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ABSTRACT

This study investigates the physical, mechanical and thermal properties of hemp-based composites produced with
traditional binders such as lime, cement, gypsum, clay, and water-based glue. Hemp fractions of different sizes (splinter,
shiv, fiber and powder) were combined with these binders to manufacture cube and plate specimens, which were tested
for physical, mechanical, thermal, and temperature resistance properties. The study aims to compare the mechanical,
physical, thermal, and fire behaviour of these composites to assess their suitability for sustainable construction appli-
cations. The hemp-based composites were tested for unit weight, water absorption, compressive strength and thermal
conductivity. Most specimens are lightweight (<1000 kg/m?), and exhibit good thermal insulation performance and
high compressive deformability, making them suitable for seismic-prone regions. The glue-based composite had the
lowest unit weight, measured as 330 kg/m®. Thermal conductivity ranged from 0.051 to 0.243 W/mK, with several
mixtures performing better than natural pumice. While cement-based composites showed the highest compressive
strength, ranging from 5.5 to 24.8 kg/cm?, natural hydraulic lime is the lowest. Water absorption was high, and moisture
release occurred slowly across all hemp fractions. Combustion tests indicated that hemp-based materials have moderate
temperature resistance, with charring temperatures ranging from 238-265°C for raw hemp and 300-385°C when
mixed with binders. Overall, hemp-based composites are lightweight, eco-friendly, and suitable for non-load-bearing
construction and insulation applications. However, improvements in moisture resistance and long-term durability are
necessary to enhance their practical applicability.

Keywords: Binder, Building materials, Fire resistance, Hemp, Sustainability, Thermal conductivity

1. Introduction

Building materials are of vital importance in the
construction industry and there is a growing trend
to focus on sustainability and environmental friend-
liness. Hemp, known for its diversity, renewability
and carbon-negative characteristics, has emerged as
a potential alternative for producing environmen-

tally friendly building materials. Recent research
has examined the physical and mechanical prop-
erties of hemp composites formed with different
binders, highlighting the potential of industrial
hemp as a natural fiber source for construction
purposes [1]. Additionally, studies on surface treat-
ment of hemp fibers to improve fiber/matrix in-
terfacial bonding have contributed significantly to
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the mechanical performance of hemp composites
[2].

Hempcrete, a hemp-lime mixture, is a well-known
hemp-based material due to its favorable properties
and low carbon profile. Hempcrete houses have been
built in many countries, and research on this topic has
increased substantially [3]. Combining hemp shivs
with lime-based binders provides effective thermal
and acoustic insulation, enabling construction with-
out additional insulation layers [4-6]. Beyond lime,
alternative binders such as gypsum, geopolymers and
starch have also been explored to produce ecological
building materials with low density and promising
thermal conductivity [7].

Hemp materials can be manufactured in various
forms and used in both construction and insulation
applications [8]. Their total carbon emission balance
is negative, and previous research shows that using
organic materials in cement production reduces CO,
emissions [9]. Hempcrete walls also demonstrate a
high CO, absorption capacity [10], and bio-based
insulation materials combining flax and hemp offer
competitive thermal performance [11]. Furthermore,
hemp blocks exhibit favorable thermal behaviour and
fire resistance, with flaming combustion tempera-
tures reaching up to 700 °C [12].

Previous work has investigated a wide vari-
ety of hemp-based composite configurations. Stud-
ies include polyethylene film-coated hemp com-
posites, evaluating water absorption, mechanical
strength, and dynamic behaviour [13]; hemp fiber—
polyurethane composites to determine critical fiber
length [14]; and composites incorporating hemp fiber
powder, which improves compressive strength [15,
16]. Layered hemp-based composites have also been
shown to provide high-quality acoustic insulation.
Hempcrete mixtures generally show a dry unit weight
of 200-800 kg/m?® and thermal conductivity coeffi-
cient between 0.06-0.12 W/m-K [17]. Additionally,
the heat capacity of hemp-reinforced composites has
been reported to be around 1500 J/kg-K [18].

Other studies have focused on the mechanical
properties of hemp-reinforced polypropylene [19],
physical properties of hemp shiv and fiber [20], and
the suitability of hemp materials for installation insu-
lation [21]. Research shows that using only cement
as a binder in hempcrete can lead to design limi-
tations, resulting in inferior performance compared
to alternative natural binders such as clay and lime,
and does not improve material strength. Hempcrete
is nearly seven times lighter than traditional con-
crete [5], making it an attractive lightweight material
for construction. With the increasing use of hemp in
the construction sector, it has become important to
determine its mechanical, thermal, and physical prop-

erties, particularly for non-load-bearing applications
[22-24]. Studies have also examined the integration
of hemp shivs with various binders in frame struc-
tures for both structural and insulation purposes [25].

This study aims to evaluate and compare the
physical, mechanical, thermal, and fire behaviour of
hemp-based composites produced with different tra-
ditional binders, in order to assess their suitability for
sustainable building applications.

