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The impact effects of falling rocks on sand—reinforced concrete slab composite protective structures involve several factors.
Among them, the existing codes are unable to consider the effect of rockfall shape and the angle of contact between the
rockfall and the object on the impact force as well as the depth of penetration. Based on extensive field investigation, this
paper proposes a shape factor to simplify the rockfall into an ellipsoid and determines the shape and dimensions of the
rockfall by three-dimensional axis length. Besides, a coupled SPH-FEM numerical calculation model is established and
validated through comparison with a large-scale outdoor test of a rockfall impact protection structure. Finally, the effects
of rockfall shape and impact angle on the symbolic parameters including impact force, impulse and energy in the impact
process are revealed. The findings indicate that the maximum force and displacement of the midpoint of the bottom of the
reinforced concrete slab have relative errors within 5.0 % when compared to the model test, confirming the precision of
the models discussed in this paper. For the same rockfall, the peak force decreases with the impact angle increasing; taking
the same volume of spherical rockfall as the reference, under the same rockfall pattern, the peak impact force and impulse
amplification factor decreases with the increase in contact attitude angle. Additionally, the scaling effect becomes more
pronounced when the shape factor of the rockfall is smaller; under the same shape factor, the impact depth of the cushion
layer is the smallest when the attitude angle is 45°, and the maximum when the impact angle is 90°; the SPH-FEM coupling
algorithm could reasonably reproduce the pit-forming process of sand and soil, and it is very effective in simulating the

flow effect of soil particles under impact.
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1. INTRODUCTION

Rockfall is a typical mountain disaster, with high-
energy, sudden and random characteristics [1—4]. To
mitigate the great hazards of rockfalls in the project impact
area, active and passive protection structures can be used for
management. Usually, active protection methods include
active nets [5, 6], anchoring [7], and targeted blasting [8].
Passive protection includes passive nets [9—11], rock sheds
[12-16], and barriers [17—20]. The choice of protection
structure depends on the topography and geomorphology of
the defense area, construction conditions, and the kinetic
characteristic parameters of rockfalls. Among them, the
impact force of rockfalls is the main factor that determines
the type and cross—section size of the protective structure.
To prevent the maximal impact force of rockfalls from
surpassing the ultimate design capacity of the protective
measure, accurate evaluation and prediction of the impact
effect of rockfall is a prerequisite for effective protection
design [21, 22].
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The shape of rockfall under natural conditions is
characterized by irregularity and randomness, which in turn
leads to many factors influencing the impact force of
rockfall including mass, velocity, shape, and impact angle.
Among them, the influence of rockfall weight and impact
velocity are the main areas of concern. However, the impact
effect is affected by the impact angle and rockfall shape,
which is often neglected. In many impact tests, most of the
researchers and the current codes simplify the rockfall shape,
such as sphere [23], cube [24, 25], or cylinder [26]. Among
a series of rockfall shape assumptions, the spherical rockfall
cannot consider how the impact angle influences the impact
process; if rockfall is regarded as a spherical projectile, they
cannot effectively consider the shape of the impacting end
and the randomness with respect to the impact angle;
therefore, the results obtained are not generalizable. In
practical engineering, the design of protective structures
using the calculation model of rockfall impact force
obtained with specific assumptions may be an important
reason for the damage to the constructed structures [27]

(Fig. 1).



Fig. 1. Disaster caused by rockfall: a—RC-slab damage cases;
b—retaining wall damage cases
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Typically, impact tests, theoretical analyses, and
numerical simulations are the primary research techniques
employed to investigate how rockfall shape affects the
impact response. Perera et al. [28] and Huang et al. [29]
demonstrated the form of rockfall is important in
determining the impact force, but there are no quantitative
conclusions to demonstrate which shape of rockfall causes
a greater force. Yan et al. [30] investigated the force and
depth of impact caused by three common types of rockfalls
impacting a cushion layer, namely spherical, conical, and
flat head, based on impact test and dimensionless theory.
However, this method can only consider the impact
response under the fixed impact pattern. Pichler et al. [31]
studied the characteristic values of impact depth and impact
force generated by a 20 t cubic rockfall impacting layers of
gravel. This information can serve as a guide for designing
gravel dissipation layers for rockfalls. In addition, the
dynamic response of a 9t cubic rockfall impacting a
reinforced embankment was investigated by Peila et al. [32].

