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Abstract: Aeolian sand is a special roadbed filler, but its three-dimensional mechanical properties are
rarely studied. To obtain the characteristic of its deformation, strength on the deviatoric plane, and
failure in three dimensions, a series of triaxial drained tests on aeolian sand in the Tengger Desert,
under the condition of the constant average principal stress, p, were conducted by an equivalent
alternative method to achieve a true triaxial stress path by a pseudo-triaxial apparatus. The results
show that the method can better determine the strength. The peak shear stress decreases gradually
with the increase of the intermediate principal stress coefficient, b, at the same p. Compared with the
SMP and Mohr–Coulomb criteria, the peak shear stress is near the strength lines predicted by both
criteria. At a lower p, the specimen exhibited strain-softening behaviours, but at a higher p, it showed
hardening behaviours. Under the conditions of a higher p and lower b, the specimen exhibited
contraction first and then dilatancy. The specimen deformation is greatly affected by anisotropy,
and as the p-value increases, the effect of the initial anisotropy on the specimen begins to weaken.
The εs (generalized shear strain)/η (stress ratio)-εs curves, can be expressed by a linear equation, of
which the slope is affected by the b-value. The experiment verifies the feasibility and rationality of
the equivalent method. The test data provide support for the maintenance of desert roadbeds and the
sustainable development of the economy and society in ecologically fragile areas.

Keywords: aeolian sand; stress path; deviatoric plane; shear strength; deformation behaviour

1. Introduction

About 36 million square kilometres, or 24 percent of the Earth’s total land area, is
desertified globally. With human activities, many projects are constructed in the desert, such
as the construction of the desert highway. However, the special properties of aeolian sand
make it easy for subgrades to produce sustainable settlements, which leads to embankment
and foundation construction failures, which then seriously affects the sustainability of
highway operations. Aeolian sand is a special roadbed filler that is widely distributed
in desert areas; however, there are only a few basic experiments. In particular, its three-
dimensional mechanical characteristics have received little attention. For studying the
three-dimensional mechanical behavior of soil, the true triaxial apparatus (TTA) is a popular
device that controls three orthogonal directions for loading independently and provides
a software and hardware basis for determining the soil’s mechanical behaviour in three
dimensions. The pseudo-triaxial specimen (PTA) is loaded in an axisymmetric stress
state, which can only control the stress in the axial and radial directions independently.
Therefore, the PTA cannot measure the influence of the intermediate principal stress
on the deformation and strength, which severely limits its measurement. However, the
development of the TTA overcomes the crucial defect of the PTA, theoretically, and becomes
an ideal device for element testing.

Since Kjellman [1] first designed a TTA, it has opened a new era in the study of the
three-dimensional mechanical behaviours of soil, as shown by Bishop [2], who tested it on
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dry sand, Ko et al. [3] and Alshibli et al. [4], who tested it on Ottawa sand, Lade et al. [5],
who tested it on Monterey sand, Gao et al. [6], who tested it on Toyoura sand, Zhang et al. [7],
who tested it on standard sand, and Li et al. [8,9], who tested it on aeolian sand at different
confining pressures and different intermediate principal stress coefficients. These test results
show that the peak of the internal friction angle first increases and then decreases with the
increase of b. The peak internal friction angle of triaxial tension is significantly higher than
that of triaxial compression. Moreover, sand dilatation is also significantly affected by the
intermediate principal stress and the anisotropy characteristics. The results obtained by
Nakai et al. [10], Reddy et al. [11], Matsuoka et al. [12], and Choi et al. [13] for different soils
with a constant p show that soil deformations are directly bound up with the stress path.
In addition, Shao et al. [14] studied the lateral deformation characteristics of soil in the
shearing process at different stress states. Suits et al. [15] and Lade et al. [16–19] conducted
a true triaxial test on dense sand to study the deformation and failure characteristics of
transverse isotropic sand. Lu et al. [20] simulated the true triaxial tests of Ochiai and
Lade [21] on Cambria sand to study the influences of its inherent cross-anisotropy and
bifurcation characteristics. Furthermore, the TTA is also adopted to carry out plane strain
tests [22,23]. Some apply it to study the small strain behaviour of granular soil [24]. The
TTA has been widely used in complex stress path tests to obtain soil mechanics; the
constitutive theory based on the test results has also been developed by leaps and bounds.
The application of the TTA has solved many complicated challenges, but unfortunately, it
has not been widely popular because of its inherent problems, such as the collision of rigid
loading [25], boundary friction [26,27], and measurement accuracy [28,29]. To avoid those
problems, the deformation gaps are reserved [30], which will lead to uneven stress and
strain [31]. The above all affect the accurate determination of soil behaviour. In contrast,
the pseudo-triaxial test, which originated earlier, is simple to conduct, and most of the
existing engineering applications and model validations are still based on pseudo-triaxial
test data [32–35]. Based on the above analysis, Li and Ma [36] proposed a method to
equivalently achieve the true triaxial stress path with the PTA, which makes it possible to
study soil’s mechanical behaviour in three-dimensional spaces.

