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By embedding a nonlinear nonequilibrium adsorption model considering the adsorption history (i.e., Bai model), a governing
equation for the three-dimensional model is extended, which discussed the infuence of varying seepage velocity and injection
concentration. Compared with the previous linear adsorption model, the concentration peak value of the nonlinear non-
equilibrium adsorption history model is higher than that of the linear model, and the time to reach the peak concentration is
slightly earlier. In the case of horizontal seepage water, a pollution point source tends to migrate along the direction of water fow
and has less ability to difuse in the vertical direction. Compared with the adsorption historymodel, the linear model has a stronger
blocking ability for pollutant migration, and the longer the time, the greater the gap between the two models.Te longer the decay
period, the wider the spread of contaminants, and the longer it takes for them to migrate out of the model completely. Te more
signifcant the head diference, the larger the difusion area of pollutants in the main seepage direction, but it has no promotion
efect on the lateral difusion. Te pollutant concentration is higher than that of the point source case, and the difusion range in
each section is wider. Te closer it is to the center of the pollution source, the weaker the dispersion efect on the difusion of
pollutants in the main seepage direction, and the pollutants will spread in the countercurrent direction, causing pollution
upstream.

1. Introduction

Te migration of pollutants in the soil is afected by many
conditions, such as seepage velocity, dispersion conditions,
soil adsorption capacity, chemical factors, and biological
factors [1–3]. Te adsorption mechanism of soil is com-
plicated for its complex nature [4, 5], and it also has specifc
characteristics for desorption. Previous studies have shown
that the adsorption capacity of porous media does not
change after the initial adsorption [6–8], but in practice, the
residue of pollutants in porous media will weaken its ad-
sorption capacity [9–11]. Diverse soil conditions will result
in complex adsorption-desorption processes, which in turn
afect the migration of pollutants. To better investigate the
migration law of pollutants in soil, a more realistic

adsorption-desorption model is needed to support the
theoretical research [12, 13], which is the basis for the de-
velopment of pollutant purifcation technology [8, 14].

Kim et al. [15] studied the infuence of hydraulic con-
ditions on the adsorption properties of porous media
through experiments. According to diferent chemical
conditions, it was found that the magnitude of particle
separation increased with the improvement of particle size.
Hosseini et al. [16] developed as an economical and alter-
native adsorbent to treat dye wastewater, in which the
magnetic chitosan nanocomposites possessed of excellent
adsorptive property for the recycle of wastewater contam-
inated by dye. Garćıa-Garcı́a et al. [17] studied the efect of
temperature on particle aggregation dynamics under dif-
ferent pH values and ionic strengths. Tey found that the
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particle coagulation rate decreases with the temperature
increase when the environment is alkaline. Lake and Rowe
[18] found through laboratory tests that the difusion co-
efcient is related to the concentration of the pollution
source. Cui et al. [19] explored the efects of particle sizes,
particle concentrations, penetration velocities, and pene-
tration directions on the dispersion and deposition mech-
anisms of suspended particles through cylindrical
penetration tests. Porubcan and Xu [20] discussed the mi-
gration characteristics of colloidal particles with diferent
particle sizes in the porous media of quartz sand mixed with
diferent particle sizes through experiments.Tey found that
when the proportion of fne sand in uneven quartz sand
increased, the adsorption of colloidal particles increased.
Mahmoodi et al. [21] investigated the hydration inhibitive
ability of surfactants by various experiments, including zeta
potential, XRD, FTIR, particle size, and SEM measures for
a dye removal by the surfactant-modifed montmorillonite.

Cui et al. [22] found that diferent metal ions have
diferent migration characteristics through laboratory re-
search. Te diference is mainly refected in the adsorption
properties, resulting in apparent diferences in the migration
process of diferent metal ions. Cui et al. [23] considered that
the attenuation of soil adsorption performance is afected by
its adsorption historical and temperature efect and con-
ducted a sensitivity analysis on relevant parameters [24].
Some researchers [9, 25, 26], based on the hydrodynamic
dispersion coefcient and fow velocity under unstable
conditions, established their pollutant transport equations in
semi-infnite space concerning space-time changes and
obtained the analytical solution under the action of the
Gaussian pulse pollution source. Cui et al. [22] proposed
a short-time pulse pollution source by studying pollution
sources, established a pollutant migration model, and cal-
culated the migration and deposition characteristics of
pollutants in porous media. Leij et al. [27] studied the
migration law of pollutants during equilibrium adsorption,
established a semi-infnite equation, and obtained the an-
alytical solution of a unidirectional stable seepage feld
through Laplace and Fourier transform. Dahaghi et al. [28]
deduced a new mathematical model of pollutant migration,
which considers the complex migration process of particles.
Rowe and Bookeret [29] proposed a two-dimensional fnite
layer calculation method considering vertical and horizontal
directions and obtained the migration law of layered soil
under the condition of linear equilibrium adsorption.

Miracapillo and Ferroni [30] considered the nonuniform
groundwater fow to simulate the migration process of
nuclides in the geological repository. Tey discussed the
infuence of distribution coefcient and hydraulic gradient
on pollutant migration, respectively. Trofa et al. [31] used the
arbitrary Lagrange–Eulerian method for numerical analysis
to solve the governing equation of pollutant transport and
numerically simulated the two-dimensional migration of
suspended particles at an infnite Reynolds number. Villone
et al. [32] used the arbitrary Lagrange–Eulerian method to
numerically analyze the model from a three-dimensional
perspective and obtained the corresponding numerical
analysis results. Mironenko and Pachepsky [33] considered

the exchange process and biochemical reaction process of
solutes in immobile and movable water and established
a pollutant migration model under the condition of a one-
dimensional semi-infnite soil column. Tiraferri et al. [1] frst
determined the functional relationship between particle
fltration coefcient and pore water ions through the de-
position test of particles in siliceous sand and then estab-
lished the corresponding model.

To explore the transport mechanisms of pollutants
under regular boundary conditions in three-dimensional
spatial, based on the in-depth analysis of typical ad-
sorption models, a nonlinear nonequilibrium adsorption
model (i.e., Bai model) [2] considering the adsorption
history is embedded to carry out the theoretical calcu-
lation of pollutant migration. Classifed by pollution
source difusion, the three-dimensional point source
model and three-dimensional volume source model were
discussed, respectively. Tis research analyzed the pol-
lution source changes and parameter changes and ob-
tained pollutant migration characteristics under the
corresponding model.

2. Theoretical Model

2.1. Governing Equations. Te governing equation has been
derived as [2, 25]

z(θC)

zt
� ∇ · (θD · ∇C − uC) −

z ρbCd( 􏼁

zt
, (1)

where C is the concentration of pollutants in porous media
(ML− 3), θ is the porosity of porous media, t is the time (T),D
is the hydrodynamic dispersion coefcient (T2T− 1), u is the
average velocity of cross section (LT− 1), ρb is the volumetric
dry density of porous media (ML− 3), and Cd is the con-
centration of adsorption (MM− 1).

Equation (1) refers to the amount of solute adsorbed by
the porous medium per unit mass. In the governing
equation, the expression of the dispersion term is
∇ · (θD · ∇C). Te mechanical dispersion coefcient tensor
and the molecular difusion coefcient tensor are combined
into the hydrodynamic dispersion coefcient tensor, i.e.,

Dij � Dd( 􏼁ij + D
∗τij, (2)

where Dij is the hydrodynamic dispersion coefcient
tensor (L2T− 1); (Dd)ij is the mechanical dispersion co-
efcient tensor (L2T− 1); D∗τij, represents the molecular
difusion coefcient tensor (L2T− 1), is the molecular dif-
fusion coefcient scalar, τij is the curvature tensor of
porous media.

For three-dimensional cases, assume that the seepage
direction of the fuid is horizontal, that is, vz � 0, D can be
obtained Dxz � Dzx � 0, Dyz � Dzy � 0, so the hydrody-
namic dispersion coefcient matrix is

Dij �

Dxx Dyx 0

Dxy Dyy 0

0 0 Dzz

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (3)

2 Advances in Civil Engineering



Te expression of hydrodynamic dispersion coefcient
tensor can be obtained when the main direction of seepage
velocity in porous media [34–36] is consistent with the
selected coordinates, and molecular difusion is ignored

Dij �

αLv 0 0

0 αTv 0

0 0 αTv

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (4)

where αL is the longitudinal dispersion of porous media (L),
and αT is the transverse dispersion of porous media (L),

It is assumed that the velocity in the plane direction is
mainly caused by pressure diference, and the velocity in
the vertical direction is mainly caused by gravity [25].
Te adsorption term of the governing equation repre-
sents the adsorption/desorption of pollutants in porous
media [37], which has been discussed in previous lit-
erature [38, 39]. Actually, several important isothermal
adsorption models such as Langmuir, Freundlich, and
Dubinin–Radushkevich were reported previously, which
was already applied to dye adsorption/desorption pro-
cesses in environmental, biological, and chemical
industries [40].

Combined with the famous adsorption history model
proposed by Bai et al. [2, 3] (i.e., Bai model), we can get

zC

zt
� ∇∙

D
R
∙∇C −

v
R

C􏼒 􏼓; R �
ρb

θ
kNF + 1,

kNF �
zCd

zC
�

kd∙e
− β1c/cl , (initial ads orption),

kr∙e
− β2c/cl , (desorption process),

⎧⎪⎨

⎪⎩

(5)

where v is the rate of penetration (LT− 1), R is the retardation
factor, kd is the adsorption equilibrium coefcient (L3M− 1),
kr is the desorption equilibrium coefcient (L3M− 1), kNF is
the equilibrium coefcient (L3M− 1), β1 is the attenuation
coefcient of initial adsorption (L3M− 1), β2 is the attenuation

coefcient of desorption process (L3M− 1), Cl is the char-
acteristic concentration (MM− 1), and Cp is the maximum
concentration before desorption (MM− 1).

When β1 � β2 � 0, it is a linear nonequilibrium adsorp-
tion process (Figure 1(a)). On the contrary, the adsorption
history efect can be considered as a nonlinear
nonequilibrium model.

In the past, the transport of pollution is generally
characterized by the frst-order attachment kinetics [25].
Here, a nonlinear attachment-detachment model with
hysteresis is used. Te attachment/desorption rate in
equation (1) can be written as [2, 3]

z Cd( 􏼁

zt
� λ · S − Cd( 􏼁, (6)

where λ is the reaction rate (T− 1), and S is the equilibrium
concentration (MM− 1).

Te parameter λ denotes the mass conversion between
moving and attached pollution under water fow and ac-
tually indicates the hysteretic efect of pollution attached
onto the matrix. Te determination method of some pa-
rameters was discussed in some previous references [26, 41],
which is a very promising method for measuring migration
parameters.

2.2. Model Characteristics and Numerical Calculation.
Figure 1 shows that when the concentration in the solution
increases (e.g., from point O to point B and further to point
A), the adsorption rate decreases. Tere is a maximum
adsorption concentration (Cd, max). When the concentration
decreases from a certain point (e.g., point B), a desorption
reaction occurs, and its magnitude is related to the maxi-
mum concentration of CP. When adsorption occurs again
due to the increment of solution concentration, the read-
sorption process is reversed along the desorption process
(i.e., CB), and the readsorption capacity is weakened

C

O

Smax

A (Cm,Sm)

B (Cp,Sp)
Sr,m

Sr

S

C

Desorption

Initial adsorption

Desorption-readsorption

(a)

t

C

O

A

B

C

D

E

(b)

Figure 1: Schematic diagram of adsorption history model: (a) absorption-desorption process and (b) solution concentration variation of
a point with time.
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compared with the initial adsorption process (i.e., OB),
indicating that the model is related to the adsorption history
of porous media.

It is assumed that the concentration at a certain point in
the pollution space changes with time, as shown in
Figure 1(b). Ten, in the stage OA, the pollutant concen-
tration increases, and the porous medium undergoes an
initial adsorption reaction. During stage AB, the concen-
tration of pollutants decreases, and the porous medium
undergoes a desorption reaction. In the later stage (e.g., stage
BC), when the concentration increases again, the adsorption
reaction occurs again, and the change path is opposite to that
of the desorption reaction in stage AB. During the numerical
calculation, it is necessary to record the concentration peak
(i.e., deposition history) during the concentration change
process. Of course, when the concentration is higher than
point A in the CD stage, it continues along the initial ad-
sorption process [41–43].

Te coupling calculation is carried out using the physical
feld of “dilute matter transfer in porous media” and the
mathematical feld of “domain ordinary diferential and
diferential algebraic equations” in COMSOL Multiphysics
5.4. Special solution settings complete the numerical model
calculation. Te time step algorithm uses the backward
diference formula (BDF). According to existed literature
[2, 3, 6, 24], the selected calculation parameters can be seen
in Table 1.

3. Adsorption History Effect of Pollutant
Migration under a Point Source

3.1. Model Establishment. Taking a point source case as an
example, the infuence of adsorption history on the
pollutant migration process is analyzed. It is specifed that
the positive direction of water fow is the positive di-
rection of x, and it is assumed that the model is a part of
the semi-infnite soil layer. Terefore, the six surface
boundaries of the cuboid model are set as the outfow
boundary. Te pollutants can fow freely from the
boundary during the migration process. Te pollution
source will be set in the cuboid formation and vary
according to schemes. To improve the calculation accu-
racy, the relative tolerance is set to 0.0001, the duration is
from 0 to 200 d, and the time step is 1 d.

For convenience, the point source of the pollution source
is set at the center of the plane, that is, the coordinates (25m,
25m). Te concentration can be set to exponential atten-
uation, i.e.,

c � 10 × e
− (t/T)

, (7)

where C is the concentration (in mol/l), and T represents
the attenuation period of pollutants.

Te initial value of concentration is set as 10mol/l, and
the attenuation period is assumed to be 100 d.Temigration
of point source pollutants in cuboid formation can be ob-
tained by calculating the model (Figure 2). Figure 2 indicates
that the difusion trajectory of the point source is approx-
imately a cone, which gradually expands outward from the
pollution source. Here, we will explore the characteristics of
the adsorption history model from the two perspectives of
line and surface.

3.2. Case of a Line Segment. Take a line segment to analyze
the concentration change, and the coordinates at both ends
of the line segment are (0, 25, 15), (100, 25, 15). Te change
of concentration with time at this line segment is taken and
compared with the previous linear model (Figure 3). From
the concentration change of the nonlinear adsorption his-
tory model, the pollutant distribution range is 30m–40m at
20 d, and the concentration value is small. With the increase
of time, the difusion range of pollutants gradually expands,
and the maximum concentration frst increases and then
decreases. Tus, in the early stage of pollutant (point source
attenuation) migration, the peak concentration is higher, but
the pollutant distribution range is smaller. Te peak con-
centration will decrease when the pollutant distribution
range increases. Te concentration distribution of the
nonlinear model is similar to that of the adsorption history
model. However, the pollutants in the adsorption history
model are more signifcant, and the gap becomes larger and
more prominent with time. Tis shows that the adsorption
capacity of the adsorption history model is weaker than that
of the nonlinear nonequilibrium model.

Similarly, take another line segment in the model, and
the coordinates at both ends of the line segment are (0, 25,
35), (100, 25, 35). Te concentration value at this curve has
decreased, which proves that the pollutant concentration at
the bottom of the model is higher than that at the top under
the action of gravity. From the perspective of concentration
changes, the peak concentration changes less, and the
concentration changes are more smoothly with time.

3.3. Changes of Pollutants at the Section. Te z� 10, 30m
plane is intercepted to study the changes of concentration
distribution with time. Compare the adsorption history
model with the linear model, as shown in Figure 4. For the
adsorption history model, at 30 d, the pollutant migrates to
the cross section at z� 10m. At 60 d, the pollutant propa-
gation area has reached 1316.7m2, the propagation range in
the x direction is 29.5m–73.4m, and the maximum con-
centration in the center is 0.01mol/l. With increased time,
the transmission area of pollutants gradually increases. Due
to the attenuation of the pollution source, the propagation
range moves with the seepage direction. In the case of
continuous seepage, pollutants will eventually fow out of the
model. Compared with the adsorption history model, the
linear model has a more vital ability to block themigration of
pollutants. For example, at 35 d, the pollutants difuse to the
cross section, and at 60 d, the pollutant propagation area
reaches 1173.4m2, the propagation range in the x direction is

Table 1: Model parameters.

Parameters ρb L r n αx u 0 Kd C 0
g/cm3 cm cm cm cm/s m3/g mol/L

Value 2.65 30 4.0 0.451 0.9 0.15 0.1 2

4 Advances in Civil Engineering



28.5m–68.3m, and the maximum concentration in the
center is 0.01mol/l. Compared with the adsorption history
model, the pollutant propagation range in the linear model is
more diminutive. For section x� 30m, its fundamental law
is similar to that of section x� 10m.

3.4. Infuence of HeadDiference Change. Te head diference
mainly controls the seepage velocity for the porous geo-
materials such as loose soil layer, soft rock, and fractured rock
mass. Hence, the calculation scheme considered the efect of
diferent seepage velocities (Figure 5). For example, comparing
the distribution of pollutants in 60days vertically, when the
head diference is 10m, the distribution range of pollutants is
1620.2m2. When the head diference is 25m, the pollutant
distribution range is 2759.8m2, and the concentration value
basically remains unchanged. Te head diference (seepage
velocity) signifcantly impacts the migration of pollutants. Te
larger the head diference, the larger the pollutants migration

and difusion area. From the comparison result, the head
diference only afects the pollutant migration in the seepage
direction but has no signifcant impact on the horizontal
difusion. By horizontal comparison, the concentration value
decreases with the increase of pollutant transmission area. It
should be noted that the physical mechanisms can be attributed
to the head diference and gravity.

4. Volume Pollution Source

Te established geometric model is 800m long, 400m wide,
and 400m high, which is set as isotropic saturated porous
media. Te volume source pollutants are simplifed as
a sphere with a diameter of 20m, and its central coordinates
are 200m, 200m, 200m, located in the middle of the
stratigraphic model near the left.

Assuming that there is a pollutant leakage in all di-
rections of the volume source, the boundary condition
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Figure 2: Te difusion trajectory of point source problem: (a) measurement point location and (b) difusion process.
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Figure 3: Concentration distribution on the x-axis calculated by (a) adsorption history model and (b) linear equilibrium model.
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setting and meshing are consistent with the point source
model, and each side of the cuboid is set as the outfow
boundary condition. Te specifc geometric modeling is
shown in Figure 6. Te spherical boundary is set as the
concentration boundary condition. To refect the concen-
tration attenuation of pollutants, the concentration value is
set as

c � 10 × e
− (t/3000d)

. (8)

Te concentration attenuation period is set as 3000 d.
Te difusion trajectory of pollutants obtained by calculation
is shown in Figure 6. Te characteristic sections z� 100,
300m are intercepted, and the variation of the concentration
of each section with time is shown in Figure 7. Te area of
pollutants is greatly expanded compared with the point
source model. Te difusion rate of pollutants is also sig-
nifcantly increased. For example, at z� 200m, the pollutant
area is 97729m2 at 300 d, the maximum concentration value
is 7.41mol/l, and the reverse migration distance of pollutants
along the x-axis is 53m. At 800 d, the pollutant area is
234920m2, the maximum concentration is 4.49mol/l, and
the reverse migration distance of pollutants along the x-axis
is 70m. Tis section is in the center of the volume source,
with a larger difusion area and higher concentration of
pollutants. It is evident that although the difusion area of
this section is larger, the propagation distance becomes
shorter. Te closer to the center of the pollution source, the
weaker the infuence of dispersion on the difusion of
pollutants in the main seepage direction. Under the volume
source model, pollutants can propagate in the reverse

seepage direction, causing pollution upstream. Terefore, in
the actual process of pollutant prevention and control, we
should also pay attention to the pollution of the groundwater
upstream.

Te characteristic sections y� 100, 300m are inter-
cepted, and the variation of the concentration of each section
with time is shown in Figure 8.Temaximum concentration
value at this section shows a trend of increasing frst and
then decreasing.Temaximum concentration value will also
decrease with the increase of pollutant area in the volume
source model. For example, at y� 100m, the pollutant area is
50605m2 at 300 d, and the maximum concentration value is
0.2 5mol/l. At 600 d, the pollutant area is 161300m2, and the
maximum concentration is 0.31mol/l. At 800 d, the pol-
lutant area is 211270m2, and the maximum concentration is
0.29mol/l.

Comparing the two sections, it can be found that the
changes of pollutants in the symmetrical sections on both
sides of the center of the pollution source are the same. Te
difusion of pollutants in the direction perpendicular to the
main seepage is mainly afected by dispersion and is sym-
metrically distributed. Te efect of countercurrent propa-
gation of pollutants can be seen from the migration of
pollutants in the section at y� 300m.

Te characteristic sections x� 300m, 400m are inter-
cepted, and the variation of the concentration of each section
with time is shown in Figure 9. In the direction perpen-
dicular to the main seepage fow, the difusion of pollutants
is mainly afected by dispersion. Te range and concen-
tration of pollutants increase frst and then decrease. Dis-
persion leads to the increase of pollutant area. However,
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Figure 4: Concentration change in section z� 10m at t� 30, 60, 100 d: (a) adsorption history model and (b) linear model.
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because the seepage efect is stronger than the dispersion
efect, the pollutant range and concentration value on the x
section will decrease with the attenuation of the concen-
tration of the pollution source. For example, at x� 400m, the
pollutant area is 7653m2 at 150 d, and the maximum
concentration value is 0.05mol/l. At 300 d, the pollutant area
is 72047m2, and the maximum concentration is 1.18mol/l.
At 800 d, the pollutant area is 77171m2, and the maximum
concentration is 1.28mol/l. By comparison, the longer the
section is from the pollution source, the later the pollutants
appear, the faster the difusion speed of pollutants, and the
lower the concentration of pollutants. In the volume source
model, the propagation of pollutants is still conical. Te

closer the pollution source, the smaller the propagation
range, and the higher the concentration value. Te farther
away from the pollution source, the larger the propagation
range, and the smaller the concentration value.

Te three-dimensional nonlinear nonequilibrium ad-
sorption model that takes into account the adsorption
history can be used to reveal the difusion law of pollutants
under regular three-dimensional boundary conditions. Tat
is, this model considers the probable increase or decrease of
seepage velocity as well as pollutant concentration in
practical engineering. Te transport laws of pollution
sources in three-dimensional spatial are also of interest in
real pollution problems such as changes in the difusion rate
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Figure 5: Infuence of water head diference at t� 30, 60, 100 d: (a) h� 15m and (b) h� 25m.
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Figure 7: Analysis of pollutant migration characteristics in z-section at t� 300, 600, 800 d: (a) z� 100m and (b) z� 300m.
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Figure 8: Analysis of pollutant migration characteristics in y-section at t� 300, 600, 800 d: (a) y� 100m and (b) y� 300m.
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and concentration feld of pollutants. Te problem of pol-
lutant difusion under complex boundary conditions (e.g.,
the variation of seepage direction and gravity efect) should
be discussed in the future.

5. Conclusions

A governing equation is obtained by embedding a nonlinear
nonequilibrium adsorption model (i.e., Bai model) consid-
ering the adsorption history in the three-dimensional situa-
tion, which can be easily applied to solve practical engineering
problems. Te concentration peak of the nonlinear non-
equilibrium adsorption history model is higher than that of
the linear model, and the peak concentration appears slightly
in advance.Te pollution source tends tomigrate horizontally
along the water fow direction, and the difusion capacity in
the vertical direction is small. Due to the infuence of gravity,
the concentration changes at the symmetrical position of the
vertical distance are diferent, and the bottom concentration is
higher than the upper concentration.

In the early stage of pollutant migration, the peak con-
centration is high, but the distribution range of pollutants is
small. When the distribution range of pollutants increases, the
peak concentration will decrease. Compared with the ad-
sorption historymodel, the linearmodel has amore vital ability
to block the migration of pollutants. Te longer the time, the
more signifcant the gap between the two models. Close to the
center of the pollution source, the gap between the two models
increases. By changing the attenuation period of the pollution
source, the longer the attenuation period is, the wider the
difusion range is, but the longer the time it takes for the

pollutants to migrate out of the model entirely, and diferent
sections have diferent regular distributions.

For the volume source model, the pollutant concentration
is higher than that of the point source model, and the difusion
range of each section is more comprehensive. Te closer to the
center of the pollution source, the weaker the infuence of
dispersion on the difusion of pollutants in the main seepage
direction, and the pollutants will spread in the countercurrent
direction, causing pollution upstream. Te difusion of pol-
lutants in the direction perpendicular to the main seepage is
mainly afected by dispersion and is symmetrically distributed.

Notations

C: Pollutant concentration in porous media
Cd: Adsorption concentration
Cl: Characteristic concentration
Cp: Maximum concentration before desorption
D: Hydrodynamic dispersion coefcient
kd: Adsorption equilibrium coefcient
kr: Desorption equilibrium coefcient
kNF: Equilibrium coefcient
L: Length of soil column
r: Soil column radius
R: Retardation factor
t: Time
T: Pollutant attenuation period
u: Average velocity of cross section
v: Penetration rate
β1: Attenuation coefcient of initial adsorption
β2: Attenuation coefcient of desorption process
∇: Vector gradient operator
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Figure 9: Analysis of pollutant migration characteristics in x-section at t� 100, 300, 800 d: (a) x� 300m and (b) x� 400m.
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ρb: Volumetric dry density of porous media
(Dd)ij: Mechanical dispersion coefcient tensor
D∗τij: Molecular difusion coefcient tensor
τij: Curvature tensor
αL: Longitudinal dispersion of porous media
αT: Transverse dispersion of porous media
αx: Tortuosity degree
θ: Porous media porosity.
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For buildings with shallow foundations embedded in natural soil sediments, the underexcavation method is often used to correct
building inclination. Relying on engineering experience and close feld monitoring, rectifcation has been conducted successfully.
However, theoretical studies are relatively scarce, resulting in an inadequately informed rectifcation design and procedure. Assuming
the soil is an ideal elastic-plastic body, a simplifed analysis was adopted to study the issue theoretically. First, the redistribution of the
base contact pressure after building inclination was deduced. Second, according to the force balance between the total contact
pressure of the base and the total stress on the horizontal plane at the excavation hole, the limit hole spacing at the critical state of
building back tilt was obtained, which was also the preferable hole spacing for soil strip collapse. Tird, because the amount of
anticipated forced settlement at a certain section of soil excavation is equal to the volume of soil hole collapse, an accurate formula for
the hole diameter was obtained. Combined with engineering experience, suggestions for the design procedure were proposed. Finally,
two case histories were introduced to verify the correctness and practicability of the theoretical formula for hole spacing and
diameter. Tese two key parameters provide a strong theoretical basis for building rectifcation in future engineering practice.

1. Introduction

In engineering practice, building inclination often occurs
due to design error, severe settlement, or surrounding un-
derground construction. For buildings with shallow foun-
dations based on natural sediment layers or reinforced soil
layers, underexcavation is the least intrusive and most
economical method for building rectifcation [1–3]. Te
success of rectifcation and building safety heavily depend on
close monitoring and dynamic construction. Teoretical
guidance is urgently needed in construction design and
correction. Based on the small hole expansion theory and
Tresca yield criterion, a formula was reported to determine
the radius of the plastic zone [4]. By submitting the
Mohr–Coulomb failure criterion to an elastic solution of the

stress around the hole for the plane strain problem, an
analytical plastic zone around the excavation hole was ob-
tained [5]. Te fnite element method was also introduced to
further study the mechanism of building rectifcation [6, 7].

To directly observe soil deformations and obtain detailed
data, several scale model tests were performed [8], and the
test results indicated that the vertical stress decreased above
the holes while increasing between the adjacent holes,
showing the stress transfer law. Using the fnite element
method, Xiao et al. further described the continuous stress
redistribution and displacement feld [9] and the rectifca-
tion mechanism was revealed.

Previous research has focused on the plastic zone and
hole spacing. Te consensus is that when the plastic zone
bridges the soil strip between neighbouring holes, the strips
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yield and produce plastic fow. At this moment, the building
starts to tilt reversely. Although the fnite element method
can be used for inclination correction analysis, calculating
a preferable hole spacing with a numerical simulation is
excessively demanding for an engineer. Till to now, there is
no applicable formula for the rectifcation design. Fur-
thermore, there is a lack of research on the relations between
the contact pressure and the redistributed stress between soil
strips in the critical state of back tilt.Te forced settlement of
building rectifcation by underexcavation derives from the
hole closure [3, 9], but few studies have focused on the
quantitative relationship between the parameters of soil
excavation and the expected base settlement.

A practical rectifcation design, given the expected
correction target (forced settlement), is to determine the
hole spacing, hole diameter, and plane layout of excavation
holes under certain building load and subsoil conditions. By
examining a number of rectifcation projects and studying
case histories, the authors have comprehended the re-
lationship between the design parameters and the rectif-
cation target. In this study, the subsoil is assumed to be an
ideal elastic-plastic body. By using the simplifed theoretical
analysis, the two formulas for ultimate hole spacing and hole
diameter are derived, which are the key parameters for
a rectifcation design.Te settlement can also be predicted by
the underexcavation confguration.

In the next section, the redistribution of contact pressure
is determined after the inclination of buildings. Te third
section presents the derivation of the preferable hole spacing
and hole diameter. Te fourth section describes the recti-
fcation design procedure. In the ffth section, two case
histories are introduced to verify the design parameters.
Finally, conclusions are ofered in the last section.

2. Redistribution of Contact Pressure

When the building is inclined, the contact pressure is
redistributed. For a building with a raft foundation, it is
assumed that the total height of the building is H, the length
of raft is L, and the width is B. Te building tilt is often along
the direction of width. Te horizontal displacement of the
building roof is ∆B, and the inclination of the building is i.
When the building has a regular shape and uniform weight,
it can be considered that the total structure load P of the
building acts on the centroid. Te horizontal eccentricity
caused by inclination is e, as shown in Figure 1.Te building
inclination can be expressed as follows:

i �
∆B
H

�
e

(H/2)
. (1)

Solving for e, it can be expressed as

e �
Hi
2

. (2)

Assuming that the subsoil is uniform, the redistributed
contact pressure caused by building inclination can be
calculated by

pk,max

pk,min

⎫⎪⎬

⎪⎭
�

P
BL

1 ±
6e
B

􏼒 􏼓 �
P
BL

1 ±
3Hi
B

􏼒 􏼓. (3)

Taking (H/B) � β, the formula can be written as

pk,max

pk,min

�
P
BL

(1 ± 3βi). (4)

Such a redistribution formula provides a basis for the
rectifcation design in a more concise way. According to the
“Code for Design of Building Foundation (GB50007-2011)”
[10], the maximum inclination of buildings is controlled
within 5%. Terefore, when the ratio of height to width
β≤ 10 and the building inclination i≤ 5‰, the contact
pressure changes within the range of ±15%.

3. Ultimate Hole Spacing and Hole Diameter

3.1. Ultimate Hole Spacing. When rectifying the inclined
building, as the excavation proceeds, more holes are cut, the
bearing area of the soil strips between the holes decreases
gradually, and vertical stress is more transferred to the soil
strips. Taking the subsoil as an ideal elastic-plastic body,
when the vertical stress on the minimum section of the soil

Pk,max

Pk,min

P

BΔB

H

e

Figure 1: Analysis sketch for redistribution of contact pressure.
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strips increases to the ultimate soil bearing capacity, the soil
strips will yield and collapse [3, 4].Te researchers simulated
the plastic zone evolution. Under the conditions of a contact
pressure of 90 kPa and an excavation hole spacing of 2.15 d,
the maps of efective plastic strain are shown in Figure 2. For
analysis details, we refer to document [9].

Marking contact pressure as p, it is close to or equal to
the allowable bearing capacity of the subsoil when the raft
area of a building foundation is determined. Terefore,

p ≈ fak �
pu

K
, (5)

where pu is the ultimate bearing capacity of the foundation
that can be determined by property parameters or by un-
confned compressive strength of the subsoil and K is the
safety factor of the foundation bearing capacity.

Underexcavation is conducted from the less subsidence
side of the building. Taking the cutting length as 1.0m, when
the hole spacing is l, hole diameter is d, and the total number
of holes at the cutting section is n, the efective area for
transferring vertical stress to deep is n(l − d) at the cutting
section. If the horizontal plane for small holes is to reach the
crushing state, the vertical stress loading on the soil strip
between the holes must reach the ultimate bearing capacity
pu of the subsoil, as shown in Figure 3.Te excavation hole is
generally within 1.0m underneath the raft; therefore, the
difusion of contact pressure to the depth of the excavation
hole can be ignored. According to the total vertical stress at
the horizontal plane in the middle of the hole being equal to
the total contact pressure under the raft, the following
equilibrium formula is obtained:

nlp � n(l − d)pu, (6)

i.e., nl(pu/K) � n(l − d)pu

Te ultimate hole spacing is

l �
K

K − 1
d � λd, (7)

λ �
K

K − 1
, (8)

where λ is the multiple of hole spacing to diameter,
depending on the safety reserve of the building foundation.

For an inclined building, its foundation bearing reserve
is somewhat lower with a safety factor of 1.5∼2.0, so the
corresponding hole spacing is (2.0∼3.0)d, which is consistent
with the previous engineering experience.

3.2. Applicable Hole Diameter. Te fnite element method
has been introduced to predict the building settlement
[11–13]. However, the simulated settlement caused by
underexcavation is often far less than the observed settle-
ment in the engineering practice. Taking the soil elastic
modulus as 15MPa, when a pressure of 90 kPa is applied to
the ground, the soil is excavated at a spacing of 4.3 d and the
diameter of the excavation hole is 110mm. Te maximum

ground settlement caused by underexcavation is approxi-
mately 1.5mm according to the fnite element calculation, as
shown in Figure 4, whereas under the same excavation hole
confguration, the excavation settlement in the project is
approximately 20mm. Te reason is that the fnite element
method is applicable to continuous bodies, and the calcu-
lated deformation only represents those caused by stress
redistribution. After the soil strips between the holes yield
and collapse, the fnite element method is no longer ap-
plicable for a broken discontinuous body. Nevertheless, hole
collapse is the main source of forced foundation settlement
for building rectifcation. Tis conclusion was also sup-
ported by Ovando–Shelley and Santoyo [3] and Xiao et al.
[9]. Terefore, a simplifed method is used to derive the hole
diameter given the target settlement.

Ignoring the elastic deformation caused by stress re-
distribution from soil excavation, a section perpendicular to
the soil cutting is taken for analysis. Assuming that the
amount of forced settlement at this section is s, the multiple,
i.e., λ of the hole spacing to diameter is determined by the
above formula (8), the number of rows of soil excavation holes
is m, and the number of holes in each row is n, as shown in
Figure 5. If the settlement volume is equal to the amount of
extraction soil, the equation is obtained as follows:

ie, snl � mn
πd

2

4
, (9)

ie, snλd � mn
πd

2

4
. (10)

Te hole diameter is

d �
4λs

mπ
. (11)

Forced settlement can also be predicted according to
rectifcation design parameters as follows:

s �
mπd

4λ
. (12)

It should be noted that the relationship between the
diameter of the excavation hole and foundation settlement is
derived under the condition of ignoring the raft stifness.
According to the theoretical calculation, the settlement
along the cutting direction changes abruptly. Due to the
stifness of the raft and structure, the settlement along the
cutting direction changes linearly with the maximum set-
tlement at the cutting side. In engineering projects, when
predicting the maximum settlement using the previous
formula, a coefcient should be introduced to modify the
diference between the theoretical value and site observa-
tions. According to the experience obtained from case
histories, the coefcient is in the range of 1.0∼3.0.

smax � η
mπd
4λ

. (13)
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4. Recommended Practical Design Steps

With two key parameters of hole spacing and diameter,
combined with engineering experience, the design steps are
recommended as follows:

Step 1. we calculate λ, the multiple of ultimate hole spacing
to hole diameter. According to the ultimate bearing capacity
of the foundation and contact pressure, the safety factor, K,
is determined by formula (8). For a concise rectifcation
design, the redistribution of contact pressure can be taken

PLANE STRAIN STRAIN
E-EFFECTIVE PLASTIC

+1.27e+000
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Figure 2: Maps of efective plastic strain of underexcavation.
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Figure 3: Analysis sketch for the ultimate spacing of holes.
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Figure 4: Simulated settlement after underexcavation.
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into account. For the convenience of subsequent in-
structions, we take λ � 3.

Step 2. we determine the lengths of the excavation holes. For
ordinary residential buildings within 16m in building width,
two drilling lengths can be appropriate for rectifcation.
According to many years of experience in rectifying projects,
the optimal maximum drilling length extends to the 3/4 of
the dimensions in tilt direction [14], which not only facil-
itates the building back tilt but also avoids unnecessary
settlement on the less subsidence side. Te recommended
hole lengths are 0.75 B and 0.5 B, as shown in Figure 6.

Step 3. we determine the hole diameter and the hole con-
fguration. Te target maximum forced settlement at the
cutting side is smax; when the foundation is completely rigid,
the settlement at the centerline is smax/2. Using formula (11),
the corresponding diameter of the excavation hole is

d �
4λ
mπ
∙smax

2
.

�
6smax

mπ
.

(14)

When taking m � 1, we obtain

d �
6smax

π
. (15)

Assuming the expected maximum settlement
smax � 60mm, we obtain d ≈ 115mm. According to the
available bit type in the present market, a hole diameter of
110mm is applicable. For the convenience of construction,
the drilling diameters of the two types of holes with diferent
lengths are taken as the same. It is recommended to take 2/3
of the total number of excavation holes with a length of
0.75 B and 1/3 of the total number with a length of 0.5 B to
ensure that the theoretically calculated settlement area on
the inclination correction profle is equal to the settlement
area of the raft. Te layout of the soil extraction holes is
shown in Figure 6.

Step 4. we dynamically modify the rectifcation scheme. For
each specifc correction project, the building structure,
foundation, subsoil, construction technology, and accom-
panying measures are diferent and the design scheme
should be modifed according to the site circumstances. For
example, if the basement is surcharge loaded on site, the
contact pressure increased. Correspondingly, the safety
factor K of the soil strips is decreased. Based on
λ � K/(K − 1), the critical hole spacing should be modifed
to be larger. For another example, water injection into an
excavation hole helps decrease the shear parameters of
cohesive subsoil, especially for those with a naturally low
water content; as a result, the ultimate bearing capacity of the
soil strip decreases. Terefore, when the measure of fushing
water is adopted in the feld, a larger hole spacing can crush
the soil strip.

