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Loess is often not suitable for direct use as a roadbed or building foundation due to
its collapsibility, and it needs to be improved by adding curing agents. Taking the
loess in Xi’an area as the research object, the reinforcement of loess was carried
out using waste tire rubber particles and Enzyme Induced Carbonate Precipitation
(EICP) technology. The change of shear strength and shear strength index of
improved soil with rubber content and rubber particle size under different
strengthening conditions was analyzed, and the strengthening mechanism was
also expounded. The results show that rubber powder can improve the shear
strength of loess to a certain extent, and the combination of EICP technology can
increase the strength of improved loess by nearly 50%. In addition, rubber particles
have a certain inhibitory effect on EICP, and the shear strength growth rate
decreases with the increase of rubber content. When the rubber particle size is
1–2 mm, the shear strength growth rate is the highest. It is suggested that when
adding rubber particles or adding rubber particles combinedwith EICP technology
is used to improve loess, the rubber particle size should be selected as 1–2 mm,
and the content is about 10%. The test results can provide a scientific basis for the
reduction of geologic disasters in loess areas, and at the same time can provide a
non-polluting way for the disposal of waste tires.
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1 Introduction

Loess in China is widely distributed and thick, accounting for 6.6% of China’s land area
(Zhao and Huang, 2004). The loess has a loose structure and is prone to shear failure under
water and external loads (Derbyshire, 2001). Therefore, untreated loess is highly susceptible
to geological disasters such as subsidence, landslides and collapses, and cannot be used
directly in engineering practice (Yang and Wen, 2013; Zhang and Yang, 2021; Zhang et al.,
2023), and cannot be used directly in engineering practice. Hence, it is necessary to improve
the mechanical properties of loess. At present, the improvement means is mainly to improve
the mechanical properties of loess by mixing high-strength materials into the soil. For
example, lignosulfonate (Xu et al., 2022), permeable polymer materials (Mu et al., 2022),
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cement materials (Chen et al., 2021), cement and fly ash (Zhang
et al., 2019) are added to improve the mechanical properties of loess.
However, the high-strength materials are often expensive, and in
actual engineering practice, it is generally necessary to improve loess
on a large scale, which is not conducive to economic benefits. In
addition, some curing agents have certain environmental pollution
characteristics, which will decompose and produce harmful
substances (Ding et al., 2022). Therefore, it is necessary to study
a green and environmentally friendly improvement method with
excellent economic benefit.

Due to the rapid development of the automotive industry, the
number of used tires has increased dramatically, and the disposal of
used tires has become an urgent problem to be solved (Falak et al.,
2011). In the natural state, waste tires are difficult to degrade, and if
burned, it will produce a lot of harmful gases, affecting human health
(Pierce and Blackwell, 2003). Considering that waste tire rubber
particles have advantages such as lightweight, high strength, good
deformation coordination, and low cost (Moo-Young et al., 2003), it
can be widely used in engineering practice. For example, rubber
particles have been incorporated into sand as reinforcing walls
(Youwai and Bergado, 2004; Hartman et al., 2013), replaced fine
aggregate as light concrete (Reza et al., 2023), and incorporated
foundation soil layer as structural damping layer (Tsang, 2008), and
so on. Therefore, a series of studies on rubberized mixed soil have
been carried out. For example,: Lee et al. (1999) studied the stress-
strain relationship and strength of rubber sand mixed soil through
Triaxial shear test, and found that the peak Shear stress of rubber
sand mixed soil is greater than that of pure sand. Ghazavi. (2004)
found that the bulk density and rubber content of rubber sandmixed
soil with different rubber mass ratios were the main factors affecting
the shear strength of the mixed soil. Cetin et al. (2006) found that the
shear strength of rubber debris sandy clay mixed soil increased when
the rubber content was between 20% and 30%. Anastasiadis et al.
(2011) and Anastasiadis et al. (2012) studied the elastic modulus and
damping ratio of rubber improved soil under the conditions of
different gravel particle size and rubber mix ratio through dynamic
Triaxial shear test, and obtained the theoretical formula of elastic
modulus and damping ratio of rubber improved soil through
function fitting. At present, the researches on rubber
improvement of sandy soil are quite sufficient, but the researches
on structural loess improvement are few.

