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Abstract: The concrete piers in steep mountain areas are highly susceptible to damage disasters
due to the impact of debris avalanches, which pose a serious threat to the safe operation of bridge
structures. In order to investigate the impact load characteristics of debris avalanches on bridge pier
structures in V-shaped valley mountain areas, Particle Flow Code 3D (PFC3D) models based on a
discrete element method were applied in this study to establish a full-scale three-dimensional model
of a debris avalanche in a V-shaped valley. By installing double-column piers in the influence zone of
the debris avalanche, the impact force, accumulation morphology, motion characteristics of debris
particles, internal force response of the double-column piers, and impact energy indicators were
investigated. In addition, parameters such as the layout position of the piers and the impact angle of
the debris were studied. The results showed that the particles at the front edge of the debris avalanche
have a significant impact on the magnitude and distribution of the impact force on the piers. It
is important to consider the layout position of the piers and the impact angle of the debris when
designing bridge pier structures in high, steep mountain areas. There was a significant difference in
the movement patterns between the particles at the front and rear edges of the landslide. The particles
at the front edge had a higher velocity and stronger impact, while the particles at the rear edge had a
slower velocity and were more likely to be obstructed by bridge piers, leading to accumulation. The
obstruction effect of the piers on the debris particles was closely related to their positioning and the
impact angle. Piers that were closer to the center of the valley and had a larger impact angle have a
more significant obstruction effect, and the topography of the valley had a significant focusing effect
on the debris avalanche, resulting in a greater impact force and energy on the piers located closer to
the center of the valley. The impact force amplitude and duration of landslide debris on bridge piers
showed a significant difference between the bottom and upper piers, as well as between the piers
on the upstream and downstream sides. These research findings can provide valuable references
for the design and disaster assessment of bridge piers for impact prevention in steep slopes and
mountainous areas with deep ravines.

Keywords: double column pier; debris avalanche; impact force; internal force of bridge pier; impact
energy

1. Introduction

The southwestern mountainous regions of China are areas prone to debris flow and
other geological disasters [1,2]. In steep mountainous areas with deep ravines, the vertical
displacement of rocky debris landslides is much greater than the horizontal distance. The
movement of fragmented particles is rapid and forceful, resulting in a cone-shaped accumu-
lation at the foot of the slope. The structure of the accumulated morphology is disordered
and chaotic [3,4]. The dynamic impact load caused by the high-speed movement of rock
debris is intricate, characterized by a short duration, multiple stages, and a long process of
dynamic effects on engineering structures. This introduces a high risk of disasters [5–7]
and poses a serious threat to the safety of people’s lives, their assets, and infrastructure
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operations. It presents significant challenges to the economic and social development of
the region.

The impact of landslide debris on bridge structures primarily results in severe damage
patterns such as inclined shear or fracture of pile foundations, localized impact failure
of piers, destruction and displacement of the main beam, and overall tilting or collapse
of the bridge structure [8–10], as depicted in Figure 1. During the process of impact
to bridge piers, the kinetic energy of high-velocity rock debris is released as a result
of pier deformation and fragmentation of rock particles. In terms of model experiments,
Luo et al. [11] conducted impact tests on rectangular bridge piers to investigate the dynamic
propagation of damage, impact forces, and dynamic displacement responses of piers under
rolling stone impact. Zhao et al. [12] studied the impact forces, lateral displacement,
internal forces, and failure modes of hollow rectangular reinforced concrete piers under
rockfall impact through indoor model tests and finite element numerical simulations.
Chen et al. [13] studied the factors influencing the maximum impact force of debris flows
on bridge piers. The discussion mainly focused on the influence of factors such as impact
distance and debris volume. In order to carry out the protective design of bridge pier
structures, Yu et al. [14] and Gu et al. [15] used the HJC damage model and the LS-
DYNA program to numerically simulate the damage to bridge structures in mountainous
areas caused by rock rolling impacts. They analyzed the stress damage to bridge piers,
displacement of piers columns, and characteristics of the impact force. In addition, they
proposed two kinds of bridge pier-impact protection measures by combining the energy
grading method. Zhong et al. [16] investigated the calculation formula for the impact force
of rockfall on piers based on the Hertz theory and Thornton’s elastoplastic assumption.
They also carried out a parameter study on the radius of the falling rock, impact velocity,
and angle. Zhong et al. [17,18] proposed a numerical model three-dimensional Discrete
Element Method and Finite Element Method (DEM-FEM) coupled method to investigate
the dynamic response characteristics of reinforced concrete bridge piers under the impact
of fragmented particles. They also proposed two types of steel–sand protection structures
based on the impact damage law. He et al. [19] conducted theoretical and numerical
simulations to study the rockfall impact disaster of the Chediguan Bridge during the
Wenchuan Earthquake in China. They proposed a new type of energy-absorbing collision
prevention device to protect the safety of bridge piers in high-risk regions of rockfall.
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Figure 1. Damage to concrete bridges under the impact of debris avalanche: (a) Yiwanshui middle
bridge; (b) Chediguan bridge.

