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Abstract. This study is carried out in order to review the deformation 
properties, strength, applications and suitability of polyurethane resin as a 
ground improvement method applied for bridge abutment construction. Since 
it is applied in the ground, awareness on polyurethane degradation needs to 
be emphasised. Deformation properties were determined for resin injections 
before and after degradation. The degradation of samples was studied by 
exposure to gasoline, diesel, oil, NaCl salt solutions with different concentrations 
(59, 193 and 301 kg/m3) and a mixture of fungi. After the degradation tests, 
compressibility tests were also performed. The use of resin as a ground 
improvement method has several advantages over conventional methods. The 
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information presented enables road and bridges engineers and construction 
professionals to make competent decisions about implementing this innovative 
technique in the projects.

Keywords: bridge abutment, compressive strength, degradation, ground 
improvement, polyurethane resin, road embankment. 

Introduction 

Roads, bridges and structures are affected by many factors, which 
can cause serious damage. Problems such as subsidence, collapse can 
happen due to factors like material loss, poor construction, structural 
sinking, heavy traffic, and climate changes. Traditional repair methods 
such as asphalt overlay, cement grout and crack sealing only provide 
temporary solutions by fixing surface issues without addressing the 
reason. These methods can also make things worse by adding extra 
weight to already stressed soil leading to frequent repairs. Full-depth 
reconstruction is an option, but it is time-consuming, requires long 
road closures and is expensive. Therefore, there is a need for quick, 
practical solutions that keep roads in long exploitation, reduce the need 
for frequent repairs and shorten repair times. Any road and soil repairs 
should provide adequate strength and uniform surface level to ensure 
vehicle safety on expressways (Bian et al., 2021).

The polyurethane foams have been widely applied in multiple 
industries such as building construction, automotive industry, airport 
runways, ballasted railways and refrigerator over the recent years 
because of great mechanical properties, high weight-carrying capacity, 
low apparent density, excellent thermal insulating properties and good 
resistance to various weather conditions (Blake, 2022; Buzzi et al., 2010; 
Lat et al., 2020; Somarathna et al., 2018; Yang et al., 2019). Permeable 
polyurethane improves an embankment compaction degree and 
mechanical properties (Wang et al., 2021). A structural polyurethane 
foam injected into voids beneath concrete slabs, walkways, foundations, 
walls, stabilises the underground and lifts it to the desired height without 
excavation (Guo et al., 2020; Saleh et al., 2019). The injection process is 
simple and efficient requiring less equipment and labor compared to 
other techniques used in the field, and it has no adverse effects on soil 
ecology or groundwater levels (Sabri et al., 2021). To obtain stress-strain 
curves, mechanical experiments must be conducted (Wei et al., 2017). 
The deformation modulus of the soil is a crucial parameter for assessing 
soil stiffness and designing constructions. This modulus varies based on 
numerous factors, including soil type, depth, moisture content, applied 
load, and other conditions (Tamošiūnas et al., 2022).

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polyurethan
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/building-construction
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Polyurethane polymer grouting material under uniaxial pressure 
should go through three stages: elasticity, yielding and densification. 
At the elastic stage, the strain develops relatively quickly. The stress at 
the yield plateau stage is used as a representation of the compressive 
strength. As density increases, material strength increases rapidly, at 
the density stage, the dense specimen gradually shows brittle failure 
(Xiang et al., 2017).

For low-density polyurethane foam (LPF), the stress-strain behavior 
delineates three distinct stages as described above. During the linear 
elastic stage and towards the end of the densification stage, the stress 
of LPF noticeably increases with strain. Within the plateau region, 
stress augmentation occurs more slowly as strain rises, demonstrating 
elastoplastic properties in LPF mechanical characteristics. Cell structure 
failure occures during the plastic stage, marking it as LPF failure stage 
(Liu et al., 2019). 

