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Abstract: Hempcrete is a bio-based composite having excellent thermal insulation properties. 17 

However, the influence of low-carbon binders on the microstructural and thermal behaviour of 18 

hempcrete has not been thoroughly investigated. This study presented the effect of the mechanical 19 

and thermal properties of hempcrete using three different binders, including hydrated lime, 20 

limestone calcined clay, and alkali-activated binder. To further analyse their microstructure and 21 

gain an in-depth understanding, micro-computed tomography was employed to analyse the 3D 22 

volume fractions of different hempcrete phases and the spatial distribution and orientation of hemp 23 

shivs in hempcrete. The results demonstrated that binder selection significantly affects the 24 

hempcrete performance. Among them, hempcrete with alkali-activated binder showed 4.1 times 25 

higher compressive strength and 30.9% lower thermal conductivity compared to hydrated lime 26 

binder; this was a very interesting result because higher mechanical strength typically correlates 27 

with increased thermal conductivity. This study found that the exceptional performance was caused 28 

by a denser mortar matrix with smaller and more horizontally aligned hemp shivs than other 29 

samples. 30 

Keywords: hempcrete; computed tomography; alkali activated material; calcined clay; thermal 31 

conductivity 32 
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Graphical Abstract 34 

 35 

 36 

1. Introduction  37 

 According to the International Energy Agency (IEA), the building industry accounted for 38 

nearly 33% of global energy usage in 2021 [1]. As the demand for low-carbon and sustainable 39 

building materials (e.g., alternative binder [2, 3], recycled aggregate concrete [4, 5], or energy-40 

efficient concrete [6, 7]) increases, hemp concrete (i.e., hempcrete) has gained attention as a 41 

promising bio-based material. Hempcrete consists of a hemp shiv and a binder, offering 42 

lightweight, lower CO2 emissions, high thermal insulation, and sound-absorbing properties, 43 

making it an ideal material for energy-efficient buildings [8-10]. Furthermore, due to the high fixed 44 

carbon proportion of the hemp materials, hempcrete is considered a carbon-negative material; the 45 

inclusion of which in place of traditional concrete contributes to the reduction of atmospheric 46 

carbon throughout its lifecycle [11]. 47 
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 Although the type of binder plays a crucial role in determining the porosity, strength, and 48 

durability of hempcrete [12, 13], there are few comparative studies on different binder types and 49 

their performance. Hydrated lime is commonly used in hempcrete due to its widespread 50 

availability and relatively lower carbon emissions during production compared to ordinary 51 

Portland cement. Moreover, it has better compatibility with hemp shivs (the woody inner core of 52 

hemp stems) compared to Portland cement because hemp shiv absorbs considerable amounts of 53 

batching water, disrupting Portland cement hydration and hindering proper setting within the inner 54 

matrix of the composite [14-16]. Recently, limestone calcined clay (LC2) has been explored as a 55 

mineral additive due to its reduced clinker content, lower CO2 emissions, and adequate strength 56 

development [17]. Furthermore, alkali-activated (AA) binders (e.g., geopolymers), composed of 57 

industrial by-products such as fly ash, metakaolin, and ground granulated blast furnace slag 58 

(GGBFS), have also been tested due to their high early compressive strength, low shrinkage, and 59 

reduced environmental impact [14, 18] for both hempcrete and brick applications. However, 60 

further research is required to systematically evaluate the influence of different binder systems on 61 

the physical, mechanical, thermal, and microstructure properties of hempcrete, particularly in 62 

terms of shiv-matrix interaction, pore connectivity, and long-term stability. 63 

 While numerous studies have investigated the mechanical and thermal properties of 64 

hempcrete [14, 15, 18-20], the internal microstructural characteristics of the material remain 65 

largely unexplored. Due to its high porosity and heterogeneous nature, the distribution, orientation, 66 

and pore connectivity of hemp shivs are critical factors that influence both mechanical integrity 67 

and thermal conductivity. Previous research has primarily focused on optimising binder 68 

compositions and curing conditions [14, 15, 18], yet a detailed microstructural investigation using 69 

advanced imaging techniques has never been conducted. Addressing this knowledge gap is 70 
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significant to fully understand the internal structure of hempcrete and improve its practical 71 

applications. 72 

 Micro-computed tomography (μCT) is a high-resolution, non-destructive imaging 73 

technique that enables a detailed internal structural analysis of materials in three dimensions. 74 

Although widely employed in biomedical and materials science research, its application in 75 

construction materials has also recently gained attention for the assessment of cement hydration 76 

[21-23] or crack detection [24, 25]. μCT has been utilised to evaluate porosity, shiv distribution, 77 

and microstructural characteristics in various lightweight materials, including aerated concrete, 78 

foamed gypsum, and natural shiv-reinforced composites [26]. Recent studies have investigated 79 

μCT applications in hempcrete, particularly for analysing shiv orientation, pore connectivity, and 80 

shiv-binder interactions [27-29], but there are still only very limited studies that use μCT to 81 

investigate hempcrete microstructure. Notably, in a preliminary study [30], a new phase 82 

segmentation technique was developed that distinguishes complex pore phases in hempcrete, 83 

including air voids, intra-pore spaces within hemp shivs, and intra-pore spaces in mortar. This 84 

information is essential for enhancing the performance of hempcrete in sustainable construction 85 

applications. 86 

 This study demonstrates the influence of different low-carbon binders and 3D hemp 87 

properties (dimension, distribution, and orientation) on the mechanical and thermal insulation 88 

performance of hempcrete. These findings will provide new understandings into the interactions 89 

between hemp shivs and binders, which may contribute to the development of more resource-90 

efficient hempcrete. Three types of low-carbon binder mixes were compared in this study. The first 91 

binder was reference hydrated lime. The second binder was a low-carbon binder composed of 92 

limestone, calcined clay and hydrated lime (LC2). The third binder was a calcined clay/ ground 93 
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granulated blast furnace slag (GGBFS)-based alkali-activated binder, which is also a low-carbon 94 

binder. To comprehensively evaluate the properties of hempcrete, X-ray diffraction (XRD) and X-95 

ray fluorescence (XRF) analyses were conducted to characterise the mineralogical and chemical 96 

compositions of the binders. Consequently, bulk density, compressive strength, adhesion strength, 97 

and thermal conductivity of hempcrete samples were measured to evaluate the effect of binders on 98 

hempcrete properties. All experiments relating to the μCT were carried out at the School of Civil 99 

and Environmental Engineering at the University of New South Wales.  100 

 101 

2. Materials and Methods  102 

2.1. Raw Materials 103 

2.1.1. Raw Precursors and Activators 104 

 For the preparation of a calcined clay-GGBFS-based alkali-activated binder, analytical-105 

grade sodium hydroxide (NaOH) pellets (>98.0%) and sodium silicate solution (water glass) were 106 

utilised for the activator. The sodium silicate solution contained 9.1 wt.% Na2O, 28.9 wt.% SiO2, 107 

and 62.0 wt.% H2O. 108 

 Fig. 1 presents photography of the raw precursors used in this study. Hydrated lime 109 

(AHMC, Australia), calcined clay (Argeco, France), limestone (Omya, Australia), ground 110 

granulated blast furnace slag (GGBFS; Australian Steel Mill Services, Australia), and sand 111 

(Sydney sand, Australia) were used. All materials were in fine powder form, with calcined clay 112 

exhibiting a brownish colour, while hydrated lime, limestone, and GGBFS appeared white or off-113 

white. The observed particle texture suggests a similar level of fineness across all precursors, with 114 

minor visible agglomeration. 115 
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 116 

