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ABSTRACT

Hempcrete is an eco-friendly, carbon-negative building material composed of hemp shives, a binder, and
water. While traditionally bound with lime, its mechanical limitations hinder structural applications. This
study explores the use of Calcium Aluminate Cement (CAC) as an alternative binder to enhance
hempcrete's mechanical properties. Results indicate that CAC improves early strength, reduces setting
time, and enhances compressive, flexural, and elastic properties compared to lime-based hempcrete.
Microstructural analysis reveals denser packing and reduced porosity in CAC-based hempcrete,
contributing to higher strength. However, CAC increases material costs and affects thermal and acoustic
properties due to its density. Despite these challenges, CAC-based hempcrete is promising for applications
requiring faster setting, higher strength, and improved durability, though further modifications, such as
aggregate additions and compaction, may optimize performance.
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I.  INTRODUCTION

In recent years, the production of sustainable bio-based
building materials has become a priority research field because
of the expanding needs for resources. Many bio-based
materials, such as bamboo, palm kernel shells, coconut fiber,
sawdust, straw bale, corn cob, have been incorporated into
concrete [1-6]. Hempcrete is one such developing eco-friendly
material which consists of hemp hurds (shives) combined with
a binder and water. Hemp hurds, the woody inner core of the
hemp stem, are a by-product of the hemp fiber industry. They
are lightweight and have low thermal conductivity, making
hempcrete an excellent insulation material due to porous nature
[7-9]. Additionally, hempcrete exhibits good hygrothermal and
acoustic properties [10-12]. The key fact in considering
hempcrete is its carbon- sequestering ability, which makes it an
ideal choice for sustainable construction [13, 14]. Some of the
applications of Hempcrete include thermal and acoustic
insulation panels, building blocks, non-load bearing infill walls,
floor insulation, etc. [15-17].

In concrete, the binder is the most significant component.
Initially, hempcrete was developed using lime as a binder due
to its abundance and lower carbon emissions. However, the
mechanical properties of hempcrete with lime as a binder have
specific limitations. Lime absorbs a large amount of water in
the matrix and obstructs the setting of the interior parts, thus
affecting the mechanical, thermal, acoustic properties [18-20].

To enhance hempcrete's mechanical properties, researchers
have explored various species of binders. Recent studies on
hempcrete are minimal and its mechanical properties over the
past five years are presented in Table 1. Authors in [21]
incorporated silica and dolomitic limestone aggregates into
lime and utilized hemp fibers instead of shives achieving
promising results. Additionally, in [22] authors improved
mechanical performance by adding gum Arabic admixture to
lime-metakaolin mixture. In [23], liquid sodium silicate was
utilized as binder and the findings were proved more efficient
than lime binder

TABLE L. MECHANICAL PROPERTIES OF HEMPCRETE
DEVELOPED BY VARIOUS AUTHORS (LAST 5 YEARS)
. Compressive Flexural
Reference Binder Strenglt)h (MPa) | Strength (MPa)
[23] Sodium Silicate <2 -
[22] Lime + metak'c.lolin + 481 155
gum arabic
Lime + silica sand
[21] +dolomitic limestone 6.2 3.03
aggregates
[24] Lime+ metakaolin 0.47 -
[25] Tradical PF70 0.94 -
[26] Lime+ Metakaolin <0.6 MPa -

In this study, various binders with lower carbon emissions
were than Portland cement (PC) were investigated for use in
hempcrete. Compared to Portland cement, lime, Calcium
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Aluminate Cement (CAC), and gypsum are more sustainable
alternatives as their carbon emissions are comparatively lower.
CAC was selected because it develops high early strength, and
its final setting time is shorter than other binders [27].
Comparing the environmental impact, CAC production has a
lower impact than PC but a higher impact than lime [28]. CAC
requires bauxite and limestone, leading to high energy
consumption and CO, emissions (0.7-0.8 t CO, per ton) which,
while lower than PC (0.8 t CO, per ton), remain significant due
to reduced limestone calcinations [29, 30]. In addition, CAC's
rapid strength gain can reduce overall material use in some
applications, and it is also sulfate resistant [29]. Lime
production (CaO) (0.7-1.2 t CO, per ton) has the lowest impact
since it requires lower temperatures and emits CO, primarily
from limestone decomposition [31]. Notably, lime products can
partially offset their initial emissions by reabsorbing CO, from
the atmosphere through a process called carbonation during
their lifecycle, potentially offsetting a portion of the initial
emissions.

