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Abstract: The use of open-type check dams in
mountainous areas has become common practice in
order to mitigate the effects of debris flow and extend
the service life of engineering structures. The beam
dam, a common debris flow control system, has
received less attention in research on the impact
process of debris flow and check dams compared to
solid check dams. Additionally, the estimation of
impact pressure in debris flow primarily considers
debris flow characteristics, without taking into
account the influence of geometric characteristics of
the transmission structure. To better understand the
impact process of debris flow on beam dams, a series
of small-scale debris flow impact tests were conducted
in a model flume. Key parameters, including velocity,
depth, and impact pressure, were measured. The
results show that the maximum impact pressure of
debris flow is affected by both the characteristics of
the debris flow and the relative opening size of the
beam dam. Due to flow and edge occlusion in the
middle of the beam dam, the discharge of debris flow
is enhanced, resulting in a longer impact process and
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higher maximum impact pressure. Based on these
findings, a calculation model of the maximum impact
pressure of debris flow at the midpoint of the middle
beam is proposed, which can be used to estimate the
impact of debris flow on the discharge part of the
beam dam.

Keywords: Debris flow; Beam dam; Impact pressure;
Relative opening size; Calculation model

1 Introduction

Multiple types of debris flow dams are commonly
constructed along debris flow channels to mitigate
hazardous debris flows (Baldwin et al. 1987; VanDine,
1996; Hiibl and Fiebiger, 2005; Chen et al. 2015; Wei
et al. 2017; Kattel et al. 2018; Poudyal et al. 2019;
Fang et al. 2023). Slotted dams are one of the major
types of open-type check dams characterized by both
trapping and discharging of large particles in debris
flow, which changes the complete trapping of a solid
gravity dam into a partial trapping. Compared with
other types of check dams, the slotted dam structure
mainly comprises vertical piles and crossbeams. This



structure has a higher opening rate that enables
efficient discharge of sediment, fine gravel, and free
water from the fluid, enabling the debris flow entering
the dam reservoir to reach the separation of water and
rock faster. Moreover, the structure of slotted dam is
simple, convenient, and economically constructed,
easy to maintain and manage, and is gradually widely
used in debris flow prevention and control
engineering in China and abroad. The beam dam, the
most typical type of slotted dam, can greatly reduce
water pressure on the dam, regulate the material
composition of the debris flow, effectively improve
storage capacity utilization, and extend the dam’s
service life due to its large opening size and good
transmissibility. Examples of a typical beam dam are
shown in Fig. 1.

Fig. 1 (a) Typical beam dam in Nuorilang gully,
Jiuzhaigou, Northwestern Sichuan, China; (b) Typical
beam dam in Lalahu gully, Wenchuan, Northwestern
Sichuan, China.

Since the abutment and support piers of the beam
dam are primarily composed of high-strength
reinforced concrete with large cross section, the
debris flow’s impact on these parts is relatively
minimal. The beam of the dam structure regulates
debris flow and is usually comprised of reinforced
concrete or steel rails. To ensure a large opening ratio,
the cross-section design size of the beam is often
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small, resulting in weak structural strength, making it
more prone to damage from debris flow impacts than
other dam types. Additionally, due to the continuous
and dynamic nature of debris flow, precast concrete
beams often suffer abrasion damage or direct
fractures, while steel rail beams mainly experience
brittle fracture or bending deformation (refer to Fig.
1b). Nevertheless, the structural forms of existing
beam dams vary significantly, and their design
processes often rely on previous engineering
experience. The mechanism and mode of beam dams
in resisting the impact of debris flow remain unclear,
and the spatiotemporal distribution characteristics of
the maximum impact pressure of debris flow on the
beam are not adequately understood. Furthermore,
the calculation method of maximum impact pressure
of the beam structure is imprecise.

