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ABSTRACT
This article is focused on the investigation of the mechanical and thermal properties of composite material that
could be used for the production of plaster or plasterboards. This composite material is made of gypsum and
reinforcing natural ﬁbers. The article veriﬁes whether this natural reinforcement can improve the investigated
properties compared to conventional plasters and gypsum plasterboards made of pure gypsum. From this composite material, high-strength plasterboards could then be produced, which meet the higher demands of users
than conventional gypsum plasterboards. For their production, natural waste materials would be used efﬁciently.
As part of the development of new building materials, it is necessary to specify essential characteristics for their
later use in civil engineering. Crushed wheat straw and three gypsum classes with strengths G2 (2 MPa)—gypsum
Class I., G5 (5 MPa)—gypsum Class II. and G16 (16 MPa)—gypsum Class III. were used to create the test samples. Samples were made with different ratios of the two ingredients, with the percentages of straw being 0%, 2.5%,
and 5% for each gypsum grade. The ﬁrst part of the article describes how the increasing proportion of straw
affects the composite’s mechanical properties (ﬂexural strength and compressive strength). The second part of
the article focuses on the change of thermal properties (thermal conductivity and speciﬁc heat capacity). The last
part of the article mentions the veriﬁcation of the ﬁre properties (single-ﬂame source ﬁre test and gross heat of
combustion) of this composite material. The research has shown that the increasing proportion of straw reinforcement caused a deterioration in the ﬂexural strength (up to 56.49% in the 3. series of gypsum Class II.) and compressive strength (up to 80.27% in the 3. series of gypsum Class III.) and an improvement in the speciﬁc heat
capacity and thermal conductivity (up to 31.40% in the 3. series). This composite material is thus not suitable
for the production of high-strength plasterboards, but its reduced mechanical properties do not prevent its use
for interior plasters. Based on the performed ﬁre tests, it can be said that this composite material can be classiﬁed
as a non-ﬂammable material of reaction to ﬁre Classes A1 or A2. From an ecological point of view, it is advantageous to use a composite material with a higher straw content.
KEYWORDS
Composite material; gypsum; plasterboard; crushed straw; ﬂexural strength; compressive strength; thermal
conductivity; speciﬁc heat capacity; ignitability; gross heat of combustion
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1 Introduction
Gypsum and products made from gypsum are standard building materials and there are many ways of
using them in civil engineering [1]. Gypsum is the base raw material for the production of many types of
building materials. Typical examples are interior plasters and gypsum plasterboards. Gypsum
plasterboards are often used to create interior partitions, ceiling sofﬁts, or pitched roofs. Gypsum has
good properties in response to ﬁre, so gypsum products are well suited as protective cladding structures
for other ﬂammable materials. Their use slows the spread of ﬁre and increases the ﬁre resistance of the
structure. One of the typical examples is roofs, whose bearing structure consists of wooden beams. The
gypsum cladding plasterboards here are not only a visual cladding, but also temporary ﬁre protection of
the roof against collapse, at least during evacuation of people. Another suitable use of gypsum
plasterboards is as cladding, for example, of a ceiling with wooden beams or a ceiling with thermal
insulation made of polystyrene, which melts and drips quickly in the event of a ﬁre. This property of
gypsum plasterboards is undoubtedly important and desired, so it should also be met in the case of the
composite material discussed in this research. In contrast, the disadvantages of gypsum plasterboards are
their strength and water absorption [2]. The problem is their use in environments with higher mechanical
demands. A possible solution to this problem is to improve the strength of gypsum plasterboards by
adding reinforcing ﬁbers to the gypsum binder. The most commonly used are cellulosic ﬁbers or
synthetic ﬁbers. With regard to the economic and especially ecological burden in the production of
synthetic ﬁbers, it is possible to use natural materials, which would otherwise be disposed of without use
as natural waste. Rice [3,4], wheat [5–9], barley [10,11], wood ﬁber [11], ﬂax, jute, hemp [12,13], corn
ﬁbers [14], etc., [15–17] can be used. In history, the use of natural materials was due to their availability,
knowledge, and low economic difﬁculty.
Natural crushed wheat straw, without chemical additives, was chosen for this research. One of the
advantages of using straw as a building material is the reduction of energy consumption from the
environmental point of view. These ﬁbers are usually agricultural waste, so they consume less energy in
production. They also offer good thermal properties due to their porous nature, which leads to reduced
energy consumption in the operation of buildings [18]. According to [19], the addition of straw to the
