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Abstract: Impact force is a crucial factor to be
considered in debris-resisting structure design. The
impact of debris flow against a structural barrier
depends not only on the flow dynamics but also on the
barrier material. Based on the structural vibration
equation and energy conservation law, a simple model
for calculating debris-flow impact pressure is
proposed, which includes the mechanical impedance
of the material, debris-flow velocity and Froude
number. Twenty-five impact tests have been
conducted using different kinds of materials: steel,
black granite, white granite, marble and polyvinyl
chloride (PVC) board, and the ratio of the maximum
impact time to the vibration period of the structure is
determined for the model. It is found that the ratio’s
square root shows a linear relationship with the
material solid Froude number. This indicates that the
impedance of the structures plays an important role
in the flow-barrier interaction. Moreover, the debris-
flow impact force is found to decrease with the travel
time of the elastic stress wave though the structures.
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Introduction

Debris flows are common type of geological
hazards that can be viewed as an intermediate form
of mass movement between hyper-concentrated
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flows and landslides (Iverson 1997). When the
debris flows encounter structures, since debris
flows have greater kinetic energy, the great impact
force acting on the structures can result in
structural damage, even to extent of causing a
natural disaster. Therefore, determinations of the
impact force of debris flows can play an important
role in the design of prevention engineering.
Recently, based on field measurements (Okuda
et al. 1977; Zhang 1993; Hu et al. 2006; Konig et al.
2006; Wendeler et al. 2007; Hu et al. 2011) and
scale experiments (Wei 1996; Armanini 1997; Liu
et al. 1997; Shieh et al. 2008; Yang et al. 2011;
Scheidal et al. 2012; Song et al. 2017), the impact
force of debris flows have been widely investigated.
In these studies, debris flows were usually viewed
as heterogeneous two-phase flows, composed of a
liquid-phase slurry and solid-phase grains (Iverson
1997). Correspondingly, the impact forces of debris
flows have been described as the sum of the slurry
impact pressure and grain impact loading
(Mitsuyama 1979; Zhang 1993; Chen and Tang
2006; Hiibl et al. 2009; Hu et al. 2011; Lei et al.
2017). Meanwhile, the slurry impact pressure
investigations can be divided into two types,
namely, those involving hydrostatic models and
those  involving  hydrodynamic = modeling
(Lichtenhahn 1973; Watanabe and Ike 1981; Zhang
1993; Armanini 1997; Zanchetta et al. 2004; Egli
2005; Bugnion et al. 2011; Proske et al. 2011; Cui et
al. 2015). On the other hand, the determinations of
the impact loading of solid-phase grains including
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boulders have been typically carried out with
methods of solid mechanics, such as through the
application of the Hertz law (Huang et al. 2007; He
et al. 2009; Cui et al. 2018), theory of cantilever
beam (Wang et al. 2009) and single degree of
freedom model of collision (Haehnel and Daly
2004).

Presently, the determinations of the critical
particle size between solid and fluid phases are
necessary but remain unresolved when debris flows
are viewed as two-phase flows (Yang et al. 2014).
An alternative model is the mixture fluid model
that has been used to describe the dynamical

process of debris flows (Iverson and Delinger 2001).

Odo (1994) argued that debris flows can be viewed
as a kind of compressible mixture fluid and
established a dynamical model for debris flows.
Based on that work, Wei (1996) pointed out that
the impact forces of debris flows are mainly derived
from the propagation of pressure wave in fluids.
Liu et al. (1997) proposed that debris flows can be
described as Bingham fluids and established a
determining method for debris flows impact
pressure based on the mass equation and
momentum equation.

In regard to the mixture fluid models,
although the dynamical properties of debris flow
have been considered for determination of the
impact forces of debris flows, the effects of the
mechanical properties of structural materials and

shapes on impact force are rarely studied (Tan et al.

