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Abstract: Cyclic loading always results in great damage to the pore structure and fractal characteristics
of soft soil. Scanning electron microscope (SEM) can help collect data to describe the microstructure
of soft soil. This paper conducted a series of SEM tests to interpret the effect of consolidation
confining pressure, circulating dynamic stress ratios and overconsolidation ratio on soil’s micro-pore
structure and fractal characteristics. The results demonstrate that fractal dimension can well represent
the complex characteristics of the microstructure of the soil; the larger the consolidation confining
pressure, the greater the cyclic dynamic stress ratio, and the greater the overconsolidation ratio,
the smaller the fractal dimension number of soil samples. Finally, an empirical fitting formula for
cumulative strain considering microstructure parameters is established through data fitting.

Keywords: soft soil; fractal characteristics; SEM; microstructure; cumulative strain

1. Introduction

Marine-saturated silty soft clay is widely distributed in coastal areas, and is prone to
settlement under long-term cyclic loads. Severe uneven settlement will cause damage to
the superstructure and bring huge economic losses. Controlling the settlement of soft clay
foundations is a key issue that needs to be solved urgently. Clarifying the deformation
characteristics and microscopic mechanism of soft soil under dynamic load has great
significance for the settlement control of soft soil foundation, so it is necessary to conduct
systematic basic theoretical research.

Fractal theory is mainly used to study objects with self-similarity characteristics, which
refer to the shape, function and feature information of the object. The plastic deformation
parameters of fractional geomaterials have been studied extensively [1,2]. To explore
the complexity of material composition, fractal theory was gradually widely used in the
quantitative study of soil material composition [3–6]. In the past study of soil composition,
fractal theory studies were mostly used to study the particle shape of sandy soil [7,8].
Delage R and Lefebvre G analyzed the distribution and arrangement of pores in the soil [9].
Peyton et al. and Zeng et al. used fractal theory to propose a microscopic difference
conjecture that used fractal dimensions combined with fractal non-uniformity to describe
soil structure [10,11]. He S et al. used fractal theory to study the distribution of soil pores,
and the results showed that the pore structure in soil has fractal characteristics, which
can be used to quantitatively describe the geometric characteristics of pore structure in
the medium [12]. Wang P et al. explored the influence of electron microscopy factors on
the quantitative study of microscopic information through a series of scanning electron
microscopy pictures [13]. Kong B et al. carried out research on the fractal characteristics of
soft soil under different temperatures and pressures [14].
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However, existing research can mostly assist in explaining the reason of deformation
causes and cannot quantify the relationship between macroscopic deformation and mi-
croscopic characteristic parameters. In order to find the precise quantitative relationship
between micro and macro deformation, in this paper, the deformation of Hangzhou original
soft clay was analyzed from a microscopic point of view under cyclic loading. With the help
of SEM, the microstructure parameters of soil samples can be obtained [15]. Based on the
existing empirical model of cumulative plastic strain index, the cumulative plastic strain
model considering the microstructural parameters was established. Then, the correlation
between microstructure parameters and cumulative plastic strain was calculated. The
research results can be used as a reliable basis for predicting foundation deformation under
cyclic loading by fractal dimension information.

2. Materials and Methods
2.1. Materials

The original soft soil samples were taken from the tunnel section of Zhejiang Univer-
sity’s Zijingang Station and Sanba Station, which belongs to Hangzhou Metro Line 2. The
maximum burial depth of the soil layer in this interval is 11.8 m, and the groundwater
level is 1–2 m. The soil sample used in this test was about 5–5.5 m depth, which belongs
to soft soil (based on USCS classification). The soil specimen was 40 mm in diameter and
40 mm in thickness (showed as Figure 1). The soil extraction processes were carried out in
strict accordance with the relevant requirements, so the quality of soil samples could be
effectively guaranteed.
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Figure 1. Photograph of undisturbed soft soil sample.

Basic physical and mechanical parameters of soil obtained through indoor geotechnical
tests are shown in Table 1.

Table 1. Physical and mechanical parameters of soil.