Based on the proposed method, the pseudo-triaxial stress path and the true triaxial
stress path are maintained to be consistent in a p-q space, and the true triaxial stress path
can be equivalently achieved by the PTA. For a detailed description of the method, please
refer to our patent [36]. According to this method, the PTA was used to conduct the stress
path tests on aeolian sand in the Tengger Desert under drained conditions, with a p of
100 kPa, 300 kPa, 600 kPa, and 900 kPa, respectively. The purpose was to achieve the stress
path at different stress states while meanwhile verifying the feasibility and rationality of
the method. Furthermore, we will discuss the mechanical parameters on the deviatoric
plane and the deformation characteristics of aeolian sand. The description of these features
is conducive to improving the sustainability of buildings such as roadbeds.

2. Experimental Procedures
2.1. Pseudo-Triaxial Apparatus

The apparatus can carry out constant stress and constant strain control, which can
achieve various static tests of soil mechanics. The schematic diagram is shown in Figure 1.
Each part of the apparatus is controlled by a single-chip microcomputer, which can cooper-
ate with computer work independently. The data acquisition apparatus can exchange data
with the computer and collect and process data in real time. The constant strain control
rate range is 0.002~4 mm/min, and the accuracy is ±1%. The measuring range of the axial
pressure sensor is 0~30 kN, and the accuracy is ±1%. The measuring range of the confining
pressure controller is 0~1.99 MPa, the measuring range of the back-pressure controller is
0~0.99 MPa, and the accuracy is ±0.5% FS (Full Scale).
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Figure 1. Schematic diagram of triaxial apparatus.

2.2. Material Parameters of Aeolian Sand

The aeolian sand was sampled from the hinterland of the Tengger Desert, China,
which is widely representative. The natural moisture content was 0.14%, the maximum
density was 1.68 g/cm3, the minimum density was 1.40 g/cm3, and the specific gravity was
2.67. Figure 2 shows the particle size distribution curve measured by a laser particle size
analyser. The integral distribution (red curve) is the cumulative particle size distribution
curve, and the differential distribution (blue curve) is the percentage of a particle size’s
mass in the total mass. From Figure 2, it can be concluded that the coarse end particle size,
d97, is 0.5, the constrained grain size, d60, is 0.35, the median diameter, d30, is 0.30, the
effective grain diameter, d10, is 0.26, the fine end grain size, d3, is 0.23, the specific surface
area, S/V, is 2.1 cm2/cm3, and the coefficient of nonuniformity, Cu, is 1.42. The coefficient
of the curvature, Cc is 0.97, the fine grain content is less than 5%, and the classified aeolian
sand is poorly graded sand. The particle mass with grain size larger than 0.075 mm exceeds
85% of the total mass, and the aeolian sand is classified as fine sand.
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Figure 2. Particle size distribution curve of aeolian sand.

