrical pore model
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Fig. D1. The schematic diagram of the suggested cylindrical pore model of hemp.
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The simulated pore diameter (Ds = 2r) was computed using the cylindrical pore model, while the diameter (Dp,,) and height (Hp,) were manually
measured using the measure tool in Avizo software. In particular, because the pore shape of hemp was not perfectly cylindrical, the longest diameter
was used as Dy, value. Meanwhile, given that one of the subvolumes of hemp #3 contained 859 intra-pores, Dy, of 100 out of the total pores was
compared with D; to verify the suggested model. As illustrated in Fig. D2, the simulated diameter showed a high correlation (R? = 0.91) with the
measured diameter, supporting using the cylindrical ggre model to calculate the entire intra-pore sizes of hemp.

.

£ /

0 10 20 30 40 50 60 70 80
Simulated pore diameter (D) [um]

Fig. D2. Comparison of Dy, and Dy to verify the cylindrical pore model.

Appendix E. Tomogram segmentations of hempcrete

Since the entire hempcrete sample included three phases (air void, hemp, and mortar), two thresholding values were necessary to delineate the
boundaries between air void-to-hemp and hemp-to-mortar. However, as shown in the colour map histogram of the HC-Ref sample [see Fig. E1 (a)],
this histogram could not provide meaningful thresholding values because all phases overlapped.

Furthermore, when arbitrary thresholding values were applied to the entire hempcrete sample, the 3D tomogram underestimates the air void phase
depending on the sample height [see red box in Fig. E1 (b)]. These air void differences appeared vertical rather than lateral; thus, the tamping
condition influenced this difference more than the drying effect. Moreover, the part of the hemp phase could be misidentified as the air void phase [see
red box in Fig. E1 (d)]. Thus, hempcrete segmentation required considerable thresholding value selections even if it was challenging due to the
following factors: i) their multiphase compositions, ii) inhomogeneity due to the compressibility of hemp unlike other phases, and iii) the time-
dependency related to curing and storage conditions.
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Fig. E1. Examples of difficulty in hempcrete segmentation: (a) colour map histogram of the entire hempcrete sample, (b) 3D image of hempcrete sample (HC-Ref)
after improper segmentation. 2D sliced tomograms (b) before and (c) after improper segmentation.

Despite the limitations of pCT on hempcrete segmentations, the present study proposed the deconvolution method to reasonably compute two
thresholding values from the hempcrete samples (see Fig. E2). In particular, Fig. 4 showed the whole hempcrete segmentation process using Aviso
software, and cubic subvolumes (~6.5 mm) were extracted from each part (the upper, middle, and bottom). Unlike the colour map histogram of the
entire sample [see Fig. E1 (a)], that of the extracted subvolumes [see Fig. E2 (a)] had a distinct peak, indicating the air void phase of the hempcrete
sample. Based on the peak, deconvoluted peaks were generated using the Gaussian distribution model with the optimal mean and standard deviation.
The optimal values were selected when the error between the measured histogram and the calculated one was smallest.

Fig. E2 (b) shows the enlarged deconvoluted peaks of the subvolume from the middle part. The first thresholding value between air void-to-hemp
was selected as the intersection of those deconvoluted peaks. However, the deconvolution method unexpectedly identified the interphase of hemp-
mortar [see Fig. E2 (c)]. Since it was almost impossible to divide this phase precisely, the second thresholding value between hemp and mortar
was selected as the average value of the intersection of hemp and interphase peaks and that of interphase and mortar peaks. Finally, two thresholding
values were applied to each part to segment air void, hemp, and mortar. Afterwards, the volume fractions of each phase for the entire hempcrete

sample were calculated by merging the fractions from each part.
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Fig. E2. Hempcrete segmentation using Aviso software: (a) colour map histogram of the subvolumes using deconvolution method, (b) enlarged histogram of
subvolume from the middle part, and (c) segmented images of HC-Ref.

To validate the hempcrete segmentation, the volume fraction of mortar was roughly estimated according to Egs. (E1)-(E2). First, only hemp was
assumed to be compressible, while other materials (cement, sand, and water) were incompressible. Next, the density of GP cement (p.), sand (ps), and
water (py) were assumed as 3.1 [67], 2.65 [68], and 1.0 g/cms, respectively. Then, the volume fraction of mortar for HC-T(L), HC-T(M), and HC-T(H)
were calculated as 35.8, 41.1, and 45.1 %, respectively. Therefore, hempcrete segmentations in pCT showed well-matched validation because these
values were almost similar to their volume fractions of mortar (32.8, 41.2, and 47.3 %, respectively, as shown in Fig. 16).
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where mc, s, w, and h Was the mass of materials (cement, sand, water, and hemp, respectively); pwm, c, s, w Was the density of materials (cement mortar,
cement, sand, and water, respectively); ¢y was the volume fraction of cement mortar; Wy was the added weight of fresh hempcrete (e.g., 270, 310, and
340 g for hempcrete under T(L), T(M), and T(H) conditions, respectively); and Vyyq was the volume of used 3D printed mould (384.69 cm?).

A t
Fig. E3. Segmented middle parts of all hempcrete samples: (a) filtered and segmented image of HC-T(L), and (b-g) segmented images of other hempcrete samples.
Blue, yellow, and red labels denote air void, hemp, and mortar phases, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Data availability

Data will be made available on request.
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