Due to the high cost and multiple influencing factors of debris flow impact tests,
numerical simulations have gradually become the main research method. Sun et al. [20]
used the PFC3D program to simulate and analyze the process of fragment particle impact
on bridge piers from landslide debris, and the research indicated that the impact force
of the debris avalanche on the bridge piers is closely related to the buffer zone length,
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pier diameter, and particle friction angle. Bi et al. [21] used the Discrete Element Method
to study the dynamic response characteristics of bridge piers with different cross section
shapes (cylindrical and rectangular) under debris avalanche impact. The results showed
that the instantaneous impact force and maximum impact force on cylindrical bridge piers
were lower than those of rectangular bridge piers. Cheng [22], using the discrete element
method, investigated the displacement and internal force response of bridge piers under
debris avalanche impact, employing a finite element model. Wei et al. [23] considered the
effects of particle breakage and ice melting by establishing a thermal-hydro-mechanical
model for high-speed rock–ice avalanches.

The instability of rock debris avalanches poses a significant threat to retaining struc-
tures in mountainous gullies [24,25]. In order to ensure the safety and suitability of concrete
bridge structures in these areas, an important research focus is understanding the impact of
collapsing rock masses on bridge piers. However, this impact mechanism is highly complex,
characterized by random and variable load characteristics. Consequently, designing bridge
piers to withstand such impacts is challenging.

Currently, the research on the dynamic impact loads of debris avalanches on piers is
still in its nascent stages, particularly with regard to continuous and multiple impacts [26].
To address this, this study used PFC 6.0 software to construct an abstract and simplified
V-shaped valley model. By parameterizing the position of the double-column bridge piers
and the angle of impact, a numerical simulation based on the discrete element method was
conducted. The study focused on investigating the motion and deposition characteristics
of debris in the valley terrain, as well as the distribution of impact forces on the bridge
piers. Furthermore, it revealed the energy dissipation pattern of the debris avalanches. The
findings of this study can provide valuable guidance for the design of disaster prevention
measures for dual-column piers in valley regions.

2. Calculation Method for Debris Avalanche Impact

The landslide movement of debris avalanches exhibits significant discreteness and is
highly nonlinear. There are several simulation computation methods that are commonly
used by researchers, including the Discrete Element Method (DEM) [23], Smooth Particle
Hydrodynamics (SPH) [27], the Material Point Method (MPM) [28], the Fast GPU Matrix
Computing of Discrete Element Method (MatDEM) [29], and others. To address the issue
of the impact of discrete granular particles on continuous engineering structures, scholars
have also developed research using methods such as the DEM-FEM coupled model [17] and
the Smoothed Particle Hydrodynamics and Finite Element Method (SPH-FEM) coupled
model [30].

When simulating the impact of landslide debris using the discrete element method,
the elastic and plastic deformations of the retaining structure under the impact of frag-
mented particles are much smaller in comparison to the displacement of the fragmented
particles [31]. Therefore, the deformation effects of the structure are negligible, and the
retaining structure is considered a rigid body capable of bearing forces during the impact
of the fragmented particles.