2. Material and methods

Industrial hemp was obtained from the Institute
of Hemp at Ondokuz Mayis University. Five differ-
ent hemp fractions were used: coarse splinter (T1),
medium shiv (T2), fine shiv (T3), powder (T4), and
fiber (T5). T1 represents the woody shredded hemp
shiv with an average length of 15 mm, a width of
2 mm, and a thickness of 1.5 mm. T2 and T3 dimen-
sions were obtained by reducing the dimensions of T1
length, while T4 consisted of particles smaller than 1
mm. Traditional binders used in the study included
cement (CEM I 42.5), lime putty, natural hydraulic
lime (NHL 3.5), plaster, clay, and polyvinyl acetate
(PVAc) water-based glue, all used without chemical
modification.

The proportions of hemp and binders were deter-
mined based on practical workability and traditional
mixture ratios. Total hemp content ranged from 14%
to 30% by weight in the mixtures. The quantities of
materials used are presented in Tables 1 and 2.

2.1. Specimen preparation

The specimens for partition elements were pro-
duced as 15 cm cubes, while 20 x 30 ecm and 30 x
30 cm plates with a thickness of 3 cm were prepared
for cladding and insulation tests. For fire-temperature
resistance tests, 10 cm cube specimens were manufac-
tured. All mixtures in Table 1 were prepared using
a dynamic mixer and placed manually into molds.
Plate-type specimens were compacted using a stan-
dard testing machine (capacity: 2000 kN) by applying
pressures of 15 kg/cm? (20 x 30 cm plates) and 20
kg/cm? (30 x 30 cm plates). The specimens contain-
ing cement binder were removed from the molds after
one day. They were cured by watering three times a
day. All other specimens were demolded after three
days.

Minimum curing was applied to lime and gypsum
mixtures (watering once per day). Specimens
with water-based glue were air-dried without any
additional curing. Clay-based specimens were kept in
a closed environment for 1-2 days after demolding,
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Table 1. Quantities and proportions of hemp products and binders.

Components Cem % NHLP1 % GLK1 % PLK % LK1 %
Coarse splinter (g) 450 3.36 850 7.11 1000 14.49 375 3.61 350 5.04
Coarse shiv (g) 450 3.36 1000 8.37 975 14.13 375 3.61 300 4.32
Medium shiv (g) 325 2.43 550 4.60 650 9.42 250 2.40 150 2.16
Fine shiv (g) 325 2.43 550 4.60 625 9.06 250 2.40 150 2.16
Powder (g) 225 1.68 350 2.93 425 6.16 175 1.68 100 1.44
Fiber (g) 225 1.68 350 2.93 475 6.88 175 1.68 100 1.44
Hemp (g) 2000 14.94 3650 30.54 4150 60.14 1600 15.38 1150 16.56
Binder (g) 7900 58.96 4800 40.17 2750 39.86 5600 53.85 5200 74.82
Water (g) 3500 26.12 3500 29.29 3200 30.77 600 8.63
13400 100 11950 100 6900 100 10400 100 6950 100

*The labels in the ingredients section are respectively (Cem-Cement, NHL-Natural Hydraulic Lime,
GL-Polyvinyl Acetate Glue (PVAc glue), PL-Plaster, L-Lime), those ending with P1 indicate 30 x 30 x 3 cm
plates, and those ending with K indicate 15 x 15 x 15 cm cubic blocks.

Table 2. Summary of specimen groups, dimensions, binders, and relevant standards.

Hemp

Specimen Type Dimensions Binder Type Fraction Test Performed Standard/Device
Cube specimen 15 x 15 x 15 cm Cement, Lime Putty, NHL, T1-T5 Compressive strength, EN 12390-1 (standard

Clay, Plaster, PVAc Glue deformation testing machine, 2000 kN)
Plate specimen 30 x 30 x 3cm  Cement, Lime Putty, Clay, T1-T5 Thermal conductivity ISO 8302 (KD2 Pro)

Plaster, PVAc Glue
Plate specimen 20 x 30 x 3cm  Cement, Lime Putty, Clay, T1-T5 Thermal conductivity SO 8302

Plaster, PVAc Glue
Fire test specimen 10 x 10 x 10 cm Clay, Lime Putty, Plaster T1-T5 Charring temperature Muffle furnace (ASTM E119

concept)

; A& A
L ORI

Fig. 1. Sample sets made using various binders.

then allowed to dry under air circulation in a
shaded area for an additional two days. They were
rotated once or twice per day to improve moisture
evaporation. After one month, all samples except
the glue-based ones were oven-dried at 105°C for 48
hours. Glue-based specimens were dried at 50°C for
48 hours. The prepared specimen sets are shown in
Fig. 1.

