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Fractures are widespread phenomena on loess slopes in northwestern China.
Fractures are of various types and have different distribution patterns, and they
are important factors affecting the mechanical properties of loess. In this paper, the
effect of different fracture distribution modes (fracture angle, fracture position and
fracture combination) on the shear strength of loess is investigated by carrying out
consolidated undrained triaxial shear tests. The results show that the existence of
fractures in loess can significantly weaken the strength of the soil under consolidated
undrained conditions. Compared with unfractured loess, fractures weaken the shear
strength of loess mainly by weakening the cohesion. The internal friction angles of
fractured loess, however, are hardly affected by the existence of fractures and the
fracture distribution mode. Furthermore, a comparison of three fracture distribution
modes, namely, the fracture angle, position and combination, reveals that the
fracture angle is the most significant factor weakening the loess strength,
followed by fracture combination, and the least is fracture position. In addition,
confining pressure increments can greatly improve the shear strength of both
unfractured and fractured loess, and confining pressure increments can inhibit
the weakening effect of fractures on loess strength.
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1 Introduction

Fractures are discontinuities. Due to the influence of the sedimentary environment, loess
contains fractures at different scales, with different geneses and properties and that formed in
different periods, making loess a special geological material with defects such as microcracks,
pores and joints (Peng et al., 2019; Wang et al., 2020). Loess with fractures is known as fractured
loess (Huang, 1983; Wang, 2000; Sun et al., 2016). Fracturing affects the physical and
mechanical properties and engineering geological properties of loess; fracturing is the root
cause of the poor macroporosity, water sensitivity and mechanical properties of loess (Zhao,
1994). The internal structure and deformation process of fractured loess are more complicated
than those of unfractured loess, making fractured loess more likely to lead to geological disasters
in loess areas (Liu et al., 2016; Ma et al., 2019; Wang et al., 2019; Leng et al., 2021). Gully Land
Consolidation, Mountain Excavation and City Construction and Gully Consolidation and
Table land protection were carried out in the Loess Plateau region. These major projects
changed the stress state of each part of the slope of the Loess Plateau to different degrees,
destroyed the original stability of the slope, and thus formed fractures with uneven distributions
and different occurrences on the slope (Jiang, 2019; Huo et al., 2020; Peng et al., 2020). These
fractures not only aggravate the existing geological hazards due to loess but also may lead to new
geological problems (Li et al., 2014; Duan et al., 2019; Juang et al., 2019). Therefore, it is very

OPEN ACCESS

EDITED BY

Bin Li,
Chinese Academy of Geological Science,
China

REVIEWED BY

Meiben Gao,
Xihua University, China
Xiaojun Guo,
Institute of Mountain Hazards and
Environment (CAS), China

*CORRESPONDENCE

Penghui Ma,
spawnkobe@163.com

SPECIALTY SECTION

This article was submitted to Geohazards
and Georisks,
a section of the journal
Frontiers in Earth Science

RECEIVED 02 November 2022
ACCEPTED 29 December 2022
PUBLISHED 11 January 2023

CITATION

Chen L, Ma P, Zhao J, Xie F, Yan R, Leng Y
and Nan J (2023), Effect of fracture
distribution on the triaxial shear behavior
of loess.
Front. Earth Sci. 10:1087286.
doi: 10.3389/feart.2022.1087286

COPYRIGHT

© 2023 Chen, Ma, Zhao, Xie, Yan, Leng and
Nan. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 11 January 2023
DOI 10.3389/feart.2022.1087286

https://www.frontiersin.org/articles/10.3389/feart.2022.1087286/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1087286/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.1087286&domain=pdf&date_stamp=2023-01-11
mailto:spawnkobe@163.com
mailto:spawnkobe@163.com
https://doi.org/10.3389/feart.2022.1087286
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.1087286


important to study the influence of fractures on the mechanical
properties of loess, which can provide a theoretical basis for the
prevention of loess disasters.

In the 1930s, when scholars analyzed the causes of major
accidents, such as engineering accidents and geological disasters,
they found that fractures had a significant influence on the
mechanical properties of soil. However, it was not until the 1960s
that fractures truly attracted attention (Kong, 1994). (Fookes, 1965; Lo,
1970; Mcgown and Radwan, 1975) studied the morphology,
distribution and genesis of fractures and the deformation, strength
and stability of fractured soil. Since then, scholars have used different
methods (field tests, experiments and numerical simulations) to study
the weakening effect of soil strength under different conditions at
different scales (macro, meso, and micro) (Potts et al., 1990). They
found that fractures have a controlling effect on the strength and
deformation of soil, and different fracture shapes and modes have
different effects on the strength and deformation of soil.