2.3. Specimen Preparation

The specimen’s size was a diameter, Φ, of 39.1 mm × height 80 mm. In the process
of specimen preparation, the relative density was controlled to be Dr = 0.37, the initial



Sustainability 2023, 15, 8328 4 of 15

void ratio was e0 = 0.79, and the medium-density specimen with a density of 1.49 g/cm3

was prepared. To reduce the influence of the rubber membrane, a vacuum pump was
adopted to pump the air in the confined space (the space between the split mould and
the rubber membrane) to make the rubber membrane close to the inner wall of the split
mould. The specimens were prepared by the layered falling sand method (Figure 3). The
aeolian sand was evenly dropped into the specified height so that the density of each
layer of the specimen was consistent. Moreover, to reduce the error of manual specimen
preparation and ensure its stability, it was necessary to control the height error of the
specimen to be less than 1 mm, i.e., less than 1.5% of the specimen’s height. After the
specimen was prepared, the vacuum pump was transferred to the back-pressure valve, and
the other valves connected to the specimen were closed. A negative pressure of 20 kPa
was maintained by the vacuum pump to fix the specimen’s shape. Finally, by opening the
split mould, installing the triaxial cell, filling it with water, and pre-applying the confining
pressure of 20 kPa, the specimen installation was completed. It should be noted that the
specimen’s size should be strictly controlled in the specimen preparation process. The
specimen preparation method should be consistent to ensure stability and repeatability
and reduce the error of manual specimen preparation.
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After the specimen was installed, hydrostatic head saturation and back-pressure satu-
ration were carried out. Because the air in the specimen was compressible, it increased the
difficulty of parametric measurement and reduced the reliability of the results. Therefore,
the hydrostatic head saturation was carried out first, and the air in the specimen was
displaced by de-aired water so that the three-phase body composed of solid, liquid, and
gas became a two-phase body composed of solid and liquid. After that, back-pressure
saturation was performed to eliminate the influence. When the saturability reached more
than 98%, the specimen was saturated. After the saturation procedure, the specimen was
subjected to isotropic consolidation, and the consolidation was considered complete when
the volume of water discharged from the specimen was less than 1% within 30 min.

3. Test Method and Strength Criterion
3.1. Test Method Introduction

Testing and describing the mechanical behaviour of soil in three-dimensional space is
the focus of geotechnical scholars. The TTA is an ideal device for element testing. However,
it has not been widely popular because of its inherent problems. Thus, the author proposed
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an equivalent alternative method to measure the three-dimensional mechanical behaviour
of soil. The method can determine the spatial mechanical behaviour by a pseudo-triaxial
apparatus, which significantly reduces the testing cost. An introduction to the method is
as follows.

The TTA can achieve any stress path on the deviatoric plane by controlling the average
principal stress, p, the generalized shear stress, q, and the Lode angle, θσ. Although the
PTA cannot achieve the stress path directly, the stress path in the generalized stress space
(the p-q space) can be kept consistent by two apparatuses simultaneously. Therefore, the
PTA can equivalently achieve the same stress path as the TTA. The method proposed by
the author et al. [36] adopts a PTA to keep the stress path consistent with the true triaxial
stress path in the p-q space to achieve the stress path test at a different p and b, which is an
equivalent alternative method, not a true triaxial test in the real sense.

The average principal stress increment, dp, and generalized shear stress increments,
dq and b, at true triaxial conditions are as follows.

dp = dσ1+dσ2+dσ3
3

dq = (2σ1−σ2−σ3)dσ1−(σ1−2σ2+σ3)dσ2−(σ1+σ2−2σ3)dσ3√
2
√

(σ1−σ2)
2+(σ2−σ3)

2+(σ1−σ3)
2

dσ2 = bdσ1 + (1− b)dσ3

(1)

where σ1 is the major principal stress; σ2 is the intermediate principal stress; σ3 is the
minor principal stress; dσ1 is the major principal stress increment; dσ2 is the intermediate
principal stress increment; dσ3 is the minor principal stress increment.

Here, we represent σ2 in terms of σ1 and σ3 to the equivalent of the influence of σ2.
Therefore, Equation (2) is obtained from Equation (1) and reads:

dp =
(1 + b)dσ1 + (2− b)dσ3

3
(2)

According to Equation (2), if it is required to achieve a constant p loading at a different
b, that is, dp = 0, then:

dσ3 =
b + 1
b− 2

dσ1 (3)

If b is regarded as a proportional coefficient, and σ1 and σ3 are controlled using the
PTA, it can be drawn from Equation (3) that the stress paths consistent with true triaxial
stress paths can be achieved equivalently by controlling σ1 increases and σ3 decreases
proportionally.

