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Abstract: Rockfalls are major geological hazards threatening prestressed concrete cylinder pipes
(PCCPs) in water diversion projects. To accurately assess the impact of large deformation movements
of rockfalls on PCCPs, this study utilized the continuous–discontinuous method to investigate
the dynamic response of a PCCP under a rockfall. The impact mode of rockfalls, the mechanical
characteristics of PCCP, and the nonlinear-contact characteristics between soil and PCCP were
considered in this study. The advantages of continuous and discontinuous numerical simulation
methods were utilized to establish a continuous and discontinuous coupling model of “tube-soil-rock”
considering the interaction of soil and structure. The impact mechanism and process of PCCP under
the rockfall were investigated by simulating the rockfall process and analyzing its spatiotemporal
evolution. The influence of PCCP under rockfalls with different heights and radii was studied to
clarify the effects of these two parameters on the PCCP. Combined with a practical application
example of large-scale water transfer projects, there is a tendency of center flattening under static load
and dynamic impact load, and the PCCP part directly below the impact point is the most dangerous.
This investigation provided a comprehensive understanding of the impact mechanism of the PCCPs
under rockfall. The findings of this study have significant implications for the design of the protection
engineering of PCCPs and ensuring the safe operation of water diversion projects.

Keywords: continuous–discontinuous method; prestressed concrete cylinder pipe; rockfall; coupling;
discrete element method

1. Introduction

China possesses abundant water resources. However, the distribution of water re-
sources still has the characteristics of uneven spatial and temporal distribution, i.e., more
in the south and less in the north, as well as large inter-annual variation, which exacerbates
water shortages. Water scarcity is a critical constraint on economic development and social
well-being in arid and semi-arid regions. Consequently, a series of ambitious water transfer
projects have been launched, including the Central Yunnan Water Transfer Project, the
Yangtze–Huaihe River Diversion Project, and the Han–Huaihe River Diversion Project. To
ensure the success of these projects, selecting materials for long-distance water transmission
pipelines is crucial to their safe and efficient operation. Commonly used materials include
steel pipes, concrete pipes, and prestressed steel cylinder concrete pipes (PCCPs). Among
these materials, the PCCP is a new composite pipe made of a steel cylinder, prestressing
wire, a concrete core, and a mortar coating. The PCCP boasts an ideal combination of
the tensile strength and impermeability of steel pipes with the superior compression and
corrosion resistance of concrete pipes [1–3], and is the preferred choice for large-diameter
transmission pipelines for long-term projects at high working pressures and high soil cover,
as well as municipal, industrial, and agricultural water supply and drainage works. Due
to the long distance of pipeline burial and the diverse geological units in water diversion
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projects, especially in western China, the main battlefield of the Belt and Road Initiative,
pipelines face harsh natural environments such as complex terrain, active tectonic move-
ments, and frequent mountain hazards [4,5]. Among them, rockfalls are one of the typical
disasters that causes pipeline damage and failure. Therefore, analyzing and researching
the dynamic response of PCCPs under rockfall impacts will greatly enhance the protection
and overall safe operation of long-distance water transfer projects, which has significance
for scientific research and value for engineering practice.

In recent years, numerous domestic scholars have utilized various numerical simula-
tion methods to explore the safety characteristics of PCCPs. A finite element calculation
model was established by Yu et al. [6] to investigate the interaction between a PCCP and its
foundation. They analyzed the stress distribution of the pipe body under different water
pressures during backfilling. A new wire-wrapping model was proposed by Xiong et al. [7]
which uses the nonlinear finite element method (FEM) to simulate the wire-wrapping
prestress process of embedded prestressed concrete tubes. They replaced the resultant
stress, which was obtained by another FEM and affected by tensile stress in the prestressing
wire, with the equivalent radial pressure around the pipe. The equivalent load method was
utilized by Gomez et al. [8] to replace the wire prestress, and failure criteria were proposed
to evaluate a PCCP through finite element simulation of prestress loss analysis. Advanced
numerical modeling by nonlinear finite elements was used to model the effect of the num-
ber and location of broken wire wraps on the structural performance of PCCPs by Hajali
et al. [9]. The full interaction between adjacent pipes with harnessed joints, as well as com-
bined internal and external loading with full soil–pipe interaction, were considered in this
model. Additionally, the reinforcement effect of the lining structure on PCCPs for different
numbers of broken wires was simulated by Ge and Sinha [10]. In order to address the issue
of rockfalls’ impacts on the safe operation of prestressed concrete cylinder pipes (PCCPs), a
“rock-soil-pipe” model for buried PCCP subjected was established by Mao et al. [11] for
spherical rockfall impact by employing the finite element theory. The process of rockfall
impact on buried PCCPs was simulated, and the stress and plastic strain patterns of the
pipeline under various rockfall impact loads were analyzed. Such research holds great
significance for comprehending the operational behavior of PCCPs. However, most studies
have focused on static load analysis, and few have investigated the dynamic response of
PCCPs under impact loads, such as rockfalls. This lack of investigation makes it difficult to
meet the requirements for the protection of long-distance water diversion projects.