 117 

Fig. 1. Visual inspection of raw precursors. 118 

 119 

 Table 1 summarises the chemical composition, particle size distribution, specific density, 120 

and mineral compositions of the raw precursors used in this study. 121 

First of all, X-ray fluorescence (XRF) spectroscopy (Axios, Malvern Panalytical, United 122 

Kingdom) was used to characterise the oxide compositions of the raw precursors: hydrated lime, 123 

calcined clay, limestone, and GGBFS. Hydrated lime and limestone are composed mainly of CaO, 124 

containing 71.6% and 54.3% CaO, respectively. Calcined clay was mainly composed of SiO2 125 
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(71.2%) and Al2O3 (22.5%), whereas GGBFS contained a combination of CaO (44.8%), SiO2 126 

(31.7%), and Al2O3 (12.3%). In terms of loss on ignition (LOI), limestone exhibited the highest 127 

value (42.7%), followed by hydrated lime (25.4%), mainly due to the decomposition of calcite 128 

(CaCO3) and portlandite [Ca(OH)2], respectively. In contrast, calcined clay (1.8%) and GGBFS 129 

(0.8%) showed significantly lower LOI values, indicating minimal mass loss under high 130 

temperatures. 131 

The particle size distribution of the raw precursors was determined using a particle size 132 

analyser (Mastersizer 2000, Malvern Panalytical, United Kingdom). Regarding particle size 133 

distribution, the median particle size (D50) of hydrated lime (19.2 μm) was larger than that of 134 

GGBFS (11.4 μm) and limestone (6.9 μm) but smaller than that of calcined clay (31.6 μm). The 135 

90 percentile of the particle size distribution (D90) values further indicated that hydrated lime had 136 

a coarser particle size distribution (286.2 μm) than calcined clay (98.7 μm), limestone (43.2 μm), 137 

and GGBFS (28.7 μm). The detailed particle size distribution of the raw precursors can be found 138 

in Appendix A. 139 

The specific density of the precursors was measured using a nitrogen gas pycnometer 140 

(Ultrapyc 5000, Anton Paar, Austria). The final density value was obtained by averaging the last 141 

three measurements from a total of 15 repetitions, ensuring stability in the recorded data. The 142 

specific density of hydrated lime (3.02 g/cm3) was higher than that of the other precursors, which 143 

ranged from 2.50 to 2.72 g/cm3. Notably, limestone exhibited the lowest specific density (2.50 144 

g/cm3). 145 

The mineralogical composition of the precursors was examined using powder X-ray 146 

diffraction (XRD; Empyrean 2, PANalytical, United Kingdom) with Co-Kα radiation (λ = 1.79 Å) 147 

over a 2θ scanning range of 5–60°. The quantitative phase analysis was conducted using X’pert 148 
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High Score software, which compares the measured XRD patterns with reference data from the 149 

International Centre for Diffraction Data (ICDD) [31]. Afterwards, X’pert High Score software 150 

with Rietveld refinement was used for quantitative analysis with silicon used as the external 151 

standard. 152 

In the XRD results, hydrated lime consisted predominantly of portlandite [Ca(OH)2, 153 

67.6%], along with alite (3CaO·SiO2, 20.9%) and calcite (CaCO3, 11.5%). Limestone powder was 154 

100.0% calcite. According to the XRD analysis, all observed peaks matched well with the standard 155 

pattern of calcite, and no other crystalline phases were detected. Therefore, the limestone used can 156 

be considered pure CaCO3 within the detection limits of the instrument. Meanwhile, calcined clay 157 

predominantly consisted of an amorphous phase (64.7%), with quartz (35.3%) as the main 158 

crystalline phase. The high amorphous content confirms its potential reactivity as a pozzolanic 159 

material in the LC2 binder. GGBFS exhibited an amorphous phase content of 99.6%, with a 160 

negligible presence of quartz (0.4%). The high amorphous content is indicative of its high latent 161 

hydraulic reactivity, making it an excellent precursor for alkali-activated binders [32]. 162 

 163 

Table 1. Summary of the characteristics of the raw precursors. Note: LOI: loss on ignition; D10, 164 

D50, and D90 were the particle sizes below which 10, 50, and 90% of the soil particles were smaller, 165 

respectively. The standard deviations of all specific densities were <0.001 g/cm3. 166 

Label Hydrated 

lime 

Calcined clay Limestone GGBFS 

Oxides 

(wt%) 

CaO 71.6 0.5 54.3 44.8 

SiO2 1.3 71.2 1.1 31.7 

MgO 0.8 0.2 1.5 4.6 

Al2O3 0.5 22.5 0.2 12.3 

Fe2O3 0.3 2.3 0.2 1.1 

TiO2 0.1 1.1 - 1.0 
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SO3 - - - 3.2 

LOI 25.4 1.8 42.7 0.8 

Particle size 

(μm) 

D10 2.8 3.8 1.4 1.7 

D50 19.2 31.6 6.9 11.4 

D90 286.2 98.7 43.2 28.7 

Specific density (g/cm3) 3.02 2.55 2.50 2.72 

Mineral 

compositions 

(%) 

Ca(OH)2 67.6 - - - 

3CaO·SiO2 20.9 - - - 

CaCO3 11.5 - 100.0 - 

SiO2 - 35.3 - 0.4 

Amorphous - 64.7 - 99.6 

 167 

2.1.2. Hemp Shivs 168 

 The present study utilised hemp shiv, which refers to the woody core of industrial hemp 169 

stems that remain after the retting process. The hemp hurds were obtained by using a hemp 170 

decorticator machine to separate the hemp hurds and the bast fibre from the woody core of the 171 

hemp stalk. The hemp shiv used in this study was supplied by the Australian Hemp Masonry 172 

Company (AHMC), Australia and was farmed in Tamworth, New South Wales, Australia.  173 

 The particle size distribution of hemp shivs was evaluated through their residual weight 174 

percentage using a sieving machine. A 150.0 g sample of air-dried hemp shivs was sieved three 175 

times, with each cycle lasting 10 minutes, to classify the hemp shivs based on their size and shape. 176 

Fig. 2 illustrates the size variations of the raw hemp particles, which were separated through a 177 

sieving process. The image visually categorises the hemp particles into different size ranges, with 178 

the majority falling within the 2.36–4.75 mm (44.8%) and 1.18–2.36 mm (35.8%) size ranges, 179 

which are classified as shivs. Additionally, larger fractions (4.75–9.5 mm), including fibre-like 180 

components (marked in red), were also observed. Meanwhile, fine particles (<0.6 mm), 181 

representing dust-like fines that may influence the matrix interaction in hempcrete [18], were 182 

present in minimal amounts, accounting for only 2.5%. 183 
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 184 

