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Abstract: Earthquakes impact the stability of municipal solid waste (MSW) landfills, especially those
with high water levels, and may further lead to disastrous landslides. Numerical analysis offers an
efficient and cost-effective way to study the seismic stability of a landfill. In this study, the finite
difference nonlinear analysis method was employed to meticulously evaluate the dynamic response
of landfills under varying water levels and seismic intensities. The analysis was guided by the seismic
instability and centrifuge test outcomes. The rationality of the computational model was verified by
examining the responses of acceleration and pore pressure. Subsequently, the time history curve of
the dynamic safety factor was derived from the dynamic response of landfills. The results indicated
that a landfill was more susceptible to large earthquake effects, and its stability decreased as the water
level rose, with the safety factor decreasing to a critical point under the coupling effect of strong
earthquakes and high water levels. In contrast, the stability of the landfill with low water levels was
good under weak earthquake conditions, with only a slight decrease in the safety factor observed. The
seismic stability of a landfill was significantly influenced by both accumulative deformation and negative
excess pore pressure. A certain degree of hysteresis in the landfill’s instability was also observed compared
to the earthquake loading process. The time history curve of the safety factor can offer a comprehensive
insight into seismic stability under diverse conditions. Additionally, future research efforts are needed to
better determine the values of strength parameters of MSW in seismic analysis.

Keywords: centrifuge test; finite difference; earthquake; high-water-level landfill; pore pressure;
safety factor

1. Introduction

Landfills globally serve as an important method for disposing of municipal solid waste
(MSW), typically characterized by leachate within them. Due to the significant proportion
of food waste in MSW, landfills in China generally have higher leachate levels compared
to those in other countries or regions [1–5]. A study has pointed out that the failure of
a landfill correlates with the increase in leachate levels [6]. Furthermore, research has
shown that earthquakes can trigger landslide disasters, and landfills as artificial slopes can
also be affected by earthquakes [7]. The stability of landfills in China has been threatened
by earthquake activities. A failure in the slope of a landfill could be geotechnically and
environmentally disastrous. For instance, landslides at the Leuwigajah dumpsite and the
Payatas landfill resulted in the destruction of numerous residential houses, claimed the
lives of hundreds of people, and caused severe pollution to the local environment [8,9].
Therefore, the seismic stability of landfills with high water levels has become a major
concern in China.

Laboratory tests and field measurements are essential for comprehending the dy-
namic properties of MSW. Several studies have revealed the strain-hardening behavior of
MSW [10,11], which complicates the determination of strength parameters. Furthermore,
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this behavior often makes it challenging to observe an obvious failure in MSW. Studies
have also uncovered a reduction in dynamic shear modulus with the development of
strain in MSW [11–14]. The property is crucial when analyzing a landfill’s seismic stability.
Nevertheless, these tests are not enough to investigate the seismic stability of a landfill.

Currently, the centrifuge test has become a popular approach for studying the seismic
stability of landfills. Using centrifuge tests, many scholars have conducted research on the
dynamic response or stability of MSW landfills, owing to the fact that the prototype stress
field of a landfill can be restored in centrifuge tests. Peng [15] studied the displacement
and acceleration response of landfills under unidirectional and bidirectional seismic waves
through shaking table tests under hypergravity conditions, revealing that the water level
within a landfill greatly impacted its stability. Kavazanjian and Gutierrez [16] studied
the response of landfills with different slopes under different sizes of seismic actions
and obtained the relative displacement time history between the bottom of the landfill
and the bedrock. Li [11] studied the influence of a slope gradient, leachate water level,
and seismic intensity on the stability of landfills using double-sided slope models. His
work yielded insights into pore pressure response, settlement at the top of the landfill
slope, deformation patterns and modes of potential instability failure of the slope under
earthquakes, and suggested that instability of landfills occurred when the water level is
high and the earthquake is strong. The research conducted by Thusyanthan et al. [17]
overlooked the influence of leachate; thus, no significant instability or failure phenomenon
in the landfill was observed during their experimental process. Sarmah et al. [18] studied
the failure behavior of a landfill slope with and without fibers using a centrifuge shaking
table and found that fibers mainly provide slope stability. Overall, few experimental studies
have investigated the impact of dynamic pore pressure response within a landfill on its
stability during seismic activities. And centrifuge model tests considering the influence of
water level and seismic intensity have not been validated yet.

