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Obtaining geometric parameters, especially depth, and describing the
morphological characteristics of cracks are of great significance to control
engineering disasters and accidents caused by cracks. The electric resistance
method is based on the principle of differences in electrical properties between
cracks and soil, which could be used to measure the single crack depth at project
sites. There exists an R value corresponding to a specific electrode distance d
value at each R¢-d value obtained by laboratory experiments. Furthermore, a two-
dimensional finite element model of soil with a single crack is established to carry
out numerical simulation analysis considering the crack width W, crack depth D
and complex crack conditions. The results reveal dynamic variation rules of soil
resistance after crack development, and for each R¢-d value, the electrode
distance d value corresponding to the R, value is approximately equal to the
crack depth D. In the range of the electric field, the offset and rotation of the crack
have little effect, while the measurement results have a strong dependence on
relocation movement. The regulation gives guidance to the inversion analysis of
crack depth D at project sites and has been applied in crack depth measurements
of an expansive soil slope. The electric resistance method as a proposed
integrated approach is of great significance and brings new perspectives into
the study of crack depth measurements for field applications.

KEYWORDS

crack depth, electric resistance method, numerical Simulation, field application, finite
element analysis

1 Introduction

Due to global climate changes, continuous extreme aridity has increased substantially in
East and South Asia, Africa, southern Europe and eastern Australia (Dai, 2011), imposing
detrimental impacts on the regional environment, infrastructure construction and people’s
livelihoods. Influenced by aridity and desiccation, a large amount of water evaporates from
the soil, resulting in soil shrinkage (Lakshmikantha, et al., 2012), crack development and
changes in the soil physical and mechanical properties (Albrecht and Benson, 2001; Dyer,
2005; Hallett and Newson, 2011; Costa et al., 2013; Kodikara and Costa, 2013; Kong et al.,
2017). The existence of cracks destroys the soil integrity and contributes to attenuation of the
soil strength (Lozada et al, 2015; Kong et al, 2018). At the same time, the large crack
networks provide many seepage channels for the migration of water (Yuan and Yin, 2004;
Krisnanto et al., 2014; Li et al,, 2017), leading to the deterioration of soil physical and
mechanical properties (Chaduvula et al.,, 2017; Trabelsi et al., 2018). Therefore, cracks are a
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direct or indirect incentive for many kinds of geotechnical,
geological and geo-environmental problems. For instance, the
formation of cracks leads to a decline in expansive soil slope
stability and accelerates rainwater infiltration, which is prone to
cause landslides (Yin et al., 2012; Xie et al., 2020; Zhang et al., 2021).
Crack development may bring about a decrease in the foundation
bearing capacity or an increase in the foundation soil
compressibility, causing the inclination or even collapse of the
construction (Ramana, 1993; Lozada et al., 2015). Cracks in dams
are likely to generate dam bursts (Dyer et al., 2009; Khandelwal et al.,
2013). In waste disposal storage, the cracks in the soil layer of the
isolation zone contribute to the leakage of pollutants (Hewitt and
Philip, 1999; Rayhani et al., 2007; Baram et al., 2013).

In recent years, increasing attention has been given to the
problem of cracks in geotechnical and geological engineering
(Baer et al, 2009; Shin and Santamarina, 2011; Hirobe and
Oguni, 2016; Tollenaar et al.,, 2017; Vo et al, 2017; Wang et al,
2017; Pouya et al., 2018; Tang et al., 2018; Vo et al., 2018; Wang et al.,
2018; Li et al., 2019; Ruan et al., 2021). Obtaining the geometrical
parameters of the primary crack after development, especially the
depth, can be used to control engineering disasters in a more
accurate, efficient and economical way. For example, to control
expansive soil slope landslide disasters by replacing cement-based
materials or other treatment methods, it is urgent to determine the
depth of slope failure. Otherwise, it will cause huge economic waste,
and the treatment effect cannot be guaranteed (Cai and Li, 2018).

