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Study on large deformation

of soil-rock mixed slope based

on GPU accelerated material point
method

Bingke Liu%3, Wen Wang?, Zhigang Liu?, Ningpeng Ouyang?, Kejie Mao* & Fuchuan Zhou***
This study assesses the effect of stone content on the stability of soil-rock mixture slopes and the
dynamics of ensuing large displacement landslides using a material point strength reduction method.
This method evaluates structural stability by incrementally decreasing material strength parameters.
The author created four distinct soil-rock mixture slope models with varying stone contents yet
consistent stone size distributions through digital image processing. The initial conditions were
established by linearly ramping up the gravity in fixed proportionate steps until the full value was
attained. Stability was monitored until a sudden shift in displacement marked the onset of instability.
Upon destabilization, the author employed the material point method to reconstruct the landslide
dynamics. Due to the substantial computational requirements, the author developed a high-
performance GPU-based framework for the material point method, prioritizing the parallelization

of the MPM algorithm and the optimization of data structures and memory allocation to exploit

GPU parallel processing capabilities. Our results demonstrate a clear positive correlation between
stone content and slope stability; increasing stone content from 10 to 20% improved the safety
factor from 1.9 to 2.4, and further increments to 30% and 40% ensured comprehensive stability. This
study not only sheds light on slope stability and the mechanics of landslides but also underscores the
effectiveness of GPU-accelerated methods in handling complex geotechnical simulations.

Keywords Material point strength reduction method, Soil-rock mixture, Slope stability, Stone content, Large
deformation, GPU-based MPM

Soil-rock mixture (SRM) slope is a typical anisotropic slope that commonly exists in nature, which is composed
of high-strength block and low-strength soil and shows extreme anisotropy'=. In the Three Gorges reservoir
area of the Yangtze River in China, many SRM slopes can be found**, as shown in Fig. 1. Trying to avoid such
slopes in engineering practice is impossible, so analyzing the stability of SRM slopes and the large displacement
landslides happening after destabilization is necessary®'%.

In the past decades, the limit equilibrium method (LBM) has been widely used to study the stability of slopes,
especially homogeneous soil slopes'*"?, but for SRM slopes, this method is almost invalid. The main difference
between the two materials composing SRM slopes is that the connection strength between soil particles is much
less than the cementation strength between the minerals composing the blocks"!*. The deformation and damage
characteristics of the soil material are determined by the filling and compacting of the voids inside the soil and
the relative misalignment and slip generated between the particles, while the damage of the crushed boulders is
the process of compacting the microfractures, compressing the pores, and expanding and penetrating the crack
sprouts'>'¢. The physicomechanical properties of SRM constituent materials are highly variable, ranging from
fine earth particles to large fragments, in addition to the interlocking adhesion between the two. In order to be
able to investigate the properties of SRM materials, a series of research works have been carried out by many
scholars in recent years.
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Figure 1. A cross-section of an SRM slope (Wen-Jie et al. 2008).

As for experimental research, Duo et al.'” conducted a series of large triaxial tests, and based on these, they
studied the mechanical properties of SRM using fractal theory. Yang et al. proposed the concept of critical
stone content on the basis of a large number of shear tests on soil-rock mixtures in the Three Gorges reservoir
area, and they considered the stone content rate as a key factor controlling the overall stability of SRM'S. Xu
et al. conducted in situ large horizontal push shear tests in the natural state and obtained reliable stress—strain
curves'. In terms of numerical simulation as well as theoretical research, for SRM materials, the difficulty is
the model setup, and there are two main technical means to construct the most realistic SRM model. One is
the digital image processing technique**’, which obtains images through image acquisition techniques such as
photography or CT scanning, and then processes the digital images to build a digital model. Another effective
method is the random generation method, which puts rock block patterns with a certain size, distribution, and
content into a specific area one by one and quickly generates multiple SRM models®!. Xu et al. used digital image
processing techniques to establish a soil-rock mixture model and conducted stability studies using the finite
element square intensity reduction method to investigate the shear zone distribution characteristics and stabil-
ity coeflicients of SRM slopes. Zhao et al. used the latter method to establish a soil-rock mixture slope that can
consider any shape, content, and distribution and explored the effects of stone content rate and bulk distribution
on the stability of SRM slopes.

The role of numerical simulation in modern scientific research is becoming more and more indispensable,
and it has become an important research tool following theoretical analysis and physical experiments*. In recent
years, a series of numerical methods have been proposed and developed, including methods for large and small
deformations?*~%. In this paper, the author adopts the new numerical method of the material point method
(MPM), which is developed from the particle-in-cell method(PIC)%. Sulsky and Chen et al.”® changed the solu-
tion of the constitutive equations to be solved on material points, overcoming the difficulty of considering the
time dependence in the PIC method. It combines the advantages of Lagrangian and Eulerian descriptions and
shows sufficient advantages for the simulation and analysis of large deformation problems**. The superiority
of the MPM has been realized by scholars in several fields and has been applied to several collars: aerospace®!,
explosion analysis®**, high-speed collision®, biomechanics®*, and geotechnical engineering®*-*, producing some
convincing results. In this paper, firstly, the author used digital image processing techniques to establish four
SRM slope models containing 10%, 20%, 30%, and 40% of the rock, respectively. Next, the author investigated
the safety factor of the slopes using the material point strength reduction method and explored the rock content’s
influence on the slopes’ stability. Finally, the author reconstructed the whole process of landslide motion using
the MPM and obtained the material motion and deformation characteristics such as slip velocity, slip distance
and plastic strain of the slope body at typical moments.

