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In practical engineering, if the inﬂuence of noncoaxial stress and strain is not considered, part of soil deformation will be ignored,
resulting in the structural design which is not safe enough. A series of undrained tests was performed on remolded loess specimens
using a hollow cylinder apparatus to examine the coupling between principal stress magnitude and direction in these specimens.
First, the elastic parameters of remolded loess were obtained, and these parameters were used as the basis for investigating the
noncoaxiality of the soil body under principal stress axis rotation (PSAR). The eﬀects of elastic strain, intermediate principal stress
coeﬃcient, and magnitude of the deviatoric stress on the noncoaxiality of remolded loess were also investigated. The results of
these experiments show that remolded loess exhibits signiﬁcant noncoaxial behavior during PSAR. The noncoaxiality angle of
remolded loess cyclically ﬂuctuates with increases in the principal stress angle. It was also observed that the noncoaxiality angle
will be overestimated if the eﬀects of elastic strain are overlooked. Reversals in the direction of PSAR cause dramatic changes in the
noncoaxiality angle. Increases in the intermediate principal stress coeﬃcient are accompanied by increases in the noncoaxiality
angle, up to a certain degree; however, these changes do not aﬀect the development of the noncoaxiality angle. In coupled
rotational tests with a range of deviatoric stress amplitudes, it was observed that changes in the deviatoric stress amplitude will
aﬀect the development of the noncoaxiality angle; increases in the deviatoric stress amplitude cause the noncoaxiality angle versus
principle stress angle plot to shift to the left gradually, thus accelerating the trends of the noncoaxiality angle. Increases in the cycle
number also increase the noncoaxiality of remolded loess.

1. Introduction
In practical engineering, the structural load always changes
in a reciprocating cycle, such as vehicle load and wave load,
and the direction of large principal stress will change from
the horizontal direction to vertical direction and, then, to the
horizontal direction from far and near. The magnitude,
direction, and frequency of stress are diﬀerent, showing
diﬀerent engineering characteristics. The principal stress
cyclic rotation test with research direction and size coupling
is important for engineering safety signiﬁcance. At present,
the research on the stress-strain state of loess under the
condition of principal stress axis rotation is still imperfect,
especially in the noncoaxial eﬀect.
In classic plasticity theory, Barré de Saint-Venant proposed the assumption of stress-strain coaxiality. However,

