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Abstract

This work aims to investigate the influence of structural damage to natural soft clay on its mechanical behavior. K, consoli-
dated triaxial tests with loading and unloading stress paths were conducted, and field emission scanning electron microscopy
(FESEM) and mercury intrusion porosimetry (MIP) were utilized for microstructural investigation. Macroscopic properties
of soil were analyzed by microstructure evolution and damage theory. A pore size distribution index (S) was proposed that
collectively accounts for the effect of pore size distribution and pore volume. Damage variables were determined based on
the S to evaluate the damage degree of soft clay after K|, consolidation. The soil structure is obviously damaged when the
confining pressure exceeds the preconsolidation pressure (119 kPa), with damage variables reaching 0.5 ~0.6 between 150
and 250 kPa. The initial tangent modulus and ultimate deviator stress of soft clay by reduced triaxial compression (RTC) tests
are lower than those by conventional triaxial compression (CTC) tests. It is associated with relatively different microstruc-
ture failure modes, i.e., a loose uniform failure mode for RTC specimens and a locally dense non-uniform failure mode for
CTC ones. Howeyver, the natural structure is slightly damaged after consolidation, and marginal macro and micro differences
were observed between CTC and RTC test results when the confining pressure is less than the preconsolidation pressure.
Therefore, the mechanical behavior of soft clay is strongly affected by stress paths and damage to the natural structure during
consolidation and shearing processes on the macroscopic and microscopic views.
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Introduction

Quaternary soft clay is widely distributed in the Pearl River
Delta of China, formed by the geological process of three
transgressions and three regressions (Qiao et al. 2021).
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With the rapid development of the Hong Kong-Guangdong-
Macao Bay Area in recent years, problems such as house
cracking, bridge deformation, and tension cracking of under-
ground pipes due to insufficient bearing capacity of soft
clay foundations have impeded the progress of society and
the economy in turn. Furthermore, hazards caused by poor
mechanical deformation properties of soft clay have been
widely reported (Cui et al. 2015; Ma et al. 2019; Tan et al.
2020). Consequently, more in-depth and accurate research
on the mechanical properties of soft clay is necessary.

The deposit of soft clay has gone through a long geologi-
cal period, during which specific structure is often formed
inside soil by flocculation under certain geographical envi-
ronments, climates, and other factors. The mechanical
behavior of soft clay becomes more challenging to predict
due to its natural structure, which threatens engineering
construction safety. The viewpoint that soil structure has
a significant influence on macroscopic mechanical proper-
ties was extensively documented (Akbarimehr et al. 2020;
Eslami and Akbarimehr 2021; Gasparre et al. 2011; Li et al.
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2021; Ng et al. 2020). Study on soil structure has been an
important issue, and many puzzles remain unsolved, such as
the evolution mechanism of microstructure under different
loading conditions and its influence on the macro mechani-
cal behavior of soil. In response to these problems, research-
ers have made numerous efforts. Nan et al. (2021) performed
SEM and MIP tests to study the evolution of microstructure
of loess specimens with different structural states before and
after consolidated undrained triaxial tests and concluded that
the shear properties of natural loess are essentially the result
of continuous adjustment of soil microstructure. Zheng et al.
(2022) found that the clay pores collapse sequentially from
small to large during the one-dimensional consolidation
and that the macroscopic deformation was mainly caused
by the change of interaggregate porosity. Akbarimehr et al.
(2021) investigated the correlation of compression index
(C,) between undisturbed and disturbed soil specimens, find-
ing that undisturbed specimens have a smaller compression
index due to structural effect, and empirical equations were
proposed to predict the C,. Gasparre and Coop (2008) con-
ducted a series of oedometer tests introducing a new nor-
malization method to quantify the effect of structure in hard
clay during compression. The above shows that the effect
of soil structure on consolidation and shear characteristics
has been extensively studied as two independent processes.

Varied stress paths frequently lead the soil to exhibit dif-
ferent deformation and strength characteristics. Cai et al.
(2018) compared the mechanical behavior of naturally depos-
ited clays under different consolidation stress paths and found
that the shear strength of specimens and pore water pressure
increased and reduced with increasing the ratio of vertical to
horizontal consolidation stresses, respectively. Zhang et al.
(2020) carried out a series of consolidated undrained tri-
axial tests on red clay with different stress paths; the results
indicate that the effect of stress paths on cohesion is greater
than the internal friction angle, and the shear failure angle of
specimens also varies due to different stress paths. In sum-
mary, although much literature has been devoted to revealing
the mechanical characteristics of soils under various stress
paths from macro and micro perspectives, considering the
coupling effect of consolidation and shearing, the impact of
natural structure damage on the mechanical behavior of soft
clay under different stress paths has yet to be investigated
from microscopic and macroscopic views.

