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Abstract: The boulder impact force in debris flow is
generally calculated by static methods such as the
cantilever beam models. However, these methods
cannot describe the dynamic scenario of boulder
collision on structures, so the inertia and damping
effects of the structures are not involved causing an
overestimation on the boulder impact force. In order to
address this issue, a dynamic-based model for
calculating the boulder impact force of a debris flow
was proposed in this study, and the dynamic
characteristics of a cantilever beam with multiple
degrees of freedom under boulder collision were
investigated. By using the drop-weight method to
simulate boulders within debris flow, seven
experiments of drop-weight impacting the cantilever
beam were used to calibrate the error of the dynamic-
based model. Results indicate that the dynamic-based
model is able to reconstruct the impact force history on
the cantilever beam during impact time and the error
of dynamic-based model is 15.3% in calculating
boulder impact force, significantly outperforming the
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cantilever beam model’s error of 285%. Therefore, the
dynamic-based model can overcome the drawbacks of
the static-based models and provide a more reliable
theoretical foundation for the engineering design of
debris flow control structures.

Keywords: Debris flow; Impact force; Boulder
collision; Dynamic-based model; Engineering design

Notation

F = Boulder impact force within debris flow (KN)
V = Impact velocity (m/s)

k= Effective contact stiffness (N/m)

cd = Additional mass coefficient (-)

my = Mass of the slurry interacting with boulder (kg)
T = Duration of the boulder impact force (s)

S = Distance of the boulder motion (m)

R = Boulder radius (m)

K. = Empirical load reduction factor (-)

¢ = Experimental regression coefficients (-)

ps = Density of the solid particle (kg/m3)

W = Weight of the boulder (KN)

L = Length of the cantilever beam (m)

y = Kinetic energy reduction coefficient (-)



C; = Elastic deformation coefficients of the boulder (-)
C- = Elastic deformation coefficients of the structure (-)
a = Angle of the boulder impacting structure (°)

M = Mass matrix (kg)

C = Damping matrix (N-m/s)

K = Stiffness matrix (N/m)

u = Deflection of the cantilever beam (m)

& = Strains measured by FBG (ue)

g = Corresponding Green function (-)

At = Sampling interval (s)

m = Number of sampling points (-)

K: = Strain sensitivity coefficient of FBG (nm/ )
Kr=Temperature sensitivity coefficient of FBG (nm/C)
Ag = Strain variations measured by FBG (&)

AT = Temperature variations (C)

AA = Central wavelength offset (nm)

[ = Length of the cantilever beam (m)

x = Distance between the measuring point and the
fixed end of cantilever beam (m)

h = Height of the cross section of the cantilever beam (m)
hr = Heights of the hammer (m)

Ao = Initial central wavelength of FBG (nm)

E = Elasticity modulus (MPa)

p = Density (kg/ms3)

1 Introduction

Debris flows can cause damage downstream
through erosion, deposition, and impact; among these
processes, the damage caused by the impact force of
debris flow is the most significant, as it frequently
contributes to the failure of debris flow control

Table 1 Impact force calculation model.
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structures (Hu et al. 2011; Liu et al. 2019; Vagnon 2020;
Zhang et al. 2019a). Debris flow constitutes a two-
phase fluid comprising slurry and solid particles. The
impact force of debris flow can generally be divided
into slurry dynamic pressure and boulder impact force
(Iverson 1997; Song et al. 2019; Zhang 1993; Zhang
and Chen 2017), with the latter being several times—or
sometimes more than 10 times—the former and is the
primary cause of structure failure (Ng et al. 2018; Zeng
et al. 2015). Therefore, it is important to accurately
calculate the boulder impact force of a debris flow to
support the engineering design of debris flow control
structures (Shen et al. 2018; Wang et al. 2023). Current
models for determining the boulder impact force of a
debris flow are listed in Table 1 and can be divided into
rigid modes (Haehnel and Daly 2004; Paczkowski et al.
2012) and non-rigid modes (He et al. 2016; Huang et
al. 2007; Hungr et al. 1984; Kwan et al. 2019; Luo et al.
2022; Si et al. 2022; Zhou et al. 2020). Rigid modes,
such as the impulse conservation method (Engineers,
2000), functional principal method (Consolazio 2009),
and contact stiffness method (Haehnel and Daly 2004)
assume that the boulders within debris flow as well as
the structures are rigid. However, the impact force of
debris flow can cause structure deformation, and the
assumption of a rigid mode is not consistent with the
actual collision situation and usually overestimates the
boulder impact force of the debris flow (Huang et al.
2022; Stolle et al. 2018). Therefore, if the stiffness of a