many experiments have demonstrated that this assumption
does not hold in soil bodies with complex stress states.
Roscoe et al. [1] were among the ﬁrst researchers to
propose the concept of noncoaxiality angle; they observed
signiﬁcant noncoaxiality in the early stages of direct shear
tests, and the stress-strain directions approached coaxiality
as the specimen began to fail.
Cai et al [2] performed principal strain axis rotation
(PSAR) experiments on sandy soils under various drainage
conditions. It was observed that the eﬀects of soil compaction on the noncoaxiality angle are signiﬁcant under low
shear stresses, but insigniﬁcant under high shear stresses.
Nakata et al. [3, 4] performed monotonic shear tests with
a ﬁxed principal stress axis on medium dense sands prepared
using two diﬀerent methods. They observed that Toyoura
standard sand exhibits strain softening, and this eﬀect
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becomes increasingly pronounced with increases in the
stress angle. In contrast, Aio sands exhibit strain hardening,
and the noncoaxiality of these specimens was not signiﬁcantly aﬀected by initial anisotropy.
In cyclic PSAR experiments, Blanc et al. [5] observed that
PSAR induces much larger changes in plastic strain than in
elastic strain. They also found it is necessary to exclude the
eﬀects associated with increases in elastic strain to analyze
the noncoaxiality of plastic strain increments.
During a series of PSAR experiments, Sun [6] observed
signiﬁcant cyclic and cumulative eﬀects in the axial strains of
the specimens during loading processes. In addition, the
cyclic shear stress ratio, conﬁning pressure, and cyclic
vertical stress ratio signiﬁcantly inﬂuence the development
of accumulated strains.
Liu et al. [7] observed signiﬁcant degrees of noncoaxiality in the stress-strain relationships of K0-consolidated saturated silt based on triaxial directional shear tests
on these soils using a GDS triaxial apparatus.
Yang [8] performed stress-strain studies on undisturbed
and remolded soft clays from Hangzhou, China. It was
observed that the undisturbed and remolded soil specimens
display similar noncoaxial ﬂuctuations, but the eﬀects of
noncoaxiality were ampliﬁed by the intrinsic anisotropy of
the undisturbed specimen. On this basis, they proposed a
model for the plastic ﬂow of soft clay that accounts for
noncoaxiality.
Based on pure undrained PSAR experiments on soft clay
specimens, Qian and Du [9] concluded that noncoaxiality is
induced by anisotropies in the increase or decrease of
stiﬀness. They also observed that noncoaxiality is enhanced
by cyclic strengthening and weakened by cyclic weakening.
Through the study of saturated remolded loess [10–14],
some scholars have obtained the inﬂuencing factors of shear
strength of remolded loess, the mechanical characteristics,
dynamic characteristics, and residual deformation laws
under partial drainage conditions, the calculation model of
loading rate and strain, and the deformation characteristics
under cyclic load, which laid a theoretical foundation for
subsequent research.
Hence, many studies have been conducted on the eﬀects
of soil anisotropy and PSAR on the soil body, using sandy
soil and soft clay specimens. However, very few researchers
have investigated the eﬀects of PSAR on soil anisotropy.
Furthermore, the stress-strain trends of a soil body during
PSAR have not been thoroughly investigated, and the underlying mechanisms of these trends are largely unknown. In
this study, a hollow cylinder apparatus (HCA) was used to
study the noncoaxiality of saturated remolded loess and the
factors that inﬂuence its noncoaxiality. First, the elastic
parameters of remolded loess were obtained by performing
coupled principal stress amplitude-PSAR tests with repeated
cyclic loads on remolded loess in undrained conditions.
Based on PSAR stress paths, we investigated the development of elastic strains in remolded loess. The eﬀects of elastic
strain, intermediate principal stress coeﬃcient (b), deviatoric
stress amplitude (∆q), and the number of cycles on the
noncoaxiality of remolded loess were investigated, in addition to the underlying mechanisms of these eﬀects. Finally,
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a noncoaxial constitutive model was constructed for saturated loess, thus providing an experimental reference for
future studies about the deformation characteristics of
saturated loess under PSAR.

2. Experimental Design
2.1. Experimental Apparatus and Specimen Preparation.
An HCA in Chang’an University was used to study the stress
characteristics of remolded loess. Yang et al. [15] provided a
detailed description of the structure and function of HCAs.
In an HCA, the axial load W, torque T, outer cell pressure
P0, and inner cell pressure P can be controlled using
magnetic ﬁeld coils and a pneumatic loading unit, thus
enabling the independent control of the axial stress σ z , radial
stress σ r , circumferential stress σ θ , and shear stress τ zθ . This
facilitates the simulation of complex soil conditions. The
structure of the HCA used in this study is shown in Figure 1.
This study was performed using remolded loess specimens, and their parameters are shown in Table 1. After the
hollow cylinder specimens were prepared and loaded into
the HCA, back pressure saturation was performed until the
pore pressure coeﬃcient B of the soil specimen reached 0.96
(i.e., when the soil specimen reaches saturation). Isobaric
consolidation was subsequently performed at an equivalent
conﬁning pressure of 150 kPa. After the sample was consolidated, the PSAR test was conducted by independently
manipulating the stress parameters p, q, b, and α. The
deﬁnitions of these parameters are as follows:
p�

1
1
σ 1 + σ 2 + σ 3  � σ z + σ θ + σ r ,
3
3

�������������
σ1 − σ3
σ − σθ 2
q�
�  z
 + τ 2zθ ,
2
2
����������������
2
2
σ 2 − σ 3 σ r − σ z + σ θ /2 +  σ z + σ θ  /4 + τ zθ
�����������������
b�
,
�
2
σ1 − σ3
2  σ z + σ θ  /4 + τ 2zθ
1
2τ zθ
α � arctan
.
σz − σθ
2
(1)
In these equations, σ z , σ r , σ θ , and τ zθ are the axial stress,
radial stress, circumferential stress, and shear stress, respectively. If p and b are ﬁxed, the stress components acting
on a specimen must adhere to certain relationships during
PSAR:
σz � p −
σr � p +

