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Pore structure is closely related with strength, constitutive relation, consolidation characteristics, and permeability properties of
soil. Consequently, improving the understanding of the relationship betweenmicroscopic structure andmacroscopic physical and
mechanical properties has extremely important scientific significance. A large number of studies have shown that pores of soil
have fractal features, and hence, the carpet model can be used to approximately simulate the fractal structure of clay. In the present
study, ANSYS software was selected to establish a microscopic model of clay to study the distribution of microscopic stress and
microscopic deformation characteristics of pores under different consolidation pressures. Besides, the variation law of mi-
croscopic pore size was quantitatively determined by using IPP (Image-Pro Plus) software. Combined with the fractal theory, the
changes of microscopic pore of numerical simulation and that of physical experiment during compression of clay are studied. All
the results indicated that the microscopic stress distribution of clay is not uniform on the compaction process. .e larger the pore
size is, the bigger the compression stress on both sides and the greater the bending deformation of upper part of the pore is, which
leads to the deformation of larger pores which is bigger than that of smaller pores. Based on the results, issues about the
microscopic mechanism of the difference in vertical and horizontal permeability under compression of clay, the relationship
between the changes of pore shape and microscopic stress, the preliminary principle of “preferential crush of larger particles” for
granular soil, skeleton stress across the region where stiffness is relative larger, and the self-protection of particles and pores are
also discussed. .e results of this study are of great importance in understanding of soil compression and related physical and
mechanical properties from the microscopic view.

1. Introduction

Soil is made up of different particles formed by weathering of
continuous and hard rock. .rough different transport
methods, those particles accumulate, among which massive
pores exist. So, the structure of soil is complex and diverse.
.e microscopic structure of soil has direct influence on the
strength, consolidation characteristics, and permeability
properties, which are of great significance to the study of
microscopic structure of soil. Gylland et al. [1] studied the
effect of microstructural changes of clay on shear strength.
Zhang et al. [2] applied a digital imaging method to in-
vestigate the evolution of microscopic pore of soft clay in the
process of consolidation, and it was found that the con-
solidation process has an effect of adjusting on the gradation

of microscopic pores. Zhang et al. [3] measured the pore
water pressure of sandy soil and silty clay in laboratory
during freeze-thaw cycles to study the influence on physical
and mechanical properties of soils. Tan et al. [4] proposed a
permeability model for porous media by considering the
stress sensitivity. Liu et al. [5] established a model on the
relationship between relative equivalent permeability and
fractal dimension of a fractured rock mass under the triaxial
stresses and fluid-rock reactions, and it was determined that
the relative equivalent permeability changes with the vari-
ations in fractal dimension. Lei et al. [6] conducted labo-
ratory tests to study the effect of pressure condition on stress
dependency of relative permeability curves and derived a
corresponding fractal model for the stress-dependent rela-
tive permeability to interpret the experimental results.
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Terzighi [7] proposed the concept of microscopic
structure of clay soil in 1925. With the development of
science and technology, the means of observation for mi-
croscopic structure are more abundant and reliable. A large
number of studies have been carried out on the microscopic
structure of soil. Wu [8] quantitatively determined the
distribution of clay particles by computer image processing.
By using light microscopy, Cox and Budhu [9] investigated a
practical approach to quantify grain shape and identify the
key shape parameters that can distinguish grains. Tarantino
and De Col [10] described pore-size distributions of com-
pacted samples through MIP (mercury intrusion porosim-
etry) tests. Arnepalli et al. [11] determined specific surface
area of fine-grained soils through the MIP test and
attempted to develop relationships between the basic
properties of fine-grained soils and specific surface area.
Oualmakran et al. [12] measured pore-size distributions at
different states of soil by using the MIP test and investigated
the effects of compaction water content, drying techniques
adopted prior to performing porosimetry, and saturation
and loading on the evolution of the microscopic structure of
a silty soil. Gao et al. [13] compared effects of different
sampling methods (compaction-reconstitution) on hydro-
mechanical behaviour of unsaturated soils by using the MIP
test. Romero and Simms [14] attempted to describe the
difference of hydromechanical behavioural features ob-
served at a macroscopic scale by the MIP test and the en-
vironmental scanning electron microscopy (ESEM),
respectively. By using MIP and SEM, Hattab et al. [15]
described a microscopic structural evolution of a deep-water
marine sediment with various stress paths. Zhang and Kong
[16] analyzed the pore characteristics of offshore clay using
the SEM method, MIP, and nitrogen adsorption method.
Khalid et al. [17] investigated the effect of low cement
content on the microstructure of soft clay by performing
SEM and MIP tests. Stingaciu et al. [18] determined pore-
size distributions and hydraulic properties of natural porous
media by NMR relaxometry. Tomioka et al. [19] observed
bentonite particles of compacted samples before and after
water saturation by a newly developed X-raymicroscopic CT
having a high spatial resolution. Nie et al. [20] determined
the microscopic structure to analyze the collapsibility of
coarse-grained soil and explored the mechanism of col-
lapsibility generation by carrying out SEM on coarse-grained
soil in the Gobi region. Wang et al. [21] performed the
tensile tests and SEM test to analyze changes of the loess
microstructure in the tensile test. Matthew et al. [22] ap-
proximately simulated the behaviour of natural sand in
undrained loading with calibration of virtual particles by
using the discrete element method (DEM). Zhao et al. [23]
simulated the true triaxial shear of granular soils by using the
DEM and studied effects of the model on the macro- and
micromechanical behaviours. Sufian et al. [24] characterized
pore space properties from discrete element simulations of
monodisperse particle assemblies in two-way cyclic shearing
to study the deformation response of sheared granular as-
semblies. Farroukh et al. [25] performed some physical tests
and microstructure observation (SEM and X-ray diffraction
analyses) on clayey soils with Tunisian phosphogypsum to

