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To study the strength, deformation characteristics, and intermediate principal stress of intact loess, vertical loading stress tests with
different initial stress state k value were conducted under different confining pressures. Plane strain tests were carried out by the
transformed true triaxial apparatus of Xi’an University of Technology. The study shows that loess tends to be in a plastic failure
state in different confining pressures and k values, and the stress-strain relationship curve is of a hardening type. Results reveal that
loess lateral and volume deformations have nonlinear relationships with its vertical deformation, and volume deformation shrinks
in the process of shearing. The effect of confining pressure on soil deformation is greater than k value. The intermediate principal
stress coeflicient decreases with the increase of the confining pressure and transforms from increasing to decreasing with the
increase of k value (ranging from 0.2 to 0.4). In brief, the loess failure strength is closely related to k value, confining stress, and
spherical stress state. When k value increases, cohesion effect reduces, whereas internal friction angle increases linearly. The

influence of k value on soil strength and deformation is closely related to confining pressure.

1. Introduction

The distribution area of loess is approximately 75.8% of the
total land area in northwestern China, where Q3 loess (also
known as “Malan Loess”) accounts for approximately 75.8%
[1]. Assessing the real stress and deformation character of
loess could help us understand the strength and reduce cost.
Previous studies usually examined loess characteristics by
conventional triaxial test under the isotropic consolidation
[2-8] and revealed the strength and deformation behaviors.
However, the conventional triaxial test neglects the con-
tribution of intermediate principal stress to loess strength
[9-11], which is inconsistent with the soil stress state in the
practical projects. Engineering projects, such as deep
foundation pit, retaining wall, highway embankment, dam,

and tunnel, could be approximated as a plane strain status.
Research on soil strength under plane strain state is still
mainly focused on theoretical analysis and mathematical
derivation under an isotropic consolidation state [12-14].
Related studies have been carried out on sand, soft soil, and
unsaturated soil [15-17] but were rarely conducted on intact
loess.

Isotropic consolidation could not display the real
stress state and path in engineering practice. The aniso-
tropic consolidation (k value consolidation, k = 0,/03)
state can simulate various initial stress states of loess, such
as high-filled roadbed, airport engineering, and founda-
tion pits. The soft soil strength on the plane strain state
with anisotropic consolidation studies indicates that the
initial stress state greatly influences strength [18]. The
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strength and deformation characteristics of intact loess
have been discussed under a plane strain isotropic con-
solidation state without considering the effect of initial
stress state [19-21].

Therefore, carrying out a comprehensive analysis of the
strength, deformation characteristics, and intermediate
stress state of intact loess by plane strain test under an-
isotropic consolidation states is of great importance. In this
study, the true triaxial apparatus of Xi’an University of
Technology was transformed to perform the plain strain test
of intact loess under anisotropic consolidation states. The
results could help understand the loess mechanical prop-
erties in engineering practice.

2. Materials and Experimental Procedures

All the mechanical tests mentioned in this study were
conducted under plane strain conditions. First, the me-
chanical symbols used in this study are defined, and their
transformational relations are given as follows:

(i) o: maximum axial stress (maximum principal
stress)
(ii) o,: intermediate principal stress
(iii) 05: confining stress
(iv) p: mean stress
(v) q: general shear stress
(vi) b: intermediate principal stress coefficient
(vii) ¢;: axial strain (vertical strain)
(viii) &5: lateral strain
(xi) ¢,: volumetric strain

(x) k: anisotropic consolidation state
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2.1. Specimen Preparation. The intact loess samples depos-
ited in late Pleistocene (Q3) were obtained from the steep
ridge of Xi’an Bailu Tableland with the depth of 6-8.0m,
following the standard method of the geotechnical test. The
soil is yellow-brown silty clay with occasional nodules, a silt
sand group, and insect holes. To ensure the uniformity of soil
moisture content, the section was dug 1 m into fresh soil. The
soil was cut into a rectangular block, wrapped by black
plastic film, and taped to avoid moisture dissipation. The

Advances in Civil Engineering

intact loess samples were cut to 7 cm x 7 cm x 14 cm carefully
by a sample machine to minimize disturbance.

The specimens had a dry density of 1.46 g/cm’, a natural
water content of 15.8%, a liquid limit of 32.82%, a plastic
limit of 21.58%, a plastic index of 11.24, and a specific gravity
of 2.7.

2.2. Upgrading the True Triaxial Apparatus. The true triaxial
apparatus (Figure 1(a)), developed by the Institution of
Geotechnical Engineering, Xi’an University of Technology
[7], was upgraded for the plane strain test. Two smooth rigid
plates (Figure 1(b)) embedded with the Earth pressure cells
(Figure 1(c)) were placed in the o, direction of the pressure
chamber to measure the stress variations during the shearing
process.