Loess has special mechanical properties, such as water sensitivity,
collapsibility, and structure, which lead to differences in the influence
of fractures on the mechanical properties of loess and clay. Therefore,
scholars have begun to study the influence of fractures on the
deformation and strength of loess. For example (Zhao and Chen,
1981), used the torque ratio method to calculate the safety factor of
slopes with fractures and without fractures and found that the safety
factor of slopes with fractures decreased by 15% (Sun et al., 2016;
Cheng et al., 2017; Fan et al., 2018; Gao, 2020). studied the strength of
loess at different angles through unconfined compression strength
tests, direct shear tests and triaxial shear tests and found that the angle
had a significant influence on soil strength; that is, the closer the
fractured angle was to the shear fracture angle of loess at 45°+φ/2, the
greater the weakening effect of the fracture was. In addition to
studying the weakening effect of the fracture angle (Wang et al.,
2013; Gao, 2020), also found that the size and toughness of fracture
have significant influence on loess strength. The smaller the fracture
size and the rougher the surface morphology of fracture, the smaller
the weakening effect of the fracture on the strength of loess (Lu et al.,
2006b). conducted direct shear tests on large fractured loess with
different formation periods and loading modes, and the experimental
results showed that the earlier the fracture formed, the smaller the
fracture weakening effect was. Moreover, the fracture effect of the
multistage loading mode was smaller than that of continual loading
(Wang et al., 2013; Luo et al., 2014; Cheng et al., 2019; Cheng et al.,
2021). investigated the influence of the water content on fractured
loess, and the results showed that the relationship between the internal
friction angle andmoisture content was parabolic and that the internal
friction angle was extreme when the moisture content reached a
certain value (Cheng et al., 2019). referred to the deterioration
factor to describe the relationship between the fracture density and
shear strength parameters. The deterioration factor of the internal
friction angle had a linear relationship with the fracture density, while
the deterioration factor of cohesion had a quadratic parabolic
relationship. On the basis of experimental data (Yan et al., 2013;
Fan et al., 2018), used the Duncan-Chang hyperbolic model and the
modified Cam-clay model to describe the stress-strain relations of
basic and fractured units of loess (Fan et al., 2018; Wang et al., 2002;
Yu et al., 2020). proposed a double-parameter binary-medium model
for fissured loess based on the breakage mechanics.

In conclusion, current research focuses on the weakening of soil
strength by a single fracture (single angle and single position).

However, in practice, the fractures are randomly distribution in
loess, the position of the fracture in soil is random and cannot be
completely in the center of the soil, and the fracture angle is not a
single angle (Zhao et al., 2014). found that the fluctuation and scale of
fractures had different influences on the strength of the soil. The
mechanical properties of fractured loess in different distribution
modes can more truly reflect the weakening effect of fractures on
the strength of slopes. Therefore, it is necessary to study the influence
of different distribution patterns of fractures on the mechanical
properties of loess. Based on this, unfractured loess and fractured
loess were investigated by performing consolidated undrained triaxial
shear tests to study the shear properties in the shear process in this
paper, analyze the influence of fracture modes (fracture angle, fracture
position and composite fracture) on the mechanical characteristics of
loess, and explore the weakening mechanism of loess strength on the
fracture distribution pattern.

2 Study site

The Ansai District in Yan’an city, Shaanxi Province, China, is a
typical loess gully landform with interlacing gullies, a long and narrow
watercourse, and uneven terrain. Ninety-five percent of the area is
mountainous, and only 24% of the area is arable. To solve the
problems of serious soil wastage and the low economic value of
development in this area, the Gully Stabilization and Land
Reclamation project was carried out in Nangou in the Ansai
District, with geographic coordinates of 36°34′39″N, 109°18′38″E
(Figure 1A). The slope on both sides of the gully was excavated,
and the excavated soil was filled in the gully to form a warping dam for
later agricultural cultivation. However, a large number of issues, such
as sheet erosion, rill erosion, local slip and slope foot collapse, occurred
in the course of the Gully Stabilization and Land Reclamation project
(Jiang, 2019). These issues are closely related to the rapid development
of fractures (Skempton et al., 1969; Potts et al., 1990; George, 2014).