Limited by experimental conditions, theoretical
analysis and numerical simulation have become important
tools in the current research. Yang and Zhou [33]
established a new model for calculating the force of rockfall
in an elliptical trajectory, but the model did not consider
how the impact force is affected by the impact angle. Wang
and Cavers [34] deduced the calculation method of
maximum force and penetration depth of cubic rockfall
through geotechnics. Dattola et al. [35] demonstrated
through visco—elastic plasticity theory that prismatic
rockfalls have a greater maximum depth of penetration and
impact force than spherical rockfalls. Prisco and Vecchiotti
[36] established a vis—coplasticity model based on spherical
rockfalls and gave a method for calculating the force of
rockfalls. With the rapid development of computers,
numerical calculations have achieved wide application in
civil engineering. Among them, most of the research
regarding the influence of rockfall shape on impact effect
uses the finite element method [37 —40]. Although the finite
element method is very effective in solving static problems,
it is difficult to guarantee computational accuracy and
convergence for the simulation of large deformation
materials. Granular materials such as sand and gravel soil
are usually used as energy dissipation layers in rockfall
protection projects. When the rockfall contacts with the
granular layer of the cushion layer, the rigid cushion layer
hardly shows obvious flow and large deformation
characteristics, and the use of the finite element method may
lead to mesh distortion and computational failure [41]. In
contrast to the finite element method, studies on the impact

405

effect of rockfall using the discrete element method have
also been reported [42]. Although the discrete element
method can consider the crushing characteristics of rockfall
during the impact process, most studies didn’t consider how
the shape and pose of rockfalls influence the outcome of
impact, and the parameter calibration is very complicated
[43].

As described above, the typical equations used to
determine the impact force of rockfall are derived from a
head-on the impact between spherical rockfall and the
object. There is limited research on how the shape and
impact manner of rockfall influences impact response, with
experimental analysis being underutilized. What’s more,
experimental analyses cannot effectively consider the shape
of the impact end and the randomness of the impact angle.
In addition, the theoretical analysis has too many
qualifications and is less applicable. Smoothed Particle
Hydrodynamics (SPH) belongs to a pure Lagrangian
meshless particle method used to calculate the mechanics of
a continuous medium. Since there is no mesh relationship
between the elements, it is well suited for modeling granular
substances like sand and soil. Nevertheless, the
computational efficiency of using a single SPH method is
relatively low. For a protective structure made of reinforced
concrete and sand layers, the use of SPH particles in the
bedding region and finite element meshes in other small
deformation areas can ensure computational efficiency and
accuracy [44-45].

In this paper, firstly, through the statistical and
observation results of the morphology of rockfall in the field,
the shape factor was introduced to describe the size and
morphology of rockfall. Then the numerical model using
SPH-FEM coupling method is constructed and compared
with the outdoor large—scale rockfall impact test data, which
validates the coupling algorithm. Ultimately, considering
the effect of the shape factor of rockfall and impact angle,
the impact response is further investigated.

2. CALCULATION METHOD
2.1. SPH methodology

SPH is first applied to fluid calculations. Since there is
no mesh in the computation, large mesh deformation does
not exist. In this approach, the computational area is divided
into a series of individual particles that are connected by a
kernel function (Fig. 2). The particle's field variables are
determined by integrating the functions:

(f(x)>:jg fOOW (x=x,h)dx.

The continuous integral in Eq. 1 can be transformed into
a discrete summation equation:

N m.
> Lt (xj)W(x—xj,h),
i-1 P;j

where j represents the number of particles; m; is the mass of
the particles; pj is the density of the particles.

Smooth kernel functions need to satisfy three basic
conditions:
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a) normalization conditions, i.e., integrating to 1 in its region
of integration:

J,W(x —x)dx' = 1. (3)

b) the Dirac Delta function is satisfied when the smooth
length h tends to zero:

Lim = W(x—x)=60x—x). 4)
¢) the smooth kernel function must satisfy the tightness
condition.

W(x—x)=0. (5)

AW(r, h)

Fig. 2. Kernel function
2.2. SPH-FEM coupling theory

The coupling algorithm can generally be divided into
two types, i.e. fixed coupling algorithm and adaptive
coupling algorithm. The former fixes the SPH calculation
and the FEM area in the whole calculation process, and the
latter applies the FEM method in the initial calculation
phase, and transforms the deformed regions into SPH
particles according to the customized conditions in the
calculation process.

In this algorithm, the contact conditions in the Runge—
Kutta method are typically used to effectively facilitate the
coupling between the finite element interface and the
smooth particles:

g<o0
g-t=0 '
t=0

(6)

where g and t refer to the gap function and contact force,
respectively.