In terms of durability, lime-based hempcrete performs well
in most cases, except under freeze-thaw conditions, which
applies to CAC binder as well [32]. Hempcrete's permeability
makes it resistant to salt exposure and mold growth [17]. Due
to CAC's sulfate resistance, CAC-based hempcrete is expected
to be resistant in sulfate rich areas [29]. However, the alkali-
silica reaction should be considered when CAC contains a
significant amount of silica. The long-term durability of CAC-
based hempcrete seems promising, particularly in regions with
moderate moisture and temperature conditions. Proper curing
ensures that the CAC hydrates completely, leading to more
stable hydration products.

CAC has received limited attention in hempcrete
applications, as hempcrete has traditionally been made with
lime or lime-cement blends due to their compatibility with
hemp shives. In addition, CAC is more expensive and sets
faster than both lime and PC. While its quick setting time can
accelerate construction in large-scale projects, it also reduces
workability time, necessitating faster placement. This can be
addressed by using chemical additives to decrease the setting
time. Additionally, lower batch sizes and continuous supply
chains can help to avoid premature setting. Despite these
challenges, CAC could still be utilized in hempcrete
applications that require faster setting times or higher early
strength.

II. MATERIALS AND METHODS

A. Raw Materials

The hemp hurds utilized in this study were derived from
Hemp Organization Pvt. Ltd., New Delhi. The collected hemp
particles ranged in size from 0.5 mm to 50 mm. To refine the
particle size distribution, the hemp hurds were sieved with a 0.6
mm sieve, and their bulk density was determined on air-dried
samples based on mass and volume measurements without
compaction (Table II). Due to naturally elongated shape of
hemp hurds, the particle sizes after sieving do not correspond
to the sieve size. However, the average length of particles in
each group generally aligns with the size of the sieve used for
separation.

TABLE II. BULK DENSITY OF THE MATERIALS USED IN
BINDERS
Material Hydrated Lime Calcium Aluminate Hemp
Cement hurds
Bulk Density
(ke/m) 470 874 112

Binders consisted solely of hydrated lime and CAC.
Hydrated lime utilized in this study verifies Class B, which is
suitable for lime concrete according to IS 712 [33]. Table II
presents the bulk densities of the materials employed as
binders. Hydroxyethyl Cellulose (HEC) is utilized as a water
retention agent to keep moisture around hemp particles [34].

1) Setting Time
The setting time for hydrated lime and CAC was measured
using a Vicat apparatus according to IS 4031 standards [35].

2) Specimen Preparation

Hempcrete specimens were prepared using sieved hemp
hurds combined with hydrated lime and CAC as binders
(Figure 1). The aggregate-to-binder ratio for both mixes was
maintained at 1:2, making them suitable for wall and flooring
applications [36, 37]. For water treatment, the hemp hurds were
soaked in water for 24 hours and then surface-dried. For
chemical treatment, they were immersed in a 3% sodium
hydroxide solution for 24 hours before being surface-dried.
HEC was added in 0.5% (by weight) of binder in the mix.

Fig. 1. Hempcrete cubes casted for compressive strength test.
TABLE IIL MIX PROPORTION OF THE HEMPCRETES WITH
LIME BINDER
Notation Binder Hemp: Binder: Water ratio (by weight)
H B W
LI Lime + HEC 1 2 2.86
CAC CAC + HEC 1 2 24

The mix proportions for hempcretes using lime and CAC
are provided in Table III. The initial water content was
calculated as 0.8% of the total weight of the hemp and binder
(i.e., 3 x 0.8 = 2.4). Because there are no recognized guidelines
for workability testing on hempcrete, additional water was
added as needed to both mixes. The required water amount was
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determined based on the minimum quantity needed to form a
small, tennis ball-sized mass without collapsing and achieving
a slump value greater than 40 mm. For specimens casting,
binder and HEC were mixed together, followed by dry mixing
with hemp hurds. Water was then added and mixed to achieve
a uniform composition. For cubes casting, mixed concrete was
added in five layers and then compacted heavily. Casting
involved hand compaction. Since hempcrete sets slowly,
demolding took 1-2 days. The specimens were then air-cured
at room temperature before testing.

3) Microstructure

The microstructure of the concretes was analyzed using
SIGMA HV - Carl Zeiss with Bruker Quantax 200 - Z10 EDS
detector after 180 days. The binder coating of the hemp shives
was used for the study.

4) Mechanical Properties

(b)

Fig. 2.

(a) Flexural strength test setup, (b) Young’s modulus test setup.

After demolding, the specimens were stored at room
temperature to cure before being evaluated for compression
strength, flexural strength, and young modulus using an
Automatic CTM with a capacity of 3000 kN. Each test result
was based on the average values of three specimens. For
compressive strength test, 100 mm cube; for flexural strength
test (Figure 7(a)), prisms of size 100 mm x 100 mm x 500 mm

and for Young's modulus test, a cylinder of 300 mm height and
150 mm diameter was used (Figure 7(b)). Although there are
no standard codes for the mechanical strength tests on
hempcrete, the tests were carried out in accordance with IS 516
[38].

