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This study uses a hollow cylindrical apparatus to explore the effects of principal stress rotation on
saturated silty soil, focusing on the static characteristics affected by cycle counts, intermediate
principal stress coefficient (b), and rotational angle (o). As the principal stress axis rotates, strain
fluctuations decrease and stabilize, with consistent strain trends observed across various b values.
Anisotropy appears around 60° during the first cycle, significantly impacting radial strain while
torsional shear strain remains less affected. Distinct hysteresis loops in shear stress-strain
relationships reveal initial unclosed forms due to plastic strain accumulation, transitioning to
closed loops with increased cycling, and showing noticeable variations in shear stiffness. As b
values rise, stiffness degrades, influenced by both b values and a angles. Volumetric strain shows
a linear increase for two cycles before decelerating, with b=1 demonstrating anisotropy at 60° and
other values at 90°. Minimal contraction occurs for b=0 after the tenth cycle, while b=0.5 sees
significant volume reduction. Higher b values also reduce non-coaxial behavior, linked to the
initial principal stress orientation. These findings enhance the understanding of silty soil behavior
under stress rotation, offering valuable insights for geotechnical engineering applications.

LIST OF ABBREVIATION AND NOTIONS 1. INTRODUCTION

Hollow cylindrical apparatus (HCA),

Cyclic stress rotation (CSR),

Principal stress rotation (PSR),

Dynamic Triaxial Test System (DYNTTS),
Dynamic Hollow Cylinder Torsional Shear Test

System (DYNHCA),
Intermediate principal

Axial force (W),
Torque (T),

Outer radius (ro),
Inner radius (ri),

stress coefficient (b),
Principal stress rotation angle (a),

Silt deposits consist of a combination of sand,
silt, and clay particles that are extensively distributed
throughout the regions of the Yellow River and extend
into the marine areas of the Bohai Sea. These types of
soils are typically inadequately graded and have long
been deemed unsuitable for construction purposes.
However, due to the ongoing economic development
in the region, various construction projects on silty
sand have been undertaken, including activities such
as excavation and pit filling, embankment
construction, and underground engineering. These
construction endeavors often involve principal stress

Outer confining pressure (Po),

Inner confining pressure (Pi),

Axial stress (oz),

Radial stress (or),

Circumferential stress (c8),

Torsional shear stress (1z0),

Initial consolidation inclination angle (£°°),
Axial strain (&,),

Radial strain (g,.),

Circumferential strain ( &),

Torsional shear strain (y,g),

Degree of non-coaxiality (B),

Principal strain increment direction (Bde).

rotation characterized by fluctuations in both the
magnitude and direction of the primary stresses. As
aresult, challenges pertaining to strength and
deformation failures arise (Gao and Zhao, 2017; Lade
and Kirkgard, 2000; Qian et al., 2018; Wang et al.,
2019). In primary stress rotation, silty soil
demonstrates dynamic responses, including changes in
strain patterns and non-coaxial behaviour, which are
less evident in static or unidirectional stress situations.
In static conditions, the soil's behaviour is more
consistent and predictable, mainly influenced by its
consolidation and shear strength. In contrast, stress
rotation can induce varying levels of anisotropy,
leading to altered failure mechanisms and an increased
risk of shear formation. This results in heightened
sensitivity to loading direction and a more intricate
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relationship between stress and strain, producing
unique mechanical behaviours that differ from those
observed in static conditions.

Therefore, it is essential to look at the effects of
the principal stress rotation angle and intermediate
principal stress coefficient when examining the
mechanical behavior of silty sand in the Yellow River
zone. Such an investigation is crucial in order to
provide reliable guidance for these infrastructure
projects. In the current study, we comprehensively
address silty soil deformation behavior and its
anisotropic characteristics. More specifically, the
study aimed to investigate the connections between
shear stress, the pattern of strain development, and
alterations in volume.

The rotation of principal stresses is inherent in
numerous geotechnical scenarios, especially when soil
experiences non-coaxial loading conditions. When the
major primary stress rotation and the intermediate
principal stress coefficient are taken into account, this
behavior becomes even more apparent. These
dynamic factors greatly influence the strain patterns in
silty soils, thus making it essential to comprehensively
investigate the implications of principal stress rotation
on their mechanical behavior. Research into the
unique stress paths experienced by soil dynamics
commences by investigating the principal stress axis
rotation. (Dareeju et al., 2017; Gallage et al., 2016;
Inam et al., 2012) Conducted tests to replicate the
rotation of the primary stress axis caused by traffic
loads, confirming that different subgrade materials
experience gradual cyclic plastic deformation as
a significant consequence of this rotation. Qian et al.
(2018) conducted a study to investigate how traffic
loads affect the stress-strain response of completely
saturated soft clay, with a specific emphasis on the
influence of the rotation of principal stresses.
A comparative examination was conducted by Wang
et al. (2017) in order to assess the cyclic endurance of
sand on the seabed by means of the impact of both a
circular stress trajectory and an unconventional
elliptical stress trajectory.