Although centrifuge tests can be applied to investigate the seismic stability of a landfill,
factors such as the high cost of centrifuge tests and the limited availability of experimental
equipment make it inconvenient for scholars or engineers to conduct a large number of
model tests. Additional studies concerning the seismic analysis of landfills often relied on
numerical analysis. Conventional analysis methods for assessing the seismic stability of
dams or slopes are not directly applicable to landfills, given their unique characteristics.
During earthquake activities, MSW may experience large-scale plastic yielding and plastic
flow, which can increase the possibility of landslides or even flow slides in the landfill [11].
Additionally, a composite liner system, installed at the bottom of a landfill, consists of both
a drainage system, typically composed of sand, and an anti-seepage system, comprising
geotextiles, geomembranes, and clay layers. This composite system plays a vital role in
preventing pollution by effectively containing and managing leachate. Nevertheless, it is
important to note that the presence of such a liner system makes a landfill prone to sliding
along its bottom liner [19]. Pseudo-static analysis has been applied to study the failure of
landfills under seismic force [20,21]. However, the seismic coefficient primarily influences
the value of the safety factor, and the dynamic response cannot be obtained when taking
this approach. Bray and Rathje [15] pointed out significant differences in the dynamic
characteristics of MSW and stated that nonlinear analysis methods should be used for the
dynamic response analysis of a landfill. In their later work [22], the nonlinear analysis
was incorporated into the analysis of seismic stability using Newmark’s sliding block
analysis. Newmark’s method relies on the estimated deformation of a landfill to assess its
seismic stability and fails to present the dynamic response of a landfill. Hence, traditional
methods such as pseudo-static analysis and Newmark’s sliding block analysis are limited
in studying the seismic stability of landfills. In recent years, some advanced numerical
approaches, such as the finite element method (FEM) and finite difference method (FDM),
have been employed to investigate the response and stability of landfills during seismic
activities. Using the finite element method, equivalent linear analysis has been applied in
many studies to investigate the seismic response of landfills [23–26]. Yet, the equivalent



Appl. Sci. 2024, 14, 3006 3 of 16

linear model was considered unsuitable for cases where the acceleration exceeds 0.4 g [27].
Yu and Rowe [28] adopted a nonlinear dynamic response analysis and used the ideal
elastoplastic constitutive model and Mohr–Coulomb yield criterion to reflect the mechanical
characteristics of bedrock and used the modified Cambridge model to reflect the mechanical
characteristics of artificial solid waste. Their results obtained in FDM analysis using FLAC
software were in good agreement with the measured data, suggesting that nonlinear
analysis using the finite difference method could be considered reliable for analyzing the
dynamic stability of landfills. Unfortunately, the study neglected to consider pore pressure
within landfills, which is a critical factor influencing their dynamic stability. Feng and
Chang [29] conducted the finite element analysis to investigate the seismic response of
landfills, treating MSW as a mixture of solid and liquid components and considering the
nonlinearity of material and contact. In their work, permanent displacement was utilized
to assess the seismic stability of landfills. Even though the response of pore pressure within
a landfill can be obtained in their study, it did not match well with the data of centrifuge
tests. Moreover, the study neglected to build a relationship between the pore pressure
response and the seismic stability of landfills. Therefore, improvements are necessary to
better depict the seismic response of pore pressure of a landfill and to make the assessment
of the seismic stability of landfills clearer and more effective.

Grounded on prior experimental studies on the analysis of seismic stability of landfills
with different water levels, the primary objective of this study is to clearly present the
dynamic response of landfills under various water levels and seismic intensities and to
provide a more effective approach to analyze the seismic stability of landfills using the finite
difference nonlinear analysis method. The secondary objective is to investigate the seismic
stability of landfills under different breaking strains based on the provided approach since
the strength parameters of MSW are greatly influenced by the breaking strain value. In this
study, the finite difference nonlinear analyses are achieved using FLAC3D 6.0 software.
Hysteretic damping was applied to the analysis based on the modulus reduction curve.
This study provides a basis for the seismic stability assessment and seismic design of
landfill slopes.