Scholars worldwide have used a series of direct and indirect
methods to obtain the geometric parameters of cracks. Lu et al.
(2002) defined crack damage variables based on CT data and
analyzed the variation rule of crack damage variables with
cumulative dry shrinkage. X-ray CT, as a non-destructive, non-
invasive, real-time and 3D visualization method of the inner
microstructures, has provided a promising way to observe the
geometry of cracks in test specimens in real time and explore the
mechanical behaviors and damage mechanism of geomaterials (Li
et al,, 2015; Yang et al,, 2015; Cala et al., 2016; Kim et al., 2016; Yu
et al.,, 2016; Zhao and Zhou, 2020). Stewart et al. (2012) used a
horizontal recorder connected to a crack to record the water level in
the pipe corresponding to volumetric changes in the crack. The
methods above are capable of describing the crack geometric
parameters dynamically, quantitatively and non-destructively, but
the machines are expensive and demand high-quality operation
confined to the laboratory. Moreover, scholars worldwide have
carried out theoretical algorithm methods and established crack
depth calculation models based on the mechanism of crack
development and various mechanics, such as linear elastic
mechanics and fracture mechanics (Morris et al., 1992; Chertkov,
2000; Zhen et al., 2006; Taghavi et al., 2010; Zhu et al., 2020).
However, the predicted value of the crack depth obtained by
theoretical calculations is the initial development crack depth,
not the final development depth in the stable state. Meanwhile,
theoretical calculations contain various assumptions, and there
exists a large deviation between the predicted value and the
actual value.

Compared with the methods above, the electrical resistivity
method as a non-destructive technique has strong operability.
Based on differences in the electrical properties between cracks
and the soil, a series of tests in the laboratory and in situ
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measurements have been conducted with the electrical resistivity
method to perform tomography scans, which proved the
applicability of using electrical properties to express crack
development and the geometrical shape (Samouélian et al., 2003;
Samouélian et al.,, 2004; Ackerson et al., 2014; Jones et al., 2014;
Gunn et al,, 2015; Tang et al., 2018; An et al,, 2019). Various
approaches to invert 1D, 2D and 3D resistivity data have been
published (Sultan et al., 2006; Pidlisecky et al., 2007; Park et al., 2009;
Jones et al., 2012; Damavandi et al., 2022). Inversion of 2D resistivity
data has been used to interpret geoelectrical resistivity data and
construct 2D images of subsurface structures. The electrical
resistivity imaging technique can be wused to recognize
underground structures by observing contrasts in the subsurface
resistivity distribution (Sungkono et al.,, 2014; Neyamadpour, 2018;
Fma et al., 2022). This method provides a new viewpoint for crack
quantitative studies, and the operation requirements are relatively
easy to satisfy, but the study is limited to laboratory experiments.
Although the electrical resistivity imaging technique has been used
to describe the crack distribution underground in situ, there still
exists a problem of deviation, which cannot be ignored, owing to
simplification in the complex inversion process.

Focusing on the primary crack, which is rather long and plays a
decisive role in engineering safety, the study reported herein
proposes a new method to carry out crack depth measurements
for better field applications, i.e., the electric resistance method based
on the theory that the soil resistance after the test current passes
through the soil could reflect the internal structure of the soil mass
indirectly. Laboratory experiments are conducted, and a two-
dimensional finite element model of soil with a single crack is
established to carry out analysis

considering the measurement soil resistance Ry under the

numerical  simulation
influence of the crack width W, crack depth D and complex
crack conditions. Based on the study above, the quantitative
relationship between crack depth and the electrode distances is
obtained, which is applied to measure the crack depth of an
expansive soil slope and verified.

2 Experimental analysis
2.1 Electrical resistance method

The resistance of soil is usually tested by a four-electrode
measurement system. According to Ohm’s law, the resistance of
soil with a single crack can be expressed as (Figure 1):

AU 11

R = Zp=—plwT,F(W,D,L 1
f=T =gP Kp[w ( )] (1)

RIS I o

where I is the injected current (A); AU is the electric potential
difference between M and N; MA, MB, NA and NB represent the
relative spacing (m) between the electrodes M and A, M and B, N
and A, and N and B, respectively; K is the electrode coefficient, which
represents the geometry and the spatial position of the electrodes
and comprehensive influence on the results caused by the electrodes;
F is the crack influence function, which is related to the crack width
W, crack depth D and crack length L; and p is the resistivity function,
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TABLE 1 Mineral composition and physical properties of the clay.

Content el
(%) properties

Mineral composition

Montmorillonite 12 Free swelling ratio | 50.0%
Ilite 17 Specific gravity 2.71
Hydromica 18 Plastic limit 25.3%
Chlorite 24 Liquid limit 55.0%
Kaolinite 8 Dry density 1.49 g/
cm’
Quartz 10 USCS classification | CH
Feldspar 2
Calcite 9

the value of which is mainly related to the moisture capacity w, the
temperature T and the crack influence function F for the same soil
sample.