(bq − q)/2 1
+ q cos(2α),
3
2

2((bq − q)/2)
,
3

σθ � p −

((bq − q)/2) 1
− q cos(2α),
3
2

(2)
(3)
(4)
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Figure 1: Hollow cylinder apparatus.
Table 1: Parameters of the soil specimen.
3

Density (g/cm )
1.69

Moisture content (%)
14.2

1
τ zθ � q sin(2α).
2

Internal diameter (mm)
60

(5)

The trends of the stress components are therefore fully
determined if p, q, b, and α are known, which are shown in
Table 1.
2.2. Experimental Schemes. Coupled principal stress amplitude-PSAR tests were performed on remolded loess
specimens to study the noncoaxiality of remolded loess. The
experimental schemes for this purpose are listed in Table 2; I
represents the test group with b as the variable, and II
represents the test group with q as the variable.
The stress path used in this experiment is shown in
Figure 2. First, the deviatoric stress q was increased to a ﬁxed
point (point B); after isotropic consolidation was completed,
the principal stress amplitude and principal stress angle were
simultaneously varied to perform the coupled principle
stress amplitude-PSAR test (B ⟶ D ⟶ B ⟶ C ⟶ B).
During the cyclic rotation of the principal stress axis, the
magnitudes of p and b were maintained unchanged whereas
α and q were varied according to a constant ratio.

External diameter (mm)
100

ﬁlm leaks. The sample is composed of a base, permeable
stone, top cover cap, and inner and outer membranes to
form a closed space inside the sample. The outer cover of the
pressure chamber is installed, and the water inlet valve of the
pressure chamber is opened and ﬁlled with air-free water.
When the pressure chamber is full of water and there is
continuous water column ﬂowing out, the water inlet valve is
closed and ﬁlling water is stopped.
2.3.3. Back Pressure Saturation. The air in the pore of the
sample is removed by back pressure and water without air.
Due to the large size of the sample and the poor permeability
of the loess, the commonly used method of back pressure
saturation is used for grading saturation to compress and
dissolve the original gas in the hollow cylinder, so as to
achieve the saturation eﬀect of the soil sample.
2.3.4. Consolidation Stage. Loess has creep, that is, the stress
decreases gradually and the strain still increases. Because of
its poor permeability, loess usually needs more than 12 h
consolidation time.

2.3. Experimental Steps

2.3.5. Applied Stress Path. The stress path is controlled by p,
q, b, and α, and dynamic load is applied.

2.3.1. Sample Preparation. After the natural soil is crushed
and dried, it is mixed with a certain proportion of water, and
then, it is put into a grinding tool for compaction.

3. Experimental Results and Analysis

2.3.2. Sample Loading. Before sample installation, check
whether the pipeline is connected and whether the rubber

3.1. Elastic Parameters and Elastic-Plastic Strain. Figure 3
illustrates the axial and circumferential stress-strain curves
of a remolded loess specimen obtained from cyclic loadingunloading tests on specimen Cq1. This ﬁgure shows that the
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Table 2: Experimental schemes.

Series numbering

Experiment numbering
Cb1
Cb2
Cb3
Cq1
Cq2
Cq3

I

II

p (kPa)
250
250
250
250
250
250

b
0
0.5
1
0
0
0

q (kPa)
40–60
40–60
40–60
35–45
25–45
20–50

Δα (°)
75

75

q
B
τzθ

A
p

D

2α

B
(σz – σθ)/2

C

Figure 2: Schematic of the stress path.
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36

E = 203.8MPa
1

18

σz (kPa)

τzθ (kPa)

220
0
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–18

180

0.00

0.06

0.12

0.18

εz (%)
(a)

–36
–0.150

1

G = 69.3 MPa
–0.075

0.000
γzθ (%)

0.075

0.150

(b)

Figure 3: Stress-strain curves of Cq1: (a) axial and (b) tangential.

