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This study investigates the 
process that forms fire-resistant 
properties of SIP-panels with 
hemp insulation based on reac-
tive coating and lime. The task 
addressed is to ensure the sta-
bility of SIP-panels and compo-
nents when treated with coat-
ings to changes in operating 
conditions. This is important 
since production from renew-
able sources for construction is 
a relevant issue. 

It has been proven that 
during thermal action on sam-
ples of hemp insulation treated 
with reactive coating and lime, 
no ignition and flame spread 
along the surface occurred. A 
layer of foam coke formed on 
the surface of the sample treat-
ed with reactive coating, which 
is 22 mm. 

The study has shown that 
when a burner is applied to a 
sample of SIP-panels with hemp 
insulation treated with reactive 
coating, after 110 s of thermal 
exposure, the process of form-
ing a heat-insulating layer of 
coke began, which inhibited 
heat transfer. Instead, after the 
burner was exposed to a sample 
of SIP panels with hemp insula-
tion treated with lime, a char-
ring process occurred at the site 
of thermal action, but ignition 
and flame spread did not occur. 

Based on the results of 
determining the strength, it 
was found that treating the sur-
face of hemp insulation with 
a coating increases the tensile 
strength by more than 2.5 times. 
Thus, increasing the amount 
of reactive coating on the sur-
face of hemp insulation by half 
increases the tensile strength by 
2.3 times. In the case of treat-
ing hemp insulation with lime, 
the tensile strength decreases by 
3.4 times while increasing the 
amount of lime when treating 
the surface of hemp insulation 
to 0.38 kg/m2 increases the ten-
sile strength by 5.3 times. 

Thus, there is reason to 
argue about the possibility to 
design effective and operation-
ally stable biocomposites for 
construction
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1. Introduction

The use of SIP panels in construction continues to grow 
every year as they are characterized by significant strength 

and durability, reduce labor costs, construction time, and 
losses at the construction site. SIP panels are a three-layer 
structure. Between two layers of OSB (oriented strand board), 
which can withstand significant loads, a layer of insulation 
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behind the dry-laid VIP wall significantly enhances the insu-
lation effect. The measured thermal resistance with 50 mm 
glued XPS is 32% lower than that of a wall with 12 mm glued 
VIP. After a VIP is punctured, its thermal resistance will 
decrease significantly. However, it is not stated how the de-
gree of decrease in thermal resistance would be affected by a 
humid environment. 

In [2], hemp straw, a by-product of hemp fiber production, 
was used as a filler to prepare new compostable composites 
in two different concentrations (22% and 32% w/w, respec-
tively). Hemp straw waste was chosen because of its large 
quantity and the absence of high-value derivative products. 
Three different polymers were used, namely poly[(tetrameth-
ylene adipate)-co-(tetramethylene terephthalate)] (PBAT) 
and poly(tetramethylene succinate) (PBS) as composted poly-
mers, and a polyethylene elastomer for comparison. The 
resulting products were then characterized for their struc-
ture and morphology by X-ray diffraction (XRD) and field 
emission scanning electron microscopy (FESEM), as well 
as for their wettability, thermal and mechanical properties. 
The structural and morphological characterization revealed 
different interactions occurring between hemp and polymer 
matrices, indicating a major influence of the type of polymer 
used compared to the percentages of biomass loading. Me-
chanical tests showed that the properties of the PBAT and 
PBS blends were comparable to those of the pure polymers. In 
the case of PBAT, the flexural modulus of the pure polymer 
was 82.2 MPa, and with hemp, it was about 50 MPa, for the 
polymers and PBS mixture it was 220 MPa, with no statistical 
difference between the samples. These biomaterials also have 
similar thermal properties to the pure polymers, however, no 
optimal solutions for use have been identified.

In study [3], the ability of natural hemp fibers (HF) to 
act as fillers in biodegradable biocomposites was evaluated 
by mixing different concentrations of HF with commercial-
ly available biodegradable polyesters. Blends of poly(hy-
droxybutyrate) (PHBV) and poly(butylene adipate-co-tere-
phthalate) (PBAT) were used as polymer matrix. The HF was 
washed and ground before use. It consisted of lignin (22%) 
and carbohydrates (62–67%), but a significant amount of pro-
teins (8.77%) was also found. Polymer-HF composites were pre-
pared by melt-forming under mild conditions and formed into 
films by compression molding to obtain test specimens used 
for characterization of the biocomposites. The incorporation of 
HF improved the mechanical properties compared to polyester 
blends. To reduce the sensitivity of the composites to water, 
food-grade beeswax or carnauba wax was incorporated into the 
HF-filled polymer matrix. The resulting biocomposites showed 
similar mechanical properties to their wax-free counterparts, 
but no significant change in hydrophobicity was observed. 