In order to investigate the influence of the natural struc-
ture of soft clay on its mechanical behavior under different
stress paths, a series of CTC and RTC tests were carried out.
Meanwhile, field emission scanning electron microscopy
(FESEM) and mercury intrusion porosimetry (MIP) tests
were conducted before and after K, consolidation triaxial
shearing tests. The macro and micro mechanisms of soft clay
are studied by damage theory and fractal geometry method.

@ Springer

Soil samples and methods
Soil samples

Soil samples were collected from Fangcun Avenue, Ruyi-
fang, Guangzhou, which lies within longitude 113°, 13’,
and 40.8”N and latitude 23°, 6’, and 7.2"E, as shown in
Fig. 1. Guangzhou is located north of the Pearl River Delta
in China, close to the South China Sea, with a wide range
of soft clay distribution regions. The soil samples belong
to the second layer of the muddy clay, buried at a depth
of 3.3-15.5 m and sampled at a depth of 3.3—6.0 m. The
undisturbed specimens were taken out using a thin-walled
collector and then carefully encapsulated and transported
to the laboratory. The static soil pressure coefficient
(Ky=0.65) was obtained from K|, consolidation tests, and
basic physical parameters were measured in the laboratory
strictly according to the specification (GB/T 50123-2019
2019), as shown in Table 1. Such soil poses a significant
potential hazard to construction safety due to poor physical
and mechanical properties, such as high moisture content,
large porosity ratio, and high liquid limit. The Casagrande
method was used to calculate the preconsolidation pressure
P_ to be 119 kPa based on three sets of oedometer tests.
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Triaxial tests

GDS automatic stress path triaxial apparatus (GDSTTS40,
UK) was employed to conduct a series of consolidated
undrained (CU) triaxial tests. Natural soft clay specimens
were fixed on a soil cutter and carefully cut into cylin-
ders of 80 mm height and 39.1 mm diameter and then
tested at four different confining pressures, i.e., 50 kPa,
100 kPa, 150 kPa, and 200 kPa. The following are the
specific steps. (1) Back pressure saturation: the specimen
was saturated by linearly increasing the confining and back
pressure simultaneously with specimen drainage valves
opened. Take the Skempton coefficient B value greater
than 0.95 as the judgment basis for saturation completion.
(2) K, consolidation: the implementation of K, consolida-
tion was based on the volume strain during consolidation
being the same as the product of the axial strain and the
initial cross-sectional area of specimens. The stress path
triaxial apparatus realizes the above process by servo con-
trol of the confining pressure, ensuring specimens from
lateral deformation. The stress loading rate in this process
must be slow enough to prevent the generation of excess
pore water pressure for accuracy. So, the loading rate was
taken as 0.2 kPa/min in this test. (3) Triaxial loading: after
consolidation, the drain valve was closed for undrained
shearing. The stress-controlled loading was adopted, with
a shear rate of 0.2 kPa/min, and the axial strain of 15% was
considered the shear failure. Two loading stress paths were
used in this test, i.e., conventional triaxial compression
(CTC) and reduced triaxial compression (RTC), which was
also the most common stress path of foundation soil during
engineering construction, as shown in Fig. 2.

Soil microstructure tests

FESEM and MIP tests were performed on undisturbed speci-
mens as well as the specimens after K, consolidation and
shear failure. Note that the specimens generated relatively
homogeneous deformation during triaxial loading, i.e., no
shear band or obvious bulge appears. A field emission scan-
ning electron microscope (MIRA3) produced by TESCAN
company with a resolution of 1.2 nm (15 kV) was used. The

Table 1 Physical parameters of natural soft clay

Property Value
Natural density (g/cm?) 1.68
Natural water content (%) 57.0
Specific gravity 2.70
Liquid limit (%) 59.7
Plastic limit (%) 24.0
Void ratio 1.52

scanning plane parallel to the loading direction was chosen
to observe the evolution characteristics of the microstruc-
ture. Firstly, 10 mm X 15 mm X 10 mm cuboid subspecimens
were cut carefully in the center of the specimen using a small
wire saw coated in petroleum jelly. The subspecimens were
immersed in liquid nitrogen and rapidly cooled to — 196 °C
for 30 min and then put in a freeze-dryer for 24 h to allow
the moisture to evaporate fully while ensuring that the dry-
ing process did not cause soil structure disturbance. After
that, the dried specimen was first broken off in the middle,
and the floating dust on the section was gently blown away
with a washing ear ball. Then ion sputtering was performed
on the specimen to increase its conductivity and finally
placed in the vacuum chamber of the electron microscope
for scanning. Multi-point scanning ensured that the quanti-
tative processing results were statistically significant. Scan-
ning magnifications of 2000 X and 10,000 X were used for
qualitative and quantitative analysis of soil microstructure.
The automatic mercury porosimeter (AutoPoreIV9500)
of the American Micromeritics Instrument Corporation was
utilized for MIP tests, and it can measure pore sizes ranging
from 0.003 pm to 1100 pm. The MIP test is based on the
principle that non-wetting liquid does not permeate solid
pores without applying pressure. The information of pore
size in soil can be derived using the Washburn equation
(Washburn 1921) by gradually increasing pressure