2017; Yu et al. 2017). Shieh et al. (2008) argued
that the shape of Sabo dams has significant
influence on the impact force of debris flows and
pointed out that the impact force of debris flows for
a curved dam would be smaller than that for a
vertical dam and slanted dam based on flume
experiments. However, the impacted structures in
these models were assumed as absolutely rigid
bodies. Although debris flows are viewed as the
mixture fluids, numerous pebbles and even
boulders, whose mechanical properties are similar
to structures’ materials, are present during the
motion of debris flows (Cui et al. 2005). Therefore,
the effects of the mechanical properties of
structural materials should not be ignored when
investigating the impact force of debris flows.

In this study, debris flows were viewed as a
mixture fluid and the mechanical properties of
structural material were considered when
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determining the impact force of debris flows.
Furthermore, the dynamical responses of
structures made with different materials to the
impact force of debris flows were studied. A simple
debris-flow impact model was derived based on the
principle of energy conservation and on the no-
damping single degree of freedom model of
collision in this study. The influence of the
mechanical parameters of structures impacted by
debris flows, including that of the elasticity
modulus and density was studied by flume
experiments. By comparing the experimental
results with the theoretical model, a correction
coefficient incorporating the effects of material
parameters was determined and taken account into
the model.

1 Research Method

1.1 A simplified model of dynamical
responses to debris-flow impact

Following Iverson’s mixture model (Iverson
and Denlinger 2001), debris flows can viewed as
the fluid mixture consisting of a liquid-phase slurry
and solid-phase grains. During motion, debris
flows take great kinetic energies. When debris
flows encounter the structures, an enormous
impact force acts on the surface of structures and
this may lead to the structural damage. Conversely,
the presence of structures can affect the motion of
debris flows (Nakatani et al. 2013). Because
numerous grains, pebbles, and even boulders
impact the structures, during the interaction
between debris flows and structures, the structures
should not be assumed as the rigid body. Therefore,
the structures have dynamical responses to impacts
generated by debris flows. To illustrate the
dynamical responses of structures impacted by
debris flows, the following simplified vibrating
model, which is based on the structural dynamics
(Clough and Penzien 1993), is proposed:

2
m 4 ko= P(2) &

dt
where x is the vibration displacement of the
structure; m=BHIpy; is the mass of the structure; B,
[ and H are the width, thickness and height of
structure, respectively; t is the time; k=EA/ [ is the
stiffness coefficient of the material, E is the elastic



modulus of structural material, A=BH is the whole
area of structures surface that suffered from debris
flows; ppis the density of the structure; and P(t) is
the real-time impact force of debris flows.

Suppose that the structure achieved maximum
vibration displacement xmax=s in the time At when
the structure was impacted. According to the
theory of structural dynamics (Clough and Penzien
1993), the natural period of vibration of the
structure is T =2z+/m/k . For a free vibration state,
At is equal to T/4. However, for general forced
vibration, At hasn’t analytical expression because
of uncertainty of P(t) in Eq. (1). For simplicity, we
set At is equal to AT, where A depends on the
mechanical properties of structural material and
dynamical properties of debris flows. During the
process, the moving distance of debris flows is the
product of the velocity of debris flows and the time
At.

The velocity of debris flows is assumed to have
vanished after the structures were impacted.
Therefore, during the time At, the mass of debris
flows impacting the structures can be formulated as

M, =Atp,Bhv= 25/1\/% p,Bhv (2)

where pq4, h, v are respectively the density, height
and velocity of debris flows.

Furthermore, the kinetic energy of debris
flows, during the time At, is assumed to be fully
translated into the elastic energy of the structure.
During the process, inelastic deformations are
absent in the structures. And in the time At, the
maximum vibration displacement s is present in
the structures.