The construction sector, as noted in [4], is one of the 
leading industries in terms of energy consumption, green-
house gas emissions, waste generation, and pollution. Hemp 
composites have many advantages as a building material, but 
they are not load-bearing and must be used in combination 
with a load-bearing wooden frame. Despite this disadvan-
tage, hemp composites offer several relevant properties, 
namely low density, good thermal insulation, antiseptic 
properties, and breathability. The paper investigates the pos-
sibility of preparing lightweight composites based on hemp 
chips (treated and/or untreated) as a filler and an alternative 
MgO cement as a binder. The properties of hemp composites 
are characterized by mechanical and physical methods, but 
their flammability is not defined.

is glued under pressure, which is polystyrene foam, poly-
urethane foam, or polypropylene. However, this structure 
is characterized by environmental problems associated with 
the significant use of polymers and their composites, in 
particular, the exploitation of non-renewable oil resources, 
which are characterized by emissions of significant amounts 
of greenhouse gases into the environment and poor biode-
gradability.

All this led to a change in the concept towards the use of 
environmentally friendly and sustainable materials that are 
biodegradable; the industry began to explore biocomposite 
materials based on natural renewable resources. The use of 
natural fibers for reinforcement in composites has become an 
area of considerable interest in recent years from the point of 
view of fundamental and applied research, as they offer un-
precedented advantages over inorganic fibers. Among them, 
cellulosic fibers derived from various plants, such as wood, 
plant fibers, and straw, in particular, wood chips, hemp, and 
flax fibers, can be distinguished. They are effectively used 
as reinforcing materials in thermoplastic and thermosetting 
matrices for insulation of buildings and structures and can 
replace polymeric materials in SIP panels.

However, the above components of SIP panels are char-
acterized by significant flammability because the results 
of ignition quickly spread throughout the entire area of the 
building, causing significant thermal damage. One of the 
methods for protecting building structures made from SIP 
panels is their fire-retardant treatment with both inorganic 
materials (plasters) and special fire-retardant coatings. How-
ever, the use of products during fluctuations in temperature 
and humidity fields must ensure sufficient adhesion strength 
to the building structure and not reduce fire protection effi-
ciency. That requires fundamental research into the impact 
of high temperature on the fire resistance of SIP panels to 
destruction.

Therefore, it is a relevant task to carry out studies aimed 
at defining fire-resistant SIP panels and identifying the effect 
of amount and nature of the coating on the occurrence of 
combustion process.

2. Literature review and problem statement

Study [1] states that the vacuum insulation panel (VIP) is 
an inorganic composite insulation panel with a thermal con-
ductivity of almost 0.004 W/(m·K) and a fire resistance class 
A (non-combustible), which provides both heat preservation 
and fire protection. However, the application of VIP in the 
construction industry still has many problems that need to 
be studied experimentally. For the research, wall insulation 
systems with three different insulation materials were used, 
including glued VIP boards, dry-hung composite VIP boards, 
and extruded polystyrene (XPS) insulation boards. They 
were also studied under different conditions, such as winter, 
summer, dry, and wet, and the insulation efficiency was 
evaluated under adverse conditions, such as punctures. The 
conclusions are as follows: the average value of the heat flux 
on the inner and outer surfaces of the structure should be 
taken into account when calculating the thermal resistance 
of the enclosing structure. The error of testing the operating 
conditions under temperature changes in summer is greater 
than the operating conditions under constant temperature 
in winter. The thermal resistance of a dry-laid VIP wall is 
greater than that of a glued VIP wall, since the static air gap 



Ecology

41

In [5], a very important type of natural fiber, namely 
hemp fiber, is considered. To expand the use of hemp fibers 
at the engineering level, research should focus on improv-
ing the mechanical, thermal, and high-tech characteristics 
of these fibers. In particular, the modification or surface 
treatment of hemp fibers is considered. Modified fibers have 
proven valuable for the development of certain derived ma-
terials, such as polymer composites and nanocomposites, in 
particular. Consequently, the incorporation of hemp fibers as 
additives in composite or nanocomposite matrices has been 
investigated for the production of highly efficient environ-
mentally friendly, recyclable, biodegradable and sustainable 
materials. The application areas identified for hemp and 
related composites or nanocomposites include synchrotron 
and neutron scattering, water purification for the removal of 
dyes, automobiles, textiles, and construction. However, the 
literature on these technologically important fibers and the 
materials derived from them is insufficient. Comprehensive 
future efforts may better address the issues of reproducibility 
and long life cycle of high-tech hemp fiber applications. 