J —4T cosO |

» ey
where d is the pore diameter, p is the absolute pressure,
0 is the indirect contact angle between mercury and soil,
and T is the surface tension of mercury. In this research,
0=130° and T, =0.485 N/m were employed (Sun et al. 2020;
Wang et al. 2020). In order to minimize the disturbance to
the microstructure during the mercury intrusion pores, the
low-pressure unit (0.52-30 psia) and high-pressure unit
(30-60,000 psia) were used to apply pressure step by step
in 52 steps (Jiang et al. 2014). The corresponding pore diam-
eter at 0.52 psia is 347 pm and 3 nm at 60,000 psia, so the
measurement range of pore size is 3 nm ~347 pm. The spe-
cific test procedure is shown in Table 2.

Test results

Microstructure evolution before and after the K|,
consolidation

Figure 3 presents the FESEM image of the natural soil. It
can be found that the soil particles stick together, forming
large aggregates with various structural forms, as shown
in the rectangular box in Fig. 3b. These aggregates are

@ Springer



208 Page4of15

Bulletin of Engineering Geology and the Environment (2023) 82:208

CTC
>
A RTC 3
wn
(]
E
2 1
e
% 3/2
= 1
()
A
O\
. 6’3“"0
x O“SO\X

\/

Mean stress, p

Fig.2 Stress paths of triaxial tests in this study

flocculent or clotted, constituting the soil skeleton; many
pores of different sizes are distributed randomly among
soil particles, forming an open structure. Figure 4 shows
10,000 x magnification FESEM images of the soft clay
after K, consolidation at various confining pressures.
When the confining pressure is 50 kPa and 100 kPa,
the soil aggregates are still considerable, and particle
fragmentation is not visible compared to the natural
specimen. Nevertheless, as the confining pressure rises
above the preconsolidation pressure, i.e., when it reaches
150 kPa or 200 kPa, large aggregates disintegrate gradu-
ally, and many small soil particles appear. These small
particles are mainly flaky with irregular edge profiles
whose arrangement is chaotic. Most soil particles are in
face-to-face and edge-to-face contact, where the former
contact form is the most common. According to these
characteristics, it can be preliminarily judged that the
natural structure of soil has been damaged to a certain
extent and has experienced structural reorganization,
gradually transforming from a flocculent structure to a
dispersed structure. Because FESEM images only reflect
scanning plane information qualitatively, it is necessary
to propose a structural parameter to more accurately
characterize the degree of damage to the natural struc-
ture of soft clay after K, consolidation under different
confining pressures.

Table 2 Test scheme

Figure 5 presents the pore size distribution curve of natu-
ral soft clay. The curve is unimodal with a dominant pore
distribution interval of 0.02 pm~2 pm, in which the pore
content accounts for 94.9% of the total content. The domi-
nant pore size is 0.678 pm with a content of 0.059 ml/g.
Intuitively, as shown in Fig. 6, the pore size distribution
curve shifts to the left accompanied by decreased peak
value with increasing consolidation pressure, implying that
the large pore is gradually compressed. Furthermore, this
trend becomes more pronounced when the confining pres-
sure exceeds the preconsolidation pressure. The change of
pore number or volume with different sizes can reflect the
change in soil microstructure. Also, describing the varia-
tion in internal structure state by the change in pore space
is a very effective method (Delage 2010; Li et al. 2020a, b;
Wang and Xu 2007). However, the conventional pore ratio
concept can only be used to characterize the global pore
volume effect but does not reflect the effect of pore size
distribution. Combining the pore size distribution with the
pore volume allows a relatively complete description of the
soil structure state from a pore perspective. Accordingly, the
pore size distribution index S, denoting the area enclosed by
the pore size distribution curve and the horizontal coordinate
axis, was proposed here to characterize pore changes. Based
on the idea of calculating area by the trapezoidal method in
calculus theory and combined with the pore size distribu-
tion characteristic of soil, the pore size distribution index S
is given by

n—1

Vi+ Vi)