structure is not significantly greater than

that of the boulders, its deformation

Calculation models Equations Sources should be considered (Stolle et al. 2018).
F=V ’IE(M + cqmy) Eggﬁnel sy Structure deformation caused by boulder
o ™MV Paczkowski et al. collision is considered in non-rigid models
Rigid modes F= 2T 2012 (Table 1), which are divided into two types
P My? Sayed and Attia depending on the structure deformation
S 202 characteristics. One is represented by the
i — 2323851 22 Zg E?;;ii:ll"j%w local damage to a structure due to boulder
= “R*g . . .

Hertzcontact  F = 50000V12R2g Yamaguchi 1085 collision (Majeed et al. 2019). The Hertz
— 1.2p2 ontac eory Mode e et al. ;

theorymodel ~ F = 4000K, V2R Kwan et al. 2019 Contact Theory Model (He et al. 2016
1 o Huang et al. 2007; Kwan et al. 2019;

F=c n+ n.R3V2 nt He et al. 2016 Mi : 1 d t
3c Ps izuyama 1979) is commonly used to
Non- e describe this impact scenario and
“glg F= |—5— Zhang 1993 calculate the boulder impact force of a
modes _ Y debris flow, with the structure assumed to
](Dlgélrtrlllever F=yMVZk ;Illlmgr e 31'(?11?84 be stationary and flat without bending
model F = 0.0105¢,,4, — 2.6507 20?;% andtnen deformation during impact. Boulders

F = yVsi w
= yVsina o +G

Zhou et al. 2020

within debris flow are assumed to be
spheres moving at a certain speed, and the
collision between the boulders and a
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structure satisfies the Hertz contact conditions (Hertz
1882). Engineering structures in the field, such as
bridge piers and comb-tooth dams, are appropriately
simplified as cantilever beams according to their
boundary conditions (Wang et al. 2016). This can yield
bending deformation when impacted by debris flow
(Zhang et al. 2019b). The other type of impact force
calculation is based on the bending deformation theory
of the cantilever beam (Hungr et al. 1984; Yong et al.
2020; Zhang 1993; Zhang and Chen 2017; Zhou et al.
2020).

A debris flow control structure, which can be
simplified as a cantilever beam, will not only be bent
but also forced to vibrate by the impact force of a debris
flow, which is typically a dynamic process. Therefore,
besides the peak value of the impact force of the debris
flow, it is crucial to consider also the dynamic response
of the cantilever beam to the boulder impact force
during impact force determination (Marchelli and De
Biagi 2019). The dynamic process of boulder collision
on structures is neglected by the calculation models
listed in Table 1, indicating that almost all
investigations focusing on determining the boulder
impact force are static-based (Eu et al. 2019; Zhang et
al. 2007). Although static-based methods for
calculating the boulder impact force are simple, they
do not consider the damping and inertial effects of the
cantilever beam in the vibration process, resulting in
overestimations (Huang and Zhang 2022). Recently,
after simplifying the cantilever beam as a single-
degree-of-freedom (SDOF) structure (Fig. 1a), Tang
and Hu (2018) used the dynamic equation of a SDOF
structure to describe the vibration process of the
cantilever beam due to the impact of the debris flow
and derived an equation for the impact force of the
debris flow. According to I SDOF structure assumption,
all the mass of the cantilever beam is concentrated on
a mass point, which is then connected to the fixed end