Soil Type Unit
Weight/kN/m3

Water
Content/%

Specific
Gravity

Plastic
Limit/%

Liquid
Limit/%

Plasticity
Index Liquid Index

Soft soil 15.7 62.47 2.74 27 44.6 17.6 2.01

2.2. Methods

The research includes two parts: firstly, the analysis of the macroscopic parameters
(cumulative plastic strain) and microstructure parameters by SEM (fractal dimension and
probability entropy). Secondly, based on the existing empirical model of cumulative plastic
strain, the cumulative plastic strain model considering the microstructural parameters
is established.
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In this paper, the one-dimensional circulating load drainage consolidation test from
Dai et al. [16] was adopted to provide new insight into the relationship between the mi-
crostructure and cumulative deformation. Consolidation conditions and cyclic loading
conditions both have great influence on the soil fractal structure [17–19]. After determin-
ing the pre-consolidation pressure of the soil sample, the specimens were divided into
three groups, namely Group A, Group B and Group C, which corresponded to different
consolidation surrounding pressures P0 (100, 200, 300, 400, 500 kPa); circulating dynamic
stress ratios ζ (3, 6, 8, 10, 15); and overconsolidation ratios OCR (1, 3, 6, 9). Among them,
specimens A0, B0, and C0 represent the samples before loading (parallel specimens). In
order to comprehensively explore the relationship between microporous structure and
macroscopic mechanical properties, high stresses above 300 kPa were also considered. The
experimental program is detailed in Table 2, where p0 is pressure; ζ is cyclic dynamic stress
ratio; Nmax is the largest number of vibrations and OCR is overconsolidation ratio.

Table 2. Experimental program.

Group Number p0/(kPa) ζ Nmax OCR

A

A0 not loaded
A1 100 3 20,000 1
A2 200 3 20,000 1
A3 300 3 20,000 1
A4 400 3 20,000 1
A5 500 3 20,000 1

B

B0 not loaded
B1 100 3 20,000 1
B2 100 6 20,000 1
B3 100 8 20,000 1
B4 100 10 20,000 1
B5 100 15 20,000 1

C

C0 not loaded
C1 100 3 20,000 1
C2 300 3 20,000 3
C3 600 3 20,000 6
C4 900 3 20,000 9

Soil samples were saturated before the tests in vacuum equipment: air was sucked
out to maintain negative pressure for 3 h, then airless water was added and samples
were soaked for 12 h. The specimens were then consolidated under the consolidation
surrounding pressure p0. After the consolidation was completed, a one-dimensional cyclic
load was applied to the specimen. Using a semi-sine wave as a stress waveform, the
dynamic stress amplitude is pf; the cyclic dynamic stress ratio ζ indicates the difference
between the dynamic stress amplitude pf, and the consolidation confining pressure p0 ratio
to the consolidation confining pressure p0, and ζ = (pf − p0)/p0. According to Table 1, the
amplitude of cyclic dynamic stress pf can be obtained by determining the consolidation
confining pressure p0 and the cyclic dynamic stress ratio ζ. N refers to the number of loaded
half-sine waves experienced, and the total number of vibrations is recorded as Nmax (set
Nmax = 20,000). Vibration frequency in f refers to the reciprocal of each half-sine wave time
course (set f = 0.1 Hz). The loading and waveform diagram is shown in Figure 2.

Scanning electron microscopy (SEM) was used to observe the marine soft soil under
different dynamic load conditions (based on ASTM standard), as shown in Figure 3. Under
the premise of ensuring that the observation surface was not disturbed, the sample was
cut and polished into a 2 mm × 2 mm × 4 mm microscopic sample, and the loose float
particles on the observation section were blown away with the ear ball. Along the height
direction of the sample, a horizontal and vertical section were selected every 2 cm as the
observation area. Due to the poor electrical conductivity of soft soil, in order to ensure the
quality of microscopic images the surface of the dried sample was sprayed with 20–50 nm



Fractal Fract. 2022, 6, 423 4 of 12

gold film as a conductive material. The SEM test used 8000 times magnification. The
microstructure parameters were extracted using the software Image Pro-Plus 6.0 (referred
to as IPP). The microstructure parameters were analyzed under different dynamic load
conditions, and the contour boundaries of the soil sample shape were extracted to output
pore characteristic data, including area, diameter, angle, orientation frequency, probabilistic
entropy and fractal dimension.
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Figure 3. Microscopic scanning images before and after loading [16]: (a) before loading; (b) after
loading. OCR = 9 identifications of porosity units. (The circle was marked as a pore, and the square
was marked as a flocculent structure).