In studies involving rockfall impacting pipelines, most theoretical analysis meth-
ods [12–14] simplify the dynamic problem of buried pipelines under impact load as a
static problem, which is inconsistent with the actual situation of impact load of a single
pulse type. The test methods of rockfall impact [15,16] usually have the problems of heavy
workload, high cost, and long duration, resulting in less relevant test research. In the
realm of numerical simulation, numerous scholars have explored the dynamic response
process of buried pipelines under the vertical impact of rockfalls through the FEM. They
have also analyzed the influence of rockfall parameters (impact velocity, radius, eccentric
distance), pipeline parameters (internal pressure, wall thickness, diameter, buried depth),
and location on the pipeline. For instance, Zhang et al. used numerical simulation methods
to investigate the buckling behavior of pipelines under the impact of square [17] and spher-
ical [18] rockfalls, and explored the influence of pipeline and rockfall parameters on the
stress and plastic strain of buried pipelines. A three-dimensional finite element model of
a buried pipeline under the impact of a rockfall was established by Xiong et al. [19], and
the effects of the rockfall’s scale, suspended height, and falling point on pipeline safety
were studied. The response of buried steel pipes under impact loading was simulated by
Tavakoli Mehrjardi and Karimi [20] based on tests, and a series of parameter analyses were
conducted to evaluate the influences of factors such as buried pipe depth, falling point
height, impact zone radius, and soil damping. Leine et al. [21] studied the effect of rock
geometry on rockfall dynamics through two well-chosen numerical simulations and found
that rock shape had a crucial influence on rockfall dynamics. The behavior of a natural
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gas pipeline impacted by falling objects was studied by Liu and Yang [22] using numerical
modeling. The analysis showed that the maximum pipeline stress decreased with increas-
ing relative stiffness of the pipeline and soil. The dynamic process of the response of buried
pipelines impacted by high-speed falling rock was simulated by Deng et al. [23] using
the discrete element method (DEM). However, the above numerical simulation research
revealed the dynamic response law of buried pipelines under the impact of rockfalls only
to a certain extent, while it failed to consider the interaction between rockfalls and soil
from the perspective of large deformation. During the impact process of rockfalls and
soil, large deformation phenomena such as rockfall disintegration and soil extrusion occur,
accompanied by complex mechanical behaviors such as viscosity, hardening, and friction
energy dissipation. Thus, traditional continuous numerical simulation methods cannot
accurately describe the physical and mechanical processes that change rockfall, soil, and
buried pipelines.

As for the continuous–discontinuous numerical simulation method, some relevant
scholars have applied it to the study of the load on rock impact tunnel structures and
buried pipelines. Huang et al. [24] used the discrete element–finite difference coupling
calculation method to study and analyze the dynamic response of the shed cave–wall
structure in the study area under the impact of falling rocks of different shapes, sizes,
impact velocities, and impact angles. Wang et al. [25] adopted the discrete element–finite
difference coupling algorithm, in which the discrete element simulates the sand cushion and
the finite difference method simulates the concrete structure of the shed cave, and carried
out a numerical simulation study on the dynamic response of the shed cave cushion hit by
rolling stone at different angles and speeds, revealing the dynamic response characteristics
of the shed cave’s structure. Hou et al. [26] used a discrete and continuous interface
coupling numerical model to simulate and analyze the loading process of buried pipelines.
They utilized the discrete element method to simulate the soil filling around pipes, and
the finite difference element method was used to simulate the buried pipelines and the
undisturbed soil foundation. In addition, this method has also been widely used in the
study of soil and structure failure processes in the key research areas of shield and tunnel
engineering [27,28], slope stability research, and other studies. It is sufficient to show that
the continuous–discrete coupling algorithm can be used to study the change law of force
and displacement and the failure mechanism processes of key regions or structures from
the mesoscale. It can also achieve good results and has good application value. However,
in the existing literature, there are few reports on the continuous–discontinuous method
for buried pipelines under rockfall impact.

In summary, considering the multilayer material characteristics of PCCP and its
complex stress system, continuous numerical simulation methods are used in most existing
studies to simulate and analyze PCCP, and there are few studies on the dynamic response of
PCCP under rockfall impact loads, making it difficult to meet the protection requirements
of long-distance water transfer projects. Therefore, the continuous numerical simulation
method was adopted in this study to accurately simulate PCCP prestressed steel wire, a
mortar protective layer, a socket steel ring, a steel cylinder, and other structures so as to
consider the interactions between and influences on different materials and to accurately
analyze the dynamic response of PCCP [29,30]. At the same time, considering the large
deformation and discontinuous media problems, such as material slip, swelling, or collapse,
that may be caused by rockfall impact [31,32], a discontinuous numerical simulation
method suitable for large deformation problems should be selected to fully simulate the
discontinuous properties of real soil, so as to provide an effective basis for the protection
design of rockfalls and the safe operation of PCCP pipelines.

2. Principle of the Continuous–Discontinuous Coupling Method
2.1. Principles of Discrete Element Method (DEM) and the Contact Model

Numerical simulation methods can be divided into continuous medium methods and
discontinuous medium methods. The discontinuous medium methods include the particle
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discrete element method, block discrete element method, and discontinuous deformation
analysis method. The discrete element method is based on the assumption of a discontinu-
ous medium, and can simulate the fracture and separation of solid materials. It shows great
superiority in simulating the large deformation, discontinuity, and failure separation of
granular materials, and is suitable for studying the mechanical behavior between granular
materials [33–35].

The DEM describes the force–deformation response between the spheres by defining a
contact model and forms aggregates to simulate the macroscopic and microscopic character-
istics of the backfill, which can greatly reflect the discontinuous mechanical characteristics
of the soil. This is achieved through a dynamic action calculation between elements that
brings the system towards equilibrium, as depicted in Figure 1 [36,37]. During this calcula-
tion, the DEM updates the motion and rotational state of each particle based on unbalanced
contact forces by utilizing Newton’s second law and force–displacement relationship theory.
Subsequently, it updates the contact force and moment between elements based on the
same theory, repeating the calculation until the unbalanced contact force reaches zero.

Figure 1. The principle of DEM.

Various contact models are available in the context of the DEM, such as the linear
contact model, Hertz contact model, and parallel contact model. The linear contact model
is particularly suitable for simulating the linear elastic behavior between particles. Consid-
ering that the backfill soil is mostly non-cohesive sand material, the linear contact model
was used to simulate the material properties of backfill soil. The basic principle is shown in
Figure 2. The red dotted rectangle is the contact position of the ball.

Figure 2. Linear contact model.