The investigation of the excavated slope in Nangou in the Ansai
District revealed that the factors affecting the development of
mesoscopic fractures are mainly as follows: (1) tectonic joints,
which are ubiquitous in the loess layer. Tectonic joints have
obvious and systematic occurrence features, strong penetration, and
synchronization dislocation. In addition, the tectonic joints in groups
extend far in a fixed direction, and the strike of each group is not
affected by the topography (Figure 1C). (2) For the rainfall effect, the
slope generates many erosion rills under rain erosion. As erosion
intensifies, erosion rills continue to expand and even connect, forming
fractures of different sizes (Figure 1D). (3) For biological effects, the
penetration of plant roots and animal activities destroys the original
integrity of the soil structure, resulting in fractures on slopes
(Figure 1E). (4) For human activities, loess is generally in a state of
lateral and vertical compression. When the stress state of loess changes
(slope excavation, cave dwellings and other actions reduce the lateral
or vertical forces), the stress is released immediately, and then the loess
deforms, loosens or moves in the direction of the decrease in the force,
thus forming a fracture (Figure 1F).

However, the Gully Stabilization and Land Reclamation project
disrupted the original balance of the slope, and the rationality of the
slope design was limited (slope angle design, slope protection and
drainage conditions), which strengthened the influence of various
factors and the coupling effect among them; that is, the fractures

Frontiers in Earth Science frontiersin.org02

Chen et al. 10.3389/feart.2022.1087286

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1087286


accelerated the expansion and connection, resulting in slip, collapse
and other slope disasters.

3 Materials and methods

3.1 Test preparation

The loess samples used in the present experimental test were
obtained from the foot of the investigated slope (Figure 1G). The loess
in the investigation area is subdivided from top to bottom into two
stratigraphical units: Malan loess (approximately 10 m thick) and
Lishi loess (more than 45 m thick) (Figure 1H). In this study, loess
samples were collected at a depth of 9 m below the surface and
correspond to Malan loess. The soil samples were yellowish brown
with a homogeneous soil fabric and a small number of plant roots and
snail shells. The physical properties of undisturbed loess were

determined according to the test methods of soil (GB/T50123-
2019), and their values are listed in Table 1.

The fractured distribution pattern was identified as an important
factor influencing the shear strength of soil (Kong, 1994; Sun et al.,
2016; Zhao et al., 2022). According to the distribution patterns of
fracture in study area in Figure 1, it can be found that fractured angle is
not the only one, mainly between 50° and 70°. In addition, fractures are
located in different position of the slope, and there is combination
between the fracture. Therefore, this paper selects three representative
distribution patterns for studying the shear strength of fractured loess
as follows (Figure 2): (a) fracture angle, for which three fractures with
different angles (50°, 60°, and 70°) through the center of the soil sample
centers were prepared (Figure 2A); (b) fracture location, for which the
fracture was located in the upper, middle and lower parts of the loess
samples (Figure 2B); and (c) fracture combination, for which cross-
composite fractures with different angles were prepared in the soil
samples (Figure 2C). The samples with fractured combination were

FIGURE 1
Location map:(A) distribution of loess in China and location of the study area in Yan’an city, China; (B) wide view of study side slope;(C–F) are close-up
view of side slop fracture generated by different factors: (C) biological effect; (D) rainfall;(E) tectonic joint; (F) human activity; (G) a photograph of loess
samples at the sampling site; (H) soil profile at the sampling site.

TABLE 1 Physical and mechanical parameters of the Undisturbed loess in the natural state.

W ρd WP WL IP G Es1-2 Grain content (%)

<005 mm 005–075 mm 075~2 mm

13 1.45 16.9 29.1 12.2 2.71 5.575 8.34 74.19 17.47

ρd =Dry density (g/cm3); G = specific gravity; W= Natural water content (%); W L= Liquid limit (%); W p= Plastic limit (%);Es1-2=compression modulus.
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labeled as m+n, where m and n stand for the angles contained in the
sample. For example, 50°+60° stands for the fractured loess with two
angles of 50° and 60°.