2. Dynamic Calculation Method for Landfill Based on FLAC3D

The computational analysis of this study is conducted using FLAC3D software, and
its calculation method is essentially the finite difference method. The use of tetrahedral
calculation elements in the computational analysis can effectively avoid the hourglass prob-
lem, where small disturbances during numerical calculations lead to infinite deformation
of the element under zero energy dissipation. However, this calculation element cannot
meet the deformation requirements in plastic structure analysis. The hybrid discrete theory
proposed by Marti and Cundall [30] satisfies the deformation requirements by reducing
the number of plastic flow constraints while avoiding the hourglass problem, thus solving this
problem well. The hybrid discrete method they proposed first discretizes the structure using
polyhedral elements, then further discretizes the obtained polyhedral elements into tetrahedral
elements, and finally carries out scientific calculations based on constant strain assumption for
tetrahedral elements. FLAC3D finite difference analysis, based on Lagrangian description and
continuum mechanics theory, adopts this discretization method, which can better satisfy the
deformation needs of model structures while ensuring a certain accuracy.
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When employing the modeling, the computational model’s boundary conditions,
initial conditions, and body forces are set at the initial time. During static analysis, after
the external load is applied, the node velocity, displacement, and position can be solved
through the node balance equation (Equation (1)), and then the strain rate tensor and
vorticity tensor of the grid cells can be obtained. The control equations are iteratively
solved based on the node velocity, position, displacement, strain rate, vorticity, and model
initial conditions. When the unbalanced force or unbalanced force ratio tends to zero, the
model’s flow field, stress field, and yield failure under the current state can be obtained.
The input seismic acceleration, velocity, or stress time history is applied to the specified
boundaries in dynamic analysis. The node velocity at any given time is obtained from the
previous time step’s velocity and the current node balance equation (Equation (3)), and
the displacement, coordinates, strain rate, vorticity, and other information are updated.
Similarly, solving the control equations at different time steps can provide dynamic response
information at different time steps.

The node balance equation is

F<m> = M<m> dv<m>

dt
= [[

T
3
+

1
4

ρVb]]
<m>

+ P<m>, m = 1, Nnode. (1)

where <m> represents the node m associated with the grid cell. Nnode is the number
of nodes. [[T

3 + 1
4 ρVb]]

<m>
represents the sum of all components of the constant strain

element at node m in the grid cell. P<m> represents the component of external force P at
node m.

Correspondingly, M<m> can be expressed as follows:

M<m> = [[
1
4

ρV]]
<m>

, m = 1, Nnode. (2)

When considering the influence of damping, the equation becomes:

F<m> + FD
<m> = M<m> dv<m>

dt
, m = 1, N. (3)

where FD represents the damping force.
The central difference expressions for node velocity, position, and displacement are

v<m>(t +
1
2

∆t) = v<m>(t − 1
2

∆t) +
F<m>

M<m>
∆t, m = 1, N. (4)

x<m>(t + ∆t) = x<m>(t) + ∆tv<m>(t +
1
2

∆t) (5)

u<m>(t + ∆t) = u<m>(t) + ∆tv<m>(t +
1
2

∆t) (6)

The calculation method for landfills under different water and seismic levels is shown
in Figure 1.
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Figure 1. Flow chart of landfill dynamic calculation method.

3. Establishment of Computational Model
3.1. Model

The analysis is based on the centrifugal model shaking table tests conducted by the
Geotechnical Institute of Zhejiang University. The test was completed on the ZJU-400 centrifuge
shaking table at Zhejiang University. The size of the model box is 770 mm × 400 mm × 530 mm
(length × width × height). In order to study the dynamic response of landfill slopes under
different water levels, the test was conducted under a gravity acceleration of 50 g. The
acceleration, pore pressure, and slope displacement response of the landfill under different
water levels and seismic intensities were obtained [11]. The layout of the test model and
sensors can be seen in Figure 2a. Among them, P1–P8 are pore pressure gauges and A1–A8
are accelerometers.
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Figure 2. Landfill centrifuge test model and computational model: (a) centrifuge test model, and
(b) computational model.

The height of the test model heap is 160 mm, the bottom width is 610 mm, and artificial
MSW is used [11,31,32]. It is composed of peat: kaolin: quartz sand in a ratio of 1:0.2:0.8.
The initial dry density is 633 kg/m3, the initial void ratio is 1.6, and the initial moisture
content is 45%. Its physical and mechanical properties are similar to real MSW. The bedrock
is made of clay, quartz sand, cement, and water, and the cement content is 37.5%. A HDPE
geotextile with a thickness of 0.1 mm is arranged on the top surface of the bedrock, with a
single-width tensile stiffness of 7.74 kN/m and a strength of 0.96 kN/m.

