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Abstract: Rainfall infiltration is the primary factor that induces landslides. In this paper, discrete
element software (PFC3P) was used to establish a novel rainfall infiltration model, which integrates
water transfer, intensity decay and seepage force into the calculation of the moisture field. By applying
this model to the rainfall infiltration analysis of a road slope in Nanping City, Fujian Province, China,
the distribution law of water content, the functional relationship between shear strength and water
content, and the calculation of permeability at different times can be obtained. The model was verified
by comparing simulated results of water content with field monitoring data. The simulation error of
water content is lower than 10%. Furthermore, this model application was validated by reproducing
the pressure variation of the retaining wall on 12 May 2022. To obtain the accuracy of this model
application, it was compared with saturated water content model and seepage force model. The
comparison results of the three models showed that the simulation results of this model are best
matching with the observation data. Moreover, the verification and validation indicate that our
proposed model can be used to effectively analyze the rainfall infiltration of road slope.
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1. Introduction

Landslide disasters induced by rainfall are one of the main natural disasters faced
by China. They cause immeasurable personal safety injury and property damage to
surrounding residents [1-3]. Rainfall infiltration in soil bring about changes in the water
content, soil mass and shear strength of slope, which may further affect its stability [4-8].

Physical model tests, by setting monitoring points, observe the changes in monitoring
data after rainfall. They can infer the regulation between internal rainwater flow and
landslide damage [9-12]. This method may intuitively obtain the deformation trend of
slope, but the variation of soil moisture cannot be clearly recognized only by setting several
monitoring points. Thus, it is difficult to accurately grasp the overall water diversion path
of slope [13].

For this challenge, numerical model is effective. The moisture, stress and displacement
of soil are simulated by defining the mechanical parameters in the numerical model [14-18].
The particle flow discrete element method is an optional method to study rainfall infiltration
on slopes. Different properties of discrete media can be used to study the macroscopic
behavior of soil under different conditions [19,20].

At present, there are two prime methods to simulate the influence of rainfall infiltra-
tion on slopes by using discrete element software: (1) Coupling. For example, CFD-DEM
coupling and PFC-FLAC coupling. The former realizes the flow field by creating a back-
ground grid. Its fluid-particle interaction forces are calculated by updating the fluid element
parameters [21-24]. The latter is first used to calculate the flow field in FLAC, and then
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imported into PFC for seepage force simulation [25-28]. (2) Simplify the rainfall process.
The effects of rainfall infiltration are equivalent to using saturation parameters, adding
seepage force and reducing friction force [29-33].

These methods can be used to simulate rainfall infiltration process of slopes. In other
words, the process of catastrophe can be analyzed to a certain extent. By contrast, there
are also two shortcomings: First of all, it is difficult to establish a flow field with a complex
shape by DEM model [34]. Currently, CFD—DEM simulation technology has achieved a
leap from two-dimensional (2D) to three-dimensional (3D). It has been increasingly applied
in the geotechnical engineering field. However, most of the research technology is based
on structured grids. In detail, the simulated flow field is very regular and monotonous
(e.g., square or cylinder). For large-scale engineering with complex shapes, it is still difficult
to carry out numerical simulations. Moreover, simplified rainfall models do not yield
moisture and intensity changes within the slope [35].

In this study, PFC3P software [36] was used to develop a rainfall infiltration model for
slopes by integrating moisture transfer, intensity decay, and seepage force methods. The
model is validated by comparing moisture content monitoring data with simulation results.
In addition, to obtain the applicability of the infiltration model, retaining wall pressure
monitoring is conducted on a road slope in Nanping City, Fujian Province, China [37].
Ultimately, the simulation results of our proposed model are compared with saturated
water content model and seepage force model.

2. Materials and Methods

To simulate the infiltration process, the water content property was added to the
discrete unit. Darcy’s law [38] was introduced to calculate the hydraulic gradient values of
adjacent particles. A functional relationship between water content and shear strength was
added to infiltration process. Then, the magnitude of seepage force was associated with
the distribution of the water content. Finally, the moisture field and stress field of the road
slope were obtained by circular calculation (Figure 1).
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Figure 1. Rainfall infiltration simulation flow.