Since the strength and stiffness of rubber particles are lower than
that of soil particles, when rubber particles replace soil particles, the
original skeleton bearing capacity of soil samples is weakened, and
the compressive strength of specimens will be reduced. Because the
strength and stiffness of rubber particles are lower than that of soil
particles, when rubber particles replace soil particles, the skeleton
bearing capacity of the original soil sample is weakened, and the
compressive strength of the sample will be reduced. Therefore, the
effect of simply using rubber particles to improve the structural soil
is not ideal. In order to make up for the lack of compressive strength,
the sample can be further strengthened by microorganism-induced
calcium carbonate precipitation (MICP) technology. This technique
utilizes urease to decompose urea to generate ammonium ions and
carbonate ions, which combine with calcium ions in the
environment to generate calcium carbonate crystals. Calcium
carbonate crystals can fill soil pores and bond soil particles,
thereby improving soil strength (Liang et al., 2020; Laurynas

et al., 2023; Liu et al., 2023). At present, there have been many
related researches. For example, Whiffin (2004) studied the
pH environment and the effect of culture medium on the urease
activity produced by Bacillus subtilis. The experiment showed that
bacteria can tolerate high concentrations of urea and calcium ions,
and produce urease through reproductive metabolism. Ng et al.
(2012) studied the influencing factors of MICP reinforcement
through experiments, including bacterial concentration, calcium
source selection, cementation fluid concentration, solution acidity
and alkalinity, and temperature. Paassen and Andreas. (2009)
conducted grouting treatment on sandy soil and found that after
1 day of microbial grouting treatment, the stiffness of the sandy soil
was significantly improved.

Considering the complicated extraction steps of microbial
urease, in recent years, some scholars have directly used urease
extracted from common plants to reinforce soil, that is, Enzyme
Induced Carbonate Precipitation (EICP) technology (Dilrukshi and
Satoru, 2016). EICP technology eliminates the need for bacterial
cultivation, eliminates the process of producing urease, and avoids
the impact of external environment on bacterial growth (Wen et al.,
2020). Nam et al. (2015) extracted urease from jack beans and found
that the urease could be used for crack repair with similar results as
biurease, but with lower costs. Cuccurullo et al. (2020) studied that
calcium carbonate precipitation induced by soybean urease can
improve the permeability resistance of silty clay soil. Neupane
et al. (2013) used EICP technology to strengthen sand samples in
PVC pipes, and found that the porosity of the samples was reduced
and the mechanical performance was improved. Ossai et al. (2020)
conducted research on reinforced sand based on EICP technology,
and found that the anti-erosion ability of treated sand was enhanced.

The paper presents an exprimental study on the mechanical
properties of loess reinforced by rubber particles and urease-induced
calcium carbonate precipitation (EICP). Firstly, the approximate
range of rubber doping and the optimal concentration of urease and
cementing solution are determined by preliminary experiment.
Secondly, the change rule of shear strength and shear strength
indexes of loess under only rubber particles and rubber particles
combined with EICP are analyzed, and its mechanism is explained.
Finally, the optimal reinforcement conditions are comprehensively
selected according to the test results. This study can provide a
reliable scientific basis for soil reinforcement in loess area, and at the
same time, it can provide a non-polluting way for the treatment of
rubber particles.

2 Introduction to the experiment

2.1 Test materials

The loess used in the experiment (Figure 1A) was taken from the
loess of a project in Xi’an City, Shaanxi Province, 10 m from the
excavation of the foundation pit. The soil sample is yellowish brown.
The basic physical properties of the soil have been measured, and the
results are shown in Table 1. The particle size grading curve is shown
in Figure 2. The selected rubber particles (Figure 1B) are obtained
from the shredding and screening of waste tires, with particle sizes of
0–1 mm, 1–2 mm, and 2–3 mm, and a rubber particle density of
1.03 g/cm3. Urease and cementation fluid material (Figure 1C) are
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provided by Ica Biological Reagents, in which urease is derived from
cana bean, the activity is 1 U/mg, and generally stored at 2°C–8 °C;
The cementation fluid materials are calcium chloride and urea,
which are stored at room temperature and away from light, and urea
is ultra-pure urea.

Urease is derived from concanavalin beans with an activity of
1U/mg and is generally stored at 2°C–8 °C. The cementation fluid
material is calcium chloride and urea, which are stored at room
temperature and protected from light.

2.2 Specimen preparation

The improved loess in this experiment is divided into two
categories: rubber particles improved loess and rubber particles

combined with EICP improved loess. The rubber particles mixed
in the test are determined according to the volume ratio between
rubber particles and loess, and the water content of the prepared
sample was 15%.

When preparing rubber particle improved soil, the dried loess is
first ground and screened by 2 mm. According to the proportion of
rubber particles, the corresponding quality of loess and rubber
particles are weighed and mixed. Then add an appropriate
amount of pure water to the mixed soil and stir it evenly, load
the mixed soil into the ring knife sample press, and use a jack to
compact the sample. After the standard direct shear sample with a

FIGURE 1
Experimental material: (A) loess; (B) rubber particle; (C) urease and cementation material.