2.1. Interaction of the Particles

The PFC program utilizes and activates contact models to transmit the interaction
forces between particles and between particles and walls. In this study, a linear contact
model was adopted to simulate this behavior. It was assumed in the calculations that the
fragmented particles are rigid bodies that do not undergo deformation but can overlap to
generate contact forces. Figure 2 gives an illustration of the contact calculation between
pebbles and between pebbles and walls. In Figure 2, the gap between particle surfaces (gs)
is defined as the difference between the center-to-center distance (gc) and the particle radius
(gr). When the gap between particle surfaces (gs) is less than or equal to zero, the contact
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mechanics behavior between particles is activated, and its calculation model is represented
by the following equations:

xc = gs = gc − gr =

{
> 0, inactive
≤ 0, active

(1)
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The linear contact analysis model is shown in Figure 3, where the contact force (Fc)
between particles and between particles and walls can be decomposed into an elastic force
(Fl) and a damping force (Fd) [32]. The normal and tangential linear elastic forces (Fl) are
generated by compression-only linear springs with normal stiffness (kn) and tangential
stiffness (ks), respectively. The normal stiffness (kn) and tangential stiffness (ks) between
contacts are assumed to be composed of linear springs in parallel, and can be expressed
as follows: 

kn = kA
n kB

n
kA

n + kB
n

ks =
kA

s kB
s

kA
s + kB

s

(2)

where kA
n and kB

n are the normal stiffnesses of bodies A and B, respectively. The kA
s and kB

s
are the shear stiffnesses of bodies A and B, respectively.
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The linear normal force Fl
n can be calculated by the following equations:

Fl
n =


{

kngs, gs < 0
0, otherwise

, λ = 0 (absolute update)

min
(
(Fl

n)o + kn∆δn, 0
)

, λ = 1 (incremental update)
(3)

where (Fl
n)o is the linear normal force at the beginning of the time step, λ is the normal-force

update mode, and ∆δn is the adjusted relative normal-displacement increment.
The linear shear force can be calculated by the following equations:

F′
s =

(
Fl

s

)
o
− ks∆δs (4)

where (Fl
s)o is the linear shear force at the beginning of the time step, and ∆δs is the adjusted

relative shear-displacement increment.
If the particle has relative friction sliding, it is realized by the contact friction coefficient

µ, and the friction force Fµ
s can be defined as follows:

Fµ
s = −µFl

n (5)

Then, the linear shear force is expressed as follows:

Fl
s =

{
F′

s , F′
s ≤ Fµ

s
Fµ

s · (F′
s/|F′

s |), otherwise
(6)

The normal and shear dashpot forces between contacts are produced by a dashpot
with a viscosity given in terms of the normal and shear critical-damping ratios, βn and βs,
and the normal dashpot force can be defined as follows:

Fd
n =

{
F′, γ = {0, 2} (full normal)

min
(

F′,−Fl
n

)
, γ = {1, 3} (no-tension normal)

(7)

with F′ =
(
2βn

√
mckn

) .
δn, mc =

{
mAmB

mA+mB , pebble − pebble
mA , pebble − facet

, where mA and mB are the

masses of bodies A and B, respectively.
.
δn is the relative normal transitional velocity, and γ

is the dashpot force update mode.
The shear dashpot force Fd

s can be defined as follows:

Fd
s =

{ (
2βs

√
mcks

) .
δs , γ = {0, 1} (fullshear)
0 , γ = {2, 3} (slip-cut)

(8)

where
.
δs is the relative shear transitional velocity.

2.2. Calculation Principle for Particle Motion

The interaction between debris particles is governed by Hooke’s law, while under the
action of contact forces and gravity, the form of the debris particle motion obeys Newton’s
second law, and the equation of the motion of the debris particles can be expressed as:

..
ui = Fi(t)/mi.
ui(t1) =

.
ui(t0) +

..
ui(t)∆t

ui(t1) = ui(t0) +
.
ui(t)∆t

(9)

where Fi(t) is the external force acting on particle i at time t and mi is the mass of particle
i.

.
ui(t0) and ui(t0) are the velocity and displacement of particle i at time t0, respectively.
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.
ui(t1) and ui(t1) are the velocity and displacement of particle i at time t1, respectively. ∆t is
the increment for the time step.

3. Establishment of Impact Model of Debris Avalanche
3.1. Debris Particle Model and Generation

In process of simulating the dynamic impact on bridge piers by discrete fragmented
particles, the influence of both computational efficiency and particle shape under impact is
considered. The shape of the fragmented particles is simulated using a discrete element
rigid particle cluster. Four types particles, namely single-ball, double-ball, three-ball, and
four-ball clumps, were established, as shown in Figure 4.
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In researching the flow and accumulation characteristics of debris particles in actual
landslides, this study focused on debris particles with a median diameter (d50) of 0.6 m. The
volume ratios of the different types of particles were VR1 = 20%, VR2 = 30%, VR3 = 30%,
and VR4 = 20%. The total volume of the debris particles generated was set at 1620 m3, with
a density of ρ = 2650 kg/m3. The total number of particles was 7015.