However, high-density polyurethane foam (HPF) exhibits an atypical 
brittle characteristic after the linear elastic stage as the compressive 
stress does not sharply decline after failure. Hence, the stress-strain 
curves should be distributed into four stages: linear elastic stage, brittle 
stage, plastic stage, and densification stage. Cell structure failure in 
HPF initially transpires during the brittle stage and subsequently in the 
plastic stage, making both stages the failure points for HPF (Liu et al., 
2019).

From uniaxial compression experimental tests, the stress-strain 
curve depicting the mechanical characteristics of rigid polyurethane 
foams across various strain rates and temperatures was derived. 
Quantitative analysis of the influence of strain rate and temperature on 
mechanical behavior and energy absorption was conducted based on 
these experimental findings. Results revealed that at low temperatures 
and high strain rates, rigid polyurethane exhibited significantly 
enhanced mechanical properties including yield stress, plateau stress 
and energy absorption. However, neither temperature nor strain rate 
affected the optimal energy absorption state of this polymer (Zhang et 
al., 2022).

The analysis of the plate load test results demonstrated a significant 
impact of the injected polyurethane resin on the properties of the soil. 
After the resin injection, the deformation modulus of the soil increased 
substantially. The resin also had a noticeable effect on the density of the 
sandy soil (Sabri & Shashkin, 2018).

Low exothermic polyurethane grouting material is utilised for 
road reinforcement and repair in frozen earth regions. The findings 
indicate that temperature significantly affects the material properties 
(Constantinescu & Apostol, 2020; Shi et al., 2010). As temperature 
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decreases, the material expansion properties decrease too, while 
its tensile and compressive properties increase. However, lower 
temperatures also make the material more brittle, as observed in the 
failure mode. The low exothermic polyurethane grouting material 
effectively minimises vertical deformation caused by wheel loads in 
damaged areas. This study serves as a reference for road reinforcement 
and repair projects in cold climates (Zhong et al., 2023).

Soil injection using polyurethane resin is effective but has 
limitations. One challenge is achieving uniform resin distribution 
due to soil variations in permeability and heterogeneity, leading to 
uneven consolidation (Hao et al., 2018). It is also less effective in highly 
compacted or heavily cemented soils where penetration is difficult. 
Another issue is estimating the correct injection volume and pressure. 
Too little volume can result in incomplete consolidation, while too much 
can cause resin wastage and excessive uplift pressure. Monitoring and 
control of the injection process are essential. Numerous studies using 
lab tests, field measurements, and numerical modelling have evaluated 
the effectiveness of the technique, focusing on load-bearing capacity, 
settlement reduction and long-term stability (Dirgėlienė & Kordušas, 
2023).

By employing the volumetric foam hardening material model, it was 
illustrated that the simulated force-time history data closely aligned 
with experimental results of polyurethane foam across quasi-static to 
dynamic (600–2.600 s−1) strain rates. This validation enables using the 
foam material model in exploring numerous dynamic foam material tests 
in future research (Whisler & Kim, 2015).

To optimize the application of soil injection with polyurethane resin, 
ongoing research is focusing on severl aspects. These include optimal 
grouting volume, pressure and spacing (Guo et al., 2019). Moreover, these 
findings are important in assessing lifting efficiency and durability, 
thereby leading to the sustainability of railway track systems (Huang et 
al., 2024).

The results have generally been positive with the resin improving 
the mechanical properties of the treated soil. The injection process can 
enhance the soil shear strength, stiffness, and bearing capacity. However, 
the effectiveness of the technique may vary depending on site-specific 
conditions, such as soil type, depth, and environmental factors (Sabri et 
al., 2018).

The researchers determined that the results obtained from sea aging 
after five years of immersion indicated that polyurethane resin retain 
100% of their initial tensile properties (Peter & Guy, 2007). The fungal 
attack studies revealed that polyester was more susceptible to fungal 
and bacterial attack than polyether while polyether was moderately 
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resistant to fungi and bacteria. In applications where a polyether is 
in regular contact with soil in either hot or humid environments, this 
material is able to resist microbial attack. Thus, polyether is often used 
in the cable industry (Howard, 2012).  