() (b) 9,
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Fig. 1 (a) Single-degree-of-freedom (SDOF) and (b)
multi-degree-of-freedom (MDOF) structures.
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by a spring and damper; hence, only one generalized
coordinate is needed to determine the motion position
of this mass point. However, as shown in Fig. 1b, this
assumption ignores the fact that the cantilever is a
multi-degree-of-freedom (MDOF) structure, resulting
in low calculation accuracy of the impact force of the
debris flow (Chen et al. 2019; Clough and Penzien
1993).

To improve the calculation accuracy of the boulder
impact force of a debris flow, the dynamic process
induced by boulder collision is described by the MDOF
motion differential equation, which is solved using the
modal coordinate transformation and Duhamel
integral. A dynamic-based model for calculating the
boulder impact force of a debris flow is established and
verified by drop-weight impact tests.

Methodology

2.1 Dynamic-based model for calculating the
boulder impact force

The dynamic process of the cantilever beam
induced by the collision of the boulders within debris
flow can be described by the MDOF motion differential
equation. Generally, the boulder impact force can be
expressed as a function of the stiffness, damping, and
mass of the cantilever beam (Clough and Penzien 1993).

Mii(x, t) + Cu(x,t) + Ku(x,t) = F(t) (1)
where, Mui(x, ), Cii(x, t), and F(f) represent the
inertial force vector (N), damping force vector (N),
elastic force vector (N), and boulder impact force
vector (N), respectively. After solving Eq. (1), we obtain
a solution depicting the relationship between the strain
of the cantilever beam and the boulder impact force.

= 3D gn Bi9] fot F; (0)e$i@itDsing,;(t — 1)dt (2)

- x2(3l-x) i=1Mi(uid

More details on Eq. (2) are given in Appendix 1.
For simplicity, Eq. (2) is abbreviated as follows:

et) = [, gt —Df (O)dr (3)

where g(t) is the time history of the bending strain
caused by the boulder impact force and g(t) is the
corresponding Green’s function, namely the i-th node
strain response under the impulse load. where f{(t) is
the time history of the boulder impact force.
Assuming that the continuous action time of the
impact force on the cantilever beam is [0, T1, At is the
sampling interval, m is the number of sampling points,



and f; is the boulder impact force at time ¢ (t = iAt). Eq.
(3) is discretized and converted into a system of linear
equations, which can be expressed in matrix form as
follows:

& 94 fo
f
e
r=|% % LAt @)
. : : :
" I Im-1 94 fm—l

Eq. (4) is a mathematical formula for calculating
the impact force of boulders within debris flow, which
was established based on the motion differential
equation of a MDOF cantilever beam. Therefore, Eq. (4)
is applicable to engineering bodies that can be
simplified as cantilever beams, such as bridge piers
and comb-tooth dams. To use Eq. (4) to calculate the
boulder impact force, its input parameters, including
the strain time history data and Green’s function,
should be determined first.

2.2 Experiments of boulder
cantilever beam

impacts on

A measurement system for the boulder impact
force must be conceived to verify the precision of the
dynamic-based model. In the measurement system, a
cantilever beam is used as the object impacted by
boulders. The input parameter of the model is the
continuous bending strain along the cantilever beam;
therefore, multiple measurement points along the axial
direction of the cantilever beam are required to capture
the deformation characteristics of the MDOF
cantilever beam. Fiber Bragg grating (FBG) sensors
can accommodate distributed measurements and can
simultaneously sense the bending strain at multiple
measurement points using wavelength-division
multiplexing (Braunfelds et al. 2021). Therefore, FBG
sensors were selected as sensing cells in the
measurement system of the boulder impact force.

2.2,1 Measurement system based on FBG
sensors

As shown in Fig. 2, the FBG sensor-based
measurement system comprises mainly a boulder
impact simulation subsystem, cantilevered measuring
device, and data acquisition component.

