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To investigate the strength and deformation characteristics of Q, remodeled loess, sail
samples from the Lishi area in Shanxi Province were adopted to examine the effects arising
from the principal stress axis direction angle « and the medium principal stress ratio b on
the shear and non-coaxial properties of remodeled loess based on the hollow cylindrical
torsional shear system. As indicated by this study, when b was constant, the generalized
shear stress ratio decreased with the increase in « at 0°-45°, while achieving the minimum
value when «a = 45°; a increased again with the increase in the principal stress axis direction
angle at 45°-90°. When a was 0-45°, the generalized shear stress ratio tended to decrease
with the increase in the intermediate principal stress ratio b. When « was 60°—90°, the shear
strength ratios at different intermediate principal stress ratios were obtained as: strength at
b = 0.5 > strength at b = 1 > strength at b = 0. Moreover, after the degree of strength
volatility of this remodeled loess was defined to determine its breaking strain standard, it
was found through a comparative analysis that when the generalized shear strain of this
remodeled loess was 6.5%, the strength of this remodeled loess was over 90%. Thus, this
study suggested the use of its generalized shear strain of 6.5% as its breaking strain
standard. In addition, when a was at 0-45°, the direction angle of strain increment
increased with the increase in the direction angle of the principal stress axis and
reached the peak at 45°. When « was at 60°-90°, the direction angle of strain
increment decreased with the increase in the direction angle of the principal stress
axis, i.e., the non-coaxial characteristics of the remolded loess first increased, then
decreased, and further tended to be coaxial.

Keywords: Q, remolded loess, shear properties, non-coaxial characteristics, principal stress orientation angle,
intermediate principal stress ratio

Abbreviations: p,, the outer confining pressure; o, vertical stress; 7., shear stress; I, plasticity index; wy, liquid limit; Gs,
specific gravity, /(g-cm™); p,;, dry density; w, water content; ey, initial void ratio; #, cyclic shear stress ratio; o,, cyclic deviatoric
stress magnitude; T,¢, cyclic shear stress magnitude; p,’, mean effective consolidation stress.
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INTRODUCTION

In general, the stress state of soil in traffic engineering has changed in
the direction of the principal stress axis. Due to the direction of the
principal stress axis, the actual stress state of the soil can be simulated
realistically. Before the 1980s, impacted by the immaturity of science
and technology, there had been no experimental equipment capable
of changing the magnitude and direction of soil principal stress
simultaneously, and the experimental research on principal stress
rotation had been rare. With the continuous development and
improvement of test instruments (e.g, the hollow cylindrical
torsion shear instrument with the principal stress axis
continuously rotating) (Dong et al,, 2017b; Xu et al, 2017; Shen
et al, 2006; Yao et al,, 1996), scholars worldwide have extensively
investigated the shear properties and deformation characteristics of
soils under complex stress, and they have achieved certain results. As
reported by Miura et al. (1986), with the increase in the principal
stress axis direction angle, the maximum shear strain of loose sand
increased continuously, and the dense sand showed first the
appearance of dilatancy, followed by shear shrinkage. Researchers
also conducted corresponding experiments on the strength of
geotechnical materials (Fan et al, 2019; Fan et al, 2020; Jiang
et al, 2016; Liu et al, 2020(a); Liu et al, 2020(b); Wang et al.,
2022(a); Wang et al., 2022(b); Wang et al., 2020; Wang et al,, 2021;
Zhou et al,, 2022; Xu et al,, 2022). Symes et al. (1985) suggested that
the rotation of the principal stress axis had a non-negligible effect on
the stress-strain characteristics of saturated sand. Subsequently,
according to Nakata et al. (1998) and Vaid et al. (1990), the
principal stress axis direction angle could have an important effect
on the deformation of sand through the shear test of the principal
stress axis rotation.