When structural expanding polyurethane foam is inserted into the 
soil, it will be affected not only by the mechanical factors of the soil, but 
also by chemical and biological ones in the environment. The soil of the 
road structure will most likely be exposed to organic chemicals: fuel 
(gasoline, diesel) or automotive oils, and inorganic chemicals to sodium 
chloride NaCl salt and its solutions of various concentrations. Biological 
factors are microorganisms in the environment and their communities, 
consisting of fungi, bacteria, and protozoa. Fungi are usually the first 
colonizers of microbial communities in the natural environment. When 
testing the resistance of various construction, thermal insulation 
materials and coatings to microorganisms,  fungi are selected in 
accordance with Lithuanian standart LST EN ISO15457:2022. At the 
time when fungi break down natural (cellulose, starch, etc.) polymers, 
their growth is visible after three days, when synthetic ones, which 
are produced from polymeric materials, are obtained from petroleum 
(polyester, polyethylene, acrylic coatings, etc.) under favourable 
growth conditions can be observed after seven days, according to the 
decrease in molecular weight of materials (Zeghal et al., 2021). ). Fungal 
activity, including the growth of aerial mycelium on various surfaces, 
can be observed macroscopically without the aid of stereoscopic or 
microscopic equipment within 7–28 days, when the ambient humidity 
is not lower than 55±5% and the temperature is 24±2  °C. Particularly 
favourable conditions for the growth of fungi are humidity 70±5% and 
temperature 21±2  °C. Micromycetes easily adapt to various nutrient 
sources in the presence of excess moisture, they produce many enzymes 
capable of breaking down various substances of natural or synthetic 

Figure 1. Forming cavities near bridge abutment

Bridge 
abutment

Forming cavities 
near bridge 
abutment
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origin. Such materials lose their durability, mechanical, and aesthetic 
properties.

As the polyurethane-grouted subgrade has good dynamic stability 
under long-term train loads (Bian et al., 2021) it can be used to fill 
cavities near bridge abutment (Figure  1). Further investigation and 
development of the polyurethane resin are needed to improve the 
technique and create detailed design guidelines for different soil and 
environmental conditions.

The aims of this study are to evaluate the loads caused by road 
transport in the soil embankments close to bridge abutments and to 
determine the deformability properties before and after the degradation 
tests of polyurethane resin injections.

1.	 Evaluation of road construction loads

In Lithuania, the road construction loads can be selected according 
to different standards and regulations: KPT SDK 19 Rules for the design 
of standardized road surface structures for automobiles and KTR 
1.01:2008 Road Technical Regulation “Automobile Roads”. KPT SDK 19 
provides two methods for determining the design load. The first one 
is used when the average intensity of heavy traffic per day is known. 
The second is considered a priority when determining the design load 
for highways and country roads. This method requires vehicle axle 
loads. Axle loads are determined based on data from traffic weighting 
(dynamic weighting) or weighting posts (static weighting). Also, axle 

Table 1. The loads on the road structure according to KPT SDK 19

Vehicle class 4-axle 
truck

Load on the 
support, 

kPa

2-axle 
bus

Load on the 
support, 

kPa

3-axle truck 
with 3-axle 

trailer

Load on the 
support, kPa

Average fully loaded 
vehicle weight, t

27.3 16.6 36.2

Weight 
distribution, 

%

1 axle 20.7 394.7 34.7 402.4 17.7 444.7

2 axle 20.6 392.8 65.3 757.2 20.3 510.0

3 axle 30.7 585.4 - - 18.3 459.8

4 axle 28.0 533.9 - - 15.9 399.5

5 axle - - - - 13.9 349.2

6 axle - - - - 13.9 349.2

Note: Loads are distributed in a circle with a diameter of 0.3 m (16 vehicle 
classes in total).
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loads can be determined based on vehicle classes and theoretical axle 
weight distribution. These data are presented as sixteen vehicles of 
different weight, which have a different number of axles and different 
weight distribution to the axles (Table  1). KPT SDK 19 does not define 
the distance between the axles, so when evaluating the vertical loads 
generated in the road structure and their propagation in the road 
structure, the most unfavorable distance specified by LST EN 1991-2 is 
accepted. The axle load is assumed to be distributed over the surface of a 
circle with a diameter of 0.3 m.