The boulder impact simulation subsystem
contains a drop hammer with a weight of 10 kg and a
pulley. The amplitude of the impact force induced by
the collision of the drop hammer on a reinforced

J. Mt. Sci. (2024) 21(6): 1930-1940

concrete beam is approximately equivalent to that of
the boulder impact force of a natural debris flow
(Zhang and Chen 2017). Therefore, the drop hammer
represents a boulder within debris flow, which is raised
to different heights by the pulley and then released to
collide with the reinforced concrete beam to simulate
diverse boulder impact effects.

The cantilever measuring device comprises
primarily four FBG sensors, a piezoelectric sensor, and
a reinforced concrete cantilever beam. The central
wavelength of the FBG sensors can be shifted owing to
variations in temperature and strain; therefore, the
central wavelength of the FBG sensors is dependent on
temperature and strain, and the relationship is as
follows (Zhang et al. 2019b):

AN = K Ae + KpAT (5)
where K. is the strain sensitivity coefficient of the FBG
sensors (nm/pe), Kr is the temperature sensitivity
coefficient of the FBG sensors (nm/°C), Ae and AT
denote the strain and temperature variations,
respectively, and AA represents the central wavelength
offset. All experiments were performed under indoor
conditions and constant room temperature, with AA
being dependent only on the strain.

As shown in Fig. 3a, 3b, the FBG sensors were
welded to a steel bar, which was polished in advance

FBG Demodulator
\ !\

Fig. 2 Measurement system based on FBG sensors.

A

Hammer

Piezoelectric sensor

Reinforced conerete cantilever beam

(a)

Fig. 3 Cantilever sensing device. (a) Installation of the
FBG sensors on the steel bar; and (b) Diagram of field
experimental device.
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for easier installation. The steel bar and FBG sensors
were buried in the tensile area of the concrete
cantilever beam for protection.

Four FBG sensors (i.e. four measurement points,
namely #A, #B, #C, and #D) were fixed on the steel bar
along its axial direction; their related parameters are
listed in Table 2, where hf is the distance between the
measuring point and the fixed end of the reinforced
concrete cantilever beam (cm) and Ao is the initial
central wavelength of each sensor (nm). A piezoelectric
sensor was used to quantify the impact force of the
hammer. Prior to its deployment, the sensor was
calibrated using the dynamometre standards outlined
in JJG144-92. The detailed parameters of the sensor
are listed in Table 3.

In Fig. 3c, the cantilever sensing device is
highlighted with a red circle; its geometric size was 0.2
m x 0.2 m x 1.0 m. The physical parameters of the
reinforced concrete cantilever beam are listed in Table
4. The T-shaped beam was rigidly fixed to the ground
with bolts, and its stiffness was much greater than that
of the cantilever sensing device. Therefore, the sensing
device could be regarded as a cantilever beam capable
of elastic deformation.

In Table 4, E and p are the elastic modulus (MPa)
and density (kg/ms3), respectively, which can be
determined in accordance with the Concrete Structural
Design Code GB50010-2010.

The data acquisition system comprised an FBG
demodulator and a computer. The FBG demodulator is
the most crucial component; its performance
parameters, i.e. wavelength wavelength
resolution, accuracy, and sampling frequency, are
1,528-1,568 nm, 0.1 x 10—12 nm, £0.5 X 10—12 nm,
and 100 Hz, respectively.

range,

2.2.2 Test conditions

To verify the accuracy of the dynamic-based model
for calculating the boulder impact force of a debris flow,
a series of impact tests were performed, during which
the drop hammer collided with the cantilever sensing
device. The impact height of the drop hammer was
considered as an independent variable and was varied
systematically to investigate its effect on the calculated
boulder impact force. For this purpose, we used the
pulley to lift the drop hammer to six different heights,
i.e. 0.2, 0.4, 0.6, 1.0, 2.0, and 7.0 m, from the upper
surface of the reinforced concrete cantilever beam; the
corresponding impact velocities of the hammer were
1.98, 2.8, 3.43, 4.43, 6.26, and 11.71 m/s. Once the
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height was set, the drop hammer was dropped freely to
impact the cantilever sensing device. The distance
between the impact point and the fixed end of the
cantilever sensing device was 90 c¢m, and the central
wavelength change of each FBG sensor was recorded
during each test.