Material point model
Methodology
As shown in Fig. 2, the MPM uses two description systems, material points, and grid, to characterize the behavior
of the simulated object Q) during the simulation. The simulated object ) is discretized into a series of Lagran-
gian material points and moves in the background grid, and all the information is stored in the material points,
including mass, momentum, energy, strain, and stress.

In this paper, the classical material point method is still used to carry out the research work because this paper
requires a large amount of computation. Although the improved MPM, such as the generalized interpolation
material point method(GIMP)* and the B-splines material point method(BSMPM)*!, have better stability and
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Figure 2. Material point method discrete format.

accuracy, these improved methods come at the cost of increased computational effort. The detailed theory of
MPM, and the strong form and weak form of the governing equations are detailed in the literature’>*>*2, and for
brevity, this paper will not be expanded.

Discretization formulations
As shown in Fig. 2, using a rectangular linear finite element background mesh for material point discretization,
the density of the object can be approximated as,

pxi) = myd(xi — Xip) W
p

where m, represents the mass of the material point, § is the Dirichlet function, and x;, and x; denote the coor-
dinates of the material point and grid node, respectively. The equivalent integral weak form of the momentum
equation and the given surface force boundary condition is

/,oil,@u,dV—i—/ paliéui,jdV—/pbiSuidV—/ p?fSu,—dA:O ()
Q Q Q I,

where §u; denotes the imaginary displacement at the boundary I';, which is equal to 0, o;} = 0jj/0 denotes
the specific stress; f; = #;/p denotes the boundary surface force; and the imaginary dispfacement satisfies
Su; € {Su;ldu; € C°, 8u;|T, = 0}, where C? denotes the set of continuous functions. According to the Eq. (2),
the author can transform the weak form of the control equation into the form of summation over the masses

as follows,

Z MpitipSulip + Z mpai;pSuip - Z mpbipSuiy — Z mpfiph*I(SMiP =0 3)
p P p P

where the subscript p denotes the physical quantity carried by the material point at position x;, and h is the
hypothetical boundary layer thickness, introduced to convert the last term at the left end of the weak form into
a volume fraction.

Within each computational step of the MPM, the relationship between the material points and the back-
ground grid is fixed until the background grid is discarded, and the information transfer between them is
achieved through the interpolation of the form function Ny (x;) built on the background grid nodes. In this
paper, variables on the background grid nodes are represented as quantities with a subscript I. The shape func-
tion Ny(x;)is

1
Nip = S (L+ &) (14 nimp), I =1,2,3,4 @

in which, &, € [-1,1], n, € [—1,1] denote the natural coordinates of the material point, (§,,7,) is the natural
coordinates of the grid nodes, the range of values is (£1, £1).

At the beginning of each calculation step of the material point method, the weight of each material point to
the surrounding grid nodes is first calculated, and the information of the material points is mapped to the grid
nodes according to the weights (P2G). The mass and momentum of a grid node can be expressed as:

m; = Z mpNyp, P = Z mMpVpiNIp (5)
P p

where, myp and vp; denote the mass and velocity of the material points, respectively.
Using the USF format, the stresses of the material points are updated at the beginning of the calculation step.

Once the grid gets the information from the material point, the author can solve for the strain rate e;'}; and
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the spin rate Q?-*l/ ? of the material point according to the velocity gradient of the grid nodes, so that the author
can calculate the objective stress rate, i.e., the Jouman stress rate.

n—1/2 n—1/2 n 1/2 n—1/2
Eip = > 5 (SIPJ + S Vir ) (6)
1
n—1/2 _ n—1/2 n 1/2 n—1/2
Sy, = Z (SIPJ = Spi Vit ) (7)
T
Gjj = 0 + ok Qjk + 0k Rk 8)

where (r i = Cl 16kl is Jouman stress rate, c/ il 1s the elastic stiffness tensor. Once the objective stress rate is
obtained, the author can compute the trial stress 6 = o/ ' + 6/ /" At using an isotropic elastic model. Using
the return mapping algorithm, the trial stress is brought to the Drucker-Prager criterion, and the stress beyond
the yield surface is pulled back to the yield surface to obtain the true stress o7j,. Then, the author can calculate
the internal forces of the grid nodes based on the obtained stress information and apply external forces according
to the boundary conditions. In this paper, only gravity is considered for external forces, and after obtaining the
information on nodal forces, the momentum equation can be solved on the grid nodes as follows.