3.2. Contact Model Selection

During the process of debris flow, there are significant contacts and mechanical in-
teractions between the particles, the mountain slope, and the bridge piers, which greatly
influence the transport behavior of the particles. This study used a linear contact model
based on the discrete element analysis theory discussed in Section 2 of this paper to describe
the contact mechanics. The contact behavior was determined by setting the normal contact
stiffness, tangential contact stiffness, and friction coefficient. The parameter settings in the
simulation study were referenced from relevant parameters found in references [24,33].
Table 1 presents the contact parameters in the model.

Table 1. Contact mechanical parameters of debris avalanche.

Parameter No. Contact Type Name Symbol Unit Value

1
Pebble–pebble

Normal contact stiffness kn MPa/m 90
2 Shear contact stiffness ks MPa/m 30
3 Friction coefficient µ / 0.2

4 Pebble–facet
(valley)

Normal contact stiffness kn MPa/m 60
5 Shear contact stiffness ks MPa/m 20
6 Friction coefficient µ / 0.4

7 Pebble–facet
(pier)

Normal contact stiffness kn MPa/m 50
8 Shear contact stiffness ks MPa/m 10
9 Friction coefficient µ / 0.2

10 / Damping ratio β / 0.2
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3.3. Site Area and Model Establishment

This study focused on the influence of terrain parameters on the impact of debris
avalanches on bridge piers. Based on the characteristics of actual gully geomorphology, a
simplified design of a V-shaped gully terrain boundary was employed. The total width of
the gully was 50 m, with a central curved section with a width of 30 m and sloping areas
on both sides each with a width of 10 m. The curved section follows a parabolic shape with
a lateral slope ranging from 12◦ to 34◦, while the slopes of the side areas were inclined at
45◦. The longitudinal slope of the gully model was set at 30◦, with the rear 20 m section
serving as the source area for debris particles. The middle 60 m section represents the area
where debris particles are in free flow, and the front 20 m section represents the area where
the debris particles collide with the bridge piers (Figure 5b).
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The impact of a debris avalanche on double-column bridge piers is influenced by the
location and direction of the piers in the valley. The pier located upstream was referred
to as the #1 pier column, while the pier located downstream was referred to as the #2
pier column (Figure 5a). The angle between the line connecting the #1 pier and #2 pier
and the direction of the debris flow impact was denoted as θ. In this study, four different
scenarios were designed to investigate the impact on the #1 pier in terms of its distance
from the center of the valley, namely y = 0 m, y = 3 m, y = 6 m, and y = 9 m. Additionally,
four different working conditions were considered, with θ set as 0◦, 15◦, 30◦, and 45◦. The
distance between the #1 pier and #2 pier was set as 6 m, and the diameter of the piers was
chosen as D = 1.6 m (Figure 5b). The height of the #1 pier column above the ground was set
as 10 m, and a cover beam was set between the top column of the two piers.

Figure 5 illustrates the cross section, longitudinal section, and layout plan of the
simplified model of a valley and bridge piers.

According to the research design, the three-dimensional discrete element analysis
model of debris avalanches impacting piers is depicted in Figure 6. In order to enhance
computational efficiency and emphasize the impact force of debris flow on the piers, the
debris particles were assigned an initial velocity when they start sliding, consequently
augmenting the impact energy of the debris. The initial velocity along the downhill direction
of the ravine was v0 = 10 m/s and was applied with vx = 8.7 m/s and vz = −5 m/s.
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4. Analysis of Results
4.1. Debris Avalanche Movement

The movement patterns of particles at the front and rear edges of the debris flow
fluid can reflect the basic movement form of the debris avalanche. Figure 7 shows the
displacement and velocity of the front and rear edges of the debris flow fluid over time,
based on the scenario where the #1 pier is located at y = 0 m and θ = 0◦ in the valley center.
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Figure 7. Time history curve of debris particle movement: (a) front edge particles; (b) rear
edge particles.

From the analysis of Figure 7a, it can be concluded that the front edge debris particles,
without any obstruction in their path, reached the boundary of the site at x = 80 m approxi-
mately 7.1 s after being launched with an initial velocity of v0 = 10 m/s. The fact that the
particles reached a speed of 12.9 m/s when leaving the site indicates that the monitored
front edge particles flowed freely and slid within the site without mechanical collisions
with the bridge pier.

