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Abstract: Concrete dams are reliable when subjected
to static loads such as earth pressure and water
pressure. However, the dam failure would be abrupt
and catastrophic if it is impacted by boulders. This
study simulated the dynamic response of flat dam,
concave dam, and convex dam under the impact of
boulders by using ANSYS/LS-DYNA finite element
software. In the numerical simulation, the strain rate
effect under the impact load is considered, and
Holmquist-Johnson-Cook (HJC) model-a dynamic
damage constitutive model is applied to concrete
materials. Results show that the peak impact force of
concave dam is minimum. Meanwhile, for different
dam types (flat dam, concave dam, and convex dam)
and impactor velocities (5, 10, and 15 m/s), the impact
force fluctuates with the height of the impact point
and it reaches the maximum value when the height of
the impact point is 2/3 of the dam height. Numerical
simulation mainly considers different masses and
velocities and obtains empirical formulae of impact
force for three dam types. The established empirical
formula for the flat dam is compared with the existing
classical formula and several similar experimental
tests. It was found that the newly empirical formulae
are reasonable and effective, and it provides design
suggestions for similar concrete dams.
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1 Introduction

In recent years, irrational human economic
activities have disrupted the ecological balance and
caused environmental degradation, which has caused
disasters such as mountain collapses, landslides, and
mudslides. These disasters often wash away fields and
damage houses, roads, bridges, and other building
structures that people rely on for survival. They also
cause heavy losses to the national economy, people’s
lives and property (Gang et al. 2019). Therefore, the
analysis and prevention of geological hazards have
been the focus of attention all over the world for many
years (Ouyang et al. 2017; Gao et al. 2018; Wei et al.
2018; Wang et al. 2020a; Wang et al. 2020b; Su et al.
2022). From 1950 to 2021, geological hazards caused
huge property losses and casualties all over the world,
especially rockfall disasters (Dowling and Santi 2014;
Ferrari et al. 2016; Gao et al. 2020; Cappadonia et al.
2021). Ulamig et al. (2020) conducted a
comprehensive mapping of slopes and provided
mitigation methods by assessing rockfall hazards in
the Ankara area. These include removing blocks from



slopes, covering slopes with anchoring wire mesh, and
building earthen walls to prevent possible rockfall
damage to residents. Through a hazard assessment of
rockfalls in mountainous urban areas of western
Saudi Arabia, Othman et al. (2021) recommended
protective measures to prevent and mitigate the
impact of rockfall activities on similar areas. To reveal
the collision and fragmentation mechanism in the
evolution of high-speed fragments, Gang et al. (2019)
proposed a two-dimensional block-terrain collision
model in which a strong brittle rock block collides
with a rigid plane. Kang et al. (2021) studied the
kinematic characteristics of a rock avalanche in Wen-
chuan earthquake in 2008 and the rock collapse in
Wen-jia valley and concluded that the main cause of
the geological hazards is the collapse of check dams.
Fig. 1 shows the damage to the dam after being
impacted by boulders.

To mitigate geological disasters, different types of
prevention and control structures have been designed,
including gravity dams, rigid grid dams, and flexible
cable net structures (Im et al. 2017; Huang and Zhang
2020; Gao and Tian 2020; Jin et al. 2021). Since the
traditional gravity dam is easy to be damaged by
boulders, it has a serious influence on the ecological
environment. Therefore, scholars have done a lot of
research on dam prevention and control. Shieh et al.
(2008) proposed a new type of curved dam, which can
enhance the impact resistance of the dam and
effectively decrease the amount of concrete. Kim et al.
(2017) proposed a closed dam with flaps and
compared the dynamic characteristics with
conventional dams, and the results show that the
flapped baffle dam has the advantage of intercepting
debris flow boulders. Gao et al. (2020) proposed a
pre-stressed steel strand composite dam to effectively

A
Fig. 1 Damaged structures due to geol
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resist the impact damage of boulders to it. Pla et al.
(2020) compared the dynamic characteristics of a
traditional reinforced concrete (RC) frame structure
with a novel RC frame structure encased with shaped
steel (NRCFS) through a series of impact load tests.
The results show that the NRCFS has excellent impact
resistance.