KTR 1.01:2008 provides very incomplete permissible axle loads. 
The size of the design load on the axle of the car depends on the type of 
road. During the construction and reconstruction of main and country 
roads, the load on the car axle is 115  kN, during the construction and 
reconstruction of other roads – 100  kN (Table  2). Due to the lack of a 
more detailed definition of loads, assumptions have to be made. They are 
adopted the same as in the case of KPT SDK 19 – the distance between 
the axes is equal to 0.5 m, and the area to which the load is distributed is 
a circle with a diameter of 0.3 m.

One of the tasks of this research is to assess the loads imposed 
by road vehicles on soil embankments and calculate the resulting 
vertical stresses. Using the calculated vertical stresses, it is possible to 
determine the depth of stress distribution while based on horizontal 
stresses, an appropriate lateral pressure (representing embankment 
loads) can be selected for tests conducted with a triaxial compression 
apparatus.

The loads from vehicles in the embankment induce additional 
vertical and horizontal stresses. Based on the calculated vertical 
stresses, it is possible to determine the depth of stress distribution. 
The calculations were performed using the Boussinesq solution. The 
highest values of vertical stress occur along the load application axis. 
Increasing depth, results decrease in stress, as well as moving away 
from the load application axis leads to a reduction in stress. The stress 
is considered negligible when it becomes equal to or less than 10% 
of the initial value. The results of stress distribution calculations are 
presented in Figure 2.

Table 2. The loads on the road structure according to KTR 1.01:2008

Concentrated load, kN Load on the support, kPa

115.0 813.9

100.0 707.5

Note: Loads are distributed in a circle with a diameter of 0.3 m.
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The calculated results of vertical stress σz propagation according to 
KPT SDK 19 and KTR 1.01:2008 are presented in Table  3. The highest 
values are determined at the embankment surface. The maximum 
vertical stress of 813.62  kPa was formed during calculations according 
to KTR 1.01:2008. The vertical stress varies from 813.62 to 707.5 kPa at 
the embankment surface. When calculating according to KPT SDK 19, the 

Figure 2. Distribution of vertical stresses (the yellow zone marks the 
structure of the soil base, which is subjected to vertical stresses according 
to Table 3: a) according to KPT SDK 19; b) according to KTR 1.01:2008)
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Table 3. Maximum values of vertical stresses occurring in the road structure

Part of the road embankment 
structure Depth, m

Vertical stresses in the road structure, kPa

KPT SDK 19 KTR 1.01:2008

Road surface construction

0.01 752.33 813.62

0.10 619.18 669.61

0.20 363.06 392.61

0.30 212.17 229.45

Construction of soil embankment

0.40 133.93 144.84

0.50 90.82 98.22

0.60 65.18 70.49

0.70 48.87 52.85

0.80 37.92 41.01
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vertical stress is 8% lower, i.e., 752.33 kPa, and it varies till 349.23 kPa. 
For both vertical stresses, 10% of the initial vertical stress value 
was determined at a depth of 0.56  m. The area over which the load is 
distributed has the greatest influence on the depth of stress propagation. 
The smaller the area, the shallower the stress propagation depth.

Proper assessment of road loads and stress propagation in the road 
structure allows selecting test loads in the laboratory and comparing the 
obtained results with the magnitudes of the propagated stresses.