cyclic changes in loading are accompanied by ﬂuctuations in
strain and that there are many tilted ellipses in the stressstrain curve. Therefore, the stress-strain curves are cyclic and
demonstrate a signiﬁcant degree of strain hysteresis [16, 17].
It is, thus, implied that elastic strain and plastic strain are
generated simultaneously during PSAR, and the degree of
tilt of these strains is largely the same. If the axial stress is
positive, the specimen is, then, poised in an axially compressed state, and the stress-strain curve of the specimen will
be linear during the initial loading/unloading in each test.
Hardin and Blandford [18] noted that the initial tangent

modulus is eﬀectively equivalent to Young’s modulus of a
soil body.
The initial tangent modulus of partial unloading is given
by Figure 3, whereas Figure 4 illustrates the relationship
between the initial tangent modulus and cycle number N
throughout the unloading process in specimen Cq1. In the
latter, it is shown that the initial tangent modulus does not
change signiﬁcantly, despite the continuous development of
stress and strain; it was observed that the axial and tangential
tangent moduli gradually decreased from 203.8 MPa to
186.8 MPa and 65.3 MPa to 69.7 MPa, respectively. This
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Figure 4: Changes of the initial tangent modulus in Cq1 (N
represents the number of cycles of cyclic load, i.e., the number of
process cycles of (B ⟶ D ⟶ B ⟶ C ⟶ B)).

result indicates that Young’s modulus and the tangent
modulus are stable mechanical performance indicators. If
plastic-elastic strain coupling is negligible, the average initial
tangent moduli of each cycle indicate that axial Young’s
modulus and tangent modulus of the specimen were
196.2 MPa and 65.7 MPa, respectively. Yan et al. [19]
demonstrated that the elastic parameters of a specimen in
undrained conditions are isotropic at small deformations.
It was observed that μ � E/(2G − 1) � 0.49. As compared with silt, a greater amount of external force is required
to induce each unit of elastic deformation in remolded loess.
Therefore, remolded loess is stronger and more stable than
silt as it is diﬃcult to induce elastic deformations in these
soils.
The diﬀerentiation of equations (2)–(5) yields the increments of each stress component in the coupled principal
stress amplitude-PSAR test:
1 1 − 2b
dσ z � 
+ cos(2α)dq − q sin(d2α),
2
3
dσ r �

2b − 1
dq,
3

(6)

Figure 5 shows the variation of elastic and plastic strains
of specimen Cq3 from the completion of its consolidation up
to the end of the ﬁrst cycle. Here, it is shown that the soil
body simultaneously undergoes elastic and plastic deformations during the coupled principal stress amplitudePSAR test. Plastic strain amplitudes were observed to vary
much more signiﬁcantly than elastic strain amplitudes, with
the former being approximately three times that of the latter.
After the end of the ﬁrst cycle, all elastic deformations were
fully restored, whereas the plastic deformations were not
fully restored. In Figure 5, it is also shown that the plastic
strain peak clearly lags behind the elastic strain peak, which
indicates that the initiation of plastic strain lags behind
changes in strain. Yan et al. [19] obtained similar results in
pure PSAR tests with continuous and cyclic rotation in
undrained conditions.
The plastic strain paths indirectly reﬂect on the trends
of the yield surface. As the cyclic stiﬀness of the soil body
changes, the plastic strain paths exhibit various trajectory
envelopes in the deviatoric strain plane, as shown in
Figure 6. In Figure 6(a), it is shown that, when
Δq � 10 kPa, the plastic strain paths in the deviatoric plane
gradually shrink and the positions of the paths do not
change signiﬁcantly. Therefore, the shear stiﬀness of the
soil body becomes stronger, and the changes in deviatoric
stiﬀness are not signiﬁcant. When Δq � 30 kPa, the rotation of the principal stress axis leads to shrinkage of the
plastic strain paths and a lateral shift in path position, as
shown in Figure 6(b). This indicates that the shear
stiﬀness and deviatoric stiﬀness of the soil body both
increase, which is consistent with strain hardening.
Hence, the amplitude of the deviatoric stress will inﬂuence the development of soil body stiﬀness with increases
in the cycle number.
3.2. Deﬁnition of the Noncoaxiality Angle. Figure 7 is a
schematic of the features of noncoaxiality. In this ﬁgure, α is
the stress direction angle, αdσ is the stress increment direction angle, and βp is the noncoaxiality angle. The noncoaxiality angle is deﬁned as
p

βp � αdε − α,
(7)