 185 

Fig. 2. Size variations of raw hemp particles. Values in parentheses indicate the standard deviation 186 

from triplicate measurements. 187 

 188 

2.2. Hempcrete 189 

2.2.1. Sample Preparation 190 

Table 2 outlines the mixture proportions of hempcrete samples with low-carbon different 191 

binders. Three different hempcrete (HC) samples (i.e., HC-HL, HC-LC2, and HC-AA) were 192 

prepared based on three different low-carbon binders: a hydrated lime (HL) binder, a limestone 193 

calcined clay (LC2) binder, and an alkali-activated (AA) binder. The precursor: sand: mixing 194 

solution: hemp ratio was fixed at 9.0: 5.0: 10.0: 5.0 based on the preliminary study [13, 30]. Unlike 195 

conventional Portland cement concrete, which contains incompressible constituents, hempcrete 196 

contains a compressible phase (i.e., hemp shivs [30]), the compacted density of which varies 197 
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depending on the degree of compaction. Therefore, the mixing ratio is expressed in units of kg of 198 

each component, as in previous studies [13, 33, 34]. 199 

HC-HL included 100% hydrated lime, HC-LC2 contained 50.0% hydrated lime, 33.3% 200 

calcined clay, and 16.7% limestone, while HC-AA precursor composition was 70.0% calcined clay 201 

and 30.0% GGBFS. As a mixing solution, HC-HL and HC-LC2 used water, while HC-AA used an 202 

alkaline activator. Before this, the alkaline activator was prepared by dissolving NaOH pellets and 203 

water glass with the weight ratio in the mixing table. Its silica modulus (i.e., SiO2/Na2O mass ratio 204 

in the activator) and the alkali dosage (i.e., the mass ratio of Na2O in the activator to the precursors) 205 

were 1.1 and 10.5%, respectively. 206 

 207 

Table 2. Mix proportions of hempcrete in wt.%. Note: (HC) hempcrete, (HL) hydrated lime binder, 208 

(LC2) limestone calcined clay binder, and (AA) alkali-activated binder. 209 

Label HC-HL HC-LC2 HC-AA 

Mortar 

Precursor 

Hydrated lime 31.0 15.5 - 

Calcined clay - 10.2 21.7 

Limestone - 5.3 - 

GGBFS - - 9.3 

Sand 17.2 17.2 17.2 

Mixing 

solution 

Water 34.5 34.5 19.9 

NaOH - - 2.8 

Water glass - - 11.8 

Hemp 17.2 17.2 17.2 

Sum 100.0 100.0 100.0 

 210 

The mixing solution required for the chemical reactions of the precursors can be depleted 211 

due to the high initial water content (INC) of hemp shivs (see Fig. B1). Thus, the present study 212 

mixed hempcrete composites in two steps using a 70 L electric pan mixer. First, to achieve a 213 

saturated surface dry (SSD) condition of hemp shivs, they were mixed for 1 minute with a portion 214 
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of the mixing solution equivalent to their INC. Second, after adding the remaining solution, the 215 

dry-mixed precursors and sand, they were mixed for an additional 2 minutes. 216 

The fresh hempcrete mixtures were cast into cylindrical moulds (100.0 mm in diameter 217 

and 200.0 mm in height) for compressive strength, bulk density, thermal conductivity, adhesion 218 

measurements, and μCT analysis. A 2.7 kg compacting hammer was applied five times per layer 219 

to ensure uniform compaction across the three layers. Then, all samples were demoulded after 24 220 

hours of initial curing and subsequently stored under controlled conditions at 23 ± 2°C and 55 ± 221 

3% relative humidity until specific testing dates.  222 

In this study, the setting times of the mixtures were not quantitatively measured. However, 223 

visual observations during mixing and casting showed no abnormal quick-setting in any of the 224 

binders. All mixtures maintained sufficient workability throughout the mixing and casting process, 225 

and after one day of curing, the specimens were sufficiently hardened to allow demolding without 226 

surface damage. 227 

 228 

2.2.2. Physical, Mechanical, and Thermal Properties 229 

All tests for bulk density, adhesion, compressive strength, and thermal conductivity were 230 

performed on triplicate hempcrete samples (100.0 mm in diameter and 200.0 mm in height), and 231 

their mean values and standard deviations were recorded. 232 

The bulk density of the hempcrete samples was determined by dividing their measured 233 

weight at 7, 14, 21, and 28 days after manufacture by their respective volume (100.0 mm in 234 

diameter and 200.0 mm in height).  235 

Jo
urn

al 
Pre-

pro
of



14 

 

The adhesion test was conducted using a pull-off adhesion tester (Positest AT) to evaluate 236 

the interfacial bond strength on the surface of the hardened hempcrete [4]. An adhesion testing 237 

dolly was attached to the sample surface using a high-strength two-part epoxy resin, and tensile 238 

load was applied perpendicular to the surface until failure occurred. The maximum force recorded 239 

at detachment was used to calculate the adhesion strength. 240 

The compressive strength was evaluated at 7, 14, 21, and 28 days under displacement 241 

control. A thin rubber sheet was placed between the sample and press plates to reduce interfacial 242 

gaps and ensure uniform load distribution. 243 

The thermal conductivity of the hempcrete samples was evaluated using a Hot Disk thermal 244 

constant analyser (TPS 500S, Hot Disk AB, Sweden), which operated based on the transient plane 245 

source (TPS) method. Measurements were performed with an input power of 250 mW and a 246 

measurement time of 640 seconds [35, 36]. This method allows for accurate characterisation of 247 

low-conductivity and heterogeneous materials, such as hempcrete [37], by minimising heat losses 248 

and capturing the time-dependent temperature response of the specimen. 249 

 250 

2.2.3. 3D Microstructural Property using μCT 251 

Using the μCT technique, 3D phase identification was performed on the hempcrete samples 252 

incorporating different low-carbon binders to visually assess three internal components (air voids, 253 

hemp, and mortar) and identify the spatial distribution and orientation of hemp shivs within the 254 

hempcrete matrix. 255 

To ensure that the internal moisture within the hemp had fully evaporated and that the 256 

chemical reactions of the binders were complete, approximately 72-day cured samples were 257 
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selected for μCT measurements. Each hempcrete sample was mounted on a rotational stage and 258 

rotated 360° during scanning. The central region of the specimens (100.0 mm in diameter and 50.0 259 

mm in height) was scanned under an applied current of 78 μA at 80 kV. The acquisition process 260 

lasted 3.5 hours, generating 2,520 projections in circular mode. Then, these X-ray projection data 261 

were reconstructed to obtain a 3D grayscale image, yielding a tomographic resolution of 44.7 262 

μm/pixel.  263 

Fig. 3 presents the segmentation process of the hempcrete samples using 3D visualisation 264 

software (Avizo, Thermo Fisher Scientific, United States). Initially, the raw 2D tomographic sliced 265 

images were processed using a median filter. A masking image was then generated to eliminate the 266 

exterior region of the hempcrete samples. 267 

To identify the three phases within the hempcrete samples, two thresholding values (i.e., 268 

air void-to-hemp and hemp-to-mortar) were required. However, due to the relatively low 269 

proportion of air voids compared to the other phases, direct threshold computation from the 270 

colourmap histogram of the entire sample was not feasible. Thus, based on the author’s preliminary 271 

study [30], three subvolumes containing well-distributed air void, hemp, and mortar phases were 272 

selected from the top, middle, and bottom sections of the samples as shown in Fig. 3. Each 273 

subvolume (0.45 × 0.45 × 0.45 mm3) exhibited distinct air void phases in the histogram, enabling 274 

threshold computation after deconvolution using MATLAB software.  275 

The first thresholding value (air void-to-hemp) was determined as the intersection point 276 

between the air void and hemp phases (see the left blue vertical line at the deconvolution stage in 277 

Fig. 3). However, due to the heterogeneity of hempcrete, an interphase between the hemp and 278 

mortar phases was observed. Consequently, the second thresholding value (hemp-to-mortar) was 279 

computed as the average of two intersections, including the intersection point between the hemp 280 
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phase and interphase and another point between the interphase and mortar phases. (see two black 281 

vertical lines and the right blue vertical line at the deconvolution stage in Fig. 3) 282 