As reported in [6], pyrolysis biocarbon was produced 
at 450, 550, and 650°C. Composite samples were prepared 
with 10 wt. %, 15%, and 20 wt. % biocarbon fillers ranging in 
size from 50 microns to 100 microns. Under optimized con-
ditions, the water absorption values of hemp biocarbon and 
millet biocarbon were 70% lower than those of unfilled hemp 
fiber-reinforced composites. Water absorption improved the 
tensile strength and hindered the flexural strength. The ener-
gy at break increased with increasing particle size; converse-
ly, it decreased with increasing filler content. The maximum 
tensile strength of 840.75 MPa and 817.02 MPa was achieved 
for 10 wt. % biocarbon with a particle size of 50 microns 
obtained at 650°C from millet and hemp stalks, respectively. 
The pyrolysis temperature, particle size, and filler positive-
ly affected the flexural strength of the composite samples. 
The impact strength of the composite samples decreased 
by almost 63% when the amount of filler was doubled. The 
hardness of the composites increases significantly with in-
creasing filler amount. Thermal conductivity increased with 
increasing filler amount and particle size – biocomposite 
samples with 20 wt. % filler and 100 μm biocarbon particle 
size obtained at 650°C showed the maximum flame time and 
thermal conductivity of the composites filled with biocarbon. 
Hemp composites with a density of 1300 kg/m3 and a tensile 
strength of 800 MPa overlap with the properties of some ce-
ramic materials (Si3N4) and some metal alloys (magnesium 
alloys, aluminum alloys and silicon carbide) on the property 
diagram. Hemp composites have better tensile strength than 
polymers and elastomers (PEEK, PC, PA, PMMA, silicone 
elastomers PET), concrete, wood, as well as rigid and flexi-
ble polymer foam and cork. Based on the strength-viscosity 
material property diagram, the composite samples are in 
the region of metals and alloys with better stiffness and 
strength characteristics than ceramics, glass, wood products, 
polymers, and rubber. These results indicate the potential 
use of hemp composites for mechanical loads and thermal 
insulation. However, it is not stated how the composites are 
operated.

Study [7] proposes a life cycle analysis (LCA) for the 
environmental study of the supply chain of a hemp-based 
biocomposite, including agricultural activities, pre-process-
ing, transportation and bioconversion. In addition, the LCA 
comparison with petroleum-based composites is carried out 
using the SimaPro software. The results show that the emis-

sion profile associated with the production of biocomposites 
is closely linked to the agricultural sector. This is primarily 
due to factors such as diesel fuel consumption in agricultural 
machinery and nutrient runoff into water bodies as a result 
of the use of nitrogen fertilizers. In this regard, the study 
considers eight agricultural practice cases, focusing on the 
use of organic fertilizers and natural gas fuel in agricultural 
machinery. The implementation of these approaches leads 
to a reduction of 80%, 70%, 60%, and 50% in the impact cat-
egories for non-carcinogenic, carcinogenic, ecotoxic, and eu-
trophication properties, respectively. Using analysis of vari-
ance (ANOVA), it was found that the choice of energy sources 
for agricultural machinery and the type of fertilizer used in 
hemp cultivation significantly affect most environmental 
impact categories, except for carcinogenic effects, which are 
not affected by the type of fertilizer. However, its effect on 
improving the overall environmental profile was not noted.

In [8], new biocomposites made of bioresin based on 
acrylated epoxidized hemp oil, reinforced with a random 
mat of hemp fibers, were manufactured by vacuum infusion. 
Mechanical properties (tensile, flexural, impact, and inter-
layer shear), dynamic mechanical properties (glass transition 
temperature, storage modulus, and crosslinking density) and 
water absorption properties were investigated. At the same 
time, they were compared with samples manufactured under 
the same conditions, but using a commercial synthetic vinyl 
ether resin as a polymer matrix. The results showed that 
the mechanical properties of the 100% biocomposites were 
comparable to hybrid composites made using synthetic resin. 
Moisture absorption tests showed that the samples based on 
acrylated epoxidized hemp oil exhibited both higher diffu-
sion coefficient and saturation moisture content; however, 
fiber reinforcement was the dominant transport mechanism. 
The samples based on vinyl ether were found to have higher 
storage modulus, glass transition temperature, and crosslink 
density, but this was not the case for the samples based on 
acrylated epoxidized hemp oil.