The resistance of soil with a single crack is related to the
electrode spatial position and electrical resistivity, the two
variables of which are analyzed as follows. The soil resistivity
is impacted by basic soil physical properties, which include the
mineral composition, arrangement, size and shape of soil
particles, pore structure and external environmental factors.
The environmental factors are made up of many aspects, such
as moisture capacity w and temperature T. To explore the
regularity between crack development and the resistivity
measurement value and decrease the influence of external
factors as much as possible, the parameter logarithm of the
resistance ratio N, is defined, and N, = In(R/R,), where Ry is
the resistance value of soil with a single crack under certain
external conditions and R, is the resistance value of the identical
soil sample with no fissure under the same external conditions. In
the site measurement process, when the moisture capacity w and
temperature T are controlled at certain values, R, is a constant
value, and the value of N; is only related to the crack influence
function F. During the study, the test electrode pair is almost
symmetrically distributed perpendicular to the crack, which
means that the spatial position of the electrodes only has a
correlation with distances between two electrodes d. The
problem is transformed to studying the ascending trend of the
N, value with the development of the crack and under the same
crack development condition and the effect of different distances
between two electrodes d on the R¢ value.

2.2 Material

The mineral composition and physical properties of the
expansive soil collected from the Central Line Project of South-
to-North Water Diversion are summarized in Table 1. According to
the USCS classification, it is a fat clay (CH) (ASTM, 2011). To ensure
that there are no impurities in the soil sample that could lead to some
disturbances, the coarse particles in the soil sample should be
eliminated after retrieval of the soil sample.
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FIGURE 1
Schematic view of the four-electrode method: dashed lines
indicate the current flow through the medium (An et al,, 2019).

2.3 Specimen preparation

The natural soil retrieved from the field was oven-dried, crushed
and sieved in the laboratory. The soil powder was homogeneously
mixed with water to reach an initial water content of 20%, and then a
soil square mold with an internal size of 400 mm in both the length
and width and 200 mm in height was made for specimen
preparation in this study. The soil mold was placed in a special
Plexiglas mold and then sealed in an air-proof plastic bag for 72 h to
allow a uniform distribution of moisture within the soil in the
underground room at a temperature of 20 “C. The test electrodes
with a length of 17.0 mm and a diameter of 1.5 mm were fabricated
by plating platinum black. The part of the electrode embedded in the
soil is approximately 2 mm, which is much less than the value of the
soil sickness to minimize the influence of the electrode size on the
measurement resistance Ry To reduce the disturbance of the
electrode arrangement on the measurement resistance Ry the
current electrodes and the test electrodes are located on the same
measurement points. The electrodes were symmetrically arranged
perpendicular to the crack development plane.

2.4 Experimental method

The integrated experimental setup used in this study consists of
a specially designed sample mold and three monitoring systems, as
shown in Figure 2: an electrical resistance acquisition (ERA) system
(electrical resistance measuring equipment (EMA) and connective
electrodes), a temperature and relative humidity (RH) monitoring
(T/RHM) system (TES-1370, with an accuracy of+0.1°C for
temperature and +3% for RH) and a data analysis (DA) system
(monitoring system). The details of the equipment are shown in
Figure 2. The electrical resistance measuring equipment has the
function of power supply, control, transmission, storage and display.
Meanwhile, the integrated experimental equipment could be used in
the engineering field because of the use of anti-interference means
such as configuration of the stabilized filter chip. The T/RHM
system was installed close to the soil sample to monitor the
variations in ambient temperature and relative humidity (RH)
during the test. All data and images were automatically recorded
and displayed by a computer connected to these systems. The DA
system was employed to postprocess the data and draw the initial
data curve.