The averaged thresholding values derived from the three subvolumes were subsequently 283 

applied to the entire hempcrete sample segmentation. Finally, the volume fractions of the three 284 

phases (air voids, hemp, and mortar) were calculated. 285 

 286 

Jo
urn

al 
Pre-

pro
of



17 

 

 287 

Fig. 3. Hempcrete segmentation using Aviso and MATLAB software. 288 

 289 

3. Results  290 

3.1. Physical, Mechanical, and Thermal Properties of Hempcrete 291 
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Fig. 4 presents the material properties of hempcrete samples incorporating three different 292 

binders, including bulk density, adhesion, compressive strength, and thermal conductivity. 293 

Significant differences were observed across treatment types, with differences observed across all 294 

tests, including physical, mechanical, and thermal properties of hempcrete. The statistical 295 

significance of the experimental data was also analysed, and sufficient significance was obtained. 296 

Details are in Appendix C. 297 

First, Fig. 4 (a) presents the bulk density of the hempcrete samples over time. HC-AA 298 

exhibited the highest bulk density, whereas HC-LC2 had the lowest. All samples experienced a 299 

reduction in bulk density during the curing period, primarily due to moisture loss. After 28 days, 300 

HC-HL exhibited the highest weight loss (15.2%), followed by HC-AA (10.4%) and HC-LC2 301 

(9.9%). The rapid drying observed in HC-HL may be attributed to the higher permeability of the 302 

hydrated lime binder, which facilitates faster water evaporation and promotes carbonation 303 

reactions. 304 

The bulk density of the hempcrete samples decreased due to moisture evaporation during 305 

the initial curing period, but the weight loss rate was minimal after approximately 21 days, 306 

indicating that the moisture content has been stabilised. The residual moisture during the initial 307 

curing stage is closely related to the hydration and hardening of the binder, which can affect the 308 

compressive strength and adhesion. In addition, since water has a higher thermal conductivity than 309 

hempcrete, the presence of free water can affect the measured thermal conductivity. To minimise 310 

this effect and ensure that the test results reflect the unique properties of hardened hempcrete, the 311 

compressive strength, adhesion, and thermal conductivity were evaluated at 28 days in this study, 312 

when most of the moisture-induced changes have stabilised. 313 
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Next, in Fig. 4 (b), the adhesion strength of HC-AA was stronger compared to that of HC-314 

HL and HC-LC2. The adhesion between the hemp shiv and the mortar is a significant factor 315 

influencing the mechanical integrity of hempcrete. The adhesion strength is primarily affected by 316 

the interfacial bonding between the hemp surface and the mortar, which can be weakened by the 317 

swelling and shrinkage of hemp shivs due to their hygroscopic characteristic [38]. Furthermore, 318 

hemp shivs can deform depending on their moisture content, affecting the bond strength with the 319 

surrounding matrix [14]. Moreover, the notably higher adhesion in HC-AA could be attributed to 320 

its alkaline environment. For example, previous studies have shown that alkaline solutions (e.g., 321 

NaOH or water glass) can partially delignify hemp [30], leading to changes in surface morphology 322 

and improving matrix adhesion [14]. Thus, improved adhesion in HC-AA might correlate with 323 

higher alkalinity and potential surface modifications of hemp shivs. 324 

Fig. 4 (c) illustrates the 28-day compressive strength of the hempcrete samples. The 325 

reference hempcrete achieved ~ 0.16 MPa. The compressive strength of HC-LC2 was ~ 60% 326 

higher at ~ 0.26 MPa, highlighting the synergy benefits of limestone and calcined clay in a lime-327 

based system. HC-AA exhibited the highest compressive strength, reaching 0.65 MPa, which is 328 

approximately 4.1 times higher than that of the reference hempcrete (HC-HL). Previous studies 329 

have also reported that hempcrete generally exhibits low compressive strength (<1 MPa) [20], 330 

which aligns with the current findings. A high hemp shiv ratio (17.2 wt% in Table 2) might affect 331 

mechanical performance due to the inherently weak mechanical properties of hemp shivs. 332 

Moreover, although hemp absorbed a significant amount of mixing solution (see Fig. B1), the 333 

overall water-to-precursor ratio in the mixtures remained high (34.5/31.0 = 1.11 in Table 2), 334 

contributing to the low mechanical strength of the samples.  335 
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In Fig. 4 (d), the 28-day thermal conductivity of the hempcrete samples varied depending 336 

on the binder type. HC-AA exhibited thermal conductivity values that were 15.0–30.9% lower 337 

than those of HC-LC2 and HC-HL. However, preliminary tests on mortar samples using the same 338 

binders and experimental methods (see Fig. C1) showed a different trend: the thermal conductivity 339 

of the HL mortar was 3.44 ± 0.21 W/mK, the LC2 mortar was 2.84 ± 0.17 W/mK, and the AA 340 

mortar was 3.18 ± 0.22 W/mK. It should be noted that the mortar thermal conductivity trends did 341 

not agree with those of hempcrete samples. This discrepancy suggests that other hemp-related 342 

factors have a more dominant effect on the thermal performance of hempcrete than the binder 343 

alone. This counterintuitive correlation will be further discussed in Section 4.2. 344 

In summary, among the hempcrete samples, HC-AA exhibited the highest density, adhesion 345 

strength, and compressive strength, suggesting its potential for enhanced structural performance, 346 

while also demonstrating the lowest thermal conductivity, indicating that it has superior insulating 347 

capability. These results are discussed in Section 4.2. 348 

 349 
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 350 

Fig. 4. Properties of hempcrete samples: (a) bulk density, (b) adhesion at 28 days, (c) compressive 351 

strength at 28 days, and (d) thermal conductivity at 28 days.  352 

 353 

3.2. 3D Microstructural Property using μCT 354 

3.2.1. Phase Segmentations 355 

 Fig. 5 presents the 3D volume reconstructions and 2D sliced tomograms of hempcrete 356 

samples obtained through μCT analysis. The top row shows the 3D visualisations, while the bottom 357 

row displays the corresponding X-Y cross-sectional images. The grayscale intensity in these 358 

images represents the X-ray transmittance, where denser regions appear brighter, while less dense 359 

regions, such as air voids and hemp shivs, appear darker [30]. 360 
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 By observing the variation of grayscale in Fig. 5, it is clear that the different binder types 361 

had a noticeable influence on the internal structure of hempcrete. The HC-HL and HC-LC2 362 

samples exhibited distinct phase separation, with well-dispersed hemp shivs and visible pore 363 

structures. In contrast, the HC-AA sample appeared denser, with reduced porosity and a more 364 

homogeneous distribution of phases. This suggests that the alkali-activated binder (HC-AA) 365 

facilitated better matrix densification compared to hydrated lime (HC-HL) and LC2-based binders 366 

(HC-LC2). Furthermore, the relatively bright regions in HC-AA may indicate improved binder 367 

densification, correlating with the observed higher bulk density [see Fig. 4 (a)] and better 368 

mechanical performance [see Fig. 4 (c)] compared to other samples. 369 

  370 

 371 

Fig. 5. 3D volume and 2D sliced tomogram of hempcrete samples. 372 
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 373 

Fig. 6 presents the raw 2D tomograms (left column) and segmented images (right column) 374 

of hempcrete samples in the Y-Z view, obtained through μCT analysis. The segmentation process 375 

was performed using Avizo software following the methodology described in Fig. 3, which 376 

involved subvolume extraction, histogram analysis, and deconvolution methods. The internal 377 

components were categorised into air voids (blue), hemp (yellow), and mortar phase (red), 378 

providing insights into their distribution and interaction within the hempcrete matrix. 379 