Study [9] described novel hemp-based composite ma-
terials intended as components of a multilayer dowel for 
concrete, steel, or wood structures, providing both thermal 
insulation and physical and mechanical resistance. The 
composite panels were manufactured by bonding hemp chips 
with a novel hybrid organic-inorganic binder. The panels 
were characterized in terms of physical and microstructural 
properties, bulk density, water absorption, thickness swelling 
after immersion in water, microstructural features using a 
scanning electron microscope, and a stereo optic microscope, 
ss well as thermal properties (thermal conductivity, reaction 
to fire) and mechanical properties (compressive strength, 
flexural strength, tensile strength, resistance to axial screw 
pullout). The panels demonstrated promising physical, ther-
mal, and mechanical characteristics, generally comparable 
to those of commercially available products. In addition, the 
new composites have the advantage of significantly low en-
vironmental impact (due to the dispersed and binding phase) 
and the absence of negative effects on human health, which 
are responsible for formaldehyde emissions. Considering all 
this, the new composites seem to be very promising materials 
for use in the construction industry, but tests to assess the 
strength of the panels have not been performed.

The authors of [10] noted that polymer composite sand-
wich panels are of increasing interest and are being used for 
lightweight structures in the transportation and construc-
tion industries. However, there can be conflicts in design 
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requirements regarding flammability performance, which 
requires creative design to meet the test requirements and 
produce a useful panel. In the paper, composite materials 
were fabricated from phenolic and fiberglass face and balsa 
wood sandwich panels. The specimens were tested for fire 
resistance using a cone calorimeter (ASTM E1354) at various 
heat fluxes, and then a full-scale room corner test (ISO 9705) 
was conducted on these panels. The results showed that 
those composites could pass the room corner test only if an 
aluminum skin was used to provide additional fire protection 
to the base composite. The mechanical attachment of the 
aluminum skin to the panel, as well as the underlying com-
posite structure, have played an important role in full-scale 
fire resistance tests, but the importance of material selection 
and component design for fire performance has not been 
established.

The results of research reported in [11] propose an inter-
mediate free-standing box test method that could evaluate 
the fire performance of sandwich panel systems. ISO 13784-1 
(free-standing room corner test) and three types of free-stand-
ing box tests were conducted. It was found that there is some 
correlation between IS013784-1 and the free-standing box 
test in terms of achieving flashover. However, no key role was 
noted in their resistance under severe fire exposure.

In [12], a self-supporting facade system made of sandwich 
panels under fire was investigated. First, a thermomechan-
ical FE model, which includes the complete facade system 
and includes material degradation and geometric nonlinear 
behavior, except for the insulation material and joints, is 
loaded with a fire temperature curve. The Eurocode design 
rules assume that the screw connections of the sandwich 
panels will fail in shear. Second, an existing program, FDS-
2-Abaqus, is extended to allow for two-way coupled analysis, 
in which the CFD fire simulation is updated for changes in 
the thermomechanical FE model, for application to the fa-
cade system. Again, these simulations show the failure of the 
screws in shear. Parameter studies show differences in sys-
tem behavior for improved screw properties; fuel-driven ver-
sus ventilation-driven fires; and different panel thicknesses. 
Interestingly, since thermal flexing of the panel slows down 
the failure of the screws, and thicker sandwich panels flex 
less than thinner panels, thicker facade panels will reduce 
the time to failure. Thus, the predicted failure of two tiny 
but critical screws within 80 s, compared to the 150-minute 
service life of the sandwich panels during standard fire tests. 
This highlights the need to study entire systems in realistic 
fires, rather than studying individual components in stan-
dard fire tests.

Our review of the literature [4, 10–12] has established 
that the treatment of SIP panels with hemp insulation with 
coatings can provide their protection from thermal effects 
during operation. However, the parameters that guarantee 
the effectiveness of protection against high-temperature ac-
tion required for their manufacture have not been defined. 
Therefore, determining the fire resistance characteristics of 
structures made of SIP panels with hemp insulation and the 
impact on the pyrolysis process of the components necessitat-
ed the need for research in this area.