[
m ZSIPJO’JP P )
Mps o —1Mp
P p P P

where 0;j, denotes the Cauchy stress of the material points, N, ; denotes the derivatives of shape functions and p),
denotes the density of the material points, where bj, denotes the body force, such as gravity, ; = f;/p, represents
the boundary surface force and & represents the boundary layer thickness.
nt1/2 _ n—1/2
Pir = Pi +ﬁ?At (11)
where, f; = + fint, superscript represents the time step, and p?I'H/ : represents the resultant force of node
force at the nth time step.
The last sub-step is to remap the updated momentum back to the material point (G2P) and update the posi-
tion of the material point. In order to make the calculation more stable, the author use a hybrid momentum

mapping format, i.e., a mixed format of PIC and FLIP, for mapping the momentum information to reduce the
instability of FLIP*.

ext

_ iN]
n+1/2 ZP”H/ZNZ,/WI? +(—a) <v; 1/2 + AtZﬁZIP> (12)
I

my

where the first term denotes PIC format and the second term denotes FLIP format. In this paper, @ = 0.02. In
addition, one point to note is that the momentum information of the PIC mapping is the momentum of the
grid nodes after updating, and the momentum information of the FLIP mapping is the momentum increment
in the change time step. In addition, the PIC format maps the updated momentum of the grid nodes, and FLIP
is the increment of momentum within the time step. The positions of the material points are updated as follows:

xl’»;,“ = xi'}', + Atvi’;,“ (13)

where x and x""’1 denote the location of material points at n and (n+ 1) time step, respectively.

MPM implementation under a GPU architecture

Given the extensive computational analysis involved in our research, the existing open-source MPM codes pre-
dominantly support CPU parallel execution®. Despite the improved computational efficiency, the computation
time remains unacceptably high when dealing with large-scale calculations. To address this issue, the author is
contemplating the development of our computational program on the GPU, as depicted in Fig. 3, leveraging the
primary architectural differences between CPUs and GPUs.

On GPU chips, the majority of physical space is dedicated to Arithmetic Logic Units (ALUs), whereas in
CPUs, most of the physical space is allocated to chip host scheduling and control microsystems. Compared
to CPUs, GPUs feature a higher number of cores, lower thread scheduling costs, and higher memory band-
width. GPUs have a hierarchical structure, with threads as the smallest computing units organized into thread
blocks that form a hierarchical grid. GPUs typically launch thousands (or even more) threads that execute the
same instructions in parallel, enabling massive parallelism. Additionally, modern GPUs offer high throughput
with peak memory bandwidth approaching terabytes per second. Contemporary GPU architectures, including
Ampere, Turing, and Volta, provide a computational framework that is well-suited for the locality of the material
point method from a high-performance computing perspective. Due to the particle nature of the MPM method
in conjunction with the presence of the Eulerian background grid, MPM does not require complex neighbor
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Figure 3. Schematic diagram illustrating the chip architecture of Central Processing Units (CPUs) and
Graphics Processing Units (GPUs). The latter is comprised of thousands (or even more) Arithmetic Logic Units
(ALUs). CPU architectures are primarily dedicated to control units and cache memory, allowing for significant
reduction in physical space allocated to ALUs compared to GPU architectures.

search algorithms like other meshless methods such as SPH*-%, nor does it necessitate intricate data structures

for storing grid data like grid-based methods such as PFEM*, which are not as GPU-friendly. For intense and
non-local computations (i.e., the bidirectional mapping between background grid nodes and material points),
the author employs direct atomic operations (scatter—gather paradigm).

Figure 4 presents the algorithmic workflow of our high-performance GPU-based MPM. The program is
divided into two parts, with the left side representing the control flow executed on the CPU backend. It includes
model initialization, data transfers between CPU memory and GPU memory, and other related operations.
The right side represents the computation part executed on the GPU backend, involving the transfer of particle
information to the grid (P2G), solving the momentum equations, transferring the updated information back to
the material points (G2P), and updating the material point states.

Model setup and material parameters

Image-based modeling method

Before establishing the material point model, the author utilizes the PyGran library to generate a series of particles
with varying shapes, as shown in the left subplot of Fig. 5. PyGran is a Python library specifically designed for
Discrete Element Method (DEM) simulations, providing functionalities for generating DEM particle shapes. It
supports the generation of spherical, cubic, and polyhedral particles, among other shapes, along with flexible
parameter controls and visualization tools. After generating a particle library, the author employs image process-
ing techniques to convert the images into matrices and apply affine transformations. Subsequently, the author
places these transformed particles into our slope model, as illustrated in the right subplot of Fig. 5. Using this
technique, the author generates slope models with different stone contents of 10%, 20%, 30%, and 50%. Finally,
the author performs a binary thresholding process on the model images to differentiate between stones and
soil, labeling them accordingly and mapping the pixel positions to the material point locations. The position

Figure 4. Algorithm flowchart of our GPU-based MPM.
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Figure 5. Schematic of the generation of the MPM model of a soil-rock mixture slope using the image
processing techniques.

information and corresponding particle IDs are stored, and following the algorithmic workflow depicted in Fig. 4,
the model is initialized and subjected to computational analysis. In the setup of our model, a background grid
spacing of 0.1 m was selected, and four material points were allocated within each grid cell, resulting in a dense
simulation network comprising a total of 42,497 material points.