TABLE 1 Physical parameters of the loess.

Natural density (g/cm3) Natural moisture content (%) Plastic limit (%) Liquid limit (%) Plasticity index

1.72 15.3 18.7 30.5 11.8

FIGURE 2
Grain size distribution curve of the loess.

FIGURE 3
Flow chart of improved soil sample preparation.
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size of 61.8 mm×20 mm is made, it is sealed with plastic wrap, and
the prepared sample is placed in a constant temperature curing box
for 72 h. The curing temperature is 25°C–30 °C and the curing
humidity is 95%. When preparing rubber particles combined with
EICP to improve loess, it is only necessary to change the pure water
in the above steps to urease solution and cementation fluid, with a
ratio of 1:1. The two are added to the mixed soil in sequence and
stirred evenly. The cementation fluid is calcium chloride and urea
solution, with a volume ratio of 1:1, and the pH of the cementation
fluid is adjusted to 7.4. The sample preparation process diagram is
shown in Figure 3.

2.3 EICP working principle

The main chemicals involved in the EICP process are urease,
urea, and calcium chloride. Among them, urease decomposes urea

solution to produce carbonate ions, which combine with calcium
ions in the solution to form calcium carbonate precipitates. The
reaction equations involved are as follows (1)–(5) (Ahenkorah et al.,
2021). Calcium carbonate can fill the internal pores of loess, increase
the strength of loess skeleton, and then improve the shear strength of
the sample. The reinforcement diagram is shown in Figure 4.

CO NH2( )2 +H2O �����→urease
NH3 + CO NH2( )OH (1)

CO NH2( )OH + OH− → NH3 +HCO−
3 (2)

NH3 +HCO−
3 → NH+

4 + CO2−
3 (3)

CaCl2 ���������→H2O Ca2+ + 2Cl− (4)
Ca2+ + CO2−

3 → CaCO3 ↓ (5)

2.4 Testing instrument and testing scheme

The testing instrument used in this paper is a ZJ strain controlled
direct shear instrument, as shown in Figure 5. The direct shear rate
ranges from 0.8 mm/min to 1.2 mm/min. The test data are
automatically recorded by the computer. First, each soil sample is
placed on the shear boxes with an impervious stone above and
below, and then the sample is pressed into the shear box with a top
cap. After applying vertical pressure, the bolt is removed, and the
shear rate is adjusted to 0.8 mm/min, then the rapid shear test will be
started. When the dial indicator reading no longer moves forward
but backward, continue to shear until the shear displacement is
4mm, and read the peak strength as the shear strength of the soil
sample. When the dial indicator reading has no peak value, stop the
test when the shear displacement is 6 mm, and read the
corresponding value when the shear displacement is 4 mm as the
Shear strength of the soil sample.

This experiment is divided into two parts: preliminary
experiment and shear characteristic experiment. The proportion
range of rubber particles added and the optimal concentration of
urease and cementation fluid are determined through preliminary
experiments. Then, the reinforcement effect of loess improved by
only adding rubber particles and loess improved by combining
rubber particles with EICP is evaluated through shear

FIGURE 4
Schematic diagram of the basic principle of soil reinforcement by urease induced calcium carbonate precipitation.

FIGURE 5
ZJ strain controlled direct shear instrument.
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characteristic tests, and its reinforcement mechanism is explained
accordingly.

A part of the preliminary experiment is to conduct a fast shear
test on the improved loess with only rubber particles added. The
content of rubber particles is 0%, 5%, 7%, 10%, 13%, 15%, 20%, 25%
and 30% respectively, and the optimal mixing range is selected
according to the shear strength of the samples. A total of 10 groups
are presented in Table 2. The other part is the rapid shear test of the
sample containing urease and cementation fluid based on the above
test content. The optimal concentration of urease and cementing
fluid (mixed liquid with a volume ratio of calcium chloride to urea of
1:1) was determined by orthogonal test results, in which the
concentration of urease solution is 100 g/L, 200 g/L, 300 g/L and
400 g/L, and the concentration of cementing fluid was 0.5 mol/L,
1 mol/L and 2 mol/L, respectively, in 12 groups. The test scheme is
shown in Table 3.

Based on the preliminary experimental results, the range of
rubber particle dosage and the concentration of urease and
cementation fluid were determined. A total of 124 sets of direct
shear specimens were prepared with rubber particle dosage of 0%,
5%, 7%, 10%, 13%, and 15%, rubber particle sizes of 0–1 mm,
1–2 mm, and 2–3 mm, urease concentration of 200 g/L, and
cementation fluid concentration of 1 mol/L. The experimental
plan is shown in Table 4.