In addition, impacted by the differences in the mechanical
properties of the soil along each direction, the non-coaxial
properties of the reshaped loess should be investigated in depth.
Hu et al. (2018) performed hollow cylindrical torsional shear tests on
pulverized fine sand under principal stress axial rotation. They found
that the medium principal stress coefficient significantly affected
axial, shear, and body strains. Wang et al. (2018) performed a clay
drainage torsional shear test and suggested that the middle principal
stress ratio and the principal stress axis direction angle significantly
affected the non-coaxial effect of clay. Weng et al. (2018) performed
torsional shear experiments with two different stress paths and
reported that the shear strength of reshaped loess was significantly
correlated with the middle principal stress coefficient b and the
principal stress axis direction angle «. When the principal stress
direction angle changed cyclically, there would be a stress-strain
hysteresis phenomenon (Chen et al., 2015; Dong et al., 2017a; Feng
et al, 2018). also performed directional shear experiments on
remodeled loess in different principal stress axis directions. They
suggested that the principal stress rotation significantly affected the
strain increment of remodeled loess.

In general, directional shear tests and principal stress rotation
tests have been extensively performed, whereas there have been
rare research results on the shear characteristics and non-coaxial
characteristics of reshaped loess based on different middle
principal stress coefficients and principal stress axis directions.
Accordingly, in this study, the hollow cylindrical torsional shear
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system was adopted for experiments on the loess in the Lishi area
under standard consolidation drainage conditions, and the effects
arising from different principal stress axis directions and medium
principal stress coefficients on the directional shear
characteristics and non-directional shear characteristics of Q,
remodeled loess were investigated, as well as the effect arising
from coaxial properties.

TEST PROGRAM
Testing Apparatus and Soil Sample

The hollow cylindrical torsion shear instrument produced by
GCTS Company in the United States was employed as the test
instrument adopts, as presented in Figure 1.

The soil samples applied in the test were taken from the
Lishi area of Shanxi Province. The soil samples were light
yellow, with a considerable number of pores and scattered
characteristic. Table 1 lists the basic physical parameters of the
soil samples.

To clarify the mineral composition content of loess in the Lishi
area, an X-ray diffractometer was employed to measure its basic
mineral composition content. Table 2 lists the test results.

To make the state of reshaped sample closer to the state of
engineering soil, the optimal moisture content of the soil sample
should be controlled, and the sample should be compacted. In
accordance with the standard compaction test results under
different moisture content conditions (Figure 2), it was
concluded that the optimal moisture content of the Q, loess
was 16.4%, and the maximum dry density was 1.69 g/cm”.

A certain pre-pressure should be applied to the soil sample to
ensure that the remodeled soil sample maintains a normal
consolidation state during the shearing process (Figure 3).
The soil maintained normal consolidation during the shearing
process, so the effective consolidation pressure applied in the test
was 200 kPa.

Preparation of soil samples: The optimal moisture content and
the maximum dry density were measured using the standard
compaction test as 16.4% and 1.69 g/cm’, respectively. A certain
amount of loose soil was taken, dried in an oven for over 8 h, and
then crushed. After the 5 mm Geo-sieve was completed, the soil
sample was mixed under the sieve, and the mixed soil sample was
placed into a plastic bag and sealed for over 2 days, so the loess
was evenly wetted. The required wet soil mass was calculated
according to the sample size and the maximum dry density, the
wet soil was divided into 10 layers, and the compaction height of
each layer of soil samples was controlled to be the same. Next, the
soil samples were uniformly pressed.