§= Z(dm —d) X s @
i=1

where d; and V; are the diameter and volume of the ith pore
group, respectively; n is the total number of pore groups.
As shown in Fig. 5, (d;,; —d,) represents the difference in
pore sizes of adjacent pore groups, and (V;+ V,,,)/2 refers
to the average volume of these two pore groups. It is not
difficult to imagine that a more homogeneous soil struc-
ture and smaller total pore volume will result in a smaller S
value. Since the inclusion of individual oversized pores in
the calculation will generate significant discrete errors and
these pores have minimal content (less than 3%), they will
be discarded. Consequently, the pores with a diameter of
fewer than 60 pm were selected for calculation. Compared

Test type Confining pressure (kPa) Ky Stress path Shear rate FESEM test MIP test
K, consolidation 50, 100, 150, 200, 250, 1600 0.65 / / Yes Yes
CTC 50, 100, 150, 200 Ac;=0, Ao >0 0.2 kPa/min Yes Yes
RTC 50, 100, 150, 200 A3 <0, Ao =0 0.2 kPa/min Yes Yes
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Fig.3 FESEM images of the specimen at the natural state: a 2000 X magnification; b 10,000 X magnification

with modified probability entropy (Ren et al. 2022), which
quantifies the arrangement of pores or particles, the pore size
distribution index reflects the size distribution and volume
characteristics of pore populations. This new parameter may
be used for developing advanced constitutive models incor-
porating microstructure characteristics which many scholars

have been studying (He et al. 2022; Liu et al. 2022; Musso
et al. 2020).

According to the classical damage theory, the dam-
age variable D is utilized here to characterize the damage
degree to the natural structure of soil after K, consolida-
tion. Because the S could describe the internal structural

Fig.4 Micrographs of specimens after K, consolidation at various confining pressures: a o3=50 kPa; b 0;=100 kPa; ¢ ;=150 kPa; d

03,=200 kPa
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Fig.5 Pore size distribution of natural soft clay

states of soil and show a sensitive variation with stress, the
damage variable is therefore defined as follows:

D= SCO - Scl 3)

SCO - SCZ

where S, and S, represent the pore distribution index of the
natural specimen and after consolidation at a given confining
pressure, respectively, and S, is the value after consolida-
tion at 1600 kPa. The following is an explanation of the
determination of S,. According to numerous consolidation
test results (Low and Phoon 2008; Ovando Shelley et al.
2020; Xu and Coop 2016; Zeng et al. 2022), the e-log p
curves of the undisturbed and the remolded clay specimens
show almost the same slope when the consolidation pressure
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Fig.6 Pore size distribution after K, consolidation under different
confining pressures

@ Springer

is up to about 1600 kPa. It indicates that the two specimens
generate nearly identical strain under the same load incre-
ment. Consequently, it is considered that the natural struc-
ture of the soil has been destroyed. Based on this, a MIP test
was performed on the soil specimen after consolidation at
1600 kPa as a reference and calculated the corresponding
pore distribution index to be S,.

D between 0 and 1, D equal to O and 1 represents that the
natural structure of soils is intact and completely damaged,
respectively. The relationship between damage variables and
confining pressures was plotted in Fig. 7. When the con-
fining pressure is less than the preconsolidation pressure
(119 kPa), the natural structure is slightly damaged, with
the D value being close to 0. However, the damage variable
reaches 0.5 ~0.6 when the confining pressure ranges from
150 to 250 kPa, which indicates that the structural strength
of soils is insufficient to resist the external load and notice-
able damage occurred. According to the above discussion,
the method for determining damage variables can be con-
sidered reasonable.

Microstructure characteristics subjected to different
stress paths

Pore size distribution

Researchers have proposed various approaches for classi-
fying soil pores in previous studies (Lei et al. 2020; Lei
1988; Wang et al. 2021a). In this research, the surface fractal
model (Korvin 1992; Romero and Simms 2008; Sun et al.
2020) was utilized to categorize pores to investigate the vari-
ation of the pore size content of each component under dif-
ferent confining pressure and stress paths. The surface fractal
dimension calculation expression is as follows:

log[(dV,,/dV )/ d,] & (D — H)log p )