The contact force is composed of linear (Fl
n + Fl

s ) and damping parts (Fd
n + Fd

s ). The
linear part governs the linear elasticity and friction behavior, while the damping part
regulates the viscous behavior. Specifically, the linear spring (kn, ks), with normal stiffness
and shear stiffness, generates the linear contact force. Notably, the linear spring cannot
endure tension, whereas the shear force adheres to the Coulomb criterion and friction
coefficient (µ) to control the slip conditions. The gs is defined as the surface clearance, that
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is, the difference between the contact clearance and the reference clearance. The contact
force between particles [38,39] can be calculated as:

F = Fn + Fs (1)

where Fn = Fl
n + Fd

n and Fs = Fl
s + Fd

s denote the normal and tangential contact force
components, respectively. Fl

n and Fd
n represent the linear and damping parts of the normal

contact force, while Fl
s and Fd

s denote the linear and damping parts of the tangential
contact force. The linear part of the normal contact force (Fl

n) is obtained from the normal
displacement Un of the particle and the normal stiffness kn of the contact point, which can
be defined as Equation (2).

Fl
n = knUn (2)

The damper generates the damping force, which is directly proportional to the normal
and shear critical damping ratios (βn and βs). The normal contact force (Fd

n ), which is one
of the components of damping, can be mathematically expressed as:

Fd
n = 2βnvn

√
m1m2

m1 + m2
kn (3)

where vn is the relative normal velocity of two contact bodies. m1 and m2 represent the
masses of two contact particles.

Similarly, the linear (Fl
s ) and damping (Fd

s ) parts of the tangential contact force share
certain similarities with the aforementioned calculation method. Notably, due to the
absence of cohesive force between backfill particles, the particles tend to slip when the
shear force surpasses their shear strength. Specifically, when Fs > µFn, the particles slip,
and the tangential contact force remains constant at a value of µFn.

2.2. Principle of the Continuous–Discontinuous Coupling Method

In general, the discontinuous method requires a large number of particles, and the
computational efficiency is low. The continuum analysis method mainly includes the
finite element method and the finite difference method. It can accurately and efficiently
simulate the physical and mechanical properties of large-scale structures through a limited
number of element grids and material constitutive models. However, it cannot reflect the
evolution processes of soil contact separation, soil particle rotation, or particle damage,
and cannot simulate the large deformation of the structure well [40,41]. Accordingly, a
singular approach utilizing either a continuous or discontinuous medium analysis cannot
holistically characterize the dynamic response of PCCPs subjected to rockfall impacts. To
address this issue, we propose a coupled continuous–discontinuous methodology for the
numerical simulation of a PCCP under a rockfall. The backfill above the pipeline constitutes
a combination of heterogeneous particles and is prone to fragmentation, dispersion, and
other significant deformation patterns following a rockfall. Therefore, in the key area of
rockfall-impacted backfill, the DEM is used for fine research, fully considering the discrete-
ness of backfill particles and accurately reflecting the effect of rockfall impact on the contact
between backfill particles and pipelines [42,43]. For the prestressed concrete cylinder pipes
(PCCPs) and the surrounding bedrock, we utilize the finite difference method (FDM) of
continuous medium analysis to simulate their physical and mechanical behavior across a
broad spectrum, thereby enhancing the computational efficiency and numerical simulation
accuracy. Our proposed continuous–discontinuous coupling method facilitates the calcula-
tion of stress and deformation in both the bedrock and PCCPs while also delving into the
minutiae of soil particle–pipe interactions on a small scale. By amalgamating these diverse
elements, our approach enables a precise analysis of the mechanical response of PCCPs
under the impact of rockfalls, aligning closely with established engineering practices.

In this research, mechanical analysis of the continuous domain is conducted using
the FDM based on the continuous medium analysis method, while mechanical analysis
of the discontinuous domain is performed using the DEM based on the discontinuous
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medium analysis method. The coupling between these two domains occurs at their contact
boundary, and the Scoket I/O interface is utilized to transfer calculation data between
these domains (refer to Figure 3) [44,45]. During the analysis iteration, the discrete particles
in the discontinuous domain produce contact forces and contact bending moments that
act on the coupling boundary. These forces are distributed to the vertices of the coupling
boundary using the equal force method. As the vertices of the coupling boundary attach to
the mesh points of the solid element, the coupling boundary vertices move synchronously
with the mesh points of the solid element and participate in the continuous domain analysis.
Similarly, the deformation of nodes in the continuous domain also drives the movement of
the coupling boundary, which transfers their positions and velocities to the particles in the
discontinuous domain via the coupling boundary. These values are constantly updated and
recycled to achieve continuous–discontinuous coupling calculations and analyses [46,47].

Figure 3. Transmission of continuous–discontinuous coupling boundary force.

In Figure 3, xa, ya, xb, and yb are the x and y coordinates of point a and point b,
respectively. Fx and Fy denote the force components acting on the coupling boundary
due to particles in the discontinuous domain, while M represents the resultant moment.
Additionally, we consider the force components at node a and node b of the continuous
domain element, which are denoted by fax, fay, fbx, and fby. The coupling boundary utilizes
an equivalent method to distribute the contact force of particles to the vertex force, and
the forces on each node are fax = βFx, fay = βFy, fbx = (1 − β)Fx, and fby = (1 − β)Fy. We
determined the allocation parameter, denoted by β, through Expression (4).