Soil sample saturation consolidation: the prepared remodeled soil
sample was placed into the saturator. Subsequently, the saturator was
put into the vacuum saturation cylinder for air extraction. The pipe
clamp was slowly opened, and clean water was poured into the
cylinder till the liquid level exceeded the soil sample saturator.
Afterward, the water injection ended, and the sample was kept in
the water for over 10 h to ensure that the sample was saturated with
water. Next, the water in the pumping cylinder was discharged to
obtain a saturated reshaped soil sample.
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LVDT for axial
deformation
Frame for torque and
angular deformation
Load cell
Triaxial cell
Specimen Hydraulic pump Inner pressure Back pressure Outer pressure
FIGURE 1 | Test device
TABLE 1 | Basic physical parameters of soil sample. 0.6 -
Index properties Values
prop e,=0.544
Initial density/(g-cm™3) 1.496 ]
Plasticity index, I, 17.735
Liquid limit, w;/% 28.345 0.5
Specific gravity, Gs/(g-cm™3) 2.61 )
dry density, pa/(g-cm™) 1.589 S
Saturated water content/% 24.62% '*g 1
Initial void ratio, eg 0.777 =
2
© 0.4
>
TABLE 2 | Mineral content of loess in Lishi area (%). 1
Composition Content
, 03 T ——— e
SO, 04.75 1 10 100 1000
CaC0, 6.43 Ig p'/kPa
Na(AISizOs) 18.91
(Mg,Fe)s(Si,A4010(OH)g 5.25 , ) o
KALSizAIO+ (OH) 1105 FIGURE 3 | e-lg p’ relationships in oedometer test
(K.95 Na.05) AlSizOs 10.84
Test Procedure
1.71+ The parameters applied in the test are written below:
1 27 0 1 27 0
1.68 a = —arctan| —— | = —arctan[ —— (1)
2 0, — 0p 2 0, — 0y
o 0, + 0p
. 1.65 o) = )
; 2
5
o0 1.62 3)
< 0,+0
z 0
o3 = 4
1.59- ’ 2 @
156 where 0, denotes the axial stress of the specimen; oy represents the
: 12 1'5 1I8 2'1 circumferential stress; 7,4 expresses the torsional shear stress; o, is
. the radial stress; a represents the angle between the stress
/% direction and the axial direction; o, denotes the maximum
rincipal stress; o, is the middle principal stress;o; is the
FIGURE 2 | Results of standard compaction test p o p > T2 p p >e3
minimum principal stress.
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TABLE 3 | Pilot scenarios.
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0y — 03

b (5)
, o 0, — 03
Group Number po’ (kPa) of)
01 +0,+ 03 6
First Group (b = 0) 1 200 0 - 3 (©)
2 200 15 1+ 0+ 0
1102+ 03
3 200 30 "= — (7)
4 200 45 1
5 200 60 _ \/ 2 2 2
=—=\(0,—03)" +(02—03)" + (0, -0 8
6 200 75 q V2 (0, 2) (02 3) (o 3) (8)
7 200 9 q
n=-= )
Second Group (o = 0.5) 1 200 0 p
’ 200  Where b d he middle principal ffici
3 200 30 Where enotes the rr%l : e principal stress .coe c1ent; p
4 200 45 represents the average principal stress of the unit body; p’ is
5 200 60 the average effective stress of the unit body; g is the generalized
6 200 75 shear stress of the unit body; # denotes the generalized effective
7 200 90 . . .
deviatoric stress ratio.
Third Group (b = 1) 1 200 0 N
2 200 15 y= e — e+ () + (e —e)  (10)
3 200 30 3
4 200 45 &, =€ t&+¢& (11)
5 200 60 PR 1
0
6 200 75 R (12)
7 200 90 2 2
& =¢ (13)
A B
4004 4=0°
=150 300y =75 90
300 N =90° W a=15° a=30° g=45° «=60°
a=45° 4=60° (=750 ¢ \f { E
2004
&£ 200 "‘ £ E
= 3 = :
< < 3
100 100 3
[
: i |
045 : : : 0 2 : — -
0 30 60 90 0 30 60 90
o/° o/
C
—0e =90°
o 00!=150 4=45 —60° a=75° a.'
200ff 3 w300 ¥ %
Py .
£ \ 3
=) 7 b}
> 100 H ; 4 f
$ M i
. y bl E
: IR
4 > <
ol3 , T v
0 30 60 90
ao/®
FIGURE 4 | Actual loading stress path; (A) b = 0 ge~a; (B) b = 0.5 ge~a; (C) b = 1 ge~a
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—a— g=0°

)

—e—a=15°
—a—=30°
v a=45°
e a=60°
——a=75°

a=90°

v/%

FIGURE 5 | Curves of generalized shear stress ratio-strain diagram at different principal stress direction angles: (A) b = 0; (B) b = 0.5; (C) b = 1

e +e 1
5275

\ (e; = 59)2 + yig

Where y denotes the generalized shear strain; ¢,, &, &, and &
represent the bulk strain, the maximum principal strain, the
medium principal strain, and the minimum principal strain,
respectively.

After soil consolidation was completed, the direction angle
of the principal stress axis and the middle principal stress
coefficient were adjusted, based on the adjustment time of 1h,
and the shear rate was set to 0.2kPa/min. A total of 21
remodeling soil samples were examined and fell into three
groups in accordance with different middle-principal stress
ratios. The direction angles of the principal stress axis were 0°,
15% 30°, 45°, 60°, 75°, and 90°, respectively, and the middle
principal stress coefficient b corresponding to the respective
deflection angle was 0, 0.5, and 1, respectively. Table 3 lists the
specific test plan.