(10)

where
p

1 1 − 2b
− cos(2α)dq + q sin(d2α),
dσ θ � 
2
3

dc
1
p
αdε � arctan p zθ p .
2
dεz − dεθ

(8)

p

1
dτ zθ � sin(2α)dq + q cos(d2α).
2

(9)

In pure cyclic PSAR tests, only the principal stress angle
ασ changes during the unloading process; hence, it was set to
0 in equations (6)–(9) to obtain the increments of each stress
component in this test. Based on the elastic parameters
determined in the previous cyclic loading-unloading test, the
elastic and plastic strains of the soil body subjected to a cyclic
load may be obtained using generalized Hooke’s law.

p

(11)

p

In these equations, dεz , dεθ , and dczθ are the increments
of the axial, circumferential, and torsional plastic strain
increment, respectively.
The eﬀects of elastic strain were generally overlooked in
previous studies. Here, the noncoaxiality angle is deﬁned as
the angle between the strain increment direction and the
principal stress direction:
βtol � αdε − α,
where

(12)
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Figure 5: Elastic and plastic strains of Cq3 in the ﬁrst cycle: (a) elastic strains and (b) plastic strains.
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Figure 6: Trends of the plastic strain paths: (a) Cq1 and (b) Cq3.

1
dczθ
αdε � arctan
.
dεz − dεθ
2

(13)

In these equations, dεz , dεθ , and dczθ are the total increments of the axial, circumferential, and torsional strain
increment, respectively.
To examine the eﬀects of elastic strain on the noncoaxiality of remolded loess, the changes in the βp and βtol of
Cq1 over α � [−75°, 75°] in the ﬁrst cycle are shown in
Figure 8. It is shown that the ﬂuctuations of βp and βtol are
very similar, and the diﬀerences between their values are
minimal during the initial loading stage. Over the entirety of
the loading process, βp ranges between [29.03°, 47.92°]
whereas βtol ranges between [32.42°, 48.24°]. In one cycle, the

trend of βp is less than that of βtol . In other words, the
noncoaxiality of the soil body would be overestimated if the
eﬀects of elastic strain are overlooked. This is because the
total strain increment also contains elastic strain increments,
and the direction of the elastic strain increment is the same
as that of the stress increment. Based on Figure 6, it may be
inferred that the existence of elastic strain will increase the
noncoaxiality angle. Therefore, the eﬀects of elastic strain
should be accounted for in studies on the noncoaxiality of
plastic strains in soil bodies [5]. Notably, the eﬀects of elastic
strain in coupled conditions on the maxima of the noncoaxiality angle of remolded loess are not very large, as these
eﬀects mainly aﬀect the minima of the noncoaxiality angle.
Based on pure PSAR experiments on Hangzhou soft clay,
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noncoaxiality angle βp exhibit the same ﬂuctuations during
the two-way rotation of the principal stress axis, and the
variations always occur within [25°, 47°]. Hence, the noncoaxiality of remolded loess is consistent throughout the
processes of two-way PSAR. Accordingly, we focused our
attention on the noncoaxiality of remolded loess during
positive PSAR.
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Figure 7: Schematic of the features of noncoaxiality.
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Figure 8: Variations of βp and βtol with changes in α.

Yang observed that the maxima of βtol are greater than those
of βp . It is, thus, shown that the eﬀects of elastic strain on
noncoaxiality are diﬀerent in loess than in soft clay.
When the noncoaxiality of remolded loess is examined
under cyclic loads, positive and negative rotational states
must coexist in the principal stress axis during each loading
cycle. Figure 9 shows a plot of the noncoaxiality angle versus
the two-way rotations of the principal stress axis during the
ﬁrst cycle of specimen Cq1. It is shown that the noncoaxial
angle changes dramatically when the direction of PSAR is
reversed in the range of 35°–75°. Based on Figure 6, it may be
inferred that the direction of the plastic strain increment is
also reversed at this point. Hence, the direction of the plastic
strain increment is signiﬁcantly inﬂuenced by the direction
of stress increment. Pradel et al. [20] observed a similar
pattern in their stress experiments on sandy soil (a small
increment was added along each of the various stress directions) as they observed that the direction of strain increment changes in tow with the direction of stress
increment. Figure 9 also shows that the absolute values of the