β =
M − Fyxb + Fxxb

Fy(xa − xb)− Fx(ya − yb)
(4)

We present the continuous–discontinuous coupling boundary in Figure 4. The triangle
represents a coupling boundary consistent with the shape of the solid element. The contact
point with particles in the discontinuous region is denoted by CP, and C is located on the
coupling boundary corresponding to CP. Due to the deformation of the contact part, the
coupling boundary simultaneously undergoes tensile, shear, and torsional effects, and the
positions of C and CP in space may be inconsistent. The vertex position of the triangle
coupling boundary is denoted by xi(i = 1, 2, 3), and the areas of the three representative
triangles are given by Ai. ri = CP − xi is defined by the distance between points CP and xi.
Additionally, the total contact force and general bending moment transferred from the
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contact to the continuous model element are F and M, respectively. The general bending
moment M can be expressed as:

M = Mb + (C − CP)× F (5)

where Mb is the bending moment in contact and (C − CP)× F is the bending moment
caused by the dislocation of the contact position. During the iteration process, as F and M are
known, the concentrated forces and bending moments exerted on the continuous model
elements at corner point xi by the contact coupling effect of node CP in the discontinuous
domain are calculated using a weighted method, according to Expressions (6) and (7).

Fi = Ai/
3

∑
i=1

Ai · F (6)

Mi = ri · Fi (7)

Figure 4. Continuous–discontinuous coupling boundary.

3. Construction of the “Pipe-Soil-Rock” Continuous–Discontinuous Model

During construction and operation, long-distance buried water pipelines face chal-
lenges from harsh natural environments such as complex terrain, active tectonic movements,
and a high incidence of mountain disasters. These conditions make pipelines susceptible to
various types of engineering disasters, with rockfalls from high places being particularly
concerning due to their high kinetic energy [48]. The impact of a rockfall transfers from the
backfill to the pipeline, which brings great additional stress; causes pipe pits; adversely
affects regular pipeline operation; and can even cause secondary disasters such as leak-
age and high-pressure water jet flow, posing severe threats to the lives and property of
surrounding communities. The Han Wei River Diversion Project in central China is an
example of such a water conveyance project. This project encompasses the 98.3 km Qinling
water tunnel and a 190.0 km water transmission and distribution network that connects
the Yangtze River in southern China to the Yellow River in northern China [49]. This is
a major water conservancy construction project intended to achieve a spatial balance of
water resource allocation in Shaanxi Province, China. The project is situated in the Qinling
Mountains, near the north–south boundary of China, where the terrain and geological con-
ditions are extremely complex; the project faces the threat of complex geological disasters
such as rolling stones.

To investigate the dynamic response of a PCCP under the impact of a rockfall, this
study used the double line DN3400 PCCP from the upper Huangchi intake tank to the
Yangwu watershed of the Han to Wei River Diversion Project as a prototype. The “Pipe-
Soil-Rock” model based on the continuous–discontinuous method is constructed in this
paper, as shown in Figure 5. The model is introduced as follows: 1⃝ The overall model
includes three parts: soil, double row PCCP, and rockfall. The soil modeling includes three
parts: foundation, cushion, and backfill. 2⃝ A continuous simulation is established for the
pipeline and surrounding soil, with three pipes (6 × 3 = 18 m) as the analysis length, an
inner diameter of 3.4 m, and a buried depth of 2.5 m. The modeling calculation of the
pipeline trench and the 10 m soil around the pipeline trench is carried out [11]. 3⃝ To ensure
the accuracy of the simulation, only some backfill areas directly contacting the PCCP are
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simulated using the DEM, while PCCP and other large-scale foundation soil are simulated
using the FDM, as shown in Figure 5b,c. 4⃝ The continuous–discontinuous model is subject
to normal constraints around the whole model and fixed constraints at the bottom.

Figure 5. The continuous–discontinuous “Pipe-Soil-Rock” model: (a) the overall model of rockfall’s
impact on PCCP, (b) semi-section of the coupling model, and (c) local profile of the coupling model.

3.1. Construction of the Continuous–Discontinuous Model of the Soil

Considering the simulation of soil fragmentation under rockfall impact, the DEM was
utilized to model the cushion and backfill areas surrounding the PCCP, while the FDM was
employed to simulate the remaining regions.

(1) Regarding the continuous model of the soil, Figure 5a shows that eight-node
hexahedral solid elements were predominantly used to model the different soil segments.
The foundation, which was 70 m long, 18 m wide, and 16 m high, was composed of
35,836 elements. The cushion, which was 1.8 m thick, was comprised of 9396 elements,
while the backfill had five layers, with a total thickness of 5.9 m and a total of 24,490 units.
The thickness of each layer varied, with the numbers of units for each layer as follows:
2732 (0.9 m), 3292 (1.1 m), 8592 (0.9 m), 2488 (1.0 m), and 2488 (1.0 m). The density, elastic
modulus, and Poisson’s ratio values of each part of the soil mass are listed in Table 1; they
were determined based on geological survey data.

Table 1. Parameter table of soil model based on the FDM.

Part Density (kg/m3) Elastic Modulus (Pa) Poisson’s Ratio

Foundation 1770 4 × 107 0.3
Cushion 1770 4 × 107 0.3
Backfill 2000 1.055 × 107 0.3
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(2) For the discontinuous model of the soil mass, Figure 5c shows that a 6.7 m thick
area, including the 11.5 m long and 6 m wide cushion and backfill region around the
PCCP, was selected for simulation using the DEM. The randomly distributed [50] particle
generation method was used to generate the particles of the cushion and each backfill
layer six times. As the calculation began, the particle system diffused and popped open,
and the redundant particles in each layer were subsequently deleted after the calculation
was balanced. The total number of particles in the simulated soil was 21,610. In terms
of the contact model, a linear contact model was used to simulate the properties of the
cohesionless sand material in the backfill, while a parallel bond model was employed to
prevent bond failure at the coupling boundary during the impact process. The discrete
element parameters used in the proposed model were determined based on previous
research [51–53] results, and are shown in Tables 2 and 3.

Table 2. Parameters of the discontinuous soil model.

Materials Poisson’s Ratio Radius (m) Damp

Cushion 0.3 0.12~0.15 0.7
Backfill 0.3 0.18~0.20 0.7

Table 3. Contact model parameters based on the DEM.