The analysis has three steps [16]: first of all, a reference plane scale was created to
convert the pixel units into length units; secondly, the images were binarized into black
and white parts, where the black part represents soil grains and the white part represents
pores (Figure 4a); finally, after the image was binarized, the system processing function of
the IPP software was used to automatically collect image data (Figure 4b).

Based on the research results of Voss et al. [20], the fractal theory was introduced [21].
It was proposed that the area of particles in sandy soil images has the following relationship
with the equivalent perimeter:

Log(Perimeter) =
Dd
2
× Log(Area) + C (1)

where Perimeter represents the equivalent perimeter of any geometric polygon in the
scanned image; Area represents the equivalent area of the corresponding polygon; Dd
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represents the fractal dimension of the particle shape of the soil corresponding to the
scanned image; and C is a constant influenced by the microstructure characteristics of
the material. The fractal information can be used both in microstructure and numerical
simulation experiments [22].
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Figure 4. IPP picture processing [16]: (a) binary; (b) identification of porosity units (The pore contour
and area are marked).

Shi Bin (1996) used modern systems theory to introduce the concept of probabilistic
entropy into the study of soil’s structure characteristics, and used Hm to describe the
orderliness of the arrangement of soil microstructure units, defined as:

Hm = −
n

∑
i=1

Pi(α)
ln Pi(α)

ln n
(2)

where Hm represents probability entropy, which indicates the orderliness of the element
body distribution, and P represents the probability of occurrence. The larger the Hm, the
lower the order of the element arrangement.

3. Results

Figure 5a–c shows the cumulative strain curve of soil samples from Dai et al. [16]. It
can be seen that in the early stage of cyclic load loading, an obvious squeezing effect occurs
because the internal pores of the soil are subjected to load. When the vibration number
increases to 10,000, the specimen is gradually compacted, and the strain accumulation rate
is gradually slowed down, showing a slow growth trend. It can be inferred that in the
process of vibration, the pore water is gradually discharged, resulting in the hardening of
the soil structure. When the number of vibrations reaches a certain time (about 1000 times
for the soil in this paper), the soil reaches a stable state and the cumulative strain tends to
be stable.

With the continuous increase in the consolidation confining pressure and cyclic
dynamic stress ratio, the final cumulative strain of the specimen gradually increases
(Figure 5a,b). Under the same cyclic loads, high pressure or stress ratio were more con-
ducive to the compaction of the soil, resulting in a faster strain accumulation rate, and a
lager final cumulative strain. When the P0 pressure reached 500 kPa, the cumulative strain
value was twice of that at 100 kPa. The reason for this is that when the consolidation con-
fining pressure and cyclic dynamic stress ratio are larger, the damage of the soil structure
is aggravated.
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It is worth noting that as the overconsolidation ratio continues to increase, the final
cumulative strain of the specimen gradually decreases (Figure 5c). The reason is that under
a high overconsolidation ratio the soil has a stronger resistance to deformation, resulting in
a smaller final cumulative strain. This indicates that the increase in the overconsolidation
ratio has an inhibitory effect on the cumulative strain.

Figures 6–8 show the log (Perimeter)-log (Area) curves of soft soil under different test
conditions, which have obvious linear relationships. If the linear relationships are expressed
as y = ax + b, then a in the linear relationships corresponds to Dd, and b corresponds to
the perimeter in logarithmic coordinates. Therefore, it can be considered that the particle
shape in soft clay is fractal. The number of fractal dimensions before loading is the largest
(1.531 for the undisturbed soil sample), and the fractal dimension of soft soil is always
between 1 and 2. After loading, the fractal dimension reaches 1. The results illustrate that
the orderliness and directionality of the microstructure of soft soil are worst in the original
state. After loading, with the reduction in the fractal dimension number, the pores become
more orderly at any loading condition.