All simulations in this study are conducted on a PC equipped with an Intel® Core™ i7-12700F CPU @ 2.10
GHz and an NVIDIA® GeForce RTX™ 3080 with 10GB GPU. To achieve higher numerical accuracy during our
computations, the author opted for double-precision floating-point numbers for all numerical operations.

Material parameters
The material parameters are shown in Table 1.

As shown in Fig. 6, the total duration of the simulation is 22 s. The first 2 s will be loaded linearly with gravity
to obtain a stable initial state of the model, followed by discounting the material parameters until the slope is
damaged. To make the simulation more stable, this paper sets a small-time step, 0.01ms.

Stability analysis of the soil-rock mixture slopes
Stability of slopes
In this paper, the reduced material strength can be expressed as:

,_c
stf (14)

Parameters Soil | Stone

p/(kg/m?) 1800 | 2410

E/MPa 50 20,000

v 0.35 |02

®/° 24 42

¢/kPa 10 900

v/° 24 42
Table 1. Mechanical parameters of the SRM slope.
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Figure 6. Increment of gravity over the simulation period.
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¢’ = arctan tang (15)
stf

where ¢ and ¢’ denote cohesion and reduced cohesion, respectively, ¢ and ¢’ denote internal friction angle and
reduced internal friction angle, respectively, and srf reparents the reduction factor, which varies from 1 and
increases by 0.1 each time until damage occurs on the slope.

In this paper, the reduction factor starts from 1.6 and takes an increasing linear mode with a 0.1 increase each
time, and the maximum reduction factor is 3.0. During the simulation, the maximum displacements of the four
SRM slope models were recorded, and their variation with time was also plotted as shown in Fig. 7, where (A),
(B), (C), (D) represent the maximum displacement variation of slopes with rock content of 10%, 20%, 30%, and
40%, respectively. The onset of instability can be determined by observing whether there is a sudden change in
the vertical displacement of the slope crest. This approach intuitively reflects changes in the slope stability state
and provides a clear quantitative criterion for assessing its safety.

According to Fig. 7, when the reduction factor is equal to 1.9 and 2.4, the displacement of slopes with 10%
and 20% of stone content undergoes abrupt shifts. In other words, their safety factors are 1.9 and 2.4, respectively.
For slopes with stone content of 30% and 40%, the maximum displacement is 0.1% and 0.02% of the slope length,
and in this paper, it is considered that the slope is still in a stable state without damage at this time. These indicate
that the growth of stone content is beneficial to maintain the stability of the slope. In terms of the magnitude of
the values, the biggest difference between two models of smaller stone content and two models of larger stone
content is that the values of the first two are at the meter level, and the last two are at the millimeter level. In
terms of the trend of the curves, the first two have an additional straight segment than the latter two. These are
due to the fact that the majority of the displacements in the latter two come from the settlement caused by gravity
application rather than landslides caused by strength reduction.

In addition, the two slope models with small rock content have one identical feature. They have the same
trend of displacement variation, and both consist of a settlement phase during gravity loading, a phase of rapid
displacement growth, and a stabilization phase. The displacements quickly increase to a maximum value under
the corresponding discount factor and then remain constant. In other words, the large displacement landslide
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Figure 7. Maximum displacement variation with time for mixed soil-rock slopes with different reduction
factors. (A) Maximum displacement variation curve of SRM slope with 10% rock. (B) Maximum displacement
variation curve of SRM slope with 20% rock. (C) Maximum displacement variation curve of SRM slope with
30% rock. (D) Maximum displacement variation curve of SRM slope with 40% rock.
Scientific Reports | (2024) 14:6983 | https://doi.org/10.1038/s41598-024-57362-x nature portfolio



www.nature.com/scientificreports/

after the instability of the soil-rock mixed slope is completed in a short time. With the increase of the reduction
factor, the time for the slope to recover stability also grows. The SRM slope with 10% rock content takes at most
5 s to restabilize, and the SRM slope with 20% rock content restabilizes at t=5.5 s when srf>2.7.

To enable the study of damage patterns of SRM slopes, the shear zone clouds of these four models at their
corresponding safety factors or maximum reduction factors were plotted, as shown in Fig. 8.

According to Fig. 8, overall, the shear zone distribution of the SRM slope has a distinct rock-wrapping char-
acteristic as well as a staggered distribution. This is different from the one major through-shear zone formed by
the pure soil slope when it is unstable. The similarity between the damage patterns of SRM slopes and pure soil
slopes is that both types of slopes accumulate large plastic deformation at the foot of the slope. In addition, the
shear deformation gradually decreases as the rock content increases, and after the rock content reaches 40%, the
shear deformation is distributed only in the interior of the slope, and the values are small.