According to the principle of the conservation
of energy, the kinetic energy of debris flows during
the time period of analysis is equal to the

maximum elastic energy of the structure, as follows

lMdv2 = lks2 3
2 2

By substituting Eq.(2) into Eq.(3), the
maximum vibration displacement of the structure

can be written as follows:

sz\/ﬁ ﬂdelhv3 (4)
EANEA

Now, maximum impact force acting on the
structures is obtained as follows:

F,=ks=\2mdp,B°HW' Jp,E ~ (5)
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Meanwhile, the area of interaction between
structures and debris flows is A; =Bh. If the height
of debris flows h is greater than the height of
structures H, let As=BH. In other words,
As=Bhs=Bnin(h,H), where h,=min(h,H) represents
the minimum value between h and H. Therefore,
the impact pressure of the debris flows can be
expressed by:

P =§_Z = \/hﬁzﬁﬂpdvﬂ/p,,E (6)

A solid Froude number a is introduced in this
study, which is similar to the fluid Froude number
in fluid mechanics:

G

JeH (7

where g is the acceleration of gravity, ¢, =vE/p,
represents the velocity of the elastic stress wave of
structures (Yu et al. 2011), a can be explained as
the reciprocal of the dimensionless time that elastic
stress wave moved though the structures .

Finally, Eq. (6) can be simplified together with
Eq. (7) as follows:

11:\/27012% PVPAC, (8)
o
In Eq. (8), p,c,=+/p,E is the mechanical

impedance of the structural materials which
represents the level of resistance to deformation of
materials (Yu et al. 2011), and fr=_/y / gh, is the

o=

Froude number of the debris flows (Iverson 1997).

1.2 Flume experiments

Because an unknown parameter A is present in
Eq.(8), flume experiments were conducted in this
study to determine the impact pressure of debris
flows. The experimental setup in this study is
mainly consisted of column storage hopper, flume
and tailings pond (as shown in Figure 1). The edges
and height of column storage hopper were 1 m and
1 m respectively. The flume was 3 m long and 0.4 m
wide. The flume slope of the flume was fixed at 20%
in order to reduce the effect of the slope of the
flume on the impact pressure.

The bottom of the flume was marked by
several black lines every 0.2 m, which were used to
determine the velocity of the front of debris flows
by a camera that can record 25 frames per second.
The flowing depth of debris flows was measured
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directly by a laser distance sensor installed at a
vertical distance of 0.5 m above the flume bed as
shown in Figure 1. The laser sensor recorded 10
data points per second. The data acquisition
system for recording the impact pressure of debris
flows includes data acquisition instrument with
sampling frequency of 2000 Hz, signal amplifier
and computer (Figure 2). In our experiments, each
pressure sensor had sensitivity of 1.5+0.1 Pa/kPa,

and a forced surface with a 2 cm diameter (Figure 3).

]
é 1.5m

l.O]{ —_— Iﬂ.4m

boards were made of different materials including
steel, marble, black granite and white granite, PVC
(polyvinyl chloride) materials, and were used to
study the dynamical responses of different
materials to impacts generated by debris flows.
Some mechanical properties of these materials,
which were obtained through the literatures
(Goodman 1989; Chizhik et al. 1998; Li et al. 2005;
Martel 2005), and the height of the structures are
shown in Table 1.

Figure 3 The distribution of impact pressure sensors
for experiments (The four sensors are installed into four
holes numbered 1, 2, 3, 4).

Table 1 The height and material parameters of
structures in the experiments

1.0m

| 1.5m

Figure 1 Lateral and vertical view of experiments in
this study and corresponding geometric scales (In
detail, 1. Debris flows hopper; 2. Sluice gate used to
release debris flows; 3. Flume stabled slope 0 with 20%;
4. Laser sensor; 5. Camera used to record the flowing
process; 6. Debris flows in tailing pool; 7. Tailing pool;
8. Pressure sensors; 9. Rectangle structure used to
install impact sensor; 10. Steel frame used to support
the debris flows hopper)

ata acquisition instrument
ignal cable

Computer

mpact pressure Sensor:

Figure 2 Debris-flow impact pressure measurement

Weight for calibrition

system consisting of computer, data acquisition
instrument, signal amplifier, impact pressure sensors,
signal cable and USB cable.