Moreover, the crucial factor to be considered in
the design of the dam is the impact force. Therefore,
the accurate determination and calculation of the
impact force are significant. Particularly, the
calculation of impact force is closely related to the
development of contact theory and contact dynamics.
In the late nineteenth century, Hertz (1881) proposed
Hertz's theory of elasticity, which was limited to
frictionless surfaces and perfectly elastic solids. On
this basis, Yang et al. (1969) studied the application of
Hertz contact law in plate impact problems, and
contact forces of different materials are analyzed,
based on this, it is proposed that viscoelastic plastic
materials can be used as effective shock absorbers.
Johnson (1985) published a book on contact
mechanics suitable for engineering applications,
which discussed in detail the calculation method of
contact force between two objects. Yu et al. (2018)
established the maximum impact force under rockfall
impact through physical tests on different impact
kinetic energies and elastic modulus of the rock and
object. Liu et al. (2021) quantitatively identified the
influence of block impact angle and shape on the
impact effect of reinforced concrete (RC) shed. To
understand the influence of the weight, size, shape,
stiffness, material, and motion type of a collision
object on the impact force mobilization characteristics,
Nakajima et al. (2021) carried out a series of
experiments. Luo et al. (2022) proposed a surface-to-

Province, China; (b) Gravity dam at Zhouqu County, Gannan Prefecture, Gansu Province, China. (Source from Yu

(2016))
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surface calculation method to estimate the maximum
impact force, which takes into account the impact
velocity, density, and size of boulders as well as the
constitutive relationship of rock. In general, the
dynamic response of different protective dams
subjected to boulders and the contact force between
them are considered in the above research, but the
impact force under different dam types is rarely
considered.

Although many researchers have explored the
calculation method of impact force, the existing
impact force calculation is only for the results of a flat

dam under the impact (Nakajima et al. 2021; Luo et al.

2022). As known, geological disasters are complex,
and dams with different structures and shapes need to
be built under different geological environments.
Additionally, the majority of dams are damaged due
to large impact forces. Therefore, it is of great
significance to study the impact force of different dam
types against boulder impact for dam design, such as
flat dams and arch dams. Despite the curved dams in
common projects are loaded by the convex surface,
the general design is subjected to the effect of uniform
water pressure. When a curved dam is designed to be
concave and subjected to local impact loads, the
storage capacity of the retaining dam can be
effectively increased, especially when it is subjected to
multiple impact boulders. Therefore, it has certain
research significance to study the impact load of
different shapes under different circumstances.

In this paper, we consider the different impact
directions of arch dams and analyze the dynamic
response of the flat dam, concave dam, and convex
dam under the impact of boulders. Based on the
Holmquist-Johnson-Cook (HJC) dynamic damage
model of concrete, the numerical simulation is carried
out by using the ANSYS/LS-DYNA to study the
impact force and damage mode of three different
types of dams. In addition, for different dam types,
impactor velocities, and diameters, we analyze the
impact force when a boulder impacts the different
heights of a dam. Finally, the empirical formulae of
impact force of different dam types are put forward to
provide suggestions for engineering design.

2 Materials and Methods

The nonlinear explicit dynamic analysis method
was used to establish the finite element model (FEM)
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by ANSYS/LS-DYNA, and the dynamic response of
concrete dams under the impact of boulders was
studied.

2.1 Modeling and meshing

According to the analysis results of Bozdag
(2022), it is determined that the maximum bouncing
height of the rolling stone reaches 6.80 m. In addition,
the width of the dam depends on the specific
geological environment. This paper considers the
geological environment of the small valley, the width
and height of the model are determined as follows.
The geometry of the flat dam is shown in Fig. 2(a).
The width and height of the dam are 14 m and 7.5 m,
respectively. Considering the storage requirements of
blocking rocks and debris flow, the slope ratio of
upstream surface is generally larger than that of
downstream surface. In this paper, the dam size is
designed according to the actual engineering of the
debris flow disaster control project of Sanyanyu gully
in Zhouqu County, Gansu Province, China. In this
project, the upstream slope ratio is 1:0.35, and the
downstream slope ratio range is between 1:0.1 and
1:0.2. Moreover, the Chinese standard T/CAGHP 021
(2018) also stipulates that the upstream face-slope
ratio of the retaining dam is 1:0.4~1:0.8, and the
downstream face-slope ratio 1is 1:0.05~1:0.2.
Therefore, in the text, the upstream and downstream
face slope of dams is 1:0.27 and 1:0.13, respectively.

In addition to a flat dam, due to the different
geological environments, arch dams are considered.
The plane dimension of the concave dam and convex
dam are shown in Fig. 2(b). The inner arch radius of
the arch dam is 8600 mm, and its central angle is 100
degrees. Particularly, the section size of the arch dam
is the same as that of the flat dam, and its height is
still 7.5 m. There are three reasons why we choose the
same section of an arch dam and a flat dam. Firstly,
the arch dam is designed based on the debris flow
retaining dam, not for the large arch dam in water
conservancy and hydropower engineering. The slope
of the arch dam is relatively steep, and the main
consideration is the application scope of the dam,
which is suitable for rock disasters in small valleys.
Secondly, debris flow dam height generally does not
exceed 20 m, and the section form of an arch dam can
also refer to a flat dam. Finally, it is better to design
the same section to compare the dynamic response of
three different dam types.