According to Fig. 8A1,A2, with the stone content equal to 10%, a major shear zone is formed from the foot
of the slope to the top of the slope when the slope is unstable, and the shape is approximately circular, which is
similar to that of the pure soil slope. It indicates that the level of anisotropy of the SRM slope is low when the
rock content is low. Unlike the pure soil slope, there are several interlaced shear zones developed around the
main shear zone. In addition, there is a shear zone behind the main shear zone with small plastic deformation.
Compared with Fig. 8A1, it can be found that this shear zone is located exactly at the position with small or no
rocks. According to Fig. 8B1,B2, for the SRM slope with 20% rock, there is not a major shear zone formed in the
slope but a series of interlaced shear zones at instability. This indicates that the slope anisotropy level is high at
this time. Near the slope toe, the plastic deformation is concentrated, and it is also the place where the shear zone
is most densely distributed. According to Fig. 8C1,C2,D1,D2, for SRM slopes with stone content over 20%, it is
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Figure 8. Model and corresponding stability analysis results of 4 SRM slopes. (A1,A2) Slope model with 10%
rock content and shear zone distribution at instability. (B1,B2) Slope model with 20% rock content and shear
zone distribution at instability. (C1,C2) Slope model with 30% rock content and shear zone distribution at
instability. (D1,D2) Slope model with 40% rock content and shear zone distribution at instability.
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known from the previous analysis that these two slopes do not experience instability in the calculation, and the
paper gives the distribution of their shear zones when the reduction factor is equal to 3.0.

To investigate the dynamics of these four slope models during instability or at the maximum reduction factor,
the kinetic energy and momentum of the models are monitored, as shown in Fig. 9.

According to Fig. 9A, The most drastic change in kinetic energy is found in the slope with the smallest stone
content, followed by the slope with stone content equal to 20%, and the other two models have almost no fluctua-
tion in kinetic energy. Both slopes with drastic kinetic energy variation reach their peak kinetic energy at 2.5 s,
but their kinetic energy returns to zero at different times, and the model with smaller stone content is delayed
by 1.0 s. In other words, the duration of the landslide of the slope with 10% rock is longer than that of the slope
with 20% rock by 1.0 s. According to Fig. 9B, the movement pattern of the landslide is dominated by horizontal

motion, and the changing trend of momentum is kept almost the same with kinetic energy.

Development of slope failure
In order to explore the further development of slope damage as the reduction factor increases, and consider-

ing that the two slope models with rock content over 20% change insignificantly during the study, this section
discusses in detail the further damage of slopes with rock content equal to 10% and 20%, respectively.

Figure 10 gives snapshots of the further development of the shear zone with increasing reduction factor for
both slopes. Figure 10A1-A3 gives the distribution of shear zones in the SRM slope with 10% rock content when
the reduction factor equals 2.2, 2.5, and 2.8, respectively, and Fig. 10B1-B3 gives the distribution of shear zones
in the SRM slope with 20% rock content when the reduction factor equals 2.6, 2.7 and 2.8, respectively. The
damage mode of the former is similar to arc sliding, and it forms two main shear zones, which are approximately
parallel and approximate to arcs. The latter also forms two major shear zones as the reduction factor increases,
and they are formed by a series of small shear zones distributed around the stone, showing obvious anisotropy.
The common feature of both is that the shear zone range does not increase as the reduction factor increases, but

only the plastic strain accumulates.
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Figure 9. Kinetic energy and momentum variation of four SRM slope models. (A) Kinetic energy variations.

(B) Momentum variations.
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Figure 10. Extension of the shear zone in SRM slopes as the reduction factor increases. (A1-A3) Shear zone
distribution of SRM slope with 10% rock content at the reduction factor equal to 2.2, 2.5 and 2.8, respectively.
(B1-B3) Shear zone distribution of SRM slope with 20% rock content at the reduction factor equal to 2.6, 2.7
and 2.8, respectively.

Figure 11 gives the displacement snapshots of the two slope models as the reduction factor increases. Fig-
ure 11A1-A4 gives the displacement distributions of the SRM slope with 10% rock content when the discount
factor is equal to 1.9, 2.2, 2.5, and 2.8, respectively, and Fig. 11B1-B4 gives the displacement distributions of the
SRM slope with 20% rock content when the discount factor is equal to 2.4, 2.6, 2.7 and 2.8, respectively.

From the perspective of displacement distribution, they show the obvious characteristics of stratification,
and the maximum displacements are all distributed in the surface layer of the slope. The difference is that the
slope with 20% rock has more layers, and the boundary between layers is clear. The slope with 10% rock content
has fewer layers, and the boundary lines between layers are smoother and approximate to circular arcs. In terms
of displacement values, the displacement of the slope increases significantly with the increase of the reduction
factor, and it is noteworthy that the distribution area of the maximum displacement hardly changes at different
reduction factors. In other words, the increase of the reduction factor does not change the distribution pattern
of the displacements.