Silty soil is known for its anisotropic behavior;
non-uniform strain patterns with varying magnitudes
and orientations of strains throughout the soil mass
result from inclined consolidation. In certain
engineering scenarios, such as the construction of
slopes, the preparation of subgrade, and the excavation
of extensive foundation pits, it is possible for the
principal stress axis of the soil to deviate from its
perpendicular alignment with the horizontal direction
during the process of consolidation. Jardine et al.
(1986) in the context of multistage embankment
projects, it is crucial to account for the consolidation
of soil elements. In the course of inclined
consolidation, the major principal stress will show
distinctive orientations for soil elements located at
different depths below the central line of the
embankment, as depicted in Figure 1.
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Fig.1  Soil element in stress under an embankment.
Until the present a considerable amount of
laboratory experiments were performed without
drainage and focused on evaluating the soil potency,
its alteration conduct, and the formation of pore-water
pressure in the absence of drainage (Ishihara and
Towhata, 1983; Nakata et al., 1998; Yang et al., 2007).
These examinations were performed on soils
experiencing cyclic rotation of the principal stress
axes, as this rotation is fundamental for understanding
soil deformation behavior. Contrasting the outcomes
obtained from experiments carried out under drained
and undrained circumstances demonstrates that in
drained experiments the paths of effective stress can
be deliberately regulated. The execution of drained
experiments allows for a more precise determination
of the stress-strain relationship and the mechanism of
deformation. Concurrently, volumetric deformation
that occurs in studies where excess pore water is
removed does indeed provide a direct sign of the
possibility of pore water pressure forming. (Shamoto
et al., 1998a, 1998b; Wong and Arthur, 1986). The
rotational movement of the primary stress possesses
the capacity to yield the build-up of an excessive
volume of pore water pressure and plastic
deformation. These factors, when present in undrained
conditions, have the capability to expedite the process
of liquefaction (Wang et al., 2022). The cumulative
generalized shear strain in marine silt that is saturated
and exposed to principal stress rotation due to wave
loading is significantly affected by both the cyclic
stress ratio (CSR) and the amplitude ratio of cyclic
loading, which is represented as 6. An increase in the
CSR leads to an increase in the cumulative generalized
shear strain, whereas an increase in & results in
a decrease in the cumulative generalized shear strain
(Cui et al., 2021). The utilization of PSR in
geotechnical experiments has the capability to produce
supplementary excess pore water pressures and plastic
strains, which subsequently expedites the process of
liquefaction in conditions where drainage is absent.
The conventional triaxial test is extensively
employed to assess the mechanical properties of soils.
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However, a significant limitation of this test is its
ability to apply only either compressive or tensile
stress to a soil element. Conversely, in order to acquire
a thorough and all-encompassing outlook on the
behavior of soil that lacks cohesion, it is absolutely
crucial to possess knowledge and comprehension of its
response when subjected to stress conditions that are
generalized in nature. The hollow-cylinder apparatus
(HCA) is capable of facilitating complex stress paths
that entail alterations to the principal stress directions
(Hight et al., 1983; Kumruzzaman and Yin, 2012;
Miura et al., 1986; Wang et al., 2017). An extensive
and continuous examination has been carried out to
investigate the properties of silt, sand, and clay
through the utilization of the HCA. These inquiries
have predominantly concentrated on stress paths that
encompass alterations in the major principal stress
orientation denoted as a and the intermediate principal
stress coefficient known as b (Hight et al., 1983;
Nakata et al., 1998; Symes et al., 1988, 1984; Yang et
al., 2007; Yoshimine et al., 1998). The parameter a
signifies the magnitude of the angle defined by
between the primary principal stress's direction and

. . 1 .
the vertical axis. a= = arctan while, the
2 0Z—0

coefficient of intermediate principal stress defined as
_02—03

ol-03

Existing literature offers limited insights about
the principal stress rotation influence on silt soil
behavior. (Zhang et al., 2019; Zhou et al., 2018)
Employed a cylindrical torsion shear apparatus with a
hollow structure to conduct experiments on saturated
silt. These experiments included different ratios of
cyclic loading amplitudes in both axial and torsional
modes and also involved simulations of dynamic
stress paths that were either circular or elliptical. These
investigations revealed the substantial impact of
dynamic stress paths on the liquefaction tendencies of
saturated silt. Silty soils present unique challenges in
foundation and embankment engineering due to their
intermediate characteristics between sand and clay.
They are typically known for their low shear strength,
high compressibility, and high sensitivity to changes
in moisture content, making them difficult to manage
in geotechnical applications. A key gap in existing
research lies in the limited understanding of how silty
soils respond to complex stress paths and principal
stress rotations conditions often encountered in real-
world geotechnical environments.

This study addresses this gap by focusing on the
behavior of silty soils under principal stress rotation
using a hollow cylindrical apparatus. Specifically, it
investigates the influence of cycle count on the static
characteristics of saturated silty soils, with an
emphasis on the intermediate principal stress
coefficient b and the rotational angle o. The research
provides a comprehensive analysis of the anisotropic
properties of saturated silt soil under drained
conditions, considering factors such as stress
relationships, deformation patterns, volumetric
changes, and strength characteristics. The significance

of this study is particularly important for region like
the Yellow River basin, where silty soils are prevalent,
and infrastructure development is ongoing. By
understanding how principal stress rotation affects
silty soils, this research offers valuable insights that
enhance the understanding of subgrade soil stress
states in practical engineering applications. The results
will contribute to developing more accurate design
guidelines for road construction, foundation stability,
and infrastructure projects, ultimately supporting safer
and more efficient geotechnical solutions in regions
with significant silt deposits.

The remainder of this paper is organized as
follows: Section 2 presents the materials and methods
used in the experimental setup, including detailed
procedures for sample preparation and the testing
process. Section 3 discusses the results, focusing on
the strain behavior and stress response under varying
b values during principal stress rotation. Provides
a detailed analysis and interpretation of the findings,
highlights the influence of the intermediate principal
stress coefficient on shear stiffness and anisotropy.
Section 4 discussed the validation of the study.
Finally, section 5 concludes the study, offering
insights into the practical implications of the results
and suggesting directions for future research.

2. MATERIALS AND METHOD

The Hollow Cylinder Torsional Shear Apparatus
(HCA), which has been designed by the UK-based
company GDS, is utilized in the ongoing study. The
HCA serves the purpose of attaining intricate stress
paths and replicating the stress condition of soil in real
road engineering circumstances. The HCA comprises
two primary components: The Dynamic Triaxial Test
System (DYNTTS) and the Dynamic Hollow Cylinder
Torsional Shear Test System (DYNHCA). This
system includes components such as an axial/torsional
driving mechanism, a pressure chamber and
controllers for internal and external confinement and
back pressure, a stress and strain measurement setup,
signal processing equipment, and a GDS digital
control system. Figure 2, illustrates the hollow
cylindrical torsion shear apparatus.

The application of the hollow cylindrical torsion
shear apparatus involves the usage of a cylindrical
sample that possesses a hollow interior. This sample is
characterized by specific dimensions, which consist of
a height denoted as H, measuring 200 mm.
Additionally, the sample has an outer diameter
referred to as ro, measuring 50 mm, and an inner
diameter identified as ri, measuring 30 mm. The
specimen is subjected to stress-strain components
through the application of various factors such as
internal confining pressure Pi, external pressure Po,
axial force W and torque T. The DYNHCA generates
four distinct stress constituents’ namely axial
stress oz, radial stress or, circumferential stress o6
and torsional shear stress tz0. In addition, it is capable
of measuring the corresponding four strain
components. Through the integration of these stress
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Fig. 2 Hollow cylinder torsional
shear apparatus.

\/

Fig. 3 Hollow cylindrical specimen in the stress state (Guo

etal., 2021).

Table 1 Formulas used for the components of stress and strain (Hight et al., 1983).
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and strain elements, the hollow cylindrical torsion
shear apparatus can achieve intricate and continuous
stress path rotations. The stress-strain condition of the
hollow cylindrical sample throughout the testing
procedure is depicted in Figure 3. Table 1 contains the
formulas for calculating the stress and strain
components (Hight et al., 1983).