It can be seen that, with the increase in confine pressure, dynamic stress and ratio
overconsolidation ratio, the fractal dimension value Dd decreased. The essence of the
change of fractal dimension information is the change of the stress of the soil in equilibrium
state under cyclic loading, which is caused by the recombination of particles in the soil
and the dislocation movement of soil particles. In the early stage of loading, the soil
particles moved in dislocation under cyclic loading, thus forming new pore structures. The
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accumulated energy of plastic strain dissipated, and the soil began to deform. With the
increase in vibration N, the cumulative viscous energy dissipation rate gradually exceeds
the cumulative plastic strain energy dissipation rate, the deformation tends to be stable,
and the pore structure trends to be regular.
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Figure 6. Fractal dimension of soil samples under different pressure: (a) before loading;
(b) p0 = 100 kPa; (c) p0 = 200 kPa; (d) p0 = 300 kPa; (e) p0 = 400 kPa; (f) p0 = 500 kPa.
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4. Discussion

The macroscopic mechanical behavior of soil is closely related to the microinternal
structure, so the microstructure changes of soft soil during cyclic loading can reveal the
fundamental causes of its deformation.

At present, there are two main methods for calculating the cumulative plastic strain of
soil under dynamic load: establishing a constitutive model and an empirical fitting formula.
When calculating cumulative strain by constitutive model, it is difficult to determine the
calculation parameters and apply in practical engineering. In contrast, the concise empirical
fitting formulas are widely used in practical engineering.

Based on the Monismith exponential empirical model ε = A× Nb and the existing
creep model [23], this paper introduces constant A0 to reflect the stress σ and strain of soft
soil ε:

ε(t) = A0 + A× tb (3)

where A0, A, b represents the fitting constant.
Consider that A0, A, b are parameters related to the stress state and the microstructural

characteristics of the soil. Based on Formula (3), the cumulative plastic strain considering
the microstructural parameters can be expressed as:

ε(t) = A0(σi, C) + A(σi, C)× tb(σi ,C) (4)

where C is a series of microstructure characteristics of soft soil.
Since the shape of the cumulative strain curve at different stress levels also tends to

be consistent; thus, b(σi, C) can be considered as a constant β. The above formula can be
simplified to:

ε(t) = E0(σi, C) + E(σi, C)× tβ (5)

In Equation (5), E0(σi, C) is called the microstructure function, the value of which
is related to the microstructure state of the soil at specific stress level. Therefore, if the
probability entropy and fractal dimension are used as representatives of the microstructure
parameters of soft soil, Equation (5) can be written as:

ε(t) = E0(σi, Hm) + E(σi, Hm)× tβm (6)

ε(t) = E0(σi, Dd) + E(σi, Dd)× tβd (7)

Let:

E(σi, Hm) =

(
σi

Am

) fm(Hm)

(8)

And

E(σi, Dd) =

(
σi
Ad

) fd(Dd)

(9)

The exponential fitting empirical Equations (6) and (7) can be used to represent the
orientation parameters of the soil structure. The calculation formula of cumulative plastic
strain can be expressed as:

ε(t) =
(

σi
Am0

) fm(Hm)

+

(
σi

Am

) fm(Hm)

× tβm (10)

ε(t) =
(

σi
Ad0

) fd(Dd)

+

(
σi
Ad

) fd(Dd)

× tβd (11)

where Am, Am0, Ad0 and Ad is the coefficient to be determined, fm(Hm), fd(Dd) is the prob-
ability entropy and fractal dimension function. Since the value of the function should
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be greater than 1 and Hm∈[0,1], Dd∈[0,1], the probability entropy and fractal dimension
function can be expressed as:

fm(Hm) =
1

Hm
(12)

fd(Hd) =
1

Dd
(13)

where Hm, Dd is the probability entropy and fractal dimension. According to the change
curve of probability entropy and fractal dimension with stress, the relationship between
probability entropy and fractal dimension and stress can be expressed as follows:

Hm = amσ2 + bmσ + cm (14)

Dd = adσ2 + bdσ + cd (15)

where am, ad, cm, bm, bd and cd are the fitted values of the probability entropy Hm and fractal
dimension Dd and stress σ.