investigate soil responses in the presence of phosphogypsum
at various proportions. Zainuddin et al. [26] studied the
geotechnical properties of the marine clay by conducting
mechanical tests and microstructural analysis tests (SEM
and X-ray diffraction). Li et al. [27] interpreted the mi-
crostructural evolution of loess soils due to loading and
wetting by using a MATLAB program to process the mi-
crographs. However, above physical experiments can only
analyze the overall change trend of soil pore but cannot track
the variation law of a single pore accurately, and the mi-
croscopic mechanical mechanism of a single pore cannot be
revealed yet.

A few physical experiments have been shown that the
compaction process of clay soil mainly induced the com-
pression deformation of large pores, which is called “pref-
erential compression of large pore.” Cuisinier and Laloui
[28] found that suction increase produced a strong decrease
in the large pores by using suction-controlled oedometer
and MIP tests. Zhou and Mu [29] carried out strength tests
on soft soil in the Pearl River Delta and studied the mi-
croscopic structure of pores on fracture surface by using
SEM. .e results showed that the large pores changed first
and its volume decreased greatly under the action of external
force in the soft soil. Zhang and Wang [30] quantitatively
studied the pore-size distribution characteristics of soft soil
in Huangshi area before and after creep by using SEM. It was
found that the deformation of large pores was greater than
that of small pores in the compression process. Tao et al. [31]
studied the pore-size distribution of clay soil before and after
compression deformation by using MIP, SEM, and nuclear
magnetic resonance technique, respectively. It was found
that, with the increase of dry density (i.e., the increase of the
compaction degree), the compression deformation first
caused the compression of the large pores and the total
volume of the small pores corresponding to the unit particle
mass was almost unchanged. Tan et al. [32] studied the pore-
size distribution characteristics of Hunan red clay with
different dry densities by using MIP. It was found that the
pores with larger size have large change under compaction.
As a result, under the action of external force, the variation
law of internal pores of soil follows the principle of “pref-
erential compression of large pore.” .is phenomenon
might be of universal significance. However, more devel-
opment should be promoted to investigate the internal
mechanism of this phenomenon. Tao et al. [31] assumed that
the structure of large pores was less stable than that of small
pores, so large pores were compressed first. Qian et al. [33]
considered that the mechanical structure of small pores was
more stable because of the cementation state of inlaid pores
and the electrical attraction between clay particles, which
may be one of the reasons that leads to the first compression
of large pores and the difficulty of compression of small
pores. .e explanation of these mechanisms is still in pre-
liminary and requires more studies for this to be better
understood and confirmed.

In this paper, the method of numerical simulation was
used to study the variation laws of microscopic pores of clay,
accurately trace the changes of shape and size of a single pore
during compression, and reveal their microscopic stress

2 Advances in Civil Engineering



mechanism. �e carpet model was used to approximately
simulate the fractal structure of clay, and ANSYS software
was selected to establish a microscopic model for the study
of microscopic stress distribution and microscopic de-
formation characteristics of pores under di�erent consoli-
dation pressures. Besides, the variation law of microscopic
pore size was quantitatively analyzed by using IPP software.
In addition, the phenomenon of “preferential compression
of large pores” was veried, and its internal mechanism was
explained by theoretical analysis combined with the results
of numerical simulation on distribution of microscopic
stress. Based on the result, issues about the microscopic
mechanism of the di�erence in vertical and horizontal
permeability under compression, the relationship between
the change of pore shape and microscopic stress, the pre-
liminary principle of “preferential crush of larger particles”
for granular soil, skeleton stress across the region where
sti�ness is relative larger, and the self-protection of particles
and pores are also discussed.

2. Numerical Simulation

By the method of numerical simulation, the variation of
distribution characteristics of pore during soil compaction is
easy to be simulated and the microscopic mechanism can be
revealed. However, due to the complexity of soil, the real
pore structure is di�cult to be exhibited in numerical
simulation. Studies have shown that the pore-size distri-
butions in soil have strong fractal features, so they can be
approximately simulated by the carpet model [34–37]. In
this paper, based on the carpet model, the microscopic
model of clay was established by ANSYS software, and the
distribution law of microscopic stress on compaction pro-
cess was simulated. Combined with IPP technology, the
variation law of pore distribution was analyzed. In addition
to the emphasis on verifying the principle of “preferential
compression of large pores,” the internal mechanism of
compression deformation of pores was revealed.

2.1. ANSYS Software andModel. ANSYS software is a large-
scale and universal nite element analysis (FEA) software
developed by ANSYS Company of USA. It is one of the
fastest growing software of computer-aided engineering
(CAE) in the world. In this paper, the pore-size distribution
in clay was simulated by the carpet model. �e diagram of
the carpet model is shown in Figure 1. White parts represent
the visible pores, while black parts represent the coexistence
of invisible pores and clay grains. With the orders increasing
(i.e., the observation scales decreasing), the pores of the
black part gradually unfold from large to small. �e model is
easy to be established and relatively close to the pore
structure. �at is, the stress of large and small pores in soil
can be approximately simulated.