gypsum-based composite reduces the thermal conductivity of the samples. Ismail et al. [7] successfully
tried to further improve the thermal properties of a biocomposite based on cereal straw and mineral
binders using hemoglobin, casein and gelatin. The treated composite is even suitable for use in building
insulation. Thus, straw as a nature material can compete with synthetic ﬁbers in a variety of engineering
applications.
The question is how adding natural ﬁbers to the composite will affect its mechanical properties. Yang
et al. [19] presented the veriﬁcation of the properties of gypsum-based composite wall materials. They
investigated the effect of cement, inorganic wastes, and straw ﬁber on the mechanical and water
resistance properties of ﬂue gas desulfurization (FGD) gypsum. The results indicate that the properties of
the gypsum-based composites improved with the addition of cement and waste due to the synergistic
effect between them and the addition of 3 wt% of sorghum straw ﬁber (SSF) signiﬁcantly improved the
ﬂexural strength and decreased the apparent density of the samples. In contrast, Antunes et al. [3] found
in the study of rice husk-earth-based composites that increasing the rice husk content decreases the
ﬂexural strength. Ashour et al. [11] even added wheat and barley straw to the composition of unﬁred
earth bricks. In contrast to the research mentioned above, this paper examines the properties of a
composite material made of gypsum and straw using different classes of gypsum strength. This will be
used to determine the applicability of the composite material in the case of requirements for its higher
strength.
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The disadvantage of straw reinforcement may be its smooth surface, which reduces the cohesion with
the binder. This was the subject of research in which straw ﬁbers were modiﬁed by treatment with acrylic acid
coating and the mechanical properties of straw ﬁber-reinforced gypsum composite were investigated. The
results of this research showed that by the treatment with acrylic acid coating, the roughness of the straw
ﬁbers increased markedly, and the dry ﬂexural strength and the dry compressive strength of the gypsum
composite increased respectively by 71.3% and 52.4% [20]. The disadvantage of this treatment is the
work with acid, which introduces a safety risk into the production process. Acid is a ﬂammable caustic
that is dangerous to the environment. Another disadvantage of using straw could be a deterioration in the
ﬁre resistance of the composite because gypsum is a non-ﬂammable material, but straw is very ﬂammable
[5]. According to [21], samples with untreated straw ﬁbers also met the ignitability requirement.
However, composites with treated straw ﬁbers have better ﬁre resistance.
The aim of this research is to verify whether these natural ﬁbers can increase the strength of the
plasterboards as well as synthetic ﬁbers. These would be used indoors just like common gypsum
plasterboards, but would also meet higher mechanical user requirements. Due to the reinforcing ﬁbers,
they could be stronger and have a higher load-bearing capacity. These composite plasterboards differ
from commonly available high-strength plasterboards precisely in that they are not reinforced with
synthetic ﬁbers but effectively use natural ﬁbrous materials. The straw was mixed with gypsum in various
proportions. The percentage amount of straw and the class of gypsum that inﬂuence the mechanical and
thermal properties investigated can also affect the ignitability of composite materials. This research
focuses on investigating the basic properties of a new composite material made of gypsum and straw,
which can be further used for the production of interior plasters and gypsum plasterboards.
This paper ﬁrst describes the production of composite material and methods to test the individual
properties of this composite. Speciﬁcally, this research is focused on the determination of the following
characteristics: ﬂexural strength Pt (N·mm−2), the compressive strength Rc (N·mm−2), the thermal
conductivity λ (W·m−1·K−1), the speciﬁc heat capacity c (J·kg−1·K−1), the ignitability, and the gross heat
of combustion QPCS (MJ·kg−1) of the composite material created. Finally, all results are presented and
compared with each other, and the causes of the obtained values of these properties are discussed.
2 Preparation of Test Samples
2.1 Used Materials
2.1.1 Gypsum
For the production of the test samples, gypsum was selected as the binder. It is a powder mixture of
hemihydrate of calcium sulfate (CaSO4·1/2 H2O). For research, three types of gypsum with strengths G2
(2 MPa)—gypsum Class I., G5 (5 MPa)—gypsum Class II. and G16 (16 MPa)—gypsum Class III. were
tested [22].
2.1.2 Straw
The variant of crushed wheat straw as reinforcing ﬁber was chosen due to its relatively high tensile
strength [23]. Crushed straw is produced by cutting and grinding straw stalks into small pieces. The
crushed straw is produced using a straw chopper. It is easily available, inexpensive, and fully recyclable.
For research, crushed straw stalks in the length of 0.5–1.5 cm were used. The crushed straw used in the
research is shown in Fig. 1. The straw used in this research was purchased as bedding for horses. The
name of the straw producer is MIKÓ STROH (Hungary).