To perform the fixed shear test at different principal stress
axis direction angles, the direction angle « of the principal stress
axis and the middle principal stress coefficient b should be
controlled, respectively. Figure 4 presents the shear stress path
measured by the test. The deviatoric stress is expressed as (q. =
01'03).

According to Figure 4, the stress path of the sample fluctuated
significantly during the initial loading process. At the middle
stage of loading, the test instrument could more effectively
control the loading path and realize fixed shearing with
different middle principal stress ratios and different principal
stress axis directions.

(14)

TEST RESULTS AND ANALYSIS

Influence of Principal Stress Orientation
Figure 5 presents the generalized stress ratio-strain curves of
different principal stress axis orientation angles based on
different middle principal stress coefficients. As indicated by
the figure, at the initial stage of shearing, the shear strain of
the reshaped loess increased rapidly when the generalized
shear stress ratio rapidly increased. During the early shearing,
since the reshaping of the loess had high strength, the speed of
the increase of strength ratio was higher than the growth of
the shear strain rate. With the further increase in the shear
stress, the curve inflection point began to appear, and the
loess began to reshape. In the late shearing, the remolded
sample strain grew quickly, and its strength ratio almost
changed to the level of growth.

By comparing and analyzing the generalized shear stress
ratio-strain development curves of different principal stress
axis direction angles « under the same middle principal stress
coefficient b, it was found that when the middle principal
stress coefficients b = 0 and b = 0.5, the reshaped loess
exhibited strain hardening characteristics and the strain at
failure could reach nearly 15%; when the principal stress
coefficient b = 1, the remodeled loess exhibited a strain-
softening effect and the strain at failure was relatively
small, approximately 3-5%. Moreover, the direction angle
of the principal stress axis significantly affected the g/p’-y
relationship of the specimen: when a was between 0° and 45°,

the stress ratio tended to decrease with the increase in the
direction angle of the principal stress axis, and at 45°. When «
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q/p'

A
1.64
1.24
£ 0.8
0.4
0.0 : : : :
0 4 8 12 16
/%
C

q/p'

60°%; (F) « = 75°; (G) a = 90°

0.4

0.0-&
0

B 164

1.24

=, 0.8
% —e—H=0.5
—a—p=1
0.4
0.0F% : " : : )
0 4 8 12 16 20
v/%
D

q/p’

/%

FIGURE 6 | Curves of generalized shear stress ratio-strain diagram at different intermediate stress parameters: (A) a =0°; (B) « = 15%; (C) a = 30"; (D) a = 45°; (E) a =

/%

12 16
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TABLE 4 | Strength exertion S of the remold loess (b = 0).

ay 5 (%) 6.50 (%) (%) 10%
o 93.93 97.74 99.44 100%
15° 97.32 99.75 99.82 100%
30° 86.13 92.52 96.68 99.78%
45° 85.74 91.44 95.38 98.97%
60° 87.78 92.03 95.82 99.57%
75° 94.44 98.30 100 -
90° 99.30 100 100 100%

TABLE 5 | Strength exertion S of the remold loess (b = 0.5).

al 5 (%) 6.50% 8% 10%
0 93.47 94.18% 95.71% 96.28%
15° 84.69 88.02% 89.72% 91.96%
30° 86.07 87.57% 91.84% 94.47%
45° 85.51 89.42% 91.83% 98.92%
60° 93.11 95.35% 97.32% 100%
75° 90.75 94.49% 97.54% 100%
90" 100 - - -

TABLE 6 | Strength exertion S of the remold loess (b = 1).

ay 5 (%) 6.50% 8% 10%
o 100 - - -
15° 87.75 95.59% 100% -
30° 94.73 98.41% 100% -
45° 95.51 98.22% 100% -
60° 90.62 97.12% - -
75° 96.71 100% - -
90° 99.49 - - -

q/p'kPa

1.2 .~ 1

1 -O T T T T
0 30 60 90
o/

FIGURE 7 | Strength ratio under different inclinations of the principal
stress direction angle
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20,
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FIGURE 8 | Stress path and non-coaxial behavior of soil mass

was at 45°-90°, the stress ratio increased again with the
increase in the direction angle of the principal stress axis.