The preparation process of the fractured loess sample was as
follows. First, the soil samples collected from the site were crushed and
placed into a 110°C constant temperature oven to dry the soil sample
completely (approximately 24 h), and the dried soil sample was
processed through a sieve with a diameter of 2 mm. Then, the
sieved soil sample was tiled on the non-absorbable tray, and the
appropriate amount of added water was sprayed with a sprayer. The
soil sample was placed in a closed constant temperature and humidity
environment for more than 48 h to ensure the uniform distribution of
water in the soil. Subsequently, according to fracture pattern of the
sample, the corresponding mass of wet soil is weighted and poured
into the mold, and indenter with the corresponding shape is pressed to
the corresponding position at a constant speed by jack. When the
sample preparation is complete, the sample is gently pushed out of the
mold by jack. Finally, the prepared sample was placed in a
moisturizing dish for at least 48 h ensure the uniform distribution
of water in the sample. Lubricant was smeared on the mold in the
process of preparing the sample to prevent damage to the soil sample
in the process of demolding.

3.2 Test apparatus

The triaxial shear test was carried out on fractured loess using a
Geotechnical Digital Systems (GDS) high precision triaxial
instrument. The instrument can simulate complex dynamic and
static stress paths and can be used for conventional tensile and
compression triaxial tests. The instrument is composed of a
pressure chamber, axial loading system (0–2 kN±.0001 kN),
pressure loading system (confining pressure (0–3 MPa±.001 kPa)
and back pressure (0–1 MPa±.001 kPa)), test console system, data
acquisition system and other systems. The confining pressure of the
instrument can be pressurized by oil pressure or air pressure. The pore
water flow can be obtained by a backpressure controller (0-
200 CC ±.001 CC). The test was controlled, and data were collected
by Global Digital System Laboratory (GDSLAB) software.

3.3 Test procedure

Cylindrical samples with heights of 76 mm and diameters of
38 mm were prepared for testing. The aim of this study was to

investigate the effects of the fracture angle, fracture location and
fracture combination on the shear properties of loess. A total of
nine groups of tests were carried out. Consolidated undrained
triaxial shear tests were carried out for each group of samples
under confining pressures of 200 kPa, 300 kPa and 400 kPa. The
samples were consolidated under constant confining pressure for
approximately 24 h until more than 95% of the excess pore
pressure dissipated and entered the shear stage (Lian et al., 2019).
The shear rate of the sample was .06 mm/min, and the test was
completed when the axial strain reached 20%. During the test, the
indoor temperature was controlled to within (20 ± 1)°C, and the data
were recorded at a frequency of 10 s for each iteration.

4 Results

4.1 Effect of fractures on the strength of loess

To investigate the effect of fractures on the shear stress of loess,
consolidated undrained triaxial shear tests were carried out on
unfractured loess and fractured loess with fracture angles of 50° at
different confining pressures of 200 kPa, 300 kPa, and 400 kPa. The
relationship between deviator stress and strain is shown in Figure 3.

Figure 3 shows that the stress-strain relationship of the loess
sample is that of strain hardening regardless of whether it has
fractures. The stress-strain curve can be divided into two phases:
(1) the elastic deformation stage. In this stage, the stress of the loess
increases linearly with the strain. In the early stage of elastic
deformation, the stress of fractured loess is basically the same as
that of un-fractured loess. With increasing strain, the stress of un-
fractured loess is gradually greater than that of fractured loess, and the
difference increases gradually, which also indicates that the existence
of fractures weakens the strength of loess. (2) The elastic-plastic
deformation stage, in which the soil stress increases slowly and
even tends to be stable with increasing strain. The stress difference
between un-fractured loess and fractured loess gradually tends to be
stable. In addition, there is an obvious inflection point between the two
phases of stress-strain curve, the inflection point of the un-fractured
loess is later than that of the fractured loess according to Figure 3, and
the hardening degree of the curve is stronger than that of the fractured
loess.

A contrastive analysis of stress-strain curves under different
confining pressures (Figures 3A–C) reveals that the stress-strain
curves of un-fractured loess are similar to those of fractured loess,
both of which are strain-hardening types. As the confining pressure

FIGURE 2
Fracture distribution patterns: (A) Different fractured angle; (B) Different fractured position; (C) Different composite fracture.
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increases, the hardening degree of the curves gradually increases, and
the hardening degree of un-fractured loess is more obvious. In the
initial shearing stage, the difference in the stress between un-fractured
and fractured loess is small, and the effect of the confining pressure on
the stress of both loess types is basically the same. With increasing
deformation, the stress difference decreases with increasing confining
pressure under the same strain, which indicates that increasing
confining pressure weakens the deterioration effect of fractures on
loess strength. In addition, the larger the confining pressure is, the
larger the strain is when loess enters the elastic-plastic deformation
stage.