3.2. Strength Criterion

To reveal the peak strength of aeolian sand on the deviatoric plane and verify the
feasibility and rationality of the method, two widely popular Mohr–Coulomb criteria were
adopted to compare and analyse the peak points in this paper.

The general expression for the Mohr–Coulomb is as follows.

q−M f g(θσ)p = 0 (4)

where Mf is the peak stress ratio of the triaxial test (b = 0, θσ = −30◦); g(θσ) is the shape
function. The expressions for Mf are as follows.

M f =
6 sin ϕ f

3−sin ϕ f
(b = 0, θσ = −30◦)

M f =
6 sin ϕ f

3+sin ϕ f
(b = 1, θσ = 30◦)

(5)

where ϕf is the peak internal friction angle.
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The first is the spatially mobilized plane (SMP) obtained by Matsuoka and Nakai [37],
and its shape function, g(θσ), is as follows.

g(θσ) =

√
3

2
β√

β2 − β + 1
1

cos α
(6)

where

α =


1
6 cos−1(−1 + 27

2
β2(1−β)2

(β2−β+1)3 sin2 3θσ) , θσ ≤ 0

π
3 −

1
6 cos−1(−1 + 27

2
β2(1−β)2

(β2−β+1)3 sin2 3θσ) , θσ > 0

where β is the ratio of the peak stress while θσ is 30◦ and −30◦, respectively, and reads.

β =

(
M f

)
θσ=30◦(

M f

)
θσ=−30◦

(7)

The second is the Mohr–Coulomb criterion obtained by Bardet [38] using a linear
interpolation function, and its expression is as follows.

g(θσ) =

√
3β

(β + 1) cos θσ +
√

3(β− 1) sin θσ

(8)

4. Test Scheme and Results
4.1. Stress Path Test Scheme

To study the strength and deformation characteristics of aeolian sand on the deviatoric
plane, a PTA was adopted to conduct a stress path test at the drained condition when p
was 100, 300, 600, and 900 kPa, and b was 0, 0.2, 0.4, 0.6, 0.8, and 1, respectively. The test
scheme is shown in Table 1.

Table 1. Test scheme at constants p and b.

p(kPa) b Loading Method

100
300
600
900

0 The test adopts stress-controlled loading, and the constant p loading is
achieved by controlling the increase of σ1 and the decrease of σ3; by
controlling the increase rate of σ1 and the decrease rate of σ3, loading
schemes of different b are achieved, i.e., ∆σ3 = (b + 1)/(b − 2)·∆σ1; the
control ratios of σ1 and σ3 are shown in Figure 4.

0.2
0.4
0.6
0.8
1

In the test, it is necessary to control the increasing rate of σ1 and the decrease rate of
σ3 to load according to the set ratio (Equation (3)) so that the stress path’s loading scheme
of different b at the condition of a constant p can be achieved. Figure 5 is a schematic
diagram of the stress path after being processed by the proposed method in the deviatoric
plane. Figure 6 is a schematic diagram of the actual stress path’s loading by PTA in the
p-q space.

There are many influencing factors in the actual test process. To accurately verify the
method and reveal the strength and deformation of aeolian sand, it is necessary to keep
all of the controllable influence parameters completely consistent, such as the specimen
preparation method and the specimen’s compactness, saturation, consolidation conditions,
loading rate, etc. The influence of the uncontrollable influence parameters should be
minimized as much as possible.
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Figure 6. The designed stress path’s loading by pseudo-triaxial.
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4.2. Stress Path Test Results

Figure 7 shows the effective stress paths measured by a PTA at different loading
conditions. Figure 8 shows the stress path with a constant p, processed by the proposed
method in the same test conditions. The information in Figure 7 shows that the peak stress
ratio of aeolian sand varies from 1.44 to 1.47 as b increases, with a change rate of about 2%
and an average peak stress ratio of about 1.46, which is almost consistent. The results show
that aeolian sand has a unified critical state.