Water absorption and water reabsorption be-
haviour of the hemp fractions were examined sepa-
rately. For this purpose, 600 g of material (100 g from
each fraction shown in Fig. 2) was dried at 105 °C
for 48 hours, soaked for 48 hours, and weighed twice
daily to monitor moisture releases.

Statistical evaluations were conducted using IBM
SPSS v25. Normal distribution of data was veri-

fied using the Kolmogorov—Smirnov test (p > 0.05),
allowing the use of parametric methods based on
split-plot experimental design. Significant differences
were further analyzed by the Duncan multiple com-
parison test.

3. Results

The results presented in this section provide the
comparative mechanical, thermal, and fire perfor-
mance of hemp-based composites, directly supporting
the main objective of evaluating their suitability for
sustainable building applications.

3.1. Water absorption and moisture retention

The results of water absorption and reabsorption of
hemp products at the end of 5, 7 and 10 days with
reference to oven dry weights. In the experiments
on water-moisture properties, it was observed that in
the natural state of hemp products, the least mois-
ture was found in the coarse splinter (10.07%) and
the most moisture was found in the fiber (20.08%).
In the water impregnation experiment (48 hours,
mains water and 20-25 °C ambient temperature), the
amount and rates of water absorption were found to
be quite high (Table 2). Although the fraction of hemp
presented high capacit of water absorption, ranging
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Fig. 2. Hemp products used for water/moisture properties.

Table 3. Time-dependent water absorption and water return values of hemp.

48 hours
water absorbed

5 days dried 7 days dried 10 days dried

Natural, Dry, Humidity,
Hemp Specimen g g % Weight, g Water, % Weight, g Water, % Weight, g Water, % Weight, g Water, %
Coarse splinter/stem 100 90.85 10.07 148.22 63.15 125.18 37.79 113.46 24.89 101.86 12.12
Coarse shiv (T1) 100 87.45 14.35 249.42 18521 224.07 156.23 19491 122.88 124.86 42.78
Medium shiv (T2) 100 87.82 13.87 244.31 178.19 217.97 148.20 188.47 114.61 113.64 29.40
Fine shiv (T3) 100 85.43 17.05 306.68 25898 27896 226.54 24595 187.90 167.8 96.42
Powder (T4) 100 83.75 19.40 347.37 314.77  332.96 297.56  276.59 230.26  124.01 48.07
Fiber 100 83.28 20.08 194.23  133.23 166.13  99.48 135.83  63.10 94.56 13.54
Tot./Aver. 600 518.58 15.70 1490.23 187.37 1345.27 159.41 1155.21 122.76  726.73 40.14

from 63% (coarse splinter) to 315% (powder) after 2
days immersion, moisture release of fine fractions was
relatively slow, retaining up to 96% moisture after
10 days drying. The result of water absorption and
moisture retention was shown in Table 3.

3.2. Unit weights

The dry unit weights of hemp-based composites
ranged from 330 to 1050 kg/m?3, indicating that all
materials fall within the lightweight category (Ta-
ble 4). The lowest unit weight was observed in the
glue-based composite (330 kg/m?3, followed by lime

Table 4. Unit volume weights of all samples.

putty and natural hydraulic lime composites (<500
kg/m3). Only one mixture exceeded 1000 kg/m3,
which was the clay-based cubes.

The relationship between different binder materials
and dry unit weights of the specimens formed using
traditional binders with hemp additives was exam-
ined and the statistical difference between different
binders and dry unit weights was found to be very
significant (p < 0.01). As a result of the multiple
comparison analysis performed to determine this dif-
ference, it was determined that the dry unit weight
values of the clay binder material were statistically
lower than those of the other binder materials.

Dry unit volume  Dry unit weights

Specimen name*  Specimen component name weight (kg/m3)  (aver. =+ std. deviation)
GLK Glue + hemp-cube 330 0.333 £+ 0.0062
LK1 Lime putty + hemp-cubel 440 0.437 £ 0.006%°
NHLK1 Natural hydraulic lime +hemp-cubel 460 0.457 + 0.0462
CLP1 Clay-hemp-platterl 520 0.550 =+ 0.010P¢
LP2 Lime putty +hemp-platter2 540 0.613 =+ 0.006°¢
PLK Plaster + hemp-cube 550 0.626 + 0.086%
LK2 Lime putty + hemp-cube2 610 0.635 =+ 0.059%d
NHLP1 Natural hydraulic lime +hemp -platterl 640 0.663 =+ 0.067°4
NHLK2 Natural hydraulic lime +hemp -cube2 660 0.703 =+ 0.029d
NHLP3 Natural hydraulic lime + hemp -platter3 680

NHLP2 Natural hydraulic lime +hemp -platter2 710 0.725 =+ 0.0449f
CLP2 Clay + hemp-platter2 730 0.748 + 0.0109%f
CemK Cement + hemp-cube 820 0.820 =+ 0.020°f
LP1 Lime putty + hemp-platterl 870 0.870 =+ 0.156f
CLK1 Clay + hemp-cubel 1050 1.055 + 0.0218

* Plaques with P1 and P3 at the end are 30 x 30 x 3 cm, plaques with P2 are 30 x 20 x 3 cm, cubes with

K, K1, K2, K3 are 15 x 15 x 15 cm.