It is a great advantage that most of the CAD les can be
directly imported into ANSYS. Hence, in this paper, the
carpet model is drawn by using CAD software rstly, and
then the CAD le is imported into ANSYS. Taking the total
side length of the unit as 1mm, the above four order models

are established, as shown in Figure 1. �en, the side lengths
of pores with di�erent sizes (from large to small) are 1/3mm,
1/9mm, 1/27mm, and 1/81mm, respectively.

2.2. Parameters andLoadingofModel. �e compression tests
on clay were simulated by using ANSYS, and the property
index of clay is shown in Table 1. A lateral constraint was
applied on the left and right sides of the model, which only
caused the deformation in the vertical direction. Meanwhile,
the constraint was applied on the bottom of the model,
which made the bottom xed. It should be noted that two
models were proposed here: one was the original carpet
model, namely, large pore model. �e other was the mod-
ied carpet model, namely, small pore model. In which, the
small pore model was in the form of nine grooves; that is, the
big pore in the center of the carpet model was replaced by the
structures similar to surrounding. Above the large pore
models, the applied consolidation loads were from 0 to
200 kPa (0, 50 kPa, 100 kPa, and 200 kPa). However, above
the small pore models, the applied consolidation loads were
from 0 to 400 kPa (0, 50 kPa, 100 kPa, 200 kPa, 400 kPa).

2.3. Analysis of Simulation Results. �e CAD le was im-
ported into ANSYS, parameters and constraints were set,
and a uniform load was applied. By calculation and analysis,
the deformation diagram, displacement nephogram, and
stress distribution diagram under di�erent load conditions
were obtained, respectively. For the sake of simplicity,
Figure 2 gives only the comparison between the deformation
diagram of large and small pore models under 100 kPa
pressure. �e diagrams of the white background are the

(a) (b)

(c) (d)

Figure 1: Carpet fractal models. (a) First-order model. (b) Second-
order model. (c) �ird-order model. (d) Fourth-order model.
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original model of zero load, and those of black background
are the deformation diagrams under 100 kPa pressure. As
shown in Figure 2(b), the deformation of the small pore
model is more uniform than that of the large pore model. As
shown in Figure 2(a), the deformation of pores in the middle
location is larger than that in the edge location. .e dis-
placement nephogram of large and small pore models under
100 kPa pressure is shown in Figure 3. .e displacement of
clay at different locations is represented by different colors. It
is interesting to note that, at the same height, the dis-
placement of the small pore model is approximately equal.
Meanwhile, the displacement of the large pore model is
larger than that of the small pore model at the same height.
Furthermore, the displacement of bottom is much larger
than that of above for two pore models.

2.4. IPP Software. .e size, area, and area summation of
pores in different levels in the picture can be measured by
using IPP software. Due to the excessive levels and quantities
of pores, it was not convenient to list them one by one.
.erefore, some of the representative pores were selected
and numbered, as shown in Figure 4. .e specific steps for
measuring the size and area of pores by IPP software are now
elaborated as follows:

(1) For entering the interface to set the graphic scale, a
new space calibration was created from the mea-
surement menu. .en, millimeter was chosen as
unit, and a length size of one millimeter was drawn
on the diagram, which was consistent with the unit of
model.

(2) .ere were two methods to outline the contour line
of pores. One drew the line manually with mouse by
the tester. .e other drew the line by software. .e
contour line of this graph was very distinct, so it was
automatically identified and completed by using a
computer.

(3) .e drawn contour line (i.e., AOI) was converted
into the object by using the automatic measuring
tool, and then the area was measured.

(4) .e diameter and area of all the pores were mea-
sured, respectively, by using the automatic mea-
surement method, and then a table was generated.

2.5. Measurement Results and Analysis of IPP. .e micro-
scopic deformation diagrams under different consolida-
tion pressures calculated by using ANSYS software were
extracted. Following the procedure presented previously,
the changes of pore size and pore areas in the large pore
model and small pore model under different pressures were

measured by using IPP software. .e compression law of
pores was explained with the measurement results as shown
in Tables 2 and 3, respectively.

Regardless of the large pore model or the small pore
model, for a single specific pore, its size and area decreases
with the increase in pressure as shown in Tables 2 and 3.
However, the compression of large and small pores was
significantly different, and the compression deformation of
the large pores was much higher than that of small pores. In
addition, the smaller the pore size was, the smaller the
compression deformation was.

Pores with the same size in different positions had
different compression. .e deformation of small pores
with the same size around large pores had great difference.
Furthermore, the deformation of pores located on the
oblique upper corner and two-side edges of the large pores
were larger than that of pores located on the upper or
lower. As for the minimum pores with the same initial pore
size in Figure 4(a), the deformations of pores on the side
(i.e., 4d) and oblique upper corner (i.e., 4c) around the
large pores are much larger than that of pores on the upper
corner (i.e., 4b). As for Figure 4(b), the deformation of
pores on the side (i.e., 3d) and the oblique upper corner
(i.e., 3c) around the large pores are larger than that of pores
on the upper corner (i.e., 3b). .e deformations of pores
with the same pore size at different heights are different
after compression. As shown in Figure 4(a), the de-
formation of pores 2b is slightly larger than that of pore 2c
although they have the same pore size. As it can be seen
from Figure 4(b), the deformations of pores having same
pore size (i.e., 1a and 1c) are different. Besides, the di-
ameter of the bottom pores (i.e., 3e and 3f ) is almost
unchangeable under small pressure, which indicates that
the deformation of above pores is slightly larger than that
of inferior pores in the model.