The overall process of the experiment is as follows: Set the centrifuge to 50 g. After the
displacement value of the slope stabilizes, start applying the water level. After the water
level stabilizes to the predetermined height, apply the Taft wave. Input in four levels in
ascending order of acceleration amplitude, monitor the response and stability of the slope,
and apply the next level of earthquake after the pore pressure and settlement stabilize
after each shaking. Then, apply the next level of water level in the same way, wait for the
water level to stabilize, and sequentially apply the earthquake to observe the response and
stability of the landfill.

In accordance with the specified test model, a computational model is delineated in
Figure 2b. This model incorporates the bedrock, which is specified as follows: a length of
730 mm, a width of 400 mm, and a height (measured from the base of the bedrock to the
lower boundary of the landfill) of 170 mm. The maximum height of the solid waste landfill
is 160 mm. The lateral slopes of the landfill are designed with a ratio of 1:2, featuring a
top width (along the length direction) of 50 mm. Furthermore, the ratio of the landfill
slope, the ratio of the demarcating slope between the solid waste landfill and the bedrock,
is established at 1:1, with a height of 20 mm.

In the analysis of the solution to the dynamic problem, the accuracy of the background
grid needs to meet [33]

∆l ≤ (
1

10
∼ 1

8
)λ (7)

where ∆l is the maximum size of the grid along the direction of wave propagation, and λ is
the wavelength corresponding to the maximum frequency. Correspondingly, the model is
discretized using hexahedral or tetrahedral grid elements, and the background grid plane
diagram is shown in Figure 3.
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3.2. Material Parameters

The Mohr–Coulomb constitutive model was taken in the analysis, and parameters for
modeling, as shown in Table 1, were determined by referring to previous studies [11,16,34,35].
The shear strength of MSW was selected according to 10% and 20% failure strain.

Table 1. Basic physical parameters of the model material.

Material Dry Density
(kg/m3)

Water Content
(%)

Porosity
Ratio

Poisson
Ratio

Permeability
Coefficient (m/s)

Friction Angle
(◦)

Cohesion
(kPa)

Waste 633 45 1.6 0.3 1 × 10−5

10% destruction strain
18.4 18.0
20% destruction strain
24.0 28.6

Cemented
soil bedrock 2100 — — 0.2 — 35.0 500.0

Geomembrane 1000 — — 0.3 — 17.7 0.0

3.3. Mechanical Damping Settings

In dynamic analysis, commonly used forms of mechanical damping include Rayleigh
damping, local damping, and hysteresis damping. Rayleigh damping and local damping
are set based on the model’s natural frequency or critical damping ratio, while hysteresis
damping can be set using the shear modulus dynamic attenuation relationship curve,
which can better reflect the nonlinear characteristics under dynamic loading. The damping
ratio of MSW under an earthquake increases with cumulative strain, while the shear
modulus decreases with cumulative strain, showing significant nonlinear characteristics.
Based on the modulus attenuation curve of MSW obtained from experiments [11–14], this
study introduces hysteresis damping to simulate its dynamic characteristics. In dynamic
calculation analysis, the total energy dissipation of the model in one cycle is represented by
the energy dissipation corresponding to the constitutive model and hysteresis damping.

∆E = ∆EHD + ∆EM−C (8)

where ∆EHD represents the energy dissipation caused by hysteresis damping in a cycle,
and ∆EM−C represents the energy dissipation corresponding to the Mohr–Coulomb model
in a cycle.

3.4. Boundary Conditions

Due to the permeability coefficient of the geomembrane and bedrock being much
smaller than the permeability coefficient of MSW, the geomembrane and bedrock are
considered impermeable materials. At the same time, the top and side slopes of the
MSW slope are set as permeable interfaces. In the dynamic analysis, the seismic wave is
applied along the x-direction at the bottom of the bedrock in the form of acceleration time
history. Free field boundaries are set around the model to absorb the incident waves on the
boundary interface and prevent the reflection of seismic waves on the boundary interface
from affecting the calculation and analysis results, as shown in Figure 4.
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3.5. Water Level Setting

The ratio of the highest position of the slope water level to the maximum height of the
embankment is defined as Rw.

Rw = hw/H (9)

where hw represents the maximum height of the water level from the bottom of the heap,
and H is the maximum height of the fill (the distance from the top to the bottom of the slope).

According to the centrifuge shaking table test, two water levels, Rw = 0.25 and 0.5,
were set for this model.