*There is a statistical difference between the averages shown in the same column with different letters.
*Natural hydraulic lime + hemp-plate3 (NHLP3) sample was not included in the statistical analysis
because it was produced as a spare sample. 0.01 < p < 0.05 significant * p < 0.01 very significant **,
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Fig. 3. Compressive strength test and longitudinal-transverse strain
measurement.

3.3. Mechanical behaviour

The compressive strength tests were carried out
using a standard testing machine (2000 kN capac-
ity) in the laboratories of Ondokuz Mayis University,
Department of Civil Engineering. All tests were per-
formed on cube specimens with a side length of 15
cm. Since the device was not equipped with longitu-
dinal and transverse strain gauges, two needle dial
gauges were mounted to measure vertical and hor-
izontal strain (Fig. 3). According to the mechanical
properties obtained, the transverse and longitudi-
nal strain rates, Poisson’s ratios and compressive
stress changes of the specimens are presented in
Fig. 4. According to the compressive test results,
the average proportional changes in the volume
and dimensions of the specimens are shown in
Fig. 5.

The highest compressive strength was found to be
24.8 kg/cm? (2.43 MPa) in the set produced from ce-
ment and hemp products, whereas the lowest tensile
value was 5.5 kg/cm? (0.54 MPa) in the set using
natural hydraulic lime. The average strengths of the
other specimens produced were 6 kg/cm? (0.59 MPa)
for glued, 9 kg/cm? (0.88 MPa) for plastered, 12
kg/cm? (1.18 MPa) for lime, 13 kg/cm? (1.27 MPa)
for lime + silica sand + brick clay and 18 kg/cm?
(1.77 MPa) for clay specimen.

JOURNAL OF SUSTAINABLE CONSTRUCTION MATERIALS AND TECHNOLOGIES 2026;11:186-198

3.4. Thermal conductivity coefficient “k” (W/m-K)

The coefficient of thermal conductivity was mea-
sured with a KD2 Pro device. The obtained coeffi-
cients were compared with the coefficient of thermal
conductivity (k) of 10 different materials with good
insulation properties or directly used as “insulation
materials”. Samples used as reference for determin-
ing the coefficient of thermal conductivity values are
given in Fig. 6. The average values of the measure-
ment results made on the samples and the reference
material measurements are given in Table 5.

Four different hemp samples have a thermal con-
ductivity coefficient between 0.065-0.069, and five
different hemp samples have a thermal conductivity
coefficient between 0.072-0.085 W/m-K (equivalent
to the measured natural pumice) and are considered
as materials that can be reproduced as “insulation
materials”. Only five of the 15 different hemp samples
had a thermal conductivity coefficient in the range
of 0.115-0.243 W/m-K. The sample with the highest
thermal conductivity coefficient of 0.243 W/m-K was
the sample produced with water-based glue with the
lowest unit volume weight (330 kg/m?). Although the
glue-based composite had the lowest unit weight (330
kg/m?), it exhibited the highest thermal conductivity
(0.243 W/m-K). This counterintuitive result is related
to the polymeric PVAc binder, which forms continu-
ous solid bridges between hemp particles. These solid
bridges create uninterrupted heat-transfer pathways
despite the low bulk density. Similar behaviour has
been observed in bio-based composites containing or-
ganic adhesives, where polymer continuity increases
thermal conductivity independent of density.

When the results of the study on the determina-
tion of the usability of the samples formed using
traditional binders with hemp additives as insulation
elements were examined, the relationship between

Pressure stress Longitudinal deformation rate (ey) ~ 4  Transverse deformation rate (ex) Poisson
(oy-kg/cm2) rate
30 0.50
25 0.40
a2
g 20 030
< 15 3
)
2 ~
= 10 0-20
>
© 5 0.10
A A A A A A A
0 0.00
= y — 2 E 5 o > s & &
5E 2. TEE2 fE  Eo 225 5
g8 2wg 2797 = 2 & g ~E T T
o T S 5 O S5 @ = jan o 5 o o -
o =3T Z3E g T EEE B
2 ~  Mixtures 3 =3 o

Fig. 4. Variation of mechanical properties in the error bars.
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Clay-Hemp

Lime Putty with silica sand-Hemp
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é Natural hydrolytic lime-Hem
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e 1.0%

s 22%
6.0% | | 1.1%

3% | a8% |

-8, 7.4% |

-10.0% 12.2% ]

-5% 0% 5% 10% 15%
RATE
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Fig. 5. Size and volume changes of the mixtures with pressure.

(b)

(c)

) @)

Fig. 6. Materials for which reference measurements were made for thermal conductivity (a: Iso-wall, b: Sandwich panel, ¢: Bims hollow core,

d: Fiberboard, e: PS foam-cement coated).