4.2 Effect of the fracture distributionmode on
the strength of loess

According to the above research, the existence of fractures
weakens the strength of loess, and the degree of weakening varies
with the distribution mode. To investigate the effect of the
fracture on the strength of loess, consolidated undrained
triaxial shear tests were carried out on loess with different
fractured distribution modes at confining pressures of 200 kPa,
300 kPa, and 400 kPa. Based on the test results, the influence
of the fractured distribution modes on the shear
characteristics of loess were analyzed and are described in the
following section.

4.2.1 Effect of the fracture angle on the strength of
loess

To examine the influence of the fracture angle on the strength of
loess, experimental results of fractured loess with fracture angles of 50°,
60°, and 70° under confining pressures of 200 kPa, 300 kPa, and
400 kPa were selected as examples, as shown in Figure 4.

Figure 4 show that the stress-strain curves at different fracture
angles are strain-hardening types. However, the inflection point and
hardening degree of stress-strain curves at different angles are
different. Under the same confining pressure, the hardening degree
is at a minimum when the fracture angle is 60°, and the strain required
to achieve the same deviator stress is larger. For example, when the
confining pressure is 200 kPa and the deviator stress reaches 400 kPa,
the strain required with a fracture angle of 60° is about 4.5%, while the
strains required with fracture angles of 50° and 70° are only 3.1% and
2.8%, respectively. In addition, with the increase of confining pressure,
the later the inflection point of stress-strain curve, the stronger the
hardening degree of the curve.

According to the Standard for Geotechnical Testing Method (GB/
T50123-2019), the shear strength for fractured loess or unfractured loess
was at 15% axial strain in this study. Figures 3, 4 show that when the
confining pressure is 200 kPa, the shear strength of the unfractured loess is
641.71 kPa. Compared with unfractured loess, the shear strength of loess
decreases 24.37%, 35.24%, and 21.01% when the fracture angle is 50°, 60°

and 70°, respectively. This indicates that the fracture has the largest
weakening effect on the soil strength when the fracture angle is 60°.

FIGURE 3
Deviator stress versus axial strain of without fractured loess and 50° fractured loess: (A) σ3=200 kPa; (B) σ3=300 kPa; (C) σ3=400 kPa σ3 confining
pressure.
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In addition, the loess sample strength increases with increasing
confining pressure. The shear strength of un-fractured loess increases
by 37.17% when the confining pressure increases from 200 kPa to
400 kPa, when the fracture angles are 50°, 60°, and 70°, the shear
strength of fractured loess increases by 40.87%, 42.26%, and 40.44%. In
short, the shear strength of fractured loess increases more than that of
unfractured loess, and the shear strength increases the most when the
fracture angle is 60°.

4.2.2 Effect of the fracture position on the strength
of loess

To explore the effect of the fracture position on the strength of
loess, experimental results of fractured loess with upper, middle
and lower fracture positions under confining pressures of
200 kPa, 300 kPa, and 400 kPa are taken as examples, as shown
in Figure 5.

As shown in Figure 5, the fracture position has a certain amount of
effect on the stress of loess. The stress-strain curves of loess with
different fracture positions are of the strain-hardening types, and the
hardening degree of the curve is the least when the fracture is located
in the middle position of the sample, while when it is located in the
upper position of the sample, the hardening degree is slightly less than
that of the lower part.

In addition, the inhibiting effect of confining pressure on the
weakening effect of the fracture is different at different fracture
locations. When the confining pressure is 200 kPa, the shear
strength of loess with lower, middle and upper fracture positions
are 520.69 kPa, 485.32 kPa, and 505.64 kPa, respectively. With

increasing confining pressure to 400kPa, the shear strength of loess
increases by 41.22%, 40.87%, and 40.86%, respectively, showing that
the confining pressure has the most obvious weakening effect on loess
with the middle fracture position, followed by the upper and lower
positions.

4.2.3 Effect of the fracture combination on the
strength of loess

To study the influence of the fracture combination on the strength
of loess, experimental results of fractured loess with fracture
combination angles of 50°+60°, 60°+70°, and 50°+70° under
confining pressures of 200 kPa, 300 kPa, and 400 kPa are chosen as
examples, as presented in Figure 6.