2.1. SAMPLE PREPARATION AND TEST PLAN

The silty sand soil for the experiment was
sourced from between Nongong South Road Station
and Dongfeng South Road Station, part of Zhengzhou
Rail Transit Line 1's first phase, at a depth of 9 meters
shown in Figure 4. Once extracted, the soil sample was
promptly sealed with wax and labeled to indicate its
top and bottom. However, during the transportation
process, the soil samples were greatly disturbed, and

the physical property indicators in the natural state
were difficult to control. Therefore, all the silt soil
used in the test was reshaped silt soil. The soil
retrieved from the construction site was dried and
crushed in the laboratory and passed through a 2 mm
sieve as shown in Figure 4. The basic property
indicators of silty sand soil obtained through basic
physical tests are shown in Table 2.

At present, there are various methods for
preparing hollow cylindrical specimens. For sandy
soil, there are sand drop method, water vibration
method and wet compaction method. For clay,
sometimes a thin-walled pipe cutting method is used
to obtain undisturbed clay. The material selected in
this article is silty soil, so the sand drop method is used
to fill the sample layer by layer during the sample
preparation process as represented in Figure 5.
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a) Undisturbed soil sample.
Fig. 4

Table 2 Index properties of tested soil.

1 0.1 0.01 0.001

Particle size d/mm

(b) Gradation curve.

a) Undisturbed soil sample, b) Particle grading curve of silty soil.

Specific Moisture content Density p/ Maximum void Minimum void  Coefficient of Curvature
gravity Gs w/% (g.cm™®) ratio emax ratio emin uniformity Cu___coefficient Cc
2.63 23.54 1.64 0.93 0.51 4.43 1.19

a) Install the top cover

Fig. 5
pressure chamber cover.

Prepare the sample components by cleaning and
wiping them with water, while inspecting the molds
and pipelines in the pressure chamber to prevent
pipeline blockage caused by silt. Ensure the outer
rubber mold is leak-free using visual, air blowing, or
water filling inspections. Assemble the inner
membrane with a metal snap ring and O-ring for
sealing, applying petroleum gel to the base card slot to
prevent damage. Petroleum gel is known for its
lubricating properties. When it can be added, it
reduces friction between soil particles, making it
nonstick with the side walls (Krishanthan, 2018).
Insert the permeable stone and tighten it. Place filter

b) Install sample on the instrument

c) Install pressure chamber cover

Hollow cylinder sampling process; a) Install the top cover, b) Install sample on the instrument, c) Install

paper on the permeable stone and cover the outer
membrane on the base outer wall. Secure the outer
three petal molds with rubber bands or fixtures. Create
a 200 mm x 50 mm x 30 mm sample space. These
dimensions were selected so as to minimize stress non-
uniformities and ensure a middle height zone that
remains unaffected by the boundary conditions (Sayao
and Vaid, 1991) They also suggested a satisfactory
geometry of the hollow cylinder specimen with regard
to non-uniformity, and experimental control would be
obtained if ri/r, were within 0.65 to 0.82. The present
study has ri/r, = 0.8. To reduce the influence of radial
friction, the height was recommended as
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Fig.6  Dimensional changes of hollow cylindrical
specimens before and after consolidation.
H/2r, = 1.8-2.2. Ongoing study employs

H/2r, =200/100 mm = 2. The aspect height to radius
ratio is 2:1, chosen according to prior studies (Gribe
and Clayton, 2009; Guo et al., 2013).

First, weigh dried silty soil of 5 Kg
approximately accordingly, then pour it into the mold
in ten layers with a funnel and a spoon. In this process,
keep the falling head at zero and use a rubber mallet to
tap the mold to adjust the density of the specimen layer
by layer. Divide the soil sample into 10 equal parts to
pour evenly between the outer and inner layers,
compact each layer to achieve the relative density of
50 +2 hollow cylindrical shape of the sample achieved
(Chen et al., 2020). Tie the upper part of the inner
membrane with a rubber band to prevent soil from
blocking the pipeline. Add filter paper on top, install
the upper permeable stone, and secure the membranes.
Ensure airtightness by applying negative pressure.
Connect pore pressure and back pressure pipelines for
airtightness inspection. Inject airless water into the
sample's inner cavity. After removing the mold, fill
with water, install the top cap and place the sample on
the pressure chamber base. Control the GDSLAB to
close the axis. Finally, seal the pressure chamber,
apply 30 kPa pressure to the inner and outer confining
pressures, and complete the sample production. Due to
the compression of water pressure during the
saturation and consolidation process of the sample, r,
and r; get changed as shown in Figure 6, and the
installation of measuring radius equipment is difficult.
Therefore, the acquisition of ro and ri is calculated
based on the changes in internal and external confining
pressure, back pressure, and vertical displacement.
After the change 7,. The calculation formula for 7/ is
as follows (Saada, 1988):

= r2H  AVs+AV; | EH  AVs+AV; )
H' nH H-AH  m(H-AH)

] ’
= 2H  Av; | rfH Av; @
t H'  mH' H—-AH m(H—-AH)

While, AVs represents the volume change of the
sample, and the drainage is positive, AV; is the volume

>

52— 60/2 kPa

Fig.7  Stress path under pure principal stress

rotation.

change in the inner cavity of the sample and the
drainage is positive.

The description of the experimental setup is
detailed in Table 3. The test parameters were followed
according to prior studies (Wang et al., 2018b). This
study primarily aims to assess how the coefficient of
intermediate principal stress and the angle of principal
stress  rotation  influence  the  stress-strain
characteristics and pore pressure of silt soil during
continuous principal stress axis rotation. To ensure
homogeneity in the depth of the test samples, all
samples were initially subjected to isotropic
consolidation, where an effective average principal
stress of 150 kPa was applied. Subsequently, the
specimens underwent isotropic consolidation in
accordance with the predetermined testing protocol.
Following the completion of consolidation under
drainage conditions, the average effective principal
stress was consistently maintained at 150 kPa, while
the deviator stress g was incrementally increased.
Subsequently, the coefficient of intermediate principal
stress was modified to achieve the desired value,
leading to an 1800° rotation of the principal stress axis.
The water drainage system in this experimental setup
significantly influences the reduction of strain
fluctuations during principal stress rotation (PSR),
reduces the accumulation of pore water pressure,
which can otherwise lead to increased plastic strains
and potential liquefaction, and maintaining constant
stress magnitudes while allowing for effective
drainage results in lower strain fluctuations compared
to undrained conditions (Wang et al., 2019). Based on
the experimental setup, illustrate the relationship
between the stress path and the principal stress axis's
rotational angle in the 120 — (6z — 60)/2 graph, where
0z represents the vertical normal stress and 80 the
horizontal normal stress, as depicted in Figure 7.