Slope dynamics in extreme conditions

Both slope models are deformed drastically at the reduction factor equal to 2.8, and this section explores their
dynamic characteristics in this working condition. Figure 12 gives the curves of their kinetic energy and momen-
tum changes, and Fig. 13 gives snapshots of their velocities at some typical moments.

According to Fig. 12A, the time of the two model landslides is the same, and both are about 3 s. The slides
they experienced can be divided into three phases, namely, the acceleration phase, the deceleration phase, and
the stabilization phase. The duration of their acceleration and deceleration phases keeps the same, and they
both reach the peak of kinetic energy at 3 s. The difference is that the kinetic energy of the slope with 20% rock
content is more moderate, and the peak kinetic energy of the slope with 10% rock content is about five times of
the counterpart. According to Fig. 8B, the motion patterns of the two models are still dominated by horizontal
motion. However, the kinetic energy of the slope with 10% rock content reaches its peak at the same time as the
vertical momentum, which is 0.5 s earlier than the horizontal momentum. The moment when the momentum
of the two directions of the counterpart reaches the peak is consistent with the kinetic energy.

Figure 13 gives snapshots of the velocities of the two models during the acceleration and deceleration phases.
First, the distribution shows that the velocity distribution has the same characteristics as the displacement
distribution, that is, stratified, and the area with the maximum velocity at different moments hardly changes.
According to Fig. 13A2,B2, the peak velocity of the slope with 10% rock content is about 2.7 times that of its
counterpart. According to the velocity snapshots of the deceleration phase, it is obvious that the slope with 20%
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Figure 11. Extension of the displacement of SRM slopes as the discount factor increases. (A1-A4)
Displacement distribution of SRM slope with 10% rock content at the reduction factor equal to 1.9, 2.2, 2.5 and
2.8, respectively. (B1-B4) Displacement distribution of SRM slope with 20% rock content at the reduction factor
equal to 2.4, 2.6, 2.7and 2.8, respectively.

stone content decelerates more slowly. At T =5 s, the maximum velocity of the slope with 20% stone content is

0.25 ms™!, while its counterpart is only 0.2 ms™.

Conclusion
In this study, the author applies the material point strength reduction method to scrutinize the impact of rock
content on the stability of Soil-Rock Mixture (SRM) slopes and the kinematics of large displacement landslides
post-failure. Our approach involves the use of digital image processing to construct four nuanced material point
models, each representing a distinct stone content level to facilitate a comparative analysis.

The core findings from our stability and large deformation analyses are twofold. Primarily, the author demon-
strates that an increase in stone content within the SRM substantially improves slope stability. Our models show
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Figure 12. Kinetic energy and momentum variation for SRM slope models with stone content equal to 10%
and 20% with the reduction factor equal to 2.8. (A) Kinetic energy variations. (B) Momentum variations.

that when the stone content exceeds 20%, the slopes display remarkable resilience and do not undergo failure,

highlighting a possible benchmark for stone content that is critical for ensuring stability.
Secondly, the author observes that the size and distribution of rock content play a significant role in deter-

mining the pattern of slope failure. Lower stone contents lead to a nearly circular failure surface, suggesting
a more predictable failure mechanism, whereas higher contents result in more complex and less predictable

failure patterns.

A notable correlation was also found between the rock content and the dynamic response of the slope after
failure. Models with lower stone contents were associated with a more dynamic response, evidenced by a greater
release of kinetic energy during the destabilization process. This insight is crucial for risk assessments and design-

ing mitigation strategies for potential landslides.

The incorporation of a GPU-based high-performance Material Point Method (MPM) program into our
research has been groundbreaking, significantly enhancing computational efficiency. This improvement has
facilitated our current two-dimensional analyses and established a solid foundation for future expansions into

three-dimensional modeling, which promises to provide a more comprehensive understanding of SRM slope
behaviors and the mechanics of landslides.

In sum, our study sheds light on the significant influence of rock content on SRM slope stability and the
post-destabilization dynamics of landslides. The development of advanced computational tools, such as the high-
performance MPM program, marks a substantial progression in the field. Looking ahead, the author aims to lev-

erage these tools to advance into three-dimensional simulations, further enriching the geotechnical engineering
discipline and contributing to the development of more effective landslide prevention and mitigation measures.
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Figure 13. Velocity distribution of SRM slopes for the reduction factor equal to 2.8. (A1-A4) Velocity
distribution of SRM slopes with 10% rock content at t=2.5s, 3.0's, 4 s and 5 s. (B1-B4) Velocity distribution of
SRM slopes with 20% rock content at t=2.5s,3.0s,4sand 5 s.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 27 December 2023; Accepted: 18 March 2024
Published online: 24 March 2024

References

1.

2.