III. MIL.RESULTS AND DISCUSSION

A. Setting Time

The setting time of both binders was tested, with the results
presented in Table IV. The initial and final setting time of CAC
was minimal compared to hydrated lime. The increased setting
time of hydrated lime is due to the obstruction of moisture
movement by lime which absorbs water and thus delays the
setting.

TABLE IV. SETTING TIME OF BINDERS
Binder Initial setting time Finalsetting time
Hydrated lime 4 hrs. 49 hrs.
CAC 1 hr. 10 min 5 hrs. 21 min

B. Microstructure

2pm EHT =20.00 kV Signal A = InLens Date :23 Nov 2024
WD = 4.8mm Mag= 10.00 KX
Fig. 3. FESEM image of LI

2pm EHT =20.00 kV
WD = 49 mm

Signal A = InLens Date :23 Nov 2024 w

Mag= 10.00 KX

Fig. 4. FESEM image of CA.

Field Emission Scanning Electron Microscopy (FESEM)
images of both hempcrete samples revealed the formation of
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carbonation and hydration products in the binder. In the LI
sample (Figure 3), carbonation was primarily observed as
carbonated lime with few hydrates. In contrast, the CAC
sample (Figure 4) exhibited a dense surface due to the
predominant development of calcium aluminate hydrates,
which contribute to its early high strength. A comparison of the
two images shows that CAC has fewer pores, whereas LI
contains noticeably larger pores.

C. Mechanical Behaviour of LI and CA under Axial
Compression

The mechanical behavior of hempcrete under compression
is more like timber [39]. Upon load application, undergoes
continuous compression, exhibiting a deformation pattern
similar to that shown in Figure 5. In the LI mixture,
deformation is significantly high, and failure occurs through
crushing. In contrast, the CAC mixture exhibits minimal
deformation, indicating greater resistance to compression.

(a)

(b)

Fig. 5. Typical failure of Hempcrete (a) CAC under compression, (b) LI
under compression.

D. Effect of Binder on Density and Compressive Strength

Figure 6 and Table V illustrate the density and compressive
strength of hempcrete at 7, 28, 56, 90 and 180 days of air
curing. It is observed that the density of CAC is notably higher
than that of the LI mixture throughout the curing period. At 7

days, CAC achieves a maximum density of 812 kg/m® while LI
has a density of 752 kg/m’. The rate of density is more
pronounced up to 28 days, after which the reduction becomes
minimal.

900 812
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2 300
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o T T T 1
0 50 100 150 200
No. of days
Fig. 6. Density of hempcretes LI (blue line) and CAC (red line).
TABLE V. COMPRESSIVE STRENGTH OF LI AND CAC
Time Compressive Compressive
(No. of strength Ccov strength Cov
days) (LI) (MPA) (CAC) (MPA)
7 1.43 2.4 3.17 8.54
28 1.6 3.5 3.84 8.45
56 1.63 18.52 3.97 3.14
90 1.71 15.56 4.12 12.25
180 1.86 4.56 4.15 19.56
S 0 50 100 150 200
2 s 1000
£ )
%’ 3 600 g
>
0>: 2 400 E
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» 1 200 ©
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£ 0 0
8 7 28 56 S0 180

No. of days
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Fig. 7.
CAC.

Relation between compressive strength and density of LI and

From Table V, it is evident that the compressive strength of
CAC is higher than that of LI throughout the curing period. At
28 days, CAC achieves a compressive strength of 3.84 MPa,
which is more than twice the strength of LI. Both LI and CAC
show a continuous increase in compressive strength, reaching
1.86 MPa and 4.15 MPa, respectively, at 180 days. When
compared to the previous findings in Table I, CAC achieves a
compressive strength greater than most of the studies, except
for those by [21-22]. In [21] authors incorporated aggregates
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into hempcrete, which contributed to a higher density and,
consequently, greater compressive strength.

Figure 7 illustrates the relationship between density and
compressive strength for both LI and CAC. It is clear that CAC
exhibits higher density and compressive strength than LI. In
general, compressive strength tends to be higher when the
density is greater, which can be attributed to the reduced
porosity in higher-density mixtures. Additionally, CAC, as a
binder with a high alumina content, contributes to higher early
strength in the hempcrete.