where p is the intrusion pressure of mercury at a certain
level, V, is the corresponding cumulative intrusion vol-
ume when the pressure is p, V., is the total volume of
mercury intrusion, and D, is the surface fractal dimen-
sion. The MIP data of CTC and RTC tests at the confining
pressure of 50 kPa was taken as the benchmark, and the
log[(dV,,/dV.)/d,] — logp scatter plot was established. As
shown in Fig. 8, pores exhibit apparent self-similarity and
multiple fractal characteristics. So then, based on the value
of the pore diameter at the inflection point position in the
scatter plot, the pore size is split into three intervals: small
pores (<0.5 pum), mesopores (0.5~5 um), and macropores
(>5 pm). From this, the pore content of each component
after CU triaxial tests under different confining pressures
and stress paths can be obtained, as shown in Table 3.
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Figure 9 presents the pore size distribution of CTC
and RTC tests under various confining pressure. Under
CTC paths, when the confining pressure is less than
the preconsolidation pressure (119 kPa), the content of
small pores is dominant, reaching 74.38% and 83.48%
of the total pore content, respectively, and the content of
mesopore and macropore is low relatively. However, the
content of small pores decreases by 15% ~20% on aver-
age when the confining pressure increases to 150 kPa and
200 kPa, leading to the corresponding rise in mesopore
and macropore. As shown in Table 3, the pore content
of each component does not differ much from 50 to
100 kPa for RTC tests, after which the content of small
pores increases, accompanied by a decreasing mesopore
content. The above suggests that the evolution of pore
size distribution varies with stress paths and confining
pressure. For CTC tests, when the confining pressure
exceeds the preconsolidation pressure of soil, the content
of small pores decreases, and the content of mesopore and
macropore increases. In contrast, the evolution pattern of
pore size distribution in RTC tests exhibits a rise in small
pore content and a corresponding decrease in mesopore
and macropore content.

To compare the evolution characteristics of pores after
CTC and RTC tests in the same initial structural state,
the pore size distribution curves were plotted as shown
in Fig. 10. Figure 10a shows the pore size distribution
after CU triaxial tests when the natural structure of soils
is slightly damaged before shearing. One can see that the
shape of the pore size distribution curves of two stress
paths at confining pressures of 50 kPa and 100 kPa is
similar. Specifically, the pore size distribution curves
all reveal a high peak type with obvious peak points at
50 kPa and a low peak type without clear peak points at
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0.6 1
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Damage variable
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Fig. 7 Relationship between damage variable and confining pressure
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Fig. 8 Fractal characteristics of pores

100 kPa; the difference is that compared with the CTC
path, the curve of the RTC path moves to the left as a
whole. The pore diameter at the peak point of CTC 50
and RTC 50 is 0.434 pm and 0.678 pm, respectively.
However, the pore evolution pattern under different stress
paths shows considerable differences when the natural
structure is strongly damaged during consolidation. The
pore size distribution curves of CTC and RTC tests at
150 kPa and 200 kPa exhibit some self-similarity. The
positions and shapes of the curves are relatively close
under the respective stress paths despite the different
confining pressures, especially in CTC tests, as shown
in Fig. 10b. It is worth noting that the content of medium
to large pores in the CTC test is higher than that in the
RTC test, which is different from the pore size distribu-
tion pattern when the initial structure of the soil remains
relatively intact.

Table 3 Pore content of each component after CU triaxial tests

Experimental type Pore volume percentage

Small pore Mesopore Macropore

(<0.5 pm) (0.5 pm~5 pm) (>5 pm)
CTC 50 74.38% 21.21% 4.41%
CTC 100 83.48% 7.29% 9.23%
CTC 150 54.77% 26.94% 18.29%
CTC 200 68.20% 20.06% 11.74%
RTC 50 55.75% 40.41% 3.84%
RTC 100 57.81% 36.66% 5.53%
RTC 150 69.17% 23.82% 7.01%
RTC 200 78.22% 17.83% 3.95%
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Structure factor R

Pore size distribution index S is a powerful parameter to
describe the microstructure properties of soil. The dam-
age variable defined based on S has well characterized
the structural damage of soft clay after consolidation.
Consequently, the structure factor R is proposed here
based on pore size distribution indexes to describe the
structural characteristics of soil after shearing. R can be
expressed as

Stl B Sc]
- )

cl

R =

where S, and S, are the pore size distribution index of
specimens before shearing (after the consolidation) and after
shearing, respectively. In the process of undrained shear-
ing, the total pore volume in specimens remains unchanged

@ Springer
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from the end of consolidation to shearing failure, only the
interconversion between pores of different sizes. As a result,
the increasing R value suggests the rise of larger pore con-
tent, meaning the number of pores is reduced and poor pore
dispersion. On the contrary, with a constant total volume
of pores, the less the content of larger pores, the greater
the number of pores will be; thus, a weaker overall linkage
between soil particles appears, resulting in poorer mechani-
cal properties such as lower strength and stiffness.