Due to the complex geometry of rock and
mechanical behavior of dam under impact loading, it
is necessary to select the appropriate element type
when establishing the finite element model. The
integrated reduced eight-node brick element is used
for rock and dam. To simplify the simulation
calculation, the following assumptions are made for
the impactor: (1) the impactor is assumed to be a
sphere; (2) the impactor is elastic and any damage is
ignored; (3) the heat loss during impact is not
considered.

Considering the stress distribution and impact
energy of arch structures, this paper analyzes the
impact of arch dams in two directions and compared
the response of impact load. In the numerical
simulation, the grid convergence research is to ensure
the stability and accuracy of the solution. Therefore, it

(= ®
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is necessary to adjust the optimal mesh size to obtain
accurate finite element results in the optimal
calculation time. The convergence study includes the
analysis of peak impact force and conservation of
energy. The simulation results show that the
hourglass energy of the model is the smallest when
the grid size near the impact point is 50 mm. To
ensure the calculation accuracy and efficiency at the
same time, the grid transition was performed when
the element has meshed. The grid size near the impact
point was 50 mm, and the grid size far away from the
impact point was 300 mm. The number of elements of
the flat dam, concave dam, convex dam, and impact
sphere was 240000, 200000, 240000, and 6912,
respectively. The hexahedral mesh was divided by the
mapping mesh method. The numerical models of
three different types of dams are shown in Fig. 3.

13789

Fig. 2 Dam geometry (unit: mm): (a) cross-section of the flat dam; (b) plane size of the concave dam and convex dam

(the cross-section is the same as the flat dam).

(a) (®

’

Fig. 3 Numerical simulation model: (a) flat dam; (b) convex dam; (c¢) concave dam.
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Fixed constraints were set at the bottom and on
both sides of concrete dams, and the influence of the
foundation was not considered. An erosion surface-to-
surface contact (ESTS) was provided between the
impact sphere and the concrete dam. The static
friction coefficient between concrete and rock was 0.6,
and the dynamic friction coefficient was 0.58 (Sekhar
2018). Since the impact force-time history curve is a
short-time peak pulse, the calculation time step must
be small. To better observe the dynamic response of
the dam under impact loads, especially the damage
form of the dam, after numerous trial calculations and
observations, the solution time was set to 0.3 s, and
the number of time steps was 1000. To ensure the
correctness of the simulation, the energy of the whole
system needs to be conserved. Due to the use of a
reduced integral element in the explicit analysis of
numerical simulation, the number of integral points is
less than the actual number. When the calculation
speed is accelerated, it will cause a zero-energy mode
of the element, which results in hourglass energy and
unreal oscillation of numerical simulation, so it is
necessary to control the hourglass energy. Among
them, when the hourglass energy is less than 5% of
the internal energy, analysis results are valid and
reliable. As such, to meet the hourglass performance
requirements, hourglass control is carried out. The
THQ (i.e., hourglass control type) was set as 4 and the
QM (i.e., hourglass coefficient) was 0.03.

2.2 Determination of impact mass and velocity

When analyzing the impact force, the key
parameters include the difference between the impact
mass and velocity, so this paper considers the impact
of the different impact masses and velocities on the
impact force. Referring to the actual engineering, the
mass and velocity of the impactor selected in the
simulation are determined.

Evans and Hungr (1993) found that the average
diameter of boulders is 1.8 m by investigating the
rockfall in Similkameen valley of British Columbia.
Furthermore, according to the rockfall risk
assessment of Kilistra settlement (Konya) in Turkey,
the average diameter of rockfall is 3 m and the
velocity of rockfall ranged from 1 m/s to 20 m/s
(Bozdag 2022). To sum up, when analyzing the
impact force in this paper, the diameter range of the
impactor is 1~3 m, and the velocity of the impactor
ranges from 5 m/s to15 m/s.
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2.3 Material parameters and constitutive
model

Numerical simulations were carried out by using
software ANSYS/LS-DYNA to study the dynamic
response of dams. The element type of the boulder
was Solid164, which adopted an elastic model. The
density, Young’s modulus, and Poisson's ratio of the
rock were 2500 kg/m3, 50 GPa, and 0.28, respectively.
Because concrete dams are often built in places with
harsh geological and construction environments, and
the concrete strength grade has little effect on the
impact resistance of structures, considering the actual
construction factors, the concrete grade of dams is
usually designed to be C25 (i.e., compressive strength
grade of concrete is 25 MPa). The influence of
damping on the impact force is not considered in the
numerical simulation owing to the impact process
being short.