During the coupling calculation, the particles and
elements are respectively defined as slave nodes and master
surfaces (Fig. 3). A detailed guide on how to apply the
suggested model is available in the flowchart shown in
Fig. 4.

In addition, according to the material constitutive
model, the stress and strain rate are determined.
Subsequently, the forces acting on the elements' nodes and
the SPH particles, as well as adjacent nodes, are identified.
This process is repeated through iterations to find solutions
for the entire computation time. In this paper, the cushion
layer with large deformation is defined as SPH particles,
while the reinforced concrete slab with small deformation
and the rockfall are defined as finite element. The impact
between the rockfall and the cushion layer can be interpreted
as a normal "spring" at the interface of mutual contact, and
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if the intruding node penetrates the permeable surface, it
will be subject to the reaction force of the spring.

The system of coupled equations is computed using the
stable frog jump explicit integration method, which needs to
satisfy the following equations:

Aty ey = min {AtSPH Aty }

=

()

Atgy =

o

|
Atcr = E

SPH <

At

where L is the minimum cell size; C is the material sound
velocity; a is the time step scaling factor.

'
+—— FE clemets and nodes

1
. T I—t ontact surface elemenis

SPH nodes

Contact surfac
SPH nodes

Top surface

Bottom surface
Fig. 3. SPH-FEM interface coupling mode
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FEM |

SPH

Output

Fig. 4. Solution procedure for SPH-FEM contact algorithm

3. RESEARCH METHODOLOGY AND
CONTENT

3.1. Field survey and analysis

Rockfall is controlled by the nature of the rockfall mass
and the structural surface. And the random variation in the
shape under natural conditions is very significant, in which
the collision of rockfall with the ground and the protective
structure may occur in the form of face-to-face contact,
point-to-face contact, and prismatic-to-face contact, and
other random forms. Different collision modes will affect
the effects such as rockfall impact force and impact depth.

The 2017 Sichuan Kangding Jiuzhaigou earthquake
induced a large number of high level collapse rockfalls
(Fig. 5). According to the field investigation, the rockfall
shape has a large variability, with significant differences
compared to a simplified sphere. Therefore, an ellipsoid is
used to approximate and simplify the rockfall in this paper.



The dimension of a rockfall in three axes, and shape factor
were introduced to describe the irregularity of the rockfalls.

The shape factor y is defined as:

y=e. Q)

where a is the long axis of the ellipsoidal rockfall; b is the
longest of all the secant lines perpendicular to a; c is the
longest secant line perpendicular to both a and b. When the
lengths of the three axes are the same, i.e. when y = 1.0,

the rockfall is simplified to a sphere.

Fig. 5. Typical shapes of rockfalls: a—spherical; b—ellipsoid
3.2. Outdoor rockfall impact experiment

An outdoor large—scale test platform was constructed
(Fig. 6 a). The dimension of the reinforced concrete slab is
displayed in Fig. 6 b.

Escalatore—,

0.25,m0.2, m

b

Fig. 6. Test platform: a—test equipment; b—cushion layer
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The concrete slab's bars are set orthogonally and
vertically. All reinforcement bars are 14 mm in diameter
and spaced 200 mm. The rockfall was made by filling
concrete in a spherical steel mold with a mass of 70.7 kg.
Indoor geotechnical tests were conducted on the cushion
layer soil, and the general density of soil particles in the
cushion layer was 1540 kg/m? with a water content of 5.4 %.
According to the grading curve (Fig. 7), the average particle

size Dsp = 0.1 mm.
100

dor 001 01 1 10 10c
Particle size, mm

Fig. 7. Soil particle grading curve

4. NUMERICAL SIMULATION VALIDATION
OF MODEL TESTS

To confirm the rationality of the SPH-FEM coupling
algorithm, a numerical model was established in this paper
(Fig. 8). In the computational model, except for the cushion
layer which is an SPH particle, the rest of the parts use finite
elements. In addition, since the deformation of the rockfall
during the impact is not considered, the block is assumed to
be a rigid body in the numerical simulation.

Cushion layer-SPH particle
J Rockfall-FE

RC slab-FE \

Fig. 8. SPH-FEM numerical model
4.1. Material parameters

In this work, the Drucker-Prager constitutive model was
used to define the soil material. In addition, the reinforcing
was modeled with a three-line model, which can well
simulate the strain rate effect of the material:

E-¢ < &
oc=< 0, e <exeg, '’ ©)
oo+ E -(e—¢,) &> g9,

where E represents the elastic modulus of the steel; &, n
denotes the initial strain during the strengthening phase; &o
is the yield strain.