3. The aim and objectives of the study

The purpose of our work is to determine the conditions 
for the formation of a fire-retardant coating on a SIP panel 

with hemp insulation. This makes it possible to expand the 
scope of application of these products in the construction of 
buildings and structures.

To achieve the goal, it was necessary to solve the follow-
ing tasks:

– to establish the features of the suppression of combus�-
tion of a fire-resistant SIP panel under thermal action;

– to establish the strength characteristics of hemp insula�-
tion when treated with a coating.

4. Materials and methods

4. 1. The object and hypothesis of the study
The object of our study is the process of designing fire-re-

sistant SIP panels with hemp insulation based on a reactive 
coating and lime. The principal hypothesis assumes the 
possibility of designing a fire-resistant SIP panel with hemp 
insulation when treated with a coating based on lime and a 
reactive coating.

In the process of the study, it was assumed that the pro-
cess of designing a fire-resistant SIP panel is constant under 
the influence of external conditions. It was simplified that 
the temperature, humidity, as well as pressure of the wood 
processing process, do not change.

4. 2. Materials under investigation used in the ex-
periment

To study the possibility of fire protection of hemp insu-
lation, KONSULATE® building insulation made of hemp 
firewood produced by TM KONSULATE by Sumykamvol 
was used, with a size of 220 × 180 mm, a thickness of 
20 mm and a density of 63…65 g/m3 (Fig. 1). A reactive 
coating “SKELA-W” (Ukraine) was applied to the surface 
of the hemp insulation with a consumption of 260 g/m2 and 
lime plaster with a consumption of 300 g/m2. After drying 
the insulation, a study was conducted on its resistance to 
thermal action.

Fig. 1. Hemp insulation

To study the possibility of using hemp insulation as a 
component of the thermal insulation material for a SIP pan-
els, a sample of insulation was placed between OSB-3 boards 
manufactured by Kronospan (Ukraine), size 150×60 mm, 
thickness 10 mm, density 630÷640 kg/m3. Also, for the SIP 
panel sample, the insulation was placed between plywood 
boards manufactured by Fanplit (Ukraine), size 150×60 mm, 
thickness 10 mm, density 650÷670 kg/m3 (Fig. 2). To increase 
fire resistance, the surface of the samples was coated with 
a reactive coating “SKELA-W” (Ukraine) at a consumption 
of 260 g/m2 and lime plaster at a consumption of 360 g/m2.

After drying and aging for 14 days, the SIP panel samples 
were subjected to thermal treatment.
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a                                                     b 

Fig. 2. General view of SIP panel samples: 	
1 – based on OSB board and hemp insulation; 	

2 – based on plywood and hemp insulation

4. 2. Methodology for determining the resistance of 
SIP panels to destruction after coating

The study of the fire resistance of hemp insulation was 
carried out using a methodology that involved evaluating 
the combustion characteristics of the material under the 
influence of a burner flame under controlled laboratory 
conditions [13]. The test was carried out under the influence 
of a burner for 300 seconds; for this purpose, the material 
sample is fixed on the spikes of the sample holder, the burner 
is installed in a horizontal position 40 mm above the lower 
edge of the sample and moved to the sample at a distance 
of 17 mm. During the tests, the duration of residual flame 
combustion, material burnout, surface flash propagation, 
and the average length of the charred area were recorded.

The essence of the test method for experimental deter-
mination of the flammability of SIP panels is to expose the 
sample located in the installation to the flame of a burner or a 
radiation panel with specified parameters [14]. During exper-
imental studies to determine the flammability of the product, 
the absence of ignition and flame spread over the surface, 
the value of the mass loss indicator of the tent sample, which 
should be no more than 10%, as well as the final combustion 
after removing the burner, are recorded.

Determining a change in the structure of hemp insulation 
when interacting with the coating was carried out by studying 
Fourier transform infrared spectroscopy (FTIR), which was 
carried out taking into account [15]. Research method: 0.5 mg 
of the sample was crushed from 70 mg of potassium bro-
mide (split from a single crystal). From the resulting mixture, 
a tablet was compressed under a pressure of 10 MPa, achieving 
maximum optical transparency (to reduce scattering). The 
spectrum was recorded in the range of 4000–400 cm-1, with 
an optical slit width of 4 cm-1, the spectrum was averaged over 
12 scans. The analysis was performed on a Spectrum One 
spectrometer (Perkin Elmer) (USA).

To establish the performance properties of hemp insula-
tion treated with a coating, tensile strength was determined 
according to ASTM D5035-11 [16].