The structure factors for different stress paths and con-
fining pressures are presented in Fig. 11. At the confining
pressures of 50 kPa and 100 kPa, the R values of the two
stress paths are slightly different. However, when the con-
fining pressure rises to 150 kPa and 200 kPa, the structure
factor of CTC tests is significantly larger than that of RTC
tests. Specifically, under 50 kPa and 100 kPa confining pres-
sure, the difference in structure factor between the two paths
is 0.1 ~0.2, while it reaches 0.6~ 1.1 when the confining
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pressure rises to 150 kPa and 200 kPa. This illustrates that
a significant difference in pore structure arises under high
confining pressure. There are more dispersed pore space dis-
tribution and looser soil particles in specimens of RTC tests
compared to those of CTC tests. Therefore, the microstruc-
tural evolution pattern subjected to stress paths is closely
associated with the natural structure state.

Fractal dimension based on FESEM images

Fractal geometry approaches have been widely used in
microstructure analysis of geotechnical materials due to the
complexity of pore and particle geometry inside the soil.
Many fractal dimension calculation methods based on SEM
images have been employed to analyze the soil microstruc-
ture (Du et al. 2022; Liu et al. 2020; Zheng et al. 2021),
among which the box counting dimension is one of the
most effective methods. The grayscale image is converted
to a binary image using the global threshold segmentation
approach, with the optimal threshold for image segmentation
being approximately 80% of the peak gray level. The white
and black areas represent pores and particles, respectively.
As shown in Fig. 12, the binary image is divided by a square
grid with side length ¢, the number of pores contained in the
grid is N(e), and if the value of ¢ is changed, N(¢) will also
change. So, a series of values of €, N(¢) can be obtained and
plotted in a double logarithmic coordinate system, and then,
the fractal dimension D; can be expressed as

1
D, = —lim 2
e=0 ln(g)

(6

During the shear process of CU triaxial tests, the total
volume of pores in the soil specimen remains constant, as
mentioned above. The bigger D; indicates a greater number
of pores and a more dispersed distribution, which signals
more serious particle fragmentation. As a result, the frac-
tal dimension of pores is an effective measure for describ-
ing soil particle fragmentation. The more broken the soil
particles are, the worse the mechanical properties of speci-
mens will be during the loading process. Specifically, the
segmented binary image was first imported into MATLAB,
and then, the fractal dimension was calculated using the free
toolbox FracLab. For each level of confining pressure, multi-
ple FESEM images at different scanning positions were used
for analysis and calculation. The average value was taken
as the final fractal dimension to make the data statistically
meaningful.

As shown in Fig. 13, the fractal dimension of pores after
CTC and RTC tests is 1.602 and 1.612 at 50 kPa confining
pressure, respectively, and 1.632 and 1.630 at 100 kPa con-
fining pressure, respectively, with less variance under dif-
ferent stress paths at the same confining pressure. However,

1.6
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1.2
g
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o
3
Q
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50 100 150 200
Confining pressure (kPa)

Fig. 11 The relationship between structure factor and confining pres-
sure

as the confining pressure increases further, the difference
in the fractal dimension of both stress paths becomes more
apparent. For CTC tests, the fractal dimensions at the con-
fining pressures of 150 kPa and 200 kPa are 1.621 and
1.633 respectively, and 1.662 and 1.681, respectively for
the RTC tests. Also, the fractal dimension of RTC 150 is
2.53% greater than that of CTC 150, and RTC 200’s fractal
dimension is 2.94% larger than that of CTC 200. It illus-
trates that the fractal characteristic of pores is impacted by
natural structure. In summary, the soil aggregates are more
fragmented, and the soil structure is looser after RTC tests
than those after CTC tests at high confining pressure, which
is also consistent with the result shown in structure factors.

Discussion

Correlation between microstructure
and macroscopic mechanical behaviors

Deviator stress—strain curves of soft clay under various
confining pressures and stress paths are shown in Fig. 14.
The curves for different stress paths all exhibit a weak
strain-hardening type. Stress—strain curves move upward as
increasing confining pressure, signifying an increase in soil
strength. In addition, at 50 kPa and 100 kPa confining pres-
sure, CTC and RTC tests exhibit a similar stress—strain rela-
tionship under the same confining pressure. Nevertheless,
the stress—strain characteristics of the two stress paths appear
clear distinctions with the increase of the confining pressure
further. The soil strength of CTC tests is gradually higher
than that of RTC tests when the confining pressure reaches
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Fig. 12 Box counting dimension acquisition method

150 kPa and 200 kPa. According to the hyperbolic model
proposed by Kondner (1963), the initial tangent modulus
E; and ultimate deviator stress (o, — 63),,, can be obtained.
As seen from Fig. 15, the ultimate deviator stress of CTC
and RTC tests is almost equal when the confining pressure
is 50 kPa and 100 kPa, and their initial tangent modulus
is also not much different. However, as the confining pres-
sure increases beyond the preconsolidation pressure, E; and
(o) — 03),, under CTC paths are gradually larger than those
under RTC paths, which can be seen to be particularly obvi-
ous at 200 kPa confining pressure, where the (o) — 03),
and E; of CTC 200 are 19.5% and 75.0% higher than those
of RTC 200, respectively.