Project Contact Model Emod (Pa) Kratio pb_ten (Pa) pb_coh (Pa)

Rockfall–backfill Linear contact model 1.055 × 107 1.0 \ \
Cushion–cushion Linear contact model 4 × 106 1.0 \ \
Backfill–backfill Linear contact model 1.055 × 107 1.0 \ \
Cushion–wall Parallel contact model 4 × 107 1.0 1 × 10100 1 × 10100

Backfill–wall Parallel contact model 1.055 × 108 1.0 1 × 10100 1 × 10100

3.2. Construction of the PCCP Continuous Model

In this study, the FDM was utilized to simulate the behavior of a PCCP comprising
concrete, a steel cylinder, prestressing wire, and a mortar coating. A segmented modeling
approach was utilized to individually characterize the four components, and the PCCP
model was based on the FDM, as depicted in Figure 6. The simulation process aimed at
enhancing both accuracy and computational efficiency through the following key modifi-
cations: 1⃝ The prestressing wire was simulated by the independent wire rings using the
cable structure element according to the study of Yulong. Three rings of prestressing wire
were combined into one ring to improve the calculation efficiency. The diameter of the wire
was 10.39 mm (the cross-sectional area was 3 times that of the single-ring prestressing wire),
and the spacing of the wires was 37.23 mm. 2⃝ For the spigot-and-socket joint position, the
influence of the water-stop rubber ring on the structure was ignored, while the role of the
steel ring was focused. In this simulation, the steel ring was modeled using shell structure
elements. The shell element had a length of 150 mm, with 20 mm and 10 mm thicknesses
for the outer and inner layers, respectively. 3⃝ The steel cylinder was attached to the surface
of the zone of the inner layer concrete and was simulated using shell structure elements.
The inner diameter of the steel cylinder was 3600 mm, and the thickness was 1.5 mm. 4⃝ For
the concrete core and mortar coating, the simulation used eight-node hexahedron solid
elements, where the numbers of elements in the first and second sections of the PCCP were
2976 and 1008, respectively. The last PCCP modeling step simplified the end socket, and
the numbers of material units were 2880 and 960, respectively. The material parameters of
the different layers of the PCCP finite difference model are presented in Table 4.
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Figure 6. Construction model of a PCCP based on the FDM.

Table 4. Material parameters of different layers of the PCCP model.

Materials Elasticity Modulus
(MPa)

Strength of Extension
(MPa)

Compressive Strength
(MPa)

Density
(kg/m3)

Thickness
(mm)

Prestressing wire 205,000 1570 1570 7833 10.39 (diameter)
Steel cylinder 206,000 235 235 7833 1.5
Concrete core 35,500 35.5 2.74 2500 300

Mortar coating 24,165 45 3.49 2200 40
Spigot steel ring 206,000 235 235 7833 20
Socket steel ring 206,000 235 235 7833 10

3.3. Construction of the Discontinuous Model of Rockfall and Setting of Calculation Conditions

In the continuous–discontinuous model, the construction of a rockfall model of ar-
bitrary shape generally requires the use of more complex wall elements to build a frame,
and then requires the sphere to be filled with clump elements, which is more complicated.
In this study, a single rigid ball was used to simulate falling rock, taking into account the
influence of irregular rock shapes [18,21]. The acceleration due to gravity in the model
was set to 9.8 m/s2, and the density of the rockfall was set to 2500 kg/m3. The impact of a
rockfall on a PCCP is determined by rockfall parameters such as the rockfall’s radius and
height. To investigate the impact mechanism of a rockfall on a PCCP, a coordinate system
was established, and a comparison scheme of working conditions was set. The coordinate
system was established with the center of the second PCCP on the left as the coordinate
origin, the X-direction perpendicular to the pipe axis, and the Y-direction parallel to the
pipe axis, as illustrated in Figure 7. According to the existing records on the collapse of
water diversion projects, there are landslides and rockfall accidents in the middle, east and
west lines of the South-to-North Water diversion project. The heights of the falling rocks
are mostly concentrated in the ranges of 10~30 and 6~8 m, and there are also individual
occurrences of about 2 m [54–56]. A total of 20 working conditions were set using the
control variable method to study the influence of different falling radii and falling heights
on the PCCP components. The working conditions are outlined in Table 5.
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Figure 7. Position coordinate diagram of a rockfall.

Table 5. Rockfall parameter conditions.

Condition Radius (m) Height (m) Condition Radius (m) Height (m)

1 0.4 8.0 11 1.2 6
2 0.6 8.0 12 1.2 10
3 0.8 8.0 13 1.2 12
4 1.0 8.0 14 1.2 14
5 1.2 8.0 15 1.2 16
6 1.4 8.0 16 1.2 18
7 1.6 8.0 17 1.2 20
8 1.8 8.0 18 1.2 25
9 2 8.0 19 1.2 30
10 2.2 8.0 20 1.2 35

4. Analysis of the Spatial–Temporal Evolution of a PCCP under an Impact Load
4.1. The Simulation Results of the Rockfall Impact Process

The contact state between balls and pipes at different times during a rockfall impact
was simulated using the continuous–discontinuous method, as shown in Figure 8.

Figure 8. Ball–pipe contact during an impact process.
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The vertical impact of the rockfall at a certain velocity on the ground initiated a small
number of bulges and splashes in the initial contact stage, as illustrated in the first stage
project in Figure 8, affecting only the neighboring balls in direct contact. However, with the
increase in the penetration depth of the rockfall, as shown in the second stage of Figure 8,
the affected zone gradually expanded to encompass the surrounding regions and the depth
of the backfill. At this time, the backfill around the PCCP acted as both a load on the pipe
and a load transfer medium. Under impact, the impact load was transmitted to the pipeline
through the backfill, producing longitudinal compression on the top of the PCCP. During
this process, more particles splashed and scattered around the rockfall. This underscores
the efficacy of the continuous–discontinuous analysis method in simulating the large
deformation phenomenon of discontinuous media, such as impact crushing, splashing,
and dispersing of backfill under the impact of a rockfall. As the impact progressed to its
final stage, as depicted in the third stage of Figure 8, the distribution of affected particles
expanded and extended to the uppermost part of the pipeline due to a transfer of forces
between balls. The resulting displacement nephogram of the pipeline clearly indicated
a significant influence at its upper section, where ball scattering resulted in a noticeable
bulge around the rockfall.