Figure 8 illustrates the variation of internal and
external confining pressures during the shear process
of series C and ranging from 0 to 1. When the value of
b is 0, the external pressure variation exceeds that of
internal confining pressure. Conversely, when the
value of b is 1, the variation of internal confining
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Fig.8 Changes in internal and external confining pressure during shear proces a) b = 0, b) b= 0.25, ¢) b = 0.5,

d)b=0.75,e) b =1.

pressure surpasses that of the external pressure.
Figure 9 shows the variation of axial force and torque
during the shear process for series C, with axial force
ranging from -0.6 kN to 0.6 kN and torque ranging
from -15 kN to 15 kN.

3. RESULTS AND DISCUSSION

3.1. STRAIN DEVELOPMENT PATTERN IN
DIFFERENT b VALUES
When the initial consolidation angle set to 0°, our
investigation focused on comprehending the strain
patterns associated with the rotation of principal
stresses in various directions under different values

of b. Figures 10 to 14 illustrated the results of the
group C tests conducted on silt soil, emphasizing axial
strain ¢, radial strain &,., circumferential strain &4 and
torsional shear strain y, .These figures demonstrated
the development patterns, which depict that the strain
behaviors of silt soil in different directions are
impacted by the varying principal stress coefficients b.

Significantly, during the first rotation cycle
(0° ~ 180°), the magnitude of strain fluctuations was
more pronounced in all directions. However, as the

principal stress axis continues to rotate, the
magnitudes gradually diminish and eventually
stabilize. This trend contrasts with Wang's
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Table 3 Hollow Cylinder test parameters.
Serial Initial Coefficient Deviatoric Effective Rotation range a° Shear
Number consolidation intermediate stress g/kPa mean rate®/min
inclination principal stress principal
angle &° b stress p'/kPa
c101 0
102 2
Series c10 0.25 Angle after
c C103 0 0.5 140 150 consolidation-1800 8
C104 0.75 degree
C105 1

observations in Wenzhou soft clay (Wang et al.,
2018b), where axial strain consistently increases with
the continuous rotation of the stress principal axis.
Therefore, it is crucial to comprehend that this
divergence arises from a combination of various
factors, including dissimilarities in the structural

arrangement of the soil itself. Furthermore, Wang's
experiments were conducted under undrained
conditions where the continuous rotation of the stress
principal axis along with the accumulation of pore
pressure resulted in soil liquefaction and increased
strain. In this research study, different experiments
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Fig. 11 Circumferential strain growth pattern under different values of b a) a= 0°~1800°, b) a= 0°~180.

were conducted under drainage conditions, with
analysis of volumetric deformation reveals, that after
substantial water drainage in the first rotation cycle the
sample undergoes shear shrinkage followed by strain
stabilization as the soil becomes more compact.

3.1.1. AXIAL STRAIN DEVELOPMENT PATTERN IN
DIFFERENT b VALUES

Figure 10 depicts the progression of axial strain
in relation to the rotation period under various b
values. In the initial rotation period (0°~180°), the
axial tensile strain experiences an initial increase,
followed by a decrease, exhibiting a similar behavior
to that observed by Wang’s in Wenzhou soft clay,
respectively (Wang et al., 2018b). While the rotation
of the stress principal axis persists, the magnitude of
axial strain fluctuations significantly stabilizes in the
fourth rotation period (540°~ 720°). The stabilization
of axial tensile strain during principal stress rotation is
influenced by various factors, including the b value,
which dictates the directionality and stabilization of
strain, particularly for higher b values, suggesting

amore uniform response across  directions
(Georgiannou et al., 2018).

Figures 10 to 14 further show, that the b value
exerts a significant influence on the axial tensile strain,
particularly atb = 1. As the b value decreases the
magnitude of axial tensile strain diminishes. At b =1,
the soil demonstrates optimal tensile strain capacity,
supporting greater tensile responses (Zhou et al.,
2013). Whereasatb = 0.25and b = 0, the axial strain
gradually transits from axial tensile strain to axial
compressive strain as it continuously rotates with the
stress principal axis (Arthur et al., 1979). In the
continuous rotation test of the stress principal axis, the
pattern of axial strain development is less anisotropic
between b = 0 and 0.25. However, the development
curve of axial strain between b = 0.5 and 0.75, it
almost coincides as the stress principal axis
continuously rotates (Hicher and Lade, 1987; Higo,
2004).

The above results highlight that the sensitivity of
axial strain in silty soil changes the intermediate
principal stress coefficient b and the orientation of the
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stress principal axis. It is also observed that larger b
values enhance the alignment of soil particles with the
major principal stress, leading to a more pronounced
axial tensile strain. In contrast, the lower b values
results, in a less ordered particle arrangement,
potentially contributing to the transition from tensile
to compressive strain. Continuous rotation of principal
stress directions significantly affects soil behavior,
with higher b values leading to rapid degradation and
increased pore pressures (Hicher and Lade, 1987). The
shear stiffness of soils decreases more rapidly with
higher b values, indicating a shift in strain response
under varying stress conditions (Zhou et al., 2013).
This research contributes to the knowledge of the
mechanical behavior of silty soils under varying stress
conditions and provides valuable insights for
engineering applications. Understanding of the strain
behaviour aids in predicting soil deformation, which is
vital for designing stable foundations (Kulhawy,
2004). Considering non-coaxial behavior and
anisotropy in geotechnical engineering to ensure
safety and stability has the potential to improve soil
modeling and design methodologies (Tripura and
Singh, 2016).