Figure 15 also shows that the macroscopic mechanical
parameters of the soil are closely related to structure factors.
Specifically, when the confining pressure is less than the
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Fig. 13 Fractal dimension of pores after CU triaxial tests
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preconsolidation pressure, the difference in structure fac-
tors of the two stress paths is only 0.23 (63 =50 kPa) and
0.09 (63=100 kPa); thus, the corresponding initial tangent
modulus and ultimate deviator stress are also not much dif-
ferent. However, the structure factor of CTC specimens is
0.6 and 1.1 higher than that of RTC ones when the confining
pressure reaches 150 kPa and 200 kPa, and the correspond-
ing initial tangent modulus is 40% and 75% higher, respec-
tively. Likewise, the fractal dimension of pores has a similar
relationship with the above mechanical parameters, with no
specific description here for simplicity. To sum up, there is
a close correlation between the evolution characteristics of
microstructure (including pore size distribution, structure
factor, and fractal dimension) and macro mechanical prop-
erties. The microstructure change is the underlying reason
responsible for the different mechanical behavior of soils
(Guglielmi et al. 2022; Yin and Vanapalli 2022; Zhang et al.
2023). The large pore fractal dimensions and small structure
factors indicate more pores widely dispersing in the soil,
thus lower strength and stiffness.

The characteristics of the excess pore water pressure
in CU triaxial tests are shown in Fig. 16. The excess
pore water pressure increases with the strain and gradu-
ally stabilizes after growing to an asymptotic value. For
CTC tests, the pore water pressure is constant positive at
different confining pressures, reaching more than 90%
of the peak value at the 1% strain. For RTC tests, when
the confining pressure is 50 kPa, 100 kPa, and 150 kPa,
the pore water pressure is negative and decreases with
the strain. Only when the confining pressure is 200 kPa,
the pore water pressure is positive, which first increases
to a peak, then decreases slowly with increasing strain,
and finally tends to be stable. This indicates that the
volumetric expansion trend of soil specimens occurred
under low confining pressure in RTC tests. However, the
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tendency is curbed when the confining pressure reaches
a relatively high value. A similar volume response of soil
specimens under RTC paths also has been found by Jiang
et al. (2011) and Su et al. (2012). Notably, pore water
pressure curves in RTC tests are similar at confining pres-
sures of 50 kPa and 100 kPa. A reasonable explanation
is that both natural structure and confining pressure can
restrain soil expansion, which means the pore water pres-
sure under RTC paths will not be negative if the inhibition
is potent. As a result, the two-pore pressure curves under
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Fig. 15 Evolution of macro and micro parameters under different
stress paths

50 kPa and 100 kPa exhibit a high degree of resemblance,
which could attribute to the influence of natural struc-
ture. Although the natural structure is damaged when the
confining pressure reaches 200 kPa, it is large enough to
limit the specimen from dilation, making the pore pres-
sure constantly positive.

Microstructure evolution mechanisms influenced
by the natural structure and stress paths

According to the findings of this investigation, different ini-
tial structural states have a significant effect on the macro
and micro properties of the soil during shear. Figure 17a
depicts the microstructure properties of idealized soft clay
before and after K, consolidation tests. Figure 17b indicates
that the natural skeleton of the soil remains intact basically,
and there is no noticeable difference compared to the natu-
ral soil, only a small height variation VA, emerged at the
low consolidation pressure (lower than the preconsolidation
pressure). However, when the applied consolidation pres-
sure is higher than the preconsolidation pressure, the natural
structure of soils is gradually damaged, as shown in Fig. 17c.
The soil skeleton is compressed and gradually transformed
from the previous flocculent structure to the dispersed struc-
ture, as manifested by the gradual breaking and disintegra-
tion of large aggregates and the degradation of interparticle
cementation. As a result, when the confining pressure is
50 kPa and 100 kPa, the soil has considerable initial struc-
tural resistance due to big aggregates and strong cementation
between particles. Even though the stress paths differ, soil
specimens exhibit similar microstructure after shearing, as
shown in Fig. 17d. When the natural structure of the soil is
damaged (o5 =150 kPa and 200 kPa), the aggregates disin-
tegrate and become smaller; a large amount of cementations

150{ ——cTC
- - -RIC 6,-200

~ 100+

2

2

2 50

g

o

2

o

= 0

-50

0 3 6 9 12 15

Axial strain (%)