5. Verification by Case Histories

5.1. Case 1: An 11-Storey Building with a Frame Structure.
A residential building in Jiangsu Province in China has
a frame structure of 11 foors above ground and one foor
underground [15]. Te building is based on a beam-
embedded raft of 450mm in thickness. According to the
geotechnical survey report, the bearing stratum underneath
the raft is silt and silty clay, which have a characteristic
bearing capacity (allowable bearing capacity in design) of
100 kPa. After completing the structure, it was found that the
uneven settlement had occurred. Until building rectifcation,
the inclination had reached 6%. Te building is 52.8m in
east-west length and approximately 14.0m in south-north
width. A total of 76 excavation holes with three lengths were
set at the building’s north side, with a spacing of 600 to
800mm; during onsite construction, 20 additional excava-
tion holes were drilled due to difculties in back tilting the
building. Te construction process was divided into three
stages as follows:

Stage 1: preparation of underexcavation, including
excavation of the working trench and dewatering to

nl

d d

l l

S

l = λ d

Figure 5: Analysis sketch for diameter of the digging hole.
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lower the groundwater level below the working trench
bottom
Stage 2: underexcavation for building rectifcation,
during which the holes were cut uniformly and sym-
metrically along the building north side, with short
holes frst, then long holes, and fnally
supplementary holes
Stage 3: foundation reinforcement, including grouting
to fll the not completely closed holes and collapsed
loose soils upon accomplishment of correction and
then driving 188 micropiles as settlement reducers

Te construction photos are shown in Figure 7. Te
building exhibited relatively high rigidity during the back
tilting process. Te curves of settlement versus time of
typical monitoring points are shown in Figure 8. To verify
the theoretical formulas, only the settlement data in the

excavation stage are investigated. Taking the monitoring
data of 4 points in the building middle, the induced average
settlement of M5 and M6 was 58mm during the under-
excavation stage, while the south monitoring of M15 and
M16 presented slight uplift at the same time. Te obser-
vations indicate that the building tilts back by rotating
around a certain axis, showing relatively high rigidity.

5.1.1. Verifcation of the Hole Spacing. According to the
allowable bearing capacity of the supporting subsoil given by
the site investigation report, we take the ultimate bearing
capacity pu as two times the allowable value, 200 kPa.
Considering the dead load and live load, the 12 foors of the
building exert a contact pressure p � 12 × 15 � 180 kPa.
Because the building was not decorated and not occupied,
the contact pressure was taken as 0.9 times the above
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 n
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l
l

l

(3
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Figure 6: Sketch for rectifcation design.
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estimated value, which is approximately 160 kPa. At the
onset of rectifcation, the safety factor of the foundation soil
is K � (pu/p) � (200/160) � 1.25. Consequently, the ulti-
mate hole spacing is λ � (K/(k − 1)) � 5, i.e., hole spacing is
l � 5d. Te adopted hole diameter is 110mm, and the
theoretical spacing is 550mm. Amazingly, the average hole
spacing in the feld is l � (L/n) � (52800/(76 + 20))

� 550mm, which agrees well with the theoretical calculation.

5.1.2. Verifcation of the Relationship between the Hole Di-
ameter and Foundation Settlement. Using formula (12), the
theoretical settlement is

s �
mπd
4λ

�
1 × 3.14 × 110

4 × 5
� 17.27mm. (16)

During the whole operational process of the building
rectifcation and foundation reinforcement, the back

(a) (b)

Figure 7: Underexcavation of case 1. (a) Te building. (b) Underexcavation feld.
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inclination is 5.6%, perfectly achieving the target level of
building rectifcation. During the underexcavation stage, the
observed settlement is 58mm, which is approximately
3.35 times the value of the theoretical calculation. Even
considering η � 3.0, the observed settlement at the soil
cutting side is still slightly larger. It is speculated that the
following factors existed:

(1) Consolidation settlement continued to develop
during underexcavation

(2) Te foundation soil was soft, and the excavation of
working trench released the lateral earth pressure. As
a result, the soil creep deformation occurred, con-
tributing to the north side settlement

(3) Dewatering caused additional stress in the subsoils,
and additional settlement was induced

(4) Approximately one-quarter of the holes were re-
peatedly excavated, which brought more soil out
the hole

5.2. Case 2: A 6-Storey Building with a Masonry Structure.
A 6-storey masonry building in Shandong Province in China
is 41.2m in length and 12.8m in width on plane [16]. Te
north side of the building is based on medium to stif plastic
silty clay, while the south side of the building is laid on
a backfll andmuddy soil layer. To solve this problem, a lime-
soil cushion of 1.5m in thickness was adopted above which
a raft foundation was laid to strengthen the building stif-
ness. Nevertheless, half a year after the completion of the
building, the measured inclination to the south reached
5.87‰. To correct the building, underexcavation beneath
the lime-soil cushion was conducted.

5.2.1. Verifcation of the Hole Spacing. According to the
geological survey report, the characteristic value fak, i.e., the
allowable bearing capacity of silty clay is 150 kPa and the
ultimate bearing capacity is 300 kPa. Te building has 6
foors in total, and the estimated contact pressure, including
lime-soil cushion weight, is p � 15 × 6 + 1.5 × 18 � 117 kPa.

12
.8

 m

41.12 m

0.6 m0.6 m

Supplimentary holes Initial design holesRaf

Figure 9: Hole confguration of case 2.
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Terefore, the safety reserve of the foundation soil is
K � pu/p � 300/117 � 2.56; then, the multiple value of hole
spacing to diameter in the limit state is λ � K/(K − 1) � 1.64.
Te ultimate hole spacing is l � 1.64d.With an applied hole
diameter of 110mm, the theoretical hole spacing should be
180mm.

After the raft south edge was pinned by micropiles, soil
extraction was conducted from the north side of the
building. Te excavation holes were spaced at 600mm and
extended to 7.0m or 9.0m in the tilt direction underneath
the cushion. After the excavation was completed in accor-
dance with the rectifcation design scheme, the back in-
clination of the building could not achieve the expected goal
of less than an inclination of 2.0%.Terefore, supplementary
holes with a length of 10.5m were cut obliquely with the raft
edge at a spacing of 600mm.Te conducted holes are shown
in Figure 9.Tere are actually 3 excavation holes within each
spacing of 600mm, so the actual excavation hole spacing is
200mm.Tis value is in good agreement with the theoretical
calculation of 180mm.

5.2.2. Verifcation of the Relationship between the Hole Di-
ameter and Foundation Settlement. Te actual multiple is

λ �
200
110

� 1.82. (17)

Using formula (12), the theoretical settlement is

s �
mπd
4λ

�
1 × 3.14 × 110

4 × 1.82
� 47.45mm. (18)

Te rectifed settlement of the monitoring points is
approximately 50mm, as shown in Figure 10, which is close
to the theoretical formula. Te coefcient of settlement η
is 1.05.

Two case histories verify the correctness and practica-
bility of the theoretical formulas of ultimate hole spacing and
adoptable hole diameter. In addition, design modifcation
and dynamic construction are necessary for each building
with a specifc foundation. Te comparison of these two
typical case histories is shown in Table 1.

6. Conclusions

In the previous correction projects, the engineers had to rely
on experience to design and conduct rectifcation. Te
success was severely dependent on close monitoring and
holding on underexcavating. Trough simplifed theoretical

analysis, the key parameters for inclination correction are
deduced and its validity and practicability are verifed by two
case histories. Te main conclusions are as follows:

(1) After the building is tilted, the base contact pressure
is redistributed. Under the condition of uniform
distribution of structural loads, a formula is pro-
posed to calculate the stress redistribution according
to the building incline. For a concise rectifcation
design by underexcavation, the redistribution of
contact pressure should be considered.

(2) Trough simplifed theoretical analysis, based on the
total contact pressure underneath the raft being
equal to the total pressure at the soil strips between
excavation holes, the ultimate hole spacing is ob-
tained. It is also the preferable hole spacing that
facilitates the hole crushing. According to the vol-
ume of induced settlement being equal to the volume
of soil extraction, the applicable hole spacing is
obtained. Meanwhile, the induced settlement could
be predicted by the determined parameters for
underexcavation.

(3) Te verifcation of case histories shows that the
formulas are efective and applicable. Tese two
formulas provide a solid theoretical basis for the
design of rectifcation by underexcavation, but the
design scheme needs to be modifed according to the
structure type, geotechnical conditions, and other
extra measures for promoting settlement. During the
process of building correction, close monitoring and
dynamic modifcation are still essential.

(4) With the formulas presented in this study as a guide,
the critical safety state and desired settlement can be
controlled and the excavation time can be reduced.
In this research, the ultimate crushing bearing ca-
pacity of soil strips between holes is not exactly the
same as the ultimate bearing capacity of the foun-
dation, which requires further study. When the
maximum settlement at the excavation side of
a building is predicted according to the parameters
for underexcavation, the coefcient requires further
accumulating empirical data.

Symbols

B: Raft width
L: Raft length
H: Total height of the building, including the

underground part
∆B: Horizontal displacement of the roof caused by

building inclination
i: Inclination of building
e: Horizontal eccentricity caused by building

inclination
β: Ratio of building height to width, β � (H/B)

P: Nominal combination of building load
p: Contact pressure of the shallow footing
pk,max: Maximum contact pressure

Table 1: Comparison between the practical value and the
calculated value.

Project Case 1 Case 2
Floor 11F + 1F 6F
Design bearing capacity fak (kPa) 100 150
Adopted hole spacing (mm) 550 200
Teoretical hole spacing (mm) 550 180
Observed settlement (mm) 58 50
∗Calculated settlement (mm) 17.27 47.45
Note. ∗η�1.0.
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pk,min: Minimum contact pressure
s: Building settlement caused by underexcavation
smax: Maximum settlement at the cutting side
pu: Ultimate bearing capacity of the foundation
fak: Allowable bearing capacity in foundation design
K: Safety factor of the foundation
λ: Multiple of hole spacing to diameter
d: Hole diameter
l: Hole spacing
m: Number of rows of excavation holes
n: Number of holes in the excavation section
η: Coefcient of settlement.
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Te circular economy encourages the production and consumption of sustainable embankment geomaterials and their blends
utilizing recycled waste materials in roads, railway tracks, airfelds, and underground structures. Geomaterials comprising high-
plastic soft expansive clay pose excessive settlement during cyclic trafc/railway/airfeld loading resulting in uneven geometry of
overlying layers. Tis paper demonstrates multiobjective optimized improvement of expansive clay (C) geotechnical charac-
teristics by cost-efective agro-wastes additives at microlevel (by 3% to 12% rice husk ash, i.e., RHA), nanolevel (by 0.6% to 1.5%
rice husk derived green nano-SiO2, i.e., NS), and synergistic micro to nanolevel (NS-RHA). Te swell potential, resilient modulus
(MR), initial elastic modulus (Es), unconfned compressive strength (UCT), and California bearing ratio (CBR) of C and its blends
were determined. Te chemical characterization of C and its blends were conducted through Fourier transform infrared
spectroscopy (FTIR) and optical microscopic tests. Te outcome of this study depicted that the cost ratio for the optimized
composite, i.e., (1.2% NS-9% RHA)/(9% RHA) is 1.22 whereas stifness ratio MR (NS-RHA)/MR(RHA) and Es (NS-RHA)/
Es(RHA) and strength ratio UCT(NS-RHA)/UCT(RHA) and CBR(NS-RHA)/CBR(RHA) were found to be 2.0, 1.64, 2.17, and
2.82, respectively. FTIR revealed the chemical compatibility between C, RHA, & NS from durability perspective. Cost-stifness
results of this study can be applied by geotechnical experts to economize the green stabilization of C by use of agro-waste for
sustainable development.

1. Introduction

Sustainable embankment materials are desired globally by
geotechnical experts from durability, cost-efectiveness,
and optimization perspectives for civil engineering in-
frastructures [1–10]. Urbanization around the world is
going on fast-track [11] due to which the problematic soils
sites are also in demand for soils improvement
(stabilization).

All soils from A-1 to A-7 (AASHTO classifcation) can
be used as subgrades in pavements. High plasticity expansive
clays are one of the common problematic soils that need the
stabilization before its usage as bearing or construction
material under embankments. Tese expansive clays are
sufciently strong in dry condition but with increase of
moisture, these soils loose strength drastically [12, 13].
Expansive clay subgrade of low bearing capacity is con-
sidered as a costly issue [14] for which stabilization is
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a feasible solution to increase shear strength and to decrease
water susceptibility [15]. Furthermore, the expansive clays as
subgrade are prone to large settlements resulting in for-
mation of uneven geometry around the embankment
[16–18]. From geotechnical perspectives in pavements
subgrades built with expansive clays, commonly the more
important parameters of interest are resilient modulus
(MR), elastic modulus (Es), unconfned compressive
strength (UCT), and California bearing ratio (CBR) index.
MR is used in pavement design to simulate dynamic
haversine trafc loading. Es estimated from stress-strain
curve of UCT can be used for conservative design of
pavements, [19] and it can be evaluated from straight line
drawn at stress-strain curve up to 50% of peak stress [20].
CBR is the vital parameter which is used in the estimation of
pavement thicknesses.

Flexible pavement components such as wearing course,
base course, and subbase course usually have enough elas-
ticity and transmit the overpassing vehicle loads to the
underneath layer of expansive clay subgrade for dissipation
[12, 13].

Traditional microstabilizers most notably cement, lime,
and fy ash are in frequent use worldwide to improve ex-
pansive clay for the last few decades [21–24]. Te main
drawback of cement and lime stabilization is the emission of
harmful gases such as CO2, SO2, and NOx in the environ-
ment which outweighs their benefcial efects [25–27]. Tese
microstabilizers increase the pH of expansive clay up to 12
which creates environmental problems [17]. Fly ash (a coal
combustion product) due to its high value of the pH reduces
the nutrient access to plants when mixed with expansive
clays, so the adoption of green additives for stabilization is
trending amongst geotechnical and pavement engineers
[28–30].

Environmental friendly microstabilizers derived from
agro-wastes are rapidly replacing the traditional micro-
stabilizers for expansive clays [18]. Straw, bagasse, and husk
are popular form of agro-wastes used.Te increase in the use
of expansive clays with agro-waste microstabilizers reduces
the expenditure on cement which is being used earlier in
abundance [12, 13]. Husk derived from rice (RH) showed
promising potential for microstabilization of expansive
clayey soils. Furthermore, the ash of rice husk (RHA) also
proved potential for expansive clay stabilization at micro-
level. RH is abundantly available in rice producing countries
all over the globe as waste product of rice milling process.
Te chemical analysis shows that the 35% cellulose, 35%
hemicellulose, 20% lignin and 10–20% ash can be obtained
from of rice husk on dry weight basis [31]. RHA can be used
as green additives due to its high pozzolanic activity [32].
RHA is produced by the burning of rice husk at about 600°C
in which high quantity of silica, low quantity of oxide and
high specifc surface is observed.

Te common nanoparticles used with soils are alu-
minium oxide-Al2O3, titanium oxide-TiO2, silicon oxide-
SiO2, carbon nanotubes etc.Tese nanoparticles can stabilize
(nanostabilization) the structure of soil at nanoscale
(100 nm). Te use of nanoparticles takes signifcance from
the aspect of interparticle space concept, i.e., voids between

soil particles. Te nanoparticles cause transformation of
pore liquid to viscous gel resulting in enhancement of soil
shear resistance. Te nanostabilization of soil improves its
structure, physical, and chemical properties due to flling of
voids at nanolevel [18]. In addition, the nanostabilization
causes enhancement of load bearing potential of soil [33].
Various earlier researches described the interparticle spaces
and potential of making the expansive clay denser with
nanosilica.

Te stabilization of soil at the microscale (using RH/
RHA/cement/lime/fy ash/) does not change the properties
of parent material signifcantly. Because, microstabilizers
normally reduces plasticity of soils and facilitate in pozzo-
lanic action. Nanostabilization is very active and changes the
interlayer structure of parent soil and enhances the density
and intermolecular attractive forces ultimately causing the
increase in stifness (resilient and elastic moduli) of blend.
Tese nanoparticles infuence the microstructure, physical,
chemical, and geotechnical properties. Furthermore, the use
of nanoparticles imparts the pozzolanic action in the blends.

Cost-efective and eco-friendly extraction of nanosilica
from RHA can be accomplished by chemical and com-
bustion methods. Reference [18] presented the combined
efect of microlevel (cement) and nanolevel (nanosilica) on
marl clay and found that nanosilica was four times more
efective compared with cement stabilized marl clay.

Te individual efects of nano and microparticles are
needed to be compared with combined efect of nano plus
microsynergy of particles. Previous studies present details of
improvement in strength and plasticity of soft expansive
clays by use of RHA and nano-SiO2 independently.Tere are
rare studies on the efect of synergistic combination (green
and cost-efective) of micro and nanolevel particles on the
resilient modulus (MR), elastic modulus (Es), UCT, and
CBR of expansive clay. Followings were the objectives of the
study:

(i) Evaluation of optimal doses of micro, nano, and
micronano agro-waste additives for the synergistic
green stabilization of expansive clay

(ii) Determination of optimal ratios of MR, Es, UCT,
and CBR for nano to microlevel stabilization and
comparison with cost ratio for nano to micro-
synergistic mixing of RHA and NS in expansive clay

(iii) Characterization of expansive clay and its blends
with RHA and NS through Fourier transform in-
frared spectroscopy (FTIR) and optical
microscopic tests

2. Materials and Methods

Expansive clay samples (C) were characterized in the lab-
oratory by specifc gravity, natural moisture content, gra-
dation, Atterberg limits, engineering classifcation, shear
strength, consolidation, and modifed proctor compaction
tests. All tests were carried out in accordance with the
relevant ASTM standards. Characterization of such types of
clay has been described by Lang et al. [25]. Te rice husk was
collected from rice mill near Lahore, Pakistan. Te rice husk

2 Advances in Civil Engineering



was ground in 1000 rpm grinder for 4minutes to prepare
rice husk powder (RH). Te particle sizes obtained ranged
from 0.6mm to 0.063mm. Te rice husk ash (RHA) was
obtained by controlled burning of the RH at 600°C. RHAwas
characterized in the laboratory by the specifc gravity,
plasticity index, and loss-of-ignition tests. Commercially
available nano-SiO2 (NS) was procured. Te properties of
NS such as physical state, particle size, surface area, particles
density, purity, and pH were determined in the laboratory.

Figure 1 shows the physical samples of clay, rice husk,
rice husk ash, and nano-SiO2 used.

RHA in the proportions of 3%, 6%, 9%, and 12% and NS
in the proportions of 0.6%, 0.9%, 1.2%, and 1.5% were mixed
in C to prepare samples for determination of swell potential,
unconfned compressive strength (UCT), resilient modulus,
and California bearing ratio (CBR). Te proportion of RHA
and NS was selected keeping in view the typical guideline
range of these materials mixed with clay from previous
studies [12–14, 32]. Tables 1–3 show the test matrix details
used in experimentation.

C and its blends prepared with RHA and NS (Table 1)
were subjected to evaluation of swell potential (ASTM
D4546), unconfned compression (UCT) strength (ASTM
D2166), resilient modulus (AASHTO T-307), and California
bearing ratio (CBR) (ASTM D1883) tests. Te length to
diameter ratio of 2 was used in samples preparation. Te
strain rate of 1mm/min in vertical axial direction was
employed during UCT tests. Te elastic modulus (Es) was
derived from the initial portion of the stress-strain curves of
UCT test. Te peak stress, i.e., unconfned compressive
strength (UCT), was also observed from the UCT stress-
strain curves which depict the shear strength of the clay
without any confning pressure. Te resilient modulus (MR)
test was performed on cyclic triaxial test machine. Cyclic
haversine shaped load was applied for on each test specimen,
and the last fve cycles were selected for the measurement of
load, horizontal deformation, and vertical deformation. In
CBR tests, during saturation and shearing phases, a standard
dead load of 10 lbs. was applied. Te samples of C, C +RHA,
C+NS, and C+RHA+NS prepared for UCT tests are
shown in Figure 2.

Crystallographic structure of C and RHA was also
evaluated by the X-ray difraction (XRD) technique. Te

characteristics compositions of C, RH, RHA, NS, and
C+RHA+NS (optimum blend) were also determined
through the Fourier transform infrared (FTIR) spectroscopy
and optical microscopy tests. Te palettes of samples pre-
pared for the FTIR tests are shown in Figure 3.

In order to compare the cost impact of diferent additives
with clay, the stifness to cost analysis was also carried out.

3. Results and Discussions

Te geotechnical engineering characteristics of expansive
clay are summarized in Table 4.

Te C sample primarily comprised of fnes, i.e., clay and
silt in proportion of 73% and 23%, respectively. A fraction of
4% fne sand was also observed in the sample. Te specifc
gravity of C was found 2.68 with plasticity index (PI) of 43%.
Te C was classifed as medium to high-plastic clay (CH) in
accordance with unifed soil classifcation system (USCS).
Such soils exhibit expansive nature, i.e., free swell potential
30% and swell pressure 232 kPa. Te compression index of
0.44 was observed in C. Te shear strength was found, i.e.,
cohesion of 61 kPa with friction angle of 100. Te rice husk
ash (RHA) and nanosilica characteristic properties are
tabulated in Tables 5 and 6, respectively.

(a) (b) (c) (d)

Figure 1: Physical appearance of samples used (a) clay, (b) rice husk, (c) rice husk ash, and (d) nano-SiO2.

Table 1: Expansive clay plus rice husk ash composite tests matrix.

Sr Label Swell
potential∗ UCT∗ Resilient

modulus∗ CBR∗

1 C X X X X
2 C+ 3%RHA X X X X
3 C+ 6%RHA X X X X
4 C+ 9%RHA X X X X
5 C+ 12%RHA X X X X

Table 2: Expansive clay and nanosilica composite tests matrix.

Sr Label Swell
potential∗ UCT∗ Resilient

modulus∗ CBR∗

1 C+ 0.6%NS X X X X
2 C+ 0.9%NS X X X X
3 C+ 1.2%NS X X X X
4 C+ 1.5%NS X X X X
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Te RHA exhibits dark grey color and nonplastic be-
havior with typical loss of ignition (LOI) value of 1%.

Te nanosilica powder shows neutral behavior with an
average particle density of 0.134 g/cm2.

Te efect of RHA andNS on free swell potential of clay is
shown in Figure 4. It was observed that 3%, 6%, 9%, and 12%

RHA caused 16%, 24%, 28%, and 32% decrease in swell
potential of C. Te C was also ameliorated with 0.6%, 0.9%,
1.2%, and 1.5% NS, which resulted in 24%, 40%, 44%, and
48% decrease in free swell potential. Moreover, the C was
also blended with RHA plus NS composites. Synergistic
composites of 3%, 6%, 9%, and 12% RHA with 0.6%, 0.9%,
1.2%, and 1.5% NS decreased the swell potential of C
substantially as compared with the individual blends of C
with RHA or NS as presented in Figure 4.

Te optimal synergistic blend of 9% RHA plus 1.2% NS
showed 72% decrease in free swell amongst studied pro-
portions. Te proportions blends showing the RHA and NS

Table 3: Expansive clay, rice husk ash, and nanosilica composite tests matrix.

Sr Label Swell potential∗ UCT∗ Resilient modulus∗ CBR∗

1 C+ 3%RHA+0.6%NS X X X X
2 C+ 3%RHA+0.9%NS X X X X
3 C+ 3%RHA+1.2%NS X X X X
4 C+ 3%RHA+1.5%NS X X X X
5 C+ 6%RHA+0.6%NS X X X X
6 C+ 6%RHA+0.9%NS X X X X
7 C+ 6%RHA+1.2%NS X X X X
8 C+ 6%RHA+1.5%NS X X X X
9 C+ 9%RHA+0.6%NS X X X X
10 C+ 9%RHA+0.9%NS X X X X
11 C+ 9%RHA+1.2%NS X X X X
12 C+ 9%RHA+1.5%NS X X X X
13 C+ 12%RHA+0.6%NS X X X X
14 C+ 12%RHA+0.9%NS X X X X
15 C+ 12%RHA+1.2%NS X X X X
16 C+ 12%RHA+1.5%NS X X X X
∗Average value of three replicates.

C C+RH C+NS C+RHA+NS 

Figure 2: Te UCT test samples of clay and its mixes.

(a) (b) (c) (d) (e)

Figure 3: Palettes for the FTIR tests, i.e., (a) soil, (b) rice husk, (c)
rice husk ash, (d) nanosilica, and (e) optimum blend of (a), (c), &
(d).

Table 4: Summary of geotechnical engineering characteristics of
expansive clay (C).

Value∧ Standard name
Constituent/property
Specifc gravity 2.68 ASTM D854
Natural moisture content (%) 22.5 ASTM D2216
Gradation/classifcation
Sand (%) 4 ASTM D422
Silt (%) 23 ASTM D422
Clay (%) 73 ASTM D422
Atterberg limits
LL-liquid limit (%) 91 ASTM D4318
PL-plastic limit (%) 49 ASTM D4318
PI-plasticity index (%) 43 ASTM D4318
SL-shrinkage limit (%) 39 ASTM D4318
USCS chart classifcation CH ASTM D2487
Cohesion (kPa) 61 ASTM 4767
Friction angle (degree) 10 ASTM 4767

Optimum moisture content (%) 24.3 ASTM D1557
ASTM D1557

Maximum dry density (g/cm3) 1.74 ASTM 4546
ASTM4546

Free swell potential (%) 30 ASTM4546
Swell pressure (kPa) 232 ASTM4546
Compression index 0.44

^Average value of three tests performed.
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beyond 9% RHA and 1.2% NS presented higher free swell
values due to dispersive efects of stabilizers.

Te C was blended with diferent proportions of RHA,
and it was observed that 3%, 6%, 9%, and 12% RHA caused
1.36, 1.66, 2.3, and 1.92 times increase in unconfned
compressive strength (UCT). Te C was also ameliorated
with 0.6%, 0.9%, 1.2%, and 1.5% NS, which resulted in
increase of 1.62, 2.23, 2.87, and 43 times UCT.Moreover, the
C was also mixed with RHA plus NS composites. Synergistic
composites of 3%, 6%, 9%, and 12% RHA with 0.6%, 0.9%,
1.2%, and 1.5% NS increased the UCT of C substantially as
compared with the individual blends of C with RHA orNS as
presented in Figure 5.

Te combined efect of RHA and NS enhanced the UCT
from 53 kPa (clay) to 265 kPa, i.e., 5 times higher, by the
addition of optimized contents of 9% RHA and 1.2% of NS.

Te stress-strain curves of UCT in Figure 6 show that the
stress with respect to strain enhances the linear portion with
increase in RHA and NS. Te C was blended with diferent
proportions of RHA, and it was observed that 3%, 6%, 9%,
and 12% RHA caused 1.07, 1.17, 1.44, and 1.24 times in-
crease in elastic modulus (Es) of clay. Te C was also mixed
with 0.6%, 0.9%, 1.2%, and 1.5% NS which caused an in-
crease of 1.15, 1.28, 1.8, and 1.33 times the Es of C.Moreover,
the C was also ameliorated by synergistic composites of RHA
plus NS. Composites of 3%, 6%, 9%, and 12% RHA with
0.6%, 0.9%, 1.2%, and 1.5% NS increased the Es of C sub-
stantially as compared with the individual blends of C with
RHA or NS as presented in Figure 6.

Te combined efect of RHA and NS enhanced the Es
from 54MPa (native clay) to 128MPa, i.e., 2.37 times as
compared with C, by the addition of optimized contents of
9% RHA and 1.2% of NS.

Te efect of RHA and NS on resilient modulus (MR) of
clay is shown in Figure 7. Te C was blended with diferent
proportions of RHA, and it was observed that 3%, 6%, 9%,
and 12% RHA caused 1.14, 1.2, 1.39, and 1.28 times increase
inMR.Te Cwas also ameliorated with NS which resulted in

increase of 1.26, 1.43, 1.8, and 1.67 times increase in MR.
Moreover, the C was also mixed with RHA plus NS com-
posites. Synergistic composites of 3%, 6%, 9%, and 12% RHA
with 0.6%, 0.9%, 1.2%, and 1.5% NS increased the MR of C
substantially as compared with the individual blends of C
with RHA or NS as presented in Figure 7.

Te optimal synergistic blend of 9% RHA plus 1.2% NS
presented the highest resilient modulus value in the studied
blends, i.e., 2.79 times as compared with C. Te proportions
blends showing the RHA and NS beyond 9% RHA and 1.2%
NS presented lower MR values due to dispersive efects of
stabilizers as an efect of excessive quantities of RHA andNS.
Past studies like Lang et al. [25] show that the addition of
1.5% nano-SiO2 to native clay soil presents lower strengths
due to dispersive efects of excessive nanoparticles.

Increase in maximum dry density (cdmax) and decrease
in optimum moisture content (OMC) were observed be-
cause of addition of RHA and NS. Te increase in cdmax was
seen as 20.7%, 29%, and 47.5% at optimized blends of 9%
RHA, 1.2% NS, and 9% RHA plus 1.2% NS blends, re-
spectively. Similar trends were observed in the case of soaked
CBR values.

Te C was blended with diferent proportions of RHA,
and it was observed that 3%, 6%, 9%, and 12% RHA caused
1.04, 1.15, 1.28, and 1.19 times increase in CBR as shown in
Figure 8. Te C was also ameliorated with NS which resulted
in increase of 1.23, 1.60, 1.85, and 1.43 times CBR as
compared with C. Moreover, the C was also mixed with
RHA plus NS composites. Synergistic composites of 3%, 6%,
9%, and 12% RHA with 0.6%, 0.9%, 1.2%, and 1.5% NS
increased the CBR of C substantially as compared with the
individual blends of C with RHA or NS as presented in
Figure 8.

Te synergistic optimized blend of 9% RHA plus 1.2%
NS showed highest increase in CBR, i.e., 3.62 times higher
than C.

Te data were validated by statistical analysis and found
in good health with no outliers.

Tables 7 and 8 summarized the chemical composition of
native clay (C) and rice husk ash (RHA) observed through
X-ray fuorescence analysis.

Both C and RHA materials primarily comprised of silica
with 48.6% and 78.2%, respectively. Aluminum oxide was
observed at 14.7% in C and 3.7% in RHA. Ferric oxide was
found 8.4% in C and 1.1% in RHA. Sodium oxide was 3.1% in
C while in RHA, it was 0.6%. In C, the potassium oxide was
0.67% while in RHA, it was 2.4%. 4.3% magnesium oxide
was present in C, and 0.9% in RHA. Calcium oxide was
12.3% in C sample and 1.5% in RHA sample. All major
compounds chemical composition in C and RHA samples
were found common; hence, good afnity between both
materials after mixing in blends was observed.

Figure 9 shows the individual Fourier transform infrared
spectroscopy (FTIR) profling of C, RH, RHA, NS and
synergistic optimized blend of C with 9% RHA plus 1.2%NS.
Te peak pickings labelled 1 to 12 in the FTIR test results
(Figure 9) were analyzed [34], and details of bonds, i.e.,
single, double, triple, and foot prints in C, RHA, NS, and
synergetic optimum blend are summarized in Table 9. Te

Table 5: RHA properties.

Properties Percentage, %
Specifc gravity 1.64
Color Dark grey
Plasticity index (%)^ Nonplastic
Loss-on-ignition (%)^ 1

^Average value of three tests performed.

Table 6: Physical properties of nano-SiO2.

Parameters Values
Physical state Powder
Apparent particle size (nm)^ 27 to 36
Specifc surface area (m2/g)^ 187
Particle density (g/cm3)^ 0.134
Purity (%) 98.7
pH^ 7

^Average value of three tests performed.
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functional groups and their quantifed frequencies were also
determined for C, RHA, NS, and optimum blend [34].

Te interpretation details of the FTIR results shown in
Figure 9 and presented in Table 10 are explained as follows.

In the range of 3650 and 3250 cm−1, broad absorption bonds
were observed in all samples showing the presence of hy-
drogen bond. Sharp bonds were observed round 3500 cm−1

regions in all samples illustrating the presence of oxygen
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Figure 5: UCT of clay and blends of clay plus RHA and NS.
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related bonding. Te peaks were observed in range of 3000
and 3200 cm−1 refecting the presence of aromatic rings.
Single bond of carbon (C-C) was observed in NS due to peak
at 3000 cm−1. No aldehyde peak was found in typical range
of 2700 to 2800 cm−1. No signifcant peaks were observed

from 2000 to 2200 cm−1, and hence, no carbon-carbon triple
bond was observed in any samples. At about 1700 cm−1,
sharp peaks were observed in all samples demonstrating
some carbonyl double bonds in the samples. At around
1600 cm−1, peaks were observed in all samples informing the
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presence of carbon-carbon double bond. At 1500 cm−1,
signals were observed showing the aromatic rings presence
also in double bond region. Vinyl related compounds were
also seen at about 1000 cm−1 in the fnger print region. Te
similarity in peak trends was observed in all investigated
materials showing comparable composition in spectrum and
analysis regions (single bond, triple bond, double bond, and

fngerprints). Out of all used materials and their combi-
nations, i.e., C, RH, RHA, NS, and optimum blend, chemical
compatibility was observed in FTIR spectroscopy except NS
where single bond of carbon was observed in single bond
analysis zone.

Te optical microscopic images of C, RHA, NS, and
C+RHA+NS optimal blend are presented in Figure 10.Te
optical images interpretation was carried out in accordance
with guidelines of Pires et al. [36]. Te results are sum-
marized in Table 11. Pore size distribution (small, medium,
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Figure 8: CBR of clay and blends of clay plus RHA and NS.

Table 7: Chemical composition of expansive clay (C) from X-ray
(ASTM D5381) fuorescence analysis.

Constituents Percentage, %
SiO2-silica 48.6
Al2O3-aluminium oxide 14.7
Fe2O3- ferric oxide 8.4
MgO-magnesium oxide 4.3
CaO-calcium oxide 12.3
K2O-potassium oxide 0.67
Na2O-sodium oxide 3.1
Others 7.9

Table 8: Chemical composition of rice husk ash (RHA) from X-ray
(ASTM D5381) fuorescence analysis.

Constituents Percentage, %
SiO2-silica 78.2
CaO-calcium oxide 1.5
Al2O3-aluminium oxide 3.7
Fe2O3-ferric oxide 1.1
Na2O-sodium oxide 0.6
MgO-magnesium oxide 0.9
K2O-potassium oxide 2.4
Others 11.6
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Figure 9: FTIR spectroscopy.
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and large), irregularity (angular, faky, and elongate), ori-
entation (horizontal, circumferential, random), and mac-
ropore space and spatial distribution (bonded, intermediate,
and elongated) were evaluated. Small to medium pore size
distributions and voids were observed in the samples. In C

and its optimal blend with RHA and NS, angular, faky, and
elongated fractions of irregularities were observed. Te
major orientation of RHA and NS being powders was ob-
served circumferential/beadlike while C and its optimal
blend exhibited a combination of circumferential/beadlike,
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Rice Husk Ash 10x Rice Husk Ash 20x
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Figure 10: Optical microscopic images.
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horizontal, and random orientations. Macropores can be
seen in all samples marked as inter and intra-assemblage
pores in Figure 10. Te spatial distribution was observed in
the form of aggregation matrix comprising of combination
of bonded, intermediate, and elongated aggregates in C and
its optimal blend. Te RHA and NS, however, pre-
dominantly exhibited bonded spatial distribution.

Te optical microscope analysis showed that clay sta-
bilized with optimal dose of 1.2% of NS and 9% RHA
exhibited optimum flling of pore spaces of native clay.
Hence, the optimum values of density, stifness, and strength
parameters are validated.

Te cost evaluation of microlevel stabilization (RHA)
compared with nanolevel (NS) and micro plus nanolevel
synergistic blends (C +RHA+NS) based on resultant op-
timal stifness was carried out. Te RHA and NS rates were
used as $1.5/kg and $2.5/kg, respectively. In feld, the cost of
construction equipment, mixing, spreading, and compac-
tion of both stabilizers, i.e., RHA and NS in expansive clay, is
almost same. Hence, the cost analysis in this research only
covered the cost of RHA and NS.Te ratio of Cost(1.2%NS)/
Cost(9%RHA) for individual stabilizers, i.e., NS and RHA, to
achieve optimum stifness and strength for treatment of one
ton of clay, is $30/$135� 0.22, whereas the optimal ratio for
synergistic blend is Cost(1.2%NS–12%RHA)/Cost(12%
RHA), i.e., $165/$135�1.22 which shows much higher
enhancement in stifness and strength of clay as the opti-
mum ratios of MR (1.2%NS–9%RHA)/MR(9%RHA)� 2.0,
Es (1.2%NS–9%RHA)/Es(9%RHA)� 1.64, UCT(1.2%NS-9%
RHA)/UCT(9%RHA)� 2.17, and CBR(1.2%NS-9%RHA)/
CBR(9%RHA)� 2.82. It was observed that the optimal
blends of synergistic ratios show the RHA plus NS blends

showing higher stifness and strength ratios as compared
with cost ratio of the corresponding blends. From
Figures 5–8, it is observed that the ratio of MR (RHA-NS)/
MR(RHA), Es (RHA-NS)/Es(RHA), UCT(RHA-NS)/
UCT(RHA), and CBR(RHA-NS)/CBR(RHA) is 1.6, 1.3, 1.8,
and 2.3 times higher than Cost(RHA-NS)/Cost(RHA), re-
spectively, for optimal dose of 1.2% of NS plus 9% of
microlevel RHA, validating the cost-efective solution for
biocompatible stabilization of subgrade expansive clay.

It is observed from Figure 11 that for optimal blend of
(1.2% NS+ 9% RHA)/9% RHA, the ratio of cost for this
blend is lower than the ratio of stifness and strength pa-
rameters as presented in Figs. 5, 6, 7, 8. Beyond this optimal
blend, the stifness ratio decreases and the cost ratio in-
creases making the blends uneconomical, e.g., 12%+ 1.5%
NS blend is uneconomical as it shows lower stifness and
strength ratios due to dispersive efects and higher cost ratio.

4. Conclusions

Te purpose of this study was the sustainable stabilization of
the high-plasticity expansive clay by green agro-waste ad-
ditives at three levels, i.e., microlevel (by rice husk ash),
nanolevel (by rice husk-derived nanosilica), and synergistic
nano to microlevel (by blends of nanosilica and rice husk
ash). FTIR, XRD, optical microscopic, and cost analysis were
performed for each levels of stabilization for feasible blends
evaluation to be used in amelioration of expansive clay. Te
following conclusions were addressed in this study:

(1) Te optimal synergistic dose of micro to nano-
particles for stabilization of expansive clay was ob-
served to be 1.2% of nanosilica (NS) and 9% of rice
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Figure 11: Cost versus stabilizer (RHA and NS) contents.
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husk ash (RHA) which resulted in improvement of
resilient modulus (MR), elastic modulus (Es), un-
confned compressive strength (UCT), and Cal-
ifornia bearing ratio (CBR) as 2.79, 2.37, 5.0, and 3.62
times, respectively, and free swell index was reduced
up to 72% as compared with native expansive clay.

(2) Te ratio of optimized contents for RHA, NS, and
RHA-NS synergistic stabilization phases for MR, Es,
UCT, and CBR are observed to be more than one,
i.e., MR (RHA-NS)/MR(RHA), Es (RHA-NS)/
Es(RHA), UCT (RHA-NS)/UCT(RHA), and
CBR(RHA-NS)/CBR(RHA) as 2.0, 1.64, 2.17, and
2.82, respectively. Hence, it results in more sus-
tainable stabilized mixes.