E. Effect of Binder on Flexural Strength

Flexural strength is assessed in this study (Table VI) to
evaluate the ability of concrete to resist bending stresses. The
CAC mixture attains greater flexural strength than LI
According to IS 456 [40], the flexural strength of concrete is
given by the characteristic equation:

fer = 0.7Vfck

where fck is the compressive strength of concrete. The values
obtained in this study approximately align with the equation,
confirming the consistency of the result.

TABLE VL FLEXURAL STRENGTH AND YOUNG’S
MODULUS OF L1 AND CA AT 28 DAYS
Flexural Young’s
Mix Strength COov modulus Cov
(MPa) (MPa)
LI 0.68 18.54 102 16.49
CAC 1.23 425 137 7.24

The greater flexural strength of CAC is mainly attributed to
the high alumina content in the binder, which enhances the
material's strength. The flexural strength of hempcrete reported
by authors in [22] is somewhat closer to that of CAC, but the
results from [21] exceed those of CAC. This can be attributed
to the addition of aggregates, which likely contributed to the
increased strength.

F. Effect of Binder on Young’s Modulus

From the Table VI, it is notable that the young's modulus of
CAC is greater than LI. Young's modulus is directly
proportional to compressive strength in the case of L1 and
CAC. As compressive strength of CAC is more than LI,
young’s modulus is also greater. Figure 8 illustrates both the
flexural strength and the Young's modulus of the set up.

G. Cost Analysis

The cost of producing 1 m* of LI and CAC is presented in
Table VII and Table VIIL The total cost of 1 m® of CAC ranges
from 12,000 to X17,000, which is 47% higher than cost of 1
m’ of LI. While LI is cheaper compared to CAC, it is non-load-
bearing and requires curing over time. On the other hand, CAC
is suitable for applications that require faster setting and high
early strength, making it useful for structural applications,
although the material is costlier.

TABLE VII.  COST OF PRODUCING 1 m® OF LI
3
Material Estimated Cost per Unit Total Cost per m
(approx.)
Hgmp ?25—?35/kg_(depends on 26,008,000 per m
Shives region)
Lime Binder | %¥20-%35/kg for hydraulic lime %1,500-%2,500 per m?
Water 20 %0 per m?
Total - 38,500- 311,500 per m?
TABLE VIII.  COST OF PRODUCING 1 m* OF CA
. Estimated Cost 3
Material per Unit Total Cost per m? (approx.)
Hemp Shives 325-335/kg %6,000-%8,000 per m?
CAC Binder 350-%70/kg 26,000-%9,000 per m?
Water 20 20 per m?
Total 212,000-%17,000 per m’

(a)

(b)

Fig. 8.

(a) Flexural strength test setup, (b) Young’s modulus test setup.

IV. CONCLUSION

This study aims to enhance the mechanical characteristics
of hempcrete by utilizing an innovative binder known as
Calcium Aluminate Cement (CAC). Among various options,
CAC is a promising alternative due to its quick setting time and
capacity to achieve high early strength, attributed to its elevated
alumina content.

The results demonstrate that hempcrete with CAC achieves
a compressive strength of 3.17 MPa in just seven days, which
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is considerably higher than the lime binder which only reaches
1.86 MPa after 180 days. The CAC binder generally exhibits
an approximate compressive strength of 4 MPa, highlighting its
superior mechanical performance. Additionally, the
deformation observed during failure is significantly less than
the total collapse of hempcrete cube samples using lime binder.
At 28 days, the Young's modulus of CAC-based hempcrete is
137 MPa, surpassing the 102 MPa of lime-based hempcrete.
Similarly, the flexural strength of hempcrete with CAC binder
at 28 days is 1.23 MPa, compared to 0.68 MPa for the lime
binder. In terms of density, CAC is denser than lime binder
which may affect its thermal and acoustic properties While
both types likely share similar insulation characteristics, lime-
based hempcrete is more flexible and breathable, resulting in
lower thermal conductivity and better sound absorption. On the
other hand, CAC-based hempcrete is denser, making it slightly
better at blocking sound transmission through walls.

Overall, CAC emerges as a viable alternative to lime,
offering superior mechanical properties and faster setting times.
However, its rapid setting present challenges for large-scale
construction, which can be mitigated through retarders and
batching in small sizes. CAC is better suited for precast
elements, reducing on-site placement challenges. The primary
drawback of CAC is its higher cost compared to lime and
Portland cement. Additionally, while CAC improves
mechanical properties, it is insufficient for use in load-bearing
applications of hempcrete. To further enhance the strength of
CAC-based hempcrete, reducing porosity through compression
or compaction is recommended. Additionally, incorporating
fine aggregates such as silica sand or M-sand could further
improve density and mechanical performance. Future research
should focus on optimizing these factors to expand the
structural applications of CAC-based hempcrete.
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