Lateral minor principal stress was loaded by water
capsule, and vertical maximum principal stress was loaded
by vertical loading jack. The confining pressure values were
controlled by the control system of the equipment.

2.3. Experimental Procedures. For each confining pressure
(50, 100, 150, and 200kPa), four samples with different k
values (1, 1.25, 1.5, and 2) were prepared; 16 samples were
prepared. These samples were consolidated by the apparatus
for 6 hours under draining conditions.

After consolidation, the vertical loading was applied with
the constant lateral confining pressure until the vertical
strain reached 12%. During this stage, sample deformation
and stress changes in different directions were measured.
The frequency of data acquisition is 5 seconds.

3. Experimental Results and Discussion

3.1. Stress Path with Different k Values. The stress path with
different k values is shown in Figure 2. When k=1, it is
isotopic consolidation, and the difference between major
principal stress and minor principal stress starts from 0.
When k=1, 1.25, 1.5, and 2, the differences start over 0. With
the increase of k value, the initial difference also increases. In
the same k value condition, high consolidation confining
pressure makes a great difference.

3.2. Stress-Strain Relationship. The intact loess has original
structural strength. The stress-strain curve varies with dif-
ferent origins, dates, and stresses, generally divided into
three types and five kinds of forms, namely, the brittle failure
type (strong softening and weak softening), plastic damage
(strong hardening and weak hardening), and ideal plastic
type [1].

In Figure 3, during the shearing process, the stress-strain
curves with different k values or confining pressures are of
the hardening type. In all of these conditions, the difference
between major principal stress and minor principal stress
increases with vertical strain and belongs to the hyperbolic
type. In the same k value condition, high consolidation
confining pressure makes a great difference between major
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FiGure 1: Upgraded XGT true triaxial apparatus: (a) true triaxial system, (b) smooth rigid plates embedded with the Earth pressure cells, and
(c) the sample loading in the pressure chamber, which is laterally confined by b and a water capsule.
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FIGURE 3: Stress-strain curves of intact loess at different k values.
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FIGURE 4: Stress-strain curves of intact loess at different confining pressures.

principal stress and minor principal stress and high initial
tangent modulus.

Figure 4 shows the stress-strain curves on each confining
pressure (50, 100, 150, and 200kPa). With each certain
confining pressure, the different k values have no significant
influence on the difference between major principal stress
and minor principal stress. However, when the confining
pressure is low, high k value shows a low difference between
major principal stress and minor principal stress. With the
increase of confining pressure, high k value indicates a great
difference between major principal stress and minor prin-
cipal stress.

The different initial consolidation degree k values that
influence the strength of intact loess are related to the
confining pressure. Given the original structural strength of
loess, when the confining pressure is small, the k value is also
small under the condition of consolidation. Therefore, the
vertical fissure of intact loess becomes small, and soil par-
ticles are compacted, which could improve the loess shear

capacity and enhance the loess strength. With the increase of
k value, the original structure of loess is destroyed. However,
because the secondary structure has not yet been formed
because of the low confining pressure, the strength of intact
loess is weakened to some extent. Therefore, under the small
consolidation confining pressure, the greater the k value, the
higher the stress-strain curve; the stress-strain curve is low
when k value is high. With the increase of confining pres-
sure, the original loess structure is destroyed, and the sec-
ondary structure is gradually formed. The secondary
structural strength increased more than the damaging effect
on the strength of the original structure. Thus, the increase of
the k value could further help loess compaction. Therefore,
as shown in the stress-strain curve, the greater the k value is,
the higher the stress-strain curve is and the greater the soil
strength becomes.

The plastic failure of loess has different confining
pressures in the vertical loading condition. Consolidation
confining pressure and initial stress state k values affect the
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FiGURE 5: Lateral strain-vertical strain curves of intact loess at different k values.

soil strength characteristics. The influence of the k value with
different initial stress states on the strength of loess is closely
related to the magnitude of consolidation stress.

3.3. Lateral Deformation Characteristics. The relationships
between the lateral strain (—¢;) and the vertical strain (¢;)
are shown in Figure 5. At the beginning of the shearing
process, all of these conditions with different k values or
confining pressures show a small —e;value. When ¢, is
raised to 2%-4%, the plastic strain is developed, the loess
structure begins to yield, and —¢; is developed significantly.
With each certain k value, the enhanced consolidation
confining pressure makes low —e&;. Besides, when the
confining pressure is 50 kPa, the k values have no signif-
icant influence on —¢;. With increased confining pressure,
high k value makes high —e;, although the trend is unclear.
Overall, the enhanced consolidation confining pressure
restricts the lateral deformation significantly. Besides, the
effect of different initial stress state k values on lateral
deformation is significantly relevant with consolidation
confining pressure.