At the same p, the slope of the measured stress path gradually increases as b increases,
but the slope of the critical state line gradually decreases (Figure 7). The peak stress ratio
is significantly affected by the b-value, i.e., as the b-value increases, the peak stress ratio
decreases. Figure 8 shows that all the stress paths of different b processed by the proposed
method always remain plumb lines perpendicular to the p-axis. The stress path is always
loaded along the design path, which shows that the method is feasible and controllable.
Based on the above analysis, it is concluded that the equivalent stress paths can be achieved
accurately by a PTA. When comparing the slope of the critical state line, the difference is
more than 10%.

Figure 9a–d show the variation of q with an axial strain, ε1, and a radial strain, ε3, at
p = 100, 300, 600, and 900 kPa. In all the q~ε1 curves, q gradually decreases after reaching
the peak value, and the q~ε1 curves show a strain-softening, indicating that p has a great
influence on the curve shapes. As p increases, the peak strength at the same b increases
gradually, and the strain corresponding to the peak strength increases. For example, when
p = 100 kPa, b = 0, the shear stress peaks at a strain of about 2.5%, while when p = 300,
600, and 900 kPa, b = 0, and the shear stress peaks at a strain of about 7%, 10%, and 12%,
respectively. Moreover, the q~ε1 curves at other b also have similar laws. At the same
p (such as p = 600 kPa, Figure 9c), the peak of q gradually decreases as b increases, and
the corresponding ε1 gradually decreases while the peak is reached. The curves at other
p (p = 100, 300, and 900 kPa) also have similar variation laws. This is consistent with the
mechanical properties and with the peak strength measured by true triaxial tests.
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Figure 7. Effective stress path measured by pseudo-triaxial apparatus.
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Figure 8. Effective stress path processed by the proposed method.
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Figure 9. Relationships between principal strain component and deviatoric stress at the same p and
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Figure 10a–d show the variation of volumetric strain, εv and ε1, at p = 100, 300, 600,
and 900 kPa. It can be concluded that εv is greater than 0 at p = 100 kPa and 300 kPa, and
the specimen only occurs at dilatation. The εv-ε1 curves at different b have a crossover
phenomenon (Figure 10a,b). Only at p = 600 kPa and p = 900 kPa does the εv decrease first,
and then it increases with the ε1 at different b, i.e., the specimen contracts first and then
dilates. The contraction is most remarkable at b = 0 and 0.2 and weaker at other b, indicating
that the deformation and failure modes are greatly influenced by the test conditions of the
constants p and b (Figure 10c,d). In conclusion, the deformation failure mode of aeolian
sand is mainly dilatancy, and it also shows the contraction first and then dilatancy when
p is larger and b is smaller.
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Figure 10. Relationships between εv and ε1 at the same p and different b. (a) p = 100 kPa. (b) p = 300 kPa.
(c) p = 600 kPa. (d) p = 900 kPa.

Figure 11a–d show the relationships between ε3 and ε1 at different loading conditions.
The ε1-ε3 curves show a linear variation, and their slopes are different, indicating that the
deformation degree of the axial and radial is significantly affected by p and b. In addition,
there is no obvious proportional relationship between the values of ε3 and ε1 at the same
b, which is caused by the initial anisotropy of aeolian sand during specimen preparation.
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However, at p = 900 kPa, the slopes of the ε1-ε3 curves are almost the same, and the value
of ε1 and ε3 satisfies the proportional relationship of ε1 ≈ −2ε3, which indicates that the
deformation of the specimen deforms uniformly at this condition and is almost in an
isotropic state.
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Figure 12a–d show the generalized stress ratio, η~, and generalized shear strain, εs,
relationships and the εs/η~εs relationships at p = 100, 300, 600, and 900 kPa. The expressions
for η and εs are as follows.

η =
q
p

(9)

εs =

√
2

3

√
(ε1 − ε2)

2 + (ε2 − ε3)
2 + (ε3 − ε1)

2 (10)

where ε2 = ε3. Compared with Figure 12(a1–d1), it can be concluded that the peak value of
η decreases with the increase of b, which is consistent with the variation law of the true
triaxial test in the same loading conditions.
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Figure 12. Relationships between stress ratio and εs/η with generalized shear strain εs. (a) p = 100 kPa.
(b) p = 300 kPa. (c) p = 600 kPa. (d) p = 900 kPa.