1862

JRM, 2022, vol.10, no.7

Figure 1: Crushed straw used in the research
2.2 Production Process
For experimental testing, three series of samples were prepared. The series and numbers of test samples
produced are described in Table 1. To test mechanical and thermal properties, test samples measuring
40 mm × 40 mm × 160 mm [24] were made in steel moulds to test the mechanical properties of mortar
and cement materials. For the single-ﬂame source ﬁre test, test samples (gypsum-straw plates) with
dimensions 250 mm × 90 mm × 15 mm were made. First, plywood forms were made. These forms were
ﬁlled with the fresh gypsum-straw mixture (Fig. 2). The percentage content of straw in the test samples
was 0%, 2.5% and 5.0%. After ﬁlling, the surface of the test samples was smoothed with a steel trowel.
After curing, the test samples were removed from the forms. Since the material of the test samples was
not degraded in any way during the ﬁre test, it could be used to determine the gross heat of combustion
(caloriﬁc value). The material for this ﬁre test was crushed with a hand crusher.
Table 1: Percentages and weights of test samples
Gypsum
class

Series

Percentage
proportions of
gypsum (%)

Weight of
gypsum (kg)

Percentage
proportions of
crushed straw (%)

Weight of
crushed
straw (kg)

Testing
samples (pcs)

I.

1.
2.
3.
1.
2.
3.
1.
2.
3.

100.0
97.5
95.0
100.0
97.5
95.0
100.0
97.5
95.0

1.00
0.975
0.950
1.00
0.975
0.950
1.00
0.975
0.950

0.0
2.5
5.0
0.0
2.5
5.0
0.0
2.5
5.0

0.000
0.025
0.050
0.000
0.025
0.050
0.000
0.025
0.050

4
3
3
4
6
6
4
6
6

II.

III.

The samples were created in a technical laboratory adapted to this. The ingredients of each series were
weighed in proportion and amount and the test samples were made in the number according to Table 1.
After weighing and mixing the dry ingredients, a powdery mixture was formed and mixed with water for
1 min [24]. Fig. 2 shows the mixture of gypsum with crushed straw stalks.
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Figure 2: Mixture of gypsum with straw stalks
The resulting mixture ﬁlled the prepared steel moulds, which were vibrated on the vibrating table for
one min. to achieve complete ﬁlling of the mould. After 24 h, the samples were removed from the
moulds, dried at 40°C to steady weight, and then stored for seven days in the test environment
(temperature (23 ± 2)°C and relative air humidity (50 ± 5)%) [24]. Fig. 3 shows the test samples in the
test mould.

Figure 3: Test samples in the test mould (Gypsum Class II.; Percentage proportion of 100% gypsum, 0% straw)
3 Test Methods
Samples twenty-eight days old were weighed and the dimensions of each sample were measured. The
bulk density of the measured composite material was determined as the arithmetic mean of the weight of the
test samples of each series divided by the volume of the test samples. Samples of the I. gypsum class were
tested in thermal conductivity and speciﬁc heat capacity tests. After these tests, the ﬂexural strength
measurement was performed on each sample. The compressive strength values were then measured in the
individual halves of the samples. The indoor air temperature and relative humidity during the sample
testing were 21.9°C and 55.0%. Ignitability and gross heat of combustion were determined in the samples
for ﬁre properties tests.
3.1 Flexural Strength
The main purpose of this test was to measure the force needed to break the test samples.
The samples were placed in the FormTest press and oriented so that their horizontal axis was
perpendicular to the supports of the test press machine. Therefore, the load was perpendicular to the
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direction of ﬁlling the test moulds. The load roller transferred the load perpendicular to the opposite surface
of the test sample. The load velocity was set to 10 N/s for all samples. The load was evenly increased until the
sample broke [24], see Fig. 4.