Influence of Middle Principal Stress

Figure 6 presents the g/p’-y change curves at different middle-
principal stress ratios under the same principal stress axis
direction angle. As revealed by the above figure, the change
curve of the strength ratio of the remodeled loess followed a
consistent change rule in different principal stress axis directions.
For the growth rate of strain, with the further increase in the shear
stress, the curve began to show an inflection point, and the
remodeled loess began to yield. At the later stage of shearing,
the strain of the remodeled soil increased rapidly, and the
strength ratio changed almost horizontally.

By comparing and analyzing the generalized shear stress ratio-
strain development curves of different middle principal stress
coefficients at the same principal stress axis direction angle, it was
found that the effect of b increased with the increase in
generalized shear strain. When the direction angle a of the
principal stress axis was 0-45°, the generalized shear stress
ratio tended to decrease with the increase in the middle
principal stress coefficient b. When « was at 60°-90°, the
strength ratios at the three stress ratios are expressed as shear
strength at b = 0.5 > shear strength at b = 1 > shear strength at b =
0. When the middle principal stress coefficient b changed from 0
to 1, the stress state of the reshaped soil sample varied from the
state of triaxial compression to the state of triaxial tension. The
compressive capacity of the soil sample was higher than the
tensile capacity, so its plastic dilatation capacity tended to
decrease in the shearing process.

Shear Failure of Remolded Loess
Indicated by existing research, for soil failure with a complex
stress path, the generalized shear strain value allowed under
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FIGURE 9 | The non-coaxial characteristics of the remolded loess in the deviatoric plane: (A) b = 0; (B) b = 0.5; (C) b = 1

0 100 200
(62-60)/2/kPa

certain conditions has been generally employed as the failure
criterion. Guo et al. (2003) investigated Fujian standard sand
using a geotechnical static-dynamic hydraulic triaxial-torsional
multifunctional shear instrument. They suggested the generalized
shear strain of 5% as its failure criterion. As reported by Wang
etal. (1996), when the generalized shear strain was 6.5%, it should
serve as the failure standard of the soil material for the core wall of
the waterfall ditch. Chen et al. (2005) studied the original and
remodeled soft clay in Xiaoshan using a multi-functional triaxial
tester, and they took the turning point with the dynamic stress-
strain curve increasing significantly as its failure point. Zheng
(2011) presented the strength development ratio of clay under
complex stress paths by defining the strength development
degree. They found that the generalized shear strain of 8%
should serve as the failure standard for remodeling soft clay.
Shen et al. (1996) conducted a conventional dynamic torsional
shear test and dynamic principal stress axis rotation test based on
a dynamic torsional shear instrument with two-directional
vibration, and they further confirmed the generalized shear
strain of 10% as the failure criterion for dynamic cyclic
rotation of sandy soil.

As revealed by the above research, the degree of strength
development could intuitively reflect the degree of development
of the material’s strength. Accordingly, for the Q, remodeled loess
in the test of this study, the strength development degree of the
remodeled loess is also written as S = g/q; where q denotes the
generalized shear stress during the loading process of the sample,
and gy is the failure peak generalized shear stress of the sample.
The directional shear test results at different principal stress axis
direction angles based on different middle principal stress ratios
were adopted to achieve the strength development results with
the generalized shear strain suggested above, as listed in
Tables 4-T6.

According to the above table, for the strength volatility of this
remodeled loess obtained under different Intermediate principal
stress ratios, the relative strength reduction of the remodeled loess
can reach more than 90% when the generalized shear strain is
6.5%. Thus, for this remodeled loess, it would be recommended
that its generalized shear strain of 6.5% should serve as its
breaking strain standard.

Based on the failure strain standard determined by the
strength volatility, the generalized stress ratios of different
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FIGURE 10 | Variation of strain increment angle of remolded loess at different medium principal stress ratios: (A) b = 0; (B) b = 0.5; (C) b = 1

principal stress axis direction angles at different middle
principal stress ratios are expressed on the same coordinate,
as presented in Figure 7. According to the above figure, when
the middle principal stress coefficient was definite, the
generalized peak shear stress ratio first decreased and then
increased with the increase in the principal stress axis
direction angle, and the generalized peak shear stress was the
smallest when « = 45",

Non-Coaxial Properties of Remodeled

Loess

Figure 8 presents a schematic diagram of the non-coaxial
properties of the soil, where: «, denotes the principal stress
axis direction angle, a4 represents the principal strain
increment direction angle, § expresses the non-coaxial angle,
the stress increment is AB (ds), and the strain increment is AC,
the origin of the coordinate system is O.