3.6. Seismic Wave

Define kh as the ratio of the maximum amplitude of the input seismic acceleration at
the bottom of bedrock to the amplitude of centrifugal acceleration of the landfill.

kh = apeak
h /ac (10)

where apeak
h represents the peak value of seismic acceleration (in the x direction), ac is a

fixed value of acceleration in the negative direction of z, perpendicular to the bottom plane
of bedrock. In this simulation, it is set to 50 g. The input seismic motion uses the Taft
wave, filters out signals above 10 Hz, and extracts the first 30 s of the seismic motion. Four
different peak accelerations of seismic motion are applied, which are kh = 0.13, kh = 0.25,
kh = 0.34, and kh = 0.46.

4. Numerical Model Verification

To verify the accuracy and reliability of the numerical model, the dynamic response of
the bottom acceleration sensor A1 and pore pressure gauge P5 was obtained using numerical
modeling and compared to the centrifuge test data, as shown in Figures 5 and 6. Figure 5 com-
pares the time history curves of the bottom acceleration under different seismic conditions.
The time history curve of the bottom acceleration obtained using FDM nonlinear analysis is
basically consistent with the peak acceleration value of the centrifuge test results. Figure 6
compares the bottom pore pressure response of the model under different conditions. The
FDM nonlinear analysis results are consistent with the centrifuge test results, which can
well simulate the variation law of excess pore pressure within the landfill under different
water levels and seismic intensities. At low water levels and small earthquakes, the main
manifestation is the accumulation of excess pore pressure. At high water levels and large
earthquakes, there is a significant negative excess pore pressure, which the tensile stress of
the slope under seismic action may cause.

As shown in Figure 7, the deformation pattern of the FDM nonlinear analysis landfill
model is consistent with the centrifuge test results. The double-sided slope MSW landfill
exhibits an asymmetric deformation pattern after the earthquake: the deformation of the
landfill is mainly on one side, including a large area including the top of the landfill, which
moves towards that side, while the middle and lower areas of the landfill on the other side
move in the opposite direction.



Appl. Sci. 2024, 14, 3006 9 of 16

Appl. Sci. 2024, 14, x FOR PEER REVIEW  9  of  17 
 

moves towards that side, while the middle and lower areas of the landfill on the other side 

move in the opposite direction. 

 
(a) 

(b) 

Figure 5. Comparison of acceleration time history of A1: (a) Rw = 0.25, kh = 0.13, and (b) Rw = 0.50, kh 

= 0.46. 

 
(a) 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
−10

−5

0

5

10

H
or

iz
on

ta
l a

cc
el

er
at

io
n

/g

Time/s

 Centrifuge test
 FDM calculation

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
−30

−15

0

15

30

H
or

iz
on

ta
l a

cc
el

er
at

io
n

/g

Time/s

 Centrifuge test
 FDM calculation

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
−2.5

0.0

2.5

E
xc

es
s 

p
or

e 
p

re
ss

u
re

/k
P

a

Time/s

 Centrifuge test
 FDM calculation

Figure 5. Comparison of acceleration time history of A1: (a) Rw = 0.25, kh = 0.13, and (b) Rw = 0.50,
kh = 0.46.
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Figure 6. Comparison of the pore pressure response of different positions: (a) P5:Rw = 0.25, kh = 0.13
(b) P2:Rw = 0.50, and kh = 0.13.
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Figure 7. Comparison of the post-earthquake deformation of landfill: (a) centrifuge test
(Rw = 0.25, kh = 0.46); (b) centrifuge test (Rw = 0.50, kh = 0.46); (c) horizontal displacement
of FDM analysis (Rw = 0.25, kh = 0.46); and (d) horizontal displacement of FDM analysis
(Rw = 0.50, kh = 0.46).

5. Analysis of Dynamic Stability
5.1. Method for Calculating the Dynamic Safety Factor

Computation of the time history of the safety factor of landfills is employed through
custom Fish language programming. First, each dynamic analysis of a landfill with a low
or high water level is carried out independently under different earthquakes. The total
duration of the dynamic calculation under 50 g is 1.5 s. The numerical model’s dynamic
response information (including stress, velocity, acceleration, displacement, strain, yield
state, damping ratio, porosity, etc.) is exported and stored every 0.001 s during an analysis.
When a numerical analysis is completed, the dynamic response information at different
moments can be obtained. Then, the previously stored file documenting the dynamic infor-
mation at a certain moment can be imported and restored for each separate computation of
safety factor, realized using the strength reduction method. The implementation principle
of the strength reduction calculation method is shown in Equations (11) and (12).

cFSR =
c

FSSR
(11)

ϕFSSR = arctan(
tan ϕ

FSSR
) (12)

where FSSR is the reduction factor for strength.
The determination of the potential sliding surface based on the strain rate distribution.