(3) Te ratio of Cost(RHA-NS)/Cost(RHA) for optimal
dose was evaluated as 1.22.Te analysis also depicted
that the ratio of MR (RHA-NS)/MR(RHA), Es
(RHA-NS)/Es(RHA), UCT(RHA-NS)/UCT(RHA),
and CBR(RHA-NS)/CBR(RHA) is 1.6, 1.3, 1.8, and
2.3 times higher than Cost(RHA-NS)/Cost(RHA),
respectively, for optimal dose of 1.2% of rice husk-
derived nanosilica plus 9% of microlevel rice husk
ash, validating the cost-efective solution for bio-
compatible stabilization of subgrade expansive clay.

(4) Te Fourier transform infrared spectroscopy (FTIR)
revealed the chemical compatibility between C,
RHA, &NS for possible future durability perspective.
Te optical microscope analysis showed that clay
stabilized with optimal dose of 1.2% of NS and 9%
RHA exhibited optimum flling of pore spaces of
native clay. Hence, it validates the optimum values of
density, stifness, and strength parameters.

Te study should be extended to explore the durability of
the proposed blends. Te optimization of the strength and
durability is the function of C, RHA, andNS quantities of the
blends.
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Part of deep foundation pit support engineering needs to select connected precast concrete square piles (CPCSPs). Under the
premise that the quality of precast concrete square piles (PCSPs) meets engineering requirements, the quality of CPCSPs becomes
the key factor to ensure the safety of foundation pit support structures. Tis paper puts forward a new connection technology of
CPCSPs and carries out the fexural behavior experiment of unconnected precast concrete square piles (UPCSPs) and CPCSPs.
Te distribution of crack and strain on diferent surfaces of UPCSPs and CPCSPs are measured by carbon fber composite strain
sense optical cables, glass fber composite strain sense optical cables, and fxed-point polyurethane strain sense optical cables. Te
anti-crack load, ultimate load, bending moment, and fexural deformation of UPCSPs and CPCSPs are measured. Te ex-
perimental results of UPCSPs and CPCSPs are compared. Te results show that the anti-crack strength of CPCSPs is greatly
increased while the fexural deformation of CPCSPs is decreased before the occurrence of crack. With the development of crack
(failure stage), the outside areas of hoop steel plate exhibit cracks. At this moment, the strength of CPCSPs is no longer controlled
by the strength of middle areas. Te ultimate strength of CPCSPs is basically equivalent to that of UPCSPs. Te ultimate bending
moment of CPCSPs is higher than its design value (about 66%∼76%). Te selection of CPCSPs in the design of foundation pit
support has good reliability.

1. Introduction

Te foundation pit support technologies in China mainly
include cast-in place pile, prestress anchor, diaphragm wall,
inner support, (composite) soil nail wall, and SMW con-
struction method. According to incomplete data statistics,
the above traditional support forms [1–5] are chosen by
more than 95% of foundation pits. However, with the de-
velopment of society and the progress of technology, the
problems of high cost, large construction space, long con-
struction period, high energy consumption, and serious
environment pollution of traditional support forms have
become increasingly prominent. Precast concrete piles are
more and more widely used in foundation pit support en-
gineering because of their advantages in short construction
period, reliable construction quality, high environmental

protection, and economic benefts [6–10]. Due to the limits
of production molds, transportation conditions, and piling
equipment, the length of precast concrete piles generally
does not exceed 15m. Only the connected piles can meet the
requirements for the embedded depth of deep foundation pit
support structures.

In recent years, the bearing capacity performances of
precast concrete piles are researched deeply by engineering
and academic circles, and abundant research results have
been obtained. Te connection method of bonded steel plate
weld for PHC piles in standard atlas was improved by Li et al.
[11]. It was found that the mechanical performance, con-
struction technology, and weld quality of improved con-
nection joint had signifcantly improved compared to
standard connection joint. On this basis, a new PHC uplift
pile with hold-hoop connection method was proposed by
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Zhang et al. [12, 13], which could signifcantly improve the
pullout capacity of piles. Te new mechanic-connection
method was developed by Qi et al. [14]. It was found that
the compressive and tensile capacity of mechanic-
connection bamboo joint piles were signifcantly better
than those of common prestress piles. Te fexural behavior
test of prestress concrete hollow square piles was carried out
by Liu et al. [15], and it was found that the ultimate bending
moment of weld joints met the requirement of inspection
value. At the same time, the axial tensile tests on the internal
buckle mechanic-connection joint of prestress concrete
hollow square uplift piles were carried out by Fan et al. [16].
Te comprehensive detection ways and judgment of defect
of precast square concrete piles were proposed by Zhang
[17]. An extensive evaluation of capacity interpretation
criteria was presented for driven precast concrete (PC) piles
under axial compression loading by Marcos et al. [18]. Te
tensile and fexural behaviors of prestressed concrete square
pile connection joint with resilient clamping were studied by
Wang et al. [19, 20]. Te fexural performance of prestressed
concrete solid square piles and resilient clamping connec-
tions were studied by Xu et al. [21]. Te experimental results
indicated that the head of rebar and end of plate were the
weak parts of piles. Te full-scale fexural behavior experi-
ments on the connection joints of composite reinforcement
concrete precast square piles were carried out by Xu et al.
[22]. Te experimental results showed that the ultimate anti-
bending capacity of connection joint was greater than that of
pile shaft. Several widely used connection methods for
precast concrete piles from economic beneft, service life,
and feld workload were summarized and compared by
Ptuhina et al. [23]. Te infuence of topographic and geo-
logical conditions was considered by Song et al. [24–30].

At present, the research of connected piles is focus on the
tensile and compressive strength of pile joints. Tere is little
research on the fexural behavior of pile joints. Te research
work that has been carried out is either the small size or low
bending performance of test specimens. As the precast
concrete pile of foundation pit support, the main force
condition is anti-bending. Te technology requirements of
connected piles are far higher than those of compression
piles and tension piles. Terefore, it has an important en-
gineering application value for foundation pit support to
carry out the research on connection technologies and
fexural behaviors of precast concrete piles. In this paper,
a new connection technology for precast concrete square
piles (PCSPs) is proposed.Te tensile and compressive loads
are transferred by plate groove weld, and the fexural loads
are transferred by hoop steel plate. Tat is, the connection
technology of hoop steel plate after welding plate groove is
chosen to solve the complex force problems when PCSPs are
used for foundation pit support. Te relationships between
fexural loads and displacement, ultimate load, and failure
mode are researched by the fexural behavior test of full-scale
CPCSPs and UPCSPs. Te research results will provide an
important theoretical basis for the design and application of
CPCSPs.

2. Connection Technology of Anti-Bending Pile

In order to solve the complex force problems of tension,
compression, and bending when PCSPs are used for
foundation pit support, the connection technology of hoop
steel plate after welding plate groove is chosen. Firstly, the
bevel of plate groove is chamfered to 8 : 20 before welding, so
as to increase the contact area of weld spot. Secondly, the
hoop steel plate is made into two symmetrical “L” parts. Te
side length of pile section is 500mm and 600mm, re-
spectively, and the length of hoop steel plate is 1000mm and
1200mm, respectively. After a layer of adhesive steel
structural glue is evenly applied on the inner side of hoop
steel plate, the hoop steel plate is frmly fxed at the con-
nection joint of PCSPs with clamps. Finally, the hoop steel
plate is frmly welded by groove weld technology.

Te section size at the connection joint of PCSPs with
side length of 500mm is 480× 480mm, and the specifcation
of hoop steel plate is 480× 480× 8mm. Te section size at
the connection joint of PCSPs with side length of 600mm is
580× 580mm, and the specifcation of hoop steel plate is
580× 580× 8mm. Te PCSP with side length of 600mm is
taken as an example, and the connection technology pa-
rameters of PCSPs are shown in Figures 1 and 2.

3. Flexural Test Scheme of Precast Concrete
Square Connection Pile

Te research on the tensile and compressive properties of
CPCSPs is relatively mature. In this paper, the fexural
behavior of CPCSPs is researched. Te test includes two
groups of PCSPs with diferent side lengths, and each group
includes three CPCSPs and one UPCSP. Among them, Nos.
5-1, 5-2, 5-3, 6-1, 6-2, and 6-3 are CPCSPs, and 5A and 6A
are UPCSPs. Te lengths of piles are 7.0m. Te connection
locations are located at the middle of PCSPs. Te concrete
strength of 6 CPCSPs is 43.7∼54.7MPa, and the average
concrete strength is 49.08MPa. Te main parameters of
CPCSPs and UPCSPs are shown in Table 1.

3.1. Load Device and Measurement Device of Test. Te dis-
tribution beam, hydraulic jack, and manual oil pump are
used for loading during test. Te oil pressure gauge with
accuracy of 0.4 level is used to measure pressure. Te load
device of test is shown in Figure 3. Te digital dial indicators
are used to measure the defection of PCSPs and erected at
the connection joint of PCSPs, with both sides of PCSPs with
0.8m and 1.6m away from connection joint, which are
shown in Figure 4. Te carbon fber composite strain sense
optical cables and glass fber composite strain sense optical
cables are used to measure the strain crack of piles. Te
fxed-point polyurethane strain sense optical cables are used
to measure the crack of piles. Te sense optical cables are,
respectively, arranged on the top, upper and lower of front,
and upper of back of piles, which are shown in Figure 5. Te
purpose that authors choose three diferent strain sense
optical cables is to ensure the reliability of experimental
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results. Te main performances of measure instrument are
shown in Table 2.

3.2. Load Method. Preload is loaded to eliminate virtual
contact strain before test. Te load increases from zero to
80% of estimated anti-crack bending moment according to
the load with 20% of estimated anti-crack bending moment.
Te duration of each load level is 3minutes. Ten, the load
increases from 80% to 100% of estimated anti-crack bending
moment according to the load with 10% of estimated anti-
crack bending moment. Te duration of each load level is
3minutes. During the test, observe whether there are cracks
and record the distribution and development of cracks. If
there is no crack at the load with 100% of estimated anti-
crack bending moment, the load continues increasing until
cracks appear according to the load with 10% of estimated
anti-crack bending moment. Te duration of each load level
is 3minutes. Ten, the load continues increasing to the
ultimate state of PCSPs according to the load with 10% of
estimated anti-crack bending moment. Te duration of each
load level is 3minutes. Observe and record all data.

3.3. Anti-Crack Load and Ultimate Load. It is considered to
be the limit state of PCSPs when any of the following
conditions occur. Te crack width of piles reaches 1.5mm.
Te tensile rebar is broken. Te location of weld is broken or
detached. Te concrete in compression zone is failure. Te
load cannot increase or remain stable.

Te anti-crack load is determined by following ways.
When the crack occurs at the frst time during loading, the
previous load level is taken as the anti-crack load. When the
crack occurs at the frst time within the required duration of
load level, the average value of the current load level and
previous load level is taken as the anti-crack load. When the
crack occurs at the frst time after the required duration of
load, the current load level is taken as the anti-crack load.

Te ultimate load is determined by following ways.
When the ultimate state is reached during loading, the
previous load level is taken as the ultimate load. When the
ultimate state is reached within the required duration of load
level, the average value of the current load level and previous
load level is taken as the ultimate load. When the ultimate
state is reached after the required duration of load, the
current load is taken as the ultimate load.

Before the test, the state of PCSPs is checked. All PCSPs
are complete without crack. During the test, each PCSP is
loaded to the ultimate state. Te test results are as follows.

4. Test Results and Analysis

4.1. Distribution Law of Crack. During the test, each PCSP
shows cracks. 5-1 and 5A are taken as examples to illustrate
the distribution law of cracks in CPCSP and UPCSP, which
are shown in Figures 6 and 7.

Figure 6 shows the crack distribution sketch of 5A and 5-
1 under the last load level. Most cracks of piles are similar to
the inversive splay, which is consistent with the stress state of
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Figure 1: Schematic diagram of pile connection technology (unit: mm). (a) Connection location of pile. (b) Hoop steel plate.

(a) (b)

Figure 2: Scene diagram of precast concrete square pile. (a) Precast concrete square pile. (b) Precast concrete square connection pile.
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Se
ns

e o
pt

ic
al

 ca
bl

e

Side view

Glass fber optical cable

7 m

P OFDR

Figure 4: Layout of optical cable on the surface of CPCSP.

Table 2: Main performance of measurement instrument.

Name Type Range Degree of accuracy
Digital dial indicator MFX-50 50mm 0.01mm
Carbon fber composite strain sense optical cable NZS-DSS-C09(CF) ±15000 με 1 με
Glass fber composite strain sense optical cable NZS-DSS-C09(GF) ±15000 με 1 με
Fixed-point polyurethane strain sense optical cable NZS-DSS-C08 ±15000 με 1 με
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Figure 5: Actual layout of optical cable on the surface of CPCSP. (a) 500mm. (b) 600mm.
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piles with upper side under tension and lower side under
compression. Te crack density at the left side of 5A is 1.0/
10 cm, and the crack density at the right side of 5A is 1.1/
10 cm. Te crack density at the left side of 5-1 is 0.7/10 cm,
and the crack density at the right side of 5-1 is 0.8/10 cm. In
comparison, the crack density of CPCSPs is signifcantly
lower than that of UPCSPs, which is the main reason that the
fexural deformation ability of UPCSPs is weakened.

Figure 7 shows the test crack distribution law of 5-1.
Tere are 4 obvious strain peaks on the left side of 5-1 and 3
obvious strain peaks on the right side of 5-1. Te experi-
mental results show that the number and location of cracks
are basically consistent with those of actual cracks. During
the test, cracks frst appeared at the middle of UPCSPs, while
the middle of CPCSPs is the connection joint, which is co-

afected by hoop steel plate and adhesive steel glue. Te
ductility and crack of CPCSPs are enhanced and reduced,
respectively, by the coordination deformation of steel plate
and concrete. Te experimental results of other groups are
similar to those of this test and will not be repeated.

4.2. Distribution Law of Stress and Strain. Since the stress
state of each CPCSP is relatively consistent during the
loading, 5-1 is also taken as an example to explore the stress
and strain distribution law of CPCSPs. Te experimental
results are shown in Figures 8–10.

Figure 8 shows the strain diagram of glass fber optical
cable on the top, back, and front of 5-1. Before the load of
360 kN, the change of strain is small (within 200 με). Te
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Figure 6: Actual distribution sketch of cracks in CPCSP and UPCSP. (a) 5A. (b) 5-1.
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stress is also small, and the crack is in the initial development
stage. With the increase of load, the crack also starts to
develop signifcantly after the load of 360 kN. Te strain and
stress increase signifcantly, and the stress concentration
appears. In terms of whole 5-1, the stress at both ends is zero,
and the stress increases gradually from both ends to

connection joint. Te stress on the top, upper of front, and
back is positive, which is in tensile state. Te stress on the
lower of front is negative, which is in compressive state.

Figure 9 shows the strain diagram of polyurethane
optical cable on the top, back, and front of 5-1. Te test
results are relatively consistent with the strain diagram of
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glass fber. Before the load of 360 kN, the change of strain is
small. Te stress is small, and the crack is in the initial
development stage.With the increase of load, the crack starts
to develop signifcantly after the load of 360 kN. Te strain
and stress also increase signifcantly. In terms of whole 5-1,
the strain at both ends is zero, and the strain increases

gradually from both ends to connection joint. Te strain on
the top, upper of front, and back is positive, which is in
tensile state. Te strain on the lower of front is negative,
which is in compressive state.

Figure 10 shows the strain diagram of carbon fber
optical cable on the top (Figure 10 is the strain diagram of
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Figure 9: Strain diagram of polyurethane optical cable on the top, back, and front of 5-1. (a) Top. (b) Back. (c) Upper of front. (d) Lower
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carbon fber optical cable in the middle of Figure 8), back,
and front of 5-1. Te strain at the middle of connection joint
is relatively large and concentrated, and the strain at both
sides of connection joint is relatively small. In addition, the
strain on the top, back, and front (except the lower of front)
of the middle of connection joint is positive, which is in
tension state. Te strain at both sides of connection joint is
negative, which is in compression state.

In summary, the pile has a tensile efect on the top, back,
and front of hoop steel plate before the load of 144 kN, and
the hoop steel plate is in tensile state. After the load of
144 kN and with the increase of load, the pile has

a compressive efect on the back and upper of front of hoop
steel plate, and the hoop steel plate is in compressive state.
Te pile has a downward tensile efect on the both sides for
the top of hoop steel plate, and the hoop steel plate is in
tensile state.

4.3. Comparison of Flexural Behavior between UPCSP and
CPCSP. Te anti-crack load, ultimate load, bending mo-
ment, and fexural deformation measured by tests are
shown in Table 3. According to the test results of three
CPCSPs with the side length of 500mm (Nos. 5-1∼5-3), the
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Figure 10: Strain diagram of carbon fber optical cable on the top, back, and front of 5-1 (a) Top. (b) Back. (c) Upper of front. (d) Lower
of front.
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range of anti-crack load is 348∼444 kN, and the average
value is 396 kN. Te range of anti-crack bending moment
and maximum anti-crack fexural deformation is
270.7∼347.5 kN·m and 12.08∼21.56mm, respectively, and
the average value is 309.1 kN·m and 15.35mm, respectively.
Te range of ultimate load is 576∼600 kN, and the average
value is 584 kN.Te range of ultimate bending moment and
maximum ultimate fexural deformation is
453.1∼472.3 kN·m and 30.90∼49.46mm, respectively, and
the average value is 459.5 kN·m and 40.26mm, respectively.
According to the test results of one UPCSP with the side
length of 500mm (No. 5A), the anti-crack load is 332 kN,
and the anti-crack bending moment and maximum anti-
crack fexural deformation are 257.9 kN·m and 16.36mm,
respectively. Te ultimate load is 577 kN, and the ultimate
bending moment and maximum ultimate fexural de-
formation are 454.7 kN·m and 40.95mm, respectively. It
can be seen that the anti-crack load and anti-crack bending
moment of CPCSPs are greater than those of UPCSPs, and
their value is increased by 19.28% and 19.85%, respectively.
Te ultimate load, ultimate bending moment, and maxi-
mum anti-crack or ultimate fexural deformation of
CPCSPs and UPCSPs are basically equivalent. Te strength
and deformation characteristics of test are consistent with
the results of mechanical theory analysis (the maximum
tensile stress occurs in the middle of piles and at the top of
cross section; because of the coordinated deformation of
hoop steel plate and the pile concrete, the anti-bending
strength and anti-crack ability of CPCSPs are enhanced,
and its fexural deformation is weakened before the oc-
currence of crack). Terefore, the anti-crack strength of
CPCSPs is greatly increased while the fexural deformation
of CPCSPs is decreased. With the development of cracks,
the outside areas of hoop steel plate show cracks. At this
moment, the strength of CPCSPs is no longer controlled by
the strength of middle areas, so it is shown that the ultimate
strength of CPCSPs is basically equivalent to that of
UPCSPs.

According to the test results of three CPCSPs with the
side length of 600mm (Nos. 6-1∼6-3), the range of anti-
crack load is 528∼552 kN, and the average value is 544 kN.
Te range of anti-crack bending moment and maximum
anti-crack fexural deformation is 411.4∼430.6 kN·m and

11.99∼13.67mm (the maximum anti-crack fexural de-
formation of 6-2 is not accepted), respectively, and the
average value is 424.2 kN·m and 12.83mm, respectively. Te
range of ultimate load is 975∼1072 kN, and the average value
is 1034 kN. Te range of ultimate bending moment and
maximum ultimate fexural deformation is
769.0∼846.6 kN·m and 40.42∼47.94mm, respectively, and
the average value is 816.5 kN·m and 44.18mm, respectively.
According to the test results of one UPCSP with the side
length of 600mm (No. 6A), the anti-crack load is 455 kN,
and the anti-crack bending moment is 353.0 kN·m. 6A
shows crack under the load level of 520 kN. Te test
equipment produces deformation when the load reaches
845 kN, and the test is terminated. It is seen that the anti-
crack load and ultimate load of CPCSPs are greater than
those of UPCSPs, which again shows that the anti-bending
strength of CPCSPs has been improved.

Te fexural deformations of CPCSPs and UPCSPs are
shown in Table 4. With the increase of load, the fexural
deformation increases gradually. Except for 6-2 and 6A,
which are afected by the deformation of simply supported
beams, the fexural deformation at the center of other piles is
greater than that of other positions. Te maximum fexural
deformation of 5-1∼5-3 is between 30.90 and 49.46mm, and
the average value is 40.26mm. Te maximum fexural de-
formation of 5A is 40.95mm. Te maximum fexural de-
formation of 6-1 and 6-3 is 40.42 and 47.94mm, respectively,
and the average value is 44.19mm. In summary, the anti-
bending strength of CPCSPs is greater than that of UPCSPs.

Table 3: Anti-crack load, ultimate load, bending moment, and fexural deformation.

Number
of pile

State of pile
before test

Anti-crack
load (kN)

Anti-crack
bending
moment
(kN·m)

Maximum
anti-crack
fexural

deformation
(mm)

Ultimate
load (kN)

Ultimate
bending
moment
(kN·m)

Maximum
ultimate fexural
deformation

(mm)

Design value
of bending
moment
(kN·m)

5A

Complete
without
crack

332 257.9 16.36 577 454.7 40.95 260
6A 455 353.0 5.78 845 — 10.00 490
5-1 348 270.7 12.41 576 453.1 40.42

2605-2 396 309.1 12.08 576 453.1 30.90
5-3 444 347.5 21.56 600 472.3 49.46
6-1 552 430.6 13.67 1072 846.6 40.42

4906-2 528 411.4 34.10 1056 833.8 39.17
6-3 552 430.6 11.99 975 769.0 47.94

Table 4: Detailed data of fexural deformation (unit: mm).

Number of
piles No. 1 No. 2 No. 3 No. 4 No. 5

5A 23.88 34.52 40.95 36.99 24.52
6A 10 5.27 7.63 4.93 9.06
5-1 22.63 32.4 40.42 40.38 30.11
5-2 16.53 25.59 30.9 25.28 16.54
5-3 36.19 46.7 49.46 43.41 30.88
6-1 23.24 33.23 40.42 35.51 23.66
6-2 44.22 51.42 39.17 42.86 34.33
6-3 24.04 38.84 47.94 37.25 24.29
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5. Conclusions

Te following conclusions are mainly obtained by experi-
mental study on the fexural behavior of CPCSPs and
UPCSPs:

(1) Most cracks of piles are similar to the inversive splay,
which is consistent with the stress state of piles with
upper side under tension and lower side under
compression. Te crack density of CPCSPs is sig-
nifcantly lower than that of UPCSPs

(2) Te anti-crack bending moment of CPCSPs is about
19.85%∼20.17% higher than that of UPCSPs before
the occurrence of crack. Te anti-crack strength of
CPCSPs is greatly increased while the fexural de-
formation of CPCSPs is decreased. With the de-
velopment of crack (failure stage), the outside areas
of hoop steel plate exhibit cracks. At this moment,
the strength of CPCSPs is no longer controlled by the
strength of middle areas, so it is shown that the
ultimate strength of CPCSPs is basically equivalent
to that of UPCSPs.

(3) Te ultimate bending moment of CPCSPs is not
lower than that of UPCSPs and is about 66%∼76%
higher than its bending moment design value.
Terefore, the selection of CPCSPs in the design of
foundation pit support has good reliability.
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Tis study explores the reinforcement efect of diferent fbers in an alkaline solution on the mechanical properties of granite
residual soil using the single variable method. Te macroscopic mechanical properties of the reinforced samples were studied
using the unconfned lateral compressive strength test and the drop-weight load test, while the microscopic properties were
characterized using techniques such as SME and XRD.Te results indicated that the greatest reinforcing efect was attained when
the ratio of SiO2/Na2O in the alkaline solution was 0.5mol with the compressive strength of 4402.85 kPa. At the time, the
reinforcing efect of glass fber in an alkaline solution on granite residual soil was superior to that of basalt fber. Te inclusion of
glass fbers and an alkaline solution of 0.5mol SiO2/Na2O into the granite residual soil exhibited the best capacity for reinforcing,
with the maximum impact load and compression reaching 120 kN and 12.1mm, respectively. Te fndings of SME analysis
revealed that GRS included a signifcant amount of kaolinite, which, when decomposed in an alkaline solution, generated a gel
substance that bound the fbers and soil together and flled the pores between them, thereby enhancing the sample’s compactness.
XRD results demonstrated the formation of gel and a small amount of geopolymer in the soil under the alkaline solution of 0.5mol
SiO2/Na2O, which tighten the binding between soil particles and fbers and increase the overall strength.

1. Introduction

As China’s economy is booming, the number of people
living in urban areas increases, necessitating a rise in public
transportation usage. Large public construction projects
produce substantial amounts of construction waste. Up to
two million tons of waste soil were generated in 2019 [1].
However, construction waste soil disposal has become
a cause for concern. In general, only a small proportion of
excavated waste soil can be utilized for low-level highways or
infrastructure pit backfll; the bulk must be transferred to
a landfll. Tis will inevitably result in a series of conse-
quences. Te release of soil particles during transportation
endangers the local community’s health by contaminating
the road and the surrounding air environment. In addition,
a large number of waste soil landflls consume a great deal of

space, resulting in a tremendous waste of land resources.
Terefore, the sustainable utilization of construction waste
soil is a contemporary and environmentally-friendly topic
[2]. Investigating a suitable approach to utilize the soil has
major practical engineering signifcance because it can both
alleviate the issue of random waste soil disposal and min-
imize energy usage [3].

Te recycling of waste soils is generally popular among
academics [4–6]. Several of these studies were instructive
and prospective. Te compressive strength of the reinforced
kaolin clay samples signifcantly increased when industrial
wastes such as steel slag and slag were employed as raw
materials to strengthen the residual soil, together with ac-
tivated magnesium oxide and calcium oxide [7]. Using
scientifc processes, cement blocks and waste granite cutting
slag were regenerated with comparable strength to cement
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blocks [8]. Construction waste has been converted into
geogrids with certain tensile strength using a special tech-
nique [9]. Te addition of kaolinite-containing waste soil to
concrete increased its strength while decreasing the amount
of cement required [10]. All of them indicate that the sus-
tainable utilization of construction waste soil has attracted
considerable attention.

Due to the unique geographical location and climate of
South China, the majority of the construction waste soils in
this region, including Guangdong and Fujian, are granite
residual soils (GRS), which feature a very high bearing
capacity under dry conditions but tend to soften and the
bearing capacity decreases abruptly when exposed to water
[11–13]. Te region of South China is characterized by a hot
and humid climate; hence, GRS is frequently regarded as
a waste soil since its bearing capacity falls below the re-
quirement upon contact with water due to its high porosity
and hydrophilic kaolinite content [14]. Because of this, GRS
is prone to soften in water, resulting in a loss of bearing
capacity [15], making it difcult to preserve its original form
[16–18]. In order to reuse GRS in a sustainable way, re-
searches on mitigating the water disintegration property of
GRS have been undertaken, including the use of polymer
SH, which attaches a layer of hydrophobic groups to the
surface of kaolinite to maintain its strength when exposed to
water [19–25]. Some domestic studies have shown that
transparent soil will also have similar characteristics to GRS
under the action of alkali solution and cement [26–30]. At
the same time, there is similar research abroad [31–34].
Others have used alkaline solutions to consume kaolinite in
GRS in order to essentially remove its hydrophilicity and
ensure its strength [35, 36]. Alternatively, numerous studies
have resolved the issue by reinforcing GRS with fy ash or
cement [37] to increase its compressive strength. Although
methods such as adding cement or fy ash to GRS can boost
its strength, they are rarely environmentally friendly enough,
and the process generates signifcant carbon emissions
[38, 39]. Terefore, it is essential to consider more sus-
tainable reinforcing solutions.

Environmentally friendly and nonpolluting, alkaline
solution is an inorganic solution that, at the right ratio, can
be used to consume kaolinite in GRS and generate a geo-
polymer or gel substances. Since kaolinite has been con-
sumed, this substance not only improves the soil to some
degree but also solves the problem of GRS disintegrating
rapidly in water [14, 40, 41]. Alkaline treatment of GRS has
a number of advantages, but the treated GRS is exceptionally
brittle, which could lead to a brittle efect comparable to that
of cement reinforcement [42–44]. For this reason, the use of
this material for large-scale applications is discouraged.
[45–49]. Fiber has been studied as a potential solution for the
brittleness of treated GRS. Te addition of fbers from waste
tire, sisal, cactus pulp, bamboo, and polypropylene has been
demonstrated to decrease brittleness and increase the stress
between soil particles and bearing capacity [50–55].

From the aforementioned literature, it is clear that al-
though these researchers have made contributions to the
feld of reinforcing soils with fbers or other agents, there is
a dearth of studies on reinforcing granite residual soils with

fbers in alkaline solutions. In addition, the aforementioned
researchers have only investigated the static load com-
pressive strength of the treated granite residual soil, but little
research has been conducted on the dynamic impact load
performance of the reinforced soil and much less on its
micromechanical characterization. Terefore, in this study,
a comparison is made between glass fber and basalt fber in
terms of GRS reinforcement in alkaline solution and the
impact resistance of reinforced GRS under both static load
and dynamic load, and the reinforcement mechanism of
diferent fbers is examined from a microscopic perspective
using SEM and XRD techniques as well.

2. Test Method

2.1. Materials

2.1.1. Granite Residual Soil. Granite residual soil has a dis-
tinctive structure and considerable strength in its dry state,
but its strength drops rapidly after soaking in water or
shaking (even if exposed to air for an extended period of
time), causing engineering or geological disasters frequently.
Consequently, it is considered “regional soil” or “unique
soil.” Tis experiment utilizes the granite residual soil ex-
cavated from the foundation pit of a Guangzhou subway
station (Figure 1(a)). Te soil is largely clayey and partially
gravel clayey. It is primarily dark yellow in color. Its main
soil mechanical properties are given in Table 1.

2.1.2. Sodium Hydroxide Analytical Reagent. Sodium hy-
droxide analytical reagent is a white (Figure 1(b)), uniform,
granular solid that is water-soluble, has a density of 1.09 g/cm3

and a molecular weight of 40, and forms a translucent aqueous
solution upon dissolution in water.

2.1.3. SodiumHydroxide Analytical Reagent. Sodium silicate
analytical reagent is a white (Figure 1(c)), uniform, granular
solid that is water-soluble, has a molecular weight of 284.22,
contains around 64% of silicon dioxide and 22.5% of sodium
oxide, and forms a translucent aqueous solution upon
dissolution in water.

2.1.4. Basalt Fiber. Basalt fber is an inorganic nonmetallic
fber material that is primarily manufactured from basalt ore
that has beenmelted at a high temperature and then cast into
a particular mold. It possesses outstanding characteristics
such as high resilience strength, high modulus, resistance to
high and low temperatures, and corrosion resistance. Its
average length is 6mm, and its diameter is 20 microns. Te
specifc parameters of basalt fber are shown in Table 2.

2.1.5. Glass Fiber. Te glass fber employed as the reinforcer
in this experiment is an inorganic nonmetallic material with
excellent performance, having an average length of 6mm
and a diameter of 10 microns, as shown in Figure 2.
Nonpolluting and eco-friendly, it possesses excellent insu-
lation, high heat resistance, superior corrosion resistance,
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and high mechanical strength. Te specifc parameters of
basalt fber are given in Table 2.

2.2. Sample Preparation and Curing. In accordance with the
Chinese Standard GB/T 50123-2019 (a standard for the
geotechnical testing method), the samples were baked for 7 h
at approximately 105°C and then crushed and sieved at
1.18mm after cooling to room temperature. Te 13% op-
timal water content used in this experiment was obtained in
Yuan Bingxiang’s previous research.

Diferent fbers and alkali solutions were added to the
soil in varying amounts. Te mixture was then well mixed,
compacted into a cylinder with a diameter of 100mm and
a height of 50mm using a geo-compaction equipment
(Figure 3) in layers, and air-dried for 14 days in a well-
ventilated indoor environment. Te total weight of a sample
is 1600 g.

2.3. Sample Numbering for the Unconfned Compressive
Strength Test and the Drop-Weight Test. Te optimal re-
inforcement ratio of the alkaline solution was de-
termined by means of the unconfned compressive
strength test as depicted in Table 3. For reinforcement,
several molar ratios were used to prepare the alkaline
solution. “0.5 mol” denotes an alkaline solution with
a SiO2/Na2O ratio of 0.5 mol.

Table 4 illustrates the results of the drop-weight
impact load test. Te ideal content and length of glass
fber for reinforcement are 3% and 6mm, whereas those
of basalt fber are 4% and 6mm (chen et al). Te optimal
ratio of the alkaline solution determined by the static
load test was 0.5 mol; hence, 0.5 mol alkaline solution was
selected as the principal item for examination in the
drop-weight test, alongside 0.7 mol and 0.4 mol alkaline
solutions for comparison. In order to investigate the
reinforcement efect of diferent fbers on granite residual
soil in alkaline solution, glass fber and basalt fber were,
respectively, incorporated into the soil based on the
given ratios of alkaline solution. Tere are three examples
for each condition. To label the samples, the drop-weight
test was designated as “LC,” the 0.7 mol alkaline solution
ratio “0.7,” and the addition of glass fber and basalt
fbers, “G” and “B”, respectively. “GRS” refers to the pure
soil sample. For instance, “LC-0.5-G” represents a sam-
ple containing glass fber and an alkaline solution with
a 0.5 mol ratio.

(a) (b) (c)

Figure 1: Material diagram: (a) granite residual soil, (b) sodium hydroxide, and (c) sodium metasilicate.

Table 1: Properties of granite residual soil samples.

Specifc gravity (ds) Water content ω (%) Density (g/cm3) Liquid limit ω1 Plastic limit (ωp)
2.67 13 16.5 48.3 27

Table 2: Fiber parameters.

Fiber type Density (g/cm3) Linear density
(dtex)

Elastic modulus
(Mpa)

Tensile strength
(Mpa)

Melting point
(°C) Elongation (%)

Basalt fber 2.65 6.21 4500 330 958 30.0
Glass fber 0.91 8.21 4286 346 169 36.4

Figure 2: Material diagram: (a) glass fber and (b) basalt fber.
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2.4. Method

2.4.1. Unconfned Compressive Strength Test. Te uniaxial
compressive strength of the sample was measured by a 4W
uniaxial compressive test instrument (see Figure 4). In ac-
cordance with GB/T 50123-2019 Standard for geotechnical
testing methods, the sample was positioned in the exact
center of the pressure plate of the press to rule out the
possibility of eccentric loading at the loading rate of
0.5MPa/s. Te loading axial force at failure was recorded.
Te uniaxial compressive strength of each sample was cal-
culated using the following formula:

R �
P

A
, (1)

R is the ultimate compressive strength of the sample, P is the
maximum load when the sample failed, and A is the cross-
sectional area of the sample.

Based on the principle that the limit load should not
exceed 15%, the average strength of three samples under the
same ratio was calculated. To determine the optimal con-
centration of the alkaline solution, the unconfned com-
pressive strength test was utilized to analyze the compressive
strength of the samples at various ratios.

2.4.2. Drop-Weight Impact Test. Te drop-weight test was
conducted on an Instron Ceast 9350 foor-standingdrop-
weight impact tester with a falling weight of 3.06 kg and
a loading weight of 36.67 kg. Te falling velocity was 4.5m/s,
and the corresponding instantaneous impact energy was

403.13 J. Te pressure sensor on the surface of the falling
weight recorded the impact load of samples, and the de-
formation was calculated by a computer (see Figure 5).

3. Results

3.1. UnconfnedCompressive Strength Test. Te GRS samples
in Group A had a maximum compressive strength of
851.80 kPa.Temaximum compressive strength of Group B,
C, D, and E was 761.40 kPa, 1156.10 kPa, 4112.55 kPa,
4402.85 kPa, and 1750.70 kPa, respectively, when the alkali
content was 2mol, 1mol, 0.7mol, 0.5mol, and 0.4mol.
Figure 6 depicts the maximum stress and error analysis of
samples with varying SiO2/Na2O ratios in each group.
Terefore, the efect of reinforcement on soil varies with the
SiO2/Na2O ratio and is notable at the optimal ratio.
Moreover, as seen in Figure 6, the addition of NaOH de-
creased the ratio of SiO2/Na2O by increasing the amount of
Na2O in the solution. A marked increase was witnessed
when the ratio of SiO2/Na2O was reduced from 2mol to
0.5mol. Te strength of samples comprising 0.7mol and
0.5mol SiO2/Na2O was almost 280% greater than that of
samples comprising 2mol and 1mol SiO2/Na2O. However,
the strength reduced to 1750.70 kPa when the ratio of SiO2/
Na2O was increased to 0.4mol, demonstrating that the ratio
of SiO2/Na2O greatly enhances the strength and re-
inforcement efect only within a defned range and is not
directly proportionate to the increase in strength. Based on
the results of the unconfned compressive strength test, it
was concluded that the ideal ratio of SiO2/Na2O for the
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Figure 3: (a) GRS size, (b) glass fber sample, and (c) basalt fber sample.

Table 3: Te unconfned compressive strength test plan.

Group Specimen number Na2SiO3 (g) NaOH (g)

Unconfned compressive strength tests

A GRS 0 0
B 2mol 40 5.76
C 1mol 40 22.24
D 0.7mol 40 38.72
E 0.5mol 40 55.20
F 0.4mol 40 71.68
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alkaline solution’s reinforcing efect on granite residual soil
was 0.5mol SiO2/Na2O.

3.2. Drop-Weight Test. Figures 7(a)–7(c) illustrate the ulti-
mate bearing capacity of the specimens enhanced by dif-
ferent fbers under the difering ratios of alkali solution and
impacted at an initial velocity of 4.5m/s and an initial energy
of 403.13 J, as well as the unreinforced GRS sample. As
demonstrated in Figure 7(a), GRS has a bearing capacity of
just 13.5 kN and deforms by 14mm when subjected to an
impact.

As shown in Figure 7(b), the addition of three molar
ratios of alkaline solutions considerably improved the ul-
timate bearing capacity of glass fber samples (LC-0.7-G, LC-
0.5-G, and LC-0.4-G) in comparison to the GRS sample
(40.6 kN, 120.0 kN, and 50.0 kN), with LC-0.5-G exhibiting
the best reinforcement efect. Tis implies that the samples
reinforced with an alkaline solution of 0.5mol, SiO2/Na2O,
and glass fber were the strongest. In comparison to the
deformation of the GRS sample (14.5mm), the deformation
of the samples containing glass fber and alkali solution in
three diferent ratios was reduced by 16.6% to 12.1mm. Te
LC-0.5-G showed the least amount of distortion among
them. It is possible to conclude that the addition of glass fber
and an alkaline solution containing 0.5mol of SiO2/Na2O
enhanced the reinforcing capacity of GRS in terms of both
strength and deformation.