From the analysis of the motion of the rear edge particles shown in Figure 7b, it can
be observed that after the debris flow was given an initial velocity of v0 = 10 m/s, the
motion of the rear edge particles was hindered by friction and collisions with the preceding
particles. As a result, the velocity of the rear edge particles rapidly decreased. As the debris
flow slid down the slope, the velocity of the rear edge particles exhibited a significant
characteristic of first accelerating and then decelerating. This is mainly due to the collision
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of the preceding particles with the bridge pier, which leads to a decrease in velocity which
is transmitted to the trailing particles, gradually reducing their velocity. Based on the final
position of the rear edge particles at x = 77 m, it can be inferred that the rear edge particle,
due to colliding with the bridge pier, came to a halt at the #1 pier under the constraints
of friction and damping forces. The analysis indicates that, in the middle of the V-shaped
valley site, when the velocity of the debris particles decreases, they are more prone to
continuous impact collisions with the bridge pier. With fewer subsequent particles, this can
lead to a deceleration of the particle body until it comes to a stop on the slope.

4.2. Debris Avalanche Accumulation Morphology

The double column piers arranged in the V-shaped valley will hinder the movement
of debris particles to a certain extent, and the arrangement of pier columns had a significant
impact in the columns’ blocking effect against debris fluids. Figure 8 shows the blockage of
debris particles under different impact angle conditions under four different pier column
arrangement schemes.
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From Figure 8, it can be seen that as the lateral position of the #1 pier changed, the
blocking effect on debris particles showed a trend of first increasing and then decreasing.
When y = 3 m, the blocking effect of the double column pier was the highest, and when
y = 9 m, the blocking effect of the bridge pier was minimal. This is mainly due to the
coupling of multiple factors such as the shape of debris particles, valley terrain, bridge
pier position, and impact angle. The longitudinal impact of the debris particles formed an
accretion zone between the double column piers and the upstream area, which blocked the
sliding of debris particles and produced a blocking effect.

At the same time, according to the analysis of the impact angle of fragmental flow
blocking the debris around the double column pier, the impact angle of θ = 0◦produced the
smallest blocking effect, and the larger the impact angle, the more significant the blocking
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effect on the debris particles. According to the analysis of the blocking plane shape of the
pier column in Figure 8, it can be seen that the blocking effect of the bridge pier on debris
particles was significant for the bridge pier layout schemes y = 0 m and θ = 15◦, θ = 30◦,
or θ = 45◦; and y = 3 m and θ = 0◦, θ = 15◦, θ = 30◦, or θ = 45◦; and y = 6 m and θ = 30◦ or
θ = 45◦. When designing and calculating the bridge pier structure, the dynamic impact of
a debris avalanche on the bridge pier columns should be emphasized. For y = 6 m and
θ = 0◦ or θ = 15◦ and y = 9 m and θ = 30◦ or θ = 45◦, the blocking effect of the bridge piers
on debris particles was relatively small. For y = 9 m and θ = 0◦ or θ = 15◦, the blocking
effect of the pier column was very small and can be ignored.

Usually, the blocking effect of bridge piers on debris fluids will exacerbate the response
of bridge piers to internal forces and damage. Therefore, when laying bridge piers in valley
terrain, the blocking effect of bridge piers on debris particles should be fully considered to
reduce or avoid the formation of large blocking areas, thereby reducing the risk of impact
disasters for bridge piers.

4.3. Impact Force Analysis of Debris Avalanche
4.3.1. Distribution Law of Impact Force along Pier Height

According to the analysis of the blocking effect of bridge piers on debris particles in
Section 4.2, it was found that the blocking effect of double-column piers is most obvious
when y = 3 m. In the simulation calculation, the bridge piers were placed along the height
direction at 1 m intervals, and Figure 9 shows that the distribution of the debris flow impact
force along the pier height range of 0~5 m under the y = 3 m, θ = 0◦ pier layout plan.
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Figure 9. Distribution of impact force along the height of pier column: (a) #1 pier column; (b) #2
pier column.

It can be seen from the analysis of Figure 9 that the impact force and impact duration
of the debris particle fluid on the bridge piers decreased with increasing height. The impact
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of the debris particles on the #1 pier was primarily concentrated within the height range of
0~5 m, while the impact on the #2 pier was mainly observed within the height range of
0~3 m. Comparing the impact force distribution between the #1 pier and #2 pier, it can be
seen that the impact force on the #1 pier located upstream was much greater than that on
the #2 pier located downstream. The main reason for this impact force distribution pattern
is that the #1 pier provides a good barrier effect for the #2 pier, which significantly weakens
the impact of debris on the #2 pier.