Figure 4: Broken test sample after the ﬂexural strength test
The measured values of the maximum applied load P of the individual test samples were recorded.
According to Eq. (1), the values of the ﬂexural strength Pt were calculated. Then, the average values of
the ﬂexural strength Pt of each series were calculated.
Calculation of ﬂexural strength [24]:
Pt ¼ 0:00234  P

(1)

where: Pt Flexural strength (N·mm−2)
P Maximum applied load (N).
3.2 Compressive Strength
Half of the samples were created by the ﬂexural strength test of each original sample and were marked by
the proportion of straw content. Immediately after this test, these new samples were tested for compression
strength. The samples were placed in the FormTest press so that the load was perpendicular to the direction of
ﬁlling; the samples were centered in relation to the load boards. The area of the load boards is 40 mm ×
40 mm, so the entire area of the load board was in contact with the sample. The load velocity was set to
50 N/s for all samples. The load was evenly increased until the damage of the sample [24] (Fig. 5).

Figure 5: Damage of the test sample after the compressive strength test
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The measured values of the maximum applied load Fc of the individual test samples were recorded.
According to Eq. (2), the values of the compressive strength Rc were calculated. Then the average values
of compressive strength Rc of each series were calculated.
Calculation of compressive strength [24]:
Rc ¼

Fc
1600

(2)

where: Rc Compressive strength (N·mm−2)
Fc Maximum applied load (N)
1600 40 mm × 40 mm is the area of load boards (mm2).
3.3 Thermal Properties
The measurement was performed on only one set of samples. Samples containing gypsum class G2 (I.)
were selected to measure thermal properties using the ISOMET 2114 device. This device can determine the
value of thermal conductivity λ (W·m−1·K−1) and volumetric heat capacity Cρ (J·m−3·K−1) [25]. The ISOMET
device was equipped with a needle sensor [25], which was inserted into a predrilled hole in the test sample
ﬁlled with thermal conductive silicone gel (Fig. 6). This sensor uses a non-stationary hot wire method for
measurement. The principle of the hot wire method is based on the measurement of temperature rise at a
deﬁned distance from a linear heat source, which is a hot wire. Increasing the temperature of the hot wire
is provided by electrical energy. It heats a thin wire that is placed in the test sample and is a source of
heat. The device records the rise and fall of temperatures and calculates the thermal conductivity
according to Eq. (3) [26]:
 
Q
t2
 ln
(3)
¼
4  p  ðT2  T1 Þ
t1
where: λ Thermal conductivity (W·m−1·K−1)
Q Power per unit length (W·m−1)
T1, T2 Temperatures (K)
t1, t2 Times (s).

Figure 6: ISOMET device with needle sensor inserted into the test sample
Another quantity that the ISOMET device can measure is the volumetric heat capacity Cρ (J·m−3·K−1).
The ISOMET device measures how much heat is needed to heat one m3 of the tested material. Then it is
necessary to calculate the speciﬁc heat capacity c (J·kg−1·K−1) from the measured values of the
volumetric heat capacity Cρ. To calculate the speciﬁc heat capacity, it is necessary to determine the bulk
density of the measured material. From the measured volumetric heat capacity and bulk density, the
speciﬁc heat capacity of each series of the test samples was calculated according to Eqs. (4) and (5) [26]:
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Q
DT

Q
Cq
¼
DT  q
q

(4)
(5)

where: Cρ Volumetric heat capacity (J·m−3·K−1)
c Speciﬁc heat capacity (J·kg−1·K−1)
Q Amount of heat per unit volume (J·m−3)
T Temperature (K)
ρ Bulk density (kg·m−3).
For measurements, the test samples were placed in a test chamber where the temperature (23°C) and air
humidity (50%) were constant. The results of each measurement were recorded.
3.4 Fire Properties–Reaction to Fire
In this research framework, the ignitability and gross heat of combustion were measured. The singleﬂame source ﬁre test of composite material made of gypsum and reinforced with natural ﬁbers has been
performed [27]. These tests were carried out to verify whether the straw added to the gypsum would
signiﬁcantly impair the ﬁre resistance of the resulting composite materials. These tests were based on
previously implemented research, focusing on the ﬁre properties of crushed straw [28].
The single-ﬂame source ﬁre test was carried out on three test samples to test ﬁre properties. On the
exposed surface of the samples, two horizontal axes were marked. The ﬁrst was 40 mm above the bottom
edge of the testing sample, and the second was 150 mm above the ﬁrst axis, as shown in Fig. 7. The ﬁrst
axis shows the touchpoint where the gas burner with a small normative ﬂame [29] touches the surface of
the tested material. The burner’s angle is 45°, and the length of the ﬂame must be measured by a special
meter. The time at which the ﬂame is allowed to act on the test material began to be measured. The time
of the ﬁre test (ﬂame effect) was 30 s. During the ﬁre test, two criteria are checked: if the ﬂame ignites
the sample’s surface and if the ﬂame spreads from the ﬁrst horizontal ax (touchdown point) to the second
horizontal ax 150 mm above the touchdown point. If the ﬂame spreads to the second horizontal ax, the
tested material does not meet the ﬁre test requirements. The time before the ﬂame touches the second
horizontal ax (Burning time track 150 mm criteria) is measured.