Based on all the distribution data of pores, the cu-
mulative pore-size distributions of the large pore
model and small pore model under different pressures
are shown in Figures 5 and 6, respectively. As a conclu-
sion, it could be stated that the cumulative pore area
decreases with the increase of pressure for the large and
small pore models. However, the smaller the pore size is,
the smaller the change of the corresponding cumulative
pore area is, and the data points of accumulative area of
minimum pore size under different pressure conditions
almost overlap. Meanwhile, the larger the pore size is, the
larger the total reduction of pore area is, and the difference
of cumulative total area corresponding to the maximum
pore size under different pressure conditions is most
obvious. .e variation law of different pore size is con-
sistent with that of described previously, which proves the
phenomenon of “preferential compression of large pores”
and illustrates that the macroscopic compression de-
formation of clay is mainly occurred due to the com-
pression of large pores.

It is interesting to note that, under the same pressure,
the deformation of the small pore model was smaller than
that of the large pore model, which indicated that the
macroscopic deformation of soil is affected by the pore

Table 1: Property index of clay.

Cohesion
force (kPa)

Internal
friction
angle (°)

Elastic
modulus
(MPa)

Unit
weight
(kN/m3)

Poisson’s
ratio

38 18 7.4 20.2 0.2
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structure. Specifically, the larger the dense of soil is, the
smaller the compression is.

2.6. Comparison of Numerical Simulations and Experimental
Results. Tao et al. [31] performed a series of consolidation
experiments on undisturbed soft clay of Hanyi railway, and
the specimens were taken under different consolidation
pressures of P� 0, 50, 100, 200, 400, 800 kPa, respectively.
.en, the experimental data were recorded. .e specimens
under different consolidation pressures were chosen to
conduct the SEM tests. .e SEM images of the soft clay
specimens under different consolidation pressures were
chosen as the research objects with a resolving power of
0.095 μm pixel−1, and the research area was fixed at
127.8 μm× 95.8 μm. .e SEM image segmentation into

binary image of soft clay under different consolidation
pressures was obtained as shown in Figure 7. .e IPP image
technique was used to perform the image processing and
measure the size, area, and number of pores. .e variation
law of microscopic pore area of specimens under different
consolidation pressures was obtained as shown in Figure 8.

It is shown in Figure 8 that corresponding to a certain
particle area, the area of large pore changes greatly, with the
increase of consolidation stress, while the accumulative area
of the small pore is almost unchanged, and the accumulative
pore area also presents a “broom-shaped” distribution as a
whole.

As shown in Figures 5 and 6, respectively, under different
pressures, the cumulative pore-size distributions of the large
pore model and small pore model also present the “broom-
shaped” distribution, and it is demonstrated that the

z x

y

(a)

z x

y

(b)

Figure 2: Deformation diagram. (a) Large pore model. (b) Small pore model.
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Figure 3: Displacement nephogram. (a) Large pore model. (b) Small pore model.
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predictions of the model exhibit similar variation trends as
the experimental data, which verified that the Sierpiński
carpet model can approximately simulate the pore distri-
bution of natural clay.

2.7. Fractal Property of the Model. Yu and Li [35] deduced a
unified fractal model based on the basic fractal theory. In
their study, the relation between the fractal dimension Df
and porosity ϕ was obtained by

3a

3b
4b

1
3d 4d

2b

2c

3e

2a

4a

4c

4e

3c

(a)

3a
3b

2d

3d
1a

3f

3e

2e

2c

2b

1c

1b

2a
3c

(b)

Figure 4: .e number of pores in the model. (a) Large pore model. (b) Small pore model.

Table 2: .e pore size and pore area of the large pore model under different pressures.

Number
0 kPa 50 kPa 100 kPa 200 kPa

Pore size Pore area Pore size Pore area Pore size Pore area Pore size Pore area
1 0.333329 0.111108 0.322191 0.103807 0.313202 0.098095 0.291278 0.084843
2a 0.111108 0.012345 0.108267 0.011722 0.10551 0.011132 0.100657 0.010132
2b 0.111108 0.012345 0.110111 0.012124 0.106998 0.011449 0.104533 0.010927
2c 0.111108 0.012345 0.109547 0.012001 0.107057 0.011461 0.107253 0.011503
3a 0.036986 0.001368 0.035631 0.00127 0.036986 0.001368 0.034185 0.001169
3b 0.036986 0.001368 0.036641 0.001343 0.035413 0.001254 0.035008 0.001226
3c 0.036986 0.001368 0.034853 0.001215 0.035413 0.001254 0.03262 0.001064
3d 0.036986 0.001368 0.034723 0.001206 0.034735 0.001206 0.031734 0.001007
3e 0.036986 0.001368 0.036267 0.001315 0.036986 0.001368 0.035813 0.001283
4a 0.012288 0.000151 0.012046 0.000145 0.011617 0.000135 0.010650 0.000113
4b 0.012288 0.000151 0.012046 0.000145 0.011895 0.000141 0.011489 0.000132
4c 0.012288 0.000151 0.011662 0.000136 0.00922 0.000085 0.008062 0.000065
4d 0.012288 0.000151 0.011659 0.000136 0.011846 0.00014 0.009747 0.000095
4e 0.012288 0.000151 0.012046 0.000145 0.01149 0.000132 0.011075 0.000123

Table 3: .e pore size and pore area of the small pore model under different pressures.