To analyze the entire damage process of concrete
stiffness under dynamic loading, concrete is simulated using
the Concrete Damaged Plasticity (CDP) model [46], and the
damage of concrete stiffness can be defined as:



E=(1-d)E,, (10)

where Ej is the initial elastic modulus of nondestructive; d
is the damage factor.

The concrete's damage factor can be determined using
the Simpson Integration Method [47], and the main
parameters required for the calculations in this paper are
given in Table 1.

4.2. Contact setting and boundary condition

The model's boundary condition is to constrain the
degrees of freedom of the bottom support in 3 directions.
The contact relationship between different material
components is defined using a penalty function, where the
friction coefficient of the block—cushion layer is 0.4, and the
cushion layer-reinforced concrete slab friction coefficient is
0.48, respectively. Besides, the interaction between
reinforcement and concrete is simulated by embedding. To
save computational costs, the falling height of the block is
converted into an impact velocity directed toward the center
of mass of the rockfall.

4.3. Comparative validation results

The comparison of the displacement and acceleration
duration curves at the center of the reinforced concrete slab
obtained from a computer simulation and the actual test
results is shown in Fig. 9.
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Fig. 9. Experimental and numerical results: a—impact force;
b —displacement of concrete slab

The rockfall mass considered is 70.7 kg, with cushion
layer thicknesses of 0.2 m and 0.6 m, respectively. The

Table 1. Material parameters

results show that the relative error between the test values
and the numerical simulations is small. According to the
acceleration duration curves, we can see that the rockfall
impact process obtained from the actual measurement and
simulation lasted about 10 ms, in which the loading
compression and unloading rebound time each accounted
for half of the total time. For cushion layer thicknesses of
0.2m and 0.6 m, the impact velocity is 12 m/s, and the
maximum values of measured and simulated acceleration
are 121.7 g and 123 g, 76.2 g and 79.0 g, with a relative
error of 1.1 % and 3.7 %, respectively (Fig. 9 a).

The maximum acceleration decreases with the cushion
layer thickness increasing under the same conditions, and
many scholars have given similar proof conclusions for this
change characteristic of the force [48]. For the displacement
of the midpoint of the reinforced concrete slab (Fig. 9 b), the
corresponding errors between the measured and simulated
values of the slab center displacement are within 5.0 % for
the same impact velocity and cushion layer thicknesses. The
above analysis proves that the coupled SPH-FEM method
of simulation used in this paper is reasonable.

5. NUMERICAL SIMULATION OF ROCKFALL
IMPACT PROTECTION STRUCTURE

According to the validated SPH-FEM coupled
numerical simulation method, the effect of rockfall impact
protection structure including the influence of rockfall shape
was investigated. Initially, the study outlines the calculation
parameters involving various shape factors and impact
angles. Subsequently, it computes the impact force and
process of rockfall for different shape factors. Lastly, it
examines the impact effect's dependence on the shape factor
and impact angle.

5.1. SPH-FEM modeling

The reinforced concrete slab size and reinforcement
used in the numerical model are the same as that in the
previous tests. In the simulation, SPH particle is used for the
cushion layer components and FE elements for the other
components. The cushion layer thickness and loading speed
were kept constant at 0.2 m and 10 m/s, respectively. The
computational model can be seen in Fig. 10, and the
material failure criterion, calculation parameters and
boundary conditions are consistent with the preceding
paragraph.

Rockfall-FM

\
Cushion layer-SPH particle A
RC-FM

4 \
Fig. 10. Numerical model of rockfall impact protection structure

. Density, | Elastic modulus, | Poisson's Shear expansion .
Material type KN-m3 MPa ratio angle, ° Eccentricity foo /feo
Concrete 25.0 30000 0.21 38 0.10 1.16
. Friction angle, ° Yield strength, kPa | Shear expansion angle, °
Cushion layer 15.4 34.0 0.28 26 200.0 0.0
Yield strength, MPa | Ultimate strength, MPa | Extreme tensile strain
Rebar 78.0 200000 0.27 502 6623 0.130
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5.2. Calculation cases

In this study, impact conditions of rockfalls with
different shape factors and impact angles are designed, as
shown in Table 2. Considering the randomness of the
impact angle of rockfalls in the impact process, three impact
angles of 0°, 45° and 90° were designed. To make the
calculation easier, it is assumed that b=c in the calculation.