4.2. Analysis of a PCCP under an Impact Load

The rockfall’s impact load led to a sudden change in the stress of PCCP. Due to
the multi-layer, complex structure of PCCP, the dynamic response process was more
complicated. Therefore, it is necessary to focus on the components of PCCP and to study
the impact load, as well as the influencing mechanism and degree of influence of each part
and component layer of PCCP. Although the impacts of rockfall conditions with different
radii and different falling heights on PCCP are different in value, their influences on the
velocity and displacement of each component and each part are basically similar. Therefore,
this paper will focus on the impact load of working condition 5. In condition 5, the spherical
rockfall with a height of 8 m was set to fall freely, and the falling point was the backfill
on the top of the pipe (0.0 m, 3.0 m), directly above the middle of the second-section
PCCP on the left side. The monitoring and recording data originated from 3 m above
the ground. Among them, the velocity and displacement directions were positive in the
vertical direction and positive in the horizontal direction.

Figure 9 displays the time displacement changes in the positions of the midspan and
joint of the concrete core and the mortar coating of the left PCCP. Figure 10 shows the time
history of displacement changes at the same monitoring position of the cylinder and steel
wire. The displacement changes before and after the impact of rockfall are recorded in
Table 6. The displacement state of the concrete core, the mortar coating, the steel cylinder in
the left PCCP, and the prestressing wire changed rapidly in a short time when impacted by
rockfall. After soil adjustment and gravity settlement, the displacement changes exhibited
a slowly increasing trend. The dynamic response temporal and spatial evolution laws of
the rockfall and PCCP were as follows.

Table 6. Displacement changes before and after impact (unit: 10−5 m).

Material Location
Section Position

Left Pipe-Side Right Pipe-Side Pipe-Top Pipe-Bottom

Concrete
Midspan 0.06669 0.17284 1.60132 0.01144

Spigot joint 0.00356 0.01771 0.17210 0.05368
Socket joint 0.05310 0.00685 1.24774 0.03417

Coating mortar
Midspan 0.18973 0.20350 1.69477 0.05670

Spigot joint 0.24315 0.16059 0.19237 0.13048
Socket joint 1.46315 0.21760 0.08769 0.12013
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Table 6. Cont.

Material Location
Section Position

Left Pipe-Side Right Pipe-Side Pipe-Top Pipe-Bottom

Prestressing wire
Midspan 0.10703 0.17874 1.61942 0.03652

Spigot joint 0.25720 0.12501 0.02563 0.01008
Socket joint 0.36339 0.02568 0.06576 0.12159

Steel cylinder
Midspan 0.02897 0.01274 0.13522 0.05012

Spigot joint 0.00058 0.00239 0.12804 0.04947
Socket joint 0.09584 0.12652 1.61959 0.00708

Figure 9. Displacement time–history curve of concrete and mortar coating under impact loads:
(a) concrete–midspan, (b) concrete–spigot joint, (c) concrete–socket joint, (d) coating mortar–midspan,
(e) coating mortar–spigot joint, and (f) coating mortar–socket joint.

Figure 10. Displacement time–history curve of prestressing wire and steel cylinder under impact
loads: (a) prestressing wire–midspan, (b) prestressing wire–spigot joint, (c) prestressing wire–socket
joint, (d) steel cylinder–midspan, (e) steel cylinder–spigot joint, and (f) steel cylinder–socket joint.
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(1) The movement process of the rockfall impact was as follows. 1⃝ When the center
of the rockfall was 3.0 m from the backfill land surface, the data were recorded, and the
rockfall speed was 9.0 m/s. Subsequently, the falling rocks fell freely, the falling speed
continued to increase, and the rockfall speed reached a maximum before touching the
ground after approximately 11.7 m/s. 2⃝ After the falling rock contacted the backfill, its
speed rapidly decreased to approximately 0.0 m/s within 0.2 s. 3⃝ The falling rock fell
again while its vertical downwards speed increased, and finally decreased to 0.0 m/s after
falling and coming into contact with the backfill soil under gravity. 4⃝ The red gradient
in the figure represents the core time period of the entire impact, and the duration of the
entire impact process did not exceed 0.3 s. It can be seen that the impact of the rockfall on
the buried pipeline was a clear dynamic process.

(2) The temporal progression of displacement variations in the prestressed concrete
cylinder pipe (PCCP) across its pipe-top, pipe-side, and pipe-bottom cross-sections un-
folded as follows. 1⃝ As shown in Figure 9a–e, the displacement of the concrete core and
steel cylinder at the pipe-top significantly increased, and the displacement change at the
pipe-top surpassed 2.5 × 10−5 m within 1.5 s, irrespective of the midspan or joint position,
which significantly surpassed the displacements observed at the pipe-side and pipe-bottom
cross-sections. 2⃝ In reference to the mortar coating, the displacement of the pipe-top at
the midspan position (Figure 9d) swiftly ascended to 2.3 × 10−5 m within 0.2 s, which
was slightly greater than the displacement of both pipe-sides, while the displacement of
both pipe-sides at the joint position was the largest, as shown in Figure 9e,f. 3⃝ Regard-
ing the prestressing wire, the displacements at the midspan position of the pipe’s apex
(Figure 10a) and spigot position (Figure 10b) elevated to 3.1 × 10−5 m and 3.5 × 10−5 m
within 1.5 s, respectively, surpassing the displacements at other positions. Concurrently,
the displacement of the left pipe-side of the socket surged to 5.8 × 10−5 m within 1.5 s, a
change significantly exceeding other sections at various positions of the mortar coating.
Consequently, excluding the mortar coating at the joint position and the wire at the socket
position, materials at other positions illustrated that the maximum displacement transpired
in the pipe-top section.