2.	 Degradation study of polyurethane foam

2.1.	 Material and sample preparation

Polyurethane foam is a polyol formulation, which, mixed in the 
appropriate ratio with georesin hardener, generates an expandable foam 
with a free rise density between 40 and 60  kg/m3. The foam hardens 
within a few minutes. The tested polymer resin samples were prepared 
by injection mixtures, which must achieve a density of 50  kg/ m3. The 
samples of polyurethane were made for injections without lateral 
restraint, i.e., representing the filling of large voids with free flow of 
polymer. Such situations can arise in the filling of bridge abutment 
cavities. It should be noted that when studying specimens prepared 
with free flow, the most unfavoruable properties of polymers are 
determined, i.e., if polyurethane foam is injected with lateral restraint, 
their properties are usually 1.5–4 times better than without lateral 
restraint. It appeared that the samples had been produced from larger 
blocks formed with free flow injection and after hardening by cutting in 
the form of cylinder with a diameter of 86 mm, a height of 34 mm and the 
density ranging from 41.43 to 77.23 kg/m3. The deformation properties 
of polymers resin were determined with a uniaxial compression 
apparatus applying rings (constraining horizontal deformations). 

2.2.	 Evaluation of polymer degradation

The fungi were used for microbiological degradation studies of 
geopolymer according to Lithuanian standart LST EN 16492:2014 for the 
use of fungi in the field conditions: DSM3042 Aureobasidium pullulans; 
DSM 12633 Alternaria alternata; DSM19653 Cladosporium cladosporoides 
and DSM 6308 Ulocladium atrum. The fungi were first grown on 
saturated nutrient microbial PDA (potato dextrose agar) medium until 
sporulation for 7–21 days at 23 °C, 55% humidity. The fungi spores were 
collected with 0.9% NaCl solution and diluted to 106  spores/ml. These 
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microorganism spore suspensions were mixed in equal parts and 5  ml 
each were applied to the polymer samples. The chemical degradation 
of polymer was carried out with gasoline (E10), diesel fuel, motor oil 
and NaCl solutions. The concentrations of NaCl solutions (59  kg/m3, 
193 kg/ m3, 301 kg/m3) were chosen based on the textbook (Čygas et al., 
2016), applying 5 ml each on the prepared expandable foam samples. For 
degradation tests, 5 samples were exposed to gasoline (E10), 3 samples 
exposed to diesel, 3 exposed to motor oil, 1 exposed to NaCl (59 kg/m3) 
salt, 1 exposed to NaCl (193 kg/m3) salt, 1 exposed to NaCl (301 kg/m3) 
salt, and 3 samples affected by fungi mixture. 

Table 4. The results of geopolymers incubated with chemical 
and microbiological agents in an aerobic environment

Degradation 
agents

Samples with 
degradation agent 

Samples with the 
product after 35 days 

of degradation 
(incubation conditions: 
75% humidity at 23 °C)

Stereoscopic analysis after 
35 days of incubation

Gasoline 
(Samples 
No. 3; 15) 

Magnification 400×.

Diesel
(Sample 
No. 14)

Magnification 40×.

Oil
(Sample 

No. 8)

Magnification 40×.
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Degradation 
agents

Samples with 
degradation agent 

Samples with the 
product after 35 days 

of degradation 
(incubation conditions: 
75% humidity at 23 °C)

Stereoscopic analysis after 
35 days of incubation

Fungi 
mixture: A. 
pullulans; A. 

alternata; Cl. 
Cladospo-

roides; 
U. atrum 
(Sample 

No. 6) Magnification 400×.

NaCl 
(59 kg/m3)
(Sample 
No. 10)

Magnification 40×.

NaCl 
(193 kg/m3)

(Sample 
No. 11)

Magnification 75×.

NaCl 
(301 kg/m3)

(Sample 
No. 12)

Magnification 100×.