In the experiments, seven different crack depth D values and five
pairs of measuring points were designed to study the variation rules
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(A) Schematic diagram of the experimental setup, including the soil samples, ERA system, T/RHM system and DA system; (B) Schematic view of the

experimental mold (unit: mm).
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FIGURE 3
Changes in soil resistance Ry values with time.

of the logarithm of the resistance ratio N, values when the crack
developed along the depth direction at each electrode distance d and
the influence of electrode distance d change on soil resistance
measurement Ry at each crack depth D. During the experimental
procedure, the development of the crack was simulated by cutting
the crack in the center of the sample with a soil adjusting knife. To
restore the whole crack development process as much as possible,
the crack development depth D values were selected as 0 cm, 2 cm,
3 cm, 4 cm, 6 cm, 8 cm and 10 cm. By changing the position of the
measuring points, the electrode distance d was changed to simulate
different electrode placement positions. The electrode distance d
values were 6 cm (AA’), 12 cm (BB’), 18 cm (CC’), 24 cm (DD’) and
36 cm (EE’). The arrangement of the measuring points is shown in
Figure 2B.

The soil particles and water in the soil are both polarizable
materials. During the experimental procedure, the resistance
measurement file of the multimeter was employed to discover the
variation rules of the resistance measurement R value of different
soils with time under the circumstances of direct current regulated
voltage (DC regulated voltage) and alternating current constant
current (AC constant current), which is shown in Figure 3. The soil
resistance measurement Ry values exhibited irregular changes under
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DC regulated power supply mode, while the values were relatively
stable over time under AC constant current power supply mode. To
ensure the repeatability of the experiments, the AC constant current
power supply mode was adopted. Although the measurement
resistance Ry values tested by this method tended to be
influenced by the soil capacitance and inductive impedance, the
results were relatively stable and had little effect on the analysis of
the measurement resistance R¢ under the development of the soil
crack.

After selection of the power supply, the test electrode pair was
arranged at the AA’ measurement point to test the resistance R¢
value of the soil with no crack. During the experimental procedure, a
soil knife was used to cut a crack running through the soil, the depth
of which was 2 cm. Then, the location of the electrode pair was
changed from BB testing points to EE testing points to obtain the
measurement resistance Ry values under different electrode distances
d when the crack depth D was 2 cm. A soil knife was employed to
change the crack depth D to test the measurement resistance Ry
values under the circumstances of every crack depth D and five
groups of electrode distances d.

2.5 Results and discussion

During the experimental procedure, the measurement resistance
Ry values of different crack development depths D and different
measurement points were recorded by the DA system. The curve of
the logarithm of the resistance ratio N, and crack depth D and the
curve of measurement resistance R values and electrode distances d
are drawn in accordance with data from the experiments. The
experimental results are shown in Table 2, and the curves are
presented in Figure 4.

It is known from the variation of N, values with changes of crack
depth D (Figure 4A) that the development of the crack results in
partial partition of the soil. Due to the high resistance of air, the
resistance of partial soil surges and the measurement resistance
values present a noticeable change. The resistance of soil with a
single crack increases as the crack develops along the depth
direction. Moreover, according to the variation amplitude of the
curve in Figure 4A, it is demonstrated that the curves of AA’ and BB’
are in the shape of an S overall, and the variation amplitude of N,
values rises and then slows with crack development along the depth

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1082854

Gu et al.

TABLE 2 Record sheet of measurement resistance R; values (Q).

Crack depth measuring point

10.3389/feart.2023.1082854

AA’ (6 cm) 38.88 4115 4223 45.79 50.77 55.96 6025
BB’ (12 cm) 42.88 43.63 44.49 46.55 50.01 54.66 58.73
CC (18 cm) 45.26 45.80 46.77 48.07 51.09 54.98 58.83
DD’ (24 cm) 48.28 49.04 49.90 5131 53.69 57.58 62.08
EE’ (36 cm) 54.44 54.66 55.85 56.82 58.77 6255 66.70
A 05 B 70
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Electric potential iso-surface schematic views with changes in the crack width (D=10 m): (A) W = 0.001 m; (B) W = 0.1 m.

direction. When the crack depth D is approximately half of the
electrode distance d, the corresponding variation amplitude of the
AA’ and BB’ curves reaches the maximum. In detail, the
corresponding variation amplitude of the AA’ and BB’ curves
reaches the maximum (k.,) when the crack depth is
approximately 3-4 cm for the AA’ curve and the crack is in the
depth range of 6-8 cm for the BB’ curve. The curves of CC’, DD’ and
EE’ show an upward trend, and there is a growing increase in the
variation amplitude.
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Figure 4B illustrates the variation in the resistance Ry values with
changes in the electrode distance d. It is demonstrated that the soil
resistance increases constantly as the crack develops along the depth
direction. There is a linear relationship between the electrode distance d
and the measurement resistance Ry values with no crack. When the
crack develops, the curves are in the shape of a U overall. Each curve has
the lowest point where each R;,, value corresponds to a specific d value.