In the raw tomograms, distinct differences in the internal structures of the three hempcrete 380 

samples are evident. The HC-HL and HC-LC2 samples were highly porous, with well-defined 381 

hemp shivs and air voids dispersed throughout the binder matrix. In contrast, the HC-AA sample 382 

appears more compact, with fewer visible pores and smaller hemp shivs, indicating a denser 383 

microstructure. Additionally, the cross-section images show that the HC-HL and HC-LC2 samples 384 

contain a significant proportion of air voids, contributing to their highly porous structure. The 385 

hemp shivs were well-distributed, while the mortar phase formed the continuous binding matrix. 386 

Comparatively, the HC-AA sample exhibited a more homogeneous phase distribution with a 387 

significantly reduced air void content, suggesting that the alkali-activated binder led to enhanced 388 

matrix densification and lower porosity. This densification in the HC-AA sample may be attributed 389 

to chemical interactions between hemp and the alkaline activator. Previous studies have reported 390 

that alkaline solutions, such as NaOH, can induce chemical delignification in plant-based materials, 391 

leading to lignin extraction and partial decomposition of the organic components [39]. Since hemp 392 

shivs share compositional similarities with wood, exposure to NaOH solution and water glass, as 393 

used in this study, could have altered their surface morphology and structural integrity [14]. 394 

Consequently, the hemp shivs in HC-AA may have become smaller, more compactable, or 395 
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structurally weakened, making them more susceptible to compression during the compacting 396 

process, ultimately leading to the denser microstructure observed in Fig. 6. 397 

  398 

 399 

Fig. 6. Raw and segmented 2D tomograms of hempcrete samples using Aviso software. 400 

 401 

 Fig. 7 presents the volume fractions of the three phases (air void, hemp shivs, and mortar) 402 

identified through CT analysis, as depicted in Fig. 6. In this study, all hempcrete samples were 403 
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fabricated under the same compaction degree, curing conditions, and mixing ratios, except for the 404 

precursor and mixing solution composition. However, the volumetric distribution of air voids, 405 

hemp shivs, and mortar significantly varied within the hempcrete. 406 

 The HC-AA sample exhibited the highest fraction of the mortar phase (53.9%) and the 407 

lowest fractions of air voids (2.7%) and hemp shivs (43.4%), whereas the HC-HL and HC-LC2 408 

samples had relatively lower mortar content and higher air void and hemp fractions. The reduction 409 

in air void and hemp volume in the HC-AA sample suggests that the alkali-activated binder led to 410 

improved densification of the matrix. This aligns with the Fig. 4 findings, which indicate that HC-411 

AA had the highest air-dried bulk density among the three samples. 412 

 Given that all samples underwent the same compaction procedure, the differences in 413 

volume fractions imply that the fresh paste workability and hemp distribution were influenced by 414 

the binder type. The relatively higher inclusion of the denser mortar phase in HC-AA could be 415 

attributed to its enhanced packing efficiency and binder-hemp interaction during the mixing and 416 

casting process. Additionally, the reduced air void fraction in HC-AA suggests a more consistent 417 

matrix, which may be due to the interaction between the alkaline activator and the hemp surface, 418 

potentially altering the surface morphology of the hemp shivs. This phenomenon requires further 419 

investigation to determine whether the alkaline conditions affected the hemp shiv structure and 420 

contributed to the increased matrix density. 421 

 Furthermore, HC-HL and HC-LC2 exhibited more pronounced air voids and less 422 

compacted mortar, which could explain their lower density and mechanical strength compared to 423 

HC-AA. This emphasises the role of binder selection in optimising hempcrete’s microstructural 424 

characteristics and overall performance. 425 

Jo
urn

al 
Pre-

pro
of



26 

 

 426 

 427 

Fig. 7. Volume fractions of air void, hemp, and mortar phases in hempcrete samples. 428 

 429 

3.2.2. Label Analysis on Hemp Phase 430 

 Fig. 8 illustrates the detailed label analysis process applied to the hemp phase in HC-HL. 431 

This analysis focused on segmenting individual hemp shivs from the bulk hemp phase, which was 432 

initially recognised as a single connected phase. To achieve this, the label analysis function in 433 

Avizo was utilised to identify and separate individual hemp shivs. 434 

 As shown in Fig. 8 (a), an erosion process was applied to refine the segmentation of the 435 

hemp phase. Initially, without sufficient erosion, the hemp phase remained as a single bulk mass, 436 

preventing proper separation of individual shivs. By gradually increasing the erosion factor (1, 3, 437 

and 5 pixels), the segmentation improved, leading to a better distinction between individual hemp 438 

phases. However, excessive erosion could lead to over-segmentation or the loss of finer hemp 439 

structures, indicating that an optimal erosion factor is required to achieve accurate segmentation. 440 
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 As shown in Fig. 8 (b), despite the erosion process with the factor at 5 pixels, some hemp 441 

phases remained as bundled clusters of interconnected segments that were not clearly segmented. 442 

To separate these clusters into individual hemp shivs, further label analysis in Aviso software was 443 

performed after one more erosion process with the factor at 2 pixels. Afterwards, hemp phases 444 

were well-labelled, but certain hemp fragments still remained incorrectly segmented [see the red 445 

dashed line in Fig. 8 (b)]. These incorrectly segmented hemp phases had unrealistically small 446 

widths, lengths, or volumes, which differed significantly from the typical hemp shiv dimensions 447 

(see Fig. 2). These misidentified phases were excluded from the final analysis to ensure data 448 

reliability, as they were considered too small to represent the actual hemp shiv size. 449 

 This process emphasises the importance of proper segmentation techniques in μCT 450 

analysis, as well as the need for careful parameter selection when using image-processing software 451 

like Avizo. The findings suggest that erosion plays a critical role in separating individual hemp 452 

shivs, and an appropriate filtering criterion is necessary to exclude erroneous data points.  453 

 Recent advances in μCT-based fibre analysis, such as the destruction-filtering-repairing 454 

(DFR) method proposed by Yang et al. [40], have shown that iterative segmentation can achieve 455 

near-pixel-level accuracy in extracting fine fibres from heterogeneous matrices, thereby improving 456 

the reliability of orientation estimation. While the present study used threshold-based segmentation 457 

combined with erosion and labelling steps in Avizo, such advanced iterative filtering methods 458 

could be used in future studies to more effectively separate hemp hurds from binders and improve 459 

the quantification of 3D orientation indices (e.g., θ distribution). 460 

 461 

Jo
urn

al 
Pre-

pro
of



28 

 

 462 

Fig. 8. Example of label analysis on hemp phase in HC-HL: (a) 3D images of hemp using different 463 

erosion factors at 1, 3, and 5 pixels and (b) further erosion and label analysis on badly-labelled 464 

hemp segments. 465 

 466 

 Using the properly labelled hemp shivs, the present study visualised their spatial alignment 467 

to understand their distribution and orientation in our hempcrete samples. Fig. 9 illustrates the 3D 468 

visualisation of individually labelled hemp shivs in the spherical coordinate system. Here, radial 469 
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distance (r), inclination angle (θ; denoting the angle between the shiv orientation vector and the Z-470 

axis), and azimuthal angle (φ) denote the angle of rotation of the radial line around the polar axis. 471 