All expandable foam  samples for chemical and microbiological 
degradation tests were incubated for 35 days at 23  °C, 75% humidity 
taking pictures every 7 days and visually evaluating them (Table  4). 
If fungi can disrupt prepared samples, then growing of the aerial 
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mycelium is visible after 7–21 days, so the period of 35 days is sufficient 
to determine these mixed microorganisms (A. pullulans; A. alternata: C. 
Cladosporoides, U. atrum) activities on the surface of expandable foams. 
Analysing the samples coated with gasoline, diesel, and oil, it can be 
seen that the surface of the polymer membranes has a beautiful solid 
structure. In some places the damage caused by cutting the sample can 
be seen, the sample with oil pores are filled with oil (Table 4). Examining 
the samples inoculated with  fungi mixture, it can be observed that the 
surface of the polymer membranes is abundantly covered with spores 
of microorganisms, but there is no indication of their growing as aerial 
hyphae or biofilm is not visible. It is believed that the tested polymer 
cannot be a source of nutrients for fungi A. pullulans, A. alternata: 
Cl. Cladosporoides, U. atrum. The surface of the polyurethane was 
intermittently covered with NaCl crystals. The geopolymer membrane 
surfaces exhibited varying degrees of NaCl crystal coverage (Table  4). 
Samples exposed to the 59  kg/m³ NaCl concentration displayed 
incomplete coverage, but samples exposed to the 193  kg/m³ NaCl 
solution exhibited more complete coverage with visible NaCl crystals 
ranging from 0.5 to 1  mm in size than 59  kg/m3. Samples treated with 
the highest concentration (301  kg/m³ NaCl) showed abundant layer 
of NaCl crystals (0.5–1  mm) completely covering the surface. Some 
membrane surfaces displayed the damage consistent with sample 
cutting procedures, as observed in Specimen No.  8 (Table  4). Notably, 
typical cutting-induced pores were obscured by the NaCl solution. This 
solution absorbs water vapor at the test conditions (75% humidity, 
23  °C), suggesting the polymer surface was directly immersed in the 
NaCl salt solution.

2.3.	 Evaluation of compressibility of polyurethane foam

The compressive strength and elasticity modulus of polymers can 
be determined using an oedometric device. Since there is no approved 
standard for these tests, test standards were selected that apply to soil 
tests as polyurethane injections were intended for soil strengthening. 
The maximum permissible deformation of the sample was selected 
according to Lithuanian standard LST EN ISO 17892-8:2018. Tests 
were performed by compressing the samples up to 15% deformation. 
The loading speed was selected according to Lithuanian standard 
LST EN ISO 17892-7:2018. All specimens were compressed at a strain 
rate of 0.05  mm/s. Results were processed according to LST EN ISO 
17892-5:2017.

The compressibility properties were determined for polymer 
injections material that were not affected by anything (labelled “natural” 
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Table 5. The results of compressibility tests

Title Sample 
No.

Density, 
kg/m3

Maximum 
load, N Area, cm2

Maximum 
compressive 
stress, kPa

Elasticity 
modulus, 

MPa

Natural 1 57.06 1479.4 58.77 254.81 3.40

Natural 4 54.55 2390.6 58.77 406.78 5.95

Natural 5 53.60 2062.3 58.99 347.09 6.23

Natural 6 53.80 2133.9 58.77 367.54 7.27

Natural 7 53.51 1546.7 58.54 266.40 4.88

Average 342.53 5.55

Gasoline 1 54.07 1433.1 56.30 252.68 5.35

Gasoline 2 47.76 1421.1 56.97 256.56 4.33

Gasoline 3 49.95 1491.2 57.41 259.74 5.36

Gasoline 15 47.31 1651.9 57.19 284.52 6.34

Gasoline 17 41.43 1026.9 57.41 181.06 2.89

Average 251.87 4.85

Diesel 4 63.27 2027.3 57.41 357.45 7.52

Diesel 5 64.79 1727.0 56.97 304.50 5.20

Diesel 14 56.96 1516.6 57.19 261.22 4.55

Average 307.72 5.76

Oil 7 72.56 1673.7 56.75 295.10 4.47

Oil 8 77.23 1521.5 56.75 268.27 3.82

Oil 9 74.12 1767.7 56.75 311.67 4.69

Average 291.68 4.33

NaCl 
(59 kg/m3)