3.4. Volume Strain Characteristics of Intact Loess. The rela-
tionships between the volume strain (¢,) and vertical strain
(&;) under different k values and confining pressures are
shown in Figure 6.

With each certain k value, increased consolidation
confining pressure enhances the volume strain (g,). When
the confining pressure is 50 kPa, high k value makes high ¢,
However, when the confining pressure is 100, 150, and
200 kPa, high k value makes low e,.

The analysis of Figure 6 reveals that the intact loess is
characterized by shear shrinkage in a different initial stress
state during vertical loading shearing. The regularity is
obvious, and the relationships between volume and vertical
strains are nonlinear. The increase of consolidation con-
fining pressure limits the development of soil lateral de-
formation and enlarges the volume strain. With the increase
of the initial stress state of k value, the soil structure ex-
periences are from enhancement to the damage process.
When k value is small, the initial structure is not destroyed,
soil deformation is dominated by vertical compression,
lateral deformation is not developed, and volume strain is
increased. The increase of k value damages the soil structure
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FIGURE 6: ¢, ~ ¢, curves of intact loess at different confining pressures.

in the shear process, and lateral expansion deformation
increases with the development of vertical compression
deformation caused by the volume strain reduction.

3.5. Principal Stress Characteristics in the Plane Strain
Direction. The state of intermediate principal stress in the
plane strain direction directly determines the strength and
deformation characteristics of soil under plane strain con-
dition. It is also the primary reason for soil strength under a
plane strain condition greater than the axisymmetric stress
condition. Therefore, studying the evolution law of principal
stress on plane strain direction is of great importance for
revealing the strength and deformation characteristics of soil
under plane strain condition.

The relationships of intermediate principal stress (o,)
and vertical strain (¢;) under different confining pressures
and k values are shown in Figures 7 and 8.

When k value is constant, g, increases with the increase
of confining pressure. When k =1, 0, starts to increase after
the strain reaches a certain stage. It indicates that the

structural strength of intact loess resists the external
loading at the beginning of shearing. Therefore, no de-
formation is observed in 0, and o5 directions. This as-
sumption is verified by the lateral deformation test. When k
value is bigger than 1, o, starts to increase at the beginning.
Moreover, when k value increases from 1 to 2, g, is en-
hanced greatly. When k value increases from 1 to 1.5, soil
strength is improved, and the principal stress plays an
important role. When k value increases to 2, the soil
original structure is destroyed, and the secondary structure
is gradually formed. During the earlier shearing stage, the
initial structural damage is rapid, and the intermediate
principal stress is small. With the development of the
shearing process, the strength of the secondary structure
and the intermediate principal stress increase rapidly.
Figure 7 shows that the damage of soil strength in uneven
consolidation when k=2 is greater than that of k=1.5.
Thus, the intermediate principal stress of k=2 under dif-
ferent consolidation confining pressures is less than k=1.5.
However, when conﬁning pressure is constant, no clear
regularity is shown with increased k value.
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FIGURE 7: b ~ ¢, curves of intact loess at different confining pressures.
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FIGURE 8: 0, ~ ¢, curves of intact loess at different confining pressures.
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FIGURE 9: g, ~ ¢, curves of intact loess at different k values.

3.6. Intermediate Principal Stress Coefficient. The relation-
ships between the intermediate principal stress coeflicient

(b) and the vertical strain (g,) are shown in Figures 9 and
10.

From Figure 7, the intermediate principal stress co-

efficient decreases first and then increases, although dif-
ferent confining pressures and k values exist. Given that
the principal stress in the plane strain direction is small at
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FIGURE 10: b ~ ¢, curves of intact loess at different k values.

the initial shear stage and gradually changes to the me-
dium with the development of the shearing process, the
relationship curve of b ~ ¢; decreases first and then in-
creases. In the shearing process, the time of soil in the
plane strain state is related to the consolidation pressure
and k value. When k value increases from 1 to 1.5, the soil
becomes more compacted with the increase of k value and
is earlier found in a plane strain state. When k=2, given
the damage of soil structure, the plane strain state is later
than k=1.5.

4. Analysis of Failure and
Strength Characteristics

4.1. Analysis of the Failure Intermediate Principal Stress.
Given the relationship between the failure intermediate
principal stress and consolidation confining pressure, k
value is shown in Figures 11 and 12.