3.

10.

Cil, M. B. & Alshibli, K. A. 3D analysis of kinematic behavior of granular materials in triaxial testing using DEM with flexible
membrane boundary. Acta Geotech. 9, 287-298 (2014).

Napoli, M. L., Barbero, M. & Scavia, C. Effects of block shape and inclination on the stability of melange bimrocks. Bull. Eng. Geol.
Environ. 80, 7457-7466 (2021).

Sun, G., Wang, W. & Shi, L. Steady seepage analysis in soil-rock-mixture slope using the numerical manifold method. Eng. Anal.
Bound. Elem. 131, 27-40 (2021).

. Xu, W,, Wang, Y., Chen, Z. & Hu, R. Stability analysis of soil-rock mixed slope based on digital image technology. Rock Soil Mech.

28, 341-346 (2008).

. Yang, Y., Sun, G., Zheng, H. & Qi, Y. Investigation of the sequential excavation of a soil-rock-mixture slope using the numerical

manifold method. Eng. Geol. 256, 93-109 (2019).

. Fang, K. et al. Insights into the deformation and failure characteristic of a slope due to excavation through multi-field monitoring:

A model test. Acta Geotech. 18, 1001-1024 (2023).

. Kun, F. et al. Centrifuge modelling of landslides and landslide hazard mitigation: A review. Geosci. Front. 14, 101493-101493

(2023).

. Nguyen, T. S. et al. Post-failure process and kinematic behavior of two landslides: Case study and material point analyses. Comput.

Geotech. 148, 104797 (2022).

. Troncone, A., Pugliese, L. & Conte, E. Analysis of an excavation-induced landslide in stiff clay using the material point method.

Eng. Geol. 296, 106479 (2022).
Conte, E., Pugliese, L. & Troncone, A. A simple method for predicting rainfall-induced shallow. Landslides 148, 04022079 (2022).

Scientific Reports |

(2024) 14:6983 | https://doi.org/10.1038/s41598-024-57362-x nature portfolio



www.nature.com/scientificreports/

11.

12.
13.

14.
15.

16.
17.

18.

19.
20.

21.
22.

23.
24.

25.
26.

27.
. Sulsky, D., Chen, Z. & Schreyer, H. L. A particle method for history-dependent materials. Comput. Methods Appl. Mech. Eng. 118,

29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
. Zabala, F. & Alonso, E. The material point method and the analysis of dams and dam failures. Innov. Numer. Modell. Geomech. 8,

40.
41.
. Mast, C. M. Modeling Landslide-Induced Flow Interactions with Structures Using the Material Point Method. (2013).
u
45.

46.
47.

Nguyen, T. S., Yang, K.-H., Ho, C.-C. & Huang, E.-C. Postfailure characterization of shallow landslides using the material point
method. Geofluids 2021, 8860517 (2021).

Griffiths, D. & Lane, P. Slope stability analysis by finite elements. Geotechnique 49, 387-403 (1999).

Sun, G, Yang, Y., Cheng, S. & Zheng, H. Phreatic line calculation and stability analysis of slopes under the combined effect of
reservoir water level fluctuations and rainfall. Can. Geotech. J. 54, 631-645 (2017).

Graziani, A., Rossini, C. & Rotonda, T. Characterization and DEM modeling of shear zones at a large dam foundation. Int. J.
Geomech. 12, 648-664 (2012).

De Bono, J., McDowell, G. & Wanatowski, D. Discrete element modelling of a flexible membrane for triaxial testing of granular
material at high pressures. Géotech. Lett. 2, 199-203 (2012).

Zhao, X. & Evans, T. M. Discrete simulations of laboratory loading conditions. Int. ] Geomech. 9, 169-178 (2009).

Cen, D., Huang, D. & Ren, F. Shear deformation and strength of the interphase between the soil-rock mixture and the benched
bedrock slope surface. Acta Geotech. 12, 391-413 (2017).

Yang, G. Q, Liu, H., Zhou, Y. T. & Xiong, B. L. Post-construction performance of a two-tiered geogrid reinforced soil wall backfilled
with soil-rock mixture. Geotextiles & Geomembranes 42, 91-97 (2014).

Xu, W. & Hu, R. Conception, classification and significations of soil-rock mixture. Hydrogeol. Eng. Geol. 36, 50-56 (2009).

Li, H. et al. Detection and segmentation of loess landslides via satellite images: A two-phase framework. Landslides 19, 673-686
(2022).

Lianheng, Z. et al. A new method for constructing finite difference model of soil-rock mixture slope and its stability analysis. Int.
J. Rock Mech. Min. Sci. 138, 104605 (2021).

Oden, J. et al. Simulation-based engineering science: Revolutionizing engineering science through simulation. NSF Blue Ribbon
Panel on SBES (2006).

Cundall, P. A. & Strack, O. D. A discrete numerical model for granular assemblies. Geotechnique 29, 47-65 (1979).