Table 2 FBG sensor parameters.

FBG sensor  hr(cm) Ke(nm/pe) Ao (nm)

A 5 0.001382071 1,553.642
B 20 0.001374983 1,549.632
C 40 0.001378464 1,545.533
D 60 0.001367618 1,537.254

Table 3 Piezoelectric sensor parameters.

Upper capacity hy Resolution ratio Error
(KN) (cm) (N) (%0)
10 90 0.3052 3

Table 4 Physical parameters of the reinforced concrete
cantilever beam.

Parameter Concrete Longitudinal bar  Stirrup

E (MPa) 3.0x104 2.0x105 2.1x105

p (kg/m3) 2,360 7,850 7,850
3 Results

When the drop hammer collided with the
cantilever sensing device, tensile bending strain was
induced in the steel bar within the tensile region of the
cantilever sensing device, causing a shift in the central
wavelengths of the FBG sensors affixed to the steel bar.
The offset of the central wavelengths was subsequently
modulated using the FBG demodulator and collected
using a data acquisition system. Finally, the optical
signal of each FBG sensor was transformed into the
bending strain of the corresponding measurement
point using Eq. (5).

As shown in Fig. 4, the dynamic process of the
bending strain at measurement point #A indicates that
as the impact height of the drop hammer increases, the
FBG sensor at point #A records a gradual increase of
the bending strain value, corresponding to an increase
of the impact force on the cantilever beam. Using the
test condition with a 20-cm impacting height as an
example, the bending strain at point #A exhibits a
sudden increase upon impact of the drop hammer on
the cantilever beam, followed by a rapid decrease to
zero after reaching its maximum value. Subsequently,
this value oscillates around zero because of the free
vibration of the cantilever sensing device and
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eventually returns to its initial 600
strain value as the energy
dissipates. The bending strain
at point #A can be fully
restored to its initial value
under the test conditions of
0.2, 0.4, 0.6, 1.0 m, and 2.0 m, 200 |
indicating the elastic behavior " .

(a)

Strain (pe)

<
T

of the sensing device. However, 45 5
under a test condition of 7 m,

Time (s)

the strain at point #A exhibits 1600
residual deformation owing to ©
the irreversible plastic 12001
deformation of the steel bar
within the sensing device. As
the height of the drop weight
increases, the plastic

o0

f=4

=1
T

'

S

>
T

Strain (ue)

-400 L

deformation of the steel bar
within the cantilever sensing
device increases accordingly.

115 12

Time (s)

However, this study adopted a 2400
dynamics-model model to 1600 k
calculate the boulder impact
force of a debris flow that is
suitable for linear elastic
systems. Therefore, to ensure

800

0

Strain (pe)

-800

-1600 L

the validity of the results and
46 46.5

minimize non-linear
influences, such as plastic
deformation, the height of the
drop weight was limited to below 7 m.

3.1 Impact time determination

The impact force is a dynamic load exhibiting time
history. Determining the precise duration of its action
is essential. Before the drop hammer acts on the
cantilevered sensing device, the strain within the
device remains at zero. However, once impacted by the
drop hammer, the device generates a forced vibration
that demonstrates an initial surge increase, followed by
a subsequent dramatic bending strain decrease. As the
impact subsides, the cantilever beam undergoes free
vibration and gradually returns to its original state
owing to its inherent elasticity, damping mechanism,
and inertial forces. In summary, the impact behavior
caused by the drop hammer acting on the device can be
divided into three stages: no vibration prior to impact,
forced vibration during impact, and free vibration after
impact. The duration of the impact force effect lies