5.3. Results and analysis
5.3.1. Influence of shape effects on forces

Fig. 11 shows the effect on the duration curves of
impact force for different shape factors and impact angles.
The results show that, when other conditions are the same,
the shape factor and impact angles are significant in
determining the peak force. When the shape factors are
equal, the greater the impact angle, the shorter the contact
time and the higher the impact force. Taking the spherical
rockfall (= 1) as the base, the ratio of the force (F) of the
rockfall with any shape factor to the force (Fo) of the
spherical rockfall is defined as the amplification factor of
the impact force:

Je=F/F, (11)

where Ar is the impact amplification factor; F is the peak
impact force, N; Fo is the peak impact force, N of the
spherical rockfall (v =1).

Similarly, the impulse amplification factor 4, is defined
as:

M=o, (12)

where 4, is the impulse amplification factor; | is the peak
impulse, N-S of rockfall for other conditions; Iy is the peak
impulse, N-S simplified to spherical rockfall (= 1).

Fig. 12 shows the effect of the shape factor and impact
angle of rockfall on force and impulse. The results show that
when a shape factor is 0.4 and the impact angle is 0° and
90°, the maximum force of the ellipsoidal rockfall is
magnified by 1.42 times and 0.46 times than that of the
spherical rockfall in the same case. As the shape factor of
the rockfall increases, the force is less affected by the impact
angle. In addition, the effect of the shape factor and impact
angle on the impulse follows the same pattern as that of the
impact force, but the degree of influence is significantly
weaker. At a shape factor of 0.40 and impact angle of 0°,
45° and 90°, the impulse amplification factors are 1.0, 0.81,
and 0.77, respectively; if the shape factor rises to 0.79, the
impulse amplification factors at the three impact angles are
1.0, 0.96 and 0.95, respectively. Thus the variation range of
the force induced by the randomness of the rockfall shape
and the impact angle is very large. In practical engineering,
the simplified method of rockfall neglecting the shape and
pose is misguiding.

1.0x10° 1.2x10° 079 om0° 1.4x10°
—y=079, a= — = —0°
- 8.0x10° — V=10 2 10x10°F ——y=079, =45 z 120} — :I/-g.ig’ Z—S?
- _ —ano Iy 5 YAV
g s o0t g8.0x10° Y=0.79, 0=90 g 1.0x10 =040, 0=90°
56 o * 8.0x10*F
= = 6.0x10* S .
S 4.0x10°f s \ S6.0x10°
E , “ E£4.0x10%+ = 4.0x10%
2.0x10° : 2 0x10° o v D, Ao
P=1.0, a=0 79, a9l
0.0 \ ‘ 00! ‘ A 0.0 : :
0.00 0.01 0.02 0.00 0.01 0.02 0.00 001 002 003 004
Time, s Time, s Time, s
a c
Fig. 11. Impact forces: a— w=1.0; b— = 0.79; c— w=0.40
Table 2. Calculation conditions
Impact velocity, m/s |Length, m w=0.40 =10
a 0.44 0.28 0.24
¥=0.40, a=0° v
¥=0.79, a=0°
7=1.0, a=0°
P=0.40, o=45° #=0.79, a=45° (7
c 0.177 0.222 0.24 ‘
P20.40. am90° ?=0.79, a=90° =10, a=90°
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Fig. 12. Impact and impulse effects: a—force; b—impulse
5.3.2. Effect of rockfall shape on energy

The primary purpose of the cushion layer is to absorb
the rockfall's kinetic energy by undertaking significant
deformations, thereby preventing the structure from
sustaining rigid and brittle damage. Fig. 13 summarizes how
the energy dissipation pattern is influenced by the shape
factor and impact angle.

6000
5000
4000
i —y=1.0
§ 3000+ — y=0.79,a=0°
7] y=0.79,0=45°
@ 2000} — =0.79,6-90°
y=0.40,a=0°
1000y —— y=0.40,a=45°
0 | L= w:Q.40,u:90°
0.00 0.01 0.02 0.03 0.04

Time, s
Fig. 13. Duration curve of inelastic strain energy of cushion layer

The findings introduce that the trend of plastic
deformation energy change in the cushion layer is consistent
for different shapes and impact angles of rockfalls in the
impact process. But because of the shape factor of 0.40, the
maximum impact force generated at the impact angles of
45° and 90° is less than that of the maximum impact force

at the impact angle of 0°(Fig. 13). Therefore, the plastic
deformation energy generated by the impact conditions with
impact angles of 45° and 90° is significantly larger than that
at0°.