At the same b and different p, the peak values of η are almost consistent, indicating
that the aeolian sand has a unified critical state. Comparing Figure 12(a2–d2), it can
be concluded that the curve of εs/η~εs changes linearly, which can be expressed by the
straight-line equation proposed by Sun et al. [39] as follows.

εs

η
= m + nεs (11)

where m is the intercept of the straight-line equation on the εs/η-axis; n is the slope of the
straight-line equation. The test results in this paper are consistent with the description
of the equation proposed by Sun et al. [39]. In fact, Equation (11) adopts the generalized
stress ratio, η, to express the strain-softening characteristics of the test curve. It can be
drawn from Figure 12 that m is almost unchanged at all conditions, i.e., the value of m has
nothing to do with b. However, the change of n is more remarkably affected by b and p,
i.e., n increases with the increase of b at the same p, and n also increases with the increase
of p, indicating that the strain-softening phenomenon is enhanced, and the stress–strain
relationships are affected by both p and b.

Figure 13a–d show the test peak shear stress of aeolian sand at different loading
conditions and the predicted strength lines on the deviatoric plane of two modified
Mohr–Coulomb strength criteria determined according to the test parameters when
b = 0 and b = 1. By comparing the strength lines predicted by the two strength crite-
ria with the strong trajectory of the test peak shear stress point on the deviatoric plane
(Figure 13), it can be drawn that the SMP criterion can better predict the changing trend,
while Bardet’s Mohr–Coulomb criterion has a more conservative prediction line, i.e., the
predicted value is lower than the test peak stress point. The test results better reveal the
strength of the deviatoric plane, which again proves the feasibility and rationality of the
method, i.e., that pseudo-triaxial tests can equivalently achieve the same stress path as the
true triaxial test in a generalized stress space.
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Figure 13. Comparison of peak strength of aeolian sand with Mohr–Coulomb criterion. (a) p = 100 kPa.
(b) p = 300 kPa. (c) p = 600 kPa. (d) p = 900 kPa.

5. Conclusions and Discussion

Based on one of the methods proposed by the author, the true triaxial stress path
in a generalized stress space was equivalently achieved by pseudo-triaxial tests, and the
strength on the deviatoric plane and deformation of aeolian sand were measured. The
measurement of these parameters is of great benefit to the sustainability of roadbeds and
other buildings in desert areas. The main conclusions are as follows.

(1) The strength on the deviatoric plane in the equivalent study of the pseudo-triaxial test
is similar to the characteristics measured by the true triaxial test, i.e., the peak shear
stress decreases as b increases. It is shown that the PTA can equivalently achieve some
stress paths of the TTA. The test results have verified the feasibility and rationality
of the proposed method, indicating that the PTA can equivalently achieve some
functions of the TTA.

(2) The deformation failure mode of aeolian sand is mainly dilatancy at the lower p, and
it also shows the contraction first and then dilatancy when p is larger and b is smaller.
The deformation and failure modes are affected by p, q, and b, and the influence of the
three factors needs to be considered comprehensively.
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(3) At the lower p, the linear relationship between ε3 and ε1 changes with b, and the
deformation degree in different directions are different, which is significantly affected
by the initial anisotropy. The εs/η-εs relationships can be described by a unified linear
equation. At the same p, the slope of the εs/η-εs curve increases with the increase of b,
and the strain-softening phenomenon is enhanced. The stress–strain relationships are
affected by both p and b.

(4) Compared with the predicted strength lines of the SMP and Mohr–Coulomb criterion,
the peak shear stress points are evenly distributed near the predicted failure surface,
which better represents the peak strength characteristics at the special stress paths.
The test results, once again, demonstrate the feasibility and rationality of achieving a
three-dimensional stress path on the deviatoric plane with the PTA.

6. Patents

According to the method proposed by the author et al. in our patent, a series of
validation tests were carried out for this paper. For details of the method, please refer
to our patent “A method to achieve the three-dimensional space stress or strain path by
pseudo-triaxial apparatus“, No: CN202111429048.0; Authorized.
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