5. Results of determining the resistance to destruction 
by SIP panels with hemp insulation

5. 1. Experimental studies on the thermal resis�-
tance of SIP panels treated with a coating

To establish the resistance to thermal effects of hemp insula-
tion treated with a coating, studies were conducted to determine 
the flammability under the influence of a gas burner flame. The 
results of our studies are shown in Fig. 3, 4, and Table 1.

After testing, it is clear that the sample of hemp insulation 
treated with a reactive coating and lime does not support 
combustion and the spread of flame along the surface.

d

Fig. 3. Results of studies on the ignition process and flame 
spread of a sample of hemp insulation treated with a reactive 

coating: a – general view of the installation; 	
b – effect of flame on the sample; c – swelling of the 

coating; d – protective layer of foam coke

On the surface of the sample of hemp insulation treated 
with a reactive coating, a layer of foam coke with a thickness 
of more than 50 mm and a width of 20÷30 was formed, and 
the height of the swelling is 22 mm. For the sample of insu-
lation treated with lime, on the reverse surface, the fibers 
darkened from the action of high temperature.

a                                 b                                 c

d 

Fig. 4. Results of studies on the ignition process and flame 
spread of a sample of hemp insulation treated with lime: 	

a – general view of the installation; 	
b – effect of flame on the sample; c – darkening of the coating; 	

d – burn-through from the reverse side

 

   

 

. .  

a                                 b                                  c
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Table 1

Results of studies conducted to determine the flammability 
of hemp insulation

Fire hazard indicator
Treated sample 

of insulation 
with lime

Treated sample 
of insulation 

with a reactive 
coating

Duration of residual flame 
combustion, s absent absent

Material burn-through burns out does not burn 
through

Propagation of surface flash 
more than 100 mm from the 

ignition point
does not spread does not 

spread

Average length of charred area, 
mm 12,78 55,32

Average mass of samples before 
testing, g 95,01 59,40

Average mass of samples after 
testing, g 91,02 57,30

Table 1 demonstrates that after the action of the burner 
on samples of hemp insulation treated with coatings, the ab-
sence of residual flame combustion and the spread of surface 
flash was established, the average length of the charred area 
was less than 13 mm, and the mass loss after testing is less 
than 1.0%. Thus, the sample of hemp insulation treated with 
a coating belongs to flame-retardant materials.

To establish the resistance to thermal effects of SIP pan-
els with hemp insulation, studies on the ignition process of 
samples treated with coatings were conducted. The results 
of studies of ignition and flame spread are shown in Fig. 5, 6.

a                                 b                                 c

d

Fig. 5. Results of studies on the ignition process and flame 
spread of a sample of a SIP panel with hemp insulation 
treated with a reactive coating: a – general view of the 

installation, b – effect of flame on the sample, c – swelling 
of the coating, d – protective layer of foam coke

a                                       b                                          c

d

Fig. 6. Results of studies on the ignition process and flame 
spread of a sample of SIP panel with hemp insulation, treated 

with lime: a – general view of the installation, 	
b – effect of flame on the sample, 	

c – darkening of the coating, d – result of thermal exposure

Studies have shown that when a burner is used on a 
sample of a SIP panel with hemp insulation treated with a 
reactive coating, after 110 seconds of thermal exposure, the 
process of forming a thermally insulating layer of coke began, 
which inhibited heat transfer. No ignition and flame spread 
occurred. In contrast, after the burner is used on a sample of 
a SIP panel with hemp insulation treated with lime, a char-
ring process occurred at the site of thermal exposure, but no 
ignition and flame spread occurred.

5. 2. Results of determining the strength character�-
istics of hemp insulation treated with a coating

The study of changes in the structure of hemp insulation 
when interacting with the coating is illustrated by IR spectra 
shown in Fig. 7.

Fig. 7. Absorption spectra of samples of hemp insulation 
treated with: 1 – reactive coating “SKELA-W”; 	

2 – lime-based
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Since hemp fibers are composed of cellulose, lignin, 
and hemicellulose, the description of the IR spectra of the 
samples will be given taking into account their absorption 
bands. Thus, the main transmission region will lie with-
in 2500–3700 cm-1. In particular, for lignin, the IR spectrum 
region within 3700–3100 cm–1 will characterize the valence 
vibrations of hydroxyl groups as they are involved in hydro-
gen bonds.