This phenomenon is due to the existence of an inhomogeneous
medium, which results in distortion of the electric field. The specific
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FIGURE 6
N,-W curve with the change in the crack depth D.

degree of distortion impact depends on the influence range of the
electric field. The current between electrode pairs is conducted
through the soil. When the crack impedes current conduction
between electric pairs, the measurement resistance Ry values of
the electric pair decrease. The measurement resistance Ry values
of the electric pair would not be affected if there is no block of the
crack. It could be speculated that the N, value depends on the
morphological characteristics of the crack. There exists a regular
variation in the N, value with the crack developing along the depth
direction. Meanwhile, there is an underlying regulation of the
electrode distance d corresponding to the Ry, value in each Rqd
curve. The quantitative relationship is further explored by numerical
simulation.

3 Numerical simulations

3.1 Numerical models and boundary
conditions

There are inherent drawbacks for laboratory tests in regard to
the influence of the crack width W, crack depth D, crack length L
and complex crack conditions on the measurement resistance R¢
values. Owing to the limitation of the model sample size and
discontinuity of the crack depth D values in laboratory tests, it is
difficult to explore the specific crack depth D value when the slope of
the N,-D curve reaches the peak and the specific electrode distance d
corresponding to the R,,;, value in the Re-d curve. To further study
the quantitative relation and probe into the possibility of crack depth
D inversion, numerical analysis is conducted below.

The influence range of the electric field is spherical and has the
obvious characteristic of symmetry. For the primary crack at the site,
more than one pair of electrodes is arranged from end to end of the
surface crack to portray a general view of the crack underground,
owing to the effective range of the electric field. Therefore, the two-
dimensional profile with crack width W and crack depth D is taken
to conduct further study.
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The two-dimensional finite element model of soil with a single
crack is established by the software COMSOL Multiphysics, and the
interface of static electricity is conducted to perform the numerical
calculation.

Because the actual geological conditions of simulated soil with a
single crack are complicated, appropriate assumptions are made
according to geological conditions to ensure the reliability of
numerical analysis: (a) The simulated soil area is a semi-infinite
space. (b) Soil is a continuous homogeneous medium, and the
physical parameters of the soil are regarded as constants. The
change in the electric field has no effect on the physical
properties of the soil. (¢) In the process of crack development,
the soil does not deform in any direction.

The calculation region of the two-dimensional finite element
model of soil with a single crack is 200 m x 100 m. The power supply
electrodes and the measuring electrodes are arranged at the same
measuring point. The pair of electrodes contains a constant current
input source and a constant current output source. The surface
current density is set to +0.1 C/m® The crack resistivity is
100,000 @ m, and the soil resistivity is 100 Q m. The Earth
surface is set as an insulation boundary and the ground
boundaries along with the infinite ground to the Earth.

The calculation must meet the following conditions.

Constant current equation:

ov-D

V-J+ pm =0 (3)

Constitutive relation for linear materials:

D = g¢,E (4)
J =0oE (5)

Electric potential equation:

-VV=E (6)

Combining Eqs 3 and 4, 5 and 6, the following can be obtained:

0(&eVV)\
—V~(0V+T>—O (7)

Electrostatic quasi-static equation:

n'(IZ_Il):]n (8)
n-(E,-E)=0 9)

In the equations, V is the Hamiltonian operator; J is the current
density vector; D is the electric displacement field; ¢ is time; &
represents the dielectric constant in free space; ¢, represents the
relative dielectric constant; E is the electric field intensity; o is
electrical conductivity; V is the electric potential; and J, is the
current along the normal phase.

The regular patterns of influence on the electric field of soil
containing a single crack considering the crack width W, crack depth
D and the complex crack conditions are discussed as follows. The
study is carried out from qualitative and quantitative angles,
i.e., qualitatively observing the electric field distribution under the
development of the crack and quantitatively exploring the change in
the N, value under the development of the crack and the Ry value
with different electrode distances d under the same crack depth.
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3.2 Crack width W

Considering the practical crack conditions, the study explores
the changes in N, values when the crack width W ranges from
0.001 m to 0.5 m at different crack depth D values. The profile of
the geoelectric model of soil with a single crack is obtained to
carry out analysis of the numerical simulation results under the
change in W.