The mechanical behavior of materials under
dynamic loading is significantly different from the
static load, and the strain rate effect needs to be
considered. In addition, the research shows that the
damage model is recommended when studying the
failure process and mechanism of concrete gravity
dams (Yan et al. 2021). The dynamic damage
constitutive models of concrete commonly include the
Taylor-Chen-Kuszmaul (TCK) model (Taylor et al.
1986), Holmquist-Johnson-Cook (HJC) model
(Holgmuist et al. 1993), Karagozian and Case (K&C)
model (Malvar et al. 1997), Riedel-Hiermaier-Thoma
(RHT) model (Riedel et al. 1999), and Continuous-
Surface-Cap (CSCM) model (Murray 2007). The
research results show that the HJC model can well
simulate the dynamic response after the impact of
drop weight (Long et al. 2018). Therefore, in this
paper, the HJC constitutive model was used to
simulate the impact response of concrete. This model
uses an exponential function form of the yield surface
and a three-stage state equation. It is considered that
the compression damage consists of two parts: the
plastic volumetric strain and the equivalent plastic
strain. A strain rate amplification factor is added to
the yield surface function to account for the expansion
of the yield surface due to the increase in strain rate.
High pressure, strain rate, and damage are considered
in this model. The effects of plastic volumetric strain,
equivalent plastic strain, and pressure are calculated.
The pressure is calculated by volumetric strain and
the compaction of the material is considered. Because
this model can accurately describe the impact



mechanical behavior of concrete, it has been widely
used in numerical simulation (Long et al. 2018; Wan
et al. 2021). The equivalent strength expression for
this model is shown in Eq. (1):

o' =[4(1-D)+BP™ |[1+C&" | (@

where: o is the normalized equivalent stress,

oc'=c/f' and o <§ o is the actual

fmax >
equivalent stress, f' is the uniaxial compressive

mx 18 the normalized

strength of the material, S

maximum strength that can be achieved; A, B, C, and
N are material constants, A is the normalized cohesive
strength, B is the normalized pressure hardening
coefficient, C is the strain rate coefficient, N is the
pressure hardening exponent; D is the damage
constant (0<D<1), where 0 for no damage and 1 for
broken; P’ is the normalized hydrostatic pressure,

P'=P/ f' , where P is the actual hydrostatic

pressure; & is the dimensionless strain rate,

&' =¢/é&,, where ¢ is the actual strain rate, and

&, is the reference strain rate, setting £, =1s.

The *MAT_111 (*MAT_JOHNSON_
HOLMQUIST_CONCRETE) in LS-DYNA denotes the
HJC constitutive model. Among them, p, is the
material density, the shear modulus G is calculated
according to G=E/(2(1+v)), the bulk modulus is
obtained from the formula K=E/(3(1-2v)), T is the
maximum tensile hydrostatic pressure, Efmin is the
amount of plastic strain before fracture, Fs is the
failure type, P. is the crushing pressure, where
P.=f'/3 | M, is the crushing volumetric strain,
where u=pP / K (Holgmuist et al. 1993). Because
value a=P, / P =50, then you can find the P; value,

where P;is the locking pressure, t is the locking
volumetric strain. Referring to relevant manuals and
literature, 21 parameters of the HJC dynamic
constitutive model for C25 concrete are listed in Table
1 (Zhang et al. 2014; Xu and Wen 2016; Xu et al. 20109;
Gao and Zhai 2022).

3 Results and Discussions

The parameters of a basic example are as follows:
the diameter of the rock was 2 m, the impact velocity
was 10 m/s, the impact height was 5 m, and the

J. Mt. Sci. (2022) 19(10): 2920-2934

solution time was 0.3 s. The test results of Nakajima
et al. (2021) show that the time history curve of rock
and concrete under impact is a spike pulse curve. The
time history curve of impact force obtained by
numerical simulation in this paper is shown in Fig. 4,
and it is consistent with the pulse curve measured by
Nakajima et al. It can be seen that under the same
impact energy and impact point, the impact force of
the concave dam was the smallest, with 29.13 MN,
while the convex dam was the largest, with 39.72 MN.

Table 1 Parameters of Holmquist-Johnson-Cook
(HJC) model for C25 concrete

Symbol  Parameter Value
po(kg/m3) Mass density 2400
G (GPa) Shear modulus 11.67
A Normalized cohesive strength 0.79
B Normalized pressure hardening 1.6
C Strain rate coefficient 0.007
N Pressure hardening exponent 0.61
; Quasi-static uniaxial
f; (GPa) compressive strength —
Maximum tensile hydrostatic 0.00178
T(GPa)  ressure
& Quasi-static threshold strainrate 1
Efmin Plastic strain before fracture 0.055
Sfmax Normalized maximum strength 7
P.(GPa) Crushing pressure 0.00557
M, Crushing volumetric strain 0.000359
P;(GPa) Locking pressure 0.2785
y7 Locking volumetric strain 0.1
D, Damage constant 1 0.04
D- Damage constant 2 1
K. (GPa) Pressure constant 1 85
K. (GPa) Pressure constant 2 -171
K; (GPa) Pressure constant 3 208
Fs Failure type 0.1
409 i Flat dam
'f! - - - Concave dam
i 1' ————— Convex dam
Z 30+ i
= i !
e i L
2 i i
] I i 1
= 204 [ [
£ i L
E i P
i o
04 i Lo
i H I |
P Lo
i o
U . . T T . T : T 1
0.00 0.02 0.04 0.06 0.08 0.10