Number
0 kPa 50 kPa 100 kPa 200 kPa 400 kPa

Pore size Pore area Pore size Pore area Pore size Pore area Pore size Pore area Pore size Pore area
1a 0.111108 0.012345 0.110172 0.012138 0.107032 0.011456 0.107032 0.011456 0.091018 0.008284
1b 0.111108 0.012345 0.110142 0.012131 0.108224 0.011712 0.108224 0.011712 0.092247 0.008510
1c 0.111108 0.012345 0.108382 0.011747 0.107231 0.011499 0.107231 0.011499 0.093028 0.008654
2a 0.036986 0.001368 0.036986 0.001368 0.036760 0.001351 0.036760 0.001351 0.036145 0.001306
2b 0.036986 0.001368 0.038631 0.001492 0.037404 0.001399 0.037404 0.001399 0.032148 0.001034
2c 0.036986 0.001368 0.035412 0.001254 0.035412 0.001254 0.035412 0.001254 0.030923 0.000956
2d 0.036986 0.001368 0.036857 0.001358 0.038373 0.001473 0.038373 0.001473 0.035750 0.001278
2e 0.036986 0.001368 0.036986 0.001368 0.036986 0.001368 0.036986 0.001368 0.034346 0.001180
3a 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.011236 0.000126
3b 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.011489 0.000132
3c 0.012288 0.000151 0.011761 0.000138 0.012288 0.000151 0.012288 0.000151 0.011411 0.000130
3d 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.011411 0.000130
3e 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.011912 0.000142
3f 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.012288 0.000151 0.011912 0.000142
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Df � 2−
ln ϕ

ln λmin/λmax( )
, (1)

where λmin and λmax are the lower and upper limits of self-
similar regions, respectively. It should be highlighted that
the particles were used as the research subject in the
fractal model. However in this paper, the pores were used
as the research subject, resulting that when the fractal
dimension Df is calculate, the porosity ϕ should be
replaced by 1 − ϕ.

Variations of strain with stress, variations of fractal
dimension with stress, and relationships between strain and
fractal dimension were obtained as shown in Figures 9–11,
respectively.

As can be seen in Figures 9–11, the strain and fractal
dimension increased with the increase of stress. More
precisely, the larger the stress was, the larger the

compression was, and the pore area would be decreased,
resulting in the proportion of particles increasing.�erefore,
the fractal dimension would increase with the increase of
stress. Furthermore, the fractal dimension has an approxi-
mately linear relationship with the strain, which shows that
the fractal dimension can be the deformation parameter of
soil during compression. Figures 9–11 also illustrate that the
results of numerical simulation exhibit similar variation
trends as the experimental data, which veried that the
Sierpiński carpet model can approximately simulate the pore
distribution of natural clay.

3. Mechanism of Microscopic Stress

To brie¥y analyze the microscopic mechanism of the phe-
nomenon of “preferential compression of large pores,” the
further interpretations were carried out on the basis of the
stress diagram obtained from the ANSYS numerical simu-
lation. For the sake of simplicity, only the distribution di-
agrams of microscopic stress of the large pore model and
small pore model under the pressure of 100 kPa are shown in
Figures 12 and 13, respectively.

As shown in Figures 12 and 13, the microscopic stress of
the two models was not uniform and the stress distribution
around the pores with di�erent sizes was quite di�erent from
the color distribution. In general, the compression stresses
on both sides of large pores were larger than those of small
pores in part ①, which was the one of internal reasons that
the large pores is compressed preferentially.

Meanwhile, after large pores producing larger de-
formation, the “distribution of arch stress” occurred in the
upper part of the large pore, as shown in the part ② of
Figures 12 and 13. Owing to the stress distribution, the larger
deformation of clay occurring at the collapsed large pores
was also avoided. It can be seen that the parts of soil grains at
the sides of large pores undertook most stress than those on
the upper and lower parts of large pores. �ese stress dis-
tribution laws also resulted in that the deformation of the
small pores on the side of the large pores was higher than
that of pores on the upper part.

On the contrary, because the large pores have larger
horizontal spans, the overall vertical displacement on the
upper part of the pore was much larger than that on the both
sides of pores under the same load conditions. For example,
as shown in Figure 3(a), the di�erential displacement be-
tween the upper part and the two sides of the largest pore
was very obvious, which resulted in a further reduction of
the area of large pores.

�e principle of compression of large pores was similar
to the opinion that a large pore can be regarded as a
“building,” and then the adjacent soil on both sides could be
seen as a “vertical member,” while the upper soil could be
taken as a “horizontal member,” and the space size of soil
was a�ected by the compression of “horizontal member” and
the bending of “vertical member.”