3 Analysis of test results

3.1 Analysis of preliminary experimental
results

(1) Determination of rubber particle content

As can be seen from Figure 6, with the increase of rubber content
under different rubber particle sizes, the variation trend of the
specimen shear strength has a certain similarity, all showing a
pattern of first increasing and then decreasing. Compared to the
test results of soil samples without the addition of rubber particles,
the range of rubber content corresponding to the increase in shear
strength of improved soil with different particle sizes of rubber is not
entirely the same, but the peak shear strength occurs between about
7% and 13% of rubber content. Although the shear strength of the
sample is lower than 0% when the rubber content is between 7% and
13% for some particle sizes, considering that EICP technology will

TABLE 2 Determination of the optimum content of rubber particles.

Rubber content (%) Rubber particle size (mm) Vertical pressure (kPa)

0, 3, 5, 7, 10, 13, 15, 20, 25, 30 0–1, 1–2, 2–3 100

TABLE 3 Determination of optimal concentrations of urease and cementation fluid.

Rubber content (%) Urease concentration (g/L) Cementation fluid concentration (mol/L) Vertical pressure (kPa)

0 100, 200, 300, 400 0.5, 1, 2 100

TABLE 4 Test scheme for shear characteristics.

Rubber content (%) Rubber particle size (mm) Reinforcement method Vertical pressure (kPa)

0 — — 50, 100, 200, 300

5 0–1, 1–2, 2–3 Rubber particle, Rubber particle and EICP 50, 100, 200, 300

7 0–1, 1–2, 2–3 Rubber particle, Rubber particle and EICP 50, 100, 200, 300

10 0–1, 1–2, 2–3 Rubber particle, Rubber particle and EICP 50, 100, 200, 300

13 0–1, 1–2, 2–3 Rubber particle, Rubber particle and EICP 50, 100, 200, 300

15 0–1, 1–2, 2–3 Rubber particle, Rubber particle and EICP 50, 100, 200, 300

FIGURE 6
Shear strength-rubber particles content relationship curve of
samples with different particle sizes (100 kPa).

Frontiers in Earth Science frontiersin.org05

Chen et al. 10.3389/feart.2023.1270102

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1270102


continue to improve the shear strength of the sample, a rubber
content range of 5%–15% is selected for subsequent shear
characteristic tests.

Loess itself is a kind of loose material, while rubber particles are a
kind of surface roughness and internal dense material. When a small
amount of rubber particles is added to loess, the internal pore defects
of the sample will be reduced, and the development of cracks in the
sample during the shear failure process will be inhibited, so the shear
strength of the sample will be increased. However, the strength of
rubber particles is lower than that of soil particles. When replacing
soil particles with equal volume of rubber particles, the overall
strength of the soil is reduced. Moreover, with an increase in
rubber content, rubber particles are prone to aggregation and
floating during the mixing process with loess. The aggregation of
rubber particles actually increases the pores of the sample, creating a
weak interface, and the sample is more prone to damage during
shear, resulting in a decrease in shear strength. Thus, when the
rubber content exceeds the critical value, the shear strength shows a
decreasing trend.

(2) Determination of the urease and cementation fluid
concentration

From Figure 7, it can be seen that under different concentrations
of cementation fluid, the shear strength of the sample shows a
unified trend with the variation of urease concentration. As the
concentration of urease increases, the shear strength of the sample
first increases and then decreases, and the peak shear strength
corresponds to a urease concentration of 200 g/L. Under different
urease concentrations, the variation of the shear strength of the
sample with the concentration of the adhesive solution is
approximately consistent, showing a pattern of first increasing
and then decreasing. The peak shear strength corresponds to a
concentration of 1 mol/L of the adhesive solution. Therefore,
through this orthogonal experiment, it can be determined that

the urease concentration for subsequent shear characteristic tests
is 200 g/L, and the concentration of the cementation fluid is 1 mol/L.

Based on the working principle of EICP, when the concentration
of the cementation fluid is fixed and different concentrations of
urease solutions are added, the shear strength of the sample is
enhanced to varying degrees, and the urease concentration
corresponding to the peak shear strength is 200 g/L. The reasons
for this phenomenon can be explained as follows. When the
concentration of urease is low, the ability of urease to decompose
urea is limited, resulting in a smaller amount of calcium carbonate
generated and a lower rate of improvement in the shear strength of
the sample. When the concentration of urease is high, the amount of
cementation fluid is fixed, urease completely decomposes urea, and
the yield of calcium carbonate is fixed. However, considering that the
distribution of cementation fluid is not completely uniform during
the sample production process, during the sample curing process,
the cementation fluid has already been decomposed and utilized by
urease before completing migration. Therefore, the filling of the
sample skeleton is not uniform, resulting in a low growth rate of
shear strength. Therefore, there is a critical value for urease
concentration. When the concentration of urease is fixed, as the
concentration of the cementation fluid increases, the concentration
of calcium ions also increases. When the concentration of the
cementitious solution is less than the critical value, the calcium
carbonate produced by urease decomposing urea binds with calcium
ions, resulting in an increase in calcium carbonate production.
However, excessive concentration of calcium ions can inhibit
urease activity, reduce urea decomposition, and thus reduce the
concentration of carbonate ions, resulting in a decrease in calcium
carbonate production. Therefore, there is a critical value for the
concentration of the cementation fluid.