The presence of a chemical interaction of the reactive 
coating and lime with cellulose is indicated by an increase 
in the optical density of the absorption bands: a peak 
at 1100 cm-1, which corresponds to the valence vibrations of 
the glycosidic bond in the cellulose macromolecule. As well 
as absorption bands at 1370 cm1, which characterize the va-
lence vibrations of the ether bond and deformation vibrations 
of the O-H groups. And the peak at 2900 cm-1, responsible 
for the valence vibrations of the C-H bonds present in the 
cellulose molecules.

Thus, when a reactive coating is applied to the surface 
of the hemp insulation fiber, the intensity of the oscillation 
peaks in the frequency of the oscillation of aromatic C-H 
bonds exceeds the intensity of the same peaks in the fiber 
treated with lime. This proves the attachment of phospho-
rus-ammonium molecules to cellulose. At the same time, 
lime is characterized by the interaction that occurs with the 
hydroxyl groups of cellulose located near the glucopyranose 
ring and with the carboxyl groups of lignin.

In order to determine the operational properties during 
the fabrication of SIP panels and the construction of 
buildings, the tensile strength was determined, shown 
in Fig. 8, 9.

a                                            b

c 

Fig. 8. Determining the tensile strength of hemp insulation 
treated with a reactive coating: a – sample fixation; 	

b – sample tension; c – tensile results

The results of determining the tensile strength of coated 
hemp insulation are given in Table 2.

From Table 2 it is established that treating the surface of 
hemp insulation with a coating increases the tensile strength 

by more than 2.5 times. Thus, increasing the amount of reac-
tive coating on the surface of hemp insulation by half increas-
es the tensile strength by 2.3 times. In the case of treating 
hemp insulation with lime, the tensile strength decreases by 
3.4 times; however, increasing the amount of lime during the 
treatment of the surface of hemp insulation to 0.38 kg/m2 
increases the tensile strength by 5.3 times.

a                                               b

c

Fig. 9. Determining the tensile strength of hemp insulation 
treated with lime: a – specimen fixation; b – specimen 

tensile; c – tensile results

Table 2

Tensile strength of coated hemp insulation

Hemp insulation treated 
with a coating

Coating  
consumption, kg/m2

Tensile strength, 
MPa

Untreated – 0.04

Reactive coating based
0.13 0.34
0.2 0.57

0.26 0.79

Lime based
0.12 0.10
0.2 0.22

0.38 0.53

6. Discussion of results based on investigating the 
regularities in the formation of fire-resistant SIP 

panels with hemp insulation

A comparison of studies on determining the fire resis-
tance of hemp insulation treated with a coating (Fig. 3, 4, 
Table 1) shows that a sample of hemp insulation treated with 
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a reactive coating and lime does not support combustion and 
the spread of flame along the surface. A layer of foam coke was 
formed on the surface of the sample of hemp insulation treated 
with a reactive coating, which is 22 mm. And for the sample of 
insulation treated with lime, on the reverse surface, the fibers 
darkened from the action of high temperature, which indicates 
the inhibition of combustion processes. Thus, during the treat-
ment of the surface of hemp insulation with lime, a structure is 
formed that prevents the ignition of plant raw materials. 

Table 1 demonstrates that after the action of the burner 
on samples of hemp insulation treated with coatings, the ab-
sence of residual flame combustion and the spread of surface 
flash was established, the average length of the charred area 
was less than 13 mm, and the mass loss after testing is less 
than 1.0%. Here there is an expediency of the regularity of the 
results of the inhibition of the ignition process of hemp insu-
lation protected by a reactive coating. It is characterized by 
the formation of charring of the surface of the sample, which 
prevents its ignition. Under the influence of thermal action, 
chemical reactions of the decomposition of the hydrocarbon 
catalyst begin, which lead to the thermal destruction of pen-
taerythritol and melamine with the release of non-flammable 
gases that dilute the flame. All this proves the process of 
swelling of the coating under thermal action [16].

According to the results of the SIP panel study (Fig. 5, 6), 
it was shown that when a burner was applied to a sample 
treated with a reactive coating, after 110 s of thermal expo-
sure, the process of forming a heat-insulating layer of coke 
began, which inhibited heat transfer. No ignition and spread 
of flame occurred. In contrast, after the burner was applied 
to a sample of a SIP panel with hemp insulation treated with 
lime, a charring process occurred at the site of thermal ac-
tion, but no ignition and spread of flame occurred. This con-
firms the mechanism of the protective coating, which enables 
identification by high-temperature exposure [17].