During the debris particle landslide, sudden jumping of the debris body may occur
when it impacts the pier, as shown in Figure 10. The dynamic impact of jumping crushed
stone bodies can cause significant forces and has a scattered impact position, which can
result in significant impact force peaks on the piers, as shown in Figure 9. Therefore, when
designing the pier structure, it is important to carefully consider the impact of high-speed
rockfall on the pier for effective disaster prevention.
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Figure 10. Schematic diagram of jumping rockfall impact on bridge piers.

4.3.2. Total Impact Force of Debris Avalanche

The strength of the impact disaster caused by debris on bridge piers can be affirmed
in the total impact force time history. Figure 11 indicates the total impact force time history
curves under different pier arrangement schemes.

According to the analysis of Figure 11, it can be observed that around 4.5~5.5 s after the
initiation of debris movement, the bridge pier structure experienced the first peak impact
force from the debris. During this time interval, the impact force exhibited characteristics
typical of falling rock impacts, such as a short duration and a large peak value. In addition,
an analysis of the time history curve of the total impact force of the debris body under
various pier arrangement schemes found that the total impact force of the debris body
increased rapidly with time, and gradually decreased and tended to stabilize the lateral
pressure of particle accumulation after t = 40 s.

By comparing the impact forces under different offset distances and impact angles
of the bridge pier arrangement, it can be observed that the impact force of the debris on
the piers decreased with increasing offset distance y and increased with increasing impact
angle θ. In addition, according to the total impact force time history curve of the pier
arrangement scheme y = 9 m in Figure 11d, it can be seen that the effective impact time and
impact force amplitude increased with the increase in impact angle θ, which is consistent
with the analysis of the blocking effect of bridge piers on particles in Figure 8.

To accurately assess the magnitude of the impact force of debris particle landslides
under different bridge pier arrangement schemes, this study adopted a set ratio of the total
impact force during the landslide to the duration of the landslide for evaluation. The overall
duration of the landslide event in this study was 120 s, with an impact force sampling
interval of 0.01 s. Figure 12 illustrates the relationship curve between the average impact
force on the bridge pier and the pier column arrangement.
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Figure 11. Time history curve of total impact force of debris body: (a) y = 0 m, (b) y = 3 m, (c) y = 6 m,
(d) y = 9 m.
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Figure 12. Average impact force of pier.

Analyzing Figure 12, it can be observed that the average impact force of the bridge
piers increased almost linearly as the impact angle θ increased for different bridge pier
layout schemes. When y = 0 m, the average impact force on the bridge piers was the highest,
and with an impact angle θ = 45◦, the average impact force reached FT = 56.2 kN/s. For
y = 9 m, the average impact on the bridge piers was relatively small, and at the impact
angle θ = 0◦, the average impact force on the piers FT = 7.5 kN/s, but when θ = 45◦,
FT = 27.0 kN/s, representing a growth of approximately 260%. When analyzing Figure 12,
it should be noted that if the bridge piers are located at y = 9 m, the effective duration of the
particles’ impact on the pier was relatively short. Therefore, there may be some conversion
errors in using the average impact force calculation method shown in Figure 11.

Additionally, the analysis of Figures 8 and 12 revealed that the obstruction effect of the
bridge piers on the debris particles was more prominent when y = 3 m, while the average
impact force showed a more noticeable impact effect when y = 0 m. This is mainly due to
the fact that in the scenario where y = 0 m, the bridge piers are located in the center of the
V-shaped valley site, and the high-speed impact of debris particles along the slope has a
certain dredging effect, reducing the accumulation of debris particles near the piers. This
results in different impacts on debris particles compared to the block-like effects of the
bridge piers.