In addition, the main transmittal way of microscopic
stress is shown in part ③ of Figure 13, where the e�ect of
“skeleton stress” was obvious. More precisely, the sti�ness of
soil in the area of large pores was smaller than that of small
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Figure 5: Cumulative pore-size distribution of the large pore
model under di�erent pressures.
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pores, which resulted in the selection of part ③ to bear the
“skeleton stress.” �is kind of stress transfer path was a
natural choice.

In order to further analyze the intrinsic mechanism of
the microscopic stress distribution, it was assumed that
there exists a maximum pore in the soil (such as the white
area in Figure 14(a)), and the large pore size is taken as the
observation scale, while the internal pores in the other
regions cannot be identied. It is the coexisting part of soil
grains and pores (such as the dark gray area in
Figure 14(a)), and the whole analytical unit is called the

“large pore unit.” It was also assumed that the elastic
modulus of the white pore is E1 (assuming the pore lled
with water and its elastic modulus is very small, which
approximately approaches zero) and that of the dark gray
part is E2 (E2≫E1). �e element is divided into three
columns; as shown in Figure 14(b), the dark gray parts on
the sides of the unit are merged (i.e., part A) and dened as
the relative rigid region. �e middle column (i.e., part B:
including maximum pore in the middle and the dark gray
part of the middle column) is dened as the relative ¥exible
region and is represented by the light gray area in
Figure 14(b).

(a) (b) (c)

(d) (e) (f )

Figure 7: �e SEM image segmentation into binary image of soft clay under di�erent consolidation pressures: (a) 0 kPa; (b) 50 kPa; (c)
100 kPa; (d) 200 kPa; (e) 400 kPa; (f ) 800 kPa (data after Tao et al. [31]).
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Figure 8: �e variation law of microscopic pore area of specimens
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It is assumed that, under external load, the compression
deformation of the relative rigid region is equal to that of the
relative ¥exible region, and the shear stress between them is
ignored. If the unit uniform stress is applied to the upper
part of the whole element, the stress of the relative rigid zone
σr can be expressed as

σr �
Ar + Af( ) · 1
ErAr + EfAf

Er �
1 + Af /Ar( )

1 + EfAf( )/ ErAr( )( )
, (2)

where Ar is the cross-sectional area of the relatively rigid
region, Af is the cross-sectional area of the relatively ¥exible
region, and Er is the elastic modulus of the relatively rigid
region, and Ef is the elastic modulus of the relatively ¥exible
region. Likewise, the stress of the relative ¥exible zone σf is
written as

σf �
1 + Ar/Af( )

1 + Er/Ef( ) · Ar/Af( )
. (3)

�e elastic modulus of Er and Ef can be described as
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Figure 10: Comparison between the experimental and predicted
fractal dimensions under di�erent pressures.
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Figure 11: Relationships between strain and fractal dimensions.
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Figure 12: Stress distribution diagram of the large pore model.
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Figure 13: Stress distribution diagram of the small pore model.
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Er � E2, (4)

Ef �
1

2/E2( Δl + 1/E1(  · Δl( /(3 · Δl)
�

1
2/3E2(  + 1/3E1( 

�
3E1E2

2E1 + E2
�

3E1

2 E1/E2(  + 1
,

(5)

where ∆l is the length of each small unit, as shown in
Figure 14. Since E1≪E2, equation (5) can be approximately
written as

Ef ≈ 3E1. (6)

It is interesting to note that the ratio of Ef to Er is very
small and negligible. .erefore, equation (2) can be then
simplified to

σr ≈ 1 +
Af

Ar
. (7)

As can be seen in Figure 9, the larger the area of white
pores is (i.e., the larger the pore size is), the larger the cross-
sectional area of the relative flexible region Af is (i.e., the
larger the ratio of Af to Ar is). By the inspection of equation
(7), the stress of the relative rigid region σr is larger. In other
words, the larger the pore size was, the greater the stress on
both sides of the pore was, the greater the compression
deformation was, and the greater the “bending” of the upper
part of the pore was. Consequently, large pores compressed
prior to small pores.

4. Discussion

4.1. Microscopic Interpretation of Differences in Perme-
ability between Vertical and Horizontal under Compression
Deformation. Wang et al. [38] carried out permeability tests
on undisturbed loess by using triaxial permeability appa-
ratus GDS, which measured the horizontal and vertical
permeability coefficients under different dry densities. It was
found that the permeability coefficient of horizontal was
greater than that of vertical, and the permeability coefficient
in both directions decreased with the increase of dry density.
.ese laws can be preliminarily explained by the variation
law of pore after compression deformation presented
previously.

Firstly, combined with the basic theory of fluid me-
chanics, all the pores tended to decrease with the increase
of pressure and the permeability coefficient of horizontal
and vertical decreased accordingly. As was mentioned
above, it was found that the compression of pores in the
upper part of the model was slightly larger than that of
pores in the lower part, which resulted in the more obvious
effect of the upper pore on the permeability coefficient.
Meanwhile, all the vertical pore channels and the upper
horizontal pore channels were strongly affected by the
upper pores, and the lower horizontal pore channels were
less effected. .erefore, the permeability coefficient of the
vertical part decreased more severely under the same
compaction degree.