This analysis was conducted using the labelled hemp data extracted from the segmentation process 472 

in Avizo, where various geometric and positional parameters of each hemp shiv were obtained, 473 

including width, length, spatial coordinates (X, Y, Z), θ, and principal orientation vector 474 

components.  475 

 To represent the shiv orientation, a 3D cylindrical model was used to visualise each hemp 476 

shiv in MATLAB. To ensure that shivs pointing upward and downward were treated equivalently, 477 

the absolute value of the Z-component of the orientation vector was used. As a result, the θ range 478 

is represented in blue to red, from 0° (completely vertical) to 90° (completely horizontal). This 479 

approach allowed for a clear differentiation of shiv alignment within the hempcrete matrix. 480 

 For consistency and to enhance visibility, only a subset of hemp shivs was selected for 481 

this analysis. Specifically, shivs with a width and length larger than 1.18 mm were chosen, as this 482 

size range represented the most frequently occurring hemp size observed in Fig. 2. The criteria for 483 

the subset were derived from the raw hemp shivs and thus the subset used in the analysis would 484 

reasonably represent the overall distribution and orientation of hemp shivs for the qualitative 485 

comparison of different hempcretes. 486 

 However, it is important to note the limitations of the erosion-based segmentation method. 487 

The erosion factor influences the number and shape of segmented hemp shivs, as it removes 488 

surface pixels to separate interconnected hemp phases. This process might result in partial loss of 489 

hemp boundaries, meaning that the segmented hemp shiv shapes may not fully represent the true 490 

dimensions of the original shivs. Nevertheless, this approach proved effective for comparative 491 
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analysis of hemp orientation and quantity among hempcrete samples incorporating different binder 492 

types, which was the primary objective of this study. 493 

 494 

 495 

Fig. 9. 3D full view of the specified hemp labelled in theta value. These hemp pieces represent 496 

hemp shivs contained in subsections classified by (i) length, (ii) width, and (iii) length/width ratio 497 

among the segmented hemp phases contained in the HC-HL sample. 498 

 499 

 Fig. 10 illustrates the 3D view, plan view, and elevation view of segmented hemp shivs 500 

within different hempcrete samples. The spatial distribution and orientation of the shivs are critical 501 

factors influencing the mechanical and thermal performance of hempcrete [41]. All samples 502 

showed that hemp shivs appeared to be more randomly oriented, but the HC-AA sample exhibited 503 

a significantly lower number of hemp shiv phases compared to other samples. This observation is 504 

consistent with the volumetric data presented in Fig. 7, which showed that HC-AA contained the 505 

lowest volume fraction of hemp among the samples. However, it should be noted that, although 506 
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the same content of hemp was added to all samples during mixing (see Table 2), the HC-AA 507 

sample exhibited a noticeably lower number of segmented hemp shivs in the image analysis. This 508 

difference is further discussed in the following Section 4.2, where the influence of chemical 509 

treatment (e.g., delignification under alkaline activation) and potential segmentation limitations 510 

due to grayscale image contrast are considered. These factors may have altered the visibility and 511 

morphology of hemp phases, resulting in reduced detectability during µCT image processing. 512 

 513 
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 514 

Fig. 10. (a–c) 3D view, (d–f) plan view, and (g–i) elevation view of segmented hemp shivs in HC-515 

HL [see (a), (d), and (g)], HC-LC2 [see (b), (e), and (h)], and HC-AA [see (c), (f), and (i)] samples. 516 

The inclination angle of hemp is presented in blue to red, indicating vertical to horizontal. 517 

 518 

 Fig. 11 shows the orientation and dimensional distribution of hemp shivs in the three 519 

hempcrete samples. As illustrated in Fig. 11 (a), all samples exhibited predominantly horizontal 520 

alignment, with the highest degree of alignment above 45°, which may reduce vertical pore 521 
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connectivity and heat transfer. Moreover, HC-AA showed higher numbers of hemp shivs with a 522 

degree of alignment above 75°, compared to other samples. The orientation of hemp shivs might 523 

affect thermal transport behaviour in hempcrete due to their internal porous structure [41]. As hemp 524 

shivs are bio-derived, their vascular pores are typically elongated along the stem axis [30], 525 

promoting anisotropic heat transfer [42]. When shivs are aligned horizontally (i.e., perpendicular 526 

to the direction of heat flow), these pores can interrupt vertical heat conduction, thereby enhancing 527 

the insulating performance of the composite. 528 

 In Fig. 11 (b) and (c), all samples showed similar ranges of hemp shiv width (1.5–2.5 mm) 529 

and length (4–8 mm). However, HC-AA exhibited a greater proportion of smaller shivs than the 530 

other samples. For example, the normalised distribution of width in the 1.0–2.5 mm range was 531 

92.0% in HC-AA, compared to 86.7% in HC-HL and 82.9% in HC-LC2. Meanwhile, the 532 

proportion of hemp shiv lengths between 2–8 mm was 78.0% in HC-AA, which was similar to 533 

HC-HL (81.5%) and HC-LC2 (78.3%). This confirms that HC-AA contained finer hemp shivs, 534 

which may influence both the mechanical interlock and thermal conductivity of the composite. 535 
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 537 

Fig. 11. Normalised distribution of hemp shivs regarding their (a) theta to Z-axis, (b) width and 538 

(c) length. 539 

 540 

4. Discussions 541 

4.1 Binder Effect on Physical and Mechanical Properties of Hempcrete 542 

 The density and compressive strength of hempcrete were significantly influenced by the 543 

binder type. HC-AA exhibited the highest bulk density, adhesion, and compressive strength [see 544 

Fig. 4 (a–c)].  545 
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Fig. 12 correlates the physical and mechanical properties of hempcrete samples and their 546 

volume fractions (φ) of the three phases identified in µCT (air void, hemp, and mortar in Fig. 7). 547 

The correlation coefficient (r) value indicates the degree of linear relationship between the two 548 

variables. Moreover, it should be noted that because only limited data were used in this study, the 549 

regression lines are presented only to illustrate the general trends observed from the experimental 550 

results and do not imply any statistical significance.” 551 

The trends in Fig. 12 consistently show that higher mortar fractions are positively 552 

correlated with density, strength, and adhesion, while higher hemp and air void ratios lead to 553 

negative correlations. These trends were observed for all three measured properties, suggesting a 554 

common underlying mechanism between phase composition and hempcrete performance. 555 

The correlation for the physical and mechanical properties of all phases in μCT showed a 556 

strong linear relationship, with absolute r values ranging from about 0.96 to 0.99. Hemp and air 557 

voids have lower specific gravity than mortar, and so their increasing content leads to a lower 558 

density [30]. Furthermore, they are weaker than mortar, and their increasing content also leads to 559 

the degradation of mechanical properties such as adhesion and compressive strength. Then, higher 560 

air void and hemp fractions resulted in lower density and strength, consistent with the relationship 561 

between porosity and mechanical properties. Likewise, a higher mortar fraction was positively 562 

correlated with compressive strength (r = 0.97), reinforcing the role of a denser binder matrix in 563 

improving mechanical integrity. Thus, these demonstrate that the binder-to-hemp ratio can be 564 

optimised to meet the structural limit of hempcrete as a building material.  565 
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 566 

Fig. 12. Linear relationship of the volume fractions (φ) of air void, hemp, and mortar phases in 567 

μCT with 28-day bulk density (ρ28D), adhesion, and 28-day compressive strength (σ28D) of 568 

hempcrete samples. 569 

 570 

4.2. Binder Effect on Thermal Property of Hempcrete 571 

 Fig. 13 illustrates the correlations between the thermal conductivity (λ28D) of hempcrete 572 

samples and the volume fractions (φ) of the three phases in µCT (air void, hemp, and mortar in 573 