Kardani, M., Nazem, M., Sheng, D. & Carter, J. P. Large deformation analysis of geomechanics problems by a combined Rh-adaptive
finite element method. Comput. Geotech. 49, 90-99 (2013).

Kwan, J. S, Sze, E. H. & Lam, C. Finite element analysis for rockfall and debris flow mitigation works. Can. Geotech. J. 56, 1225-1250
(2019).

Soga, K. et al. Trends in large-deformation analysis of landslide mass movements with particular emphasis on the material point
method. Géotechnique 68, 457-458 (2018).

Harlow, E. H. The particle-in-cell computing method for fluid dynamics. Methods Comput. Phys. 3, 319-343 (1964).

179-196 (1994).

Chen, Z. & Brannon, R. An evaluation of the material point method. (Sandia National Lab.(SNL-NM), Albuquerque, NM (United
States); Sandia ..., 2002).

De Vaucorbeil, A., Nguyen, V. P, Sinaie, S. & Wu, J. Y. Material point method after 25 years: Theory, implementation, and applica-
tions. Adv. Appl. Mech. 53, 185-398 (2020).

Hu, W. & Chen, Z. Model-based simulation of the synergistic effects of blast and fragmentation on a concrete wall using the MPM.
Int. ]. Impact Eng. 32, 2066-2096 (2006).

Cui, X,, Zhang, X, Sze, K. & Zhou, X. An alternating finite difference material point method for numerical simulation of high
explosive explosion problems. CMES Comput. Model. Eng. Sci. 92, 507-538 (2013).

Cui, X.-X,, Zhang, X,, Zhou, X,, Liu, Y. & Zhang, F. A coupled finite difference material point method and its application in explo-
sion simulation. Comput. Model. Eng. Sci. 98, 565-599 (2014).

Ye, Z., Zhang, X., Zheng, G. & Jia, G. A material point method model and ballistic limit equation for hyper velocity impact of
multi-layer fabric coated aluminum plate. Int. J. Mech. Mater. Des. 14, 511-526 (2018).

Fern, J., Rohe, A., Soga, K. & Alonso, E. The Material Point Method for Geotechnical Engineering: A Practical Guide (CRC Press,
2019).

Bui, H. H., Fukagawa, R., Sako, K. & Ohno, S. Lagrangian meshfree particles method (SPH) for large deformation and failure flows
of geomaterial using elastic-plastic soil constitutive model. Int. . Numer. Anal. Methods Geomech. 32, 1537-1570 (2008).

Li, X. et al. Investigation of influence of baffles on landslide debris mobility by 3D material point method. Landslides 17, 1129-1143
(2020).

Nairn, J. & Guo, Y. in 11th International Conference on Fracture, Turin, Italy. (Citeseer).

171-177 (2012).

Bardenhagen, S. G. & Kober, E. M. The generalized interpolation material point method. Comput. Model. Eng. Sci. 5, 477-496
(2004).

Tielen, R., Wobbes, E., Méller, M. & Beuth, L. A high order material point method. Proced. Eng. 175, 265-272 (2017).

Zhu, Y. & Bridson, R. Animating sand as a fluid. ACM Trans. Gr. 24, 965-972 (2005).

Koschier, D., Bender, J., Solenthaler, B. & Teschner, M. Smoothed Particle Hydrodynamics Techniques for the Physics Based Simula-
tion of Fluids and Solids. (2019).

Liu, M. & Liu, G. Smoothed particle hydrodynamics (SPH): An overview and recent developments. Arch. Comput. Methods Eng.
17, 25-76 (2010).

Sutti, M. SPHM: A MATLAB Package for Smoothed Particle Hydrodynamics Simulations. arXiv preprint arXiv:.05189 (2022).
Larsson, S., Rodriguez Prieto, J. M., Gustafsson, G., Haggblad, H. -A. & Jonsén, P. The particle finite element method for transient
granular material flow: modelling and validation. Comput. Part. Mech. 8, 135-155 (2021).

Author contributions

B.L: Conceptualization, Methodology, Writing-Original draft. W.W.:Validation and Reviewing. Z.L: Solftware
and Data Curation. N.O.: Data Curation and Analysis. K.M.: Writing-Reviewing and Editing. F.Z.: Validation
and Funding acquisition.

Funding
This project was supported by the Science and Technology Research Program of Chongqing Municipal Education
Commission (Grant No.KJQN202204305 and No.KJQN202305501).

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:6983 | https://doi.org/10.1038/s41598-024-57362-x nature portfolio



www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to EZ.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:6983 | https://doi.org/10.1038/s41598-024-57362-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study on large deformation of soil–rock mixed slope based on GPU accelerated material point method
	Material point model
	Methodology
	Discretization formulations

	MPM implementation under a GPU architecture
	Model setup and material parameters
	Image-based modeling method
	Material parameters

	Stability analysis of the soil–rock mixture slopes
	Stability of slopes
	Development of slope failure
	Slope dynamics in extreme conditions

	Conclusion
	References