2.1. Moisture Diffusion Model

According to previous studies [39—41], the following assumptions are used to describe
the water flow process in the discrete element: (1) each discrete particle carries unsaturated
flow information (water diffusion rate, volume water content). The particle volume and
surrounding porosity can form an equivalent continuous space. (2) when the pressure head
or volumetric water content between adjacent particles is different, unsaturated infiltration



Water 2022, 14, 3663

30f13

will occur. Moisture is transported at the contact points of discrete elements. Water flows
from particles with high water content to particles with low water content. This assumption
can explain the process of water diffusion microscopically, which is a simplification of the
seepage process.

The water content of the fluid flowing in and out of the particle conforms to the
continuity equation and Darcy’s law. For multi-dimensional flow, the appropriate form of

the flow equation is [42]:

00
5= Vi 1

where 0 is the volumetric water content, t is time, q is the water-flux vector.

Consider a particle i, which has N contacts with the surroundings. Assume that the
surrounding contact particles of particleiarej,j+1,j+2,j+---,j+ N. Using Darcy’s law,
the volumetric water content of particle i can be calculated as follows [42]:
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where 0; is the volumetric water content particle i, V; is the equivalent continuous space
volume, dj; is the moisture diffusion rate between particles i and j, the distance between the
contact point of particle i and particle j is Ljj, and the difference in water content is A0j;.

In our study, the water diffusivity of the particle can be calculated from the soil water
retention curve and hydraulic conductivity curve [43]:
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where D is the diffusion rate, 0 is the saturated volume water content; 0, is the residual
water content, K is the saturated permeability coefficient, «, m and n are three fitting
parameters, and S, is the effective saturation (Se = g;:g; ).

The diffusion rate between particle i and the surrounding contact particles is [39]:

3D(0,)V;
- oy @

where d;. is the moisture diffusion rate between particle i and contact point ¢, D(8,) is the
diffusion rate of particle i, and L;. is the distance from the center of particle i to its contact
point c.

With the contact point as the intermediate variable, the moisture diffusion between
particles i and j can be calculated as follows [44]:

dic
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The volume water content of particle i in At time can be calculated as follows [42]:
pirat= gt + At(i N @Ae-») (6)
S O A Y A%

In the process of water transfer, we need to ensure the conservation of water. For
instance, if the moisture content of particle j becomes (6]- + A9), the water content of
particle i will become (6;— AB).

2.2. Strength Calculation between Particles

Soil shear strength decays with rainfall infiltration. Taking the linear contact model as
an example, micromechanical parameters are characterized as Ky, Kg, and p. In our test, the
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mechanical properties are equivalent to the friction coefficient. The relationship between
the water content and friction coefficient was studied. The relevant steps are as follows:

(1) Samples are taken at the slope site, and 5-10 groups of samples with different water
content are designed;

(2) Anindoor direct shear test is conducted for each group of experiments. The vertical
pressure is divided into 50 kPa, 100 kPa and 200 kPa. The horizontal shear stress is
applied under different vertical pressures to obtain the shear stress at failure;

(3) A numerical model is established in PFC to simulate the direct shear test. Based on
the water content grouping in step (1) and the shear strength obtained in step (2),
the numerical simulation inversion can obtain the mapping relationship between the
water content and friction coefficient;

(4) Draw curves. Take the water content as the abscissa and the friction coefficient as
the ordinate;

(5) Fit the curve. A mathematical equation is obtained, which takes the water content as
independent variable and friction coefficient as dependent variable;

(6) Based on the fitting equation, the program in PFC is used to map the moisture transfer
and friction coefficient of the particles.

2.3. Strength Calculation between Particles

This study considers the influence of seepage force on slope stability, and adds seepage
force to discrete particles [45]. The seepage force of soil particles per unit volume can be
expressed by the following formula [46]:

F=9,xIxV (7)

where F is the seepage force, 7y is the unit weight of water, 9.8 kN/m?. 1is the hydraulic
gradient, V is the equivalent continuous space volume, and the hydraulic gradient I can be
calculated by the following formula:

h o ve
L L

I ®)

where AH is the total head, L is infiltration path length, z is the location head, % is the
2

pressure head, and 3 is the velocity head. During the infiltration process, the velocity

head is usually small. To improve the calculation efficiency, the velocity head is simplified

as 0.

According to the soil water retention curve, we can convert the volume water content
and pressure head. When the pressure head u is known, the water retention curve is used
to calculate the volume water content 6. Similarly, when the water content 6 is known, the
pressure head u can be inversely calculated [47].

0 —6; 1

Se:es*er: [1+(o¢|u\)n]m (9)

Combining the three Formulas (7)-(9), the seepage force of discrete particles can
be obtained.