4.4. Analysis of Internal Force of Pier Column
4.4.1. Bottom Shear Force of Pier

According to the calculation and analysis results of the average impact force in
Figure 12, the impact angle in the pier arrangement of y = 0 m, θ = 45◦, the impact force of
the debris particles on the bridge pier was the most prominent. Figure 13 shows the shear
force time history curves at the bottom of the #1 and #2 piers under this working condition.
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Analyzing Figure 13, it can be seen that the shear force of the #1 pier rapidly increased
and then decreased with the impact time, and the increase in shear force of the #2 pier was
much milder than that of the #1 pier. In addition, comparing the shear force time history
curves of the #1 pier and #2 pier, it can be seen that the shear force of the #1 pier was much
greater than that of the #2 pier. After about t = 40 s after the landslide started, the peak
shear force of the #1 pier was 2.1 times that of the #2 pier. At the end of the landslide, the
lateral pressure shear amplitudes generated by the accumulation of debris particles by the
bridge piers for the #1 and #2 piers were basically the same, which were confirmed by
Figure 8.

4.4.2. Bottom Moment of Pier

According to the internal force relationship of the bending moment generated by the
impact force at different heights, the time history of the bending moment at the bottom of
the pier can be calculated by the following formula

M(t) =
n

∑
i=1

Fi(t) · hi (10)

where n is the number of layers of the pier along the height direction, Fi(t) is the impact
force acting on the i layer at time t, and hi is the height between the center of the i layer of
pier column and the bottom of pier.

Figure 14 shows the bending moment time history curves of the #1 and #2 pier columns
for the pier layout plan of y = 0 m and impact angle θ = 45◦. According to the analysis in
Figure 14, the distribution law of the bending moment at the bottom of the pier column is
basically consistent with the time history of shear force. Due to the accumulated effect of
the #1 pier column on the debris particles, the peak of the bending moment of the #2 pier
column was much smaller than that of the #1 pier column, which amplifies the difference
in the bending moment of the pier column.
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4.5. Impact Energy Analysis

According to the impulse theorem and energy conservation principle, it is assumed
that the momentum change of debris particles during the impact process is equal to the
impulse acting on the bridge pier. Combined with the time history curve of the bridge pier
impact force obtained from discrete element analysis, it can be concluded that

mv =

t2∫
t1

F(t) · dt (11)
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where t1 and t2 are the starting and ending times of particle impact, respectively. m is the
mass of the impact particle, and v is the impact velocity.

The impact energy of the time history, which includes the impact force, can be ex-
pressed as [31]

E =
1
2

mv2 =

(
t2∫

t1

F(t) · dt

)2

2m
(12)

The impact particle mass in Equation (12) can be considered as the volume mass of the
landslide corresponding to the location of the bridge pier and the effective impact width.
Based on the analysis in Figure 15, it can be concluded that

m = χρDl · (Hstand − Hi) (13)

where Hstand is the effective elevation of the landslide surface, and Hi is the elevation of
the bridge pier bottom, χ is the effective width of the impact surface, taken as 0.85 for a
circular cross-section.
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The impact energy of the debris particles under different pier arrangement schemes,
calculated according to Equation (12), is shown in Figure 16. From the analysis in Figure 16,
it can be seen that the reduction in impact energy of the debris bodies was not significant
in the arrangements of y = 0 m, 3 m, and 6 m. However, when y = 9 m, the impact energy
on the bridge pier was significantly reduced, indicating that under a smaller lateral slope
terrain on both sides, the sliding debris particles have a certain clustering effect, which
promotes the intensification of disaster damage in the central area of the V-shaped valley.
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The impact energy on the bridge pier decreased with the increase in the lateral dis-
placement y of the pier. With a lateral offset y = 0 m or y = 3 m of the pier, the impact angle
θ changed from 0◦ to 30◦; the impact energy of the bridge pier did not change significantly
with the increase of the impact angle, but when the impact angle θ was changed from 30◦ to
45◦, the impact energy significantly increased. When the lateral offset of the #1 pier column
was y = 6 m or y = 9 m, the change in impact energy was relatively small at an impact angle
θ from 0◦ to 15◦, and changing the impact angle θ from 15◦ to 45◦ significantly increased
the impact energy. This is mainly because when the pier column is arranged in the center
area of the V-shaped valley, the upstream face formed by the main pier (#1) has a barrier
protection effect on the downstream pier column (#2). When the impact angle changes
slightly, the impact energy change is not significant. However, when the impact angle is
large enough, the barrier effect of the main pier disappears. The double-column pier forms
an effective face, increasing the energy effect of the debris impact. When the lateral offset
distance of the #1 pier column is large, the impact angle is coupled with the boundary
factors of the V-shaped valley terrain, and for an impact angle θ ≥ 15◦, a significant increase
in the attack surface will be formed, thereby exacerbating the growth of impact energy.