Then, Equations (12) and (13) can be expressed as:

fm(Hm) =
1

amσ2 + bmσ + cm
(16)

fd(Dd) =
1

adσ2 + bdσ + cd
(17)

Based on Equations (16) and (17), Equations (10) and (11) can be written as:

ε(t) =
(

σi
Am0

) 1
amσ2+bmσ+cm +

(
σi

Am

) 1
amσ2+bmσ+cm × tβm (18)

ε(t) =
(

σi
Ad0

) 1
adσ2+bdσ+cd +

(
σi
Ad

) 1
adσ2+bdσ+cd × tβd (19)

According to the experimental data of the probabilistic entropy and fractal dimension
above, the value of parameters can be obtained in Table 3.

Table 3. Summary of parameters.

Parameter am bm cm ad bd cd

numeric value −1.279 × 10−7 −4267 × 10−5 0.9834 3831 × 10−7 −0.0016 1.597

Parameter Am0 Am βm R2 Ad0 Ad βd R2

numeric value 9.451 × 105 1.871 × 107 10.98 0.8396 7.106 × 104 981.5 −1.76 0.9629

As shown in Figure 9, the formula of cumulative plastic strain with fractal dimension
as the microstructural parameter has a higher correlation coefficient (0.9629) than the
formula with probabilistic entropy (0.8396) as the microstructure parameter. Consequently,
the fractal dimension can describe the cumulative plastic strain law of Hangzhou’s soft soil
more accurately. In future studies, other microstructural parameters could be investigated
to make the fitted formula curve closer to the experimental data.

Therefore, this paper introduces the fractal dimension as a microstructure parameter
into the cumulative strain formula:

ε(t) =
(

σi
Ad0

) 1
adσ2+bdσ+cd +

(
σi
Ad

) 1
adσ2+bdσ+cd × tβd (20)

where ad, bd, cd, Ad0, Ad and βd are test fitting parameters.
Overall, fractal dimension information from soft soil provides a reliable method to

obtain strain, which is helpful when predicting the physical and mechanical properties.
The impact of various confine pressures, cyclic dynamic stress ratio and OCR were ob-
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tained from the analysis of the test results, which describe the fractal characteristics of soft
soil. The mathematical relationship between the fractal characteristics and deformation
characteristics deserves further investigation.
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5. Conclusions

Using SEM technology, the microstructural change in soft soil under loading was
observed, and the fractal dimension of pores was calculated by image processing techniques.
Then, the relationship between microporous structure and macrodynamic characteristics
were studied by using correlation and empirical model analysis methods. The relationship
between the microstructure parameters obtained by SEM and the cumulative strain was
discussed. Finally, the following main conclusions were drawn:

(1) The soft soil of Hangzhou marine has a flocculation structure. The distribution of soil
particles in the microstructure of soft clay conforms to the fractal characteristics, and
the fractal dimension number is between 1 and 2.

(2) After loading, the pores become more orderly. The larger the consolidation confining
pressure, the greater the cyclic dynamic stress ratio and the greater the overconsolida-
tion ratio, the smaller the fractal dimension number of soil samples.

(3) Fractal dimension and probabilistic entropy are closely related to cumulative strain.
Based on the empirical fitting formula of strain index, an empirical fitting formula for
cumulative strain considering microstructure parameters was established.

(4) The trends from the fractal dimension and probabilistic entropy are consistent with
each other. The accuracy of the predicted probabilistic entropy strain is 0.83, whereas
this value is 0.96 for the fractal dimension. Then, a new way to predict subsidence
based on fractal dimension information was obtained for soft soil.
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