10
50.08

1653.3 58.09 284.76 4.51

NaCl 
(193 kg/m3)

11
52.69

1579.7 58.09 272.09 3.21

NaCl 
(301 kg/m3)

12
55.30

1816.8 58.09 312.93 4.13

Average 223.26 3.95

Fungi 
mixture

6
51.60

1585.3 56.97 279.51
4.37

Fungi 
mixture

13 47.42 1387.5 57.19 244.64 3.88

Fungi 
mixture

16 45.83 1038.8 57.19 178.92 2.75

Average 234.36 3.67
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in Table 5), 5 samples were prepared for this purpose. Also, 17 samples 
affected by chemical and microbiological material were compressed: 
5 samples exposed to gasoline, 3 samples exposed to diesel, 3 exposed 
to oil, 1 exposed to NaCl (59 kg/m3) salt, 1 exposed to NaCl (193 kg/m3) 
salt, 1 exposed to NaCl (301  kg/m3) salt, 3 samples affected by fungi 
mixture.

After the degradation tests, the compressibility tests were performed 
on the specimens. Only the results of successful tests are presented. 
Other samples were rejected due to poor cutting quality. The initial data 
and results of the compressibility of the specimens are presented in 
Table 5.

Detailed compression graphs of polymer samples (unaffected and 
affected by degradation agents) are presented in Figures  3–8. The 
compressive stress and deformation responses can be divided into 
three different parts. In the first part, generally up to 15% of strain, 
material demonstrated linear elastic deformation because of elastic 
bending and stretching of material cells. The second part (plateau) 
began when sample experienced failure due to plastic bending. When 
mostly polyruathane cells experienced plastical failure, the cells 
walls started to interact with each other and led to a fast increase 
in the stress. This part is called the densification. The samples in 
Figures  3–8 did not achieve the third part. Elasticity modulus is 
defined as the ratio of the linear stress and to its corresponding strain. 
Compressive strength, which can also be as yield stress or peak stress 
σy, is the stress at the yield point if a yield point occurs before 15% 
strain or, in the non-existance of such a yield point, the stress is at 
15% strain (Rahimidehgolan & Altenhof, 2023). It can be seen in this 
study that some samples reached peak stress before 15% strain, and 

Figure 3. The relation of the compressive stress and deformations of 
unaffected samples
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compressive strength of some samples was determined at 15% strain. 
The densification strain is the critical strain, at which the cell walls and 
edges begin to interact with each other. The densification strain is the 
point, at which the cellular structure becomes fully compacted. Then the 
material starts to behave like its base solid material than cellular. 

The determined maximum compressive strength of the investigated 
polymers resin specimens ranges from 178.92 to 406.78  kPa (Table  5). 
The lowest value of the compressive strength was obtained for the 
sample coated with fungi mixture, whose density was 45.83  kg/m3. 
The highest value was determined for natural specimen with density 
of 54.55  kg/m3. The density of natural specimens varies from 53.51 to 
57.06  kg/m3 and compressive strength varies widely from 254.81  to 

Figure 4. The relation of the compressive stress and deformations of 
samples exposed to gasoline
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Figure 5. The relation of the compressive stress and deformations of 
samples exposed to diesel
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476.78  kPa. It is obvious that the size of the compressive strength 
does not depend on sample density, which ranges from 45.83  kg/m3 to 
77.23 kg/m3 for all specimens. The compressive strength can be reduced 
by heterogeneity of samples stucture (Buzzi et al., 2008). Literature 
analysis shows that the yield stresses in both rising and transverse 
directions are very similar and limited to values between 250 and 
500  kPa (Buzzi et al., 2008). Specimens, formed in the laboratory and 
incorporating contact planes, display a lower compressive strength 
compared to homogeneous material. The homogeneity of the sample 
can be ensured in the laboratory, but the heterogeneity of the sample is 
obtained when injecting into the soil.