3. Application
3.1. Study Area

As shown in Figure 2, the study area is located next to Gaoyang road and belongs to
Gaoyang Township, Shunchang County, Nanping City, Fujian Province, China. Gaoyang
covers an area of 236.5 km?. It governs 13 administrative villages and a timber yard. Here,
the climate is mild and rainfall is abundant throughout the year.
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Figure 2. Location map of the Nanping road slope. (a) The location of Fujian in the whole country;
(b) Nanping terrain; (c) The location of slope.

The slope is located in the traffic artery, surrounded by factories. The Gaoyang river
lies in front. Its gradient is approximately 37°-71°, and the surface is crisscrossed with
gullies. If a high-intensity rainfall event occurs, it is prone to landslides [48]. This will
greatly threaten the life safety of the surrounding residents, and will cause traffic congestion.
See Figure 3 for the slope topography and surrounding layout.
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Figure 3. Topography and surrounding layout of the Nanping road slope. (a) Two sections of the
slope in the north-south and east-west directions; (b) Slope size; (c) Distribution around the slope.

3.2. Slope Model and Boundary Conditions

High-precision slope images can be obtained by drones [49]. PhotoScan software is
used to reconstruct 3D slopes. CloudCompare software is used for point cloud clipping.
ArcGIS, AutoCAD, Rhinoceros are used for 3D modeling. As a result, they are imported
into PFC®P software to formative sliding bodies and sliding beds (Figure 4).



Water 2022, 14, 3663

6 of 13

Rainfall-evaporation-rainfall process

24.0

235

ire content(%)

21.04

Initial moisture content é wwolas
=

20.5

e ) 0 4000 8000 12000 16000 20000 24000 28000
Time (min)

Contact:
45,907

Retaining

& O

Figure 4. Slope model composition and initial boundary condition setting.

As shown in Figure 4, our numerical model size of the sliding body is 65 m long in
the SN direction and 70 m wide in the EW direction. The maximum height difference of
the model is approximately 45 m, which is basically consistent with the actual terrain. The
sliding bed is mainly composed of triangular walls, with 3916 facets.

Particle radius in PFC®P is limited by slope volume and computer performance.
Considering the size effect and computer operation, the particle radius of this model was
set to 0.25~0.4 m. The number of particles reaches 22,816 when the slope is calculated to be
in equilibrium.

In addition, seven symmetrically distributed water content monitoring points (No.
1~7) are embedded in the slope because the topography of the slope is high on the left and
low on the right. This design can obtain the distribution pattern of water content on both
sides. Initial moisture content of the model is set based on seven moisture content sensors.
The initial water content state of each part of the slope is shown in the curves in Figure 4
(No.1: 24.04%, No.2: 34.99%, No.3: 24.02%, No.4: 14.78%, No.5: 21.20%, No.6: 1.98%, No.7:
16.77%). Boundary at the bottom of the slope is constrained. In consideration of water
seepage, except that the sliding body can transmit water, the boundary condition of the
sliding bed is arranged as impermeable.

3.3. Parameter Calibration

Discrete element method running models with micromechanical parameters use the
parameter calibration method to express the macroscopic phenomena with microscopic
parameters [50-52]. There is no direct quantitative relationship between micro-parameters
and macro-parameters. In general, various methods are used to calibrate the parameters to
determine the micro-parameters of the model in PFC3P [53-55].

In this study, the parameters are calibrated using indoor direct shear tests (Figure 5a).
The DEM contacting mechanics model of road slope is built by direct shear test to adjust
the particle micro-parameters. Then, the cohesive force ¢ = 1 kPa and the internal friction
angle @ = 20° of the soil are obtained. Comparing them with the shear strength obtained
from the indoor experiments (Figure 5b), the mechanical parameters obtained from the
simulations are very close to the macroscopic mechanical parameters obtained from the
tests. In this way, micro parameters of the model are determined.
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Figure 5. Parameter calibration process and results. (a) Numerical model of the direct shear test;
(b) Parameter calibration result.

To obtain other relevant parameters of the rainfall infiltration model in Section 2.1,
samples are taken at the slope site for the indoor test. These parameters include: saturated
volume moisture content 05; residual moisture content 0, saturated permeability coefficient
K, and fitting parameters «, m, n. The parameters are as shown in Table 1.

Table 1. Soil mechanical parameters.