Five kinds of rectangular boards were fitted
with installed pressure sensors (Figure 1). These
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H

E

D

Material (cm) (105Pa) (kg/md) a (103)
Steel 10.0 206 7800 5.1912
Black granite 10.0 60 2730 4.8048
White granite 10.0 48 2600 4.2778
Hard PVC board 10.0 4 1400 1.7074
Marble 10.0 55 2700 4.5592

Notes: H-Height, E-Elastic modulus and D—-Density
of structures.

Soil materials were derived from deposits on
the fan of debris flows in Jiangjia Gully, which is
located in Dongchuan city, Yunnan Province, China
(Cui et al. 2005). In order to avoid the effect of
compositions of soil on the impact pressure of
debris flows, just one soil composition was used to
conduct the experiments in this study. The particle
grading curve of soil materials in our experiments
is shown in Figure 4. The maximum grain size dmax
of experimental soil was 2 cm and the width By
(=0.4 m) of flume satisfied the control boundary
condition Br= dmax (Chen et al. 2018).

During the experiments, debris flows with a
volume of 0.3 m3 of poorly water-saturated
mixtures of sands and gravels were set to move at a
steady state after a traveling distance of 2 m from
the upper part of the flume. In most cases, the
whole flowing process lasted about 10 seconds
according to the results from the laser meter



(Figure 5). The structures impacted by debris flows
were installed with a central line distance of 2.8 m
from the storage hopper to ensure that debris flows
were moving steadily before impacting the
structures and that the impacts occurred vertically
on the four pressure sensors installed on the
surface of the structures. For each kind of
structural materials, five experiments were
conducted. The density of debris flows for each
experiment could be measured directly by a
sampling beaker and electronic balance (Table 2).
The front velocity of debris flows was calculated by
combining the movement distance of debris flows
front in the flume bed with the movement time
recorded by video (the data are listed in Table 2).
The depth of debris flows front could be measured
by laser sensor (see Table 2).

For signals of the impact pressure of debris
flows, however, whether derived from field
monitoring or flume experiments, the recorded
signals always contain noise (Hu et al. 2011; Tang
et al. 2013). Therefore, the measured impact
signals of debris flow were de-noised first based on
a Dbg4 wavelet analysis to obtain the realistic
impact signals (shown in Figure 6). These impact
signals showed that the front part of debris flows
had a stronger impact force than the middle and
tail parts. A possible explanation for this is the
density and velocity of debris flows surge’s front
are larger than other parts of debris flows (Iverson
1997). The maximum impact force in the front
parts of debris flows may be, in most cases, the
main cause of the failure of the structures and is
utmost important concern for the design of
mitigation measures. The maximum values of de-
noised impact force signal were picked out for
subsequent analysis.

P =max max (P (k)) (9)

1<i<4 1<k<n
where Pi(k) is the time series of de-noised signal
recorded by sensor number i (i = 1, 2, 3, 4) in
Figure 6. P is the maximum impact pressure of de-
noised signals, n is the number of time series of
impact signals.

For each experiment, the maximum impact
pressure P of the de-noised signal was extracted
based on Eq.(9) and the results are listed in Table 2.
According to Table 2, the impact pressures were
not only dependent on the magnitude of flow depth,
density and velocity, but also were related to the
type of material in the structure. Especially, the
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Figure 4 Particle size distributions of soil materials in
this study.
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Figure 5 An example (H-2, as listed in Table 2) of the
time series of the depth of debris flows with hard
polyvinyl chloride (PVC) board during the experiments.