(3) The spatial evolution of the displacement changes in the cross-sections of the
pipe-top, pipe-side, and pipe-bottom of the PCCP can be described as follows. When
subjected to rockfall, the top of the pipe was impacted, and settlement deformation occurred.
The two sides of the pipe were squeezed out under pressure, and a certain settlement
deformation also appeared at the bottom. This deformation was consistent with empirical
observations. There were differences in the spatial distributions of displacements at the
positions of individual materials, which may have been due to the complex multi-layer
material structure of the PCCP. As the interaction relationship and influence degree were
complex, the deformation relationship and amount may have been different.

(4) The evolution of displacement changes of the PCCP’s spigot, socket, and midspan
position could be described as follows. As shown in Figure 9a,d and Figure 10a,d, a
significant and abrupt displacement was observed in the midspan position, particularly
evident at the pipe-top cross-section upon the rockfall impact. This phenomenon could be
attributed to the direct impact of the rockfall at the mid-span position. Furthermore, mate-
rials located at the joint position primarily manifested gradual changes in displacement,
largely attributable to ongoing adjustments of the soil and pipeline following the impact of
the rockfall.

The spatial distributions of vertical and horizontal displacements of the left PCCP
prestressing wire and steel cylinder before and after the rockfall impact are shown in
Figure 11. The black arrows represent the direction of the displacement trend. 1⃝ First,
the vertical displacement of the wire and steel cylinder was larger at the cross-section of
the pipe-top and pipe-bottom at the midspan position, and smaller at other monitoring
locations. Similarly, the horizontal displacement was larger on both sides of the cross-
section of the pipe at the midspan position, and smaller at other monitoring locations.
The horizontal displacement was greater on both sides of the cross-section of the pipe at
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the midspan position, and smaller at other monitoring locations. Under static loads and
dynamic impact loads, the vertical deformations of the steel cylinder and prestressing wire
of the PCCP were identical and demonstrated a central flattening trend. 2⃝ The affected
area in the vertical direction of the pipe-top of the prestressing wire and steel cylinder at
the midspan position was significantly expanded, as shown in Figure 10, and the vertical
downwards displacement of the pipe-top area further increased. The horizontal change in
each monitoring location of prestressing wire and steel cylinder was small, which indicated
that the impact of falling rock had the most obvious effect on the vertical displacement of
the cross-section of the pipe-top at the midspan position of the pipeline.

Figure 11. Cloud diagram of the displacement of each PCCP material: (a) the vertical displacement
changes in the prestressing wire before and after impact, (b) the vertical displacement changes in the
steel cylinder before and after impact, (c) the horizontal displacement changes in the prestressing
wire before and after impact, and (d) the horizontal displacement changes in the steel cylinder before
and after impact.

Based on the analysis above, it was evident that the impact load increased the defor-
mation of every monitored component. Notably, the deformation of the pipe-top at the
midspan of the concrete core, the pipe-side at the spigot position of the mortar coating,
the pipe-top at the midspan of the steel cylinder, and the pipe-top at the midspan of the
wire underwent significant changes. These changes could potentially result in damage, and
thus warrant careful consideration of these characteristic positions in future design and
monitoring efforts.

5. Effects of Rockfall Parameters on the Response of a PCCP
5.1. Impact of Rockfall Radius on PCCP Response

To study the impact of the rockfall radius on changes in the displacement of a PCCP, a
rockfall with a density of 2500 kg/m3 was set to fall vertically from a suspension height of
8 m directly above the second buried pipeline on the left. Conditions 1 to 10 were selected
for the dynamic response analysis, with rockfall radii of 0.4 m, 0.6 m, 0.8 m, 1.0 m, 1.2 m,
1.4 m, 1.6 m, 1.8 m, 2.0 m, and 2.2 m, respectively. The time evolution of the displacement
changes and their relationship with the rockfall radius at the key position were obtained,
and are shown in Figure 12.
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Figure 12. Displacement time history of each component of the PCCP under rockfall impacts with
different radii.

By analyzing the displacement time history at different material characteristic positions
under various rockfall radii, the following conclusions can be obtained from Figure 12:
1⃝ When subjected to rockfalls with different radii, the displacement of the concrete core,

steel cylinder, and prestressing wire at the pipe-top-midspan of the PCCP all underwent
significant changes. Additionally, as the radius of the rockfall increased, the displacement
of the concrete core, steel cylinder, and prestressing wire at the pipe-top-midspan position
showed a marked increase. 2⃝ The displacement of the mortar coating at both pipe-sides
remained consistently stable and showed no significant displacement gaps, even as the
rockfall radius increased. Obviously, the displacement changes in the mortar coating at
both sides of the pipe exhibited a weak correlation with the radius.

Figure 13 shows the analysis of the displacement–radius relationship at the final mo-
ment of each material characteristic position under different rockfall radii. The conclusions
were as follows: 1⃝ As the radius increased, the displacement at both sides of the pipe
cross-section in the spigot position of the mortar coating basically remained unchanged.
The displacement of the monitoring points at the pipe-top in the midspan position of the
concrete core, steel cylinder, and wire increased with the increasing radius in the vertical
negative direction. 2⃝ When the radius of the rockfall was less than 1.2 m, the displacement
difference between the monitoring locations was small. When the radius of the rockfall was
greater than 1.2 m, the displacement difference gradually increased as the radius increased.
3⃝ For the pipe-top of the concrete core, steel cylinder, and wire, when the rockfall radius

reached 1.2 m, the displacement underwent a small, sudden change and decreased along
the negative direction. When the radius of the rockfall reached 1.4 m, the displacement
suddenly increased along the negative direction. When the rockfall radius reached 1.6 m,
the displacement decreased in the vertical negative direction. The displacement value was
close to the 1.0 m rockfall radius, and then increased with the increasing rockfall radius.