Most current methods for calculating the impact
pressure of debris flow utilize a one-dimensional
dynamic model (Armanini et al. 2011; Hubl and
Holzinger 2003):

P, =KpV (1)

max

where, Pmax is the impact pressure of debris flow (kPa),
K is the empirical coefficient of impact pressure, p is
the bulk density of debris flow (t/m3), and v is the
velocity of debris flow (m/s). According to previous
research and field observations, the empirical impact
pressure coefficient ranges from 0.2 to 18.6 (Hungr et
al. 1984; Hiibl and Holzinger 2003; Hu et al. 2011;
Scheidl et al. 2013; Cui et al. 2015). The K coefficient
is used to account for flow composition, blocking type,
impact mechanism, and uncertainties in the natural
environment (Song et al. 2017). It is worth noting that
the values of K vary depending on the discharge and
motion patterns that may be affected by the opening
size and location of the beam dam.

In terms of model tests, Shieh’s experiments in
2008 demonstrated that the impact pressure of debris
flow with the same properties (material and velocity)
on three different shaped dams (vertical, inclined, and
curved) was significantly different, indicating that the
impact pressure of debris flow is closely related to the
structure of the dam. However, the early impact tests
of debris flow did not measure the dynamic impact
pressure due to sensor limitations (Shieh et al. 2008).
Ng et al. (2016) conducted an experiment in which a
debris flow trough was set up in the centrifuge, and
the difference in impact pressure between rigid and
flexible dams was studied. The experimental results
show that the impact force of debris flow is notably
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affected by the content and interaction between
coarse particles (Ng et al. 2016). Additionally, Wei.
(1996) measured the impact pressure of debris flow
on a solid check dam in laboratory tests, showing that
the impact pressure of debris flow increased with the
flow velocity (Wei et al. 1996).

Previous laboratory tests have mainly focused on
the influence of the shape characteristics of solid
check dams on the impact process of debris flow.
However, there has been a lack of research on the
impact process of open-type check dams, such as
beam dams. In addition, studies on the impact of
debris flow in beam dams are seldom analyzed in
combination with the flow process of debris flow. The
influence of the flow process of debris flow on the
temporal and spatial distribution characteristics of
the impact pressure is still unclear, and the existing
calculation method only considers the flow properties
of debris flow and does not consider the influence of
the flow pattern change after the interaction between
debris flow and beam dam on the maximum impact
force of debris flow, so the calculation method of the
maximum impact pressure is not accurate enough.

Therefore, this paper aims to study the impact
process and the temporal and spatial distribution
characteristics of the impact pressure of the beam
dam through model tests. Finally, it will explore the
calculation method of the maximum impact pressure
at the middle point of the beam. This research is of
great significance in ensuring the structural safety of
beam dams, rationally utilizing engineering materials,
optimizing structural design, prolonging the service
life of the dam, and improving the application rate of
beam dams in prevention and control engineering
practice.

2 Material and Methods

2.1 Scaling principle

The Froude number of debris flow in nature may
be relatively small. For example, the measured Froude

number of debris flow in Jiangjia Ravine falls between
1.5 and 2.0 according to Hu et al. (2011). Hiibl (2005,
2009) believed that the Froude number of debris flow
in flume tests often exceeds that in real debris flow
(Fr < 3), thus leading to an incorrect estimation of
debris flow impact pressure. Therefore, it is essential
to study the impact pressure of debris flow across a
wider range of Froude numbers.

Based on a series of small-scale flume tests, Hiibl
and Holzinger (2003) discovered that the empirical
impact pressure coefficient K ranged between 0.1 to
3.9 and is dependent on the Froude number of debris
flow. Furthermore, they created a scale-independent
formula to forecast the maximum impact pressure of
debris flows:

P =(4.5Fr ") pv’ (2)

Froude number Fr dictates the behavior of fluid
flow at a macro level. It is frequently employed to
discern whether debris flows are influenced by inertia
or gravity, as noted by both Hiibl et al. (2009) and
Choi et al. (2015). Moreover, it is extensively utilized
to characterize the motion state of debris flow.