3.2 Analysis of shear characteristics test
results

(1) Improvement of loess by mixing rubber granules only

By comparing and analyzing the deformation development law
of specimens under different rubber content and rubber particle size
during shear failure, the strain characteristics and shear strength of
each specimen are obtained. According to the Mohr-Coulomb shear
strength criterion, the shear strength of each single specimen under
different vertical pressures is linearly fitted, and the variation law of
cohesion and internal friction angle with rubber content and rubber
particle size can be accordingly obtained.

Figure 8 shows the shear stress-displacement relationship curve
of improved soil samples with different rubber content when the
rubber particle size is 1–2 mm under the vertical pressure of 50 kPa
and 100 kPa respectively. It can be seen from Figure 8 that the
change rule of shear stress-displacement curve of samples under
different rubber content is similar. When the vertical pressure is
50 kPa, the samples with different rubber content show the strain
softening characteristics, that is, after the shear stress reaches the
maximum value, the shear stress gradually decreases with the
increase of shear displacement. When the vertical pressure is
100 kPa, the specimen shows strain hardening characteristics,
that is, after the shear stress reaches the maximum value, the

FIGURE 7
Curve of relationship between shear strength and urease
concentration in improved soil in different cementation fluid
concentration.
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shear stress remains unchanged or continues to increase with the
increase of shear displacement.

Statistical analysis has been conducted on the strain
characteristics and shear strength of the samples mixed only with
rubber particles in Table 4. The results of the strain characteristics
are shown in Table 5, and the shear strength results are shown in
Table 6.

It can be seen from the results in Table 5 that the strain
characteristics of the samples under different rubber content and
different rubber particle size are similar. The strain characteristics of
the samples show a softening rule under lower pressure. When the
vertical pressure increases, the strain characteristics change from
softening to hardening, and all of them show strain hardening
characteristics under high pressure.

According to the shear strength results of the samples mixed
only with rubber particles in Table 6, it can be seen that under the
same vertical pressure and different rubber particle sizes, the
changes in shear strength of the samples are similar with the
increase of rubber content, showing a trend of first increasing
and then decreasing. And the shear strength of the
corresponding samples when the rubber particle size is 1–2 mm
is higher than that of the corresponding samples when the rubber
particle size is 0–1mm and 2–3 mm. Under different vertical
pressures, compared with the control group without the addition
of rubber particles, the range of rubber content corresponding to the
increase in shear strength of the sample is roughly between 7% and
13%. Under different vertical pressures, the maximum increase in

shear strength of the sample is 19.49%, 30.41%, 24.92%, and 28.74%,
respectively.

Linear fitting has been performed on the shear strength results of
the samples under different vertical pressures shown in Table 6, and
the curves of the cohesion and internal friction angle of the samples
under different rubber dosages and rubber particle sizes are
obtained, as shown in Figure 9. Under different rubber particle
sizes, the cohesion and internal friction angle of the sample show a
trend of first increasing and then decreasing with the change of
rubber content. When the rubber particle size is 1–2mm, the
corresponding cohesion and internal friction angle of the sample
are the highest. Compared with the control group with 0% rubber
content, when the rubber particle size is 1–2 mm and the rubber
content is 10%–13%, the cohesion and internal friction angle of the
sample increase, with the maximum increase in cohesion being
31.57% and the maximum increase in internal friction angle being
27.89%.

The shear strength index of soil is composed of cohesion and
internal friction angle. According to the results in Table 6 and
Figure 9, although the maximum increase of cohesion is higher than
the maximum increase of internal friction angle for the improved
loess with only rubber particles, the increase range of cohesion is
only in the interval when the rubber particle size is 1–2 mm and the
content is 10%–13%. The internal friction Angle increases in the
rubber particle size of 0~1mm, the content of 10%–13% and the
rubber particle size of 1~2mm, the content of 7%–15%, and the
increase range of internal friction angle is wider. Therefore, the

FIGURE 8
Shear stress-shear displacement curves of samples under different vertical pressures (Rubber particle size: 1–2 mm): (A) 50 kPa; (B) 100 kPa.