3.3. Noncoaxiality of Remolded Loess. Figure 10 shows the
variation of βp in the range α � [−75°, 75°] under repeated
cyclic loads with the same stress loading period, but with
diﬀerent intermediate principal stress coeﬃcients (b), in
specimens Cb1, Cb2, and Cb3. It is shown that the three βp
versus α plots gradually become higher during coupled
rotation. The ﬂuctuations of these plots are identical, and
two peaks appear in each cycle. Hence, the value of b does
not aﬀect the ﬂuctuations of the noncoaxiality angle in
remolded loess. At the beginning of each cycle, the total
strain is relatively small during the initial loading. Hence,
elastic strain accounts for a larger proportion of the total
strain in this stage. As the elastic strain direction is the same
as the principal stress direction, the noncoaxiality angle is
generally small in this stage. The proportion of plastic strain
in the total strain increases with further loading, thus increasing βp . Figure 10 shows that larger b values lead to
larger βp for the same α. A comparison between the plots in
Figure 10 shows that the peak diﬀerential of the noncoaxiality angle is 6.1° when b � 0, 5.51° when b � 0.5, and
7.9° when b � 1. It is, thus, shown that b only aﬀects the
amplitude of βp without signiﬁcantly aﬀecting its development in coupled conditions. In the experimental study by
Yang et al. on soft clay samples, higher values of b were
observed to lead to lower values of βp at the same α, and the
eﬀects of b on βp were not especially signiﬁcant. Tong et al.
[20] also obtained similar results from pure PSAR tests on
sandy soils with diﬀerent values of b. The ﬁndings of these
studies are not consistent with the results obtained from
remolded loess specimens in this study.
Figure 11 shows the variation of βp in the range
α � [−75°, 75°] under repeated cyclic loads with the same
stress loading period but diﬀerent deviatoric stress amplitudes (Δq). It is shown that signiﬁcant noncoaxiality is
present in remolded loess during repeated cyclic loading,
and the ﬂuctuations of βp with α are diﬀerent in each range
of α. The noncoaxiality angle generally takes smaller values
when α is between [−75°, −45°] and [0°, 45°]. In these ranges,
the rotation of the principal stress axis initially leads to
decreases in βp , until βp reaches its minima around α � −50°
and α � −25°; βp then, increases with further increases in α.βp
takes larger values when α is between [−45°, 0°] and [45°, 75°].
In these ranges, βp initially increases with the increase in α,
until it reaches its maxima around α � −25° and α � 50°; βp
then, decreases with further increases in α. These “segmented” changes in βp with α were also observed in a series
of tests conducted by Du et al. on traﬃc-induced loads in
undisturbed saturated soft clays, where the amplitude and
direction of the principle stress axis were also varied in a
coupled manner [21, 22]. The maxima and minima of the
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It is shown that βp is small in the ﬁrst few cycles, and βp
versus α plots gradually shift in the left-upward direction
with increases in N. Hence, the trends of the βp versus α plots
are “forward-shifted” by increases in N. The βp versus α plot
stabilizes and is unchanged after the 7th cycle. Hence, the
cycle number has a signiﬁcant impact on the noncoaxiality
angle in coupled conditions. Figure 12 also shows that the
ﬂuctuations of the noncoaxiality angle are not aﬀected by the
number of cycles.
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Figure 10: Noncoaxiality angle βp versus α with diﬀerent values of
b.

noncoaxiality angle plots always diﬀer by approximately 25°
in each cycle. Hence, the ﬂuctuations of βp are not significantly aﬀected by the amplitude of the deviatoric stress, as
these ﬂuctuations are generally the same at each value of Δq.
Figure 11 also shows that all three βp versus α curves are
very similar within α � [−75°, 0°]. In this range of α, the three
curves are very similar at small values of α, but begin to
diverge around α � 25°; βp is generally larger beyond this
point than in the previous range of α values, and this change
is more pronounced at larger Δq values. The peak diﬀerential
of βp is 5.01° when Δq � 10 kPa, but this increases to 16.39°
and 23.98° when Δq � 20 kPa and Δq � 30 kPa, respectively. It
is, thus, shown that the amplitude of the deviatoric stress will
aﬀect the trends and amplitude of the noncoaxiality angle in
coupled conditions.
Figure 12 illustrates several βp versus α plots with different cycle numbers (N). This ﬁgure illustrates how N aﬀects
the noncoaxiality angle using specimen Cq2 as an example.