3.1.2.CIRCUMFERENTIAL STRAIN DEVELOPMENT
PATTERN IN DIFFERENT VALUES OF b

The growth pattern of circumferential strain in
relation to the rotation period, varying with different &
values as shown in Figure 11. During the initial
rotation period (0° ~ 180°), there is an increase
followed by a decrease in circumferential compressive
strain. It is worth noting that when b =1, the
circumferential compressive strain reaches its lowest
point (Wang et al., 2018b). As the principal stress axis
continues to rotate, the curve of circumferential
compressive strain remains relatively stable within the
range of 2-25 %. The lowest circumferential
compressive strain observed when b = 1 signifies
a critical point in the stress response of silty soil,
where stress redistribution occurs most effectively,
resulting in minimal deformation. This suggests that at
b = 1, the soil achieves a balanced state that allows it
to accommodate stress  without  significant
compressive strain. In contrast, other b values lead to
higher circumferential compressive strains, indicating
less efficient stress management and potentially
greater deformation during rotation. This comparison
highlights the impact of b values on the soil's
mechanical behavior, with b = 1 promoting stability
and lower strain accumulation during stress rotation.
The development curves of circumferential
compressive strain for other & values significantly
overlap. As the principal stress continues to rotate, the
circumferential compressive strain values in the tenth
rotation cycle range from 3-4 %, showing a gradual
increase (Gutierrez et al., 2009). The observed
phenomenon of circumferential compressive strain
can be attributed to the plasticity of silty soil and the
redistribution of stress during rotation. Silty soils
commonly display plastic behavior, manifesting

deformation under stress. The rotation of the principal
stress axis leads to a redistribution of stress in the soil
within the specimen. With continued rotation of the
principal axis, the sample reaches a state where it
achieves equilibrium between stress redistribution and
deformation. The equilibrium state observed in silty
soil during principal stress rotation, where stress
redistribution occurs without significant deformation,
is influenced by several interrelated mechanisms.
Firstly, the plasticity of silty soils allows them to
deform under stress without considerable volume
change, enabling adaptation to new stress states while
maintaining stability (Houlsby, 1981). Additionally,
as the principal stress axis rotates, the soil particles
rearrange, resulting in a redistribution of stress within
the soil matrix, which helps balance internal forces and
minimizes localized stresses that could lead to
excessive deformation (Gutierrez et al., 2009). The
shear resistance of silty soils contributes positively to
stability, it is essential to recognize that factors such as
soil composition and loading rates can also lead to
reduced shear strength, particularly in saturated
conditions (Najjar et al., 2007; Zhang et al., 2018).

The key differences in circumferential strain
behaviour between the first rotation cycle and later
cycles lie primarily in the initial increase and
subsequent stabilization of strain. During the first
rotation cycle (0° to 180°), -circumferential
compressive strain shows a notable increase, followed
by a decrease, reflecting the soil's initial response to
stress redistribution. This initial fluctuation is more
pronounced due to the soil's adjustment to the
changing stress conditions (Kim et al., 1992). In
contrast, as the principal stress axis continues to rotate
in later cycles, circumferential compressive strain
values tend to stabilize, remaining relatively
consistent within a narrower range (e.g., 2 % to 2.5 %)
after the initial adjustments. This stabilization
indicates that the soil has reached a more equilibrium
state, where further rotations lead to less significant
changes in strain, reflecting improved stress
distribution and compactness as the cycles progress
(Joer et al., 1998; Wichtmann et al., 2004). While, the
first cycle exhibits dynamic behaviour, subsequent
cycles show a trend toward consistency and stability
in circumferential strain responses. The results of the
present study are concurrent with the previous studies
(Wang et al., 2018b; Gutierrez et al., 2009) and
provide the significant knowledge to understand the
behavior of silty soil.

3.1.3.RADIAL STRAIN DEVELOPMENT PATTERN IN
DIFFERENT VALUES OF b

In Figure 12, the analysis reveals distinct patterns
in the dispersion of radial strain relative to the rotation
period across different b values, indicating significant
anisotropy. During the first cycle, radial tensile strain
is evident when b = 0, while samples with varying b
values exhibit radial compressive strain. Notably, as
the b value increases, the magnitude of radial strain
also increases. However, the amplitude of radial strain
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Fig. 12 Radial strain growth pattern under different values of b values a) a= 0°~1800°, b) a= 0°~180.

fluctuates and diminishes with successive cycles. In
the tenth cycle, radial compressive strain forb =1
continues to rise while for other b values, it remains
relatively steady. The development curves of radial
strain for b = 0.5 and 0.75 closely align with the
continuous rotation of the principal stress axis and
shows a lesser degree of anisotropy compared to axial
strain.

The observed differences in radial strain
behavior at various b values can be attributed to the
influence of principal stress directions. Specifically,
when b = 0, the soil experiences radial tensile strain
during the initial cycle. This phenomenon arises due
to the alignment of the principal stress direction, which
results in an initial expansion in the radial direction.
The decreasing amplitude of radial strain fluctuations
with each subsequent cycle suggests the progressive
deformation of the soil. As the principal stress axis
continues to rotate, the soil particles undergo
reorganization and adapt to changing stress
conditions. This finding revels that the magnitude of
radial strain fluctuations diminishes with each
successive cycle, suggesting a gradual deformation of
the silty soil. Results well agreed with the previous
study. (Zhang et al., 2020; Zhou et al., 2014, 2013).
This understanding can guide engineers in evaluating
soil stability under dynamic loading conditions and
better predict strain development in earth structures.

3.1.4.TORSIONAL SHEAR STRAIN DEVELOPMENT

PATTERN IN DIFFERENT VALUES OF b

As illustrated in Figurel3, the concentration of
torsional shear strain in relation to the rotation period
is most prominently manifested under diverse b
values, thereby denoting minimal anisotropic
characteristics. Among all the strains, the torsional
shear strain exhibits the most diminutive magnitude.
Initially, in the first cycle, torsional shear strain
experiences an upward trend followed by a subsequent
decline. In the sixth cycle of rotation (900°~1080°),
the magnitude of axial strain fluctuations in the silt soil
tends to stabilize. While in the tenth rotation cycle, the

torsional shear strain values encompass a range of
-0.2-0.7 % (Wang et al., 2023).

In the examination of the pure rotation test for
principal stress, it is clearly noticeable that the trends
in the curve of each strain component remain
fundamentally the same across different values of b.
The manifestation of anisotropy becomes evident in
each strain component during the initial cycle
commencing at approximately 60° of rotation. It is
worth noting that among the various strain
components, the magnitude of b has the most
profound influence on the anisotropy of radial strain,
while it has the least impact on torsional shear strain.
The anisotropic attributes of each stress component
are most prominent when b = 1 as compared to other
values of b. Additionally, the development curves of
the four stress components with b = 0.5 and 0.75
almost coincide with the rotation period. At b=1, the
stress interactions reach a threshold, where the
material's inherent properties and the loading
conditions align, leading to noticeable anisotropic
behavior earlier in the rotation at 60°. Conversely,
other b values might result in a more uniform
distribution of stress, delaying the emergence of
anisotropy until 90° (Shen et al., 2024).