Parameters Definition Parameter Value
R Radius (m) 0.25-0.4
p Density (kg/ m3 ) 1600
ks Tangential stiffness (Pa) 5 x 107
kn Normal stiffness (Pa) 5 x 107
Os Saturated volume moisture content 0.4
Or Residual moisture content 0.008
Ks Saturated permeability coefficient 246 x 107°
o, m,n Fitting parameters 1.76,4.53, 0.22

Based on the strength calculation steps in Section 2.2, the moisture content of the
sample is divided into seven groups, namely 5%, 10%, 15%, 20%, 25%, 30% and 40%. Then,
a combination of direct shear tests and numerical simulations is used to acquire the fitted
equations. The functional relationship between water content and friction is as follows:

f = —0.0004w>+0.018w + 0.4056 (10)
where f is the friction force, and w is the moisture content, %.

4. Results and Discussion
4.1. Comparison of Moisture Content

This rainfall infiltration model is applied to the road slope. The soil particles are simu-
lated by discrete units, and the moisture is transferred between discrete units (Figure 6a).
The field water content monitoring data is adopted as the initial water condition of numeri-
cal model. Later, the slope is made to be relatively stable under the initial conditions. In
this balanced state, the field rainfall data is input, and slope infiltration is implemented. To
improve the efficiency of the simulation, we admit the flow direction of the whole slope as
the seepage force direction; this means the direction along the slope toward the foot of the
slope (Figure 6b).
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Figure 6. Water diffusion mechanism and seepage force direction. (a) is the water flow direction in
the numerical model; (b) is the direction of seepage force and the distribution of water content of
slope infiltration.

To verify the accuracy of this infiltration model, the monitored and simulated values
of water content are compared based on the rainfall event of 27 April 2022. The rainfall
intensity of the 4-h 21 mm total is input into the model, and the results are as shown in
Figure 7.
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Figure 7. Comparison of field monitoring values and numerical simulation values of seven water
content monitoring points. (a) Distribution of water content at the initial stage of rainfall; (b) Variation
in water content on-site during a rainfall event; (c) Distribution of water content at the end of rainfall;
(d) Water content change of numerical simulation during a rainfall event.

Results show that the tendencies of the other six points are consistent with the moni-
toring data, except for monitoring point 2. Under the effect of rainfall, the water content
continues to increase. However, the trend of the curve at monitoring point 2 is opposite to
the monitoring data. Returning to the rainfall level, it can be explained as follows: before
implementing rainfall on the model, surface rainfall particles need to be selected. Due to
the irregular shape of the slope, errors may occur when selecting surface rainfall particles.
Therefore, when the moisture transfer was performed, monitoring point 2 not only did not
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receive moisture, but also transferred moisture to the surrounding area because of the high
water head. So, the moisture content of monitoring point 2 will have a tendency for data
reduction. The error of numerical simulation results is calculated in this paper, and the
results are as shown in Table 2.

Table 2. Comparison of water content results.

Rainfall Rainfall Moisture Content Nol No2 No3 No4 No5 No6 No7
Time Duration Monitoring Point
Field monitoring (%) 24.00 36.40 25.50 17.80 21.20 2.50 20.30
27 April 2022 21mm/4h Numerical simulation (%) 25.00 33.37  26.02 17.62 21.62 2.50 22.29
Relative error * (%) 417 8.32 2.04 1.01 1.98 0 9.8

~
o
~

Earth pressure (kPa)

Note: * The calculation method of relative error is: (Numerical simulation — Field monitoring)/Field monitor-
ing x 100%.

As shown in Table 2, the results show that the water content data of seven points
have little change in this rainfall, and the error of water content in numerical simulation
is between 0-10%, which is basically consistent with the field monitoring data. It can be
considered that the rainfall infiltration model is effective.

4.2. Earth Pressure Comparison

After the accuracy of our model was verified, the next step was to verify the availability
of its impact on slope stability. Based on monitoring data from earth pressure gauges, the
applicability of this model was compared with other rainfall models (see Figure 3 for the
location of the retaining wall). In our study, the two most commonly used models for
simulating rainfall using PFC software were selected. They are saturated water content
model and seepage force model. Among then, the former uses saturated water content
equivalent to the distribution state of the slope moisture content after rainfall. The latter
uses seepage force to replace the force of rainfall on the slope.