Analysis of the results of experiments to determine the 
strength characteristics of hemp insulation treated with a 
coating (Fig. 8, 9, Table 2) revealed that treating the sur�-
face of hemp insulation with a coating increases the ten-
sile strength by more than 2.5 times. Thus, increasing the 
amount of reactive coating on the surface of hemp insulation 
by half increases the tensile strength by 2.3 times. In the case 
of treating hemp insulation with lime, the tensile strength 
decreases by 3.4 times but increasing the amount of lime 
when treating the surface of hemp insulation to 0.38 kg/m2 
increases the tensile strength by 5.3 times.

Therefore, taking into account studies [2, 3, 5–7], in which 
concept was aimed at the formation of hemp-based biocompos-
ites, our work shows the process of designing a fire-resistant 
insulation using a reactive coating. The effectiveness of treating 
the surface of hemp insulation with lime is also demonstrated

However, in contrast to the results reported in [18] re-
garding the fire resistance regulator of the material, the 
following can be said:

– the main mechanism of inhibition of thermal action is 
the formation of a significant amount of lime on the surface 
of the insulation, which prevents the passage of high tem-
perature since individual coatings release water and turn into 
ceramic phases;

– a significant impact on the protection process when us�-
ing a reactive coating, which is capable of forming an elastic 
film resistant to destruction on the surface of the hemp in-
sulation during operation and, under the influence of flame, 
forming a layer of foam coke.

Interpretation of our results on determining the strength, 
which is confirmed by tensile experiments, makes it possible 
to use them. The obtained properties also make it possible to 
define the conditions for using hemp insulation as a compo-
nent of SIP panels in the construction of modular buildings, 
which represents a specific advantage of this study.

Our results on determining the tensile strength of hemp 
insulation have certain limitations as the use of lime coating 
is fragile and requires a larger amount.

In addition, the resistance of lime coating to thermal action 
does not provide the necessary data due to its small amount 
and limits its use. Among the limitations is the fact that the 
experimental results are presented in graphical form. Howev-
er, thanks to experimental studies, it is possible to assess the 
role of reactive coating and lime treatment of insulation during 
operation. A further direction of research in the development 
of fire-resistant materials involves a systematic study aimed at 
formulating an optimized composition of the reactive coating.

7. Conclusions

1. During thermal action on samples of hemp insulation 
treated with a reactive coating and lime, ignition and spread 
of flame along the surface did not occur. A layer of foam coke 
formed on the surface of the sample of hemp insulation treat-
ed with a reactive coating, which is 22 mm. And for the sam-
ple of insulation treated with lime, on the reverse surface, the 
fibers darkened due to the action of high temperature. It was 
experimentally determined that after the action of the burner 
on samples of hemp insulation treated with coatings, the 
absence of residual flame combustion and spread of surface 
flash was established, the average length of the charred area 
was less than 13 mm, and the mass loss after testing was less 
than 1.0%. Thus, the sample of hemp insulation treated with 
a coating belongs to highly flame-resistant materials.

Our studies have shown that when a burner is used on a 
sample of a SIP panel with hemp insulation treated with a reac-
tive coating, after 110 seconds of thermal exposure, the process 
of forming a thermally insulating layer of coke began, which 
inhibited heat transfer. No ignition and flame spread occurred. 
In contrast, after the burner is used on a sample of a SIP panel 
with hemp insulation treated with lime, a charring process 
occurred at the site of thermal action, but no ignition and flame 
spread occurred.

2. For hemp insulation treated with a reactive coating, stable 
hydrolytic esters are formed on the surface of the fibers, which 
contain phosphorus and nitrogen atoms. Therefore, the inten-
sity of the peaks in the vibration frequency region of aromatic 
C–H bonds for hemp fibers treated with the reactive coating 
exceeds that for hemp fibers treated with lime, which confirms 
the attachment of phosphorus–ammonium molecules to cellu-
lose. At the same time, lime is characterized by an interaction 
that occurs with the hydroxyl groups of cellulose located near 
the glucopyranose ring and with the carboxyl groups of lignin.

According to the results of determining the strength of the 
insulation, it was found that treating the surface of hemp insu-
lation with a coating increases the tensile strength by more than 
2.5 times. Thus, increasing the amount of reactive coating on the 
surface of hemp insulation by half increases the tensile strength 
by 2.3 times. In the case of treating hemp insulation with lime, 
the tensile strength decreases by 3.4 times; however, increasing 
the amount of lime when treating the surface of hemp insulation 
to 0.38 kg/m2 increases the tensile strength by 5.3 times.
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