In our analysis of the deformation characteristics
of fully saturated silty soil under different b values,
we measure strain by evaluating the proportion of the
variation in specimen volume during experimental
loading to the initial volume of the specimen after
consolidation has been accomplished. The equation 3
employed for this computation can be expressed as
follows:

AV
&y =V_C 3)
To enable stress-strain analysis in the
experiment, we have established a consistent

convention. In the event that the specimen is in a
drained state during the process of shearing, an
augmentation in volume alteration (4V > 0)
corresponds to positive volumetric strain (g, > 0),
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indicating contraction of the specimen during loading.
Conversely, if the specimen is in a state of absorbing
water and there is a reduction in volume alteration
(4V  <0), it produces negative volumetric strain
(g, <0), signifying expansion of the specimen during
loading.

In summary, as the shear stress escalates, the
volumetric strain also increases, leading to a decrease
in specimen volume, showing a phenomenon of
shrinkage. Conversely, when the shear stress
intensifies and g, diminishes, the specimen volume
increases, indicating a phenomenon of dilation. When
the shear stress decreases and the specimen volume
diminishes, it is referred to as unloaded volume
shrinkage. On the other hand, when the shear stress
decreases and the specimen volume increases, it
signifies unloaded volume expansion.

The relationship between shear stress magnitude
and volumetric strain in soil can be explained by the
compaction and rearrangement of soil particles. When
shear stress increases, it causes the soil to become
more compacted, resulting in a decrease in specimen
volume (shrinkage). On the other hand, when shear
stress decreases, it allows the soil particles to rearrange
and expand, leading to an increase in specimen volume
(dilation). This behaviour aligns with the principles of
soil mechanics and can be attributed to changes in
inter-particle forces and void space during shearing.
This study suggests that the minimal magnitude of
silty soil to torsional shear strain is influenced by the
arrangement of particles and their ability to maintain
stability when subjected to rotations of principal stress
(Wang et al., 2023). These findings have practical
implications for geotechnical engineering
applications. By understanding how soil deformation
patterns change under different stress conditions,
including shear stress magnitude and stress axis
rotation, engineers can enhance the design and
analysis of foundations, embankments, and other
geotechnical structures. This knowledge can be
utilized to predict and mitigate potential issues related
to ground movement and deformation (Ding et al.,
2023; Wang et al., 2023).

3.1.5.VOLUMETRIC STRAIN DEVELOPMENT PATTERN
IN DIFFERENT b VALUES

Observing Figure 14, it becomes evident that
when the volumetric strain ¢,, surpasses 0, the sample
finds itself in a drained state, leading to a decrease in
volume and subsequent shrinkage. This phenomenon
bears resemblance to the results of Xue Long's stress
axis rotation test, where shrinkage was likewise
observed. The relationship between volumetric strain
and the rotation of the principal stress axis remains
consistent under the influence of different b values.
Initially, the rate of volumetric strain exhibits a linear
increase during the first two cycles (0°~360°), but
subsequently decelerates after reaching 360°. Results
are similar to previous studies (Fredlund and Pham,
2006). It is worth noting that the sample possessing
a b value of 1 commences to manifest anisotropy at
approximately a rotation of 60°, while the remaining
samples initiate to display anisotropy at around
a rotation of 90° (Wan and Guo, 2001). Additionally,
in the initial two cycles, the sample with a b value of
1 undergoes the least amount of shrinkage, while the
sample with a b value of 0.5 experiences the most
substantial shrinkage (Gebhardt et al., 2010). By the
tenth cycle, the sample with a b value of 0 encounters
the least amount of shrinkage, whereas the sample
with a b value of 0.5 exhibits the most notable
shrinkage (Chertkov, 2005).

The observation of the variation in volumetric
strain in relation to the rotation of the principal stress
axis at different b values is a significant finding. The
results indicate that the rate of volumetric strain
increases linearly during the initial two cycles
(0°~360°) and then slows down after reaching 360°.
This pattern suggests that the silty soil experiences
substantial volume changes early in the stress rotation
process, which then stabilize as the stress axis
continues to rotate. This study made a significant
contribution in the understanding of drained silty soil
that the deformation response is strongly influenced
by the direction of loading and b value. This study
highlights the complex deformation behavior of sail
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Fig. 14 Volumetric strain increment pattern under different values of b a) a = 1800°, b) a = 360%

under cyclic stress rotation, emphasizing the
importance of considering factors such as anisotropy,
and stress conditions in geotechnical analyses.

3.2. PATTERN OF SHEAR STRESS-STRAIN
DEVELOPMENT AT DIFFERENT b VALUES

Figure 15 (a) to (e) portrays the progression
patterns of shear stress and strain for series C in the
experimentation of the rotation of the principal stress
axis. These examinations were executed by
maintaining a constant principal stress coefficient
throughout a range of cyclic cycles. In order to
enhance the process of observation, we have opted to
utilize the curves from the 1st, 3rd, 5th, 7th, and 10th
cycles as exemplar instances from different b values
for our comprehensive analysis.

Figure 15 (a) to (e) illustrates that different
principal stress conditions result in noticeable
hysteresis characteristics in the curve of the shear
stress-strain relationship. While the shape of the shear
stress-strain hysteresis loop is similar across different
specimen variations in shear stiffness. During the
initial and second cycles, all specimens exhibit
unclosed hysteresis loops, which signify high plastic
deformation and low shear stiffness, indicating the
soil's inability to recover from stresses (Bochenska
and Srokosz, 2024). In the first cycle, representing
exceptionally large double amplitude shear strain
values. As the cycle duration increases, the hysteresis
loops gradually shift from unclosed to closed forms in
the 3" and 5™ cycle, this shift signifies a reduction in
plastic deformation and an increase in shear stiffness,
indicating that the soil is adapting to the stress
conditions and becoming more resilient (Martins et al.,
2024). The stress-strain curve exhibits a noticeable
alteration in the shape of the hysteresis loop as
a consequence of the rotation of the principal stress
axis. In 7" and 10th hysteresis loops progressively
decrease in size after each cycle, resulting in a
decrease in the amplitude of shear strain and an
increase in the values of shear strain reduction that are

positive. Smaller loops demonstrate stabilization and
reduced strain fluctuations, reflecting the soil's
adaptation (Huang et al., 2024). Ultimately, this leads
to an improvement in the rigidity of shear and
eventually achieving stabilization. These
modifications are ascribed to the significant impact of
the rotation of the principal stress axis on the
composition of silty soil, resulting in the development
of a relatively stable soil structure that experiences less
plastic deformation over time.