Table 5. Average thermal conductivity coefficients of hemp and reference samples.

Description Heat 24-26 °C,

Thermal conductivity

Reference (Heat 26 °C,

Specimen r? = 0.9984-0.9999 value (aver. + Average r? = 0.9961-0.9996) Average
name* (k = W/m-K) std. deviation k=W/mK (k=W/mK)) k = W/m-K
LK2 Lime putty + hemp-cube2 0.05 £+ 0.0001? 0.051 Iso-wall-PS Foam-White 0.027
CLP1 Clay + hemp-platterl 0.067 + 0.00582P 0.065 Sandwich panel-Foam filler 0.029
LP1 Lime putty + hemp-platterl 0.07 £ 0.00012b¢ 0.066 PS Foam-Cement covered 0.033
NHLK2  Natural hydraulic lime + hemp-cube2  0.07 + 0.00012b¢ 0.067 Iso-wall-XPS Foam-blue 0.034
NHLP2  Natural hydraulic lime + hemp -platter2 0.07 + 0.00012> 0.069 PS Foam- Cement Covered-Range 0.059
NHLK1  Natural hydraulic lime + hemp-cubel 0.073 + 0.00582bd 0,072 Iso-wall-Natural pumice 0.074
PLK Plaster + hemp-cube 0.077 + 0.0058%<d  0.075 Bims Hollow 0.104
CLP2 Clay + hemp-platter2 0.083 + 0.01532P«d (0,083 Styrofoam reinforced concrete 0.143
NHLP3  Natural hydraulic lime + hemp -platter3 0.084 + 0.00552d 0,084 Fibreboard (2.5 cm) 0.152
LK1 Lime putty + hemp-cubel 0.087 + 0.0116?Pcde 0,085 Cement Binder Pumice 0.172
NHLP1  Natural hydraulic lime + hemp -platterl 0.1 £ 0.0424bcde 0.115

CemK Cement + hemp-cube 0.115 =+ 0.0071¢de 0.118

LP2 Lime putty + hemp-platter2 0.118 + 0.0179d¢ 0.130

CLK1 Clay + hemp-cubel 0.13 + 0.0001¢ 0.133

GLK Glue + hemp-cube 0.243 + 0.0058f 0.243

*The nomenclature given in the components section refers to the materials that make up the components (Cem-Cement, CL-Clay,
NHL-Natural hydraulic lime, GL- Polyvinyl Acetate Glue, PL-Plaster, L-Lime putty), P1 indicates a 30 x 30 x 3 cm plate and K indicates

a15 x 15 x 15 cm cube.

the different binder materials used and the thermal
coefficient values was examined and the statistical
difference between the different binders and the ther-
mal coefficient values was found to be very significant
(p < 0.01). As a result of the multiple compari-
son analysis performed to determine this difference,
it was determined that the internal carbonization
progression of lime binder material was statistically
higher than the other binder materials.

3.5. Fire performance

The temperature resistance of the hemp products
used in the experiments (staple types, fibers and splin-
ters) were tested in their natural state and in the
binder/compounding agent. This study was carried
out to determine the relationship between flaming
combustion temperature and non-flaming combus-
tion temperature studied in the literature.
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Table 6. Burning temperature resistance of hemp products.

Combustion Combustion
Specimen Description temperature (°C)  After combustion Specimen temperature (°C)
Stalk, T1 Section size: 4-5 mm 251° Clay + hemp 385
Length: 15-16 mm
Stalk, T2 Section size: 3-4 mm 250°
Length: 10-12 mm
Stalk, T3 Section size: 1-2 mm 240° Lime putty + hemp 385
Length: 4-5 mm
Stalk, T4 Section size: <1 mm 240° Powder lime + hemp 300
Length: <2 mm
Fiber Diameter: Various 238°

Length: 3—5 cm (Long)

Extro diameter: 15-25 mm 265°
Length: 12-15 cm (Quarter stem)

Stalk (Stem)

Plaster + hemp 300

In order to determine the combustion values of
hemp products, the staple types and fiber samples
were subjected to incineration in a muffle furnace.
T1 (Thick), T2 (Medium), T3 (Fine), T4 (Very fine
powder), T5 (Fiber) and T6 Splinter (Stalk) sam-
ples were used in the study. These samples were
prepared without using any binder/compounding
agent and 5 grams of material was used. Before
the start of the experiment, the muffle furnace was
preheated at 200°C and all materials were placed
in the muffle furnace at the same time. The com-
bustion temperature of the materials used in the
experiment was taken as the temperature values at
which partial or complete charring was observed.
The obtained combustion/charring temperatures are
given in Table 6. No flaming combustion was ob-
served since the experiment was conducted in a
closed environment. In order to exemplify the build-
ing materials that can be obtained by mixing hemp
products with binder/combining materials, clay was
used as a binder, lime (lime putty and powdered
plaster lime) and plaster plaster were used as binders.
Considering that a muffle furnace will be used in
the study, the samples were produced as 10 x
10 x 10 cm cubes. The combustion temperature
of the four different types of materials subjected
to the experiment was recorded as the tempera-

ture at which charring was observed. The obtained
combustion/charring temperatures are given in
Table 6.