The equipotential surface schematic views of planforms with
the change in the crack width W are shown in Figure 5.
According to the electric field distribution diagrams
(Figure 5), the change in the crack width W has no obvious
influence on the electric field distribution when the W value
changes from 0.001 m to 0.1 m.

Taking crack depths of 0.1 m, 1 m, and 10 m as examples, the
soil electrical parameters could be adopted with the change in the
crack width W ranging from 0.001 m to 0.5. Based on the soil
electrical parameters, the quantitative relationship of the logarithm
of the resistance ratio N, and the crack width W will be explored.

Figure 6 shows the N,-W curve with the change in the crack
depth D. The N, value has a remarkable increase with the crack
developing along the crack depth direction. Compared to the change
in the N, value caused by the crack developing along the depth
direction, the N, value barely changes with the crack developing
along the width direction. Based on the basic theory of electric fields,
itis speculated that the trend of the crack width is consistent with the
trend of the electric field lines, which are unable to impede the
conduction of current between two electrodes. In the following
calculation and analysis, the crack width W is set to 0.05 m.

Frontiers in Earth Science

3.3 Crack depth D

Keeping the crack width constant at W=0.05 m, the profiles of
soil with a single crack are obtained to conduct an analysis of two-
dimensional numerical simulation with the change in the crack
depth D.

Figure 7 demonstrates the equipotential surface schematic views
with changes in the crack depth D. The electric field distribution
diagrams above illustrate the regulations that with regard to the
semi-infinite uniform layer, current is transmitted homogeneously
through the soil when the crack is not developed (a). When the crack
develops from the ground along the crack depth direction and the
depth of the crack is shallow, the distribution of the electric field in
the soil changes slightly (b). When the crack depth D exceeds the
electrode distance d, the electric field distribution generates obvious
distortion, and the field presents an overt distribution along the
crack depth direction at the crack location, owing to the impediment
of current transfer by the crack (¢ and d).

From a quantitative perspective, the study is divided into two
aspects: the ascending trend of the N, value with the development of
the crack and the effect of different electrode distances d on the R¢
value at the same crack depth D. In regard to the study of N, values,
the electrode distances d are set to constant values. To facilitate the
analysis and comparison of data, the study defines a parameter crack
depth ratio D,, which means the crack depth D is divided by the
electrode distance d. In the process of numerical simulation, the test
electrode pair is symmetrically distributed almost perpendicular to
the crack. The electrode distance d values are set to 1 m, 2m, 3 m,
4 m, and 5 m. The D, values range from 0 to 10, and the crack width
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(A) N,- D, curve with changes in the electrode distance d; (B) R¢-d curve with changes in the crack depth D.

W is set to 0.05 m. The N,-D; curve is drawn to explore the dynamic
variation regulations.

The crack width W value is set to 0.05 m, and the crack depth D
values are set to 1 m, 2 m, 3 m, 4 m, and 5 m. The test electrode pair
is symmetrically distributed almost perpendicular to the crack, and
the electrode distance d values range from 0.1 m to 10 m. The curve
of Re-d is drawn to explore the quantitative relation of the
parameters D and d.

It is demonstrated that the N,-D, curve of the crack is in the
shape of an S overall (Figure 8). The slope of the curve is defined as k,
and the value of k shows an increasing and decreasing trend. The
change in the curve manifests obvious periodic characteristics. In the
first period, when the depth of the developing crack is shallow, the
increase in the amplitude of the N, value is relatively slow, and the k
value is small. In the second period, the increase amplitude of the N
value is great. There exists an explosion for the k value, which
reaches the peak when D; is approximately equal to 0.5. In the third
period, when D, surpasses 1, the N, value does not grow substantially
and only increases slightly. The k value begins to wane.

Figure 8 demonstrates that the Re-d curve is in the shape of a U.
The value of the resistance value of the soil with the single crack R¢
starts from the maximum value and gradually decreases to the
minimum value R, Subsequently, the R value presents the
tendency of a moderate increase. Thus, for estimating the
unknown crack depth D, the operators could change the value d
in the vicinity of the crack to measure the relative change in the Ry
value. The variation curve Rg-d is drawn to determine the value d
corresponding to the R,,;, value. At this point, the crack depth D is
approximately equal to the electrode distance d, that is, D = d.