TABLE 5 Statistical results of strain characteristics of samples under different working conditions (soil samples mixed with rubber particles only).

Rubber content (%) Rubber particle size (mm)

Strain characteristic

Vertical pressure (kPa)

50 100 200 300

0, 5, 7, 10, 13, 15 0–1, 1–2, 2–3 Strain softening strain hardening strain hardening strain hardening
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internal friction angle plays a major role in the increase of the shear
strength of the improved loess mixed only with rubber particles.

The mechanism analysis of the above phenomenon is as follows.
After adding rubber particles to the loess, the contact between the
particles changes. When adding a small amount of rubber particles
with the same particle size, the mixed soil changes from a single soil-
soil contact to soil-soil contact with a small amount of soil-rubber

contact and rubber-rubber contact. In this case, rubber particles are
covered by loess, and the bonding effect is enhanced, thus increasing
the cohesion. Rubber particles have irregular shapes and many
angles, which can provide greater friction resistance, so the
internal friction Angle increases with the increase of rubber
content. However, considering that the density of rubber particles
is only 1.03 g/cm3, while the density of loess is 1.72 g/cm3, when

TABLE 6 Statistical results of the shear strength of the sample under different working conditions (soil sample mixed with rubber particles only).

Rubber content (%) Rubber particle size (mm)
Shear strength under different vertical pressures (kPa)

50 100 200 300

0 0 35.875 46.188 75.771 100.26

5

0–1 20.391 38.304 58.514 75.749

1–2 23.210 45.514 61.746 82.050

2–3 19.489 35.467 45.862 68.282

7

0–1 29.536 49.909 65.818 95.122

1–2 34.304 51.630 70.561 105.329

2–3 26.373 40.467 60.235 77.398

10

0–1 33.815 44.746 70.667 108.423

1–2 42.868 56.793 85.887 129.075

2–3 25.094 43.025 70.680 85.260

13

0–1 25.536 43.025 76.050 91.492

1–2 38.583 60.235 94.655 111.865

2–3 21.931 46.467 68.260 87.771

15

0–1 20.699 41.476 65.329 86.050

1–2 24.094 53.351 70.561 101.539

2–3 18.094 41.304 53.351 75.539

FIGURE 9
Cohesion and internal friction Angle of improved soil samples under different working conditions (soil sample mixed with rubber particles only): (A)
cohesion; (B) internal friction angle.
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replacing soil particles with equal volume of rubber particles, the
mass of the two is not equal, which reduces the friction between soil
particles and the bonding effect between soil particles. Two factors
jointly affect the strength of the improved soil. Therefore, compared
to the control group without the addition of rubber particles, the
shear strength of the improved soil sample may increase or decrease,
which is directly related to the size of rubber particles. As the rubber
content continues to increase, the soil-rubber contact and rubber-
rubber contact increase, and the degree of “granulation” of the
mixed soil increases, so the cohesion of the sample decreases.
Considering that the sample is still dominated by the contact of
soil particles, the friction between soil particles decreases to a greater
extent than the increase of soil-rubber and rubber-rubber friction, so
the internal friction Angle of the mixed soil gradually decreases. The
overall shear strength of the sample also decreased.

In the case of the same rubber content, when the rubber particle
size is small, the number of rubber particles in the same volume is
too large, resulting in the reduction of cohesion between soil
particles, and although the soil-rubber contact and rubber-
rubber contact increase, the internal friction angle is lower
than that of the whole rubber particles, so the shear strength
of the sample decreases. When the size of rubber particles is large,
the number of rubber particles in the same volume is too small,
resulting in uneven distribution of rubber particles in the sample.
In addition, in the process of sample production, jack is used to
compact the sample. Due to the good elasticity of rubber
particles, when the jack is unloaded, the large-particle rubber
will rebound, resulting in the fracture of soil-soil contact and soil-
rubber contact, and then the cohesion and internal friction Angle
of the sample are reduced, so the shear strength of the sample is
reduced.

(2) Improvement of loess by rubber particles combined with EICP

The deformation development curve of the loess sample
improved by rubber particles combined with EICP technology
during shear failure is similar to that in Figure 8, and the strain
characteristics of each sample are consistent with the results of the
loess sample improved by only mixing rubber particles in Figure 8.
Detailed analysis will not be made in this section. The test results of
the shear strength of loess improved by rubber particles combined
with EICP are shown in Table 7. Obviously, under the same
confining pressure, the shear strength obtained by the combined
improvement method is higher than that obtained by using only
rubber particle improvement. The calculation results under different
confining pressures are shown in Figure 10.