At the determined carbonization temperature, it
was observed that the samples carbonized by de-
creasing from the outside to the inside. Therefore,
the effect of gradual temperature increase was in-
vestigated to determine the amount of charring
progression. Plaster plaster specimens were not in-
cluded in the next experimental group because they
lost their integrity at 300°C. 8 specimens of each com-
bination with 3 different combinations were prepared
and subjected to the experiment with an initial tem-
perature of 260°C, increasing by 20°C up to 400°C and
waiting for 20 minutes at each temperature value. Be-
fore the materials were placed in the muffle furnace,
they were dried in an oven at 105°C for 48 hours
and their dry weights were measured. Protection was
provided with aluminum foil to prevent material loss
in the muffle furnace (foil weight was eliminated in
weighing). Each sample set was placed in the muffle
furnace at the specified temperature for 20 minutes,
then removed, cooled and weighed. The weight val-
ues obtained are given in Table 7. It was observed
that there was a linear relationship in the weight
changes of the clay-hemp blended samples against
temperature and the weight changes of the samples
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Table 7. Weights (g) of dry samples at 260—400 °C temperature and 20 min time.

193

Clay + Hemp Lime Putty + Hemp Powder Lime + Hemp
Ash Furnace Dry After Furnace Lost Dry After Furnace Lost Dry After Furnace Lost
Specimen Temperature (°C) Specimen Weight (%) Specimen Weight (%) Specimen Weight (%)
1 260 791.69 749.62 5.31 550.86 541.7 1.66 580.44 556.96 4.05
2 280 785.91 749.58 4.62 578.57 568.43 1.75 544.74 520.61 4.43
3 300 803.59 766.01 4.68 531.87 513.11 3.53 601.29 577.24 4.00
4 320 788.34 770.03 2.32 578.47 562.35 2.79 576.77 569.74 1.22
5 340 764.09 744.09 2.62 565.77 558.18 1.34 579.03 562.38 2.88
6 360 706.9 694.28 1.79 571.7 559.05 2.21 595.23 572.07 3.89
7 380 767.39 755.54 1.54 577.2 563.15 2.43 619.55 592.08 4.43
8 400 742.72 736.32 0.86 560.23 539.36 3.73 497.18 448.86 9.72
Temperature
260°C  280°C  300°C 320°C 340°C 360°C 380°C 400°C
0% == = = = = = =
= = = &= = = B
-29 = = = o = = S=
% B S = B SXE 2 == 3B
= % = Se7  S=e  2G RERS =
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Fig. 7. Weight changes of the samples for 260-400 °C temperature and 20 min time.

decreased as the temperature value increased. There
was no linear relationship between temperature and
weight changes in the lime putty-hemp and pow-
dered lime-hemp mixtures. It could not be determined
whether the temperature effect was directly effective
on weight changes. The weight change rates of the
samples at the end of the determined temperature and
time are given in Fig. 7.

Visual inspection of the samples removed from the
muffle furnace and weighed according to the grad-
ual temperature increase showed that the charring
progress was not the same everywhere. For this rea-
son, it was decided to determine the progression val-
ues of this carbonization with larger (10 x 10 x 10 cm
cube) samples. At 400 °C constant temperature, char-
ring progress values were determined and recorded
for 20, 40 and 60 minutes. The carbonization progress
of the samples was found by taking 5 measurements
from the sample surface. The carbonization forms of
the samples are given in Table 8 and the average mea-
surements of the carbonization progress are given in
Table 9.

As a result of the multiple comparison analysis
performed to determine this difference, it was de-

Table 8. Visuals of the combustion state of 10 x 10 x 10 cm cube
samples at 400 °C.

Powder
Lime + Hemp

Lime
Putty + Hemp

Waiting time
(min)

20

Clay + Hemp

40

60

termined that the internal carbonization progress of
lime binder material was statistically higher than the
other binder materials. The statistical data of the com-
bustion progress of the binder materials are given in
Table 10.
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Table 9. Burning distances of 10 x 10 x 10 cm Cube samples from outside to inside at 400 oC.