Since the non-coaxial property of soil has been found as the
property that the direction of plastic strain increment is not co-
axial with the direction of stress, it is difficult to calculate the
elastic deformation of soil accurately from the total strain. Thus,
the total strain increment direction was used instead of the plastic
strain increment in this study.

The calculation formula is written as:

1 < 27,0 )
o, = —arctan
2 0, — 0y

(15)

_1 AV
e = 5 arctan< . d89> (16)
0 =ag —a, (17)
0, — 0 g 2T g
s \[(55o) o)) o
0, + 09 0, + 0g
[d (e, —€0)] + [dy, 2 _
|ZZ:’| _ \/ 0 [ Y 9] _ d€1 d€3 (19)

ds ds

Where dr,y denotes the increment of the shear stress; do,
represents the increment of the axial stress; doy expresses the
increment of the circumferential stress; dy,q is the increment of
the shear strain; de, denotes axial strain increment of the specimen
during the shearing process; dey represents circumferential strain
increment of the specimen during the shearing process.

Figure 9 illustrates the variation characteristics of the
directional shear non-coaxial strain increment of the
remodeled loess. As revealed by the figure, the anisotropy of
the soil sample was insignificant at the initial angle, whereas the
stress-strain of the soil sample still showed significant non-coaxial
characteristics. Moreover, the non-coaxial characteristic
increased and then decreased with the increase in the
principal stress axis direction angle, and tended to be co-axial.
From Figures 1-3, the medium principal stress coefficient had a
significant effect on each strain component, and the non-coaxial
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characteristic was more obvious with the increase in the medium
principal stress ratio.

Anisotropy is usually considered to be the root cause of non-
coaxial (Desrues J et al., 2002). Figure 10 shows the change of the
direction angle of the strain increment under different middle
principal stresses. As indicated by the above figure, the effect of
the direction angle of the different principal stress axis led to the
anisotropic soil stiffness, thus making the
phenomenon significant. When « was at 45°, a4 reached a
peak. When « was at 0° and 90°, «,. reached a trough. In
general, the direction angle of strain increment first increased
and then decreased with the increase in generalized stress, i.e., the
non-coaxial characteristics of the reshaped loess first increased
and then decreased.

non-coaxial

CONCLUSION

(1) When the principal stress ratio b was the same, the
generalized shear stress ratio of a tended to decrease at
0°-45°, and the generalized shear stress was the smallest
when a = 45°, and the generalized shear stress tended to
increase when a was 45°-90°. The trend revealed the strength
anisotropy of the soil. Moreover, with the increase in the
middle principal stress ratio, the generalized tangent
modulus reached the maximum value when b = 0.5. On
the whole, the generalized shear modulus of the remodeled
loess showed a trend of first increasing and then decreasing
with the increase in the middle principal stress ratio.
When the direction angle « of the principal stress axis esd
0-45°, the generalized shear stress ratio tended to decrease
with the increase in the middle principal stress coefficient b;
when a was 60°-90°, the strength ratios under the three stress
ratios indicated that: shear strength at b = 0.5 > shear strength
at b = 1 > shear strength at b = 0. During the growth and
change of the middle principal stress coefficient b from 0 to 1,
the stress state of the reshaped soil sample varied from the
state of triaxial compression to the state of triaxial tension.
The compressive capacity of the soil sample was higher than
the tensile capacity, so its plastic dilatation capacity gradually
decreased in the shearing process.

As indicated by the comparative analysis, when the
generalized shear strain of the remodeled loess was 6.5%,
its strength development reached over 90%. Accordingly, it is
recommended to employ the generalized shear strain of 6.5%
as the failure strain standard for the Q, remodeled loess.
When « is 0-45°, the direction angle of the strain increment
increases with the increase in the direction angle of the
principal stress axis, and reaches a peak at 45°, and when

2

3)

(4)
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