4.2. Variation of Pore Shape. Based on the numerical sim-
ulation and its results, it was found that the variation of pore
shape was different in different positions under pressure. As
shown in Figure 15, the shape of the pores in the upper part
of the large pore (i.e., part a) remained basically unchanged
because the corresponding stress was small. However, the
shape of pores in the oblique upper corner of the large pore
(i.e., parts b and c) changed from the initial square to
parallelogram because the corresponding shear stress was
large (noted that the subsidence displacement of the element
above the large pore was larger than that of the element on
both sides, as shown in Figure 3). In addition, the pores near
the two sides of the large pore (i.e., parts d and e) changed
from the original square to approximately rectangular;
owing to the larger pressure, the deformation of the pore was
mainly controlled by the compression of the soil on both
sides of the pore.

4.3. Stress Mechanical Discussion of “Preferential Crush of
Large Particles”. Under the action of the external load, clay
soils followed the principle of “preferential compression of
large pores” and the granular geotechnical material followed
the similar principle of “preferential crush of large particles.”
Han et al. [39] established a numerical model of particle
breakage by using the linear contact model and simulated
the plane strain test. It was found that the particle breakage
of rock fill firstly occurs in the particle with large size or
contact force. Zhou et al. [40] studied the evolution process
of particle breakage in the shearing process of sandy soil
based on the discrete elements model. It was considered that
the larger particles were preferentially broken and then
became smaller particles. Hu et al. [41] performed triaxial
shear tests on calcareous sand in Nansha Islands. It was
found that the degree of particle breakage increases with the
increase in the particle size; that is, large particle is crushed
preferentially. As also stated by McDowell and Bolton [42],
the anticrushing ability of particles is related to the particle
size. Specifically, the larger the particle size is, the smaller the
ability of anticrushing is; this conclusion might be one of the
reasons for the “preferentially crushed of large particles.”
According to the distribution of microscopic stress of
“preferential compression of large pores” explained pre-
viously, it was found that the “preferential crush of large
particles” also related to the distribution of microscopic
stress combined with the similar analytical method.

As shown in Figure 16, particles are taken as objects of
observation. Firstly, the maximum particle size is taken as
the observation scale, and only the largest particle can be
observed in black, as shown in Figure 16(a). And the rest was
the coexistence unit of particles and pores, expressed in light
gray. .e part of two sides of the unit (i.e., part B) was
determined as relative flexible region with light gray, and the
middle column contained the largest particle (i.e., part A)
was defined as a relatively rigid region with dark gray, as
shown in Figure 16(b).

According to the similar analysis presented previously,
the stresses of the relative rigid and flexible region are
consistent with the equations (2) and (3), respectively, where
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Ar is the cross-sectional area of the relative rigid region and
Af is the cross-sectional area of the relative flexible region.
.en, Er and Ef can be expressed as

Er �
1

1/E2( Δl + 2/E1( Δl( /(3Δl)
�

1
1/3E2(  + 2/3E1( 

�
3E1E2

E1 + 2E2
�

3E1

E1/E2(  + 2
,

(8)

Ef � E1. (9)

Dividing equation (3) by equation (2) (that is, the ratio of
stress of the relative rigid region to that of relative flexible
region) gives

σr
σf

�
Er

Ef
. (10)

As mentioned previously, E1<E2, thus E1/E2< 1.
According to equations (8) and (9), it can be known that Er is
larger than Ef. .en combining with equation (10), it is easy
to obtain that σr/σf is larger than 1, more precisely, σr is
larger than σf.

It can be seen from above that the stress of the relative
rigid region was larger than that of the relative flexible
region; that is, the stresses of the large particles in the

aggregate of soil were larger than those of the surrounding
pores. As a consequence, the large particles were crushed
firstly when it was subjected to external force.

By further analysis, it was found that if the total size of
the unit in Figure 11 was maintained constant, the larger the
particle size was, the larger the corresponding length Δl was,
and the smaller the relative flexible region corresponding to
length Δl was. According to equation (8), Er increased with
the increase of particle size. Combining with equation (10),
the larger the maximum particle size was, the larger the ratio
of σr to σf was, and the particle was easier to be crushed. On
the contrary, if the relative compactness of the smaller
particles on both sides of the maximum particle was lower,
so the elastic modulus of the relative flexible region E1 was
smaller. According to equation (9), the smaller the Ef was,
the greater the ratio of σr to σf was from equation (10). .at
is, the largest particles were easier to be crushed if the
distribution of the smaller particles on both sides of the
maximum particles were looser. As shown in Figure 17, the
pebble iron wall of particles with different sizes is pushed by
manpower. It is found that only smaller particles can be
driven and the particles with the maximum particle size
group are too firm to bemoved. It is also stated that the stress
of the maximum particle size group is larger and all of them
are on the skeleton of particle size. Accordingly, the cor-
responding transfer path of main stress was drawn, as shown
in Figure 18. Luo et al. [43] performed an one-dimensional
consolidation test on sands. It was found that the structure of
the large grain skeleton disappeared first after compression,
and the fine particles were filled in the pores, which resulted
in the deformation of sand. .e conclusion in this paper was
consistent with this discovery. .ese results preliminary
explained that one of the main reasons for the “preferential
crush of large particle” was that the large particle was
subjected to higher stress.