In order to compare and analyze the strength changes of loess
modified by rubber particles combined with EICP and that modified
by rubber particles only, the shear strength growth rate is defined as
the percentage increase of the shear strength of loess modified by
rubber particles combined with EICP compared with that of rubber
particles only under the same conditions. Based on the experimental
results in Table 7 and Figure 10, it can be seen that the variation
pattern of shear strength of loess samples improved by rubber
particles combined with EICP is consistent with that of loess
samples improved by only adding rubber particles. After being
treated with EICP technology, the shear strength of the samples
increased to varying degrees. Under the same vertical pressure and
different rubber particle sizes, with the increase of rubber content,
the shear strength of the sample shows a trend of first increasing and
then decreasing. The growth rate of shear strength of the sample
shows a gradually decreasing trend. The shear strength and shear
strength growth rate of the corresponding samples with a rubber

TABLE 7 Statistical results of the shear strength of the sample under different working conditions (soil sample mixed with rubber particles combined with EICP).

Rubber content (%) Rubber particle size (mm)
Shear strength under different vertical pressures (kPa)

50 100 200 300

5

0–1 23.497 43.418 68.391 89.028

1–2 27.425 53.138 72.490 97.328

2–3 22.599 40.805 52.888 78.907

7

0–1 33.556 56.023 75.888 108.420

1–2 39.745 59.313 82.105 121.866

2–3 29.894 45.453 68.325 87.026

10

0–1 37.670 49.695 78.674 119.742

1–2 48.938 63.989 97.430 146.810

2–3 28.211 48.050 79.133 94.928

13

0–1 27.707 46.897 83.244 99.122

1–2 43.414 67.204 105.701 124.942

2–3 24.396 51.025 75.393 95.319

15

0–1 22.231 44.831 70.216 92.469

1–2 26.648 58.745 77.250 111.043

2–3 19.827 44.369 56.856 80.736
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particle size of 1–2 mm are higher than the results of the
corresponding samples with a rubber particle size of 0–1 mm and
2–3 mm.

The results in Figure 10 show that under different vertical
pressures, the maximum shear strength growth rates of the

specimens obtained by the combined improvement method are
18.16%, 16.75%, 17.4%, and 18.62%, which significantly improves
the improvement effect of rubber particles on loess. Comparing this
result with the shear strength of the unmodified loess sample, it can
be concluded that the maximum increase in shear strength of the

FIGURE 10
Curves of shear strength growth rate with rubber content under different vertical pressures: (A) 50 kPa; (B) 100 kPa; (C) 200kPa; (D) 300 kPa.

FIGURE 11
Curves of cohesion and internal friction angle of samples with different dosage and particle size (Rubber particles combined with EICP): (A)
cohesion; (B) internal friction angle.
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sample is 36.41%, 45.5%, 39.5%, and 46.43%, respectively. It can be
seen that the combination of rubber particles and EICP technology
has a good effect on improving loess.

The shear strength parameters of loess samples improved by
rubber particles combined with EICP technology under different
working conditions are summarized in Figure 11. By comparing
Figure 9, it can be seen that under different reinforcement
conditions, the variation patterns of specimen cohesion and
internal friction angle are relatively consistent, and the results
have increased to varying degrees after EICP technology
treatment. Compared with the results of only adding rubber
particles, the maximum increases in cohesion and internal
friction angle of the sample are 15.19% and 28.56%,
respectively. Compared with the 0% dosage control group, the
maximum increases in sample cohesion and internal friction
angle are 47.87% and 64.42%, respectively. The soil sample with
increased cohesion corresponds to a rubber particle size of
0–1 mm with a content of 7% and a rubber particle size of
1–2 mm with a content of 7%–13%. The soil sample with
increased internal friction angle corresponds to the rubber
particle size of 0–1 mm and 1–2 mm, with a content of 5%–

15%; The rubber particle size is 2–3 mm, and the content is 10%–

13%. Therefore, under the condition of the joint improvement,
when the shear strength of the sample increases, the internal
friction angle still plays a major role.

The mechanism analysis of the above results is as follows.
Based on the principle of EICP technology, the generated
calcium carbonate precipitation is the main factor leading to
the increase of the shear strength of the sample. Generally
speaking, the more calcium carbonate precipitation is
generated in the soil, the more obvious the shear strength of
the sample is improved, but the influencing factors are also
related to the distribution form of calcium carbonate in the soil.