Figure 6 shows that the stress-strain curves of fractured loess with
different fracture combinations are strain-hardening types. Loess with
a fracture combination angle of 50°+70° has the highest degree of
hardening, followed by fractured loess with a combined angle of
60°+70°, and loess with a combined angle of 50°+60° has the lowest
degree of hardening.

As shown in Figure 6, the shear strength fracture loess with
fracture combination angles of 50° + 60° decreases by 31.66% at
the confining pressure of 200 kPa. Comparatively, the shear
strength decreases by 26.54% with confining pressure of
400 kPa. However, for confining pressure is 200 kPa, the shear
strength of loess with fracture combination angles of 60°+70°,
50°+70° decreases by 23.27%, 28.42%, respectively, and the shear
strength decrease by 18.33%, 23.18% at the confining pressure of
400 kPa.

FIGURE 4
Deviator stress versus axial strain of loess with different fractured angles: (A) σ3=200kPa; (B) σ3=300kPa; (C) σ3=400 kPa.
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4.3 Shear strength of fractured loess

The distribution mode of fractures plays an important role in the
development of the shear strength parameters of fractured loess. The
shear strength parameters of fractured loess, including cohesion (c)
and the internal friction angle (φ), were obtained from the triaxial tests
based on the Mohr-Coulomb failure criterion (Li, 2014), as shown in
Figure 7.

Figure 7 shows that both the cohesion and internal friction
angle of fractured loess decrease compared with those of the un-
fractured loess. However, the amount of decrease of cohesion is
greater as comparing with that of the internal friction angle. For
different fractured angle (50°, 60°, 70°) loess, the cohesion is
decreased by 37.55%–57.44%, whereas internal fraction angle is
decreased by 5.44%–12.11%. However, the cohesion and internal
friction of loess is non-linear change with fractured angle. As the
fracture angle increases from 50° to 60°, the cohesion increases by
13.8%, whereas the internal friction angle increases by only 5.3%.
Interestingly, As the fracture angle increases from 60° to 70°, the
cohesion decreases by 19.89%, and the internal friction angle
decreases by 6.67%.

In addition, when fractured angle is 50° at different positions of the
sample, the cohesion is decreased by 39.24%–43.64%, while the
internal friction angle is decreased by only 2.12%–6.81%. When the
fracture is located in the middle of the sample, the cohesion and
internal friction angle decrease the most. For different fracture
combinations, the cohesion is decreased by 42.91%–51.10%,
whereas the internal friction angle is decreased by only 5.79%–

10.80%. When the combined fracture angle is 50°+60°, the cohesion
and internal friction angle decrease the most.

5 Discussion

The effect of fractures on the shear strength of soils (such as clay,
loess, expansive soil, etc.) has attracted the attention of a number of
researchers in the past several decades (Na et al., 2022; Sun et al., 2015;
Vitone and Cotecchia, 2011; Xu et al., 2022; Zhao et al., 2014), and they
have found that fractures can significantly weaken the strength of soils.
In this paper, the same conclusion is obtained by triaxial shear tests of
loess, but the weakening degree of different distribution patterns of
fractures is different. Previous studies used different test methods
(such as plane strain, direct shear and unconfined compression
strength tests) for this purpose (Lu et al., 2006b; Wang, 2008;
Cheng et al., 2017; Lu et al., 2015). Despite the different test
methods, the same conclusion, that fracture distribution patterns
play an important role in contributing to the weakening of shear
strength in loess, was obtained (Kong, 1994; Lu et al., 2006a; Cheng
et al., 2019).

5.1 Fracture effect on the shear strength of
loess

Figure 8 is a three-dimensional diagram of the fracture
distribution pattern, confining pressure and shear strength of loess.