Clay + Hemp Lime Putty + Hemp Powder Lime + Hemp
Time (min) Temperature ("C) Edge Diagonal Internal Edge Diagonal Internal Edge Diagonal Internal
20 400 1 1.5 1 1 2 1 1.5 2.5 1.5
40 400 2 2.5 3.5 1.5 2.5 3.5 2.5 3 4
60 400 4 4.5 4.5 4 4.5 5 3 3.5 4.5
Table 10. Statistical representation of the combustion progress of the materials.
Specimen Clay (mean + SD) Lime putty (mean + SD) Lime (mean =+ SD) p
Edge 1.880 + 1.392 2.052 + 1.546 1.132 + 0.469 0.558
Internal process 2.132P + 1.562 2.902¢ £+ 1.841 1.2322 + 0.466 <0.01
* Different superscript letters in the same row indicate statistically significant differences (p < 0.05).
0.01 < p < 0.05: significant (); p < 0.01: very significant (**).*
Table 11. Statistical data of charring at different holding times at 400 °C constant temper-
ature.
Holding time (min) 20 (mean + SD) 40 (mean + SD) 60 (mean + SD) p
Edge 0.7482 + 0.555 1.493P + 0.392 3.773¢ + 0.779 <0.01
Internal process 0.675% + 0.449  2.644> +1.052  4.395° + 0.666 <0.01

* Different superscript letters in the same row indicate statistically significant
differences (p < 0.05).

Table 12. Statistical data for different holding times and material combustion interaction at constant temperature.

Parameter Time (min) Clay (mean + SD) Lime putty (mean + SD)  Lime (mean + SD) p
Edge 20 0.485¢ + 0.395 0.790¢ + 0.674 0.9709 + 0.469 0.011
40 1.555¢ + 0.395 1.380% + 0.379 2.500b¢ + 0.412
60 3.6002" + 0.659 3.9852 + 0.857 3.0002P + 0.515
Internal process 20 0.4959 + 0.324 0.6009 + 0.441 0.9309 + 0.466 <0.01
40 2.005¢ + 1.003 3.215P + 0.677 4.000?" + 0.320
60 3.895P + 0.605 4.890? + 0.155 4.500%P + 0.280

Different superscript letters in the same row indicate statistically significant differences (p < 0.05).
0.01 < p < 0.05: significant (*); p < 0.01: very significant (**).*

The statistical difference between the different
holding times of the samples at constant temperature
was found to be very significant (p < 0.01) for both
internal and edge charring progress. As a result of
the multiple comparison analysis performed to deter-
mine this difference, it was found that the holding
time of 60 minutes at 400 °C resulted in statistically
higher inner and edge charring progress compared
to the other holding times. The statistical data for
the holding time at constant temperature are given
in Table 11.

The statistical difference between the materials was
found to be very significant (p < 0.01) for inter-
nal carbonization progression and significant (p <
0.05) for edge progression. As a result of the mul-
tiple comparison analysis, it was determined that
the lime binder material showed statistically higher
internal carbonization progression at constant tem-
perature compared to the other binder materials.
The statistical data for the interaction between dif-
ferent holding times and materials are presented in
Table 12.

3.6. Statistical analysis

The study investigated the usability of samples
produced with traditional binders incorporating
hemp additives as insulation materials. The
relationship between the type of binder used and
the resulting compressive strength was analyzed.
Regression analysis was conducted to examine the
correlation between the compressive stress values
of samples prepared with different binders across
various pressure ranges and the predicted strength
values at those pressures. Based on the regression
analysis, predictive equations for compressive
strength at different pressure ranges were established.
The statistical data corresponding to these predictive
equations are presented in Table 13.

The compressive stress values at different pressure
ranges were found to be statistically significant (p <
0.01) in mixtures prepared with all binder materials.
In order to determine the relationship between differ-
ent pressure ranges and compressive stress, regression
analysis results were analyzed and linear equation
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Table 13. Prediction equations obtained as a result of
regression analysis.

Binder Equation R?
Cement

Lineer y = 0.0041x + 0.8331 0.998
Glue

Lineer y = 0.0042x + 0.08 0.997
Lime

Lineer y = 0.0042x + 0.1518 0.999
Plaster

Lineer y = 0.0042x + 0.1728  0.998
Lime putty

Lineer y = 0.004x + 0.2755 0.999
Lime putty + silica

Lineer y = 0.0042x + 0.2576  0.999

estimation was performed for each binder material.
The obtained pressure-tension graphs are given in
Fig. 8.

4. Discussion

The results indicate that hemp-based materials
absorb water rapidly but release moisture more
slowly. Fine hemp fractions showed particularly high
water absorption rates and slower moisture release,
aligning with previous findings on the hydrophilic
nature of hemp [1]. This behaviour suggests that
hemp-based materials may require additional
precautions in high-humidity environments, yet they
remain suitable for applications in low-humidity
or interior conditions. Overall, the water-moisture
performance confirms the importance of improving

long-term durability through appropriate binder
selection or surface modification.

Tests on composite specimens produced with
different binders showed that unit volume weight
remained below 1000 kg/m?3 in 14 out of 15 mixtures.
In three mixtures, those incorporating water-based,
lime putty, or natural hydraulic lime, the unit weight
dropped 500 kg/m3. These findings are consistent
with previous hempcrete studies reporting similarly
low densities [26, 27]. Lightweight materials are
advantageous for seismic-prone regions, as reduced
mass contributes to lower inertial forces. Therefore,
the low density of the composites supports their
potential use in lightweight partition walls or
non-load-bearing structural elements.