Taking the rainfall event of 12 May 2022 as an example, the three models are simulated
separately for the forces on the retaining wall. These simulated values were compared with
the monitoring data to obtain the accuracy of the three models. The results are as shown in
Figure 8.
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Figure 8. Comparison of the soil pressure results obtained by the three models. (a) The monitoring
data; (b) The simulated data from three models.

As can be seen from Figure 8, the monitoring data and simulated data of retaining wall
pressure show a steady growth tendency. Although the curve fluctuates, it eventually tends
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to balance. In this paper, the initial value, final value, process value, error of monitoring
data and simulation data are plotted in a table (Table 3). Compared with the monitoring
data, the simulation accuracy of our proposed model, saturated water content model and
permeability model are 11.5%, 17.82% and 38.99%, respectively. The simulation accuracy of
our proposed model is higher than the other two models. Thus, results show the rainfall
infiltration model combined with water transfer rules, strength calculation and seepage
force is more available in slope stability analysis.

Table 3. Summary of soil pressure results simulated by three models.

Simulated Data Relative Error *
Monitoring : :
Value Data This Saturated Water Seepage This Saturated Water Seepage
Model Content Model Force Model = Model Content Model Force Model
Start value 3.99667 3.99639 3.99857 3.99667
Peak value 4.02214 4.01891 4.02858 4.01221 11.5% 17.82% 38.99%
Difference value 0.02547 0.02252 0.03001 0.01554

Note: * The calculation method of relative error is: (simulated value — monitored value)/monitored value x 100%.

4.3. Highlights and Prospects

The equivalent rainfall method and coupling method are commonly used in the dis-
crete element analysis of slope rainfall infiltration. There are few studies on the combination
of multivariate factors. In this study, a rainfall infiltration model integrating water transfer,
intensity decay and seepage force is proposed to emerge the rainfall infiltration process.

We systematically reviewed and analyzed the rainfall model, which has the following
advantages compared with previous models: (1) Presenting the distribution pattern of
moisture content; (2) Obtaining the functional relationship between shear strength and wa-
ter content; (3) Calculating the seepage force at different times. Furthermore, we compared
the model with the actual monitoring data of the slope. Results showed the simulated
value of water content is close to the monitored value in the process of water transfer. In
terms of influence on slope stability, the variation value of our proposed model is similar to
that of in-situ earth pressure monitoring.

Of course, our proposed model still has great optimization potential: (1) There is
no systematic identification method for screening surface rainfall particles. Due to the
irregularity of the slope shape, we selected the particles simply by the number of contacts.
This will lead to incomplete particle screening, and may result in screening too many
particles. As a result, the accuracy of subsequent water transfer is affected. A code is
planned to be developed to solve the recognition of surface particles and achieve accurate
coverage of rainfall on irregular slope surfaces. (2) In terms of seepage force, theoretically,
in the process of water diffusion, the diffusion direction is the direction of seepage force.
However, to improve the calculation efficiency, this paper unifies the direction of the
seepage force to point to the toe of the road slope, which may affect the subsequent slope
stability calculation. We plan to balance the calculation efficiency with the direction of
seepage force, estimate the influence of seepage force direction to slope stability and reduce
the error caused by it. (3) For the initial water content distribution, we divided seven zones
according to the distribution of water content sensors, which is somewhat different from
the water content distribution of the actual slope. There is a phenomenon of water transfer
between each area even without rainfall, which will affect the subsequent slope stability
calculation. Subsequently, we plan to match the water content with the slope location to
minimize the influence of the initial water content distribution on the slope stability.

5. Conclusions

This study shows a rainfall infiltration model implemented on a road slope in Nanping
City, Fujian Province, China. Compared to previous models, the proposed model integrates
water transfer, intensity decay and seepage force methods. Water content visualization,
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intensity mapping and seepage force effects are achieved. By introducing water content
properties, combined with water diffusion coefficients, water transfer to the slope is ana-
lyzed. This can visually and comprehensively show the water content status of the slope
before and after rainfall. Based on the direct shear test, the functional relationship between
shear strength and water content can be quickly obtained. Not only that, the moisture
distribution is combined with the calculation of seepage force to realize the force of rainfall
on the slope body. Furthermore, the accuracy of our proposed model is good as verified
by the field monitoring data. In terms of water content, the comparison error is 0-10%.
In the aspect of soil pressure, the simulation accuracy of our proposed model, saturated
water content model and seepage force model are 11.5%, 17.82% and 38.99%, respectively.
We believe that this rainfall infiltration model can be a great reference for the study of
rainfall-induced slope stability.
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