Figure 7: Description of the sample surface exposed to the ﬂame, marked by two horizontal axes
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The test to determine the gross heat of combustion (caloriﬁc value) QPCS (MJ·kg−1) was performed in an
oxygen bomb calorimeter IKA C 200 under standardized conditions, at constant volume and in an
atmosphere of oxygen. The gross heat of combustion is calculated on the basis of the observed
temperature rise, taking account of heat loss and the latent heat of vaporization of water. The crucible
method was used with 0.5 g of crushed straw (Fig. 8) according to [30]. The device measured the gross
heat of combustion of the crushed straw itself. Since gypsum is a non-ﬂammable material, the gross heat
of combustion of the composite material was calculated from the measured value based on the percentage
of straw in the composite.

Figure 8: Measured sample in the crucible of the bomb calorimeter
4 Results and Discussion
4.1 Bulk Density, Flexural Strength, Compressive Strength
Table 2 shows the average values of the measured bulk density, ﬂexural strength, and compressive
strength of the test samples. Standard deviations were also calculated and recorded.
Table 2: Bulk density, ﬂexural, and compressive strength of the test samples
Gypsum Series Bulk
Average value of
class
density ﬂexural strength
(kg·m−3) Pt (N·mm−2)

Standard deviation Average value of
Standard deviation of
of ﬂexural strength compressive strength compressive strength
Pt (N·mm−2)
Rc (N·mm−2)
Rc (N·mm−2)

I.

II.

III.

1.

1434

3.55

0.39

9.23

1.78

2.

1142

2.61

0.20

5.87

0.32

3.

1111

2.09

0.10

3.09

0.30

1.

1314

5.74

0.93

22.52

1.70

2.

1165

4.15

0.34

9.25

1.06

3.

971

2.50

0.23

4.77

0.24

1.

1674

7.38

0.27

39.73

1.18

2.

1388

5.51

0.24

14.93

0.87

3.

1235

3.93

0.20

7.84

0.81
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Figs. 9 and 10 show the dependence of the average value of ﬂexural strength Pt and compressive
strength Rc on the percentage amount of straw in the sample. Different colors present different classes of
gypsum. It is clear that with an increasing percentage of straw in the sample, the ﬂexural strength and the
compressive strength decrease. The largest decrease in ﬂexural strength occurred in the sample with 5%
crushed straw (3. series) of gypsum Class II. when the average value decreased by 56.49%. And the
largest decrease in compressive strength occurred in the sample with 5% crushed straw (3. series) of
gypsum Class III. when the average value decreased by 80.27%. On the other hand, it can be said that
the smallest decrease in these mechanical properties occurred in samples with 2.5% crushed straw (2.
series). When the gypsum Class III. sample with this percentage of straw achieved the smallest decrease
in the values of the ﬂexural strength, namely 25.2%, and the smallest decrease in the compressive
strength was achieved by a gypsum Class I. sample, which decreased by 36.4%. The sample of gypsum
Class I. with 2.5% crushed straw achieved the smallest decreases both in ﬂexural strength (by 26.5%) and
also in compressive strength (by 36.4%). So, the results showed that the most suitable ratio of gypsum
and straw was achieved by 2. series (97.5% gypsum and 2.5% crushed straw).
7.38

Average value of flexural
strength Pt (N·mm-2)

8
7

5.74

6

5.51

5

4.15

3.93

2.61

2.50

3.55

4
3
2

2.09

1
0
0.00 % Straw

2.50 % Straw

5.00 % Straw

Percentage amount of straw in sample
I. Gypsum class

II. Gypsum class

III. Gypsum class

Average value of compressive
strength Rc (N·mm-2)