From Figures 11 and 12, the intermediate principal stress
in a failure state increases with the enhancement of con-
solidation confining pressure with regularity. The greater the

consolidation confining pressure, the higher the growth of
intermediate principal stress. With the increase of the dif-
ferent initial stress states’ k value, the intermediate principal
stress of failure increases first and then decreases with
consistent regularity.

4.2. Analysis of the Failure Intermediate Principal Stress
Coefficient. In a failure state, the relationship of b, ~ k is
shown in Figure 13, and the relationship of b; ~ 03 is shown
in Figure 14.

Figures 13 and 14 show that the consolidation confining
pressures and k values affect the intermediate principal stress
coefficient in the failure state. With the increase of con-
solidation confining pressure, the intermediate principal
stress coeflicient gradually decreases. With the increase of k
value, the intermediate principal stress coefficient increases
first and then decreases, and the regularity is obvious. Under
the plane strain condition, the intermediate principal stress
coefficient b, of intact loess with different initial stress states
is between 0.2 and 0.4, which is slightly larger than that of
isotropic consolidation from 0.15 to 0.35.
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4.3. Analysis of Strength Characteristics. The relationship
curves of gy ~ 03, 4y ~ Py, and gy ~k are shown in
Figures 15, 16, and 17, respectively.

Figures 15-17 show the increase of consolidation
confining pressure and spherical stress. General shear
stress is also increasing, which is approximately a linear
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relationship. When the consolidation confining pressure
is 50 and 100 kPa, the generalized shear stress decreases
monotonously with the increase of k value. When the
confining pressure is 150 and 200 kPa, the general shear
stress decreases first and then increases with the increase
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in k value. The experimental results further indicate that
the influence of the initial stress state k on the soil strength
is closely related to the consolidation confining pressure.
The bigger the k value, the stronger the damage of the
original soil structure under small confining pressure,
which results in a decrease in soil strength. Given this
condition, increasing the k value helps the development of
the loess vertical crack and weakens the adhesive force
between the particles. The increase in confining pressure
enhances lateral confinement. Therefore, the increase of k
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value increases shear strength. Given this increase, the
vertical cracked soil healing and strength of the secondary
structure grow faster than the strength decrease caused by
the original structure damage.

4.4. Analysis of Strength Parameters. According to the
strength envelope under the plane strain state, cohesive
force ¢ and internal friction angle ¢ of the intact loess can
be obtained under different k values. The strength pa-
rameters changing with k values are shown in Figures 18
and 19.

Figures 18 and 19 show that the cohesion force de-
creases with the increase of k value; the linear relationship
is approximate. The increase of k value develops the loess
vertical crack, which weakened bond properties between
soil particles. Moreover, with the increase of k value, the
shear strength of soil depends on the frictional effect
between soil particles. Therefore, the internal friction
angle increases.

5. Conclusions

(1) The stress-strain curves of intact loess with different
confining pressures and different k values are all of
hardening types under vertical loading conditions,
and the stress-strain curves conform to the hyper-
bolic type. Consolidation confining pressure and k
values affect the soil strength characteristics. The
effect of different initial stress states’ loess strength is
closely related to the magnitude of consolidation
stress.

(2) The relationships between the lateral and vertical
strains of the intact loess with different confining
pressures and k values are nonlinear. The increase of
consolidation confining pressure limits the devel-
opment of lateral deformation. The effect of different
initial stress states’ k values on lateral deformation is
significantly affected by consolidation confining
pressure.

(3) The intact loess shows shear shrinkage characteristics
during vertical shear loading under different initial
stress states with strong regularity. The volume and
vertical strains are nonlinear. The increase of consol-
idation confining pressure restricts the development of
lateral deformation macroscopically, and the volume
strain increases. With the increase of the initial stress
states’ k value, the structure of soil undergoes a process
from reinforcement to damage. The increase of the
lateral expansion deformation distortion offsets some
vertical deformation, showing that the larger the k
value, the smaller the volume deformation.

(4) The consolidation confining pressure and the initial
stress state influence the intermediate principal stress
factor in the failure. With the increase of consolidation
confining pressure, the intermediate principal stress
factor decreases gradually. With the increase of k value,
the intermediate principal stress factor increases first
and then decreases, and the regularity is obvious.



Advances in Civil Engineering

Under the plane strain condition, the intermediate
principal stress factor b, of intact loess with different
initial stress states is between 0.2 and 0.4.

(5) Given the increase of consolidation confining pressure
and spherical stress, the general shear stress at failure
also increases. This relationship can be approximately
described as linear. The test results further indicate that
the influence of the initial stress state on soil strength is
closely related to consolidation confining pressure. The
cohesive force decreases with the increase of k value,
and the relationship is linear. With the increase of the
initial stress states’ k value, the internal friction angle of
the soil increases linearly.
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