Time (s)

1200
b
—— 20cm ® 40cm
800
Z 400 F
£
E
3
0
L -400 : L
5.5 6 2.5 3 3.5 4
Time (s)
1800
—— 60cm (d) Im
1200 |
=600 F
g
@
0
! 600 L
125 13 4 45 5
Time (s)
4000
—_—2m (ﬂ Tm
3000 |
g 2000 |
£
E 1000 | .
vl
0
1 1000 1 1 1 1
47.5 48 3 35 4 45 5 5.5
l'ime (s)

Fig. 4 Strain of the tested beam at measurement point #A under different impact heights.

solely within the second stage. The temporal length can
be determined by measuring the triangular base length.
As illustrated in Fig. 5, the duration of the impact force
is 0.02 s across all test conditions.

3.2 Calculation of the boulder impact force
using the dynamic-based model

Before using Eq. 4 to calculate the boulder impact
force of the debris flow, it is necessary to obtain the
strain and Green’s function of the cantilever sensing
device. The bending strains measured using FBG
sensor #A during the impact process are listed in Table
5. There are three methods for determining Green’s
function: theoretical analysis, experimental analysis,
and numerical analysis (Chen et al. 2019; Mao et al.
2010; Zhang et al. 2019c). In this study, Green’s
function was acquired using theoretical analysis.
Green’s function can be formulated as follows:

3h(1-x)

G(t)==>—"=31 ¢"—¢"Te‘fi“’itsinw-t (6)
x2(31-x) =1 M;w; t
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800 locations of both the FBG
600 - @ o] sensors and the drop weight, as
00 0:4/\/ depicted in Fig. 6. Green’s
e 200 function between point #A and
52001 i s 50 a0 507 the action point of the impact
“ 0 force is rewritten as Eq. 7, after
200 neglecting the damping effect.
20 em _ 3h(=x) s bid]

400 : : G(t) = G 2= 1o sinw;t
45 5 imes) > 6 )
Based on Eq. (7), the

1400 2000 - dine G ’s functi
00 ] @ . @ 2000 corresponding Green’s function
1000 4 1000 1500 4 at time t (t = iAt) can be
500 4 5004 o determined and the Green’s
£ 6004 o1 £1000 1 o function matrix can Dbe
EM)O- 750(1'”2 173 1074 1075 1176 '§ 500 A assembled. Subsequently’ the
“ 200 4 < strains in Table 5 are
04 04 substituted into Eq. (4) to
'igg 60 cm calculate the boulder impact
s 2 1s R s : ., force of the debris flow, as

Time (s) Time (s) shown in Fig. 7.

2500 © 3000 The boulder impact force
20001 . ]:22 in Fig. 7 first increases and then
15004 o decreases during the collision
1000 1 oo of the drop hammer with the

‘= 500_ 46.25 46.26 46.27 46.28 46.29 . . .
E cantilever  sensing  device,
01 which is consistent with the
-500 1 time history change law of the
-1000 r r bending strain. The peak value
46 46.3 Timc(s)‘” 47.3 of the impact time history

Fig. 5 Determination of the duration of the impact force under different impact heights.

Table 5 Strain data and corresponding impact times.

Test Time Strain Test

conditions (s) (ue) conditions
5.04 0.00

1 5.05 473.13 4

5.06 -169.02
2.80 0.00

2 2.81 952.27 5
2.82 -30.68
11.73 0.00

3 11.74 1,233.49
11.75 136.85

where M; is the generalised mass of the cantilever
sensing device, w; is the i-th natural frequency of the
device, & is the i-th damping ratio, and @; is the i-th
vibration mode. Using the finite element method in the
Dynamics of Structures (Clough and Penzien 1993),
the cantilever sensing device can be discretised into a
14-degrees-of-freedom cantilever beam based on the
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increases significantly owing to
the increase in the falling
height of the drop hammer,

T Gt indicating that the impact force
(s) (ue) increases as the impact height
4.40 0.00 of the drop hammer increases.