Fig. 7). The regression analysis also revealed a strong linear correlation because the absolute r 574 

value was around 0.97 to 0.98. However, it should be noted that counter-intuitive trends were 575 
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observed in thermal conductivity properties and the volume fraction of the three phases in 576 

hempcrete. For example, the HC-AA sample exhibited the highest bulk density, adhesion, and 577 

compressive strength [see Fig. 4 (a–c)] among all binder types, but had the lowest thermal 578 

conductivity [see Fig. 4 (d)]. Notably, similar findings have also been reported in the previous 579 

study [13].  580 

 The observation that HC-AA combines the highest compressive strength and lowest 581 

thermal conductivity (Fig. 4) is counterintuitive to the conventional density-conductivity 582 

relationship. Similarly, the trends in Fig. 13 cannot be explained solely by phase fraction. However, 583 

these results can be better interpreted using the μCT analysis, which revealed other governing 584 

microstructural factors such as phase connectivity, particle orientation, and binder-hemp interfacial 585 

properties. The three-dimensional structural insight provided by μCT demonstrates that heat 586 

transfer in hempcrete depends not only on the amount of each phase but also on its spatial 587 

arrangement and connectivity, which provides a justification for HC-AA experimental results. 588 

 Although this counter-intuitive result suggested the superior mechanical and thermal 589 

performance of alkali-activated binder for hempcrete applications, this result requires further 590 

explanation. Typically, an increase in solid fraction enhances heat transfer due to greater cross-591 

sectional contact between particles, whereas higher air void content reduces conductivity due to 592 

the insulating effect of air. Therefore, this unexpected result suggests that thermal behaviour in 593 

hempcrete is governed not solely by bulk-phase thermal conductivity but also by microstructural 594 

factors.  595 

 This hypothesis is further supported by the lack of correlation between the thermal 596 

conductivities of mortars and their corresponding hempcrete composites (see Fig. C1). If binder 597 

thermal conductivity were the dominant factor, one would expect both values to follow similar 598 
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trends. However, in this case, the HC-AA sample, with high thermally conductive mortar, resulted 599 

in the lowest composite thermal conductivity [see Fig. 4 (d)]. μCT-based volumetric analysis 600 

revealed that the HC-AA sample had the lowest volume fractions of both air voids and hemp shivs, 601 

but the highest volume fraction of mortar (see Fig. 7). In other words, a higher amount of mortar 602 

alone does not guarantee improved thermal transfer. Instead, the limited presence of insulating 603 

hemp and disconnected or non-continuous mortar regions, possibly due to weak interaction at the 604 

interface or disrupted thermal pathways, may have restricted heat conduction within the composite. 605 

 Thus, to understand the underlying mechanisms, the present study employed μCT analysis 606 

to evaluate 3D microstructural properties such as (i) matrix density, (ii) the total number of hemp 607 

shivs after the labelling analysis, (iii) orientation, and (iv) dimension of hemp shivs (see Fig. 10 608 

and Fig. 11). 609 

 HC-AA exhibited a denser internal matrix compared to the other samples (see Fig. 5, Fig. 610 

6, and Fig. 7). Based on the mix proportions (see Table 2) and the specific density (see Table 1) 611 

of each binder component, the estimated density for blended precursors in AA binder can be 612 

calculated as 2.60 g/cm3 [i.e., (21.7·2.55+9.3·2.72)/31.0]. Likewise, these density values in HL 613 

and LC2 binders were 3.02 and 2.78 g/cm3, respectively. This indicates that, under identical mass-614 

based additions, AA binder occupies a greater volume, which aligns with the volume fraction 615 

results obtained from µCT (see Fig. 5, Fig. 6, and Fig. 7). After 28 days, the bulk density also 616 

followed this volumetric trend [see Fig. 4 (a)]. Furthermore, due to differences in binder reactivity, 617 

the rate of moisture loss varied among samples. HC-AA, having the lowest binder density, showed 618 

the highest weight loss (15.2%), while HC-HL and HC-LC2 weight losses were only 10.4% and 619 

9.9%, respectively. This suggests that the AA mortar not only filled more space initially but also 620 

formed additional micro-voids through water evaporation during curing due to its faster drying 621 

Jo
urn

al 
Pre-

pro
of



39 

 

than other samples. These newly formed pores within the mortar matrix likely contributed to the 622 

lower thermal conductivity observed in the HC-AA sample. 623 

 From the μCT analysis [see Fig. 10 (c,f, and i)], the total hemp count in HC-AA was 624 

notably lower than in other hempcrete samples. While all samples were prepared with identical 625 

weights of hemp, binder, and mixing solution (see Table 2), the volume fractions of hemp, mortar, 626 

and air voids notably varied (see Fig. 6 and Fig. 7). This indicates further compaction and possible 627 

reduction of the volume of hemp shivs in HC-AA, which may remove the hemp during the 628 

labelling analysis. The volume fractions of subsected hemp among the total labelled hemp phases, 629 

compared by the number of voxels in μCT, were 80.1, 87.7, and 64.5% for HC-HL, HC-LC3, and 630 

HC-AA, respectively. Since the weight fraction of hemp >1.18 mm was around 89.5% (see Fig. 631 

2), HC-AA was compressed more easily than the other samples, even though all samples were 632 

subjected to the same degree of compression. It should be noted that only hemp is highly 633 

compressible, while other components (precursors, sand, and mixing solution in Table 2) are 634 

incompressible under the compaction force applied during the hempcrete fabrication. This 635 

increased compactness of hemp might be attributed to the physicochemical effects of the alkaline 636 

activator. Chemically, NaOH and sodium silicate might have softened the hemp surface through 637 

the delignification process [6, 43, 44], making it more compressible. Physically, the high viscosity 638 

of the alkaline activator [45] likely limited its penetration into the hemp [46, 47], leaving internal 639 

pores unfilled and the shivs more prone to flattening under tamping pressure. Consequently, HC-640 

AA samples exhibited reduced apparent hemp volume in µCT analysis, despite identical initial 641 

mix proportions. 642 

 Third, the distribution of horizontally aligned hemp shivs was less prominent in HC-AA, 643 

which may have influenced heat transfer behaviour, given that the Hot Disk thermal analyser 644 
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applies heat from the top surface. This implies that hemp shiv orientation and connectivity in HC-645 

AA may have disrupted vertical thermal conduction paths, despite the larger volume of the matrix. 646 

 Fourth, the hemp shivs of HC-AA became finer than other samples through alkaline 647 

activation using NaOH and water glass. Therefore, the internal pore structure of the hemp pieces 648 

may cause shrinkage, which may affect the heat transfer and tortuosity of the heat path, because 649 

the thermal conductivity increases when the cross-sectional area of the solid increases or the 650 

tortuosity of the heat transfer path decreases [48, 49]. Moreover, Haemin et al. [30] observed that 651 

NaOH-treated (i.e., delignified) hemp exhibited increased pore size and reduced overall porosity, 652 

leading to lower thermal conductivity in hempcrete. Given that the HC-AA mixture in this study 653 

used NaOH and sodium silicate as activators, these alkaline components might have modified the 654 

pore structure of the hemp shivs or the surrounding matrix, further contributing to reduced heat 655 

transfer. 656 

  657 

 658 

Fig. 13. Linear relationship of the volume fractions (φ) of air void, hemp, and mortar phases in 659 