Figure 7(c) displays the impact resistance performance
of GRS reinforced with basalt fber in diverse alkaline so-
lution ratios. Te ultimate bearing capacities of the LC-0.7-
B, LC-0.5-B, and LC-0.4-B increased by 211%, 507%, and
189%, respectively, compared to the GRS sample, to 42 kN,
82 kN, and 39 kN. LC-0.7-B exhibited the strongest rein-
forcing efect and the greatest ultimate bearing capacity.
Despite the fact that LC-0.5-B has a greater bearing capacity,
it appears that its deformation has not improved, as it has
remained at around 14mm. Similar conditions exist in the
other two groups (LC-0.7-G and LC-0.4-G). Glass fber has
more advantages in enhancing the deformation of the
samples than basalt fbers. In terms of bearing capacity, the
optimal ratio of Si2O/NaO2 is 0.5mol for the two kinds of
fbers. Tis suggests that the optimal alkaline solution ratio
for reinforcement is 0.5mol Si2O/NaO2, which is consistent
with the conclusion of the unconfned compressive strength
test. Te best reinforcement efect of the two fbers occurs in
a 0.5mol Si2O/NaO2 alkaline solution, but the re-
inforcement efect of glass fber is superior, as evidenced by

the fact that the ultimate bearing capacity and deformation
of LC-0.5-G are 120 kN and 12.1mm, or 46.3% and 13.6%
higher than those of basalt fber. In the optimal alkaline
solution, it can be observed that glass fber has a stronger
reinforcing capacity than basalt fber.

Figures 7(b) and 7(c) further demonstrate the re-
lationship between impact force and deformation when
a falling weight impacted the sample reinforced with various
fbers and alkaline solutions. In each impact test, the
compression deformation increased as the impact force
increased. However, the decrease in impact force also
resulted in a reduction in compression deformation. After an
impact load was applied to the sample, pore compression
and soil particle rearrangement would occur. Tese force-
displacement curves can be divided into four distinct phases:
the rearrangement phase, the increasing phase, the peak
phase, and the weakening phase. Even though diferent types
of fbers and an alkaline solution were employed to reinforce
GRS, their impact forces and deformation curves are
comparable as shown in Figures 7(b) and 7(c). In the de-
formation range of 0 to 2mm, it is evident that the impact
load of glass fber samples (except for LC-0.5-G) rose
sharply, reached the initial peak load, and then declined.
Following its initial descent, the load ascended once more to
an ultimate peak load of approximately 9mm of de-
formation before the load dropped to 0 and remaining there
ever since. Te fnal deformation of the glass fber sample
was 12.1mm. Within the 0–2mm deformation range, the
curves for basalt fber samples went straight up, reached the

Table 4: Te drop-weight test plan.

Group Specimen number Na2SiO3 (g) NaOH (g) Glass fber Basalt fber

Drop-weight test

H LC-0.7-G 40 38.72 3 0
I LC-0.5-G 40 55.20 3 0
J LC-0.4-G 40 71.68 3 0
K LC-0.7-B 40 38.72 0 4
L LC-0.5-B 40 55.20 0 4
M LC-0.4-B 40 71.68 0 4
N GRS 0 0 0 0

Uniaxial compression test instrument

Figure 4: uniaxial compression test instrument.
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frst peak load, and then declined. After reaching the frst
lower point, the load climbed again, reached the ultimate
peak load, and then dropped to 0 as the deformation in-
creased to 14mm.

As a result of the occurrence of instantaneous elastic
deformation, the initial growth of the curves was ap-
proximately linear. At this point, the external force dis-
turbed the soil granules, causing them to move and
tumble, after which the granules rearranged and aggre-
gated. As the pores narrowed and the efective stress
between particles increased, the impact load increased
linearly. After the elastic deformation reached its maxi-
mum, the impact force began to diminish because cracks
in the samples exacerbated the compression deformation,
resulting in a gradual decrease in the impact load. Te
impact load rebounded at approximately 2mm of de-
formation and then increased to its maximum peak. Tis
is because the soil was compacted, and its deformation
modulus increased after it cracked to a certain extent. Te
mixture of glass fbers and soil absorbed the impact of the
falling weight, allowing the sample to be further com-
pressed without being destroyed.

However, the reinforcement efects of LC-0.5-G were
diferent from LC-0.7-G and LC-0.4-G in the glass-fber
reinforced group, with LC-0.5-G being approximately 4mm
deformed at the rearrangement stage and LC-0.7-G and LC-
0.4-G being approximately 1.5mm deformed at that stage.
Tis diference in reinforcement efects suggests that LC-0.5-
G was more densely compacted, so there is less chance that
the soil will move, roll, or tumble when resisting an external
stress. As a result, the Si2O/NaO2 ratio of 0.5mol produces
the strongest reinforcement efect of glass fber since this is

the ratio at which alkaline solution and glass fber can work
together most efciently. It is determined that glass fber and
a 0.5mol Si2O/NaO2 alkaline solution exhibit the maximum
GRS reinforcing efect.

Te optimal reinforcement efects of the two types of
fbers added in the increase phase and the peak phase difer
noticeably from one another. In samples of basalt fber, the
impact force gradually rose, and its deformation also dra-
matically increased to 14mm with a maximum ultimate
bearing capacity of just 82 kN. Te fnal deformation of the
glass fber group, however, was only 12.1mm when its
impact force reached the maximum, over 13.6% lower than
the basalt fber. Tis is due to the fact that kaolinite in GRS
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Figure 6: Compressive strength.

Figure 5: drop-weight tester.
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was consumed and produced a gel substance under a 0.5mol
SiO2/NaO2 alkaline solution. Smaller glass fbers and the gel
substance tightly and more frmly bind the soil together.
Compared to glass fber, which is assumed to have a better
reinforcement capacity, basalt fber’s reinforcement efect is
weaker under the optimal alkaline solution environment.

3.3. Scanning Electron Microscope. Te SME images of GRS
(Figure 8) reveal that the soil in the GRS sample is composed
of granular particles with weak interaction. Under a mi-
croscope, the shape of the particles is hexagonal faky or
incomplete hexagonal faky. Tis may be explained by the
large amount of kaolinite in GRS. Kaolinite is in a hexagonal

shape itself, and its incomplete hexagonal shape could be
attributed to the compression and destruction of the soil
during excavation that changes morphology. It was found
that GRS contains a large amount of kaolinite, which is
consistent with the results of XRD analysis.

Te sample failed because it could not bear the impact
load due to the relatively weak connection between soil
particles in the original state of GRS. In contrast, the SEM
images of the glass fber group and the basalt fber group
(Figure 9) demonstrated that the soil mass remained rela-
tively intact after being subjected to an external load and that
a gel substance bound the soil particles and glass fbers into
a cohesive whole that collectively bears the external impact
load. Te inclusion of fbers into the soil assisted in
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Figure 7: Te diagram of impact force and compression deformation of the specimen.
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reinforcing the soil, thus enhancing the sample’s structural
integrity and, consequently, its ultimate bearing capacity.

In Figure 9, it is noticed that more glass fbers attached to
the soil compared to the basalt fbers. Te gel substance that
formed after the addition of glass fber to an alkaline solution
may have bonded the soil particles and fbers closely and
flled the pores, thereby increasing the compactness of the
sample. In addition, the mixture of gel, soil particles, and
fbers bears the load collectively, and the load can be
transferred from soil to fber and gel. Due to the high tensile
strength of fbers and gel, the sample exhibits outstanding
deformation under impact load, which explains why LC-0.5-
G exhibits greater deformation than other samples. Due to
the close combination of gel, fber, and soil particles,
a greater impact force is required to rearrange its particles
when subjected to stress, which translates to a higher bearing
capacity in mechanics. In comparison, basalt fber samples
contained less gel substance and fewer soil particles adhering
to the surface of the fbers, resulting in a weaker connection
between fber and soil and a lower resistance to impact loads
than glass fber samples. Te SME analysis provided addi-
tional understanding into the diferent reinforcing efects of
glass fber and basalt fbers on GRS in alkaline solution and
revealed the reinforcement mechanism of the two fbers on
GRS from a microscopic perspective.

3.4. XRFandXRD. XRF (Figure 10) results suggest that GRS
(Figure 10(b)) contains a signifcant amount of silicon and
aluminum, similar to the composition of MK (Figure 10(a)).
In conjunction with the SEM and XRD analyses
(Figures 11(a) and 11(b)), it is evident that GRS contains
a signifcant amount of kaolinite, which was consumed and
formed a gel with adhesion upon alkaline solution
reinforcement.

Based on the results of the preceding analysis, the
reinforcing efect of glass fber in an alkaline solution is
superior to that of basalt fber; thus, only the group with the
best reinforcement efect (LC-0.5-G) is chosen for XRD
analysis. GRS is mostly composed of the minerals kaolinite,

quartz, and a little amount of illite and low sodium po-
tassium feldspar, according to the standard PDF of XRD,
with kaolinite accounting for more than 50% of the total.
Compared to the GRS sample, the kaolinite in sample LC-
0.5-G exhibits multiple refections, the strongest of which
occurs at 12.3°. Although their refection angle remained
unchanged, their refection intensity reduced dramatically,
indicating a decrease in the crystallinity and content of
kaolinite. A plausible explanation is that the alkaline solution
consumes kaolinite particles, lowering the crystallinity of the
kaolinite as a result. Microscopically, soil particles become
more stable and solid, enhancing the sample’s overall
strength.

Te quartz phase in LC-0.5-G was essentially similar to
GRS and was integral, but the refection intensity was greatly
reduced, suggesting that the crystallinity and content of
quartz have decreased. Te most likely reason is that when
kaolinite particles are mixed with alkali solution (0.5mol
SiO2/Na2O), the new substances formed had efect on the
quartz refection peak. Consequently, the intensity of the
peak was diminished in XRD, but quartz is fundamentally
stable, hence no signifcant change was seen.

At the refection of 27.8°, a considerable increase in
potassium feldspar content was observed, showing that the
addition of alkaline solution promoted the formation of
potassium feldspar in the sample, as evidenced by the sharp
and noticeable potassium feldspar refection peaks. Potas-
sium feldspar belongs to the monoclinic crystal system,
whose main components are alumina, silicon dioxide, and
potassium oxide, and is distinguished by its high stability,
high strength, and outstanding compressive performance.
Te majority of the substances in LC-0.5-G, quartz, and
potassium feldspar are stable. Te gel substance and geo-
polymer formed in LC-0.5-G had high viscosity and
strength; they flled the pores of the particles and adhered
them more frmly, thus signifcantly increasing the efective
stress and enhancing the soil’s strength.

From a microscopic perspective, the addition of
a 0.5mol, SiO2/Na2O alkaline solution and glass fber

(a) (b) (c)

(d) (e) (f )

Figure 8: SEM images of material (GRS).
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(a) (b) (c) (d)

(e) (f )

Figure 9: SEM of reinforcement soil of glass fber (a), (c), and (e) and basalt fber (b), (d), and (f).
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Figure 10: XRF patterns of MK (a) and GRS (b).
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Figure 11: XRD patterns of GRS (a) and LC-0.5-G (b).2
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produced more substances with greater strength and sta-
bility. Under the viscous envelopment of the geopolymer,
the soil mixture formed a whole with enhanced compressive
strength and stability.

Te reasons for the distinct reinforcement efects of two
diferent fbers on GRS in alkaline solution have been de-
scribed from a macroperspective to microperspective. It was
concluded that the reinforcing efect of glass fber with GRS
in an alkaline solution is superior to basalt fber.

4. Conclusion

Tis article investigates the reinforcement efects of two
diferent fbers on GRS in an alkaline solution, the infuence
of the SiO2/Na2O ratio in an alkaline solution on re-
inforcement performance, and the infuence of glass fber
and basalt fber on the mechanical properties of GRS in an
alkaline solution and its microscopic mechanism using an
unconfned compressive strength test and a drop-weight
impact load test.

(1) Te static load test showed that the samples’ ultimate
bearing capacity reached their highest value of
4402.85 kpa under a 0.5mol SiO2/Na2O alkaline
solution compared to samples of pure soil.Terefore,
0.5mol of SiO2/Na2O is the ideal concentration for
an alkaline solution.

(2) Te drop-weight impact test demonstrates that the
ultimate impact bearing capability of GRS is greatly
enhanced after basalt fber and glass fber re-
inforcement in the optimal alkaline solution. Among
them, the reinforcement efect of glass fber is the
most successful, as evidenced by the sample’s de-
formation decreasing by 13.6% to 12.1mm and its
ultimate strength increasing by 789% to 120 kN.

(3) Te signifcant increase in strength, as shown by
SEM and XRD, is a result of the relatively high tensile
strength of the glass fber and the formation of a gel
near the glass fber in the alkaline solution, which
binds the soil particles more closely and forms
a whole that collectively bears the external load,
thereby increasing the sample’s strength.Te smaller
diameter of the glass fber facilitates a better con-
nection between the fber and the soil particle. Basalt
fber, on the other hand, serves only as a connecting
component during reinforcement because it does not
produce an additional gel that binds the fbers to-
gether. Terefore, the reinforcement efect of basalt
fber with GRS in an alkaline solution is inferior to
that of glass fber.
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In order to explore the pressure relief efect of the two combined pressure relief and antirefection technologies of ultra-high
pressure water jet cutting before pressure and pressure before cutting, theoretical analysis, numerical simulation, and feld test
were used to study the main control factors of the combined high-pressure water jet slit cutting and fracturing antirefection
technology. Tis paper introduces the combined technology of ultra-high pressure hydraulic fracturing, and analyses the
mechanism of pressure relief and transparency enhancement of the combination of cutting before pressure and pressure relief
after cutting. Te results show that the starting pressure of the coal seam with ultra-high pressure water jet cutting and pressure
relief is 13MPa, the infuence radius of hydraulic fracturing is 45–55m, the starting pressure of the coal seamwith pressure cutting
and pressure relief is 16MPa, and the infuence radius of hydraulic fracturing is 35–45m. Compared with pressure cutting
combined pressure relief and permeability enhancement technology, cutting pressure relief and permeability enhancement
technology can improve the permeability of coal seams more evenly and efectively, and reduce the stress of coal seams near the
hole. Te ultra-high pressure cutting and pressure combined technology can make the pressure relief of coal body uniform and
sufcient, and the overall permeability coefcient of the coal body is greatly improved. Te drilling purity is 2.3 times of the
extraction purity of the ordinary single hole drilling, and the extraction infuence range is increased, and the extraction efect is
signifcantly improved. At the same time, the stress of coal body is reduced after slitting, and the starting pressure of hydraulic
fracturing is reduced.Te research results provide a scientifc basis for the coal seam pressure relief and permeability enhancement
under similar conditions in the mining area and have a broad application prospect.

1. Introduction

At present, there are more than 2000 coal and gas outburst,
rock burst, and high gas mines in China, accounting for 30%
of the total number of mines. After entering deep mining,
the problems of high gas and high ground stress are
prominent, the permeability of coal seam is reduced, and the
difculty of disaster management is increased [1–3]. Under
the condition of deep mining, the coal seam is upgraded to
the protruding coal seam. For the protruding coal seam
without protective layer mining or frst mining, the anti-
protruding measures in the prepumping area of dense
conventional borehole are still the main measures. In order

to achieve efcient control of gas disasters in deep mines, the
conventional pressure relief and refection improvement
technologies in coal mines in China at the present stage
mainly include hydraulic punching, hydraulic cutting, hy-
draulic fracturing, and deep-hole presplitting blasting [4–6].

Although the deep-hole presplit blasting technology can
signifcantly improve the pressure relief and antirefection
efect of coal seam, it is relatively less applied in the pressure
relief and antirefection improvement of coal seam, because
the long borehole coal seam is prone to collapse, resulting in
charging difculties, and it is difcult to eliminate the risk of
misfring and explosion refusal in blasting operation. In
recent years, the refection improvement technology of
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hydraulic coal seam in China has entered a stage of rapid
development. Te individual technology is constantly im-
proved, and the overall development is in the direction of
integration and diversifcation.Te hydraulic measures such
as low-pressure hydraulic punching, hydraulic cavitation,
hydraulic fracturing, and hydraulic slotting have become the
hot spots of research in scientifc research institutions, which
provide support for the control of coal mine gas disasters
and have achieved results under certain conditions [7–10].
Te hydraulic technology is often used in the feld, and the
hydraulic punching pressure is generally 5–20MPa, which
has a certain efect on the pressure relief and refection
improvement of soft coal seam, while the hydraulic
punching efciency of medium and hard coal seam is low.
However, it is difcult to control the shape of punching holes
in soft coal seam, and the amount of slag is not uniform, so
there may be hole collapse, hole injection, or roadway gas
overlimit during operation. Te hydraulic fracturing has
a large infuence range and good antirefection efect, and is
mostly used in medium and hard coal seams. However, it is
difcult to control the fracture propagation direction in the
coal body [11–13]. Hydraulic cutting seam technology is
based on high-pressure water cutting technology of coal
seam, improve coal seam gas fow state, reduce the stress, can
efectively prevent coal, and gas outburst and the impact of
ground pressure disasters happen, suitable for high ground
stress, gas and low permeability coal seam (seam hardness
f> 0.4) bedding face drilling, wear layer drilling, and shimen
uncovering coal unloading antirefection and so on [14–16].

Te ultra-high pressure water jet cuts the coal body, and
the coal body around the slot produces deformation space so
that the coal body around the slot can be fully depressurized.
At the same time, because a part of the coal body around the
drill hole is transported out of the drill hole by the water jet,
a large number of cracks are generated in the expansion and
deformation of the coal rock, changing the permeability
conditions of the coal rock. Ge et al. established a fuid-solid
coupling gas drainage model of slotted borehole. Trough
numerical simulation analysis, it is believed that the infu-
ence radius of the borehole drainage after hydraulic slotting
has a power function relationship with slot disc, perme-
ability, drainage time, gas pressure, and other factors.
Trough model research, it is determined that the infuence
signifcance of each factor from large to small is perme-
ability, drainage time, gas pressure, and slotting depth [17].
Li et al. used a dynamic damage model to study the cutting
process of soft coal rock by water jet. During the cutting
process, with the gradual release of stress around the slot, the
crack continued to expand in some directions. Te tension
and shear fractures in coal and rock continue to develop
during the damage accumulation process, in which short
pulses with high peak stress can form relatively short
fractures, and long pulses with low peak stress can form
relatively long fractures. Under the continuous action, the
cracks around the slot cut by the jet gradually develop and
then connect to each other to form a breakthrough failure
[18]. Tang et al. conducted numerical simulation on the
infuence of diferent hydraulic slotting arrangements on the
coal seam pressure relief and outburst prevention, and

analyzed the infuence of parallel, diamond, and staggered
pressure relief. Te results show that the coal rock pressure
relief efect above the fracture groove is most obvious. Te
results showed that the pressure relief efect of coal and rock
above the slot was the most obvious [19]. Trough indirect
measurement of gas fow through similar material test, it is
confrmed that the pressure relief of coal seam has a sig-
nifcant impact on permeability, and the permeability co-
efcient of coal and rock increases synchronously with the
degree of pressure relief. By studying the displacement and
stress changes of coal body under diferent slit widths after
high-pressure water jet slotting, the infuence of slit depth on
coal rock disturbance is analyzed. Numerical simulation
shows that the pressure relief range of 1.0m, 1.5m, and
2.0m slotting on coal body reaches 2.6m, 3.8m, and 5.0m,
and the infuence range of slit on coal body increases with
the increase of slit width. Te larger the slit depth is, the
more conducive to coal seam pressure relief.

Te antirefection technology of hydraulic fracturing
was frst used in the exploitation of oil and gas felds, as
a main measure of oil and gas well stimulation. In the 1960s,
the hydraulic fracturing technology began to be used in coal
mines to increase in coal seam permeability, mainly by
drilling deep into the coal body through injection of high-
pressure water, and fracturing the coal body with water as
the energy transmission medium. After high-pressure
water fracturing, the stress of surrounding coal body was
reduced, and the stress concentration was transferred to the
depth of the coal body, thus improving the permeability of
coal body around the borehole, providing a good condition
for drilling gas extraction [12, 20–22]. Te research on the
hydraulic fracturing technology in coal mine mainly fo-
cuses on the theoretical research on the initiation and
extension laws of the hydraulic fractures, or the estab-
lishment of hydraulic fracturing mathematical model for
numerical calculation research, or the physical experiment
research of hydraulic fracturing in the laboratory. Hubbert
and Willis described the stress distribution law of hydraulic
fracturing wall and surrounding coal and rock mass based
on classical elastic mechanics, and thus obtained the the-
oretical calculation model of tensile failure fracture pres-
sure of coal and rock mass: Pb � 3σmin − σmax + ft (σmin, σmax,
and ft are the minimum horizontal stress, the maximum
horizontal stress, and the tensile strength of coal rock,
respectively); the comprehensive efects of the tangential
principal stress σθ, straight principal stress σv, and radial
principal stress σr on the wall of the borehole are not fully
considered in this theory [23]. Ma et al. conducted an
experimental study on the infuence of water pressure with
diferent water fow rates on the fracture initiation char-
acteristics of coal. Te results show that the increase in
water fow rate makes the fracture morphology more
complex, and the research results have important theo-
retical signifcance for revealing the fracture initiation
behavior of boreholes [24]. According to the frst strength
criterion, Lv deduced the critical value calculation formula
of pressure crack initiation pressure and successfully tried it
in Pingmei Ten Mine [25]. Bouteca developed a full 3D
morphological mathematical model of hydraulic fracturing
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by combining the 3D spatial fuid fow feld model with the
elliptical fracture deformation model of Shah and Koba-
gashi [26]. Based on the fuid-solid interaction theory, Lian
et al. analyzed the problem of hydraulic fracture propa-
gation, took the critical stress as the criterion of the fracture
initiation and extension, deduced the pressure drop
equation expression in the fracture wall, and established the
calculation model. ABAQUS software was used to simulate
the infuence of surrounding rock stress, rock mechanical
properties, fracturing fuid seepage characteristics, and
other external factors on hydraulic fracture propagation
[27]. Bjerrum et al. carried out hydraulic fracturing tests by
injecting high-pressure water into a small circular tube at
the bottom of the fracturing sample in a triaxial pressure
test device, and concluded that the propagation direction of
hydraulic fractures was generated along the minimum
principal stress surface [28]. Chen et al. used the true
triaxial test device to conduct AE monitoring on the
fracture of raw coal samples under fracturing. Te research
results can reveal the source characteristics of the whole
fracture process of raw coal samples in the true triaxial
hydraulic fracturing process, and evaluate the safety of the
fracture process [29]. Deng et al. studied the control pa-
rameters of hydraulic crack propagation behavior by the
method of hydraulic fracturing under the control of ground
stress feld, and conducted a systematic experimental study
on the relationship between the formation and expansion of
hydraulic crack and the change of coal permeability and the
action of hydraulic pressure. Te research results have
practical signifcance for improving the design efect of top
coal precracking [30]. Liu et al. studied the internal mi-
crostructure evolution mechanism of diferent coals under
liquid nitrogen cooling. Te experimental results show that
the total pore volume and pore surface area of coal are
increased after cold leaching, the heterogeneity of pore
structure is enhanced, the fractal dimension is increased,
and the development of porous structure of coal is pro-
moted by cold leaching [31]. Zhou et al. took Longhu coal
mine in Qitaihe mining area as the research object to study
the stability of roadway foor heave. Te new support
scheme is adopted to reduce the foor heave of roadway by
81%. Te research results can provide guidance for the
optimization of roadway support [32]. Surrounding rock
control and support stability of super high mining face was
studied by Wang Sheng. Te results of this study can
provide guidance for the selection of scafolds and the
adoption of measures to improve the stability of scafolds
when they are used in ultra-high height conditions [33].
Taking Linyi mining area as the research object, Li Xuelong
studied the distribution law of ground stress in deep mines.
It is found that the relationship between principal stresses is
σ(H)> σ(v) > σ(h), which belongs to the strike-slip stress
system. Under this stress condition, the soil lateral pressure
coefcients are all greater than 1, and the magnitude of the
three principal stresses increases with the increase in depth.
Te research results have certain reference signifcance for
mine disaster prevention and safety production [34]. Liu
Haiyan studied the failure mechanism and control tech-
nology of cave-side stoping roadway in close distance coal

seam. It is proposed that U-shaped steel telescopic support
erection and backwall flling are used to control the sur-
rounding rock of goaf mining in the process of roadway
excavation, and the on-site monitoring results also meet the
engineering requirements. Te research results can provide
guidance for roadway design of goaf under similar mining
geological conditions [35–51].

Te application of ultra-high pressure hydraulic slot-
ting technology can realize the precise seam cutting, rapid
pressure relief, and efcient permeability increase, and
drilling engineering quantity is reduced on the basis of the
extraction standard time to shorten 30% of the efect. With
the application of hydraulic fracturing technology, the
impact area of hydraulic fracturing is more than 50m, with
a large impact area and obvious antirefection efect in the
region. After the application of ultra-high pressure hy-
draulic slit technology and hydraulic fracturing technology,
the antirefection efect of coal seam is remarkable.
Terefore, in the hydraulic cutting seam technology and
hydraulic fracturing technology in the application process,
there exist the following problems: the super high-pressure
hydraulic cutting seam to improve the unloading antire-
fection efect at the same time, greatly reduce drilling of
quantities, as local antirefection measures that it is obvi-
ous, but for large area still needs to undertake a large
number of slotted drilling construction slot unloading
antirefection. Although the antirefection efect of hy-
draulic fracturing technology has a large infuence range, it
is difcult to control the fracture propagation direction in
the coal body, and the pressure relief and antirefection
improvement are not uniform, and there is stress con-
centration phenomenon.

To sum up, to better carry out uniform permeability
improvement in low permeability coal seam, accurately
control the pressure relief and permeability improvement
area, greatly reduce the drilling engineering quantity, and
solve the technical problems of gas extraction and control in
low permeability coal seam. Te combined technology of
ultra-high pressure hydraulic slit cutting and hydraulic
fracturing is explored, and the mechanism of pressure relief
and refection improvement by cutting and pressure relief
and cutting is analyzed. Te hydraulic cutting pressure
scientifc model is established, and the infuence range of
high pressure hydraulic cutting pressure is solved through
theoretical analysis. Te PFC software based on the theory of
discontinuous media mechanics was used to simulate the
initiation and expansion characteristics of seam cutting and
fracturing fractures in coal seam, and the distribution rules
of fractures and stresses in coal seam were compared and
analyzed by hydraulic cutting before pressure and pressure
relief after cutting. Combined with the feld research on
ultra-high pressure hydraulic cutting before pressure and
pressure before cutting and combined pressure before
cutting and permeability improvement, the infuence law of
ultra-high pressure water jet cutting pressure sequence on
pressure relief and permeability improvement of coal seam is
further revealed.Te research results are of great signifcance
to enrich the comprehensive gas control technology of low
permeability coal seam.
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2. Ultra-High PressureHydraulics First Cut and
Then Pressure Combined with the
Principle of Permeation

Te concept of hydraulics frst cut and then pressurized joint
mode is to use ultra-high pressure hydraulic cuts to cut the
coal seam in the coal seam frst, and then use hydraulic
fracturing to fracturing the coal seam after the gap is gen-
erated. Te groove generated by the hydraulic cutting in the
early stage can guide the hydraulic fracturing so that the
extension direction of the fracture in the plastic zone is
basically the same as the direction of cracking. Te crack
expansion is more uniform.

By forming a slot by hydraulic cutting in the coal body in
advance, the efective infuence range of the single hole can
be expanded to a certain extent.Te original stress balance of
the coal body can be destroyed.Te coal body around the cut
hole is transported to the space of the slot space, and the
pressure relief, deformation, and expansion of the coal seam
can occur, further generatingmore cracks and expanding the
plastic area of the coal body near the cut hole. Combined
with the empirical formula of plastic theory, it can be seen
that the radius of the plastic zone is about 3 to 5 times the
radius of the cut groove, and the radius of the high-pressure
water groove is determined to be about 2.5m through feld
tests. It is inferred that the radial plastic zone range outside
the hydraulic groove is about 7.5 to 12.5m. After the hy-
draulic cut is formed into a crevice, a weak surface is
generated in the drilling hole, and after the fracturing water
enters the crack, it promotes the cracking, expansion, and
extension of the weak side crack, resulting in the full and
uniform development of the coal body fracture near the
borehole. Trough the rational arrangement of the cut-
pressure joint hole, a three-dimensional fracture network
of interpenetration is formed between the drilled holes,
which efectively solve the problems of disorderly expansion
of the fracture in the coal body during the ordinary hydraulic
fracturing, local stress concentration, and pressure relief
blind zone after fracturing.

Tis joint mode not only solves the problems that the
direction of hydraulic fracturing crack is not easy to control,
but also the crack propagation in the fracturing area is
uneven. It is easy to form a high stress concentration area,
and there is a “blind zone” of fracturing, but also increases
the scope of impact of fracturing, which saves a lot of drilling
engineering compared with ordinary drilling holes and
improves the efciency of pressure relief and antiextrusion.
At the same time, the problems of uneven pressure relief and
stress concentration in individual areas are supplemented by
fxed-point hydraulic cutting to achieve uniform and ef-
cient antipenetration purposes. A schematic diagram of the
frst cut and then press joint is shown in Figure 1.

3. Ultra-High Pressure Hydraulics First Press
and Then Cut and Increase the
Principle of Penetration

Hydraulics frst press and then cut joint mode, that is,
hydraulic fracturing is used to supplement the fracture
within the infuence range of hydraulic fracturing. Te gap
fracture is formed in the blank zone of the hydraulic frac-
turing afected area, and the fracture formed by hydraulic
fracturing is conducted, and more fractures are formed.
Trough hydraulic fracturing operations to rapidly improve
the permeability of the coal seam in the area and the gas
extraction efect, after the completion of the hydraulic
fracturing construction, the fracturing crack is un-
controllable. Although the cracks in the coal seam are
generated in a large range, the permeability of the coal seam
increases, and the coal body plays a decompression and
permeability efect within the scope of the crack. However,
the inhomogeneity of the physical and mechanical prop-
erties of the coal leads to the uncontrollable weak surface in
the coal seam, resulting in uncontrollable hydraulic frac-
turing cracks. Tere is a blank zone afected by hydraulic
fracturing within the scope of infuence of the hydraulic
fracturing, and the area with poor pressure relief efect is
used as a “blind spot” of hydraulic fracturing, and there is
a stress concentration in the uncontrolled area of the crack.
Te use of hydraulic cutting joints to accurately increase
penetration and strengthen extraction, under the action of
ground stress, and the fracturing cracks are connected with
the fractured area of the joints, forming an overall pressure
relief area, reducing the stress concentration, and efectively
improving the gas permeability of the coal seam. Tis mode
efectively combines the advantages of fracturing and
fracture, solves the problem of stress concentration and
uneven fracturing in the fracturing area, and realizes the
accuracy of antiprotrusion.Te precise antiprotrusion mode
of pressing frst and cutting is shown in Figure 2.

4. Ultra-High Pressure Hydraulics First Press
and Then Cut and Increase the
Principle of Penetration

Under the action of ultra-high pressure hydraulic force,
when the coal body around the borehole exceeds its own
strength, the hole wall is the plastic softening zone and the
elastic zone are from inside to outside. Te drilling me-
chanical model is shown in Figure 3. Te model assumes the
following:

① Te borehole is subject to the stress P0 of the original
rock, and the side pressure coefcient λ� 1 is treated
according to the axial symmetry problem, which is
simplifed to planar strain
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Figure 1: Schematic diagram of high efciency anti-penetration mode of cutting before pressing. (a) Schematic diagram of fracture
propagation profle after cutting. (b) Schematic diagram of the distribution plane of the slit after cutting.
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Figure 2: Schematic diagram of high efciency anti-spike mode of pressing before cutting. (a) Schematic diagram of fracture propagation
profle after compression. (b) Schematic diagram of the distribution plane of the crack before pressing and cutting.
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② Te coal around the borehole is homogeneous and
isotropic, and the infuence of borehole pressure
relief on the borehole is not considered

③ R0 is the drilling radius; σp is the peak intensity; σc is
the residual strength; the hydraulic fracturing pres-
sure pi acts evenly on the wall of the drilled hole

Assuming that the compressive stress is positive and the
tensile stress is negative, the deep borehole is subjected to
ground stress, at this time:σ1 � σθ, σ3 � σr, and
σ2 � σz � μ(σθ + σr). Te strength characteristics of the elas-
toplastic state of the borehole wall are described by the
unifed strength theory, and the expression is as follows:

σθ � Ajσr + Bj, (1)

Aj �
(1 + bμ) 1 + sinϕj􏼐 􏼑

1 − sinϕj􏼐 􏼑(1 + b) − bμ 1 + sinϕj􏼐 􏼑

Bj �
2(1 + b)cj cos ϕj

1 − sinϕj􏼐 􏼑(1 + b) − bμ 1 + sinϕj􏼐 􏼑

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

, (2)

where σθ, σr are the tangential stress and radial stress of the
borehole wall, respectively. Since Aj, Bj are characterizing
the parameters of the coal body, representing the re-
lationship between the maximum principal stress and the
minimum principal stress.Te μ is for Poisson’s ratio; j is the
symbolic parameter; j� e represents the initial internal
friction angle φe and cohesion force ce of the coal body; j� p
represents the friction angle φp and cohesion cp of the plastic
softening region; b is the median principal stress coefcient,
0≤ b≤ 1.

In the stress-strain curve, failure occurs when the
strength of the coal body exceeds its ultimate strength, and
this paper assumes that the residual friction angle φc and the
residual cohesion cc are unchanged. Plastic softening occurs
when the strength of the coal body exceeds its peak strength,
and the values of the friction angle φp and cohesion cp in the
plastic region gradually decrease with the increase in plastic
strain, assuming that φp and cp are linearly softened with the
initial internal friction angle φe and cohesion force ce. Te
softening coefcients kφ and kc are introduced, which are as
follows:

ϕp �

ϕe, r≥Rp􏼐 􏼑,

kϕϕe, r≤Rpand
ϕs

ϕe

≤ k≤ 1􏼠 􏼡,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

cp �

ce, r≤Rp􏼐 􏼑,

kcce, r≤Rpand
cs

ce

≤ kc ≤ 1􏼠 􏼡,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(3)

where kφ, kc are the internal friction angle and the cohesive
softening coefcient. φe, φp, and φs are the initial internal
friction angle, the friction angle of the plastic softening zone,

and the residual internal friction angle of the coal body,
respectively. ce, cp,cs are the initial cohesion of the coal body,
the cohesion, and residual cohesion in the plastic softening
area, MPa. Rp is the radius of the plastic zone, m.

Te drilled coal body is in the linear elastic state, py is set
as the radial stress at the junction of the elastic zone of the
coal body and the plastic softening zone, and the elastic zone
of the coal body is regarded as a thick-walled cylinder under
the joint action of py and ground stress p0. It can be seen that
the elastic zone stress is as follows:

σre � py

Rp
2

r
2 + p0 1 −

Rp
2

r
2

⎛⎝ ⎞⎠,

σθe � −py

Rp
2

r
2 + p0 1 +

Rp
2

r
2

⎛⎝ ⎞⎠,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

where σre is radial stress in the elastic zone, MPa. σθe is the
tangential stress of the elastic region, MPa. r is the distance
from any point in the coal body to the center of the circle,m.
p0 is the ground stress, MPa. py is the stress at the elasto-
plastic junction, MPa.

At the elastoplastic junction r�Rp, formula (5) satisfes
formula (1) and the radial stress is continuous, and the
fnishing can be obtained as follows:

py �
2p0 − Be

1 + Ae

. (5)

Any of the study unit points in the coal body satisfy the
equilibrium diferential equation:

dσr

dr
+
σr − σθ

r
� 0. (6)

Substituting equation (1) into equation (6) and in-
tegrating, take σr|r � R0 � pi as the boundary condition, the
radial and tangential stresses of the plastic region can be
obtained as follows:

σrp � S1 + pi − S1( 􏼁
R0

r
􏼒 􏼓

1− Ap

,

σθp � S1 + Ap pi − S1( 􏼁
R0

r
􏼒 􏼓

1− Ap

.

S1 �
Bp

1 − Ap

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

Te radial stress σr is continuous at the elastoplastic
junction, which is σrp|r � Rp � σre|r � Rp.Te radius of the
plasticity zone of the frst type (7) and the frst type of (4) of
the frst type of plasticity zone is as follows:

Rp � R0 ·
py − S1

pi − S1
􏼢 􏼣

1/1− Ap

. (8)

6 Advances in Civil Engineering



5. Numerical Simulation Analysis of Ultra-High
Pressure Hydraulics Combined with
Permeation PFC

Under the action of ultra-high pressure hydraulic force,
when the coal body around the borehole exceeds its own
strength, the hole wall is the plastic softening zone and the
elastic zone from the inside to the outside. Te drilling
mechanical model is shown in Figure 3. Te model assumes
the following:

Te particle fow discrete element method (PFC) is based
on the mechanics of discontinuous media to study the
germination, expansion, and penetration of fractures, which
can truly express the geometric characteristics of jointed
rockmasses, facilitate the handling of nonlinear deformation
and destruction, and refect the diferent physical relation-
ships between multiphase media through a variety of con-
nection methods between cells, which can efectively study
noncontinuous phenomena such as cracking and separation.
Tere are countless mesoscopic cracks in coal rocks, espe-
cially soft coal bodies, showing obvious inelastic de-
formation characteristics, and these mesoscopic cracks
develop into macroscopic cracks or until they break down
under increased loads. In the particle fow discrete element,
when the contact point node is destroyed, the corresponding
particles will produce cracks, and new cracks will be gen-
erated at the initial crack tip as a sign of hydraulic fracturing.
Te nonlinear deformation failure process of the fracture can
be analyzed by direct and indirect methods. Te indirect
method uses the constitutive relationship to analyze the
failure process, generally assumes the fractured coal body as
an ideal uniform material, refects the weakening of the
overall strength of the fractured coal body through a certain
constitutive relationship, and expresses the microstructure
failure process in the coal body in this way. Te direct
method is a mesoscopic simulation method, which assumes
that the fracture coal material is a collection of various
microstructures, or some particle combinations connected
at the contact point. Te failure process of the fractured coal
body can be directly simulated by the microstructure and
particle rupture, and the fractured coal body can be studied
mescologically without simulation through complex con-
stitutive models.

Te PFC numerical calculation software is a kind of
software based on particle fow theory, which links the
microstructure of materials with macroscopic mechanical
reactions, and directly simulates material failure from
a mesoscopic perspective, which is suitable for materials that
are difcult to accurately describe their properties through
constitutive relationships based on uniform media, such as
fractured rock masses. Te bonding parameters of the
particles determine the location and number of initial
microcracks, so microcracks can only be formed in the
connection contact model. Te position and size of the two
particles determine the location and geometry of the cracks,
which can be simplifed to a cylindrical surface represented
by the center point position, normal direction, thickness,
and radius parameters.

5.1. First Cut and Ten Press Combined with Unloading Coal
Seam Fracture and Stress Distribution. Te model adopts
a two-dimensional plane model. Te direction length is
200m, the height is 200m, the drilling diameter is 113mm,
the cutting pressure is 100MPa, the test site elevation is
about 550m, the vertical stress reaches 17.7MPa, the
pressure measurement coefcient is 1, and the horizontal
stress is 17.7MPa.Temodel schematic diagram is shown in
Figure 4.