Figure 9: Comparison of the average values of the ﬂexural strength Pt for the measured samples
45
40

39.73

35
30
25

22.52

20
15

14.93
9.23

9.25

10
5

7.84
4.77
3.09

5.87

0
0.00 % Straw

2.50 % Straw

5.00 % Straw

Percentage amount of straw in sample
I. Gypsum class

II. Gypsum class

III. Gypsum class

Figure 10: Comparison of the average values of the compressive strength Rc for the measured samples
The smooth surface of the individual stalks of crushed straw can be the reason for the decrease in ﬂexural
and compressive strength. According to Bouasker et al. [10], this property has an adverse effect on the
mechanical strength of the ﬁnal straw ﬁber materials, especially on the pull-out resistance of the ﬁbers,
and therefore, the higher roughness of the ﬁber is required to contribute to better adhesion to gypsum.
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The reduction in strength has also been demonstrated by other research, whose low strength values obtained
do not qualify their composites for use as structural materials [3,7,14–16].
On the contrary, Yang et al. [19] have shown an improvement in ﬂexural strength; they used untreated
sorghum straw ﬁber (SSF) and SSF only treated with compound pretreatment (successively treated with
alkali, enzyme and waterprooﬁng agent), which further improved the overall properties of the composite
wall materials based on gypsum. The ﬂexural strength of the composites with compound pretreated SSF
was 13.4% higher than the strength of the composites with untreated SSF. The disadvantage of this pretreatment is the use of chemicals for treatment, which worsens the impact on the environment and
increases the ﬁnancial cost of production. The increasing strength results are also achieved [4,9,13].
Interestingly, the mechanical properties of straw composites also depend on the straw fragmentation
method described by Masłowski et al. [8].
4.2 Thermal Properties
Table 3 shows the average values of the thermal conductivity λ of each series and the standard deviation.
In the composite material measurement, the volumetric heat capacity Cρ (J·m−3·K−1) of the individual test
samples was measured. According to Eq. (5), the speciﬁc heat capacity was calculated based on the bulk
density of the individual samples. The results of the volumetric heat capacity measurements and the value
of the speciﬁc heat capacity c were recorded. The average values of the speciﬁc heat capacity c and the
standard deviation are given in Table 3.
Table 3: Thermal conductivity and speciﬁc heat capacity of the test samples
Gypsum Series Average value of
class
thermal conductivity
λ (W·m−1·K−1)

Standard deviation of
thermal conductivity λ
(W·m−1·K−1)

Average value of
Standard deviation of
speciﬁc heat capacity speciﬁc heat capacity c
c (J·kg−1·K−1)
(J·kg−1·K−1)

I.

1.

0.484

0.012

1092.559

0.664

2.

0.406

0.055

1300.932

15.196

3.

0.332

0.015

1330.786

22.819

It is clear from Table 3 that with an increasing percentage of straw in the sample, the thermal
conductivity decreases and the speciﬁc heat capacity increases. The thermal conductivity coefﬁcient
decreased by 31.40% for the sample with 5% crushed straw (3. series). Further research on composites
with natural ﬁbers has also shown that the thermal properties will improve with increasing amounts of
straw [3,7,13,11,15,18].
It is worth mentioning that the thermal conductivity λ of a material is affected by humidity. As explained
by El Fgaier et al. [31], an increase in the water content causes a higher amount of water in the porosity of the
sample, which replaces air. Water has a higher thermal conductivity than air; therefore, the thermal
conductivity of the sample increases. Bouasker et al. [10] proved that straw has a high water absorption
coefﬁcient compared to other vegetable ﬁbers. At 20°C, the straw absorbs the average weight of water
three times higher than its own weight. There were signiﬁcant differences between the straw varieties
(barley and wheat), as this value was measured four times higher for barley straw.
4.3 Fire Properties
Fig. 11 shows the test samples after the single-ﬂame source ﬁre test. The results have shown that this
composite material has very good ﬂame resistance. During the single-ﬂame source ﬁre test, the surface of
all test samples did not ignite and there was no ﬁre propagation or release of smoke and odor during this
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test. Therefore, for all test samples, the requirements of ignitability were met by a single-ﬂame source ﬁre,
and this composite can be classiﬁed as better than Class E.