Mechanical test results showed that cement-
based composites exhibited the highest compressive
strength (24.8 kg/cm? ~ 2.43 MPa), aligning with a
previous study [16]. Natural hydraulic lime produced
the lowest strength values (5.5 kg/cm? ~ 0.54 MPa),
while glue, gypsum, and clay-based composites ex-
hibited intermediate performance. The inclusion of
hemp increased deformability and improved elastic
response, as all mixtures exceeded the deformation
limits of the standard testing machine. Observed di-
mensional and volumetric changes also reflect the
compressible nature of hemp fibers within the ma-
trix. Taken together, the mechanical findings indicate
that while hemp composites are not suitable for load-
bearing systems, they perform sufficiently well for
lightweight structural and architectural applications.

w
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Fig. 8. Compressive-tension behaviour of the specimens.
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Thermal conductivity values ranged broadly be-
tween 0.051 and 0.243 W/m-K. The sample with the
lowest conductivity (0.051 W/m-K) contained high
hemp content and low lime putty, and was compacted
under pressure, aligning with high-performance insu-
lation materials reported in literature [23, 24]. Sev-
eral mixtures (0.065-0.085 W/m-K) demonstrated
thermal performance comparable to natural pumice.
Conversely, the glue-based composite exhibited the
highest thermal conductivity (0.243 W/m-K) despite
having the lowest unit weight (330 kg/m?3). This
counterintuitive behaviour can be explained by the
continuous polymer bridges formed by the PVAc
binder, which create effective heat-transfer path-
ways regardless of bulk density. Such phenomena
have been similarly reported in organic adhesive-
based composite systems. Overall, the results show
that hemp-based composites can provide competitive
insulation performance when appropriate binder pro-
portions and compaction strategies are used.

The calculated ignition temperature of hemp shiv
(206 °C) aligns with studies reporting ignition thresh-
olds slightly below those of wood and cellulose-based
materials [28]. In this study, flameless combustion
tests showed that raw hemp charred at 238-265°C,
while binder-based composites charred at 300-385°C.
This improvement in charring resistance indicates
that binder incorporation contributes to thermal sta-
bility and may offer additional protection in fire
scenarios. The controlled charring depths observed
in larger specimens provide valuable insight into
fire-related material behaviour, which should be con-
sidered in future design guidelines.

Overall, the discussion confirms that the physical,
mechanical, thermal, and fire performance results
collectively support the main objective of the study:
evaluating the suitability of hemp-based compos-
ites produced with traditional binders for sustainable
and lightweight building applications. The vary-
ing performance across binder types demonstrates
the importance of binder selection, mixture ratio
optimization, and moisture management strategies.
While the composites show strong potential for in-
sulation, partitioning, and low-impact structural use,
further improvements in moisture resistance and
long-term durability are required for broader practi-
cal implementation.

5. Conclusion

This study investigated the physical, mechanical,
thermal, and fire behaviour of hemp-based compos-
ites, produced with six different traditional binders.
All mixtures exhibited lightweight characteristics

with unit weights ranging from 330 to 1050 kg/m?>.
The glue-based composite had the lowest unit weight
(330 kg/m?3), followed by mixtures containing lime
putty and natural hydraulic lime (<500 kg/m?3).

Thermal conductivity values varied between 0.051
and 0.243 W/m-K, and six mixtures showed lower
conductivity than natural pumice (k = 0.074 W/m-K).
The best thermal performance was observed in lime-
putty composites (0.051 W/m-K). In contrast, the
glue-based composite showed the highest thermal
conductivity despite its low density, which is at-
tributed to the continuous polymer bridges created
by the PVAc binder. Combustion tests revealed that
raw hemp materials char between 238-265°C, while
binder-based composites indicated increased char-
ring resistance (300-385 °C). For 10 x 10 x 10 cm
cube samples exposed to 400 °C, charring progression
ranged from 3 to 5 cm after 60 minutes.

Compressive strengths ranged between 5.67
kg/cm? (0.56 MPa) and 24.69 kg/cm? (2.42
MPa), with cement-based composites achieving
the highest values. Due to the deformation limits
of the testing device, measured values represent
minimum strengths rather than ultimate capacities.
The inclusion of hemp contributed to greater
deformability and improved elasticity in all mixtures.

Overall, the findings confirm that hemp-based
composites offer promising performance for non-
load-bearing construction, insulation applications,
and lightweight building elements, particularly in
seismic-prone regions where reduced mass is advan-
tageous. However, high water absorption and slower
moisture release underline the need for further im-
provement in durability. Future research should focus
on enhancing moisture resistance, optimizing binder
combinations, and investigating long-term hygrother-
mal performance to support wider application in
sustainable building systems.
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