First, hydraulic cutting is used to form a slot, and
a pressure of 25MPa is applied to the periphery of the groove
for fracturing, and the distribution of fracture, main stress,
and permeability of the coal seam after fracturing is ana-
lyzed. Te fssure distribution of coal seam in the process of
drilling construction, hydraulic cutting, and hydraulic
fracturing is shown in Figures 5–7, respectively, and the
maximum main stress distribution curve on the midline of
the test borehole level is monitored in the simulation.

Figure 5 shows the distribution of coal cracks after
drilling construction. It can be seen from the fgure that the
fssures in the coal body around the drilling hole are not
obvious after the construction of the borehole, and basically
maintain the original state. Te stress of the coal body
around the borehole is evenly distributed and is basically in
a state of stress equilibrium. Only the drilling is excavated,
creating plastic deformation zones and elastic zones around
the borehole, resulting in reduced seam stress. Figure 6
shows the distribution of coal cracks after drilling and
cutting. It can be seen that after drilling and cutting, a cir-
cular gap is formed around the drilling hole, and the coal
body around the gap groove is damaged or plastically de-
formed, forming a crack. Te stress of the coal body around
the trough is concentrated and transferred to the deep part of
the coal body, and a stress-reduced pressure relief zone is
formed around the slot area. Figure 7 shows the distribution
of fractures in coal with a fracturing pressure of 25MPa, as
the water injection pressure increases, when the fssure
expands to a certain extent. Te expansion rate begins to
slow down, and the secondary fssures are gradually inter-
connected to form a highly complex fracture network, but
with the continuous development of the fssures in the coal
seam, the degree of stress concentration is becoming more
and more serious.

In the afected area of fracturing, the fractures are mainly
elliptical in distribution. In terms of the degree of damage of
the coal body, the coal body in the area near the fracturing
hole is better than the coal body far from the fracturing hole
area. From the change of water injection pressure during the
fracturing process, it can be seen that the cracking pressure is
about 13MPa, and the radius of infuence of hydraulic
fracturing can reach 45–55m.

After hydraulic fracturing of the coal seam, the original
stress balance state of the coal seam is destroyed, resulting in
a decrease in the stress value of the coal seam in the area near
the fracturing hole, forming a pressure relief zone. However,
the stress value of the coal seam around the pressure dis-
charge zone increases, forming a stress concentration area.
Terefore, according to the stress distribution of the coal
seam after fracturing, the coal seam around the fracturing
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hole can be divided into stress reduction zone (pressure
relief area), stress concentration area, stress transition area,
and original stress area from near and far.

5.2. First Press andTen Cut Combined with Unloading Coal
Seam Fracture and Stress Distribution. Te model adopts
a two-dimensional plane model, the direction length is
200m, the height is 200m, and the drilling diameter is

113mm, which is consistent with the model of Figure 4, as
shown in Figure 8. Te central fracturing hole is located in
the center of the coal seam and is set to 113mm in diameter.
Te test site elevation is about 550m, the vertical stress
reaches 17.7MPa, the side pressure coefcient is 1, and the
horizontal stress is 17.7MPa. 25MPa pressure is applied to
the periphery of the borehole for fracturing, and after the
completion of the fracturing, hydraulic fracture drilling is
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Figure 4: Joint numerical model of coal seam cutting pressure.
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Figure 5: Fracture and stress distribution of coal seam after drilling. (a) Distribution of fractures. (b) Stress distribution condition.
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Figure 6: Fracture and stress distribution of borehole after slit. (a) Distribution of fractures. (b) Stress distribution condition.

8 Advances in Civil Engineering



carried out in the blank area of the fracture according to the
fracture and stress distribution. Te distribution of fracture,
main stress, and permeability of the coal seam after frac-
turing and cutting is analyzed.

Figures 9–11 are the fssure distribution of the coal seam
and the maximum main stress distribution curve on the
midline of the drilling level of the ordinary borehole hy-
draulic fracturing process, respectively.

Figure 9 shows the distribution of coal cracks after
drilling construction. It can be seen from the fgure that after
the construction of the borehole, the fracture of the coal
body around the borehole is not obvious and basically
maintains the original state. Te stress of the coal body
around the borehole is evenly distributed and is basically in
a state of stress equilibrium. Only due to the excavation of
the drilled hole, the plastic deformation zone and the elastic
zone are generated around the drilled hole, resulting in
a reduction in the stress of the coal seam.

Figure 10 shows the fracture distribution of coal with
a fracturing pressure of 25MPa. As can be seen from the
fgure, when the fssure expands to a certain extent, the
number of new fssures decreases, and there is a stress-
concentrated area. In the afected area of fracturing, the
distribution of fracture fractures is mainly in the direction of
main stress, and the other regions have less fracture de-
velopment and there are blank areas. Te fracture devel-
opment is uneven. After the use of hydraulic cuts, the
number of cracks increases, and the stress concentration
area caused by hydraulic fracturing is signifcantly relieved.
From the change of water injection pressure during the
fracturing process, it can be seen that the cracking pressure is
about 16MPa, and the infuence radius of hydraulic frac-
turing can reach 35∼45m.

Figure 11 shows the fracture distribution and stress
distribution after hydraulic fracture in the nonformation
area of the coal seam after the fracturing pressure is 25MPa.
As can be seen from the fgure, after the hydraulic fracture is
carried out in the later stage, the fracture blank zone within
the infuence range of the original hydraulic fracturing
generates a crack. Te fracture that has been generated can

be further increased. Te stress concentration area is
redistributed to play a role in depressurization.

Compared with the same model, there is a big diference
between the cutting sequence of ultra-high pressure water jet
and the fracture and horizontal direction of the discharge
coal seam:

(1) Te cracking pressure of the coal seam with the
combined pressure of cutting frst and then pressing
is 13MPa, and the radius of infuence of hydraulic
fracturing can reach 45–55m. Te cracking pressure
of the coal seam of frst pressure and then cutting and
unloading coal seam is 16MPa, and the radius of
infuence of hydraulic fracturing can reach 35–45m.

(2) Te frst cut and then the combined pressure dis-
charge coal seam destroys the original stress balance
state of the coal seam, causing the stress value of the
coal seam in the area near the fracturing hole to
decrease, forming a pressure relief area. Te stress
distribution is more uniform, at a low value, forming
a better pressure relief area, and the stress value of
the coal seam around the pressure relief area is in-
creased, forming a stress concentration area. In the
area afected by fracturing, the distribution of frac-
ture fractures is mainly along the direction of main
stress.Te fracture development in other areas is less,
and there are blank areas. Te development of
fractures is uneven, after the use of hydraulic frac-
tures, the number of fractures increases, and the
stress concentration area caused by hydraulic frac-
turing is obvious. But there are pressure fuctuations
and instability in the pressure relief area.

In summary, after the cutting pressure combination, the
pressure relief of the coal body can be uniform and sufcient.
Te overall gas permeability coefcient of the coal body can
be greatly improved.Te scope of infuence of extraction can
be increased, and the extraction efect can be signifcantly
improved. At the same time, the stress after the coal body is
cut and the cracking pressure during hydraulic fracturing is
reduced.
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Figure 7: Fracture and stress distribution when fracturing pressure is 25MPa. (a) Distribution of fractures. (b) Stress distribution condition.
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Figure 8: Numerical model for hydraulic fracturing of coal seam.
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Figure 9: Fracture and stress distribution of coal seam after drilling. (a) Distribution of fractures. (b) Stress distribution condition.
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Figure 10: Fracture and stress distribution of 25MPa pressure fractured coal seam. (a) Distribution of fractures. (b) Stress distribution
condition.
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6. Engineering Application of Ultra-High
Pressure Hydraulic Cutting Combined
Process Technology

6.1. Application of Combined Pressure Relief and
Antirefection after Cutting through Layer Drilling

6.1.1. Project Summary. 220106 working surface is located in
the 2201 mining area, the maximum gas content of 1 coal
seam is 6.8m3/t, and the gas pressure is 1.22MPa. Te frst
coal seam group includes 1 coal and 1 upper coal. Te
average upper coal is 3.9m, the average upper coal is 2.8m,
and the average gangue lost between 1 coal and 1 upper coal
is 1.0m. Te inclination angle of the coal seam is 2°–12°, and
the average is 6°. Te working surface is directly topped with
sandy mudstone with an average thickness of 6.7m, and the
old top is quartz sandstone with an average thickness of
17.8m. Te application site elevation is about
523.0–−559.6m, a total of 7 cut pressure combined drilling
holes are constructed, and the foor plan is shown in
Figure 12.

6.1.2. Application of Cutting Pressure Combined with Anti-
refection Technology

(1) Cut-Pressure Combined Drilling Implementation. Te
length of the seven cutting pressure combined drilling coal
hole sections is 11–16m. Te maximum pressure during the
cutting period is 90–100MPa.Te cutting gap is 3m, and the
single knife cutting time is 5–10min. During the cutting
operation, the drilling and rebating water and slag return is
smooth. Te coal output of a single knife is 0.34–0.56 t. Te
average single knife output is about 0.43 t, and the equivalent
radius of the average cut is 2.54m.

After the completion of drilling and cutting, the hole is
sealed immediately. Te hydraulic fracturing is carried out
after 48 h. Te maximum pressure of fracturing is
22–27MPa. Te number of fractures per drilling hole is 3

times. Te fracturing time is 19–28 h, and the total amount
of water injection per borehole is 109.6–132.4m3.

(2) Drilling Quantity Analysis. Te spacing between the
layout of the extraction drilling holes in the application area
is 13m× 13m, and a total of 183 extraction drilling holes are
constructed, with a drilling volume of about 11800m.
Compared with the conventional drilling arrangement of the
mine (the layout spacing is 10m× 10m, and 297 extraction
drilling holes need to be constructed, about 19200m), the
drilling volume can be saved by about 38%.

(3) Pumping Volume Analysis, Pumping Pure Volume. Te
concentration and extraction scalculus of the drilling hole in
the application area are shown in Figures 13 and 14.

It can be seen from the fgure that the extraction con-
centration in the combined cutting pressure area is 10% to
40%. Te concentration fuctuation is relatively stable. Te
attenuation is small. Te extraction purity is 5.12–10.13m3/
min, and the average single-hole extraction purity is
0.0245m3/min, which is 2.3 times that of the ordinary
drilling single-hole extraction purity of 0.0108m3/min.

(4) Extraction Standard Time. According to the drilling and
extraction situation in the application area, when the ex-
traction drilling hole extraction is 47 days, the extraction rate
reaches 30%. A total of 14 residual gas content were tested,
and the test result was 3.98–4.75m3/t. Te extraction
standard was achieved. Te extraction time is 41% lower
than the 80 days of ordinary drilling and extraction.

6.2. Application of Combined Pressure Relief and Anti-
Refection Improvement through Layer Drilling

6.2.1. Project Summary. Te application site of the drilling is
220106, the working surface is located in the outer section of
the 2201 mining area (the strike length is about 170m, and
the strike width is about 190m), a total of 3 fracturing
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Figure 11: Fracture and stress distribution of seam after hydraulic fracturing. (a) Distribution of fractures. (b) Stress distribution condition.
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drilling holes are constructed, and the spacing is cut
according to the 26m× 26m spacing, and the foor plan is
shown in Figure 15.

6.2.2. Application of Compression Cutting Combined with
Antirefection Technology

(1) Cut-Pressure Combined Drilling Implementation. Te
maximum pressure of fracturing is 22–27MPa, and the
number of fracturing times for each borehole is 3 times. Te
fracturing time is 21–32 h, and the total water injection of
each borehole is 117.8–145.2m3.

After the completion of fracturing, the drilling hole is
drilled according to the construction of 13m× 13m spacing
in the control area, and the hydraulic cutting measures are

constructed according to the 20m× 20m spacing. Te
maximum pressure during the cutting period is 90–100MPa.
Te cutout spacing is 3m, and the single knife cutting time is
5–10min. A total of 91 cut holes were implemented, and the
drilling refow water and slag return was smooth during the
seam operation. Te coal output of a single knife was
0.31–0.62 t. Te average single knife coal output was about
0.41 t, and the equivalent radius of the average cut was
2.52m.

(2) Drilling Quantity Analysis. Te spacing between the
layout of the extraction drilling holes in the application area
is 13m× 13m, and a total of 183 extraction drilling holes are
constructed, with a drilling volume of about 11800m.
Compared with the conventional drilling arrangement of the
mine (the layout spacing is 10m× 10m, and 297 extraction
drilling holes need to be constructed, about 19200m), the
drilling volume can be saved by about 38%.

(3) Pumping Volume Analysis, Pumping Pure Volume. Te
concentration and extraction scalarity of drilling in the
application area are shown in Figures 16 and 17. It can be
seen from the fgure that the extraction concentration in the
combined cutting pressure area is 30% to 40%. Te con-
centration fuctuation is relatively stable. Te attenuation is
small. Te extraction purity is 3.6–6.8m3/min, and the
average single-hole extraction purity is 0.026m3/min, which
is 2.4 times that of the ordinary drilling single-hole ex-
traction purity of 0.0108m3/min.

(4) Extraction Standard Time. According to the drilling and
extraction situation in the application area, when the ex-
traction drilling hole extraction is 43 d, the extraction rate
reaches 30%. A total of 5 residual gas content were tested,
and the test result was 3.76–4.52m3/t, and the extraction
standard was achieved. Te extraction time is 35% less than
the ordinary drilling and extraction time of 66 d.

6.3. Economic Benefts

6.3.1. Direct Economic Beneft Analysis. After the 220106
working surface adopts the measures of cutting pressure
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Figure 12: Cut pressure combined measures plan.
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combined pressure relief and removal. Te amount of
drilling engineering by 34000m and the amount of drilling
by 10000m is reduced by 10000m. It can reduce the
maintenance of 33 d of drilling holes in the 220106 working
surface (length 860m) and 36 d of maintenance of the
bottom plate lane (900m long) extraction drilling, calculated
at 30 yuan/m·d.

Save engineering costs: (34000 + 10000) m× 300 yuan/
m� 13.2 million yuan
Saving maintenance investment: 860m× 2× 30 yuan/
m·d× 33 d + 900m× 30 yuan/m·d× 36 d� 2.6748
million yuan

In summary, a total of 15.8748 million yuan of direct
economic benefts have been generated.

6.3.2. Indirect Economic Beneft Analysis. 220106 working
surface drilling and extraction time are shortened by 33 and
25 d. Te working surface is returned to the production in
advance, and the early recovery of the working surface
produces indirect economic benefts:

25× 6000 t/d× 600 yuan/t� 90 million yuan

Xinji No.2 mine generated a total of 90 million yuan in
indirect economic benefts.

7. Conclusions

(1) Te coal seam initiation pressure of ultra-high
pressure water jet cutting pressure combined with
pressure relief is 13MPa, and the infuence radius of
hydraulic fracturing is 45–55m. Te initiation
pressure of coal seam is 16MPa, and the infuence
radius of hydraulic fracturing is 35–45m. Te
combined technology of cutting pressure can make
the pressure relief of coal body uniform and suf-
cient, the overall permeability coefcient of coal
body is greatly improved, the infuence area of ex-
traction is enlarged, and the extraction efect is
signifcantly improved. At the same time, the stress
after the coal seam cutting is reduced, and the
fracturing pressure during hydraulic fracturing is
reduced.

(2) After hydraulic slit, the initiation pressure of coal
seam decreases, and the infuence radius of hydraulic
fracturing increases, with an infuence range of
46–56m. Te permeability within the infuence area
increases by 25 to 30 times. Te permeability co-
efcient of coal seam is 0.775m2/MPa2·d after the
process of cutting pressure combined with pressure
relief and permeability improvement, which is
23 times of the original coal body. Te gas perme-
ability of coal seam is increased signifcantly by
hydraulic cutting frst and then fracturing.

(3) Te extraction concentration in the combined area of
drilling and cutting pressure is 10%–40%, and the
concentration fuctuation is relatively stable and the
attenuation is small. Te extraction purity is
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5.12–10.13m3/min, and the average single hole ex-
traction purity is 0.0245m3/min, which is 2.3 times
of the single hole extraction purity of ordinary
drilling. Te time to reach the standard of extraction
is 32.8 d shorter than that of ordinary drilling. Te
extraction concentration in the combined area of
borehole and pressure cutting is 30%–40%, the
concentration fuctuation is relatively stable and the
attenuation is small. Te extraction pure volume is
3.6–6.8m3/min, and the average single hole ex-
traction pure volume is 0.026m3/min, which is
2.4 times of the single hole extraction pure volume is
0.0108m3/min of ordinary drilling.Te time to reach
the standard of extraction is 25 d shorter than that of
ordinary drilling.

(4) Te pressure cutting combined with pressure relief
and antirefection technology has been successfully
applied in Xinji coal mine, and has created good
economic benefts. Tis technology has a wide ap-
plication prospect.
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Investigating the shear failure caused by the concentration of compressive stress around noncircular boreholes is important both
in the feld and in the laboratory. Tis article deals with the numerical analysis of elliptical boreholes under a nonisotropic in situ
stress feld using the Mogi–Coulomb nonlinear failure criterion. Te purpose of the presented numerical model is to simulate the
progressive shear failure (breakout) around the borehole and investigate the impact of the eccentricity of the borehole on the
stability and depth and width of the failure area. According to the obtained results, the breakout is V-shaped and is formed along
the minimum principal stress. As the eccentricity of the borehole increases, the fnal dimension of the breakout becomes smaller;
in other words, the increase in ellipticity strengthens the borehole against shear failure. However, as the eccentricity increases, the
stress concentration at the breakout tip increases. Another fnding of the study conducted in this article is the signifcant re-
lationship between the width and the depth of the breakout failure, which makes the idea of estimating both horizontal in situ
stresses using breakout dimensions seriously doubtful. Also, the interesting result obtained is that the stress concentration factor at
the breakout tip for boreholes with diferent eccentricities is the same at the end of the breakout.

1. Introduction

Often 10–20% of the total drilling cost is related to borehole
instability, this causes a loss of about 500 to 1000 million
dollars in the oil industry worldwide.Terefore, maintaining
well stability is one of themain concerns of drilling engineers
in the oil and gas industry [1–4]. One of the instabilities of
the borehole is related to the shear instability of the rock in
the borehole wall, which is known as the borehole breakout.

When the shear stress of the material reaches its shear
strength in the borehole wall, the rock is crushed and falls
into the borehole. Te main driver of this type of failure is
the concentration of compressive stress that occurs due to
the drilling of the borehole. Tis phenomenon was frst
observed and reported by Cox [5] in Alberta wells and later
confrmed by Babcock [6]. As the degree of in situ stress
anisotropy increases, the intensity of stress concentration
increases, and as a result, the failure zone becomes wider and
deeper [7–14].

Breakout is formed symmetrically on both sides of the
borehole along the minor principal in situ stress where the
compressive stress is most concentrated. For this reason, in
the last two decades, breakout has been used as an indicator
to determine the direction and magnitude of in situ stresses
[15–17]. Also, several laboratory studies conducted on
predrilled rock samples show that the size of the borehole
(hole radii) has a signifcant efect on the breakout initiation
stress [9, 18–21].

In addition to physical models and laboratory studies on
borehole breakouts, various theoretical and numerical
models have also been conducted to investigate breakouts.
Although the frst theoretical models presented for the
breakout had simple assumptions, the episodic progression
of the breakout was not investigated in them [7, 22], but in
the following, more complete numerical models based on
the fnite element method and the discrete element method
were presented, which are able to predict the breakout in
a proper way [23–32].
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Setiawan and Zimmerman [33] presented a semi-
analytical method to investigate breakout progression and
stabilization using the conformal mapping procedure, and
the analysis carried out by them led to a correlation between
the breakout geometry, the properties of the rock materials,
and the in situ stresses.

Zhang et al. [34] investigated borehole breakout using
a fnite element model based on the Mogi–Coulomb failure
criterion, and the results of their analysis showed that the
inverse analysis using the fnite element model and neural
network can efectively determine the in situ stresses.

Li et al. [35] presented a hydromechanical fnite element
model for sand production and erosion and observed that
sand production is mainly controlled by the plastic strain
magnitude and fow velocity in the vicinity of the borehole.

Ma et al. [36] presented a fnite element numerical
simulation method based on elastic damage mechanics for
progressive sand production in inhomogeneous formations,
and the results obtained by them showed that the sand
production area is controlled by the rock formation het-
erogeneity and the expansive failure process.

In addition to various studies conducted on circular
boreholes, several studies have also been conducted on
noncircular and elliptical boreholes. By investigating the
tangential stresses around the elliptical boreholes, Aadnoy
and Angell-Olsen [37] observed that the fracture initiation
pressure in the elliptical borehole is diferent from the
circular borehole, but as long as the ratio of in situ stresses is
not greater than ellipticity, the position of fracture in the
elliptical and circular borehole is the same, and in their
study, ellipticity is the ratio of the small diameter of the
ellipse to its larger diameter.

Aadnoy and Kaarstad [38] presented an elliptic geometry
model to investigate sand production, and they observed
that the anisotropy of the in situ stresses is a critical factor for
the elliptic shape of the borehole.

Using the ellipsoidal solution of stresses acting on the
borehole wall and the Mohr–Coulomb failure criterion,
Aadnoy et al. [39] found that the ellipsoidal geometry
presents the collapsed borehole shape better than the cir-
cular Kirsch’s analytical solution.

Using an inverse analysis, Han et al. [40] estimated the
horizontal in situ stresses around the elliptical borehole
using data from the leak-of test, and their studies showed
that even a 2% diference in the axis of the elliptical borehole
causes a 5% to 10% diference in the estimation of horizontal
in situ stresses. Papamichos et al. [41] investigated hollow
cylinders with diferent geometries experimentally and
numerically, and their studies showed that holes with el-
liptical breakouts are more stable; in other words, the sta-
bility of the hole increases as the breakout depth increases.

What has not been addressed so far is the investigation of
the impact of the eccentricity of the borehole on the stability
of the borehole as well as its strength to shear failure. Te
purpose of this article is to present a model based on the
fnite element numerical method to investigate the episodic
progression of breakouts around noncircular boreholes and
specifcally boreholes with an elliptical cross section. Te
presented model is two-dimensional and assumes plane

strain conditions, and by it, the efect of anisotropic in situ
stresses and borehole eccentricity on the fnal dimensions of
the breakout is investigated.

2. Problem Definition

Tere are various reasons that boreholes with noncircular
cross sections may also be formed. Possible causes include
the mechanical action of the drill string on the well after
drilling or the horizontal cross section of the deviated
boreholes becomes an ellipse.

An elliptical cavity with major axis a and minor axis b is
considered in a linear elastic medium under plane strain
conditions (Figure 1). σH is the maximum horizontal prin-
cipal stress, σh is theminimumhorizontal principal stress, and
σv is the vertical stress along the axis of the borehole so that
σh < σv < σH. It is often assumed that the major axis of the
ellipse is along the minor principal stress (σh) and its minor
axis is along the major principal stress (σH). Tis assumption
is suitable for examining holes that have previously had shear
failure and are again subjected to a new stress condition.

In these conditions, local stresses including tangential stress
(σθθ), radial stress (σrr), vertical stress (σzz), and shear stress
(τrθ) are obtained for the points around the borehole, and it is
observed that the highest concentration of compressive stress
occurs in the wall of the borehole at point A because this point
has the minimum radius of curvature. However, in the vicinity
of point A, the concentration of compressive stress may also
occur in other points and they may sufer shear failure
(breakout) as a result. To fnd all the failure points, it is
necessary to frst calculate the principal stresses based on the
local stresses, and then by choosing an appropriate shear failure
criterion, the points that have failed can be found.

Te failed points are removed from the borehole wall,
and a new cross section is obtained. Te stresses are
redistributed around the borehole, which causes other points
to reach shear failure. Again, the points that have sufered
shear failure are removed and the new stresses in the en-
vironment are calculated. In this way, step by step, the
breakout proceeds so that no point will fail again.

As shown in Figure 1, in breakout, the rock is separated
from the borehole wall in spalls; although from a micro-
mechanical point of view, the failure mechanism may be
a combination of shear failure and tension failure.

In all breakout stages, to calculate the stresses of the
environment, the environmentmust frst be divided into fne
elements, and then, using the appropriate numerical
method, the stresses in the center of each element should be
calculated. However, only in the wall of the borehole before
the initiation of the breakout can the stresses be obtained
using the analytical method that is given in the next section.

After completing the numerical analysis, the V-shaped
(dog-eared) breakout is observed on both sides of the
borehole symmetrically along the minimum principal stress.

Te maximum breakout width (θd) is the same width
that is obtained in the frst step of failure, and the fnal depth
of the breakout (rd) is obtained after the last step at the end
of the analysis. It can be seen in Figure 1 that (rd) is
measured from the center of the borehole.
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2.1. Analytical Stress Distribution around the Elliptical
Borehole. In this section, the stress distribution around the
elliptical holes is presented [42]:
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θ and ω are also shown in Figure 2.

2.2. Numerical Model for the Episodic Breakout. A two-
dimensional plane strain model is used to analyse the
progressive breakout phenomenon. Te presented model is
solved numerically using the fnite element numerical
method.

Te fnite element method, sometimes called fnite el-
ement analysis, is a computational technique used to obtain
approximate solutions of boundary value problems.
Boundary value problems are also sometimes referred to as
feld problems. Te feld is the domain of interest and often
represents a physical structure. Te feld variables are the
dependent variables of interest that are governed by the
diferential equation. Boundary conditions are the specifed
values of feld variables at feld boundaries. Te fnite ele-
ment method is a numerical technique for solving a system
of equations governing the domain of a continuous physical
system, which is discretized into simple geometric forms
called fnite elements. Modeling a body is conducted by
dividing it into an equivalent system of fnite elements that
are connected at a fnite number of points on each element
called nodes. Tere are fundamental unknowns in engi-
neering problems, and if they are found, the behavior of the
entire system is predictable. Te basic unknowns or feld

σh

σH

θ
θd

A

a

rd

b

Figure 1: Elliptical borehole and shear failure around it.
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variables encountered in engineering problems are dis-
placements. In a continuum body, these unknowns are
infnite. Te fnite element method reduces such unknowns
to a fnite number by dividing the solution area into small
parts called elements and by expressing the unknown feld
variables in terms of hypothetical approximate functions
(interpolation functions/shape functions) in each element.
Approximate functions are defned in terms of feld variables
of specifed points called nodal points. Tus, in the fnite
element method, the unknowns are the feld variables of the
nodes. Once these are found, the feld variables at each node
can be found using the interpolation functions. After
selecting elements, the next step in the fnite element method
is to collect element properties for each element; in other
words, the stifness characteristics of each element must be
found. Mathematically, this relationship is as follows [43]:
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eB B

e
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e
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where [ke] is the element stifness matrix, [Be] is the gradient
matrix, and he is the element thickness. [De] implies the elastic
stifness matrix which in plane strain conditions is given by

D
e

􏼂 􏼃 �
E(1 − υ)

(1 + υ)(1 − 2υ)

1
υ

1 − υ
0

υ
1 − υ

1 0

0 0
1 − 2υ
2(1 − υ)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (4)

where E and υ are the modulus of elasticity and Poisson’s
ratio, respectively.

Derivation of the element stifness matrix is based on
equilibrium conditions. Te same procedure can be applied
by writing the equilibrium equation for each node for all
connected elements in the model. Tis process is described
as “assembly” because the system equations are obtained by
taking the individual stifness components and putting them
together; therefore, the main relation is written as follows:

[K] U{ } � F{ }, (5)

where [K] is the global stifness matrix, U{ } is the nodal
displacement vector, and F{ } is the nodal force vector.

Te criterion of shear failure used in this article is the
nonlinear Mogi–Coulomb criterion, in which the efect of
the intermediate principal stress is also present in the failure
function [44]:

τoct � a
′
+ b
′σm,2. (6)

In this equation,

σm,2 �
σ1 + σ3

2
,

τoct �
1
3

�����������������������������

σ1 − σ2( 􏼁
2

+ σ2 − σ3( 􏼁
2

+ σ3 − σ1( 􏼁
2

􏽱

,

(7)

where σ1, σ2, and σ3 are the maximum, intermediate, and
minimum principal stresses, respectively, and
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where σc is the uniaxial compressive strength of the rock
material. Te failure function for the Mogi–Coulomb failure
criterion is defned as follows [45]:

FMG � τoct − a′ − b
′σm,2 � 0. (9)

Figure 3 shows the Mogi–Coulomb failure criterion in
the principal stress space.

2.3. Algorithm, Problem Domain, Boundary Conditions, and
Meshing. To simulate the episodic breakout around the
elliptical borehole, a computer program was coded based on
the governing equations and failure criteria presented in the
previous section.

Coding is conducted in MATLAB software. To increase
the accuracy of the simulation, every element that fails is
removed from the borehole wall by 0.1 of its length. In this
way, the number of numerical analysis iterations increases
until the breakout reaches stability but the breakout ge-
ometry is obtained with proper accuracy. Te problem
domain, boundary conditions, and meshing shown in Fig-
ure 4 are considered, in which only a quarter of the model is
analyzed due to symmetry.

Te dimensions of the model are 40  cm × 40  cm, and
a fne mesh has been used around the borehole. Te number
of 4-node quadrilateral elements for the model is equal to
2560. According to Figure 4, the bottom mesh boundary is
restricted for vertical displacement while it is left free for
horizontal displacement. Also, the right vertical boundary is
free to move vertically while its horizontal movement is
restricted. Te maximum horizontal principal stress is ap-
plied to the right vertical boundary, and the minimum
horizontal principal stress is applied to the upper horizontal
boundary. For the numerical solution of the problem shown
in Figure 4 and the specifcations given previously, the
following simple algorithm is presented:

(1) First, based on the fnite element method formula-
tion, local stresses are calculated for each element

(2) Ten, the principal stresses are calculated according
to the local stresses

(3) Using the principal stresses, the failure function is
calculated for each element according to the selected
failure criteria
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(4) If the failure function for a certain element is greater
than one (FMG〉1), that element is removed from the
model geometry and the rest of the elements remain

(5) For the new geometry, steps 1 to 4 are repeated until
the failure function for all elements becomes smaller
than one and the breakout reaches stability

3. Validation

3.1. Stress around the Borehole and Comparison of the Nu-
merical Method with Analytical Solution. To validate the
presented numerical method, the stresses around the
borehole have been obtained using the numerical method as
well as the analytical relations presented in the section
“Analytical stress distribution around elliptical borehole.”
Te comparison of the stresses is shown in Figures 5–8.
Stresses are presented for three diferent eccentricities, and
the eccentricity of an ellipse is equal to

m �

��������

1 −
b
2

a
2􏼠 􏼡

􏽳

, (a> b) , (10)

where according to Figure 1, a and b are the major and
minor axes of the ellipse, respectively.

m is between zero and one (0≤m< 1), such that the
circular borehole has zero eccentricity. In this article, to
create boreholes with diferent eccentricities, the major axis
of the ellipse is assumed to be fxed (a � 5 cm) and its minor
axis is changed (Figure 1).

Figure 5 shows the tangential stress in the borehole wall
for diferent values of eccentricity, and as can be seen in the
fgure, there is a good agreement between the stresses ob-
tained from the numerical model and the stresses obtained
from the analytical relations.

It should be noted that in Figures 5–8, the values of the
feld stresses are as follows:

σh � 20 MPa,

σv � 25 MPa,

σH � 50 MPa.

⎧⎪⎪⎨

⎪⎪⎩
(11)

Figure 5 also shows that the maximum tangential stress
or the highest compressive stress concentration occurs for
θ � 00 and θ � 1800, that is, along the minor principal stress;
therefore, these two points will be the starting points of the
breakout. It can also be seen that with the increase of ec-
centricity, the concentration of compressive stress also in-
creases. Te lowest tangential stress also occurs at θ � 900
and θ � 2700, and with the increase of eccentricity, the
tangential stress decreases at these points. In Figure 6,
similar results have been obtained for vertical stress. Fig-
ures 6 and 7 also show the stresses for θ � 00, and along the
minor principal stress for 0 and 0.6 eccentricity, respectively,
there is a good agreement between the numerical model and
the analytical relationships, and by moving away from the
center of the hole, the stresses converge to the feld stresses.

3.2. Failure Shape and Comparison of the Numerical Method
with Other Models. Ma et al. [36] presented a numerical
simulation method for sand production in inhomogeneous

formations, in which the efects of heterogeneity, progressive
fracture process, and borehole pressure were investigated.
Zhang et al. [34] also used the machine learning method to
invert the relationship between in situ stresses and borehole
breakout shape. Figure 9 shows the comparison between the
depth and the width of the breakout failure zone obtained
from the numerical model presented in this article with the
model provided by Zhang et al. [34] and Ma et al. [36] for
circular borehole (m � 0). Te analysis of this section has
been performed for the mechanical and geometrical spec-
ifcations presented in Table 1. According to Figure 9, the
failure width is formed in the frst iteration and does not
increase in subsequent iterations. Te half width of failure
(θd/2) obtained from the numerical model presented in this
article is 31∘, and the half widths of failure obtained from
Zhang et al.’s model and Ma et al.’s model are 32.5∘ and 32∘,
respectively, which can be seen that there is a relatively good
agreement between the models.

However, in all three models, the depth of failure (rd)

increases with increasing iterations until a stable state is
established. Te evolution of rd is linear in the model
presented in this article, but it is nonlinear in other models.
Tis is because in the numerical model in this article, to
increase the accuracy of the results with the failure of each
element as much as one tenth of the element length, the
borehole wall is removed, but in other models, the failed
element is completely removed from the model. rd obtained
from the numerical method presented in this article is
26.80 mmand rd obtained from Zhang et al.’s model andMa
et al.’s model is 22.4 mm and 20.75 mm, respectively. Te
diference between the values obtained from diferent
models can be due to the diferent failure criteria used in
each of the models.Te failure criterion used in this article is
the Mogi–Coulomb criterion, while the failure criteria used
in Zhang et al.’s model and Ma et al.’s model are the
Mohr–Coulomb criterion and the Drucker–Prager criterion,
respectively.

4. Results and Discussion

In this section, the results of the numerical analysis
performed using the program written in MATLAB
software are given. Te properties selected in the analysis
for the rock materials are those provided for Tablerock
sandstone. Te Tablerock sandstone belongs to the
Cloverdale Nursery area in the United States and belongs
to a group of sandstone layers in the Upper Miocene, the
Lower Idaho Group; this sandstone consists of 55%
quartz and 37% feldspar. Due to the high percentage of
feldspar, this sandstone is classifed as arkosic. For this
type of rock material, the internal friction angle and
cohesion are, respectively, equal to ϕ � 39.70 and
c � 10.38 MPa [13].

For the borehole with diferent eccentricities, breakout
progression steps were obtained using the presentedmodel and
some of these stages are shown in Figure 10. Te cross section
shown in the last column is the fnal breakout shape after
reaching stability. Te values of in situ stresses in this analysis
are equal to σh � 20MPa, σv � 25Mpa, σH � 50Mpa.
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In the fgure, it can be seen that for the borehole with
zero eccentricity, the breakout reaches stability after 383
iterations, and as the eccentricity increases, the number of
breakout progress iterations decreases. For example, for the

borehole with an eccentricity of 0.8, the number of iterations
is reduced to 223. It can be seen that the fnal shape of the
breakout is V-shaped, and its formation and propagation
occurred along the minor principal stress, and also, with the
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Figure 9: Depth and width of failure in diferent iterations and comparison of the numerical method in this study with other models.

Table 1: Geometric and mechanical parameters [34, 36].

Parameters Value Unit
Young’s modulus 14.4 GPa

Poisson’s ratio 0.2 —
Cohesion 20 MPa

Internal friction angle 40 (°)
Borehole pressure 20 MPa

Maximum horizontal in situ stress 100 MPa

Minimum horizontal in situ stress 60 MPa

Borehole radius 0.15 m
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increase in the eccentricity of the borehole, the fnal di-
mensions of the breakout became smaller.

Figure 11 shows the increase in the depth (rd) and width
(θd) of the breakout failure area as the breakout progressed
to stability. As can be seen in the fgure, the failure width is
formed in the frst iteration and does not increase in sub-
sequent iterations, but the depth of failure increases linearly
until the breakout reaches stability.

Figure 12 shows the fnal normalized breakout depth
(rd/(a/2)) versus eccentricity, and Figure 13 shows the
breakout failure width (θd) versus eccentricity. In Figure 12,
the breakout depth is normalized to the semimajor axis of
the ellipse. It can be seen in the two fgures that the di-
mensions of the breakout become smaller as the eccentricity
increases. Te general result is that although the stress
concentration at the two vertices of the ellipse along the
minimum principal stress increases with the increase of
borehole eccentricity, the fnal dimension of the breakout
becomes smaller. In other words, increasing the ovality
strengthens the borehole against shear failure.

Another infuencing parameter on the dimensions of the
breakout is the ratio of in situ stresses. Numerous numerical
analyses were performed with diferent in situ stress ratios
and eccentricities, and their results are shown in
Figures 14–16. In Figures 14 and 15, it can be seen that with
the increase in the ratio of in situ stresses, the normalized
breakout depth and the breakout width increase, re-
spectively. Also, for a certain in situ stress ratio, the depth
and width of failure decrease with the increase of eccen-
tricity. Figures 14 and 15 can also be used to determine the
fnal dimensions of the breakout after increasing the ratio of
in situ stresses to another given ratio. Tis application is of
particular importance in breakout laboratory studies.

Figure 16 is obtained from the combination of Figures 14
and 15. Figure 16 shows a signifcant relationship between
the fnal breakout failure depth and the breakout failure
width for a given eccentricity. Te meaningful relationship
between the depth and the width of breakout failure in
geomechanics is important because if the horizontal in situ
stresses are to be determined based on the dimensions of the
breakout, only one of them can be determined. In other
words, the minimum principal stress can be obtained from
the hydraulic fracturing test [46, 47], and the maximum
horizontal principal stress can be determined based on the
dimensions of the breakout.

Te stress concentration factor (SCF) is the ratio of the
tangential stress at the breakout tip to the maximum in situ
stress, which is as follows:

SCF �
σθθ,(A)

σH

, (12)

where σθθ,(A) is the tangential stress at point A at the
breakout tip (Figure 1). Point A also moves as the breakout
progresses.

Figure 17 shows the evolution of the stress concentration
factor (SCF) versus the breakout depth for three diferent
eccentricities. Te highest concentration of compressive
stress occurs in the borehole wall and at the tip of the
breakout, which is the cause of shear failure progression.