4.4. Skeleton Stress across the Region of Larger Stiffness.
As shown in Figures 12 and 17, it is found that the region
with relatively larger stiffness undertakes the main skeleton
stress of soil, which is consistent with the conclusion of
equations (2)–(10). Consequently, skeleton stress generally
avoids large pores (taking pores as the studied object) for
clay soil; But for granular soil, skeleton stress will actively
seek particles of the maximum particle size group (taking
particles as the object of the study).

4.5. Self-Protection of Particles and Pores. .e stress in the
area of the broken large particles would be redistributed.
Meanwhile the large particles would be deformed, which
produced relative displacement with the surrounding par-
ticles. As a result, the stress of the large particles decreased
relatively (that is, the stress of the surrounding particles
increased accordingly), and thus the large particles were
avoided further crushing. Some large particles were ex-
tremely “cunning”; only the surface was broken and a similar
effect of stress reduction would be achieved, and thus wide
areas of large particles were avoided to be damaged. In terms
of clay, pores were taken as the studied object. After the large
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Figure 15:.e deformation diagram of the large pore model under
the maximum pressure.
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pores were deformed under pressure, the “arch stress dis-
tribution” would be produced in the upper part of the pore,
as shown in part ② of Figure 12, where the stress of the
upper part of the large pores was actually distributed to the
two side edges. As a result, the “bending” of the upper part
was reduced and the collapsing of large pores was avoided.
Adjustment means of stress distribution were adopted to
protect the large pore effectively.

5. Conclusion

.e effect of consolidation pressure on microscopic pores of
soil is convenient to be studied with physical tests, but the
variation of area and shape of specific pores under different
pressures is difficult to be tracked, and the internal mech-
anism of its variation law cannot be revealed. In this paper,
the fractal structures of pore of clay soil were approximately
simulated by the carpet model and its improved model, and
the variation law of pore structure under different consol-
idation pressures was analyzed by using the ANSYS soft-
ware. Combined with the graphic measurement function of
IPP software, the concrete effect of consolidation pressure
on pore structure was studied quantitatively. In addition, the
phenomenon of “preferential compression of large pores”
was verified, and its internal mechanism was explained by
theoretical analysis combined with the results of numerical
simulation on distribution of microscopic stress. Based on

the results, many issues were discussed, such as the mi-
croscopic mechanism of the difference in horizontal and
vertical permeability under compression deformation, the
relationship between the changes of pore shape and mi-
croscopic stress, the preliminary principle of “preferential
crush of large particles” for granular soil, skeleton stress
across the region of larger stiffness, and the self-protection of
particles and pores. .e main conclusions are presented as
follows:

(1) In the process of soil compression, the larger the
stress was, the larger the compression was, and the
pore area would be decreased, resulting in the ratio of
particles increasing. .erefore, the fractal dimension
would increase with the increase of stress. Fur-
thermore, the fractal dimension has a linear re-
lationship with the strain, which shows that fractal
dimension can be the deformation parameter of soil
during compression. .e results of numerical sim-
ulation exhibit similar variation trends as the ex-
perimental data, which verified that the Sierpiński
carpet model can approximately simulate the pore
distribution of clay.

(2) Under the same pressure, the compression of large
pore was much larger than that of small pores, and
the phenomenon of “preferential compression of
large pores” proposed in physical experiments was
verified..e distribution of microscopic stress in soil
was not uniform, and the larger the pore size was, the
greater the compression stress on both sides and the
bending in the upper part of the pore was, which was
the internal reason of “preferential compression of
large pores.”

(3) .e compression of pores with same size might be
different under the same pressure when they were at
different positions. In general, the compression in
the upper part of the model was larger than that in
the lower part, which explained why the permeability
coefficient of horizontal soil was smaller than that of
the vertical under compression deformation. .e
compression of the small pores on both sides and the
oblique upper corner of large pores was larger than
that of the pores with same size in the general po-
sition (especially near the large pores), which in-
dicated that the deformation of the small pores was
actually affected by the nearby large pores, which was
related to the distribution of microscopic stress of
soil.

(4) .e variation laws of shape of pores with same size
and different positions were different, which was
greatly affected by the maximum pore size. Gen-
erally speaking, the pores near over large pores were
produced distribution of arch stress resulting in less
variation of pore shape, where the stress was
smaller. Owing to the larger pressure, the pores on
both sides of the large pores changed from the
initial square to the approximate rectangle, while
the shape of pores in the oblique upper corner of the

Figure 18: Schematic diagram of the main stress transmission way
of the pebble iron art fence.

Figure 17: Local photos of the pebble iron art fence.
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large pores generally changed from the initial
square to parallelogram due to the large shear stress.

(5) According to the similarity analysis method of taking
pores as the research object, it was found that the
stress of the largest particle was greater than that of
the smaller particle by taking particles as the research
object, which was one of the internal reasons leading
to the preferential crush of large particles.

(6) It was preliminary assumed that the region with large
stiffness would be selected actively by the “skeleton
stress” of clay and granular soil. In terms of clay, the
“skeleton stress” would generally avoid large pores,
but the large particles of granular soil would be
chosen by “skeleton stress” actively.

(7) Large particles and pores have self-protective
mechanisms. .e distribution of “arch stress” was
formed over the large pores to reduce the bending of
the soil and prevent the upper soil from collapsing.
.e surface of the particles was broken, which
resulted in the redistribution and reduction of stress,
whereas further crushing of particles were avoid.
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