4.41 1,562.77
4.42 228.46
46.26 0.00 3.3 Verification on the
46.27 2,103.20 dynamic-based model
46.28 -722.10
To verify the error of the
dynamic-based model in
calculating the boulder impact
force within a debris flow, a piezoelectric sensor was
installed at the impact point of the cantilever sensing
device to measure the impact force of the drop hammer.
The sampling frequency of the FBG demodulator was
set to 1,000 Hz, and a drop-weight impact test was
conducted at a height of 10 cm. The impact force of the
drop hammer was calculated using Eq. (4). The
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Fig. 6 Finite Element Discretization of the measuring
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translational degrees of freedom and 7 rotational degrees
of freedom). The blue circle represents the hammer
location, while the red rectangle indicates the positions of
FBG sensors.
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Fig. 7 Boulder impact force of a debris flow calculated
using Eq. (4) under different impact heights.
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Fig. 8 Impact force derived from tests and the dynamic-
based model under the impact height of 10 cm.
calculated and measured impact forces of the drop
hammer are shown in Fig. 8.

As shown in Fig. 8, the peak impact force
measured by the piezoelectric sensor was 2.22 KN,
whereas the value calculated using the dynamic-based
model was 2.56 KN. Consequently, the systematic
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error in calculating the impact force of the stones using
the proposed theoretical relationship  was
approximately 15.3%. One reason for the calculation
error of the dynamic-based model is that the damping
effect was not considered in the calculation of Green’s
function, causing overestimation. Another reason is
the performance of the FBG demodulator used in the
tests. The duration of the impact force of the drop
hammer acting on the cantilever sensing device was
very short, posing a challenge to the FBG demodulator
due to its sampling frequency, which was only 100 Hz.
Consequently, some key peak data may have been
missed, resulting in lower measurements.

4 Discussion

4.1 Comparison with static-based models

As shown in Table 5, five tests of the drop hammer
impacting the cantilever sensing device from different
falling heights were performed. Currently, three static-
based methods, namely the material mechanics
method (Zhang, 1993), energy method (Hungr et al.
1984), and Chen Guangxi’s formula (Zhou et al. 2020),
have been developed to determine the boulder impact
force of a debris flow by calculating the bending strain
of a cantilever beam. The impact force acting on the
cantilever induced by the drop hammer in each impact
test was calculated using the three static-based
methods as well as the introduced dynamic-based
method. All four impact force calculations are shown
in Fig. 9, where the advantage of the dynamic-based
method in calculating the boulder impact force of a
debris flow becomes clear.

The pink curve derived using the dynamic-based
method is lower than the other three curves derived
using the static-based methods. Therefore, the impact
force calculated using the static-based methods is
greater than that calculated by the dynamic-based
method; in particular, the impact forces from the
material mechanics method and energy method are
approximately 3—5 times greater than that of the
dynamic-based method. For the engineering design of
debris flow control and disaster prevention structures
in China, the material mechanics method is commonly
used to calculate the boulder impact force of a debris
flow. However, engineering applications demonstrate
that the material mechanics method usually
overestimates the impact force (Lu et al. 2019), and the

1937



J. Mt. Sci. (2024) 21(6): 1930-1940

comparative results of this study confirm this
conclusion, as two of the static-based methods assume
that the impact energy of the drop hammer is
converted to bending strain energy of the cantilever
beam. However, the falling height of the drop hammer
continuously increases, and the impact force acting on
the cantilever beam can be increased. As the impact
force causes the cantilever beam to yield, indentations
occur on the surface of the cantilever beam, which
means that not all the impact energy of the drop
hammer is converted into elastic strain energy of the
cantilever beam, and part is absorbed by the grooves in
the form of plastic strain energy. The principle of Chen
Guangxi’s formula is consistent with the energy
method; however, the kinetic energy reduction
coefficient, which is obtained from experiments, is
introduced on the basis of the energy method, and the
peak impact force calculation result is 1.2—2.0 times
higher than that of the dynamic-based model. The
kinetic energy reduction coefficient has a significant
effect on the calculation results of this method.