The findings could be drawn as a new method, i.e., the electrical
resistance method, which could be employed to conduct crack depth
measurements in engineering projects. Regarding the primary crack,
electrode pairs are arranged from end to end of the surface crack in
accordance with the measurement points. Ri-d curves could be
drawn by changing the electrode distance d values. The crack
depth D value in each measurement point pair is approximately
equal to the electrode distance d corresponding to R,;,. Combining
every crack depth D value could obtain the general view of the
underground crack by this method. However, the method requires
the electrode pair to be symmetrically distributed perpendicular to
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the crack. which is difficult to realize in situ. Therefore, the influence
of asymmetry measurements on the results is studied below.

3.4 Complex crack conditions

Symmetry electrodes and the ideal crack location are quite hard
to realize in actual measurements, so it is of great necessity to analyze
the influence of asymmetry measurements on the results of the soil
resistance test and the crack depth measurement method. The
profile of a two-dimensional finite element model of soil with a
single crack is carried out to conduct the study. The study considers
the conditions, including the relocation, the offset and the rotation
of the crack, and changes in the relative position to explore the
electric field change rule of soil with a single crack model (Figures 9,
12, 13).

The crack depth D is set to 1 m, the crack width W is set to 0.05 m
and the electrode distance d is set to 1 m. To represent the relative
position relationship of the crack, the parameters of the relocation
distance ratio of the crack W,, the offset distance ratio of the crack P,
and the rotation angle of the crack 0 are defined. The W, value stands
for the ratio of the crack outward displacements along the crack length
direction to the crack depth D. The P, value means the ratio of the crack
offset displacements between the electrode pair to the electrode distance
d. When deliberating 0, it is stipulated that the rotation angle of the
crack perpendicular to the electrode line is 0° and 0°<6<90°.

The W, value ranges from 0 to 5, which means that the crack
outward displacements along the crack length direction range from
0 m to 5m. The N,-W, curve is drawn in the process of crack out-
shift. The P, value ranges from —0.4 to 0.4, which means that the
crack offset displacements between the electrode pair range
from —0.4 m to 0.4 m. The N,-P, curve is drawn in the process of
crack offset. In the study process, the rotation angle of the crack
perpendicular to the electrode line is 0°, and the 6 value ranges from
0°to 90°. The N,-6 curve is drawn in the process of crack rotation. To
make a comparison, one N,-D; curve is set as the standard situation.

In terms of the N-W, curve (Figure 10), the N, value continues
to decrease as W, changes from 0 to 5. When W, is equal to 0.5, the
N, value is half of that of the crack in the middle of the electrodes
(the standard situation in Figure 10). According to the N,-P, curve
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(Figure 10), the curve presents a downward trend, but compared to
the increase in the N, value caused by crack development along the
crack depth, the curve declines slowly in Figure 10. In other words,
in the actual measurement process, there is some asymmetry when
the electrodes are embedded, which has little influence on the
measurement results. In light of the N,-0 curve, the curve shows
an upward trend, but compared to the increase in the N, value
caused by crack development along the crack depth (the standard
situation in Figure 10), the curve rises slowly in Figure 10. In
particular, when 6 is less than or equal to 40°, the N, value barely
changes.

In the actual measurement process, the electrodes have some
asymmetry with the crack when buried, which has little influence on
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the measurement results. When the crack exists within the influence
range of the electric field, it could impede current conduction
between electrodes, but the measurement results have little
correlation with the specific position of the crack in the electric field.

4 Practical engineering
4.1 Engineering situation
An expansive soil slope in Jiangsu Province in China is typical of

slope instability in landscape areas. The landslide still creeped when
it rained. Obvious landslide features such as crack phenomenon,
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FIGURE 11

(A) Expansive slope landslide; (B) Survey profile diagram.
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FIGURE 12

(A) Diagram of measurement resistance Ry after rainfall; (B) Measurement resistance Ry after a week without rain.

collapse, and hump emerge in the landscape area. Different types of
cracks appear in the upper part, both sides and the lower part of the
landslide. Under the influence of rain, the landslide continued from
time to time, posing a serious threat to traffic and life safety. The
landslide has a maximum elevation of 27.0 m at the back edge and
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10.0 m at the front edge with a slope of 11°. Generally, the slope is
relatively slow.