Time (s)

Fig. 4 Time-history curve of impact force. The
diameter of the boulder was 2 m, the impact speed was

10 m/s, and the impact point height was 5 m.
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The impact force of the flat dam was between the two,
at 37.94 MN. It can be observed from the above
comparison that when the impact energy is 523 kJ,
the concave impact force of the arch dam accounts for
73% of the convex dam and 77% of the flat dam.

Fig. 5 shows the energy time history curve of the
flat dam. It can be seen from the figure that the
overall energy of the structure was conserved, and the
hourglass energy was 3% of the internal energy, which
was less than 5% of the internal energy, so the
numerical simulation results were reliable.

600 ~
500 4
) ]
E 300 4 — Kmen.c energy
Internal energy
1 Total energy
200 4 Hourglass energy

|| P—

T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time (s)

Fig. 5 Energy time history curve of the flat dam.

When the dam is impacted by a boulder, local
damage occurred, and the damage location was mainly
at the impact point. We selected Fcomp (fringe
component) and Misc (history var#1) in ANSYS/LS-
DYNA special post-processing software LS-PrePost to
output the damage contour of the concrete HJC model
(Fig. 6). It can be seen that the pits were obvious at the
impact point. The impact range of a boulder was small
and will not affect the overall safety of the retaining
dam. This phenomenon is consistent with the research
of Majeed et al. (2021). By counting the volume of
deleted elements, three types of dam damage can be
obtained. The volume of deleted elements of the flat
dam, convex dam, and concave dam were 16370 mms,
19120 mm3, and 12850 mms3, respectively. From the
analysis results, it can be seen that the convex dam has
the largest and the most serious damage, which is
proportional to the impact force.

According to the momentum theorem, which is
FAt =mAv, under the same conditions of impact
mass and velocity, the impact force decreases with an
increase in impact contact time. From the analysis
results, it is known that the contact time of the
concave, flat, and convex dam was 9.29 ms, 6.61 ms,

2926

and 6.59 ms, respectively. Therefore, it can be known
that the impact force of the concave dam is the least
due to the contact time of the concave dam being the
longest.

3.1 Analysis of impact force

First, the impact force of the flat dam is analyzed
as follows. Many factors are affecting the impact force,
among them, the impact velocity has a very significant

History variable#1
9.999e-01
8.999¢-01 |
7.999e-01
6.999e-01_
5.999¢-01_
4.9992-01_
4.000e-01_|
3.000e-01_
2.000e-01_

9.999e-02
0.000e+00

History variable#1
9.958e-01_
sgsze-m_l
7.966e-01_
6.970e-01_
5.957e-01_
4.979-01_
3.983e-01_
2.987¢-01
1.992e-01_
9.958¢-02_

0.000e+00_

History variable#1
9.964e-01
8.967e-01_
7.971e-01_
6.975e-01_
5.978e-01_
4.982e-01_
3.985¢-01_
2.98%e-01_
1.993e-01_
9.964e-02_
0.000e+00_|

Fig. 6 Damage contour of dam models at impact point:
(a) flat dam; (b) convex dam; (¢) concave dam.



influence on the peak impact force under the
condition that other factors are relatively fixed (Zhang
et al. 2018; Franke et al. 2022). We studied the
relationship between the peak impact force and the
velocity of rock with a density of 2500 kg/ms3 at
diameters of 1.0 m, 1.5 m, 2.0 m, 2.5 m, and 3.0 m
while the impact point height remains 5.0 m.

The results show that the peak impact force
increased with an increase in velocity under five
different impact masses, and the relationship between
them was linear growth. So the linear relation y = A +
Bx was established to fit them, and the fitting results
are presented in Table 2.

Table 2 Fitting results between peak impact force and
velocity under different masses

D M

m) (kg) F A B SD R
1.0 1038 F1 2.6955
1.5 4416 F2 5.1118

2.0 10467 F3 7.1106
2.5 20443 F4 10471 4.0255 0.7435 0.9986

3.0 35325 F5 14.4803 5.1743 1.4447 0.9968

Notes: D is the diameter of boulders; M is the mass of
boulders; F is the impact force of boulders; SD stands for
standard deviation; R stands for a correlation coefficient.