At any given moment, if the unbalanced force ratio is less than 1 × 10−5, it is considered
as convergence in calculation. The reduction coefficient at this time is replaced with the
lower limit value of the reduction coefficient, and the reduction coefficient is increased
for iterative calculation. On the other hand, if the unbalanced force ratio is greater than
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the convergence value, it is considered non-convergence in calculation. The reduction
coefficient at this time is taken as the upper limit value, and the calculation is iterated again.
The reduction coefficient is adjusted using the bisection method and iterated continuously
until the reduction coefficient tends to a certain value. This value is considered as the safety
factor of the landfill at the corresponding moment.

Finally, the approximate time history curve of the safety factor can be obtained by
computing the safety factor at various moments in an independent analysis.

5.2. Analysis of the Seismic Stability of a Landfill using Safety Factor Time History

According to the abovementioned method, the safety factor time history of each
modeling scenario has been obtained. The time history curves of the safety factor are
presented in Figures 8 and 9. The vertical dashed lines depicted in the two figures signify
the end of earthquake activities.

The four different time history curves of the safety factor, corresponding to four
different earthquakes (kh = 0.13, kh = 0.25, kh = 0.34, and kh = 0.46), of landfills with low
water levels are shown in Figure 8. Under the scenarios of kh = 0.13, kh = 0.25, and kh = 0.34,
landfills are considered to be stable, with a safety factor value of about 2.0 when the excess
pore pressure has nearly dissipated, indicating the good stability of landfills during weak
earthquakes. However, when the earthquake intensity is high (kh = 0.46), the safety factor
fluctuates significantly, with a minimum value of 1.49. It is noticed that, in the time history
of pore pressure response, the negative excess pore pressure within the landfill dissipates
considerably by the time the post-earthquake safety factor suddenly decreases, while
the pore pressure of the landfill continues to rise. There are three main reasons for the
occurrence of this phenomenon: firstly, the increase in pore pressure leads to a decrease in
effective stress; secondly, the softening of the MSW during seismic activities; and last, the
deformation of the landfill increases during the recovery of pore pressure, resulting in a
decrease in the safety factor. Overall, landfills with low water levels can maintain good
stability under different earthquake intensities. Yet, attention should also be paid to the
impacts of deformation induced by strong earthquakes on the stability of the landfill mass.

The time history curves of the safety factor, corresponding to four different earthquake
intensities (kh = 0.13, kh = 0.25, kh = 0.34, and kh = 0.46), of landfills with high water levels
are depicted in Figure 9. During the same seismic activity, there is an obvious reduction
in the safety factor of a high-water-level landfill compared to the one with a low water
level, suggesting the adverse impact of rising water levels on the stability of a landfill.
When the seismic intensity is relatively low (kh = 0.13, kh = 0.25), the landfill with a high
water level can maintain good stability during the earthquake process. This stability is
reflected in the time history curve of the safety factor, as the curve remains near the stable
value throughout the earthquake process with minor fluctuations. During moderate or
high-intensity earthquakes (kh = 0.34 and 0.46), the safety factor of the landfill with high
water initially experiences a slight increase. However, it gradually decreases as the negative
excess pore pressure reaches its peak and starts to rebound. The safety factor of the landfill
closely correlates with the development trend of negative excess pore pressure. As the negative
excess pore pressure approaches complete dissipation and the effective stress of the landfill
returns to the pre-earthquake state, significant changes occur in the stiffness and damping
characteristics of the solid waste itself during the earthquake process. Additionally, volume
expansion occurs under tension. Therefore, although the effective stress remains higher than
before the earthquake, instability has already occurred in the landfill.
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Figure 8. Time history curves of the safety factor of low water level landfills and their corresponding
relationships with the seismic response of pore pressure and displacement under various ground motions.