Figure 6. The relation of the compressive stress and deformations of 
samples exposed to oil

Figure 7. The relation of the compressive stress and deformations of 
samples covered by NaCl 
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The elastic state of the specimens ends when the deformations reach 
a value of 1.5–2.6  mm (4–8% of strain). The largest deformations of 
2.0–2.6 mm (6–8% of strain) were achieved for samples coated with NaCl 
salt. It is not clear whether this is a trend or a coincidence, but a larger 
number of samples should be tested. The elastic modulus changes from 
2.75 MPa to 7.52 MPa for all types of the samples. The smallest one was 
determined for the sample covered with fungi mixture and the biggest 
for the sample coated with diesel. 

Figure 8. The relation of the compressive stress and deformations of 
samples affected by fungi mixtures
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Table 5. The shape of the specimens before and after the test

Name Sample 
No.

Sample view

Before cut After cut

Natural 5

Gasoline 1
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Name Sample 
No.

Sample view

Before cut After cut

Diesel 4

Oil 9

NaCl 
(301  

kg/m3)
12

Fungi 
mixture

6

All specimens were cut in half after the degradation and compression 
tests to ensure that they were not penetrated and damaged by the 
chemical and microbiological agents. It should be noted that all the 
structural changes that were determined after cutting the samples were 
due to the unconstrained injection of the sample (injection technology). 
No structural changes were detected due to the compression test. 
Also, no structural changes were detected due to the degradation tests 
(Table 5).

The compressive stress and deformation relation allow estimating 
maximum acceptable stress and the deformation that is achieved. The 
maximum acceptable stress is determined as the stress that deviates 
from the linear behaviour in load-deformation relation. 
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3.	 Conclusions of polymer degradation and 
deformation research results

After carrying out tests with a uniaxial compression apparatus while 
restraining horizontal deformations, the strength and deformability 
properties of polymer samples were determined according to the 
selected representative loads of the road embankment structure. The 
calculated maximum compressive strength of the studied polymers 
ranges from 178.92 to 406.78 kPa. The determined compressive strength 
according to experiments is greater than the calculated vertical stress 
acting on the soil embankment (Table  3), which according to different 
standards is 133.93 to 144.84  kPa at a depth of 0.4  m and at a depth 
of 0.8  m from 37.92 to 41.0  kPa. No structural changes due to the 
compression or degradation tests were detected. In some specimens, 
transverse cracks in the center of the specimen were formed due to the 
application of unrestrained specimen injection technology. This explains 
the variation in compressive strength, which is between 178.92 and 
406.78  kPa. It should be remembered that when studying specimens 
prepared with free flow, the most unfavourable properties of polymers 
are determined, i.e., if polyurethane foam is injected with lateral 
restraint, their properties are usually 1.5–4 times better.

After carrying out degradation tests of polyurethane foam with 
chemical and microbiological agents it was determined that:

1.	 Fungi A. pullulans. A. alternata. Cl. cladosporoides. U. atrum did 
not grow on the surface of the polymer under environmental 
conditions (75% of humidity and 23 °C), because this polymer was 
not decomposed, so biological degradation did not occur;

2.	 When working with the samples under environmental conditions 
of 75% humidity and 23 °C, the solubility of the samples was not 
determined with gasoline, diesel fuel or grease, so degradation did 
not occur;

3.	 When samples were exposed to NaCl solutions of 59, 193, 
301 kg/ m3, crystalline NaCl derivatives formed and accumulated 
on the polymer.

Concluding this research findings, it can be stated that investigated 
polymer material can be applied for fullfiling bridge abutment cavities. 
However, this interpretation applies only to expansion resin injections 
with low densities.
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Variables
σy – yield stress or peak stress;
σz – vertical stress;
z – depth.
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