1.0639 0.1666 0.9990

2.0430 0.2159 0.9995
3.0527 0.3489 0.9995

When the velocity is constant, both the impact
kinetic energy and the impact force increase as the
impact mass increases. Fig. 7 shows the relationship
between the peak impact force with different
velocities and the impact masses. It can be seen that
under the condition of constant velocity, the peak
impact force increased with an increase in the impact
mass. But there was no linear relationship between
the two. Additionally, under the condition that the
impact mass was constant, as the velocity of the
impact increased, the peak impact force also
increased.

It should be noticed that the peak impact force
has a non-linear relationship with the impact mass,
and its growth trend was more in line with a rule of a
power function. So power function was used to fit it.
The power function form was y=ax?. Subsequently, a
set of coefficients a and b were obtained by fitting the
impact force curves from 5 m/s to 15 m/s. It was
found that the maximum variation of coefficients b
was only 3%. Therefore, the average value of
coefficient b was chosen as a fixed value, which is p .
Then the impact force and impact mass relationship
curves at different velocities were fitted again, and
different values of a’ were obtained. The related
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process is listed in Table 3. It can be seen from the
table that the peak impact force and the impact mass
had a good correlation at various velocities with a
correlation coefficient (R) equal to 0.99, and the
fitting was feasible.

100
—m—y=5m/s
—e—v=06m/'s
80 —h—y=Tmls
—v—v=8mis
——v=9ms
604 —t—v=10ms
E ——v=11lmfs
= ——v=12mfs
40 ——v=13m/s
—a— v = 14 m/s
—a—y=15m/s
204
0 T T T T 1
0 10000 20000 30000 40000

M (kg)
Fig. 7 Relation between peak impact force (F) and
impact mass (M) under different velocities (v).

Table 3 Fitting results between peak impact force and
mass under different velocities

v First fitting Second fitting

(m/s) a b R a b R

5 0.3193  0.4553 0.9995 0.2760 0.47 0.9992
6 0.3127  0.4744 0.9997 0.3266 0.47 0.9996
7 0.3334 0.4806 0.9996 0.3706 0.47 0.9994
8 0.3762  0.4793 0.9997 0.4125 0.47 0.9996
9 0.4151  0.4786 0.9997 0.4523 0.47 0.9996
10 0.4642 0.4753 0.9997 0.4892 0.47 0.9996
11 0.5166  0.4718 0.9997 0.5259 0.47 0.9997
12 0.5773 0.4671 0.9997 0.5607 0.47 0.9997
13 0.6252  0.4647 0.9994 0.5934 0.47 0.9994
14 0.6951  0.4595 0.9995 0.6264 0.47 0.9993
15 0.6936 0.4661 0.9997 0.6670 0.47 0.9996

Notes: v is the velocity of boulders; R stands for the
correlation coefficient.

Through the above fitting process, the
relationship between peak impact force and impact
mass was obtained as Eq. (2):

F=a.M0A47 (2)

where a is a correlation coefficient between the peak
impact force and the impact mass.

Based on the above fitting process, we assumed
that coefficient a has a certain relationship with
velocity; the curve between coefficient a and velocity
was plotted in Fig. 8. It was found that coefficient a
was linear with velocity, and the relationship between
coefficient a and velocity was obtained. The
relationship between peak impact force, mass, and
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velocity was expressed by Eq. (3):
F =(0.1007 +0.0381v) M ** (3)

where: F—Peak impact force (MN);
v —Impact velocity (m/s);
M—Impact mass (kg).
Using the same method, the peak impact force of
the convex (Fw) and concave (Fe) dam was obtained
as Eq. (4) and Eq. (5):

F., =(0.1349+0.0701v) M ** @)
F,.=(0.0157+0.0318v)M " (5)

0.7 7
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0.6 1
=
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Fig. 8 Relationship between coefficient a and velocity

).

3.2 Effect of the height of impact points on the
peak impact force

Previous studies have mostly considered the
dynamic response of the dam when the height of the
impact point of a dam was fixed, but the height of the
impact point of a dam in actual disasters is random.
This section considers the influence of different
impact point heights on the impact force of a dam
under the following three conditions: (1) the influence
of different dam types on the impact force of a dam
under the same impact energy. The diameter of the
impactor was 2 m, and the impact velocity was 10 m/s
(Fig. 9(a)); (2) the influence of different impactor
velocities on the impact force of a dam under the
same dam types. The diameter of the impactor was 2
m, the dam type was a flat dam (Fig. 9(b)); (3) the
influence of different impactor diameters on the
impact force of a dam under the same dam types. The
impact velocity was 10 m/s, and the dam type was a
flat dam (Fig. 9(c)). It should be noticed that other
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conditions were the same as that before. The
relationship between the impact point height and the
peak impact force is shown in Fig. 9.
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Fig. 9 Influence of impact point height on peak
impact force: (a) different dam types; (b) different
velocities of impactors; (¢) different diameters of
impactors.

It can be seen that when the impact energy is
constant, the peak impact force on the dam fluctuates
with the height of the impact point, and it reaches the
maximum at the height of 5 m in different dam forms.