FIGURE 5
Deviator stress versus axial strain of loess with different fractured positions:(A) σ3=200 kPa; (B) σ3=300 kPa; (C) σ3=400 kPa.
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It can be seen that different fracture distribution pattern have different
effects on shear strength of fractured loess. It mainly includes the
following two points: (1) When confining pressure is same, the
concave-convex degree of strength plane (fracture distribution-
shear strength plane) is the largest under different fracture angle
modes, which indicate that the sample shear strength in this mode has
the largest variation range, that is, the fracture angle has the most
obvious effect on the sample shear strength. The next is fracture
combination, and the least is the fracture position. This result is in
agreement with other studies on loess (Kong, 1994; Gao, 2020). (2)
Under different distribution pattern of fracture, the strength of loess
increases and the deterioration degree of the strength decreases with
confining pressure. This indicates that the increase of confining
pressure weakens the deterioration effect of the fracture on the
loess strength, and the greater the deterioration degree, the more
obvious the inhibition effect of confining pressure. This may be
because in the consolidation process, the sample volume is
compressed under the confining pressure, the pore ratio and
moisture content of soil are reduced, the soil particles are close to
each other, and the interaction force between particles increases (Li,
2014). Second, the confining pressure can restrain the sliding of soil
particles and control the deformation of soil, and the inhibitory effect
is stronger with increasing confining pressure. In short, confining
pressure can weaken the fracture weakening effect on the loess. In

FIGURE 6
Deviator stress versus axial strain of loess with different composite fracture: (A) σ3=200 kPa; (B) σ3=300 kPa; (C) σ3=400 kPa.

FIGURE 7
Shear strength envelope surface in the three-dimensional space of
fracture distribution-confining pressure-shear strength.
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practical engineering, the confining pressure indicates the burial depth
of the soil. According to the test results of this paper, the burial depth
can weaken the fracture weakening effect.

The difference of soil strength development in different fracture
distribution patterns lead to the different failure modes (Lu et al.,
2006a). For un-fractured loess, the sample occurs drum rupture
(Figure 9A). For fracture loess, there are three the failure modes of
sample: (1) fracture along original fracture. This failure mode mainly
occurs at low confining pressure, and the failure occurs along the
original fracture and even slippage (Figure 9B). (2) bending fracture.
When the confining pressure is high, the soil is prone to bending
failure. In particular, when the fracture is farther away from the sample
center, the bending failure is more obvious (Figure 9C). (3) drum rupture.
The original fracture of the sample ismore closed and is not destroyed along
the fracture, which mainly occurs when the fracture is located in the center
of the sample and the confining pressure is high (Figure 9D).

5.2 The effect of fracture on the shear
strength parameter of loess

The shear strength weakening of soil is due to the change of
cohesion and internal friction angle (Sun et al., 2016). Figure 7B shows
the relationship between the attenuation range of sample cohesion and
internal friction angle and fracture distribution patterns. It can be
found the cohesion of fractured loess changes obviously with the
fracture distribution pattern, but change in the internal friction angle
is minor. This indicates that the weakening of the loess strength by
fractures is mainly the weakening of the cohesion of the loess rather
than the internal friction angle, which may be mainly because the
cohesion of soil is provided by the cementation between the soil
particles, and the existence of fractures destroys the continuity of the
soil structure and reduces the overall cementation of the particles
(Zhang, 2018; Gao, 2020). Furthermore, the internal friction force is

FIGURE 8
Curve of cohesion and internal friction angle of fracture loess with different fracture distribution pattern. (A) shear strength index; (B) shear strength index
attenuation rate.

FIGURE 9
The failuremodes for the un-fractured loess and fracture loess. Un-fractured loess: (A) drum rupture; fractured loess: (B) fracture along original fracture;
(C) bending fracture; (D) drum rupture.
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mainly the friction force between particles, which is related to the soil
density, particle size, particle shape and mineral composition (Zhao,
1994; Li, 2014; Sun et al., 2016), so the effect of fracture on internal
friction angle is less than that on cohesion. In this paper, the influence
of fracture angle on shear strength parameter is greater than that of
fracture combination and fracture position. Interestingly, when the
fracture is located in the upper position and lower position of the
sample, there is a small change in the cohesion of the fractured loess
and the internal friction angle is almost the same. This also explains
that the strength difference of soil when the fracture is located in the
upper position and lower position of the sample. The same conclusion
is also obtained by (Jiang et al., 2022). Further studies are required
(expanding test to other fracture position) to check the possibility of
generalization of the present findings.