Te remarkable point that can be concluded from
Figure 17 is that, before the breakout failure and at the
beginning of the analysis, the greater the eccentricity, the
greater the stress concentration factor, but with the
progress of breakout failure and at the end of the analysis,
it can be seen that the stress concentration factor for
boreholes with diferent eccentricities has become the

m=0

m=0.4

152

m=0.6

124

m=0.8

88

Figure 10: Episodic breakout progression for holes with diferent eccentricities; the last column shows the fnal shape of the breakout.
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same with a relatively small diference. Tis is due to the
fact that in the studied problem, the tangential stress in
the borehole wall is the only principal stress in the
Mogi–Coulomb failure criterion, and the breakout failure
progresses to the point where the tangential stress can no

longer satisfy the failure criterion. Terefore, the stress
concentration factor at the breakout tip, which is de-
pendent on the tangential stress, at the end of the
breakout, is the same for the boreholes with any eccen-
tricity, even though the breakout depth is diferent.
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Figure 14: Final normalized breakout depth versus in situ stress ratio for diferent eccentricities.
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Figure 15: Final breakout width versus in situ stress ratio for diferent eccentricities.
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5. Conclusion

Tework performed in this article was the numerical analysis of
the progressive failure around noncircular boreholes. Tis
problem, which has an unconventional shape, was investigated
in the feld of nonisotropic stresses and using a nonlinear failure
criterion. For these reasons, solving the problem had to be
performed numerically. In addition to the abovementioned, the
progress of failure occurs episodically, whichmeans that at each
step, the geometry of the problem changes and meshing must
be conducted again. To solve this problem, a simple algorithm
based on the fnite element method is presented. Using the
algorithm, a computer program is coded inMATLAB software.

To investigate the efect of the borehole eccentricity
parameter on the breakout, boreholes with diferent ec-
centricities are analyzed, and it was observed that with the
increase of eccentricity, the depth and width of the V-shaped

breakout failure area decrease, but the stress concentration
factor at the breakout tip becomes the same for all models.
Also, the rate of decrease in the breakout depth and width
with increasing eccentricity is low until m� 0.3 and then
increases. In other words, eccentricity strengthens the
borehole against shear failure.

With the increase of the ratio of in situ stresses, the depth
and width of the breakout increase and the rate of increase of
the failure depth is higher for the borehole with smaller
eccentricity. Also, according to the obtained results, it was
observed that the depth and width of the breakout have
a signifcant relationship with each other. Terefore, by
using breakout dimensions, only one of the in situ stresses
can be obtained; for example, the maximum horizontal
stress (σH) can be obtained using breakout dimensions, and
the minimum horizontal stress (σh) can be obtained using
the hydraulic fracturing test.
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Figure 17: Evolution of the stress concentration factor at the breakout tip with the progression of the breakout.
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In order to study the seepage process of rainwater on granite residual soil cut slopes, a numerical model for seepage analysis of
granite residual soil cut slopes was established.Ten, by applying the rainfall boundary condition, the seepage path of rainwater on
the slope was analyzed under the condition of rainfall infltration. Finally, during rainwater seepage, the volumetric water content
and pore-water pressure change characteristics inside the slope were analyzed, and the seepage mechanism of rainwater in the
granite residual soil slope was revealed. Te results show that, under the condition of rainfall infltration, the surface area of the
slope gradually forms a saturated area in a temporary stable state. As the saturated area in the temporary stable state gradually
extends to the inside of the slope, the area gradually increases and a groundwater level recharge area is gradually formed at the foot
of the slope. Rainwater infltration changes the original stable state of the slope, causing the granite residual soil slope to change
from the two original distribution states of the unsaturated area and saturated area to the three distribution states of the
temporarily stable saturated area, unsaturated area, and saturated area from top to bottom. Te volumetric moisture content of
slope-monitoring points increased gradually with an increase in the duration, and the overall distribution showed an “S” shape.
Te infltration of rainwater causes the pore-water pressure of the granite residual soil to increase gradually, and matric suction
gradually disappears. In particular, the disappearance of the matric suction at the foot of the slope will lead to the gradual
weakening of the shear strength of the slope soil, thus afecting the slope stability.

1. Introduction

Granite residual soil is a special rock and soil mass formed by
long-term weathering of granite. In the world, granite re-
sidual soil is widely distributed. With the rapid development
of the transportation industry, in railway and highway
construction projects, in order to ensure the stability of the
route, some granite residual soil is often excavated, thus
forming a large number of cut-slope projects [1–3]. Granite
residual soil has good compressive strength, but its cohesion
is poor. Whenever the rainy season comes, the infltration of
a large amount of rainwater further weakens the cohesion of
the granite residual soil, resulting in landslide disasters on
the slope, which seriously afect trafc safety.

Taking the granite-disabled soil slope as the research
object, domestic and foreign scholars have carried out a lot
of research. In terms of engineering characteristics of granite
residual soil, Tang et al. used a self-developed tensile strength
tester to analyze the variation law of the tensile strength of
granite residual soil with diferent moisture content during
humidifcation and drying and clarifed the compressive
strength of granite residual soil during humidifcation and
drying [4]. Alias et al. analyzed the variation law of shear
strength of granite residual soil through a triaxial test and
revealed the formation characteristics of shear strength of
granite residual soil [5]. Ferreira et al. analyzed the efect of
cyclic loading on the interfacial cohesion between granite
residual soil and geogrids and studied the main control of
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the loading frequency, amplitude, and other infuencing
factors afecting the interfacial strength [6].

In the aspect of granite residual soil slope stability, Yang
et al. studied the development and formation process of
fssures in granite residual soil slopes under the condition of
a dry-wet cycle and believed that the development degree of
fssures in granite residual soil slopes had a positive cor-
relation with the number of dry-wet cycles. Te slope in-
stability time has been advanced [7]. Guo et al. believed that
rainfall is the key factor leading to the catastrophic occur-
rence of granite residual soil slopes. Terefore, the improved
Mein–Larson model was used to analyze the variation law of
the wetting front on the slope under the condition of rainfall
infltration [8]. By burying the moisture sensor, Fei and Qian
measured the variation characteristics of matric suction and
moisture content of the granite residual soil slope during
rainfall.Te results show that rainfall infltration changes the
distribution of matric suction on the granite residual soil
slope, thus causing the slope stability to change, but this
efect decreases gradually with an increase in depth [9].
Wang et al. analyzed the variation law of the wetting front on
the granite residual soil slope under the condition of rainfall
infltration and proposed a slope stability analysis method
considering the time-varying efect.Te results show that the
probability of slope failure is controlled by the position of the
slip surface [10]. Wei et al. used a combination of numerical
and laboratory model tests to analyze the infuence of dif-
ferent slopes and heights of cut slopes on the slope stability
under rainfall conditions, taking artifcially cut slopes of
granite residual soil as the research object [11]. It can be seen
from the abovementioned research study that rainfall is the
key factor that induces the instability of granite residual soil
cut slopes. However, the existing research results are still not
deep enough to study the seepage mechanism of rainwater in
granite residual soil.

In view of this, this paper takes the granite residual soil
cut slope as the research object, focuses on the rainfall factor,
and uses numerical software to establish the seepage model
of rainwater on the granite residual soil slope. Te seepage
evolution characteristics of the granite residual soil slope
during rainwater infltration were deeply analyzed, the

seepage path of rainwater on the slope was clarifed, and the
seepage mechanism of rainwater on the granite residual soil
slope was revealed. Tis study provides theoretical reference
for the stability control measures of granite residual soil
slopes.

2. Seepage Model of Granite Residual Soil
Cut Slopes

2.1. Construction of Percolation Diferential Units. Granite
residual soil has certain porosity. When rainwater infltrates
into the interior of the granite residual soil slope, the fow of
rainwater in the void will break the original saturated-
unsaturated stable state in the slope, thereby afecting the
slope stability. Te migration rate of rainwater in the granite
residual soil slope can be described by Darcy’s law [12–14].

vw � −kw

zhw

zy
, (1)

where Vw is the Darcy velocity of rainwater seepage, kw is the
saturated permeability coefcient, and zhw/zy is the hy-
draulic gradient in a Y direction. Te seepage process of
rainwater in the granite residual soil slope is a complex fow
process. Under normal conditions, the water fow continuity
equation can be used to solve the problem by setting
boundary conditions. Any tiny space unit dxdydz in the
granite residual soil slope is selected to establish a diferential
unit of rainwater seepage on the slope, as shown in Figure 1.
It can be seen from Figure 1 that, in any period of time dt, the
diference between the infow and outfow of rainwater due
to the action of gravity and matric suction can be expressed
as the seepage fow in this period of time.

2.2. Teoretical Derivation of the Water Flow Continuity
Equation. Since the granite residual soil slope is an integral
structure, the seepage of rainwater on the slope is contin-
uous. Ten, according to the principle of energy conser-
vation, the water fow continuity equation of rainwater on
the granite residual soil slope can be expressed as follows
[15–17]:

pw vxdydz + vydxdz + vzdxdy􏽨 􏽩 − pw vx +
zvx

zx
dx􏼠 􏼡dydz + vy +

zvy

zy
dy􏼠 􏼡dxdz + vz +

zvz

zz
dz􏼠 􏼡dxdy􏼢 􏼣 �

z npwdxdydz( 􏼁

zt
dt, (2)

where n is the porosity and pw is the density of water.
Trough mathematical transformation, formula (2) can

be simplifed to

pw

zvx

zx
+

zvy

zy
+

zvz

zz
dxdydz �

z npwdxdydz( 􏼁

zt
dt. (3)

Te change in water quality infltrated into the granite
residual soil is related to the compressive modulus of the

granite residual soil, and the right end of formula (3) can be
expressed as

z npwdxdydz( 􏼁

zt
dt � pw

1
Γ

+ n
1
Γw

􏼠 􏼡
zu

zt
dxdydzdt, (4)

where Γ is the bulk compressive modulus of the soil, Γw is
the bulk compressive modulus of water, and u is the negative
pore-water pressure.
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Te water head at the seepage diferential unit of granite
residual soil can be expressed as (h − z)so u � ρw g(h − z).
Ten, there is

zu

zt
� ρwg

zh

zt
. (5)

In order to further simplify the seepage analysis model,
this paper does not consider the anisotropy of the granite
residual soil when analyzing the seepage characteristics of
rainwater on the granite residual soil slope.

zvx

zx
+

zvy

zy
+

zvz

zz
dx dy dz � 0. (6)

According to the water fow continuity condition, by
substituting Darcy’s law into formula (6), the partial dif-
ferential equation of water fow continuity of rainwater on
the granite residual soil slope can be obtained as follows:

z

zx
kx(θ)

zhw

zx
􏼢 􏼣 +

z

zy
ky(θ)

zhw

zy
􏼢 􏼣 +

z

zz
kz(θ)

zhw

zz
􏼢 􏼣 � 0. (7)

2.3. Establishment of the SeepageModel. Tis paper takes the
granite residual soil cut slope on one side of a railway as the
research object and studies the seepage mechanism of
rainwater on the slope. Te overall excavation height of the
slope was 16m, and the excavation was divided into two
levels. Te height of the frst-level slope was 10m with
a slope ratio of 1 :1.75, and the height of the second-level
slope was 6m with a slope ratio of 1 :1.5. A 2m wide
platform is set at the intersection of the two-level slopes, and
the specifc dimensions are shown in Figure 2. In order to
simulate the groundwater level, the groundwater level ele-
vation on the left side of the model was set to 6m and the
groundwater level on the right side was set to 3m. In order to
ensure the calculation time and accuracy, the four-node grid
was used to divide the whole model into 7076 units, totaling
7286 nodes.

Reasonable boundary condition settings can accurately
simulate the seepage characteristics of rainwater on the
granite residual soil slope. Terefore, in the seepage

numerical model, the top and the slope surface of the granite
residual soil slope were set as the boundary conditions of
rainfall infltration and the road structure on the right side of
the model was set as the impermeable boundary condition.
Other boundaries in the numerical model of seepage were
also set as impervious boundary conditions. In this paper, in
order to monitor the seepage characteristics of rainwater on
the granite residual soil slope, six monitoring points were set
up at the top, middle, and bottom of the two-level slope at
a depth of 1m. At the same time, in order to monitor the
variation law of the matric suction on the slope with the
elevation, a monitoring section was set up at the top of the
second-level slope.

3. Seepage Numerical Model
Calculation Scheme

3.1. Physical Parameters of Granite Residual Soil. Te granite
residual soil slope soil samples were selected from the site,
the saturated volumetric moisture content of the granite
residual soil layer on the slope was measured by relevant
laboratory tests to be 0.26, and the residual volumetric
moisture content was 0.11. Te saturated permeability co-
efcient was 1.91× 10−7 cm/s. Te parameters were obtained
by referring to the feld survey data. Te specifc physical
parameters of granite residual soil are shown in Table 1.

Te seepage of rainwater in the rock and soil body is
mainly carried out through the pores between soil particles,
and the size of the pores also afects the volumetric water
content and matric suction of the rock and soil body.
Numerous studies have shown that there is a negative re-
lationship between the volumetric water content in rock and
soil and matric suction; that is, with a gradual increase in
rock-soil matric suction, the volumetric water content of soil
gradually decreases. When studying the seepage mechanism
of rainwater on the granite residual soil slope, the classical
van Genuchten model was used to ft the curve of the
volumetric water content of the granite residual soil with
matric suction and the permeability coefcient with matric
suction [18–20]. Te ftting results are shown in Figures 3
and 4.

3.2. Slope Rainfall Program. In this paper, in order to study
the seepage mechanism of rainwater on the granite residual
soil slope, the rainfall grade was selected as heavy rain, the
rainfall intensity was 8.7×10−4mm/s, the total duration was
set as 45 h, and the cumulative rainfall was 150mm. In the
seepage numerical model shown in Figure 2, slope rainfall
infltration in Table 2 was realized by applying the in-
fltration boundary condition.

4. Seepage Simulation Calculation Results

4.1. Slope Volumetric Water Content Distribution Law. In
order to analyze the distribution law of rainwater on the
slope, the cloud map of the volumetric water content of the
granite residual soil slope under diferent rainfall times was
drawn, as shown in Figure 5. As can be seen in Figure 5,

Vx

dz

dx

dy

Vy

Vz

X

Z Vy+ ∂Vy
∂y dy

Vz+ ∂Vz
∂z dz

Vx+ ∂Vx
∂x dx

y

Figure 1: Percolation diferential units.
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when there is no rainfall, below the overall groundwater level
of the slope is the saturated area and above the groundwater
level is the unsaturated area. When rainfall reaches 6 hours,
the rainwater has infltrated from the surface of the slope to
the interior of the slope. With a gradual increase in the
infltration amount, the volumetric water content of the soil
in the surface area of the slope gradually increases to
a saturated state, resulting in the surface soil of the slope. A
transient steady-state saturation region occurs. With
a gradual increase in duration, a large amount of rainwater
seeps downwards inside the slope and the area of the
temporary steady-state saturation area of the slope gradually
increases. When rainfall reaches 24 h, a large amount of
rainwater infltrating into the inside of the slope gathers at

the foot of the frst-level slope and seeps down to replenish
the groundwater level. When rainfall reaches 48 h, the
volumetric water content at the toe of the slope reaches
a saturated state, which increases the overall bulk density of
the slope and weakens the shear strength of the soil at the toe
of the slope.

4.2. Distribution Law of the Wet Front on Slopes. Figure 6
shows the evolution law of the wetting front on the granite
residual soil slope with rainfall under the condition of
rainfall infltration. As can be seen in Figure 6, in the early
stage of rainfall, with the infltration of rainwater into the
granite residual soil slope, the soil particles on the surface of
the slope are gradually flled with rainwater and gradually
form a critical surface with the dry soil inside the slope, that

28
26
24
22
20
18
16
14
12
10

8
6
4
2
0

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Horizontal distance (m)

Ve
rt

ic
al

 el
ev

at
io

n 
(m

)

Rainfall boundary

Road boundary

Monitoring point a
Monitoring point b

Monitoring point c
Monitoring point d

Monitoring point e

Monitoring point f
Monitoring section

groundwater level

Figure 2: Seepage numerical model.

Table 1: Physical parameters of granite residual soil.

Lithology Severe (c/(kN∙m− 3))
Saturated volume
moisture content

(%)

Residual volume
moisture content

(%)

Poisson’s ratio
(μ)

Permeability coefcient
(K/(cm∙s− 1))

Granite residual soil 23 26 18 0.32 1.91× 10−7
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Figure 3: Variation curve of the volumetric water content with
matric suction.
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Figure 4: Variation curve of the permeability coefcient with
matric suction.
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is, the wetting front. Te overall tendency of the wetting
front is distributed along the slope. With a gradual increase
in duration, the wetting front gradually extends to the in-
terior of the slope. When the amount of rainfall infltration
reaches a certain level, the wetting front curve will gradually
form a concave distribution at the foot of the slope and

a groundwater level recharge area will gradually be formed at
the foot of the slope.

4.3. Variation Law of Volumetric Water Content at Moni-
toring Points. In order to analyze the variation law of the
volumetric water content of the nodes on the slope under the
condition of rainwater seepage from a microscopic per-
spective, the water content of six characteristic monitoring
points was selected to analyze the seepage characteristics of
rainwater on the granite residual soil slope during rainfall.
Figure 7 shows the variation law of the volumetric water
content of the six monitoring points of the slope under the
condition of rainfall infltration. As can be seen in Figure 7,
the volumetric water content of the 6 monitoring points
gradually increased to the saturated state with an increase in
duration, and the overall distribution showed an “S” shape.
Te increase rate of the volumetric water content at the top
of the two-level slope is largest, and the increase rate of the

Table 2: Rain program.

Rain level Rainfall intensity (mm/s) Rain duration (h) Rain stopped (h) Total accumulated rainfall
(mm)

Rainstorm 8.7×10−4 48 24 150

0.11 - 0.13
0.13 - 0.15
0.15 - 0.17
0.17 - 0.19

0.19 - 0.21
0.21 - 0.23
0.23 - 0.25
0.25 - 0.27

Volume moisture content

(a)

0.11 - 0.13
0.13 - 0.15
0.15 - 0.17
0.17 - 0.19

0.19 - 0.21
0.21 - 0.23
0.23 - 0.25
0.25 - 0.27

Volume moisture content

(b)

0.11 - 0.13
0.13 - 0.15
0.15 - 0.17
0.17 - 0.19

0.19 - 0.21
0.21 - 0.23
0.23 - 0.25
0.25 - 0.27

Volume moisture content

(c)

0.11 - 0.13
0.13 - 0.15
0.15 - 0.17
0.17 - 0.19

0.19 - 0.21
0.21 - 0.23
0.23 - 0.25
0.25 - 0.27

Volume moisture content

(d)

Figure 5: Slope volumetric water content distribution law. (a) Slope initial state. (b) Rain lasted 6 hours. (c) Rain lasted 24 hours. (d) Rain
lasted 48 hours.

Groundwater level
recharge area

Figure 6: Distribution law of the wet front on slopes.
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volumetric water content at the foot of the slope is smallest.
Te increasing rates of water content at the corresponding
monitoring points on the two-level slopes are diferent. Te
increasing rates of the 6 monitored volumetric water con-
tents are as follows: monitoring point a>monitoring point
d>monitoring point f>monitoring point c>monitoring
point e>monitoring point b. Tis is because with the
continuous infltration of rainwater on the slope surface, the
pores of the granite residual soil at the monitoring points are
gradually flled with rainwater and the volumetric water
content gradually increases. Since the top of the second-level
slope also produces rainfall infltration, the volumetric water
content of monitoring point a located at the top of the
second-level slope has the highest rate of increase. Since
a large amount of rainwater infltrates at the platform,
rainfall there will be greater than that of other places.
Terefore, the increase rate of the volumetric water content
of monitoring point d at the top of the frst-level slope and
below the platform is second only to that of monitoring
point a. Since the rainwater on the slope is afected by the
combined action of gravity and matric suction, the seepage
direction will follow the slope. Terefore, the volumetric
water content of monitoring point b located in the middle of
the frst-level slope is smallest.

4.4. Variation Law of Pore-Water Pressure. During rainfall,
the pore-water pressure of a monitoring section was selected
to analyze the seepage characteristics of rainwater on the
granite residual soil slope. Figure 8 shows the variation law
of the pore-water pressure of the monitoring section of the
granite residual soil slope with the duration under the
condition of rainfall infltration. As can be seen in Figure 8,
in the initial state, the pore-water pressure of the soil below
the groundwater level is basically positive and the pore-water
pressure of the soil above the groundwater level is basically
negative. As the elevation increases, the soil pore-water

pressure gradually decreases, indicating that soil matric
suction gradually increases. In the early stage of rainfall,
rainwater gradually infltrated through the slope surface and
the pores between soil particles at the top of the slope were
gradually flled with rainwater, resulting in a gradual de-
crease in soil matric suction and a gradual increase in the
pore-water pressure. With a gradual increase in duration,
a large amount of rainwater infltrates into the interior of the
slope, resulting in a temporary stable saturation zone of the
surface soil of the slope. With the continuous infltration of
rainwater, the temporarily stable saturated zone gradually
extends to the interior of the slope and the area gradually
increases. As a result, under the condition of rainfall in-
fltration, the original unsaturated area-saturated area dis-
tribution state of the slope from top to bottom evolves into
a temporary stable state of the saturated area-unsaturated
area-saturated area distribution state.

5. Conclusions

(1) Under the condition of rainfall infltration, rainwater
frst infltrated into the surface area of the slope and
gradually formed a temporary stable saturation area
in the surface area of the slope. With the continuous
infltration of rainwater, the temporarily stable sat-
urated area gradually extends to the inside of the
slope, the area gradually increases, and the
groundwater level recharge area is gradually formed
at the foot of the slope.

(2) Under the condition of rainwater seepage, the
granite residual soil slope changes from the two
original distribution states of the unsaturated area
and saturated area to the temporary stable state of the
saturated area and three distribution states of the
unsaturated area and saturated area from top to
bottom.
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(3) During rainfall, the volumetric water content of the
second-level slope of granite residual soil increased
fastest at the top and slowest in the middle. Te
volumetric water content of the slope-monitoring
points all increased gradually with an increase in
duration, and the overall distribution showed an
“S” shape.

(4) Te infltration of rainwater causes the pores of
granite residual soil particles to be flled, the soil
pore-water pressure gradually increases, and matric
suction gradually disappears. In particular, the dis-
appearance of the matric suction at the toe of the
slope will lead to the gradual weakening of the shear
strength of the slope soil, thus afecting the slope
stability.
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�e use of montmorillonite in the context of engineered barriers makes it possible to minimize the spread of heavy metals from
industrial and even radioactive waste. An evaluation of the performance of the mechanisms controlling the clay-environment
interaction and predicting the dynamics/con�guration of the interlayer space (IS) is required. �is work focuses on a quantitative
identi�cation of the structural changes and porosity alteration in the case of heavy metal-exchanged montmorillonite samples
(Co2+ and Cd2+ cations) undergoing mechanical stresses (uniaxial oedometric test (loading/unloading)). Relationships between
mechanical stress strength, intrinsic structural response, ion exchanger e�ciency, and adsorption performance fate are in-
vestigated. �is goal is achieved through the correlation of in situ quantitative X-ray di�raction (XRD) analysis (under an
extremely controlled atmosphere reached by varying relative humidity rate %rh) and porosity investigation (assured by
combining outcomes from BET (Brunauer–Emmett–Teller) and BJH- (Barrett, Joyner, and Halenda-) PSD (pore size distri-
bution) analysis). Obtained results show an upsurge in the structural heterogeneities accompanying the theoretical increase in the
mixed layer structure (MLS) number and developing an unconventional hydration behaviour after stress relaxation regardless of
exchangeable cation nature. Experimental XRD patterns are reproduced using MLS, which suggests the coexistence of more than
one “crystallite” specie and more than one exchangeable cation indicating a complex cation exchange capacity (CEC) saturation.
For extremely low %rh value, a new homogeneous dehydrated state trend is observed in the case of the Co2+ cation. Porosity
analysis shows mesopore volume growth for the stressed sample and con�rms crystallite exfoliation layer trends, results of the
layer cohesion damage, and subsequent constraint strength �uctuations.

1. Introduction

Waste disposal has become one of the most serious modern
environmental problems associated with the development of
countries. �e architecture, design, and operation of the
waste disposal sites ensure adequate waste management with
respect for human health and the ecosystem. �e geological
disposal, adopted as a safe solution for the long-term
management of radioactive waste, is delivered by a system
that (1) isolates waste from the biosphere for extremely
prolonged periods of time, (2) ensures that residual radio-
active substances reaching the biosphere will be at com-
paratively insigni�cant concentrations, and (3) provides

reasonable assurance that any risk of inadvertent human
intrusion would be extremely low [1–5]. �e most common
problems of the land�ll site are environmental degradation
and groundwater contamination [6].

�e use of compacted clays, as part of the multibarrier
concept, ensures the previously cited requirements [7, 8].
Indeed, the most used materials in land�ll disposal are
compacted clay liner (CCL) and geosynthetic clay liner
(GCL). �e main reason for using such materials is their
intrinsic properties, such as the large speci�c surface areas
(SSA), the low permeability, the cation exchange capacity
(CEC), the high adsorption ability, and the low hydraulic
conductivity [6–11]. Compacted clay liners are less
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expensive, and it has good attenuation capacity. Clay
membranes can be used as toxic gases (originating from the
landfill site) eliminator and as a trap for radionuclide mi-
gration/diffusion (resulting from a pipeline leak or damage
due to various types of stress affecting installation) [12–15].
%e clay mineral membranes are exposed to various
chemical, biological, and physical stresses, and they are
influenced by the subsequent leachate [16–21]. To evaluate
the consistency of these membranes, it is important to ex-
amine their chemical compatibility with the different fluids
or the leachate to which they are subjected [22]. Based on the
fine particle size, the homogeneous micropores and the high
surface charges, the low hydraulic conductivity, the high
adsorption capacity, and the low cost compared with geo-
synthetic clay (GC), natural bentonites are most prized in this
context [23–29]. Indeed, [30] studied the shear strength of
compacted clays as affected by themineral content and wet-dry
cycles and demonstrated that the cohesion and frictional
strength properties were determined and linked to the pro-
portion of clay minerals and the number of wetting and drying
cycles. On the other hand, [31] demonstrated, in the case of
compacted clays mixed with a wide range of bentonite for
engineered barriers, that compressibility was affected by the
bentonite content on geotechnical characteristics.

%e use of bentonite, especially as a buffer in the ex-
cavated escape galleries between the waste containers and
the tunnel walls, achieves important strategic outcomes.
Bentonite membrane is usually affected by the surrounding
temperature/humidity gradient fluctuation [32, 33]. How-
ever, compacted clays present problems with cracking and/
or desiccation, especially those containing an appreciable
amount of bentonite [34–36]. Numerous studies have shown
that compacted clays undergo large physicochemical
properties modifications when exposed to a cycle of swelling
and/or desiccation-wetting, which constitutes a surrounding
variable environmental constraint [28–39]. Montmorillonite
fraction, which is a dioctahedral species of the smectite
mineral group, can constitute up to 95% of bentonite. %ese
functional materials provide restriction of groundwater
access to radioactive waste, promote conditions for mass
transfer between waste and groundwater by diffusion,
overwhelm the migration of radionuclides in colloidal form
into groundwater, ensure effective sorption after possible
depressurization of radioactive waste containers, and so on
[40–45]. In addition to their presence in the formations
housing the storage facilities and their use as backfill ma-
terial or as sealing material to isolate parts of disposal facility,
montmorillonite is also present as a buffer material in the
empty space between the package and the host rock [46–48].
%e montmorillonite layer structure is constituted by the
stacking of two types of sheet: an octahedral sheet O (MO4
(OH)2 with M is a metal cation (Al, Mg)) sandwiched be-
tween two tetrahedral sheet T (SiO4) often labelled T-O-T
with an average layer thickness around 10Ǻ. %e layer
charge is related to existing isomorphic substitutions in the
tetrahedral sheet (Al3+, Si4+) and/or octahedral ones (Mg2+/
Li+, Al3+/Mg2+). %is charge deficit is compensated by ex-
changeable cations (Exc.Cat), coming from the soil solution
and incorporated in IS. %e presence of solvent (water

molecule) facilitates exchangeable cations insertion and
enables, respectively, layer thickness expansion, mineral
dispersion (colloidal properties) in the soil solution, andmicro/
macroscopic clay swelling. %e progressive layer thickness
expansion of the basal spacing value d (001) is done by
discrete hydration state going from the dehydrated state
(0W, d001≈ 10 Å) to the strongly hydrated ones (4W,
d001≈ 21 Å) passing, respectively, by 1W (d001≈ 12.4 Å), 2W
(d001≈ 15.4 Å), and 3W (d001≈ 18.2 Å) hydration state [49–54].

Montmorillonite fraction interacts physically and
chemically with soil and the disposal packages over time,
which results in structural changes and alteration of the
intrinsic properties [48–60]. Depending on these operating
constraints (aggressive variable environment), a thorough
predictive study of the behaviour and montmorillonite
structural response is required. %is response can vary from
significant structure transformation and properties to yield
affected by the nature of the stress.

%e applied constraints (aggressive environment) can be
considered individually. In this case, they are divided into
three groups: (i) atmospheric (temperature, relative hu-
midity, and pressure) and hydrogeological (soil desiccation/
wetting cycles) constraints; (ii) chemical constraints (soil
solution composition, water chemistry, and soil solution
pH); (iii) mechanical stresses (phenomena of sliding/
shearing of soils, tectonics and fracturing, and natural
mechanical field) [50–53]. In reality, these constraints are
often coupled with combinations up to the third coupling
order inducing an enormous disruptive stress potential,
which affect necessarily the clay fraction efficiency. %e
performances of the starting materials, according to the
initial objectives, are no longer guaranteed; the main
problem in this case becomes the effectiveness of these
stressed/disturbed materials.

In this work, structural changes, hydration behaviour
evolution, CEC alteration, and porosity fate of dioctahedral
smectite (Wyoming montmorillonite) subsequent to the
applied mechanical stress (uniaxial load/unload) are ex-
plored. An experimental investigation protocol, developed at
the laboratory scale, based on three main levels is realized.
Indeed, mechanical stress based on the loading/unloading
test is done to create material stress. An in situ XRD study,
under an extremely controlled atmosphere (variable %rh), is
directed. %e strength of this structural analysis lies in the
use of the theoretical 00l diffraction profiles modelling
approach to define the relationship between mechanical
constraint and microstructure changes. Finally, the ad-
sorption measurement and the PSD analysis are done by
targeting the stress damage to the metal-exchanged mont-
morillonite porosity features.

2. Materials and Methods

2.1. Baseline Sample. Starting sample is a reference mont-
morillonite specimen (Swy-2) supplied by the Source Clays
Repository of the Clay Minerals Society. %e intrinsic
characteristic properties of this reference sample can be
consulted in the literature data [61, 62]. %e structural
formula per half unit cell is given by [62]
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Si3.923Al0, 077􏼐 􏼑 Al1, 459Ti
4+
0, 018Fe

3+
0,039Fe

2+
0, 045Mg

2+
0, 382􏼐 􏼑O10(OH)2 Ca

2+
0, 177Na

+
0, 027􏼐 􏼑. (1)

2.2. Experimental

2.2.1. Na-Rich Montmorillonite. Raw material requires
NaCl pretreatment before application to ensure maximum
layer dispersion. %is specific treatment is carried out by
respecting a classical protocol detailed by [60, 63] to
prepare the Na-rich montmorillonite suspension. Indeed,
the <2 μm fraction of Wyoming montmorillonite was
extracted by allowing larger particles to settle in water and
then decanting. %e Na-rich montmorillonite was pre-
pared by equilibrating the colloidal fraction with NaCl
solution. %is step consists of dispersing 40 g of solid in
500mL of NaCl solution (1M) and stirring mechanically
for 24 h. A SIGMA laboratory centrifuge at 8000 rpm
speed is used for the solid fraction separation. To ensure
saturation of all exchangeable sites by Na+ cations, this
equilibration was repeated five times. %e clay was then
washed with distilled water and separated in a high-speed
centrifuge until the solution was free of CI−. Chloride was
presumed to be absent when the supernatant liquid gave a
negative test with AgN03.

2.2.2. Metal-Exchanged Montmorillonite. %e same ionic
exchange procedure (used in the case of Na+ cation) was
followed to prepare, respectively, Co-montmorillonite
(SWy-Co) and Cd-montmorillonite (SWy-Cd) suspension.
%is goal is realized using metal chloride solution (1M) and
Na-rich montmorillonite respecting the following chemical
reaction:

SWy − Nax + M2+
+ xCl− ⟶ SWy − M2+

+ xNaCl, (2)

where M2+ denotes Co2+ and Cd2+ cations and SWy-M2+

denotes SWy-Co and SWy-Cd.

2.2.3. Experiments. Before beginning the study of the
compaction/reswelling cycle effect on the stressed samples, a
study of the unstressed samples under the same controlled
atmosphere is essential. %e detailed experimental protocol
is summarized in Figure 1.

2.3. Mechanical Tests: Materials Fatigue. %e oedometer
testing device used is a front-loading oedometer (WF
24251) (Figure 2). %e cell diameter is 50mm. %e
comparator race extends 12mm with an accuracy of 2
microns. A predetermined piston pressure can be applied
to the metal-exchanged montmorillonite sample, causing
fluid expulsion through the filter until the system reaches
equilibrium. %e Linear Voltage Displacement Trans-
ducer (LVDT) measures the displacement of the piston
and records the change in the system volume during the
test. %e measured equilibrium displacement permits the
determination of the equilibrium void ratio e, which is
defined as the ratio of the fluid volume to that of solid
particles. %e sample was maintained in contact with an

external reservoir of deionized water until the experiment
ended. All pressures quoted are gauges; that is, they are
pressures relative to atmosphere and hence correspond to
the differential pressures causing filtration. Each test
consisted of a step-by-step loading and unloading
(compaction and swelling) of the clay suspensions. %e
pressure sequences were 5, 10, 15, 20, 25, and 30 bar for
the clay suspension, the same pressures being used during
compaction and swelling. At the end of each test, the
pressure was totally released, and the sample allowed
swelling until equilibrium was reached [64, 65]. %en, the
final void ratio e was measured by drying the cake at 140∼
overnight. From the known weight of clay fraction M (the
amount of suspension introduced in the cell was carefully
measured) and the measured piston displacements∆l, the
equilibrium void ratio at each pressure can be calculated
from the equation

e(P) � ef +
∆lρcA

M
. (3)

In this equation, the ∆l values are taken relative to the
final position of the piston and may be positive or negative.
%e dry clay density ρc was taken as 2.75 g/cm3 as previously
calculated. In both pieces of apparatus, the sample cell is of
cross-sectional area A� 5.07 cm2.

2.4. Structural Analysis. Experimental XRD patterns
are obtained from a Brucker D8 Advance X-ray diffrac-
tometer with the following setting and scanning param-
eters: (i) 40 kV and 20mA; (ii) Cu_Kα monochromatic
radiation λ� 0.15406 nm; (iii) 0.04°2θ as step size; (iv)
angular range 3, 5–60°2θ; (v) 6 s as counting time per
step. Diffractometer installation is equipped with an ad-
vanced Ansyco humidity (rh) generator connected to a
CHC+Cryo & Humidity Anton Paar Chamber. To decode
the structural impact of the applied mechanical constraint
on the possible deformations affecting the IS configura-
tion, a study of unstressed and stressed samples under
extreme values of %rh is carried out. %is appeal targets
the understanding of the interstitial water retention
and release mechanisms. %e environmental rh variation
extends from 3% to 97%. %e desired rh rates are
maintained by equilibrating samples for 0.5 hours with
their environment.

2.5. Qualitative XRD Analysis. %e qualitative XRD anal-
ysis is achieved by QualX 2.0 program [66]. %e com-
mercial PDF-2 database associated with the new freely
available database POW_COD is used. %is analysis
targets to identify all present sample phases and provide
information, respectively, about the layer thickness
(hydrous indication), the 00l reflections positions, and
the diffracted profile geometry (based on the symmetry
and/or asymmetry peak observations). Additionally, the
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calculation of “Full Width at Half Maximum” (FWHM)
and the rationality deviation parameters (ξ) related to the
00l reflection (calculated as the standard deviation of the
? × ?00l values for all ?i measurable reflections over the
explored 2θ° angular range) can provide information on
the degree of hydration heterogeneity [66–70]. However,
the qualitative interpretation of the XRD profile cannot
provide a detailed insight into the coexistence of the
different phases with their associated relative propor-
tions as well as their different hydration states, which
may coexist in the structure. On the other hand, it does
not make it possible to follow the evolution and/or the
fluctuations of certain structural parameters along the c∗

axis. For these reasons, it is necessary to introduce the
quantitative XRD analysis based on the XRD modelling
approach.

2.6. Modelling (00l) Reflection Profiles. %e theoretical dif-
fracted XRD intensity by a disordered lamellar structure is
based on the Drits and Tchoubar [71] algorithm. Based on
the expression of the diffracted theoretical intensity, de-
tailed information going from the crystallite size to the
elementary tetrahedral or octahedral sheet and its com-
position can be reached [71]. By optimizing several
structural parameters (i.e., Z coordinates of the IS, ex-
changeable cation position and abundance, and water
molecule distribution) during the modelling process, the
agreement quality is improved [72–74]. Rwp is used as a
confidence factor to control this quality [74]. %e existing
mathematical arsenal behind the modelling approach as
well as the details of the fit strategy adopted is exposed in
several earlier works [75–77]. It remains to be noted that
(per half unit cell) the IS exchangeable cation position
respects the provided literature data on similar samples
[78, 79].

2.7. Layers Interstratification: Probabilistic Description.
%e layers stacking within crystallite is defined by the
probabilities of succession of the different layer type, which
is described according to the Markovian statistics model.
%e probability of the presence of one layer is only de-
pendent on the types of layers that precede it. %e rela-
tionship between the presence of a layer and the preceding
types of layers corresponds to the degree of order of the
interlayer or Reichweite (R). In soils, the most common
Reichweite is R0 and R1; there are also interstratified R2 or
R3 whose probability of occurrence of a layer depends on
the two or three previous layers; the latter are not described
in the soils but in the diagenetic series. Equations have been
developed [70, 78, 79] to respond to clay interstratification
problems. We thus find the probabilistic model where we
represent (in a simple case) the stacking of two types of
layers A and B of proportions WA and WB with the
probabilities that layer A follows layer B (PBA). %e fun-
damental equations governing this interstratification are as
follows:
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Figure 2: Schematic of oedometer installation used for the bulk
swelling/compaction experiments.
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WA + WB � 1PAA + PAB � 1

PBA + PBB � 1PWAPAB � WBPBA

. (4)

Using a combination of the equation, three essential
limits for the layers stacking mode appear:

(i) %e random stacking R0 with PAA �WA (i.e., no
stacking sequence is forbidden; the probability of
appearance of a layer in a sequence does not depend
on its abundance).

(ii) Stacking with maximum order R1-MPDO pro-
hibiting the succession of two layers in the
minority.

(iii) In the case where it is forbidden for two layers of
different nature to follow one another
(PAB � PBA � 0), the probability that two layers of the
same nature do so is therefore equal to 1
(PAA � PBB � 1), and it is no longer interstratification
question but of a physical mixture or total
segregation.