In other words, when the height of the impact point is
2/3 of the dam height, the peak value of impact force
is the maximum. Moreover, for the flat dam, the peak
impact force fluctuates with the height of the impact
point as the velocity is different. The peak impact
force is the largest when the height of the impact
point is 2/3 of the dam height as well. Additionally,
with the different diameters of the impactor, the peak
impact force still fluctuates with the height of the
impact point, but the position of the maximum peak
impact force does not follow the previous rule. The
above results show that with the change of the
diameter of the impactor, there are differences in the
fluctuation phenomenon of peak impact force, and
there is no obvious rule to follow the impact position
of the maximum peak impact force.

Reasons for the above phenomenon may be
considered as follows: the characteristics of the wave
transmitted by a solid with a certain mass on the
surface of the object are certain. When the solid is
impacted at different positions, different waves will be
transmitted, and the superposition of waves at
different positions will increase or decrease the
wavelet intensity, resulting in the fluctuation trend of
the peak impact force.

As reported above, when the impact energy is the
same, the peak impact force of different dam types
fluctuates with the height of the impact point, and the
maximum peak impact force is obtained when the
impact point height is a specific value. At the same
time, for the same flat dam, the maximum peak
impact force can also be obtained at the same impact
point height when the impactor velocity is different.
This effect can be considered an inherent
characteristic of dams. However, this characteristic
changes when the diameter of impactors varies.

In summary, the peak impact force changes little
with the variation of impact height, indicating that the
influence of the impact height factor is not very large
and the rule is not obvious. Since the impact point
height has little influence on the peak value of the
impact force, and the rule is difficult to find, the
influence of the impact point height on the peak
impact force is not considered when fitting it.

3.3 Comparative analysis

The most common contact model considers the
impact of elasticity and references Hertz's theory of
contact between two elastic spheres to assess the
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impact force. In this case, the peak impact force
depends primarily on impact velocity. Meanwhile,
elastic parameters are affected by body materials and
the mass of a boulder (Yu et al. 2018; Nakajima et al.
2021). Take a flat dam as an example, and make the
following comparison.

The impact force F (N) based on Hertz’s formula
is shown in Eq. (6):

F=na’” 6
where nand & can be derived from Eq. (7) and Eq. (8).
n= LZOS )
37 (k +k,)
5m2v22 2/5
o= [Tj (8)

R- (m) in Eq.(7) is the radius of a boulder, m. (kg)
in Eq.(8) is the mass of boulders, v. (m/s) is the
velocity of boulders normal to the barrier wall, k; and
k- are coefficients related to Young’s modulus (N/m?2),
Poisson ratios of boulders and barrier wall, as shown
in Eq. (9) and Eq. (10):

1-v
k, =—— )]
1 7k,
1-v,?
k, = 2 (10)
’ 7k,

In addition, for the design of rockfall protection
in Japan (handbook for rockfall measures), the
impact force of rockfall is estimated as Eq. (11) (CJRA
2000):

P=2.108-(mg)”> 2*°H*" (11)

where P is impact force (kN), m is the mass of a
rockfall (t), g is a gravity acceleration with 9.8 m/s2, A
is the Lame constant of a sand cushion (kN/m2), and
H is the height of a drop (m). The value of the Lame
constant A is usually 106.

Furthermore, combined with the experimental
method, Labiouse et al. (1996) proposed a semi-
theoretical and semi-empirical algorithm of rolling
stone impact force as Eq. (12):

P=1.765M2°R"(QH)" (12)

where P is maximum impulsive force (kN), Mk is the
modulus of subgrade reaction (kN/m2), R is the
radius of the falling block part (m), Q is the weight of
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the falling block (kN) and H is the falling height (m).

The impact force values of the above three
formulae are compared by numerical calculation as
follows. In the comparison, the impact velocity was
selected from 5 m/s to 15 m/s, and the diameter of the
impactor was 1 m, 2 m, and 3 m. The results of the
comparison Eq. (6), Eq. (11), Eq. (12) with the
empirical formula Eq. (3) are illustrated in Fig. 10. It
can be observed that when the impact diameter is 1 m
and the impact mass is 1038 kg, the empirical formula
in this paper is in good agreement with the existing
results. It is worth noting that when the impact mass
is large, the impact force calculated by references
(Hertz 1881; Labiouse et al. 1996; CJRA 2000) is
larger than the value in this paper. This result is
consistent with Zhang et al’s findings (2018). In
addition, this trend increases with an increase in
impact mass and velocity.