μCT with 28-day thermal conductivity (λ28D) of hempcrete samples. 660 
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 This study employed μCT analysis to newly investigate the influence of the 3D properties 663 

of hemp shivs (dimensions, orientation, and distribution) on the hempcrete performance with low-664 

carbon binders. Limestone calcined clay (LC2) and alkali-activated (AA) binders were evaluated 665 

in comparison to a reference hydrated lime (HL) binder. These detailed findings will provide new 666 

microstructural understandings to support the sustainable hempcrete design. The detailed findings 667 

are as follows: 668 

• Despite the inherently low compressive strength of hempcrete (<1 MPa), the HC-AA 669 

samples exhibited ~ 4.1 times higher strength than the reference binder hempcrete (HC-670 

HL), whereas the increase in compressive strength was only about 60% for the limestone 671 

calcined clay hempcrete specimens. 672 

• The HC-AA sample also showed the lowest thermal conductivity: 15.0–30.9% lower than 673 

those of HC-LC2 and HC-HL, respectively. Interestingly, the thermal conductivity of 674 

hempcrete did not primarily correlate with that of its corresponding mortar, suggesting that 675 

bulk-phase conductivity alone does not govern thermal performance. Instead, complicated 676 

microstructural interactions appear to be significant. 677 

• Among the binders in this study, the alkaline-activated binder provided the best 678 

compressive strength and thermal insulation in hempcrete. 679 

• To understand the underlying mechanism of this result, μCT analysis was conducted to 680 

identify the microstructural factors of hempcrete. The HC-AA sample had the highest 681 

matrix density due to a greater volume of mortar (53.9%) compared to other binders (35.3–682 

42.9%). Moreover, the alkaline-activated binder induced more horizontally aligned hemp 683 

shivs and generated smaller hemp shivs, likely due to chemical modification under alkaline 684 

conditions. 685 
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• Notably, the enhanced thermal performance of HC-AA is due to not only the phase 686 

composition alone, but also the interactions between the three phases (pores, hemp, and 687 

mortar), and microstructural factors, particularly matrix density and hemp orientation and 688 

shiv size. In particular, a counterintuitive correlation was observed whereby thermal 689 

conductivity increased with increasing air void or hemp content. Using µCT, this behaviour 690 

was linked to the pore structure and hemp-binder interfacial characteristics, providing new 691 

insights into the microstructure-property relationships of hempcrete. 692 
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 702 

Appendix A. Particle Size Distribution and Mineral Composition of Raw Precursors 703 

 Fig. A1 shows the particle size distribution of the raw precursors measured by using a 704 

particle size analyser, and Fig. A2 illustrates their mineral composition scanned by using an X-ray 705 

diffractometer. 706 
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 707 

 708 

Fig. A1. Particle size distribution of raw precursors. 709 
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 711 

Fig. A2. Mineral compositions of raw precursors. 712 

 713 

Appendix B. Water Absorption of Hemp Shivs 714 

Raw calcined clay

Position [ 2θ] [Cobalt (Co)]

10 20 30 40 50 60 70 75

Quartz (SiO2) – 35.3%

Amorphous phase – 64.7%

Raw GGBFS

Position [ 2θ] [Cobalt (Co)]

10 20 30 40 50 60 70 75

Quartz (SiO2) – 0.4%

Amorphous phase – 99.6%

Position [ 2θ] [Cobalt (Co)]

10 20 30 40 50 60 70 75

Calcite (CaCO3) – 100.0%

Position [ 2θ] [Cobalt (Co)]

10 20 30 40 50 60 70 75

Raw hydrated lime

Portlandite (Ca(OH)2) – 67.6%

Alite (3CaO·SiO2) – 20.9%

Calcite (CaCO3) – 11.5%

(a)

(c)

(b)

(d)

Raw limestone powder

Jo
urn

al 
Pre-

pro
of



45 

 

 Fig. B1 illustrates the water absorption of hemp shivs. According to the RILEM TC 236 715 

[50], the initial water content (INC) of hemp shivs was assessed to calculate the water content to 716 

make hemp shivs in a saturated surface dried condition. The water absorption of three hemp 717 

specimens was measured from 1 minute to 48 hours. The water content at a specific time, W(t), 718 

can be computed as shown in Eq. 1. Here, m(t) denotes the hemp mass at the time (t) after 719 

immersion, while md denotes the oven-dried hemp mass. 720 

W(t) = (m(t) − md)/md × 100 (1) 

 
 721 

 722 

Fig. B1. Water absorption of hemp shivs. 723 
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Appendix C. Thermal Conductivity of Mortar and Hempcrete Samples 725 
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on the type of binder, the mortar samples varied only marginally with the type of binder used. This 730 

observation suggests that, in hempcrete composites, the binder type is not the dominant factor 731 

affecting thermal conductivity. Instead, the influence of the hemp shiv might be more significant 732 

in governing the thermal properties of hempcrete. 733 

 734 

 735 

Fig. C1. Comparison of the 28-day thermal conductivity of mortar and hempcrete samples. 736 
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Similarly, adhesion showed significant group differences (F = 9.73, p = 0.013), with HC-AA 745 

exhibiting significantly higher adhesion than HC-HL (p = 0.013) and HC-LC2 (p = 0.046). For 746 

compressive strength (F = 14.97, p = 0.005), HC-AA showed significantly greater strength than 747 

both HC-HL (p = 0.005) and HC-LC2 (p = 0.014), while the difference between HC-HL and HC-748 

LC2 was not significant (p = 0.591). Lastly, thermal conductivity also revealed clear distinctions 749 

among all groups (F = 150.33, p < 0.001), with all pairwise comparisons showing highly significant 750 

differences (p < 0.001), where HC-AA had the lowest and HC-HL the highest conductivity values, 751 

consistent with Fig. 4. 752 

 753 

Table D1. ANOVA and Tukey’s HSD test results for hempcrete properties. 754 

Metric 
ANOVA Tukey’s HSD test 

F-statistic P-value Group 1 Group 2 P-value 

28-day  

bulk density 
2,578.67 <0.001 

HC-AA HC-HL <0.001 

HC-AA HC-LC2 <0.001 

HC-HL HC-LC2 <0.001 

28-day 

adhesion 
9.73 0.013 

HC-AA HC-HL 0.013 

HC-AA HC-LC2 0.046 

HC-HL HC-LC2 0.538 

28-day 

compressive 

strength 

14.97 0.005 

HC-AA HC-HL 0.005 

HC-AA HC-LC2 0.014 

HC-HL HC-LC2 0.591 

28-day  

thermal 

conductivity 

150.33 <0.001 

HC-AA HC-HL <0.001 

HC-AA HC-LC2 <0.001 

HC-HL HC-LC2 <0.001 

 755 

Appendix E. Visual Appearance of Hempcrete Samples. 756 
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 Fig. E1 presents the visual appearance of hempcrete samples prepared with the three 757 

different binders. They exhibited distinct colour variations, reflecting the different compositions 758 

of the binders (see Fig. 1). HC-HL appeared the lightest in colour, primarily due to the high content 759 

of hydrated lime, whereas HC-LC2 had a slightly darker tone due to the presence of calcined clay. 760 

In contrast, HC-AA exhibited a noticeably brownish hue, attributed to the combination of calcined 761 

clay and GGBFS.  762 

 763 

 764 

Fig. E1. Hempcrete samples with three different binders. 765 

 766 
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<Highlights> 1 

• 3D hempcrete phases and hemp shives properties were analysed using micro-computed 2 

tomography 3 

• Hempcrete with alkaline-activated binder showed improved strength and thermal 4 

conductivity 5 

• Alkali activated binder led to denser mortar matrix with small and horizontally aligned 6 

hemp shives 7 
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