100,
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>
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50 £
0
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Figure 6 An example (H-2, as listed in Table 2) of the
time series of measured (a), de-noised (b) and
smoothed signal of impact force (c) of debris flows with
hard polyvinyl chloride (PVC) board during the
experiments.

measured impact pressures for the PVC board
(<100 kPa) appeared to be smaller than other four
kinds of materials.
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2 Results and Discussion

In Eq.(8), the parameter A is an unknown
parameter, as previously mentioned. In this study,
A was assumed to only depend on the mechanical
properties of structural material, since differences
in mechanical properties of soil materials were
absent. To illustrate the influence of the
mechanical properties of structural material on
impact pressures of debris flows, a dimensionless
parameter f is introduced as

ﬂ:ﬁ:% (10)

m

where P, is as described in Eq.(8), P» can be
described as follows:

P, = 2”%% PaVPrCy (1)

By substituting the corresponding measured
data in Table 2 into Eq.(8), for each flume
experiment, the value of  was calculated, and the
results are shown in Figure 7. The results showed
that the values of [ are different for the five
structural materials. The different values of  or A
indicate that the different structures will have
different dynamical responses to impacts generated
by debris flows.

Since marble, white granite and black granite
are heterogeneous material (Goodman 1989),
impact pressures corresponding to these material
were scattered (Figure 7). Meanwhile, the steel and
PVC Dboards were man-made and more
homogeneous compared with the other rock-based
materials; consequently, the impact pressures of
steel and PVC boards were more centralized (Figure
7). Furthermore, five linear empirical relationships
between the measured impact pressure P in the
experiment and impact pressure P, calculated by
Eq.(11) were proposed for the five structural
materials and these are shown in Figure 8.

According to the results in Figure 8, the values
of f for structures made of steel, black granite,
white granite, marble and polyvinyl chloride (PVC)
board are 0.0222, 0.0362, 0.0409, 0.0401 and
0.0782, respectively. And the largest value of § was
equal to 0.0782 for the PVC material, while the
smallest one was 0.0222 for the steel material. For
five structural materials selected in our study, the
mechanical impedance of the PVC material was the
smallest and was equal to 2.36x10m/s. Meanwhile
for steel material, the mechanical impedance was
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Table 2 The measured velocity, flowing depth, density
and de-noised impact force of debris flow front

Material v(m/s) h(m) Da(g/cm3) P (kPa)
S-1 3.16 0.100 1.9329 84.1426
S-2 3.75 0.101  2.0000 113.2202
S-3 3.33 0.071 2.0164 112.2695
S-4 4.00 0.078 2.0445 145.0008
S-5 4.00 0.087 1.9871 139.0585
B-1 4.29 0.090 2.1270 134.2617
B-2 4.29 0.080 2.0434 139.3785
B-3 4.00 0.082 2.1051 120.9000
B-4 4.00 0.075 2.1195 139.6011
B-5 4.00 0.079 2.0683 134.9257
W-1 3.75 0.075 2.1751 152.2300
W-2 3.53 0.067 2.2321 114.1387
W-3 4.00 0.073 2.1452 152.0308
W-4 3.53 0.072 2.1812 145.9306
W-5 3.53 0.069 2.1218 111.1158
H-1 3.53 0.069 2.1290 120.2483
H-2 3.33 0.072 2.0616 92.0953
H-3 3.16 0.071  2.0479 90.3997
H-4 3.00 0.074 2.1526 82.6571
H-5 3.16 0.067 2.1240 94.5280
M-1 3.53 0.075 2.2617 134.0878
M-2 3.33 0.066 2.0723 113.0451
M-3 3.33 0.073 2.1376 113.7925
M-4 3.16 0.071 2.0028 107.7576
M-5 3.00 0.069 2.1675 101.6434

Notes: S-Steel, B-Black granite, W-White granite, H-
Hard polyvinyl chloride (PVC) board, M-Marble, v-the
velocity of debris flow front, h-The depth of debris flow
front, Dg-density of debris flow, P-de-noised impact
force.