Fig. 16 Curves of pore pressure under different stress paths (o;/kPa)
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breakage makes the force chains formed by particle contact
smaller (Ng et al. 2020), which facilitates slip between par-
ticles, especially under RTC path. Figure 17e, f shows the
microstructure characteristics after shear failure when the
confining pressure exceeds the preconsolidation pressure.
Some soil particles are in close contact with each other in
CTC tests, and internal pores converge to generate a few
big pores that are randomly scattered throughout the soil,
resulting in an uneven distribution of pores and particles in
specimens, as shown in Fig. 17f. For RTC tests, however, the
soil structure is relatively homogeneous after shearing. The
number of big pores is relatively few, leading to a broader
distribution of pores (because the total volume of pores is
constant), and the contact between soil particles is looser
than in CTC tests. From the above analysis, it is explicit that

()

Low consolidation pressu7

Vh1¢

when the natural structure of the soft clay is strongly dam-
aged after consolidation, the microstructure evolves toward
relatively different failure patterns, i.e., loose uniform failure
pattern for RTC specimens and locally dense non-uniform
failure pattern for CTC specimens. In comparison, the con-
tact between soil particles is weakened to a greater extent for
the loose uniform failure pattern. Accordingly, the strength
and stiffness of soil under RTC paths are significantly lower
than those under CTC paths.

To the best of the authors’ knowledge, prior studies either
explore the structural effect of undisturbed soil (Kantesaria
and Sachan 2022; Wang et al. 2021b) or focus on the influ-
ence of different stress paths (Bian et al. 2022; Zhou et al.
2020). Nevertheless, none of these studies investigated
consolidation and shear as a unified process to consider the

2
a Clay aggregate
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Fig. 17 Microstructural evolutionary characteristics of soft clay: a
undisturbed natural structure; b after K|, consolidation under low con-
fining pressure; ¢ after K, consolidation under high confining pres-
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sure; d after shearing under low confining pressure; e after shearing
under high confining pressure in CTC tests; f after shearing under
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effect of structural damage caused by consolidation pres-
sure on the subsequent mechanical behavior of soils. For
sure, some research works are related to this study. Jiang
et al. (2014) compared the microstructure of undisturbed
and remolded specimens, pointing out that cementation
bonds play a vital role in affecting the mechanical response
of soil under different stress paths. Five particle orientation
modes were suggested by Gao et al. (2020) to characterize
microstructure evolution characteristics of remolded clays
in different load stress paths. However, these studies did
not consider the influence of natural structure damage on
the mechanical behavior of undisturbed soil under different
stress paths. In this study, the mechanical behavior of soil
under the joint influence of natural structure and stress path
has been purposely investigated. Results show that the speci-
mens under RTC paths gradually show worse mechanical
performance than CTC ones with the aggravation of natural
structure damage.

Conclusions

A series of K, consolidation triaxial tests were performed
on natural soft clay under different stress paths. FESEM and
MIP tests on specimens before and after triaxial tests charac-
terize the evolution of the soil microstructure. The influence
of the natural structure of soft clay on its macro and micro
characteristics under different stress paths is discussed in
detail. Based on the above experimental research results, the
following conclusions can be put forward:

e A new parameter termed the pore size distribution index
was proposed based on MIP test results to quantify the
microstructural characteristics of soft clay. It adequately
considers the size distribution and volume effects of
pore populations within the soil. This parameter there-
fore is superior to the conventional void ratio, which only
reflects the global volume characteristics of pores when
characterizing the soil structure.

e The damage variable determined based on pore size dis-
tribution indexes can evaluate the damage degree of the
natural structure after K, consolidation. When the con-
fining pressure is less than the preconsolidation pressure
(119 kPa), the natural structure of soils is slightly dam-
aged after consolidation, with damage variables being
only 0~0.1. However, damage variables reach 0.5 ~0.6
when the confining pressure range from 150 to 250 kPa.

e The difference in soil mechanical properties resulting
from stress paths is closely related to the damage to the
natural structure. The stress—strain and strength char-
acteristics in CTC and RTC tests are similar when the
natural structure is slightly damaged and vice versa. For

example, at confining pressures of 50 kPa and 200 kPa,
the difference in ultimate deviator stress between CTC
and RTC tests is 6% and 20%, respectively.

e Once the natural structure is evidently damaged after
consolidation, the soil microstructure develops in rela-
tively different failure modes under the two stress paths.
Loose uniform failure mode for RTC specimens and
locally dense non-uniform failure mode for CTC speci-
mens were put forward, in which the loose uniform fail-
ure pattern would weaken the macro mechanical proper-
ties of the soft clay to a greater extent.
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