Water 2024, 16, 801 17 of 21

Figure 13. The displacement–rockfall radius relationship of each material of the PCCP under rock-
fall impact.

5.2. Impact of Rockfall Height on PCCP Response

Rockfall and collapse disasters at various heights may occur along a pipeline. In
this study, the displacement changes in the characteristic positions of PCCP materials
under different working conditions were compared to study the impact force of rockfall at
different heights. In this analysis, it was assumed that a spherical rockfall with a radius of
1.2 m would fall directly above the left PCCP and vertically impact the backfill at the top
of the pipe. Conditions 10 to 20 were designated, with suspended rockfall heights set at
6 m, 10 m, 12 m, 14 m, 16 m, 18 m, 20 m, 25 m, 30 m, and 35 m, respectively. Regardless
of air resistance, when the rockfall was 3 m from the backfill, the timing started, and
the rockfall speeds at this position for each condition were 7.8 m/s, 11.8 m/s, 13.4 m/s,
14.8 m/s, 16.1 m/s, 17.2 m/s, 18.3 m/s, 20.8 m/s, 23.1 m/s, and 25.1 m/s, respectively.
The deformation curves of different parts with the heights of the rockfalls are shown in
Figures 14 and 15.

Figure 14. Displacement time history of each component of a PCCP under rockfall impacts from
different heights.
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Figure 15. The displacement–rockfall height relationship of each material of a PCCP under rock-
fall impacts.

The conclusions drawn from Figure 14 are as follows. 1⃝ The impact of rockfalls
from varying heights on the PCCP, the pipe-top-midspan position of the concrete core,
steel cylinder, and wire resulted in significant abrupt changes in displacement within
0.1 s. However, the displacement of the pipe-side-midspan position of the mortar coating
showed a relatively stable overall trend. This may be attributed to the fact that the pipe-side
cross-section was close to the coupling boundary entity unit and squeezed by the entity
unit, which led to negligible changes in its displacement. 2⃝ Analysis of Figure 14 reveals
that the displacement at each monitoring point did not exhibit any noticeable variation
with the increasing rockfall height.

The following conclusions can be drawn from Figure 15: 1⃝ With the increasing
rockfall height, the change in the displacement of the characteristic position increased
slightly. Nevertheless, the displacement change was minimal, suggesting a weak correlation
between the displacement alteration of the PCCP post-impact and the height of the rockfall.
Moreover, the variation in rockfall height exhibited minimal impact on the PCCP. 2⃝ The
influence of rockfall impact on displacement was greater at the positions of the pipe-top-
midspan of the concrete core and prestressing wire than the joint of the mortar coating or
the pipe-top-midspan of the steel cylinder.

6. Discussion

To focus on the problem of rockfall impact on a PCCP, a continuous–discontinuous
“Pipe-Soil-Rock” model was developed to investigate the spatiotemporal progression of
displacements of PCCP components subsequent to a rockfall. The key findings of the
analysis were as follows.

(1) A continuous–discontinuous “Pipe-Soil-Rock” model was constructed that could
effectively consider the characteristics of various materials and fully consider the prob-
lems of large deformations and discontinuous media such as material sliding, backfill
crushing, and swelling during rockfall impact. This approach enabled the analysis of
soil–pipe contact from the perspective of granular materials, facilitating a more efficient
calculation of the mechanical response of PCCP and a simulation process closely resembling
engineering practice.

(2) The response of a PCCP to a rockfall impact was a dynamic process, and each
material at the midspan position showed a large, abrupt displacement under rockfall
impact. The deformations of the pipe-top-midspan position of the concrete core, both
pipe-sides at the joint position of the mortar coating, and the pipe-top-midspan position of
the steel cylinder and the wire changed greatly, while the pipeline as a whole also showed
a trend of central flattening. Additionally, these parts were vulnerable to damage.

(3) The displacement change in the PCCP after impact was weakly correlated with
the height of the rockfall, but it continued to increase with the increasing rockfall radius.
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Therefore, in the actual project of interest in this study, the pipeline should be rerouted to
avoid traversing areas of high susceptibility. Alternatively, the deployment of protective
netting may be deemed necessary to minimize the degree of harm from rockfalls.

(4) At present, there have been studies on pipelines impacted by rockfalls, but most of
the studied pipelines have been oil and gas steel pipes with relatively simple structures,
and there are few studies on the related dynamics of pipelines with multi-layer materials
and complex structures, such as PCCPs. Compared with similar studies on steel tubes
affected by falling rock, it is significant to use the continuous–discontinuous method to
simulate the soil deformation and impact process under the impact of falling rock. It can
accurately reflect the transient process of rockfall impact, and rockfall impact, rebound,
and soil deformation can be accurately reflected in the simulation.

(5) Compared with the traditional continuous numerical simulation method used to
simulate the impact of rockfalls on PCCP pipelines, the deformation of PCCPs is roughly
the same as the strain of each part. Each material of PCCP had its own vulnerable parts,
and the entire material showed a trend of center flattening. At the same time, this paper
used a discontinuous numerical simulation method to simulate rockfalls and backfill soil,
which can more clearly and directly show the particle influence state of rockfall’s impact
on backfill soil.

(6) In summary, the continuous–discontinuous numerical simulation method in the
simulation of rockfall’s impact on PCCP pipes, uses the continuous numerical model to
simulate PCCPs and uses the discontinuous numerical model to simulate backfill and
rockfall, combining the advantages of both and accurately reflecting the deformation of
soil and PCCPs. This method has strong research value.
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