It should be noted that the montmorillonite hydration
heterogeneities can be treated as layer interstratifications at
different hydration states within a clay particle depending on
the relative humidity. %is can constitute the intermediate
hydration state (i.e., 0W/1W, 1W/2W, and 0W/1W/2W).
Hydration heterogeneity is linked to the presence of layer
structure heterogeneity (proportion and charge localization
of charges) [70, 78, 79].

2.8. Adsorption Measurement and Porosity Investigation.
%e relationship between mechanical stress and mont-
morillonite water content affects many geotechnical
properties of unsaturated soils, including permeability,
volume change, deformation, and shear strength. %e main
clay properties are mainly controlled by their internal and
external surface [80, 81]. %e investigation of montmo-
rillonite porosity fate, having undergone structural trans-
formations following the application of mechanical stress,
seems essential to confirm quantitative XRD results. Also,
the water retention properties are related to the pore
structure and the level of external relative humidity ex-
perienced. With compaction/reswelling cycles and in situ
study by variation of %rh, more layers of water molecules
can either be absorbed on the surface of the pores or
evacuated by drainage/diffusion by a new transport
mechanism.

Adsorption-desorption nitrogen by porous media
mainly targets the determination of the surface area (SA)
and the pore size distribution (PSD). Montmorillonite
powders are obtained by drying each sample. %e porosity
characteristics are entirely determined by nitrogen sorption
[82]. %e adsorbed gas amount gives a complete description
of the porosity state and even the overall structure [82–86].
Quantachrome NOVA 2000e series volumetric gas ad-
sorption instrument, which is a USA automated gas ad-
sorption system using nitrogen as the adsorptive, is used for
the BET-specific surface area and PSD measurement.

Experience setting conditions are as follows: (i) adsorption
isotherms are obtained at 77K and at P/P0∼0.95 (relative
pressure); (ii) the SA and PSD measurements require the
removal of adsorbed nitrogen and oxygen.%is is carried out
under reduced pressure (vacuum) at 100°C for 10 h. %e
desorption isotherms section, assuming a cylindrical pores
model, is the basis of the application of the BJH method to
define the PSD [82–91].

3. Results and Discussion

3.1. De Oedometric Test: Compaction and Reswelling.
Several parameters control the clay material response to
mechanical stress. Montmorillonite fractions are charac-
terized by high porosity and a total volume which essentially
depends on the water content, the water saturation, and the
water retention mechanisms. Other intrinsic/multiscale
parameters ranging from the geological genesis to the in-
dividual layer nanometric properties influence the possible
deformations [92–95].%is work investigates the response of
metal-exchanged montmorillonite specimens (i.e., ex-
changeable cations are Co2+ or Cd2+) to uniaxial mechanical
stress ensured by an oedometric test (loading/unloading).
%e applied stress is confirmed by investigating the void
ratio e modification giving the applied pressure (Figure 3).
%e reswelling curve is obtained following a release of the
applied pressure (Table 1). At first sight, the compaction/
reswelling curves show the deformation irreversibility
process and the nonlinear process, whatever the exchanged
cation nature, which agrees with [72, 91] works. %is be-
haviour finds an explanation in [64], which attributes the
observed nonlinearity of the consolidation characteristics to
the correlation between the consolidation stress (σv) and the
void ratio (e).

%e observed nonlinearity during the loading/unloading
process concerns only a single stress cycle which resulted in
remarkable fluctuations in the void ratio values. %e
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Figure 3: Equilibrium void ratio e for the compaction and
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samples. ∗ ∗Zone of maximum applied pressure intensity.
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microobjective here is to create material fatigue to examine
its hydric behaviour afterwards by varying %rh under a
controlled atmosphere. For the two samples, a gap sepa-
rating the void ratio values ∆e in the absence of applied
pressure (pressure� 0 bar) is partly explained by the coex-
istence of two possible scenarios, respectively, irreversible
energy losses and interparticle friction, which is an intrinsic
phenomenon in lamellar structures and which occurs during
the progressive alignment of the particles/crystallites by
increasing constraint strength [87, 88].

To understand the obtained void ratio values fluctuations
during the reswelling process, the effective stress parameter,
the swelling index (Cs), and the compression index (Cc) are
introduced. Indeed, [64] uses the constant rate of strain CRS
test as a crucial parameter to explore the unloading be-
haviour of clay minerals. For that, the pore water pressure
excess during the unloading sequence is modelled by an
assumption based on a cubic polynomial equation. Indeed,
the Cc or Cs variations are very sensitive to the consolidation
time (at constant load before the unloading) consideration.
Along the compaction/reswelling sequence and the global
pressure range (0 to 30 bar), in the case of the SWy-Co
sample, ∆eCo � 3.86. %is value decreases in the case of the
SWy-Cd sample to ∆eC d � 1.69.

On the other hand, a maximum gap is observed for an
applied pressure of 15 bar and for which ∆e jumps to 7.09
for Co2+. For Cd2+ cation, the maximum Cs and Cc
fluctuations are observed at 10 bar when ∆e jumps to 5.52.
For a maximum applied pressure intensity (zone ∗ ∗ on
Figure 3) and whatever the nature of the exchangeable
cation, a similar behaviour of Cs and Cc is observed
during the loading sequence from 15 bar. During the
unload sequence (reswelling) and from 30 bar applied
pressure values, a divergence between the evolution of Cc
and Cs is observed.

%is noted disparity is explained by the process ir-
reversibility at the nanoscopic scale, where the layer or-
ganization inside the crystallite depends essentially on the
composition of the interlamellar space (IS). %e intrinsic
IS configurations are affected by the nature of the ex-
changeable cation, which afterwards will affect the layer
stacking and the crystallite geometry. In fact, the diffuse
ion layers around the particles lead to interparticle re-
pulsion ascribed to the osmotic activity of the ions. %e
existing repulsion force decreases when increasing, re-
spectively, the distance between clay particles, electrolyte
concentration, and exchangeable cation valence. It should
be noted that the obtained data for the “free” swelling state
is realized when the sample is constrained only by the
friction of the piston.

3.2. XRDAnalysis ofUnstressed Samples. %e best agreement
between the experimental and theoretical XRD profiles for
the stressed samples is summarized in Figure 4. Qualita-
tively, a classical homogeneous 1W layer phase is observed
in the case of SWy-Na [67]. %is hydration homogeneity is
confirmed by the low values of FWHM and ξ parameter
(Table 2) [74]. For the SWy-Co and SWy-Cd samples, an
interstratified 1W/2W hydration character is observed
throughout the entire exploited angular range. %e initial
d001 (Å) value increased (Table 2) towards 13.95 and 13.69,
indicating probably the achievement of the cation exchange
process and a new IS configuration. For both cases, the XRD
profile geometry is characterized by an irrational 00l posi-
tion (ξ parameter) with a large 001 refection (FWHM (2θ°))
= 1.02 and 1.23). %e 001 reflection is accompanied by a
shoulder towards 7.48 (2θ°) attributed to 1W hydration
phases (d001≈ 12 Å). Generally, the observed asymmetric 001
reflection reflects the coexistence of several hydration states
within the stack and/or an incomplete (partial) cation ex-
change. Two possible interpretations arise in this case. Either
the cation exchange capacity (CEC) is fully saturated by the
exchangeable cations, or a minor fraction of the starting Na+

cation persists in the IS with partial cation exchange.
Compared with the work of [58–60] and considering the
ionic potential affinity of the two cations with optimized,
verified, and reproducible experimental conditions,

Table 1: Equilibrium void ratio e for the compaction and reswelling data for SWy-Co and SWy-Cd samples. Zero bar corresponds to “free”
swelling.

Mechanical constraint P (bar) 0 5 10 15 20 25 30
Compaction SWy-Co 11.22 9.86 5.96 2.82 1.79 1.10 0.90
Reswelling SWy-Co 15.08 14.05 12.02 9.91 6.15 2.72 0.90
Compaction SWy-Cd 10.89 8.69 4.12 2.75 1.63 1.05 0.86
Reswelling SWy-Cd 12.58 11.31 9.64 5.66 3.54 1.13 0.86
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Rwp=3,89%
SWy-Na

SWy-Co

I (
a.u

)

SWy-Cd

12,34 Å

0,69

20 30 40 50 6010
2θ° (Cu-Kα)2θ° (Cu-Kα)

Figure 4: Best agreement obtained between theoretical (red
scatter) and experimental (black line) profiles for all studied
samples.
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obtained results in the case of Cd2+ and Co2+ cation are in
concordance. More details can be given later by quantitative
XRD analysis. Quantitative XRD investigations are the so-
lution to decide with the predictions of the qualitative
analysis [70, 76]. Indeed, in the case of interstratified
structures, several hypotheses are necessary, whose resolu-
tion requires a more in-depth theoretical approach. In the
case of the SWy-Na sample, an agreement between the
experimental and theoretical profile is obtained with an
Rwp= 3.89% (Table 3). %e position of the sodium and its
hydration sphere at the medium of the IS respects the lit-
erature data [57]. On the other hand, the experimental
profile is reproduced theoretically through a randomly
distributed two phases, qualitatively inapparent, between a
major contribution of the 1W state (≈75%) and a minor
contribution of (≈25%) relative to the 0W layer.

%e 00l reflections modelling approach in the case of the
SWy-Co sample supposes the coexistence of three mixed
layers structure MLS saturated with the Co2+ cation. %e-
oretical models exhibit variable hydration states (e.g., 1W,
1W/2W, and 1W/2W). %e used MLS (from the best

agreement) are decomposed into several layer populations
(Table 3) assembled according to a specific succession
probability law. %e structural parameters released from
theoretical models are summarized in Table 3. %e MLS are
obtained by weighted layer-type populations, which are
expected to have, respectively, identical chemical compo-
sition, identical layer thickness, and identical Z coordinates
of the atoms [67, 96–98].

%e best fit of the experimental XRD pattern
(Rwp= 4.13%) (Figure 4) in the case of the SWy-Cd sample is
obtained through theoretical models mainly composed of an
interstratified structure using three MLSs including various
relative proportions of the hydrated layer (Table 3). %e
foremost remark in this case is the presence of a reasonable
1W phase weight (9.04%) attributable to the saturation of
the material CEC by starting Na+ cation.%is agrees with the
starting assumption concerning the observed experimental
001 reflection shoulder at 7.48 (2θ°). %is result calls into
question the achievement of the cation exchange process
despite compliance with the reproducibility of the experi-
mental cation exchange protocol.

15,04 Å

17,32 Å
20,54 Å

17,38 Å

9,27Å

12,23 Å

Rwp=4,11%

Rwp=4,08%

Rwp=5,24%

Rwp=5,76%
SWy-Co_97%rh

SWy-Co_3%rh

SWy-Cd_97%rh
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�eo
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17 32
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Rwp=4,11%
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R 4 11%

10 15 20 25 30 35 40 45 50 55 605
2θ° (Cu-Kα)2θ° (Cu-Kα)

Figure 5: Best agreement obtained between theoretical and experimental profiles for stressed SWy-Cd and SWy-Co studied under extreme
%rh value.

Table 2: Qualitative XRD investigation in the case of unstressed and stressed samples.

Samples 2θ° d001 (Å) FWHM (2θ°) D (Å) ξ (Å) Hydration characters
Unstressed sample
SWy-Na 7.16 12.34 0.69 25.13 0.086 Homogenous
SWy-Co 6.25 13.95 1.02 16.67 0.428 Interstratified
SWy-Cd 6.45 13.69 1.23 20.62 0.812 Interstratified
Stressed sample
SWy-Co_3%rh 9.53 9.27 0.64 11.86 0.151

InterstratifiedSWy-Co_97%rh 5.10 17.32 1.41 10.67 0.8754.30 20.54

SWy-Cd_3%rh 7.22 12.23 0.78 12.56 0.127
Interstratified5.87 15.04

SWy-Cd_97%rh 5.08 17.38 1.33 11.14 0.7884.39 20.11

Advances in Civil Engineering 7



3.3. XRD Analysis of Mechanically Stressed Samples

3.3.1. Qualitative Investigation. %e effect of the applied
mechanical stress on the hydration properties of Cd2+ and
Co2+ exchangedmontmorillonite is addressed by varying the
%rh rate under a controlled atmosphere. %e goal is to see
the structural evolution of the studied specimens under
extreme %rh values (3%rh and 97%rh) (after environment
equilibrium), which then allows us to simulate real IS
changes affected using clay as a geological membrane. Ex-
perimental XRD patterns obtained in the case of SWy-Cd at
3%rh show a d001 � 12.23 Å indicating probably a 1W hy-
dration state. An interstratified hydration trend is confirmed
by the elevated FWHM and ξ parameter value (Table 2).
Indeed, a left-handed profile asymmetry towards the low
angles (2θ � 5.84°; d001 � 15.04 Å), which is ascribed to a

minor 2W hydration state phase, was observed despite the
conditioned dry environment. %e d001 basal spacing value
shows conservation of the 1W hydration state regardless of
the experimental equilibrium achieved at 3%rh (one hour of
equilibrium with its environment before starting the XRD
recording).

For the SWy-Co at 3%rh, the sample seems more sen-
sitive to the %rh level drop, and the d001 � 9.27 Å indicates a
basically dehydrated 0W state. %e observed result is a real
manifestation not only of the %rh fluctuations effect but also
of the mechanical stress already applied through the com-
paction and reswelling cycle. %e conclusion that can be
drawn by qualitative comparison between these two samples
(having undergone the same stresses) lies in themodification
of the IS organization. Indeed, the basal spacing shift is
directly related to the new IS organization, which is very

Table 3: Optimal structural parameters taken from quantitative XRD analysis for all studied samples.

Sample %MLS xW_Exc.Cat L.% (Å) nH2O WA PAA M Mtot %Rwp

SWy-Na 74.3 1W_Na 12.2 1.5 1 1 12 9 3.8925.7 0W_Na 12.2 0 1 1 5

SWy-Co unstressed

52.36 1W_Co 12.2 0.8 1 1 11

9 3.98
33.84

1W_Na 12.2 0.4 0.7
0.59 72W_Co 15.2 0.3 0.30.3

13.80
1W_Co 12.2 0.4 0.5

0.5 52W_Co 15.2 0.3 0.50.3

SWy-Cd unstressed

51.44 1W_Cd 12.2 0.9 1 1 12

14 4.1339.52
1W_Cd 12.2 0.15 0.7

0.71 62W_Cd 15.2 0.15 0.30.15
9.04 1W_Na 10 1.5 1 1 6

SWy-Co stressed 3%rh

68.61 0W_Co 9.5 0 1 1 12

10 4.0831.39
0W_Co 9.5 0 0.7

0.72 50W_Na 9.3 0 0.30

SWy-Cd stressed 3%rh

65.21 1W_Cd 12.2 0.7 1 1 12

10 4.1131.52
1W_Cd 12.2 0.1 0.7

0.6 51W_Na 12.3 0.1 0.30.1
3.27 0W_Cd 9.8 0 1 1 4

SWy-Co stressed 97%rh

70.20 3W_Co 18.1 1.5 1 1 8

7 5.7623.50
3W_Na 18.2 1.5 0.7

0.7 54W_Co 21.1 2 0.32
6.30 2W_Na 15.2 1 1 1 4

SWy-Cd stressed 97%rh

70.47
3W_Cd 18.2 1.5 0.3

0.3 8

7 5.24

4W_Cd 21.2 2.1 0.72.1

27.57
3W_Cd 18.2 1.5 0.7

0.7 52W_Na 15.2 1.2 0.31.2
1.96 2W_Na 10 1 1 1 5

Note. xW_Exc.Cat: layer type and the associated exchangeable cation; L.%: layer thickness in Å. 2W, 1W, and 0W are attributed to the layer hydration state.
nH2O: the number of H2Omolecules per half unit cell. ZH2O: position along c∗ axis of H2Omolecule is fixed to 10.5 Å, 11.3 Å//13.6 Å, 11.3 Å//13.6 Å//16.6 Å,
and 11.3 Å//13.6 Å//16.6 Å//19.3 Å, respectively, for 1W, 2W, 3W, and 4W hydration state. %e position of exchangeable cations per half unit cell calculated
along the c∗ axis is fixed to 8.6 Å, 10.50 Å, 12.4 Å, 14.7 Å, and 16.8 Å, respectively, for 0W, 1W, 2W, 3W, and 4W hydration state [78]. −nEXC.CAT: the
number of exchangeable cations per half unit cell is fixed to 0.33 (for Na+ cation) and 0.165 for (Co2+ and Cd2+ cation), indicating full saturation of the cation
exchange capacity (CEC).
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sensitive to the electrostatic and chemical bonding forces
governing the IS equilibrium.

%e IS water molecules insertion/release mechanism is
interpreted by a hypothesis based on three freedom degree
fluctuations, including, respectively, the positions, the
abundances of the IS species, and the associated layer stacking
probabilities. All cited structural parameters, treated indi-
vidually or coupled, complicate and/or facilitate the water
molecule release process, which can be established when
decreasing the%rh rate.%is hypothesis is since interpreted in
the case of the SWy-Cd sample by the free water transfor-
mation (supporting cation exchange process) from the sur-
rounding environment into structural water (intrinsic layer
composition), incorporated in the internal and external pore
surfaces, which complicates its loss by dehydration [60, 68]. It
is noted that, in the case of the SWy-Co sample, an un-
complicated release of an IS water molecule is observed.

At 97%rh, SWy-Cd and SWy-Co are characterized by an
asymmetric 00l reflection profile (Figure 5). Both samples
present a high hydration state with d001 equal, respectively,
to 17.38 Å and 17.32 Å, indicating probably a transition to
the 3W hydration state. A shoulder towards the small angles
(d001 = 20.54 Å), which is attributed to a beginning
3W⟶4W hydrous transition state, is observed. An
interstratified global character is confirmed by the high
values of FWHM and the rationality parameter.

3.3.2. XRD Profile Modelling Approach. %e best agreement
between theoretical and experimental XRD patterns ob-
tained at a variable %rh rate is confirmed by an acceptable
Rwp that did not exceed 5.71%. Optimum structural pa-
rameters used to imitate experimental XRD profile are re-
ported in Table 3.

%e theoretical IS water molecule distribution and the
compensator cation position follow a discrete distribution
consistent with [57, 67, 74] works. For each accepted
theoretical model, several layer types with variable
stacking modes are used to improve the agreement. %e
partial segregation (R1) is the main MLS distribution
adopted for all studied samples. At 3%rh, the experimental
profile of the SWy-Cd sample is reproduced by mixing
three MLS mainly composed of a major 1W layer fraction
(saturated by Cd2+ cation). For the same sample, a minor
proportion of the Na+ saturated layer is used. Generally,
the absence of a monohomogeneous 1W phase at 3%rh
and an R1 stacking mode type is the main conclusion. In
the case of the SWy-Co sample, which presents a 0W
hydration state at 3%rh, the diffracted intensity is
reproduced by two MLS (0W) mainly saturated by Co2+
and Na+ cations (Table 3). At 97%rh and regardless of the
exchangeable cation nature, the 0W and 1W phase
contribution in the MLS disappears. %e experimental
profiles are entirely reproduced by a three-MLS combi-
nation characterized by variable weighted layer pop-
ulation. For SWy-Co, a minority bihydrated phase related
to Na+ cation is introduced, and the major layer fraction
saturated by Co2+ cation (extremely hydrated 3W or 4W
water layers) is used to obtain a good fit.

For SWy-Cd, the structure is completely matched by
combining three MLS. Indeed, theoretical models contain a
major contribution of 3W/4W phase, and the sample re-
tains its interstratified character, which is in accordance with
the qualitative description mentioning an interstratified
phase. Among the strengths of the modelling approach, the
accurate structural heterogeneities identification is related to
the coexistence of variable layer populations within the clay
particle. Subsequently, it allows us to show the structural
changes affecting the IS after applying stresses (Table 3).

3.4. Adsorption and Porosity Features. %e clay properties
are mainly monitored by their internal and external surface.
%e total surface includes the external surface, between the
clay particles, and the inner surface, relating to the IS. In-
ternal and external layer surfaces are affected during the
compaction and reswelling process. %e surface modifica-
tion will probably influence the chemical and physical bonds
with the IS content and the adsorption properties. %e layer
stacking distribution is affected by the applied mechanical
constraint (results obtained from XRD analysis), and a
possible consequent porosity disturbance may be conducted.
In fact, after stress release, the configuration theoretically
leans towards a new equilibrium, which differs from the
starting configuration [99, 100].

%e montmorillonite porosity is still poorly character-
ized because of the difficulty of visualizing hydrated samples
in their original condition. %e potential relation between
porosity, CEC, crystallite shape/size, and applied mechanical
stress is assured by the correlation of BET adsorption
measurement and BJH pore size distribution analysis.
Single-point and multipoint BET methods (based on the
surface area (SA)) are used to assess the possible chemical
transformation affecting the external clay layer surface. %is
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purpose is achieved from nitrogen isotherms [90]. To
measure the average pore diameter for each sample, a BJH
method is applied. %e obtained results from adsorption
measurement and porosity for all studied samples are
summarized in Figures 4 and 7. Results show an increase in
the calculated external surface for samples having undergone
mechanical stress, whatever the nature of the exchangeable
cation and the constraint type (compaction or reswelling).

By comparing SA value evolution, after applying me-
chanical stress, a logical values boost is observed for the
stressed samples, whatever the applied %rh rate. %is is
probably interpreted by a crystallite exfoliation tendency
which results in a decrease in the average number of layers
per crystallite following the layer cohesion damage. Also, it
can be interpreted by the diffusion coefficient alteration in
relation to the packaging density of the montmorillonite. For
saturated CEC by Co2+ cations, high SA values are obtained,
suggesting the effect of the exchangeable cation nature on
the new IS configuration (Figure 6). %e average nanopore
diameter (Figure 7) respects the same trend with values
boost after stress regardless of the cation exchanged.

For all examined samples, an isotherm of nitrogen ad-
sorption- (ads-) desorption (des) was presented (Figure 8). A
type II adsorption isotherm [84, 86, 90] is closer to the shape
of the obtained curves. %is allocation is due to the meso-
porous texture described by coexisting of large pores with
nanopores, which agrees with the pore sizes distribution for
the porous materials. Large pore sizes obtained in the case of
stressed SWy-Co sample are justified by the coupling of
three essential parameters, respectively, the loading/
unloading cycle, the %rh fluctuations (which constitutes a
hydrous constraint), and the nature of the exchangeable
cation. %e Co2+ ions exchange promotes the exfoliation
process and thereafter increases the porosity degree.

%e SA concept does not permit a full textural de-
scription extending from 2D to 3D in the case of lamellar
structures. %e failures and limitations of SA results inter-
pretation involve improvements established on the PSD
analysis to access IS information. %e PSD analysis is di-
rected based on several approximations summarized in
Table 4. %e V-r (cumulative pore volume versus pore ra-
dius) plots or the mesopore PSD are given in Figure 9. A
considerable disparity between SWy-Co and SWy-Cd
sample pore size evolution was obtained. For unstressed and
stressed samples, the saturated SWy-Co specimen varies in a
very close way to the SWy-Cd sample, provided that the
diameter of the pores does not exceed 3 nm. For higher
values, a divergence appears with a “gap” in favor of Co2+
cation, which reaches 0.0068mL/g (Figure 9). %e obtained
V-r variation proves, initially, the achievement of the cation
exchange process, which is confirmed by specific V-r curve
trends yet showing the same appearance. In addition, an
increase in the V-r “gap” for stressed samples seems like the
direct effect of the application of mechanical stresses. %e
V-r curve radius derivative for all samples is given in
Figure 10.

%e maximum mesopore volume (0.00620mL/g)
reached at 3.99 nm is obtained for the stressed SWy-Co
sample. In this case, the determined V-r values are far greater
than those relating to SWy-Cd. %e gap between the two
stressed samples exaggerates until it reaches gap values of
0.0030. %is variation is consistent with the XRD modelling
profile, which predicts layer exfoliation and presence of a
highly hydrated rate (4W) for both SWy-Co and SWy-Cd.
Commonly, the applied mechanical stress affected the vol-
ume of the mesopores, which are in any case greater than
those determined for the starting sample. For all samples, the
mesopore radii varied between 1.598 and 16.828 nm (Fig-
ure 10). %e porosity investigation using the BET-BJH
method confirms obtained results from XRD modelling
approach indicating, respectively, high hydration rate layer
exfoliation trends and crystallite size fluctuations induced by
stress.

%e maximum mesopore volume (0.00620mL/g) is
obtained for the stressed SWy-Co sample. %e determined
V-r values, in the case of SWy-Co, are far greater than those
relating to SWy-Cd. For the stressed SWy-Co sample, the
maximum mesopore volume is 0.00620mL/g and obtained
at 3.99 nm. %e gap between the two stressed samples ex-
aggerates until it reaches gap values of 0.0030. %is variation
is consistent with the XRDmodelling profile, which predicts
layer exfoliation and presence of a highly hydrated rate
(4W) for both SWy-Co and SWy-Cd. Commonly, the ap-
plied mechanical stress affected the volume of the meso-
pores, which are in any case greater than those determined
for the starting sample. For all samples, the mesopore radii
varied between 1.598 and 16.828 nm (Figure 10). %e po-
rosity investigation using the BET-BJH method confirms
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Table 4: %e basic physical approximations adopted for the PSD analysis.

Technical side Fundamental side
P0 is the vapor pressure of the bulk liquid nitrogen at the liquid
nitrogen temperature (∼77K) Cylindrical pores shape

P is the equilibrium pressure of desorption at the liquid nitrogen
temperature (∼77K) Cylindrical pores radius (r) approximatively half of its width

%e volumes of micropores, mesopores, and macropores, including
nanopores in one gram solid, are labelled, respectively, VMi, VMe, and
VMa (all in mL/g)

Cylindrical mesopores with radii (r) corresponding to V values
calculated from the corrected Kelvin equation using P/P0 values

Specific micromesopore volumes (V�VMi +VMe) is determined using
the desorption data (at the relative equilibrium pressure P/P0)

Macropores do not affect the adsorptive properties [76]
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obtained results from XRD modelling approach indicating,
respectively, high hydration rate layer exfoliation trends and
crystallite size fluctuations after stress.

4. Conclusion

%is work investigates structural impact, IS response,
quantitative CEC instabilities, and porosity alteration of
metal-exchanged montmorillonite (Co2+ and Cd2+)
according to the mechanical constraints created at the
laboratory scale. Structures heterogeneities, hydration
behaviour, and relationships between macroscopic stresses
and microscopic hydration properties have been disclosed
through the XRD profile modelling approach and the
adsorption measurement. Obtained results demonstrate
the following: (i) %e void ratio e deviation increases along
the compaction/reswelling process regardless of the ex-
changeable cation nature. (ii) At a low extreme %rh rate
(3%), a clear and easy 0W dehydration process is observed
for the Co2+ cation, which is not obvious for the Cd2+
cation, which keeps a 1W hydration state despite the
mechanical disturbance. (iii) A highly 3W/4W hydrated
state appears for the two studied samples brought to 97%rh,
which is explained by a reduction in the average number of
layers per crystallite evidence of an exfoliation tendency
and the ease of filling of the IS. (iv) At 97%rh, mechanical
damage induces, respectively, a clear interstratified char-
acter, segregation layer stacking trends, sensitive layer-type
junction probabilities, and an increase in the used MLS. (v)
%e adsorption measurement results confirm the exfolia-
tion layer trends for stressed samples. (vi) %e divergence
of V-r fluctuations proves the achievement of the cation
exchange process, which is confirmed by the specific
conduct of the V-r curves despite having the same ap-
pearance. (vii) %e mechanical stress effect is reflected in
the V-r curve by a high “gap” for the stressed samples. (viii)
%e mesopore V-r shows raised values in the case of Co2+

cation, indicating a new IS arrangement (compared with
the starting sample) allowing better water profit for the
SWy-Co sample [101–103].
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uncertainties in modelling the interaction between engi-
neered and natural barriers of nuclear waste repositories in
crystalline rocks,” Geological Society, London, Special Pub-
lications, vol. 482, no. 1, pp. 261–283, 2019.

[49] V. I. Malkovsky, Y. P. Dikov, E. E. Asadulin, and
V. V. Krupskaya, “Influence of host rocks on composition of
colloid particles in groundwater at the Karachai Lake site,”
Clay Minerals, vol. 47, no. 3, pp. 391–400, 2012.

[50] P. Sellin and O. X. Leupin, “%e use of clay as an engineered
barrier in radioactive-waste management—a review,” Clays
and Clay Minerals, vol. 61, no. 6, pp. 477–498, 2013.

[51] M. Ammar, W. Oueslati, H. Ben Rhaiem, and A. Ben Haj
Amara, “Effect of the hydration sequence orientation on the
structural properties of Hg exchanged montmorillonite:
quantitative XRD analysis,” Journal of Environmental
Chemical Engineering, vol. 2, no. 3, pp. 1604–1611, 2014.

[52] R. Chalghaf, W. Oueslati, M. Ammar, H.. B. Rhaiem, and
A. B.. H. Amara, “Effect of an in situ hydrous strain on the
ionic exchange process of dioctahedral smectite: case of
solution containing (Cu2+, Co2+) cations,” Applied Surface
Science, vol. 258, no. 22, pp. 9032–9040, 2012.

[53] R. Chalghaf, W. Oueslati, M. Ammar, H.. B. Rhaiem, and
ABH Amara, “Effect of temperature and pH value on cation
exchange performance of a natural clay for selective (Cu2+,
Co2+) removal: Equilibrium sorption and kinetics,” Progress
in Natural Science, vol. 23, no. 1, pp. 23–35, 2013.

[54] P. Delage, Y. J. Cui, and A. M. Tang, “Clays in radioactive
waste disposal,” Journal of Rock Mechanics and Geotechnical
Engineering, vol. 2, no. 2, pp. 111–123, 2010.

[55] G. Xiang,W. Ye, Y. Xu, and F. E. Jalal, “Swelling deformation
of Na-bentonite in solutions containing different cations,”
Engineering Geology, vol. 277, Article ID 105757, 2020.
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Frost heaving damage of canal lining in cold and dry areas is one of the important causes of canal leakage. In this paper, based on
the bending theory of thin plate, a mechanical model of canal lining under the action of frost heaving force is established and
solved. �rough parametric and engineering case analysis, the following conclusions are drawn: under the action of frost heaving
force, the bending moment, shear force, and internal force of the slope plate show a nonuniform distribution, and the maximum
values of bending momentMx and normal stress σx are close to the bottom third of the slope, which is consistent with the existing
research and engineering practice. Compared with the theory of beam, the results of the theory of thin plates show that the internal
forces and stresses increase at the free boundary (longitudinal expansion joint). �e bending moment Mxy and stress τxy are
maximum at the four corners of the plate: although the numerical magnitude is lower than that of Mx, it may cause stress
concentration to damage the lining plate and thus cause break. �e shear force at the longitudinal expansion joint may lead to
fracture of the joint material, which needs to be considered in the design process. Due to the uniform distribution of the frost
heaving force on the bottom plate lining, its de�ection, internal forces, and stresses also show a uniform distribution.�e research
results can provide scienti�c reference for the design and operation and maintenance of water transmission canal lining in
cold areas.

1. Introduction

China is a large irrigated agricultural production country,
and agricultural water consumption accounts for about
63.2% of the total water consumption in the country;
meanwhile, more than 50% of China’s regions are in arid and
semiarid areas, and agricultural water consumption in
Gansu, Ningxia, Xinjiang, and Inner Mongolia accounts for
more than 75% of the total local water consumption due to
factors such as geographical location and climatic conditions
[1]. In order to solve the problem of uneven spatiotemporal
distribution of water resources, China has constructed a
large number of water transmission projects, and more than
800,000 km of trunk and branch canals have been built
nationwide, but due to problems such as canal leakage, the
average water utilization coe�cient of the canal system is

only about 0.5, resulting in a large amount of water waste [2].
Canal leakage prevention projects have largely improved the
e�ciency of water utilization and promoted the develop-
ment of water conservation projects. China is vast, and the
distribution area of multiyear permafrost zone and seasonal
permafrost zone accounts for 21.5% and 53.5% of the na-
tional land area, respectively [3, 4], and the latitude span of
these areas is large, and the climate is complex and diverse,
which makes the service life of canal projects vary greatly
from place to place. Especially in the vast northern cold
regions such as northeast, northwest, and north China, the
winter climate is cold and the low temperature lasts for a
long time; for example, the winter temperature in Xinjiang is
generally −40∼−10°C, the annual cumulative average daily
negative temperature is −1,000∼−1,500°C, and the annual
duration of negative temperature is about 130 days [5, 6]. At
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the same time, the natural freezing depth in these areas is
large, coupled with the repeated freezing and thawing action,
resulting in serious frost damage problems in canal projects
in general. Canal freezing and thawing disasters not only
directly affect the use of the canal, wasting valuable water
resources and making the land along the canal have sec-
ondary saline-alkalization, but also increase the number of
engineering maintenance and operating costs, seriously
limiting the efficiency of the project. (erefore, how to
prevent and control the freezing and thawing damage of the
cold area canal project has become a key problem that settle
the development of agricultural production in the national
economy of irrigation areas.

(e canal lining damage in cold areas is mainly due to
the uneven frost heaving of subsoil which makes the lining
plate bending moment increase, coupled with the deterio-
ration of lining plate and joint material caused by freezing
and thawing action, which causes the fracture and damage to
the lining plate. Wang [7] established a mechanical model of
trapezoidal canal lining frost heaving damage and analyzed
the internal force and dangerous cross section of lining
under the action of frost heaving force based on the beam
theory. Set et al. [8–11] used similar methods to theoretically
analyze the frost heaving damage of lining in different
structural forms, such as trapezoidal and U-shaped, and
determined the location of the dangerous cross section of
lining. Considering that the process of soil frost heaving
deformation and the process of canal lining structure de-
formation in the process of canal frost heaving have an
interactive relationship, the frost heaving damage charac-
teristics of lining were analyzed based on the elastic foun-
dation beam theory, which can better reflect the influence of
canal subsoil characteristics on lining deformation [12–15].

Based on the beam theory and elastic foundation beam
theory to analyze the frost heaving damage on the lining, it is
better to predict the internal forces of the canal cross section
under different structural forms or conditions, so as to
establish the frost heaving damage judgment criterion.
However, as a linear project, the size of the lining along the
canal line inevitably affects the distribution characteristics of
its internal forces and deformations. For small canals, the
lining is usually constructed as cast-in-place concrete plates,
and for large canals, although precast concrete plates are laid
on the surface, a layer of cast-in-place concrete plate is still
constructed at the base [16]. (erefore, the use of thin plate
theory can better respond to the deformation and internal
force characteristics of canal lining plates under the action of
frost heaving forces. To this end, this paper takes water
transmission canal lining in alpine regions as the research
object, based on thin rectangular plate theory, considering
the effect of frost heaving force and the boundary conditions
of canal lining, combined with typical engineering cases,
analyzing the deformation, internal force, and stress of the
lining plate. (e research results can provide reference for
the prevention and control of frost heaving damage of canal
lining in alpine regions.

2. Establishment and Solution of the Lining
Mechanics Model

2.1. Basic Assumptions and Conventions. Uneven frost
heaving of the canal foundation soil makes the liner plate
swell, bulge, and fracture, which is the most serious and
main form of damage to the liner plate by freezing [7, 16].
(e most used precast plates and cast-in-place concrete
lining canals are rigid lining, which are susceptible to frost
damage for two reasons: on the one hand, because the canal
is a groove structure, coupled with the inevitable leakage,
water migration during the long-term freeze-thaw cycle
process, and the groundwater embedment depth of different
parts in canal subsoil, soil moisture content, surface tem-
perature, and different freezing start time, frost heaving
deformations of different sizes and directions are bound to
be produced. On the other hand, the lining structure is
usually an open thin plate structure with small elasticity of
concrete material and low tensile strength, and its non-
symmetrical structure makes it less resistant to deformation
and prone to have bending damage.

Take the open system trapezoidal concrete lining canal in
engineering as an example, as shown in Figure 1. Under
certain geological, meteorological, and moisture conditions,
moisture recharge is the main factor affecting soil frost
heaving. For canal projects, groundwater is the main source
of moisture recharge after winter shutdown [9, 12]. How-
ever, there are various patterns of frost heaving distribution
along the depth direction under different conditions, such as
large top with small bottom attenuation type, large middle
with small ends type, and small top with large bottom type
[3]. Among them, when the soil quality is homogeneous, the
soil before freezing is closer to the water table, and the water
content of the soil before freezing is higher; thus, the frost
heaving is manifested as the large top with small bottom
attenuation type. (is frost heaving distribution charac-
teristic is also used extensively in the analysis of canal lining
frost heaving damage [7, 8, 10, 11]. Both the slope plate and
the bottom plate are subjected to frost heaving forces; the top
of the slope plate is generally set with a certain width of edge
protection in the horizontal direction, having no frost
heaving constraint or minor frost heaving constraint, while
the bottom of the slope plate and the bottom plate are
mutually constrained. Both edges of the bottom plate are
constrained by the bottom of the slope plate. According to
the characteristics of frost heaving distribution in the depth
direction of the canal and the constraint situation of the
lining, there is no frost heaving constraint or slight frost
heaving constraint at the top of plate, so assuming that the
normal frost heaving force on the slope plate is 0 at the top of
the slope and maximum at the bottom of the slope, which is
linearly distributed [12]. (e bottom plate is subjected to a
uniformly distributed normal frost heaving force. (e canal
lining is usually laid at an inclination, and the normal and
tangential frost heaving forces are existing between the liner
and the soil, and the eccentric press bending of the liner is
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caused by the tangential frost heaving force. Corresponding
to different engineering requirements, the thickness of the
liner plate is usually 10∼30 cm. Due to the small force arm,
the bending moment caused by tangential frost heave force
is smaller compared to that caused by normal frost heave
force; therefore, only the effect of normal frost heave force is
considered in the paper, which affects the accuracy of stress
analysis to some extent, but considering the safety factor in
the structural design process, the research results still have
important reference value for engineering design. Com-
bining the existing research results and practical engineering
experience, the following assumptions and conventions are
added to the establishment of the model [7, 13, 14]:

(1) (e canal lining mechanics model is simplified to a
thin rectangular plate structure.

(2) Due to the slow freezing process in winter, the lining
deformation process is regarded as a quasistatic
process. (e deformation of frozen soil and lining
are always coordinated in the process of frost
heaving, and the lining is in ultimate equilibrium
when the structure is damaged.

(3) (e canal lining deformation is in the range of linear
elasticity, and only the small deformation of the
lining is considered, the rotational effect of the
microelements is ignored.

(4) Frost heaving calculation only considers the defor-
mation of frozen soil within the range of freezing
depth and does not consider the solidification de-
formation of frozen soil outside the freezing depth.

(5) After the completion of the canal, the lining self-
weight and the foundation reaction force balance
each other; the force analysis does not consider the
influence of the lining self-weight and only considers
the influence of the normal frost heaving force on the
internal force of the lining plate.