5.3 Analysis of the weakening mechanism of
fractured loess strength

(Zhao, 1994; Fan et al., 2018; Tudisco et al., 2019; Song et al., 2022)
found that the fractures weaken the loess strength, and the same
conclusion is reached in this paper. In addition, it is found that the
fracture angle is one of the important factors affecting soil strength
weakening in this paper. This can be explained by Mohr Coulomb
theory (Long, 2015) (For fractured loess (Wang, 2008), found that the
theoretical failure surface (the theoretical failure surface is the surface
with the angle of 45°+φ/2 from the surface of the maximum principal
stress) determined by Mohr Coulomb theory was closer to the
measured value through comparative of different strength theory
methods).

The angle between the fracture plane and the maximum principal
stress surface is assumed to be β, according to Mohr’s stress circle
theory the normal stress σ and shear stress τ acting on the fracture
surface are as follows:

σ � σ1 + σ3
2

+ σ1 − σ3
2

cos 2β (1)

τ � σ1 − σ3
2

sin 2β (2)

It is assumed that the shear strength τf of the fracture surface obeys the
Coulomb-Navier criterion, namely:

τf � σ tanφj + cj (3)

φj and cj are friction angle and cohesion of fracture surface
respectively. It can be obtained from the above three equations:

σ1 � σ3 +
2cj + 2σ1 tan φj

1 − tan φj cot β( ) sin 2β + 2 tan φj

(4)

The formula can be transformed into:

σ1 � σ3 +
2cj + 2σ1 tan φj���������

1 + tan 2φj

√
sin 2β − φj( ) + tan φj

(5)

It can be concluded that when 2β-φj=π/2, that is, β=π/4+φj/2≈60°, the
shear strength of fractured loess is the minimum. This is the same as
the experimental results in this paper, that is, the more similar the
fracture is to the failure surface, the strength of soil is the minimum,
the more likely the loess is to be damaged. Angle is an important factor
affecting the similarity between failure surface and fracture (Sun et al.,

2016; Cheng et al., 2017; Gao, 2020), so the fracture angle has the
greatest influence on the strength of loess among the three fracture
distribution modes studied in this paper.

For loess with composite fracture, the more similar the composite
fracture is to the theoretical failure surface, the more likely the soil will
be damaged. In addition, due to the different strength of fracture at
different angles, stress concentration is easy to occur at the junction of
composite fracture. When the strength difference between the two
fractures increases, the stress concentration becomes more obvious
and the soil strength decreases more (Cao and Ge, 1990). According to
the above theory, it can be concluded that the shear strength of soil
should be the same when the same fracture is located at different
positions of the sample, but the experimental results show that the
shear strength is different when the fracture is located at different
positions in the loess sample. Zhou et al. (2015) used numerical
analysis software to find that the difference in plastic zone within
the sample when the fracture is located at the different positions of the
sample is the main reason for the sample strength difference.

The results presented here can be used as a design basis for the
weakening effect of fractures in engineering. However, it is important
to point out that the relationship observed herein is obtained from
studying fractures only with angles of 50°, 60° and 70°, while the shear
strength of loess with a wider range of fracture angles has not been
explored. Hence, further testing, including large-scale fracture angle
shear tests, is necessary to check whether the conclusions drawn from
this research are still applicable. Nevertheless, this study provides
baseline information for future studies of large-scale fracture angles
and engineering practice in the field.

6 Conclusion

The influence of fractures on the shear strength of loess was
studied by a consolidated undrained triaxial shear test. Moreover, the
effect of the fracture distribution pattern on the loess strength was
considered, and the obtained results were discussed. The following
conclusions were drawn.

The stress-strain relationship of fractured and unfractured loess is
a strain-hardening type. For a given confining pressure, the degree of
the stress-strain curve hardening of unfractured loess is greater than
that of fractured loess, and the difference between them decreases with
increasing confining pressure.

The shear strength of samples is significantly affected by fracture
distribution patterns. A comparison of the fracture angle, fracture
position and fracture combination reveals that the loess strength is the
most sensitive to the change in the fracture angle, and the closer the
fracture angle is to the Mohr-Coulomb failure angle, the smaller the
strength of loess. The influence of the fracture combination on the
loess strength is greater than that of the fracture position.

For loess samples with or without fractures, the shear strength
increases profoundly as the confining pressure increases from 200 kPa
to 400 kPa. For fractured loess, the greater the weakening effect of
fractures on the loess strength is, the stronger the inhibition effect of
the confining pressure is.

Compared with the unfractured loess, the decrease in cohesion
contributes the most to the decrease in the shear strength of the
fractured loess. The value of the internal friction angle has little change
with different fracture distribution patterns.
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