To prevent rockfalls from penetrating through the
cushion layer and directly touching the rigid concrete
structure, the impact depth of the rockfall is one of the
crucial factors in designing protective structures, which
largely influences the minimum thickness needed for the
cushion layer. Fig. 14 shows the effect of the rockfall shape
factor and impact angle on the maximum impact depth of
the cushion layer.
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0.00
€-0.02r"
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$-0.06]
5-0.08-
s
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—— y=0.40,0=45¢
-0.14¢ — $:0.40,u:90°
-0.16 ‘ ‘
0.00 001 _ 002 003 0.0

Ime, s
Fig. 14. Duration curve of impact depth

The findings indicate that when the rockfall has the
same mass and velocity, it can produce a deformation of the
cushion layer ranging from between 1.8 cm and 16 cm. In
addition, for the same rockfall, the impact angle that resulted
in the deepest impact was 90°, while the shallowest impact
occurred at an impact angle of 45°. Therefore, the range of
variation in maximum impact depth due to the randomness
of rockfall shape and impact angle is too large to be ignored.

Fig. 15 shows the stress of the cushion layer at different
moments when the shape factor of the rockfall is 0.40 and
the impact angle is 45°, respectively. With the increase in
impact time, the soil particles in the cushion layer are
compressed, and the Mises stress increases, and the
maximum stress increases from 0 to 1.5 x 10° Pa throughout
the impact process. The cushion layer experienced a
significant plastic deformation of 4.2 cm in the end, as
shown in Fig. 14, indicating substantial soil deformation
during the impact. Different from spherical rockfall, the
ellipsoidal rockfall will generate a larger rotation in the
whole impact process because the impact velocity and the
ellipsoidal axis of symmetry is not in the same straight line,
and the ultimate collision pose and the initial pose show a
significant difference.

According to the displacement cloud diagram of the
cushion layer (Fig.16), the greatest compression
deformation occurs in the region where the rockfall directly
contacts the soil.

a

c

Fig. 15. Stresses at different moments in the cushion layer (= 0.40, o = 45°): a—10 ms; b—30's; c—40 ms
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Fig. 17. Impact forces: a— = 1.0; b— w=0.79; c— y=0.40

The soil particles experience significant flow effects as
they are extruded by the rockfall. Therefore, it is very
scientific for the simulation of granular materials using the
SPH method.

k"
Fig. 16. Displacement value of cushion layer
5.3.3. Effect of rockfall shape on contact area

The summary discusses how the contact area between
rockfall and cushion layer is affected by the shape factor and
impact angle (Fig. 17). The impact force rises as the contact
area increases while maintaining the same shape factor and
varying impact angles. Note that when the spherical rockfall
reached the maximum contact area, the maximum value
lasted 0.5 ms. Therefore, when the soil was compressed to
the ultimate depth , the rockfall remained stationary for a
short period of time before rebounding occurred.

6. CONCLUSIONS

1. The corresponding errors of force and cushion layer
deformation in numerical simulation and test are within
5.0 %, which verifies the accuracy of the SPH-FEM
coupling algorithm. Under the same rockfall pattern,
the peak force of rockfall decreases with the contact
pose angle increasing, and the corresponding peak
impact forces are 99 kN, 82.1 kN, and 73.0 kN with a
shape factor of 0.79 and impact angle of 0°, 45° and
90°.

In the case of the same volume of rockfall, both the
impact force and the impulse amplification factor
decrease as the impact angle increases, and the smaller
the shape factor of the rockfall, the more obvious the
change. Taking the shape factor of 0.4 and the impact
pose angle of 0° and 90° as examples, the peak impact
force is amplified by 1.42 and 0.46 times, and the
impulse is amplified by 1.0 and 0.77 times compared
with that of the spherical rockfall.
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3. In practical engineering calculations, the simplified
method of calculating the impact response of rockfall
by assuming they are spherical does not take into
account how the shape and orientation of the rockfalls
can affect the reliability of the structural design.
Adopting the simplified method of rockfall shape in this
paper helps to improve the existing theory of protective
structure design. In addition, The SPH-FEM coupling
method reasonably reproduces the physical process of
pit formation in sandy soils and effectively simulates
the flow behaviour of soil particles under impact
conditions.
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