4. Analysis of the Mechanisms of Noncoaxiality
The change vectors of the plastic strain increments of Cq3
were plotted (Figure 13) to elucidate the mechanisms responsible for noncoaxiality in remolded loess under repeated cyclic loads. The direction and length of the arrows
represent the directions and magnitudes of the plastic strain
increments, respectively. It may be observed that if the
direction of the plastic strain increment is the same as the
p
p
direction of stress increment, i.e., αdε � αdσ , the change in
plastic strain is, then, uniquely determined by the stress
increment. The material is, therefore, purely elastic, and the
plastic deformations of the material are due to the plastic
strain rate eﬀect [23]. When plastic strain is solely determined by the current stress state and is unrelated to the
stress increment, i.e., βp � 0, the material exhibits coaxial
plasticity.
In Figure 13, it is shown that the orientation of the plastic
strain increments is generally between those of the principal
stress and principal stress increments. Varying degrees of
noncoaxiality are always present in the plastic strain increment vectors at each value of Δq. Furthermore, in any
given cycle, the plastic strain increment induced by some
stress increment is not the same throughout that cycle, as the
plastic strain response to stress increments depends on the
range of values taken by α in a “segmented” manner. For
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Figure 13: Change vectors of the plastic strain increments of Cq3: (a) 1st cycle and (b) 8th cycle.

example, when α varies between [−45°, 0°] and [45°, 75°] in
the ﬁrst cycle (Figure 13(a)), the absolute value of τ zθ decreases, the absolute value of (σ z − σ θ )/2 increases, and
(dε1 − dε3 ) decreases. Within these ranges, increases in α,
therefore, increase the stiﬀness of the soil body and weaken
its coaxial plasticity; therefore, the plastic stress rate eﬀect is
strong in these ranges of α, which leads to large βp values.
When α varies between [−45°, 0°] and [45°, 75°], increases in
α lead to increases in the absolute value of τ zθ and decreases
in the absolute value of (σ z − σ θ )/2, thus decreasing the soil
body stiﬀness and strengthening coaxial plasticity. Therefore, the plastic stress rate eﬀect is weaker in these ranges,
and the value of βp is relatively small. Based on a comparison
with Figure 11, it may also be observed that the “segmented”
behavior of the plastic strain increments in response to α is
identical to that of βp . Furthermore, Figures 6 and 13 show
that increases in the cycle number are accompanied by
increases in the soil body stiﬀness, reductions in the coaxial

plasticity in each rotational interval, more pronounced
plastic stress rate eﬀects, and increases in βp . In summary,
noncoaxiality is caused by anisotropies and cyclic changes in
the soil body stiﬀness.

5. Conclusions
(1) Elastic strains signiﬁcantly inﬂuence the noncoaxiality of remolded loess; the noncoaxiality of a
soil body will be overestimated if the eﬀects of elastic
strain are overlooked. In coupled conditions, elastic
strains mainly aﬀect the minima of the noncoaxiality
angle βp in remolded loess; the eﬀects of elastic
strains on the maxima of βp are relatively small.
(2) Reversals in the rotation of the principal stress axis
lead to dramatic changes in the βp of remolded loess
and reversals in the direction of the plastic strain
increments. Hence, the direction of plastic strain
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increment is signiﬁcantly aﬀected by the direction of
stress increments. The ﬂuctuations of βp are largely
identical throughout the processes of repeated PSAR.
(3) In coupled conditions, the intermediate principal
stress coeﬃcient b aﬀects the magnitude of βp in
remolded loess. βp increases with increase of b, but
the development of βp is not signiﬁcantly aﬀected
by b. The deviatoric stress amplitude (Δq) does not
aﬀect the ﬂuctuations of βp , but has a signiﬁcant
eﬀect on the development and magnitude of βp .
The number of cycles also has a signiﬁcant impact
on βp .
(4) In coupled conditions, the deformation stiﬀness of
remolded loess is anisotropic, and it changes with
increase of the cycle number. The eﬀects of deformation stiﬀness on plastic strain increments and βp
are identical. Hence, the noncoaxiality of remolded
loess is caused by anisotropies and cyclic changes in
its stiﬀness.
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