Considering the non-hydrophilic properties of rubber particles,
the water content in the sample preparation process is mainly
determined by the content of soil particles, while the
concentration of urease and cementing fluid is constent.
Therefore, when the sample is mixed by mixing method, the
amount of urease and cementing fluid in the sample decreases
with the increase of the content of rubber particles, so the calcium
carbonate precipitation generated in the sample decreases.
Therefore, although the test shear strength increases, the
growth rate of shear strength decreases with the increase of
rubber content.

When the content of rubber added is the same but the particle
size is different, for soil samples with smaller rubber particles added,
the pore size in the soil is too small, which limits the migration of
urease. The uneven distribution of urease and cementation fluid in
the soil during sample preparation leads to the accumulation of
calcium carbonate precipitates at a certain point or the reduction of
calcium carbonate precipitates generated, resulting in poor
solidification effect of the sample. When the particle size of
rubber particles is large, the deformation of the rubber particles
is significant during the compaction process using a jack. After the
jack is unloaded, the rubber particles undergo deformation and
rebound, leading to an increase in sample pores. However, the size of
calcium carbonate crystals generated by EICP technology is about 2-
150 um, and the crystal particles are small. The generated calcium
carbonate precipitation cannot effectively bond the soil rubber
together, resulting in poor solidification effect of the sample.
Therefore, when rubber particles with smaller and larger particle
sizes are added, although the shear strength increases, the growth
rate of shear strength decreases.

In addition, it can be seen from Table 8 and Table 9 that
calcium-carbonate solidified soil can increase the cohesion and
internal friction angle of the sample, but due to the rubber
content and rubber particle size, the amount of calcium
carbonate precipitation and distribution of calcium carbonate are
inconsistent. Therefore, the growth rate of cohesion and internal
friction angle is not obvious.

In summary, under the two reinforcement conditions, when
the rubber particle size is 1~2 mm, the cohesion force and
internal friction Angle of the sample reach the maximum
value, and considering that the internal friction Angle of the
sample is the main factor to improve the shear strength of the
sample, and the internal friction Angle of the sample reaches the
maximum value when the rubber content is 10%, it is
recommended to choose the rubber particle size of 1~2 mm
and the rubber content is about 10%.

TABLE 8 Statistical table of cohesion growth rate.

Rubber particle
size (mm)

Cohesion growth rate (%)

Rubber content (%)

5 7 10 13 15

0–1 7.802 12.688 13.178 10.026 8.528

1–2 15.198 15.033 12.849 12.387 12.141

2–3 15.198 13.545 13.204 14.053 10.530

TABLE 9 Statistical table of internal friction angle growth rate.

Rubber particle size (mm)

Internal friction angle growth rate (%)

Rubber content (%)

5 7 10 13 15

0–1 21.059 14.356 9.524 7.980 6.956

1–2 18.304 15.165 28.558 10.671 8.353

2–3 15.109 12.022 10.598 7.693 5.749
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4 Conclusion

In this paper, the experimental study on t the shear mechanical
properties of loess samples improved by only adding rubber particles
and rubber particles combined with EICP technology are carried
out, and the influence of different reinforcement methods on the
mechanical properties of the improved soil samples are analyzed.
Then the reinforcement mechanism of different improvement
methods is expounded accordingly. The main conclusions are as
follows.

(1) When the concentration of urease is 200 g/L, the
concentration of cementation fluid is 1 mol/L, and both
are added to loess in equal volume, the shear strength of
the soil sample increases most significantly, indicating the
feasibility of EICP technology.

(2) The strain variation characteristics of the specimen under the
two reinforcement conditions are consistent, with the strain
softening characteristic when the vertical pressure is at 50 kPa
and the strain hardening characteristic when the vertical
pressure is greater than or equal to 100 kPa.

(3) The changes in shear strength and shear strength indicators
of the sample under two reinforcement conditions are
consistent. Under different vertical pressures and rubber
particle sizes, as the rubber content increases, they all
show an increase and then a decrease. When the rubber
particle size is 1–2 mm, the shear strength is the highest, and
the main role of the shear strength indicator is the internal friction
angle. The shear strength, cohesion and internal friction angle of
the soil improved by rubber particle combined with EICP are
increased by 46.43%, 47.87% and 64.42% compared with the results
of unimproved soil sample.

(4) In the combination of rubber particles and EICP to improve
loess samples, rubber particles have an inhibitory effect on
EICP technology. Under different vertical pressures and
rubber particle sizes, the shear strength growth rate of the
sample gradually decreases with the increase of rubber
content. Among them, when the rubber particle size is
1–2mm, the shear strength growth rate is the highest.

(5) For the improvement of loess, such as adding rubber particles or
adding rubber particles combined with EICP technology, It is
advisable to choose a rubber particle size of 1–2 mm and a
rubber content of about 10%.
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