Figure 11: The test samples after the single-ﬂame source ﬁre test
The next step in the research of ﬁre properties was to verify whether the composite material can be
classiﬁed as a non-ﬂammable material. Thus, into the reaction to ﬁre A1 or A2 class. Whether this
composite material meets the requirements for classiﬁcation as a non-ﬂammable material was veriﬁed by
the gross heat of combustion (caloriﬁc value) ﬁre test [30]. The criteria for classiﬁcation in reaction to ﬁre
for non-ﬂammable (Classes A1 and A2) on the basis of the gross heat of combustion ﬁre test are given in
[32]. The measurement showed that the gross heat of combustion of the crushed straw is 16.712 MJ·kg−1.
Since gypsum is a non-ﬂammable, the gross heat of combustion was calculated for each series of
composite materials according to their percentage content of crushed straw. The values of gross heat of
combustion of individual test samples are given in Table 4.
Table 4: Gross heat of combustion of the test samples
Gypsum class

Series

Gross heat of combustion QPCS (MJ·kg−1)

I.

1.
2.
3.

0
0.418
0.836

Based on the ﬁre tests performed, it can be said that the composite material is non-ﬂammable (Classes
A1, A2 according to its reaction to ﬁre). The single-ﬂame source test excluded Classes E and F for the
composite material. Depending on the behavior of the material during this ﬁre test, it can be assumed that
the SBI (Single Burning Item) ﬁre test would also exclude Classes B, C, and D. The SBI ﬁre test is used
in practice to classify building materials into Classes A2 to D [33]. This test will be performed only on
gypsum-straw plasterboards in the following phases of research. The gross heat of combustion ﬁre test
conﬁrmed that the material is non-ﬂammable. The gross heat of combustion QPCS of the composite
material is 0.418 and 0.836 MJ·kg−1 (Table 4). These calculated values are lower than the maximum
values of gross heat of combustion speciﬁed in [32] for non-ﬂammable materials (Classes A1 and A2).
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Moreover, Yue et al. [5] and Antunes et al. [3] achieved comparable ﬁre resistance of their composites in
the ﬁre test as this research. According to Bouasker et al. [10], wheat and barley straw exhibit the same
reaction to ﬁre. To further retard the ﬂame spread and prevent the composite degradation, the treatment
with linseed oil and boiled water has a signiﬁcant effect [21]. Linseed oil and boiled water reduce their
water absorption and increase their compatibility and adhesion to the binder. Jami et al. [12] found that
their hemp concrete satisﬁes the requirements of European ﬁre tests, but its resistance to ﬁre needs to be
further studied and validated against the ﬁre resistance standards of other countries.
5 Conclusion
The research contains basic information on the mechanical, thermal, and ﬁre-resistant properties of the
composite material made of gypsum and natural ﬁbers. It is evident from the measurements made that with an
increasing proportion of straw reinforcement, the ﬂexural strength, the compressive strength, and the thermal
conductivity decrease. On the contrary, the speciﬁc heat capacity increases with the increasing proportion of
straw. The ﬁre resistance of the composite material does not deteriorate.
Thus, this research has shown that adding reinforcing straw ﬁbers to the gypsum binder does not
improve its mechanical properties and therefore this composite material cannot be used as high-strength
plasterboards. The largest decrease in ﬂexural strength (by 56.49%) occurred in the sample with 5%
crushed straw (3. series) of gypsum Class II., and the largest decrease in compressive strength (by
80.27%) occurred in the sample with 5% crushed straw (3. series) of gypsum Class III. The reason for
the decrease in strength can be that with an increasing proportion of straw, the intergranular porosity
increases, and the amount of binder decreases. Another reason may be the smooth surface of the
individual stalks of crushed straw. This composite material should be used primarily for the production of
cladding plasterboards or plasters, because research has shown that the added straw ﬁbers improve its
thermal properties and do not worsen ﬁre resistance. Their thermal insulation properties were better, but
not as much as insulation boards that would replace other insulations. Surprisingly, even with 5% crushed
straw, the composite material is still non-ﬂammable (reaction to ﬁre Classes A1, A2).
In any case, we consider the use of straw stalks, rice, corn or other natural ﬁbers with various binders to
be beneﬁcial in areas where they are readily accessible because it could allow a reduction in the
manufacturing costs of conventional products by using inexpensive and renewable natural ﬁllers. This is
advantageous in terms of economic, environmental and life-cycle analysis using different impact
assessment indicators.
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