The physical and geological phenomena of landslides are
relatively well developed, including cracks and collapses. The
width of the cracks is between 5cm and 15cm. The depth is
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(A) Crack depth distribution map; (B) Drilling result of #6.

approximately 2.0 m, and shallow cracks are approximately 0.5 m.
The wider cracks are mostly oriented in the east—west direction and
mostly arcuate. There are three main cracks on both sides of the
landslide body, which are often accompanied by small feather-like
cracks parallel to the sliding direction. The lower part of the
landslide is obviously swollen, forming a typical slide tongue of
the landslide. The main crack of the landslide is taken as an example
to conduct crack depth measurements by means of the soil resistance
method.

4.2 Measurement procedure

For the measurement of the depth of the main crack in
expansive soil, 13 measurement sections, i.e., #0-12, were
selected along the vertical direction of the crack (Figure 11).
The sections were not parallel and were approximately 1 m apart.
A metal rod was used as the measuring electrode. The metal rod
was inserted into the soil up to 10 cm to ensure good contact with
the soil and no shaking of the metal rod. The electrode layout was
perpendicular to the fracture profile and symmetrically
distributed along the crack. The electrode distance d ranged
from 1 m to 11 m. Data were recorded and analyzed by the
DA system. It must be guaranteed that there was no rain
during the measurement procedure, which began 1 week after
rain. During the process of water absorption and loss of the
expansive soil slope, the expansion and contraction cracks
developed and closed along the depth direction.

4.3 Results

The central profile (#6) was selected for analysis, and the curves
of resistance measurement R and electrode distance d on the second
day after rain, the third day after rain and 1 week after rain were
drawn, which were denoted T2, T3 and T7, respectively. The
resistance 1 week after rain was measured repeatedly (Figure 12).

The data showed (Figure 12) that as time progressed, the soil
cracks developed along the depth direction due to the drying
shrinkage, resulting in an increase in the resistance measured
between The d
corresponding to the lowest point of the T1, T2 and T7 curves

electrodes. electrode  distance values
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are approximately 1 m, 1 m and 1.5 m, respectively. According to
the above rules of crack depth D and electrode distance d, the crack
depths of T1, T2 and T7 are 1 m, 1 m and 1.5 m, respectively.
Similarly, 11 profiles were measured on the same day to detect the
development depth of fractures at different profiles, and a schematic
diagram of the depth and shape of fractures in the longitudinal
profile was drawn (Figure 13). To verify the probe results, a test pit
survey was conducted, and the results are shown in Figure 13. The
crack depth measured by the electric resistance method is consistent
with the drilling results.

5 Conclusion

This study explores a new method to conduct crack depth
measurements in engineering projects by means of combining
laboratory tests and numerical modeling analysis. The following
conclusions can be drawn:

(1) The laboratory tests determined that there exists a regular
variation in the N, value with the crack developing along the
depth direction. Meanwhile, there is an underlying regulation of
the electrode distance d corresponding to the Ry, value in each
Re-d curve.

The numerical modeling analysis further shows that the N,-D;
curve is in the shape of an S. The slope of the curve reaches the
peak when D, is approximately equal to 0.5. The R¢-d curve is in
the shape of a U. The d value corresponding to the minimum
value R,,;, is approximately equal to the crack depth D. The N,
value barely changes with the change in crack width. In the
range of the electric field, the offset and rotation of the crack
have little effect, while the measurement results have a strong
dependence on relocation movement.

Regarding the primary crack, electrode pairs are arranged from
end to end of the surface crack in accordance with the
measurement points. Rgd curves could be drawn by
changing the electrode distance d values. The crack depth D
value in each measurement point pair is approximately equal to
the electrode distance d corresponding to R,,i,. By means of this
electrical resistance method, a general view of the crack
underground could be portrayed. This method was employed
to measure the crack depth of an expansive soil slope and
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verified by comparing the measurement results and drilling
results.

In this paper, the quantitative relationship between crack
development and electrical parameter changes is confirmed from
the point of view of experiments and numerical simulations.
However, it should be pointed out that the development and
evolution of soil cracks exist in three-dimensional space, so it is
inevitable that the geometric parameters of cracks cannot be
accurately measured in two-dimensional studies, and there is
some deviation from the actual situation. However, for the
prevention and control of expansive soil slope engineering, the
deviation is within the allowable range. In the future, the
application of the electric resistance method in the development
of three-dimensional soil cracks will be further explored.
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