Figure 2(a) shows the model of slope plate lining
structure. (e width along the canal line direction is b1, the
height along the canal depth direction is a1, and the
thickness of the liner plate is δ. (e coordinate system is
shown in the figure, the y-direction is the direction of the

canal line, the z-direction points to the canal inner slot (that
is, the negative z-direction points to the soil body), and the x-
direction points from the bottom to the top of the slope.
Figure 2(b) shows the schematic diagram of the normal frost
heaving force on the slope plate, and because the distance
from the water table is different at different locations of the
slope plate, the relationship between the amount of frost
heaving at different locations and groundwater depth is a
power function, which can be approximately regarded as a
linear distribution [12]. It is assumed that the frost heaving
force is linearly distributed, which is 0 at the top of the slope
and maximum q0 at the bottom of the slope [7].

Figure 3(a) shows the model of the bottom plate lining
structure. (e width along the canal line direction is b2, the
height along the canal depth direction is a2, and the
thickness of the liner plate remains δ. (e coordinate system
direction is the same as the slope plate definition. Figure 3(b)
shows the schematic diagram of the frost heaving force on
the bottom plate lining, and the whole bottom plate is
subject to uniform frost heaving force.

When using beam theory to study the force deformation
of the lining plate, the two ends of the beam are usually
simplified to simply supported constraints (top of slope and
bottom of slope) [7, 12, 15–17], so the two ends of the plate
are also simplified to simply supported constraints in this
paper, where the top of slope (x� a1) and bottom of slope

Slope plate

Bottom plate

Frost heaving force

Unfrozen soil

Frozen soil

Figure 1: Schematic diagram of canal lining.

o

x
x

a1

q0

zy
b1/2

b1/2
z

(a) (b)

O
1

Figure 2: Diagram of force acting on the rectangular slope under
frost heaving force.

Advances in Civil Engineering 3



(x� 0 or a2) are regarded as simply supported constraints.
Considering that the canal lining will be set up with ex-
pansion joints at certain intervals along the longitudinal
direction, the material stiffness of the expansion joints is
much smaller compared with the concrete lining plate and
the deformation allowed to occur is also large, so the
boundary is simplified to a free boundary at y�±b1/2 and
y�±b2/2. According to the above simplification, both the
slope plate and the bottom plate boundary conditions are
thin rectangular plates with two opposite edges simply
supported and the remaining edges free. From Figures 2 and
3, the geometric structures and coordinates of the slope plate
and the bottom plate are the same; therefore, for the con-
venience of deriving the equations, a1 and a2 are unified as a,
and b1 and b2 are unified as b in the latter part. Finally, the
distinction is made when the results are specifically
calculated.

2.2. Model Building and Solution. (e differential equation
for the elastic deflection surface of the thin rectangular plate
is [18]
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where D is the flexural stiffness of the lining plate,
D � Eδ3/12(1 − μ2); E is the elastic modulus of the lining
plate; μ is the Poisson’s ratio of the lining plate.

(e single trigonometric series solutionmethod has been
widely used for the solution of thin plate structures, which is
suitable for both four-sided simply supported rectangular
plates and rectangular plates with one pair of simply sup-
ported opposite edges, and the solution function has a
simple form and fast convergence [19, 20]. From the model
established in the previous section, the model has a
boundary case with one pair of opposite edges simply
supported and the other two edges free. (e corresponding
boundary conditions are as follows.

For slope plate and bottom plate lining, when x� 0 and
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(3)

Assuming that the solution of the control equation (1)is a
single trigonometric series, the deflection surface function of
a rectangular thin plate subjected to frost heaving forces with
two simply supported opposite edges and two free opposite
edges can be constructed:

w � 􏽘
∞

m�1
Ym(y)sin

mπx

a
, (4)

where m is any positive integer and Ym(y) is independent of
the independent variable x. Obviously, the above equation
satisfies the simply supported boundary conditions, and the
problem is solved if the function Ym(y), which satisfies the
other two boundary conditions, is proved to satisfy the
control equation at the same time.

(e trigonometric series (4) is substituted into equation
(1) to get
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In the above equation, the left end of the equal sign is a
trigonometric series with respect to the sine function, and to
make the right end correspond to it, the right end of the
equal sign is also expanded to a trigonometric series,
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a
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where Fm(y) can be calculated by the following equation [19]:
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and substituting (6) into (5) yields
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Since sinmπx/a is impossible to be constant equal to 0, it
follows from the above equation that
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Figure 3: Diagram of force acting on the rectangular bottom plate
under frost heaving force.
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the above equation is a 4th order ordinary differential
equation with constant coefficients and the solution can be
expressed as

Ym � Y
(0)
m + Y

(∗)
m , (10)

where Y(0)
m is a homogeneous solution and Y(∗)

m is a par-
ticular solution. (e homogeneous solution is

Y
(0)
m � Am cos hamy + Bm sin hamy + Cmamy cos hamy

+ Dmamy sin hamy,

(11)

where am � mπ/a, Am, Bm, Cm, and Cm are undetermined
coefficients.

(us, the general solution of (9) can be expressed as

Ym � Am cos hamy + Bm sin hamy + Cmamy cos hamy

+ Dmamy sin hamy + Y
(∗)
m .

(12)

(e particular solution Y(∗)
m can be calculated by the form of

Fm(y), the undetermined coefficientsAm, Bm, Cm, and Dm

can be calculated by the free boundary conditions at both
ends.

Substituting (12) into (4) to obtain the expression for the
deflection of the lining plate,
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+ Dmamy sin hamy + Y
∗
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(eparticular solution of the deflection equation of the slope
plateY(∗ )

m is solved as follows, where the load on the slope
plate is
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x
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Assuming that the form of the particular solution is
Y(∗ )

m � C0, substituting it into (9) could yield
C0 � 2q0a

4
1/Dm6π6(mπ − sinmπ); in turn, the particular

solution of the slope plate deflection equation is obtained:
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Substitute the previous equation into equation (13) to obtain
the slope plate general solution,
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where the particular solution of the bottom plate deflection
equation Y(∗ )

m is solved such that the load on the bottom
plate is q � q0. Substituting it into (8) yields

Fm(y) �
2

Da2
􏽚

a2

0
q sin

mπx

a2
dx �

2q0

Dmπ
(1 − cosmπ). (18)

Assuming that the particular solution is of the form
Y(∗ )

m � C1, substituting it into (10) yields that
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4
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lution of the deflection equation of the bottom plate is
obtained:
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Substitute the previous equation into equation (13) to obtain
the general solution of the bottom plate:
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Since the load, plate geometry, and boundary conditions are
symmetric with the x-axis, the deflection w must be an even
function of y, which is w(x, y) � w(x, −y). (erefore, the
solution to equations (17) and (20) is Bm � Cm � 0.

(e general solutions for the slope plate and the bottom
plate are simplified as
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∞
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+
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(21)

where Am and Dm can be calculated by the boundary
conditions when y � b/2.

Due to the good convergence of the single triangular
series, taking the first 5 terms will obtain good accuracy
results. (e internal force in the plate can be calculated from
the following:
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(22)

where Mx is the cross-sectional moment, My is the longi-
tudinal-section moment, Mxy is the torque, Qx is the
transverse shear force within the cross section, and Qy is the
transverse shear force within the longitudinal section.

3. Effect of Frost Heaving Forces on the
Mechanical Properties of Lining

Figure 4 shows the comparison of the results of slope plate
deflection calculated by using beam theory and plate theory,
respectively. In Figure 4, the calculation method and pa-
rameters (slab thickness 0.2m,modulus of elasticity 2.2×104
Mpa, ultimate tensile strain 0.5×10−4) of the paper byWang
[7] are used for the beam theory calculation method, and the
method of this paper is used for the rectangular plate theory
calculation. It can be seen that the results obtained from the
two calculation methods are in good agreement, and the
calculation process in this paper can be considered accurate.

3.1. Mechanical Analysis of the Slope Plate. (e canal lining
plate is set up with expansion joints at a certain interval in
the longitudinal direction to release the deformation caused
by temperature and other factors, which is often taken as
3∼6m.(e frost heaving force acting on the structure during
the freezing of the soil is related to a variety of factors such as
the nature of the soil, climatic conditions, and constraints,
which makes the frost heaving force take a wide range of
values; for example, the maximum frost heaving force of the
selected slope plate is as 8 kPa in [7], the simulated value in
[15] was 380∼560 kPa, the measured frost heaving force in
the field was 0.8∼32 kPa in [21], and in [22], the frost heaving
force in the calculation model was 1.22 kPa. (erefore, the
frost heaving forces of 8 kPa, 20 kPa, 50 kPa, and 100 kPa
were selected as the maximum values applied to the slope
plate in [7], and the width of the slope plate was taken as 5m
and the height as 3m. (en the variation law of each me-
chanical variable could be obtained. It can be seen from
Figure 5 that the change of deflection of the lining plate
under the effect of frost heaving force is basically uniform,
and the value of deflection increases and then decreases from
the bottom to the top of the plate and reaches the maximum
near the midline of the plate.(e deflection equivalent curve

is symmetrically distributed up and down with respect to the
middle line of the plate, which is the same as the lining
deflection variation law in the existing studies [12, 13]. With
the gradual increase of the frost heaving force, the deflection
value increases significantly, and the deflection at the
midpoint of both edges of the plate (expansion joints) is
greater than that at the center of the plate. From Figure 6(e),
it can be observed that the maximum value of deflection is
0.3mm when the maximum frost heaving force is 8 kPa; the
maximum value of deflection is 0.7mm when the maximum
frost heaving force is 20 kPa; the maximum value of de-
flection is 1.9mm when the maximum frost heaving force is
50 kPa; and the maximum value of deflection is 3.7mm
when the maximum frost heaving force is 100 kPa. (e
change in the size of the frost heaving force has a large effect
on the deflection value.

(e cross-sectional bendingmoment is themain internal
force causing the damage of the lining plate. Figure 7 shows
the effect of different frost heaving forces on the cross-
sectional bending moment. It can be seen that the bending
momentMx has a similar variation trend as deflection when
the lining plate is under the effect of frost heaving force,
where the value of bending moment increases and then
decreases from the bottom to the top of the plate. Unlike the
deflection distribution, the bending moment is asymmet-
rically distributed along the height direction of the plate,
which is caused by the nonuniformly distributed frost
heaving force. (e bending moment is the second order
derivative of the deflection, which can further reflect the
concavity of the deflection. (e deflection at the midpoint of
both edges of the plate (expansion joints) is greater than that
at the center of the plate, which is the danger point. From
Figure 7(e), it can be seen that when the value of bending
moment Mx reaches the maximum at the height of 1.2m of
the plate and the maximum frost heaving force increases
from 8 kPa to 20 kPa, the maximum value of bending
momentMx increases by 1.5 times; when the maximum frost
heaving force increases to 50 kPa, the maximum value of
bending moment Mx increases by 5.24 times; when the
maximum frost heaving force increases to 100 kPa, the
maximum value of bending moment Mx increases by 11.49
times. It can be seen that the change in the magnitude of the
frost heaving force has a large effect on the value of bending
moment Mx.

From Figure 8, it can be seen that the lining plate has a
circular distribution of bending momentMy under the effect
of frost heaving force, and the value of bending momentMy
is higher as it goes to the center and reaches the maximum
value at the height of 1.2m. With the gradual increase of
frost heaving force, the value of bending moment My also
increases gradually, and the equivalent curves of bending
moment My are arranged more and more closely. From
Figure 8(e), when the maximum frost heaving force is 8 kPa,
the maximum value of bending moment is 0.7 kNm; when
the maximum frost heaving force increases from 8 kPa to
20 kPa, the maximum value of bending moment My in-
creases 1.3 times; when the maximum frost heaving force
increases to 50 kPa, the maximum value of bending moment
My increases 5.3 times; and when the maximum frost
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Figure 6: Distribution of deflection, internal force, and stress of slope plate.
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Figure 8: Effect of frost heaving force on bending moment My.
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heaving force increases to 100 kPa, the maximum value of
bending moment My increases 11.3 times. (e increase
multiplier is comparable to the bending moment My, which
shows that the change in the magnitude of the frost heaving
force also has a large effect on the value of the bending
moment My.

From Figure 9, it can be seen that the equivalent curve of
torque Mxy is symmetrically distributed with respect to the
center of the lining plate, and the maximum values are at the
four corners of the plate. If the horizontal axis is shifted
upward, the first and third quadrants have negative torque,
and the second and fourth quadrants have positive torque.
(eir maximum values are distributed at the corners of the
lining plate, and the overlapping of torque on two adjacent
sides is likely to cause stress concentration at the corners.
From Figure 9(e), it can be seen that the increase in frost
heaving force increases the value of torque Mxy.

Figure 10 shows the variation law of cross-sectional
shear force. (e figure shows that the shear force Qx is
negative on the upper side of the lining plate and positive on
the lower side, reaching its maximum value at the position of
the upper and lower edges of the plate, and is nonuniformly
distributed up and down. (e shear force at the upper and
lower edges (simply supported restraints) is slightly larger in
the middle than at the sides, and the shear force at the top of
the slope is smaller than that at the bottom. From
Figure 10(e), it can be seen that similar to the torqueMxy, the
slope of the curve increases significantly by increasing the
magnitude of the frost heaving force, indicating that in-
creasing the frost heaving force will increase the value of the
shear force Qx.

As can be seen from Figure 11, the equivalent curve of
the longitudinal interface shear force Qy is symmetrically
distributed with respect to the midline of the thin plate on
the left and right, and the shear value decreases and then
increases from the left to the right side of the plate. Although
the shear forces at the left and right edges (joints) are not as
large as the cross-sectional shear force, it may lead to fracture
of the joint material and needs to be considered in the design
process. (e shear force Qy is still nonuniformly distributed
along the top to bottom of the plate. From Figure 11(e), it
can be seen that the shear force Qy reaches the maximum at
the height of 0.9m.(e shear force Qy gradually increases as
the frost heaving force gradually increases. (e maximum
value of shear force increases from 0.5 kN to 6.2 kN when the
frost heaving force increases from 8 kPa to 100 kPa.

Since the stress change of the lining plate corresponds to
its internal force change, only the graph of the stress change
in the plate at different frost heaving forces is given. From
Figure 12(a), it can be seen that the value of stress x increases
and then decreases from the bottom to the top of the plate
and reaches the maximum at the height of 1.2m of the plate.
When the frost heaving force is 8 kPa, the maximum value of
stress x is 7.2×105 Pa; when the frost heaving force is
100 kPa, the maximum value of stress x is 89.5×105 Pa,
indicating that the change of the frost heaving force has a
large effect on the value of stress x. From Figure 12(b), it can
be seen that when the frost heaving force increases from
8 kPa to 100 kPa, the maximum value of stress y increases

from 1.1× 105 Pa to 13.2×105 Pa. From Figure 12(c), it can
be seen that the value of stress τxy increases significantly with
the increase of the frost heaving force.

3.2. Mechanical Analysis of the Bottom Plate. (e bottom
plate can also be regarded as a thin rectangular plate sub-
jected to the uniform frost heaving force. Take the width of
the bottom plate as 5m and the height as 3m, applying the
frost heaving forces of 8 kPa, 20 kPa, 50 kPa, and 100 kPa to
the bottom plate in turn. Due to space limitations, only the
data of the internal force and stress along the height di-
rection of the plate are given. (e bottom plate is subjected
to uniform frost heaving forces, so the internal forces and
stresses are also uniformly distributed along the height di-
rection of the plate, but slightly larger at the free boundary
than at other locations. From Figure 13(a), it can be seen that
when the bottom plate lining is subjected to the action of
frost heaving forces, the deflection value increases and then
decreases from the bottom to the top of the plate and reaches
the maximum at the midline position of the plate. (e
maximum value of deflection increases from 0.6mm to
7.5mm when the frost heaving force increases from 8 kPa to
100 kPa. It can be seen from Figure 12(b) that the variation
trend of the bending moment Mx is similar to that of the
deflection, and the value of bending moment increases first
and then decreases from the bottom to the top of the plate.
(e maximum value of the bending moment Mx increases
11.48 times when the frost heaving force increased from
8 kPa to 100 kPa. From Figure 12(c), it can be seen that the
maximum value of bending moment My increases by 11.3
times when the frost heaving force increases from 8 kPa to
100 kPa. From Figures 12(d)–12(f), it can be seen that in-
creasing the magnitude of the frost heaving force will in-
crease the values of bending moment Mxy, shear force Qx,
and shear force Qy, and they are symmetrically distributed
along the height of the plate. Figures 12(g)–12(i) show that
when the frost heaving force increases from 8 kPa to 100 kPa,
the stress σx increases by 12.6 times, the stress σy increases by
12.3 times, and the stress τxy increases by 12.3 times.

4. Engineering Case Analysis

Wang [7] calculated the frost heaving deformation and
damage location of a plain concrete lined trapezoidal canal,
and the following calculation was carried out using the
parameters of the engineering case used by Wang, and the
dimensional loading parameters of the canal are as follows.
(e height of bottom plate is 2m, and the width is 3m; the
height of slope plate is 2.83m, and the width is 3m; the
thickness of plates is 0.2m, the frost heaving force of bottom
plate is 7.3 kPa, and the maximum frost heaving force of
slope plate is 8 kPa. (e elastic modulus of the concrete is
2.2×104MPa and Poisson’s ratio is 0.16.

Figure 13 shows the deflection, internal force, and stress
distribution of the slope plate. Figure 13(a) shows that the
deflection is basically symmetrical along the height of the
plate, and the maximum deflection value is 0.22mm, which
meets the deformation requirements of the lining plate.
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Figure 9: Effect of frost heaving force on bending moment Mxy.
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Figure 10: Effect of frost heaving force on shear force Qx.
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Figure 11: Effect of frost heaving force on shear force Qy.
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Figure 13: Continued.
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Figure 13(b) shows that the bending moment Mx is asym-
metrically distributed along the height direction of the plate.
(e bending moment Mx is the main internal force causing
the longitudinal crack, and the maximum bending moment
is near the location of the slope bottom, which is consistent
with the references and the damage location in engineering
practice [12, 23, 24]. (e bending momentMy (Figure 13(c))
is small at the edge and large at the center of the plate. (e
torqueMxy (Figure 13(d)) is maximum at the four corners of
the plate and coincides with the geometric inflection points
of the plate; although its numerical magnitude is lower than
the value of the bending momentMx, it may also cause stress
concentration to damage the lining plate and thus cause
leakage. (e maximum values of shear forces Qx and Qy
(Figures 13(e), (f )) are at the upper and lower edges and left
and right edges, respectively, and are asymmetrically dis-
tributed along the height direction of the slope plate. (e
distribution laws of stresses σx, σy, τxy (Figures 13(g), (h), (i))
are the same as their corresponding internal force distri-
bution laws.

5. Conclusion

(1) A mechanical model for deformation analysis of
canal lining plates under the action of frost heaving
force is established based on the theory of rectan-
gular thin plate, the boundaries of rectangular thin
plate are simplified to two pairs of simply supported
opposite edges and the other two pairs of opposite
edges are free (longitudinal expansion joints), and
the solution process of the model is given.

(2) Under the action of nonuniformly distributed frost
heaving force, the slope plate has no obvious non-
uniform distribution of deflection along the depth of
the canal; the bending moment, shear force, and
internal force show nonuniform distribution; and
the maximum values of bending moment Mx and
positive stress σx are biased to the bottom plate
position. Compared with the beam theory, the cal-
culation results of the plate theory show that the
internal forces and stresses increase at the free
boundary.

(3) (e bending moment Mxy and stress τxy are maxi-
mum at the four corners of the plate and geomet-
rically coincide with the corners of the plate,
although their numerical magnitudes are lower than
that of the bending moment Mx, and they may also
cause stress concentration to damage the lining plate
and thus cause leakage. Although the shear forces at
the left and right joint locations are not as large as the
cross-sectional shear force, they may lead to fracture
of the joint material, which needs to be considered in
the design process.

(4) Due to the uniform distribution of the frost heaving
force on the bottom plate lining, its deflection, internal
force, and stress also show uniform distribution.

Data Availability

Data can be obtained from the article and corresponding
author upon request.
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Figure 13: Effect of frost heaving force on deflection, internal force, and stress of the bottom plate.
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Fiber-reinforced soil boasts fewer cracks, higher energy absorption, and higher residual strength. With the well-established
concept of carbon neutralization, it is necessary to reduce the dependence on high carbon-emitting reinforcement materials such
as cement and concrete. �e need for resource recycling has led to the development of reusing construction waste as the raw
material for slope and embankment reinforcement. �e purpose of this study is to analyze the reinforcement performance and
environmental feasibility of glass and basalt �ber on granite residual soil with the content of 3%, 4%, and 5% and the length of
6mm, 9mm, and 12mm. �e reinforced samples were subjected to static impact load tests and SEM analysis to study its
mechanical properties, microcharacteristics, and structure before and after reinforcement. Results show that the incorporation of
3% glass �bers of 6mm has the best reinforcement e�ect on GRS, while the incorporation of 4% basalt �bers of 6mm also has a
good reinforcement ability. Glass �ber performs better than basalt �ber under the optimal content and length. SEM results
indicate that glass �bers bind the soil particles more closely, thereby increasing their friction and leading to higher compressive
strength. When the length and content of �ber exceed a certain range, the �bers are prone to cross and knot and fail to �ll between
soil particles, so the �ber and soil particles are separated, which lowers the strength of the soil. It is concluded that both glass �ber
and basalt �ber can be well used for reinforcing GRS for higher bearing capacity and fewer cracks at the given proportion and
length. Fiber length and content were considered when reinforcing GRS with di�erent �bers in this study.

1. Introduction

With a skyrocketing population, the necessity of relieving
tra�c in urban areas and bolstering infrastructure con-
struction has grown. Subway and infrastructure construc-
tion signi�cantly alleviated tra�c and satis�ed people’s
demands, but it also inevitably generated a mass of waste
soil, the treatment of which has become a matter of concern.
It is predicted that China produced about 2 million tons of
construction waste in 2019 alone [1]. Typically, the waste is
removed by transportation and land�ll. However, this tra-
ditional method is not sustainable, eco-friendly, or land-

e�cient; thus, the recycling of construction waste soil has
become an important area of study.

In South China, the majority of construction waste
consists of granite residual soil (GRS), which is produced
under certain geographical conditions, climate, and geo-
logical environments. It is also known as a regionally dis-
tinctive soil due to its unique composition and structure
[2–4]. Physical and chemical weathering crafted its dis-
tinctive structure with heterogeneity and anisotropy and its
unique engineering geomechanical characteristics. Granite
residual soil has good compressive properties in dry envi-
ronment and unique structural properties, which include
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high void ratio, high strength, low density, and medium and
low compressibility [5–9], rendering it a poor compressive
material. (is easily leads to a significant decrease reduction
in bearing capacity after being saturated in water and a
particularly sharp decline under dry-wet cycles, which in
actual projects triggers natural disasters such as slope
landslides and soil collapse. In reality, the majority of GRS is
therefore treated as construction waste soil. For the recycling
of GRS, the issue of its high porosity must be resolved, as it
suggests restricted contact between soil particles [10–15].
Under external impact, bearing capacity tends to decline,
resulting in incidents such as dislocation and sliding.
Recycling GRS requires addressing its porosity.

Fibers, such as steel fiber, polyethylene fiber, and basalt
fiber, are frequently employed in concrete engineering since
it has been demonstrated that they effectively reduce the
cracking of concrete and increase its tensile resistance under
external load [16–19]. (erefore, some researchers utilized
fibers to reinforce GRS. For instance, waste rubber fibers
were mixed with swelling soil, and the mixture properties
were studied by laboratory compaction test [20–24]. Results
indicate that waste rubber fibers can considerably limit soil
expansion and increase its resistance to cracking [25–27].
(e modified swelling soil mixture is ideally suited for
utilization as impervious liners and covers for urban solid
waste landfills. Sisal fibers were incorporated into the soil,
and the tensile properties of reinforced soils were investi-
gated by indoor strength testing. Additionally, cement and
cactus pulp were added to boost the strength [28–30]. (e
results demonstrated that cactus pulp, an environmentally
benign natural ecological material, outperformed sisal fibers
in reinforcing capacity. Apus bamboo root fibers were
utilized to reinforce soil, and the shear strength behavior of
the reinforced soil was analyzed using a direct shear test with
a large box sample.(e ratio of soil volume to root volume is
proposed to quantify root density in soil mass [31]. (e peak
shear strength of reinforced soil was shown to improve as the
soil-root volume ratio increased. Previous studies indicated
that the impact resistance of GRS under dynamic load can be
significantly improved by introducing SH solution and glass

fiber. After reinforcing, themicroscopic investigation revealed
that the porosity was reduced and hydrophilic groups were
replaced with hydrophobic groups, hence removing the hy-
drophilicity of GRS [32, 33].

Many authors have reported on fiber-reinforced GRS,
with the majority focusing on fiber comparison. Little study
has been conducted on the effect of fiber length and content.
(is study focuses on reinforcing GRS in an effective and
economically viable manner, with environmental protection
and sustainability as its central goals. (e static load test was
used to explore the reinforcing effect of glass and basalt
fibers of varying lengths and contents, and SEM was used to
analyze the reinforcement mechanism of GRS and the effect
of fiber length and content from a microscopic perspective.

2. Experimental Study

2.1. Materials

2.1.1. Granite Residual Soil. Widely distributed in South
China, granite residual soil is produced under specific
geographical conditions, climates, and geological environ-
ments. Since it has special composition and structure, it is
also called a regional special soil. (e physical and chemical
weathering made its distinctive structure with heterogeneity
and anisotropy, and its unique engineering geomechanical
characteristics. GRS often comprises yellowish-brown
colors and mainly consists of cohesive soil, partly cobbly
cohesive soil (Figure 1). (is study adopted GRS from the
Guangzhou area. (e main geomechanical properties are
given in Table 1.

2.1.2. Glass Fibers. As shown in Figure 2, the glass fiber used
in the experiment is an inorganic nonmetallic transparent
material with excellent performance. Glass fibers boast ex-
cellent performances, i.e., good insulation, heat resistance,
corrosion resistance, and high mechanical strength. Glass
fibers of 6mm, 9mm, and 12mm in length were used as the
reinforcer. (e specific parameters of the glass fibers are
shown in Table 2.
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Figure 1: Material diagram. (a) Granite residual soil. (b) GRS particle size.
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2.1.3. Basalt Fiber. As shown in Figure 2, the basalt fiber
used in this experiment is a continuous fiber made from
natural basalt rock, composed of oxides including silicon
dioxide, aluminum oxide, calcium oxide, magnesium oxide,
ferric oxide, and titanium dioxide. Basalt continuous fiber is
a new type of inorganic and green material with high
performance including electrical insulation, corrosion re-
sistance, and high-temperature resistance. Basalt fibers of
6mm, 9mm, and 12mm in length were used as the rein-
forcer. (e diameter of glass fiber is 14 μm, and the diameter
of basalt fiber is 14–20 μm. (e fiber data of this test are all
provided by Taishan Fiber Co., Ltd. (e specific parameters
of the basalt fibers are given in Table 3.

2.2. Sample Preparation and Curing. (e soil samples were
baked in an oven at about 105°C for 6–8 h. (e samples were
removed out of the oven after they dropped to room
temperature and then crushed and sieved (1.18mm). (e
two fibers of different lengths and content were mixed with
the soil samples evenly. According to the geotechnical
specification [34], the GRS and fibers were prepared by
layered sample preparation. First, the fibers and GRS were
stirred evenly with a small electric mixer, then a small
compactor was used for layered compaction, and the
number of layers was 3 layers. A small compaction in-
strument was used to compact the samples into a cylinder

with a diameter of 100mm and a height of 50mm (Figure 3)
by adding the soils three times.(e samples were air-dried in
a ventilated and dry indoor place for 14 days. (e sample
weight is 1600 g.

2.3. Test Plan

2.3.1. Static Load Test. (eoptimal water content adopted in
this study is 13% of existing research [32].

Fibers of different types, lengths, and contents were
included in soil samples under the optimal water content,
and the effects of different groups were studied through a
static load test. (e test plan is shown in Table 4.

(e fiber content was kept at 3%, the optimal data from
previous research, so only the effect of the length change of
fiber is considered in this test.

Groups A, B, and C contain 3% glass fiber with a length
of 6mm, 9mm, and 12mm, respectively. As the reference,
group 0 is GRS with no fiber. Other groups of the different
mixtures are given in Table 4, and three samples were made
for each variable.

2.4. Test Methods

2.4.1. Static Load Test. (e uniaxial compressive strength of
the samples was measured by a 4W uniaxial compression

Table 1: Properties of granite residual soil samples.

Specific gravity, ds Water content, ω (%) Density (g/cm3) Liquid limit, ωl Plastic limit, ωp

2.67 13 16.5 48.3 27

(a) (b)

Figure 2: Material diagram. (a) Glass fiber. (b) Basalt fiber.

Table 2: Basalt fiber parameters.

Density (g/cm3) Linear density (dtex) Elastic modulus (MPa) Tensile strength (MPa) Melting point (°C) Elongation (%)
2.65 8.21 4500 330 958 3.0

Table 3: Glass fiber parameters.

Density (g/cm3) Linear density (dtex) Elastic modulus (MPa) Tensile strength (MPa) Melting point (°C) Elongation (%)
0.91 8.21 4286 346 169 36.4
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test instrument (Figure 4). (e samples were placed in the
center of the bearing plate of the press to ensure that no
eccentric loading occurs in loading. (e loading rate was
0.5MPa/s. (e loading axial force when the sample failed
was recorded to calculate the uniaxial compressive strength
of each sample with the following formula [34]:

R �
p

A
. (1)

R is the ultimate compressive strength of the sample, P is
the maximum load when the sample failed, and A is the
cross-sectional area of the sample.

(e strength of the three samples under the same
concentration was recorded. (e strength values were av-
eraged following the principle that the limit load does not
exceed 10%. (e reinforcement effect of fiber type, length,
and content to GRS was investigated by a static load test.
Aiming at achieving the optimal effect at a reasonable cost,
the desired content and length of the two types of fiber were
obtained in this study.

3. Results and Discussion

3.1. Static Load Test. (e maximum stress of the soil sample
without fiber was 850 kPa, and the corresponding strain
value was 0.04% under static load as illustrated in
Figure 5(a). From the data of groups A, B, and C as illus-
trated in Figure 5(b), the sample reinforced with glass fiber

of 3% in content and 6mm in length exhibited the best
reinforcement performance of a maximum stress value of
1650 kPa, a corresponding strain value of 0.06% and a 94%
increase of strength compared to fiberless samples. (is
finding signified that glass fiber can improve the compressive

Figure 3: Reinforced glass fiber soil sample and reinforced basalt fiber soil sample.

Table 4: Static load test plan.

Group Sample name Glass fiber (%) Basalt fiber (%) Length (mm)

Static load test

A Glass fiber, 3%–6mm 3 0 6
B Glass fiber, 3%–9mm 3 0 9
C Glass fiber, 3%–12mm 3 0 12
D Basalt fiber, 3%–6mm 0 3 6
E Basalt fiber, 4%–6mm 0 4 6
F Basalt fiber, 5%-6mm 0 5 6
G Basalt fiber, 4%–9mm 0 4 9
H Basalt fiber, 4%–12mm 0 4 12
O 0 0 0 0

Figure 4: Uniaxial compression test instrument.
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capacity of the sample. For samples of all three kinds of
lengths, they went upward before the strain reached 0.05%
and showed varied trends after that but before the strain
reached 0.05%. An obvious trend of increase, peak, and
decrease was observed in samples with 6mm glass fibers,
which peaked at 1650 kPa. However, samples with 9mm and
12mm glass fibers only showed a continuous upward trend.
(is result reveals that the incorporation of 6mm glass fibers
has a better reinforcement effect on GRS than 9mm and
12mm at the content of 3%. (e reason behind this is that
6mm glass fiber contacts with soil particles better and
creates higher friction, enabling the sample to be more
integrated and bear force together with fibers. (e samples
with 6mmfiber had relatively reasonable deformation under
the stress, and there is a corresponding relationship between
strain and stress. By contrast, the stress of 9mm and 12mm
samples increased with the strain continuously without peak
or decline, indicating that the sample can be compressed and
deformed infinitely and the stress can also increase infinitely,
which is unreasonable. (erefore, it was concluded from the
data that the reinforcement ability of the 6mm glass fiber
reinforcement effect was better than 9mm and 12mm under
the same content of 3%.

From Figure 5(c), it is noticed that the samples with
6mm basalt fibers at 3%, 4%, and 5% presented the maxi-
mum stress value of 900 kPa, 1500 kPa, and1300 kPa, re-
spectively, 5%, 76%, and 53% higher than the fiberless
sample. (us, the inclusion of basalt fiber in GRS can im-
prove its bearing capacity. In addition, the three curves all
showed three stages: rise, peak, and fall. (e strain value
corresponding to the maximum stress value of the three was
0.05%. At a fixed length of 6mm, the bearing capacity of the
reinforced soil can be improved under the three content as
proved in their curves and maximum stress values. To obtain
a rather economical result, 3% basalt fibers showed a better
reinforcement effect compared to 4% and 5% under the same

length of 6mm based on their maximum stress value and the
corresponding strain value.

At a fixed basalt fiber proportion of 3%, the effect varied
with lengths as illustrated in Figure 5(d), wherein the 6mm
sample performed the best as they reached amaximum stress
value of 1100 kPa and a corresponding strain value of 0.05%,
and the curve could be also divided into three stages of
rising, peak, and fall. (e curves of 9mm and 12mm length
basalt fibers had a similar trend but only rose continuously.

(e reason may be that a lower length of fiber means a
larger quantity for the two kinds of fibers under the same
content, so the fiber is distributed more evenly in the soil
sample during preparation. At the initial stage of com-
pression, the air and water in soil pores were expelled, and
fiber processes higher elastic modulus compared to soil
particles. (us, the incorporation of fibers with lower length
means more short fibers are distributed between soil par-
ticles, leading to higher friction and closer integration be-
tween soil and fiber, which is attributed to the higher
compressive performance of the reinforced soil. However,
long fiber in the soil is inclined to cross knot and overlap
with each other, so the separation between the soil particles
and fiber would occur under external load. Consequently,
the fiber takes the force in place of the soil particles’ stress, so
the stress continued to increase with the strain without peak
or downturn as shown in the figure. (us, the optimum
content and length of glass fiber are 3% and 6mm and those
of basalt fiber are 4% and 6mm from the above data.

At the above optimal formula, the basalt and glass fiber
reached a maximum stress of 1550 kPa and 1650 kPa and a
corresponding strain of 0.05% and 0.06%, respectively, in
Figure 5(e). (e two kinds of fibers displayed an excellent
effect on reinforcing GRS as an enhancement of the bearing
capacity of GRS was achieved. GRS reinforced with 3% 6mm
glass fiber and 82% 6mm basalt fiber witnessed a 94% and
82% strength increase, respectively. (e results evidence that
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glass fiber exhibited a better reinforcement effect than basalt
fiber. (e reason may be that glass fiber is finer than basalt
fiber. As shown in Figure 2, glass fiber, a relatively fine
cylinder as opposed to the flat basalt fiber, would find itself
more easily filling in the pores of soil particles under the same
length. (e increased friction help enhance the integrity of
the samples, which results in higher bearing capacity.

From the static load test analysis, it can be concluded that
the reinforcement effect of glass fiber on granite residual soil
is better than that of basalt fiber under the condition of
optimal fiber content and length.

3.2. SEM. Given that the reinforcing ability of glass fiber is
better than basalt fiber from the above mechanical analysis,
the glass fiber samples were studied by SEM. (e SEM
images of samples taken from group O, group A, and group
C after the static load test are given in Figure 6. At the
magnification of 500x, the soil of control group O
(Figure 6(a)) was granular particles with weak particle
connection, so the sample failed under the impact of ex-
cessive static load. Compared with group O, the figures of
group A (Figures 6(b)–6(e)) and group C (Figure 6(f )) show
that the samples remained relatively intact under the impact
load with glass fiber binding the soil into integration and
jointly bearing the load. (e glass fiber added to the soil
acted as the reinforcer, which enhanced the integrity of the
sample and its limit bearing capacity. It was noticed in
Figures 6(d) and 6(e) that a considerable amount of soil
particles were attached to the fiber, indicating that the in-
clusion of glass fiber into GRS can improve the friction and
effective stress between soil particles and thus strengthen the
soil. Based on the Mohr–Coulomb criterion of rock failure,

when the failure occurs in the soil as a shear failure, the shear
bearing capacity of soil fails to bear the shear stress produced
by an external load. (e shear stress-bearing capacity of soil
lies in the friction force produced by the relative replacement
of soil particles when sliding after compaction. (us, the
incorporation of glass fiber and basalt fiber increases the
surface friction.

From Figure 6(f ), it was revealed that fibers of excess
length and content might cross and knot with each other and
fail to contact the soil particles. Consequently, the soil
particles and fibers were separated and failed to work to-
gether under the action of external load, so the effective
stress of soil particles cannot be improved. Meanwhile, due
to the separation of fibers and soil particles, the pores be-
tween soil particles are not filled with fibers. (erefore,
adding fibers of excess length and amount cannot exhibit an
excellent reinforcement effect, but may easily lead to a
decline in bearing capacity.

SEM results show that, at appropriate length and con-
tent, fiber will be able to distribute well in the pores between
soil particles, increase the internal friction force between soil
particles, and attach to the surface of more soil particles.
Fibers play a role alike to bridging and in connecting the soil
particles around them, thus enhancing the integrity of the
soil particles and helping maintain the intactness of the
sample under external load.

4. Conclusion

In this study, a static load test was conducted on reinforced
GRS to compare the reinforcing effect of glass and basalt
fibers of different lengths and contents through group ex-
periments. (e influence of fiber’s length and content and

(a) (b) (c)

(d) (e) (f)

Figure 6: SEM of test soil.
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the reinforcement mechanism were identified using the SEM
technique:

(1) In static load tests, an enhancement in compressive
strength is witnessed with the inclusion of the glass
fiber and basalt fiber compared to fiberless samples,
which proves the improvement effect of glass fiber
and basalt fiber on the bearing capacity of GRS.

(2) (e results of the static load test show that the in-
corporation of 6mm basalt fiber exhibited the best
reinforcement effect with a maximum stress of
1100 kPa among samples containing 3% basalt fiber.
Moreover, the incorporation of 4% basalt fiber
exhibited the best reinforcement effect with a
maximum stress of 1550 kPa among samples con-
taining 6mm basalt fiber. Hence, the optimal length
and content of basalt fiber are 6mm and 4%. (e
optimal length and content of glass fiber are 6mm
and 3% based on the data.

(3) At the above optimal formula, the basalt and glass
fiber reached a maximum stress of 1550 kPa and
1650 kPa and a corresponding strain of 0.05% and
0.06%. Re-SEM analysis indicates that fibers are prone
to cross and knot and fail to fill between soil particles
when the length and content of the fiber exceed a
certain range, which lowers the integration between
them and lowers the bearing capacity of the soil.

(4) SEM analysis indicates that fibers are prone to cross
and knot and fail to fill between soil particles when
the length and content of fiber exceed a certain range,
which lowers the integration between them and
lowers the bearing capacity of the soil.
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