The behaviour of silty soil is influenced by
various principal stress conditions, with a particular
focus on the principal stress coefficient b. The soil's
response is greatly affected by the value of b, resulting
in variations in its behavior. These changes in stress
conditions produce unigque hysteresis patterns between
shear stress and strain. The present study highlighted
the importance of the rotation of the principal stress
axis in shaping the composition and structure of silty
soil, which in turn affects the characteristics of the
hysteresis loop and the development of a relatively
stable soil structure with reduced plastic deformation
over time, which depicted the significance of the
ongoing research. The hysteresis loop behavior in
shear stress-strain relationships shows the soil’s
plastic deformation and subsequent stabilization,
offering insights into shear strength and stiffness
evolution, which is critical for designing structures
under cyclic or rotating stress conditions (Bochenska
and Srokosz, 2024; Le et al., 2024).

Examining Figure 16 a), it becomes apparent that
during the first cycle shear strain achieves its
maximum at b=0.5 and diminishes as the b value
deviates further from 0.5, either converging towards 0
or 1. The ultimate plastic strain arises during the first
cycle, and by the conclusion of the third cycle, the
hysteresis loop is closed. The shear modulus of the
specimen is affected by radial restrictions, and as the
rotation  duration elongates, the specimen
progressively stabilizes, culminating in a reduction of
the hysteresis loop.
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The results highlighted that the initial cycle
demonstrates the highest values of shear strain,
indicating the occurrence of plastic deformation. This
cycle is characterized by significant irreversible
deformation of the silty soil contributing to the
formation of a hysteresis loop. The accumulation of
plastic strain significantly influences the open
hysteresis loops in shear stress-strain curves by
reflecting the soil's inability to fully recover from
applied stresses. In the silty soil, when the soil
experiences repeated loading, plastic deformation
occurs, leading to unclosed hysteresis loops that
indicate energy dissipation and a limited ability to
elastic recovery (Bochenska and Srokosz, 2024). This
behavior is particularly pronounced in the initial
cycles of loading, where the soil structure is still
adjusting to the stress conditions. As the test
progresses, the extent of plastic deformation
decreases, resulting in a more closed hysteresis loop.
The specimen gradually stabilizes, as the duration of
rotation increases which can be attributed to
adjustments in the microstructure of the soil. Over
time, the silty soil particles may reorganize and

compact, leading to an enhancement in the shear
modulus and a reduction in plastic deformation. The
shear modulus is influenced by radial restrictions such
as confining stresses and boundary conditions. The
interaction between shear and radial stresses plays
arole in the changes observed in the behaviour of the
specimen. The presence of radial restrictions and
constraints leads to a more closed hysteresis loop,
indicating soil stabilization. The transition from high
shear strain in the first cycle to reduced shear strain in
subsequent cycles suggests the presence of
viscoelastic behavior. Initially, the soil exhibits a more
viscous response with significant plastic deformation.
However, as time progresses, the soil behaves in
a more elastic manner, resulting in a decrease in the
magnitude of shear strain. The value of b affects the
anisotropy and shear stiffness of the silty soil. When
b=0.5 the sample displays characteristics that lead to
the maximum shear strain in the first cycle. Deviating
from b=0.5 causes variations in soil behavior,
producing shear strain to converge towards either
extreme, depending on the specific value of b. The
observation is in good accordance with the experiment
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conducted on sand (Tong et al., 2010; Yang et al.,
2007) and clay (Qian et al., 2018; Zhou et al., 2013).
The principal stress coefficient b value, significantly
influences soil behavior under stress, particularly in
terms of tensile and compressive responses. Higher b
values typically enhance tensile responses, leading to
increased plastic strain during deformation (Mukuhira
etal., 2024). While lower b values induce compressive
behavior, leading to tighter hysteresis loops as the soil
structure stabilizes more rapidly (Li and Xie, 2023).
The initial direction of the major principal stress can
dictate how disruptions interact, further modifying the
hysteresis loop shape and energy dissipation
characteristics (Takahashi et al., 2000).

3.3. NON-COAXIAL BEHAVIOR OF SILTY SOIL

Numerous laboratory tests indicate that geo-
materials consistently show non-coaxiality, which is
defined by the misalignment between the principal
stress direction and the principal strain increment
direction. Many researchers have focused on the non-
coaxial behavior of soil and found that it has
asignificant effect on geotechnical engineering
analysis and design. Neglecting the influences of non-
coaxiality in geotechnical design may lead to potential
hazards.(Gutierrez et al., 1991; Yang and Yu, 2006;
Qian et al., 2008; Wang et al., 2018a). It is difficult to
differentiate between the elastic strain increment and
the total strain increment. Gutierrez et al. (1991)
conducted studies which suggest that the elastic strain
increment can be ignored due to its significantly
smaller contribution to the total strain increment
compared to the plastic strain increment. Instead of
focusing on the plastic strain increment, the analysis
of non-coaxiality utilizes the total strain increment.
The angle B represents non-coaxiality and is defined
as the angle between the principal stress direction o
and the principal strain increment direction Bde. Non-
coaxility calculated by using the equation (Wang et al.,
2019).

B = Bde —«a (@)
dyz6 (5)

dez—deb

Figure 17 illustrates the relationship between the
degree of non-coaxiality (5) and the major principal
stress direction (o) for a test series conducted at ¢°= 0°
under various b values (b = 0, 0.25, 0.5, 0.75, 1).
Focusing on the initial rotation period, as shown in
Figure 17(a), it was observed that the g angle
decreased as the principal stress direction (o)
increased from 0° to 45°, followed by an increase in 8
as o continued from 45° to 90°. As the principal stress
direction (a) shifted from 90° to 180°, the S angle
initially decreased, reaching its minimum at o. = 135°,
before starting to rise again. During the pure principal
stress rotation tests, the f angle varied between 18°
and 42°. During the rotation of pure principal stress
tests, the p angle encompassed a range of values
spanning from 18° to 42°. The results trends were

pde = % tan™!

similar (Qian et al., 2018; Wang et al., 2018a). The
third rotation illustrated in Figure 17(b) was had
a consistent pattern as followed in the first rotation
cycle. It can be inferred that the identical generational
pattern manifested for various b values while, within
the equivalent predominant principal stress
orientation, the magnitude of the B angle diminished
in correspondence with the escalating b values. The
reduced non-coaxial behavior at higher b values
indicates a more aligned response between the
direction of principal stresses and the resultant strains
in the soil. This alignment suggests that as b increases,
the soil behaves in a more isotropic manner,
minimizing the angular discrepancy () between the
stress and strain directions (Gutierrez et al., 2009;
Lintao, 2013). As the principal stress direction shifts,
the soil's ability to accommodate deformation
becomes more coordinated at higher b values, leading
to less non-coaxiality (Zdravkovic and Jardine, 1997).
This knowledge is essential for improving the
accuracy of geotechnical models and predicting soil
behavior in scenarios where stress orientations
change, such as in deep foundations or slopes (Cai et
al., 2013; Zhou et al., 2014).