Because Eq. (6), Eq. (11), and Eq. (12) are derived
from the theory of elastic collision. Thus it ignored the
effects of friction and damage, which can dissipate
energy. Therefore, when a boulder impacts a concrete
dam, this situation does not fully conform to the
elastic impact theory and will cause energy loss, e.g.,
cracks and damage on the impact surface. In this
paper, the friction between the contact surfaces and
the damage to the dam is considered when selecting
the material model. The impact force is smaller than
the existing theory when the impact mass and velocity
are larger, which trend is also consistent with several
studies (Ng Charles et al. 2021; Luo et al. 2022).

Although there are no consistent field tests, we
compared several similar experimental and field tests
as shown in Fig. 11. It can be seen from the figure that
the empirical formula is always greater than the
measured value. The main reasons are analyzed as
follows:

The experiments of Labiouse et al. (1996) studied
the dynamic response of reinforced concrete rock
sheds impacted by rock blocks, and mainly
investigated the damping capacity of different
material cushions. Rockfall weights were 100, 500,
and 1000 kg. The thicknesses of the soil cushion were
0.35, 0.50, and 1.00 m, and the soil cushion material
included concrete gravel, alluvial cones, and scrap
rocks with a density of 1650, 1890, and 1790 kg/mas.
The size of the concrete slab was 3.4 mx3.4 m, the
thickness was 0.2 m, and the concrete strength grade
was B35/25. The impact force was converted from the
value measured by the accelerometer on the falling
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Fig. 10 Comparison between empirical formula and
theoretical formula of peak impact force under
different impactor diameters (the impact point height
was 5 m).

block. It can be seen from Fig. 11(a) that the main
reason why the calculated value is greater than the
measured value is that the presence of the 0.5 m
gravel cushion significantly reduces the impact force
during the test. In addition, the lower density of the
rockfall also reduces the impact force.
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The experiments of Pichler et al. (2005) studied
the impact of rocks onto gravel, and the relationships
between penetration depth, impact duration and
impact force and rock boulder mass, drop height and
gravel resistance to indentation were given. The
boulder in the test was granite with a density of 2700
kg/m3, the rock-boulder mass was limited to 20000
kg, and the drop height was restricted to 20 m. The
mass density of gravel was equal to 1800 kg/ms. The
acceleration of the rock in the vertical direction was
measured by equipping each boulder with an
accelerometer. It can be seen from Fig. 11(b) that the
main reason why the impact force of the empirical
formula is greater than the test value is that the
impacted object is gravel, whose density is much
lower than that of concrete, and it acts as a buffer
layer, so the impact force is significantly reduced.

The experiments of Sun et al. (2021) studied the

damage after rockfall impacted the bridge pier. A 56
kg pendulum device was designed to impact a 1/4
scale concrete model column to simulate a rockfall
impacting a bridge pier. The impact point positions
were 1/4, 3/8, and 1/2 of the column height. The
bridge pier model with a diameter of 300 mm and a
height of 2500 mm was made of C30 concrete. The
impact material was a solid steel ball. During the test,
the impact force was measured by fixing the impact
sensor on the spherical impact head. It can be seen
from the results in Fig. 11(c) that the impact force
calculated by the empirical formula is greater than the
measured value. The reason for this difference is that
there is an essential difference in the form of the
impacted object. The stiffness of the reinforced
concrete column is significantly smaller than that of
the concrete dam, and the impact force is reduced due
to the reduction of the stiffness.
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Nakajima et al. (2021) conducted a series of
experiments to understand the effect of weight, size,
shape, stiffness, material, and motion type of the
impact object on the impact force. During the test, the
drop weight was free-falling onto the reaction unit,
which was supported by five H-shaped steel piles with
a length of 5 m, on which three-component load cells
were installed. In addition, using concrete or wood
plate as the facing material of the load cell, the effect
of the facing stiffness of the protective wall on the
impact force was studied. Rockfall materials included
natural real rocks, rock models (sphere, block, and
plate), and deformable soil. It can be seen from Fig.
11(d) that the impact force value of the empirical
formula is greater than the measured value. The
reason for this difference is also the reduction of the
impact surface stiffness because the stiffness of the
thin concrete surface is lower than that of the concrete
dam.

In summary, the proposed empirical formulae for
the peak impact force of the dam are suitable for
concrete flat dams, convex dams, and concave dams
with a height of 7.5 m, length of 14 m, and an average
thickness of 2.3 m (arch dam radius R = 8.6 m),
respectively. The impact mass range is 1038~35325
kg, the impact velocity range is 5~15 m/s, and the
impact direction is parallel to the ground. In our
further research, we will consider the dynamic
response of double curvature arch dam and variable
curvature arch dam as well as the impact resistance of
arch dam under different curvatures. This paper only
considered the dynamic response of flat dams and
single curvature arch dams under different impact
directions.

4 Conclusions

In deep mountain canyons, concrete dams are
often damaged by boulders. It is of great significance
to consider the dynamic impact of different dam types
under impact loads. In this paper, three finite element
models of dams considering the HJC damage material
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