At the same time, it can be clearly seen that, during the earthquake process, due to the
negative excess pore pressure response of the high-water-level landfill, the safety factor
actually increases to a certain extent during the period of pore pressure decrease. The
minimum safety factor values of the high-water-level landfills under the four intensities
of an earthquake are 1.59, 1.60, 0.31, and 0.35, respectively. The seismic stability of the
landfill is related to its deformation and pore pressure changes during the earthquake
process. Compared with the applied seismic motion time history, there is a certain lag
in the response of the safety factor, which is influenced by the lag of pore pressure and
acceleration response. The post-earthquake period with negative excess pore pressure
has the lowest safety factor for the landfill. The tensile action of the earthquake causes
cumulative deformation of the solid waste, resulting in a decrease in strength. Following
the dissipation of negative excess pore pressure, the effective stress decreases, and the
safety factor reaches its minimum value.
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Figure 9. Time history curves of the safety factor of high-water-level landfills and their corresponding
relationships with the seismic response of pore pressure and displacement under various ground
motions.

5.3. The Impact of the Values of Solid Waste Strength Parameters on Stability

Figure 10 shows the safety factor of a high-water-level landfill under high-intensity
earthquakes when determining the strength parameters of MSW via destruction strains
of 10% and 20%, respectively. Under the earthquake of kh = 0.34, different stable results
were observed for the centrifugal model of a high-water-level landfill when using strength
parameters determined via destruction strains of 10% and 20%. When studying and an-
alyzing with strength parameters determined via a destruction strain of 10%, instability
occurred in the high-water-level landfills when negative excess pore pressure almost com-
pletely dissipated after an earthquake. However, when analyzing with strength parameters
determined via a destruction strain of 20%, the stability of the landfill under an earthquake
was good, and no instability occurred. Under the earthquake of kh = 0.46, there was a
significant increase in the safety factor at the same time step when analyzing with strength
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parameters corresponding to a destruction strain of 20%, but instability also occurred. It
suggests that if the strength parameters for MSW are determined based on breaking strain,
further research is still needed on selecting appropriate values for breaking strains.
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Figure 10. The dynamic safety factor of a high-water-level landfill is calculated using the strength
parameters when the destruction strain is 10% and 20%.

6. Conclusions

Based on the results of centrifuge tests, the FDM nonlinear dynamic analysis method
was used to analyze the seismic response of landfills under different water levels and
seismic intensities. Utilizing state data stored during the seismic modeling process of the
landfill, time-history curves of the dynamic safety factor for different water levels and
seismic intensities were obtained. The numerical modeling results are consistent with the
test results and phenomena. The main conclusions are as follows:

(1) The seismic acceleration, pore pressure, and deformation response of the landfill
obtained through FDM nonlinear dynamic analysis are consistent with the results of
centrifuge tests. The development process of pore pressure and deformation under
seismic action matches the acceleration time history;

(2) The time history curve of the safety factor obtained based on the seismic response
of the landfill is closely related to the dissipation of deformation and excess pore
pressure, providing an approach to clearly and effectively assess the seismic stability of
landfills. Under low water levels and small earthquake magnitude conditions, the stability
of the landfill is good, though the cumulative deformation caused by earthquakes can
slightly decrease the safety factor. Under high water levels and high-intensity earthquakes,
the safety factor of the landfill may decrease to a critical point;

(3) The instability of the landfill during earthquakes lags behind the earthquake loading
process, which is related to the development of deformation and pore pressure during
earthquakes. In the initial stage of earthquake loading, the safety factor of the landfill
slightly increases as negative excess pore pressure accumulates. However, as the
accumulated deformation caused by earthquake action weakens the landfill and the
rebound of negative excess pore pressure reduces the effective stress, the safety factor
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gradually decreases. After the dissipation of negative excess pore pressure, the safety
factor reaches its minimum value;

(4) The parameters of MSW are conservative in terms of the value taken via the 10%
strain at failure, leading to landfill instability during strong earthquakes. When the
strength parameters are determined based on a 20% strain at failure, the stability
of the high-water-level landfills is good under seismic intensities of Level III, but
instability still occurs under maximum seismic intensity;

(5) The strength parameters of MSW directly affect the seismic stability of high-water-
level landfills. When the strength parameters are determined based on 10% and
20% strain at failure, instability occurs in high-water-level landfills under maximum
Level I seismic intensity. This differs from observations made in centrifugal model
experiments. Further research is needed to determine strength parameter values in
the dynamic response analysis of solid waste;

(6) Factors that affect the difference between centrifuge test results and FDM nonlinear
analysis results include assumptions, boundary conditions, parameter values in
numerical calculations, and experimental factors such as loading, operation, and
equipment, which have not been explored.
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