4. VALIDATION OF EXPERIMENTAL STUDY

The validity of this study, which focuses on the
strain behaviors of silty soil under rotating principal
stress axes and varying principal stress coefficients b,
can be demonstrated through several key aspects.

The results of this study are extensively
compared with previous findings, particularly those
from (Wang et al., 2018b) on Wenzhou soft clay,
which provides a reliable benchmark. While this study
reveals differences in strain behavior between silty
soil and soft clay, the divergence is explained
logically, considering factors such as differences in
soil structure and experimental conditions (drained vs.
undrained). For example, the increase in axial strain
during the first rotation cycle aligns with Wang’s
findings, but the strain stabilization observed here in
drained conditions provides a distinct contribution to
the body of knowledge. This ability to contextualize
and explain deviations from established research
enhances the validity of the study.

The investigation encompasses axial, radial,
circumferential, and torsional shear strains, offering
a comprehensive analysis of soil behavior. The study
identifies consistent trends across multiple strain
components, such as the pronounced fluctuation in
strain during the initial rotation cycles followed by
stabilization which are consistent with known soil
mechanics principles. The congruence of patterns
across strain components and the use of multi-
directional strain analysis reinforce the robustness of
the findings.

By conducting tests for different values of the
intermediate principal stress coefficient b, the study
reveals the significant influence of this parameter on
soil behavior. The variation in strain magnitudes for
different b values (e.g., the maximum axial tensile
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strain at b = 1 and the transition to compressive strain
at lower b values) is consistent with known theories on
the effects of intermediate principal stress.
Additionally, the study's findings on the influence of b
on the anisotropy of strain components are in good
agreement with prior research, particularly (Zhou et
al., 2013) and (Arthur et al., 1979), which strengthens
the reliability of the results.

The observation of strain stabilization,
particularly in the fourth rotation period for axial strain
and later for other components, provides evidence of
the soil's adjustment to the applied stress conditions.
This trend aligns with established mechanical
behavior in soils under cyclic loading, where
deformation tends to stabilize as the soil structure
adapts. The detailed discussion of anisotropic
behavior, particularly in radial strain (notably for
higher b values), is well-founded, supported by
previous studies such as Hicher and Lade (1987) and
Zhang et al. (2020). The consistent manifestation of
anisotropy further corroborates the validity of the
strain analysis.

The analysis of hysteresis loops in the shear
stress-strain relationship across different cycles is
critical for assessing soil behavior under cyclic
loading. The study’s finding that hysteresis loops
become progressively more closed with each rotation
cycle, indicating a reduction in plastic deformation, is
a well-established phenomenon in soil mechanics.
This observation is consistent with earlier studies
(Bochefiska and Srokosz, 2024); (Martins et al., 2024)
and adds credibility to the claim that soil stabilization
occurs after several cycles of stress axis rotation. The
agreement between the stress-strain behavior of silty
soil in this study and prior research on sand (Tong et
al., 2010; Yang et al., 2007) and clay (Qian et al.,
2018; Zhou et al., 2013) further supports the validity
of the experimental findings.

The study validates its findings on non-coaxiality
by comparing the angle between the principal stress
direction and the strain increment direction with
previous research. The results, which show that the f

angle decreases as b increases, agree with the
established understanding of non-coaxial soil behavior
(Gutierrez et al. 1991; Yang and Yu, 2006). The
consistency in the B angle pattern across different b
values, as shown in Figure 17, and the comparison
with other studies on non-coaxiality in geo-materials
(Qianetal., 2018; Wang et al., 2018a), further enhance
the reliability of the data.

5. CONCLUSION

This study focus is to investigate how principal
stress rotation affects silt soil, utilizing a hollow
cylindrical apparatus. Thoroughly explored the
influence of cycle count on the static characteristics of
saturated silty soil, particularly focusing on the
intermediate principal stress coefficient b and
rotational angle a. The following conclusions are
drawn;

1. The principal axis of stress continued to rotate the
amplitude of strain fluctuation initially decreased
and eventually reached a stable state. In the pure
rotation test of principal stress, the overall trend
observed in each strain component plot remained
consistent regardless of the specific b value.
However, during the first cycle, a certain degree
of anisotropy became apparent in each strain
component at around 60° of rotation. The
influence of b values varied among the strain
components, with radial strain being the most
affected and torsional shear strain being the least
affected.

2. The distinct principal stress conditions led to the
emergence of unique hysteresis characteristics
within the curve representing the relationship
between shear stress and strain. Although the
hysteresis loop for shear stress and strain
appeared similar across different specimens, there
were noticeable variations in shear stiffness. All
specimens exhibited unclosed hysteresis loops for
shear stress and strain during the initial and
second cycles, with the first cycle showing
significantly large double amplitude shear strain
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values. With an increase in cycle duration the
hysteresis loops transitioned from unclosed to
closed forms.

3. The hysteresis loops observed in the shear stress-
strain curves display variations depending on the
b values and the initial direction of the major
principal stress. These loops initially remain open,
thereby denoting the accumulation of plastic
strain. With an increase in the b values, there is
a discernible deterioration in stiffness.

4. Stiffness degradation was observed during the
rotation of pure principal stresses. The impact of
b values and a angle on the deterioration of
stiffness is significant. When the b values
increase, the ratio of stiffness decreases.

5. Across various values of b, the volumetric strain
exhibits an initial linear increase for two cycles
before decelerating after 360°. It is noteworthy
that at an angle of 60°, b =1 demonstrates
anisotropy, whereas the other values exhibit this
phenomenon at 90°. In terms of overall shrinkage,
b = 0 experiences the least amount of contraction
after ten cycles, while b = 0.5 exhibits the most
significant decrease in volume.

6. The intermediate principal stress coefficient b
values exerted a notable impact on the non-
coaxial behaviour of silty soil as the degrees of
non-coaxial behaviour diminished with higher b-
values. The alteration of non-coaxial behaviour in
silty soil is contingent upon the initial orientation
of the principal stress.

7. The research provides a comprehensive analysis
of the anisotropic properties of saturated silt soil
under drained conditions, considering factors
such as stress relationships, deformation patterns,
volumetric changes, and strength characteristics.

8. Future research should examine how loading
rates, and drainage conditions affect silty soil non-
coaxial behaviour and overall performance when
subjected to stress rotation.
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