4.2 Result differences between the static-based
models and dynamic-based model

As shown in Fig. 9, the boulder impact forces
calculated using the static-based models were
significantly greater than that obtained using the
dynamic-based model. This discrepancy is consistent
with the results of other studies (Chen et al. 2017; Lu
et al. 2019). For example, Zhou (1991) employed a
static-based model to calculate the impact force of
debris flow incidents in the Jiangjia Ravine. They
predicted the impact force by conducting on-site
surveys. They found that the static-based calculations
consistently overestimated the impact force. This
difference can be attributed to the assumption of the
static approach that all boulder impact energy is
converted entirely into bending deformation energy of
the cantilever beam. In fact, an investigation of debris
flow gullies revealed that impact indentations may be
generated during the impact of boulders on structures
(Fig. 10). This means that the elastic—plastic strain
energy of the structures partially consumes the boulder
impact energy. The energy conversion process of a
boulder impact structure is expressed by Eq. (8)
according to the energy conservation law (Kennedy
1976):

KEg = SEg + Ep + KE;g (8)

where KEs, SEs, Ep, and KEs represent the stone-
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Fig. 9 Boulder impact force of a debris flow calculated
using various methods.
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Fig. 10 Impact indentations generated on structures in
Li County.

impact kinetic energy, structural bending strain energy,
structural elastic—plastic strain energy, and kinetic
energy of the structure, respectively. Eq (8) indicates
that once indentations are generated by debris flow
boulders on the surface of the structure, the boulder
impact energy is transformed into bending strain
energy, elastic—plastic strain energy, and kinetic
energy of the structure, and the elastic—plastic model
is suitable for describing this impact case. However, if
no indentations are formed, the boulder impact energy
is converted into bending strain energy and kinetic
energy of the structure; in this case, the interaction
between the boulders and the cantilever beam should
be classified as an elastic collision. No indentations
were observed on the surface of the cantilever beam in
the five impact tests listed in Table 5. Therefore, the
impact energy of the drop hammer in this study was
converted into bending strain energy and kinetic
energy of the cantilever beam. Subsequently, the
kinetic energy ultimately dissipates through damping



and inertia effects, which can be mathematically
described by Eq. (1). Static-based methods assume that
all impact energy is converted into bending strain
energy of the cantilever beam, regardless of the inertial
and damping effects of the cantilever beam; therefore,
the calculated impact force is overestimated.

5 Conclusions

The interaction between boulders within debris
flow and a cantilever beam is essentially a dynamic
process. Traditional static-based methods cannot
describe this dynamic scenario or consider the damping
and inertial effects of the structure, causing an
overestimation of the boulder impact force. To address
this issue, the MDOF motion differential equation was
used to describe the collision process between debris
flow boulders and a cantilever beam, and a dynamic-
based model for calculating the boulder impact force
was proposed. The conclusions are as follows:

(1) Considering the damping and inertial effects of
the cantilever beam, the error of the dynamic-based
model related to the boulder impact force was
calibrated using an FBG-sensor-based measuring
system, and was found to be 15.3%, i.e. much lower
than those of static-based methods.

(2) When applying the dynamic-based model in
engineering practice, a prerequisite must be satisfied.
The dynamic-based model is derived by solving the
MDOF motion differential equation, which calculate
the debris flow impact force induced by boulder
collision on the cantilever beam; thus, it can only be
applied to engineering structures that share similar
characteristics with cantilever beams, such as comb-
tooth dams and bridge piers. Such engineering
structures are susceptible to bending deformation
when subjected to boulder impact. Conventionally, the
dynamic parameters of debris flow, such as the velocity
and mass of the boulders, are important factors for
calculating the boulder impact force, which can be
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