5. Discussion

Debris particle fluids exhibit distinct angular shapes as they undergo landslide motion.
In compliance with the shape specifications outlined in European Technical Approval
Guideline 27 (ETAG27) [34] for the rockfall model, this study utilized the basic particle
cluster shape depicted in Figure 4 to simulate the sliding behavior of the granular fluid. The
effectiveness of this approach has been validated by experimental findings documented in
reference [35].

This study investigated the temporal patterns of the impact force on bridge piers
caused by debris flows. It was found that these patterns align with the impact force trends
observed in the literature [36,37] for debris flow on rigid retaining walls. Additionally, the
temporal patterns of the impact force have been confirmed through flume experiments
described in reference [38]. Figure 17 illustrates the normalized pattern curve of a debris
impact force. It is important to note that the peak impact force of debris rockfall in this
study differs significantly from the experimental results. This disparity also constitutes an
important characteristic of actual debris landslide impact disasters, which are challenging
to accurately simulate through modeling experiments. Furthermore, the temporal displace-
ment patterns of the particles at the rear edge of the debris body in this study are similar to
those in reference [31]. Figure 18 provides the normalized temporal displacement curve
of the rear edge particles. The slope of the curve is closely related to parameters such
as particle size, friction, and slope angle. Overall, the above analysis indicates that the
computational results based on the PFC model, which is grounded in discrete element
theory, are valid and the simulation approach is correct.
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Figure 17. Normalized time history curve of impact force. (The partial data from Jiang et al. 2018 [36];
Teufelsbauer et al. 2011 [37]; and Moriguchi et al. 2009 [38]).
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Due to the unique nature of the research in this study, conducting accurate field exper-
iments to test large-scale debris flow impact disasters poses challenges. Indoor physical
model experiments, commonly used in such cases, suffer from several drawbacks that may
lead to distorted outcomes. However, discrete element simulation analyses provide a viable
alternative as they can reflect the dynamic impact characteristic of debris flows. However,
it should be noted that discrete element simulation analyses still involve certain simplifica-
tions, such as the idealization of the sliding terrain for debris flows, the uniformization of
particle block shapes, and the inability to accurately express particle fragmentation charac-
teristics. Furthermore, the nonlinear dynamic response and damage state of bridge pier
structures under the impact of debris flows can also affect the transportation characteristics
of the particle flow, which will be further investigated in our future research.

6. Conclusions

1. During the process of debris flow movement, particles at the leading edge experience
fewer constraints, allowing their potential energy to quickly convert into kinetic
energy. This results in a significant impact force on engineering structures in areas
prone to landslides. In contrast, particles at the trailing edge dissipate their potential
energy due to friction and collisions, causing a comparatively smaller impact force on
engineering structures.

2. The closer pier columns are positioned to the center of the V-shaped valley, the more
effectively they obstruct the debris flow. Furthermore, as the angle between the pier
columns and the direction of the impact force increases, the obstruction effect of the
debris flow also increases. Therefore, when arranging double-column piers, it is
crucial to reduce the impact angle of rock debris fluids in order to reduce their impact.

3. The channelization effect of debris flows is greatly intensified in the central region of a
valley terrain, thereby increasing the hazards to engineering structures. Through the
analysis of the total impact force and energy exerted by debris avalanches on piers, it
is evident that loose rock debris have a tendency to slide towards the center of the
V-shaped valley due to the influence of gravity. Hence, when positioning bridge piers
in the valley site, it is recommended to deviate the piers as far as possible from the
center of the valley in order to minimize the impact of debris.

4. When the double-column piers are arranged at a small angle, the upstream pier
column effectively serves as a protective barrier for the downstream pier column,
leading to a significantly higher impact force on the upstream pier column compared
to the downstream pier column. Furthermore, the impact forces on the lower section
of the pier column due to the debris flow are greater than those on the upper section.
To ensure the structural safety of the pier, it is possible to implement reinforcement
measures at the lower section of the upstream pier.
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5. The maximum bottom shear force and bending moment on the upstream pier col-
umn caused by debris impact were 2.6 times and 4 times greater than those of the
downstream pier column, respectively. Therefore, special attention should be given
to the upstream pier column when designing double-column piers in mountainous
areas. It is necessary to implement measures such as proper debris flow diversion or
reinforcing the pier column to ensure the safe performance of the piers.
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