0.1
O Steel
o0 Black granite o
0.08F 4 White granite g
# Hard PVC board *
¢ Marble
0.06
==X
q ]
0.04 < ®,0%0
00g Ao 4 < ¢
0.02L0 opo0
0 . : : ; ;
0 5 10 15 20 25 30

Series
Figure 7 The value of the dimensionless parameter
as formulated in Eq. (10) for five structural materials
made of steel, black granite, white granite, marble and
polyvinyl chloride (PVC) board.

largest and was equal to 40.08x10° m/s. In other
words, the findings indicate that the structures
made of PVC material are more easily deformable
and will take a longer time to reach greater



deformation, compared to the other structural
materials in our study (vice versa, for steel
material).

By comparing the values of the parameters in
Table 1 and the  data shown in Figure 7, it was
discovered that the white and black granite
materials had a similar value of a and f, and a
trend was detected in which larger the values of a
were associated with smaller values of f. The
negative linear relevant relation between a and f is
shown in Figure 9. This relationship was fitted as
follows,

B =-1.4780x10" ax+0.1045 (12)
where the fitting correlation coefficient (R2) was
0.9651.

By substituting Eq.(12) into Eq.(8), the
calculation formula for the impact pressure of
debris flows can be formulated as follows:

P =(-3.7039x107 + O'Zslg)Frcb,/pdvpbcb (13)

The relationship between the measured impact
pressures and those estimated with Eq. (13) are
shown in Figure 10.

According to Eq. (13), the impact pressure of
debris flows acting on a structure is caused by the
interaction between the debris flows and the
structure. The dynamical parameters of debris
flows and the mechanical properties of structural
materials both play an important role in the
dynamical responses of structure impacted by
debris flows. However, in previous studies on the
impact pressure of debris flows, structures have
been usually viewed as the rigid bodies and the
influence of mechanical properties of structural
materials on the impact pressure of debris flows
has been ignored. In these studies, the
hydrodynamic pressure was usually modified to
determine the impact pressure of debris flows
(Kang et al. 2004), e.g.

P=kpV’ (14)
where k is an empirical coefficient that ranges from
2.0 to 4.0 (Kang et al. 2004). By fitting Eq. (14)
based on the experimental data in this study, we
obtained k=4.31 (R2=0.5046). For the modified
hydrodynamic pressure, the root mean square

error (RMSE =\|Y"" (P

meas i Pmadel,i

y}/N ) and the

relative error
= Pyua,) | P1X100% ) Were 14.68

maximum
( MRE = max[(P

1<i<n meas i

J. Mt. Sci. (2018) 15(12): 2721-2729

180
O Sieel T
- =g
160 O Black granite &
4 White granite 4
# Hard PVC board 4
140 ¢ Marble

60 : - - : :
01000 2000 3000 4000 5000 6000 7000

P (kPa)
m

Figure 8 The relationship between measured impact
pressure P and the calculated impact pressure Pm by
Eq.(11) for five structural materials made of steel,
black granite, white granite, marble and polyvinyl
chloride (PVC) board. And the five lines have different
slopes, which represent different values of £5.
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Figure 9 The negative relationship between the solid
Froude number a as formulated in Eq. (7) and the
dimensionless parameter £ as formulated in Eq. (10).
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Figure 10 The relation of the measured and
calculated impact pressures with Eq. (13).
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kPa and 25.66%, respectively. Here b, and

P, a0 were separately measured impact pressure

of debris flow and calculated those, and N
represents the total number of experiments. For
the model proposed in this study, the root mean
square error and the maximum relative error were
9.48 kPa and 19.71%, respectively. These results
means that the model proposed in this study is
more reliable than the model of modified
hydrodynamic pressure.

3 Conclusions

In this study, the effects of mechanical
properties of structural materials on the impact
pressure of debris flows were examined. The
following conclusions were drawn:

(1) The results showed that mechanical
properties of the structural materials played an
important role in determining the impact pressure
of debris flows. The impact pressure of debris flows
is thus dependent on both the dynamical properties
of debris flow and the mechanical properties of
structural materials.

(2) In this study, a method for the
determination of the impact pressure of debris flow
was proposed based on a simplified dynamical
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