In this study, the values of Fr are set in the range
of 3.79 to 7.70. These values align with the range of Fr
values observed in field debris flow events, which fall
between 0.45 and 13.00, as reported in previous
studies (McArdell et al. 2007; Hiibl et al. 2009; Kwan
et al. 2015; Zhou et al. 2019). Table 1 presents the
Froude number values extracted from prior research
on debris flow and structural impact.

2.2 Test setup

The test equipment shown in Fig. 2 comprises a
flume, a laser distance measuring instrument, a
camera, and a data acquisition instrument.
Specifically, the flume includes a tank (dimensions of
3ocm x 50cm x 8ocm) designed to store debris flow
material, a generalized channel (dimensions of
400cm x 20cm x 30cm, with a variable slope of 0°-
20°), and a recycle pool (dimensions of 8ocm x 8ocm

Table 1 Summary of Froude number Fr for estimating debris flow impact pressure.

Structure type  Flow type Froude number Fr Data source

. Dry sand 4.10-5.90
Slolldl dan Viscous debris flow 3.20-3.90 Wil (2015)
Single pile Viscous debris flow (No coarse particles) 2.50-5.90 Cui et al. (2015)
Solid dam Coarse flow and fine flow 1.20-13.00 gl(l)t:)l;l)nd Holzinger
Single pile Viscous debris flow in Jiangjia Ravine, China. 1.50-3.00 Hu et al. (2011)
Slit dam A mixture of glycerin with glass beads and pebbles  2.47-0.51 Hu et al. (2020)
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x 20cm) used for the recovery and reuse of debris
flow. Regarding observation equipment, three high-
definition cameras are used to record the entire
process of debris flow movement during testing, with
one positioned at a top view, one at a side view and
the last one at a front view. Two laser distance
measuring instruments are placed upstream and
downstream of the beam dam to record the real-time
change of mud level in the debris flow.

The beam dam used in the experiment is made of
steel plates. The model’s dimensions measure 200mm
in width and 120mm in height, with 15 mm-wide
columns positioned on the left and right sides, and a
170 mm-wide discharge section in the middle. The
model is located 2.5m from the tank’s outlet. Fig. 3a
illustrates the opening size b of 20mm, which
generally represents the typical opening form and
structure of a beam dam in the field. Regarding
sensor placement, each beam includes an impact
pressure sensor in the middle of the beam, with three
impact pressure sensors distributed across the three
beams. The three impact pressure sensors are named
A, B, and C from the bottom to the top along the
central axis of the beam dam. Fig. 3b illustrates the
sensor placement.

2.3 Test material

The material used in this test was taken from
original samples collected from the debris flow
accumulation area of Gangou in Longmenshan town,
Pengzhou City. To minimize potential boundary
effects on flume test results, coarse gravel with a
diameter greater than 20mm was selectively removed,
retaining only the original debris flow with a diameter
less than 20mm. Particles with a size below 0.25mm
were calibrated using a Mastersizer 2000 laser
particle size analyzer. The grading curve of the test
material is illustrated in Fig. 4. Following test
requirements, debris flow soil samples were sifted for
large particles, and the debris flow with initial bulk
densities of 1.60t/m3, 1.80t/m3 and 2.00t/m3 was
prepared according to different water content (39.8%,
28.6% and 19.7%). The amount of material in one test
is 20L. In order to ensure the stability of the debris
flow movement process, debris flow material in the
tank were continuously and fully stirred, and a gate
was used to control the stable discharge of debris flow
material.

J. Mt. Sci. (2023) 20(10): 2822-2834
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2.4 Test system

Real-time recording of velocity, depth, and impact
of debris flow was conducted during the experiment.
The impact pressure measurement system comprises
3 impact pressure sensors, a data acquisition
instrument, and a laptop (Fig. 5a). The DY4100
impact pressure sensor has a range of 200kPa, a
diameter of 8mm, a precision of +0.25%F.S., and a
sampling frequency of 2000 Hz (Fig. 5b). This sensor
is utilized to collect dynamic impact signals generated
by debris flow acting on the beam dam. Furthermore,
two laser distance measuring instruments (sampling
frequency 20Hz, measuring accuracy 1mm) are used
to capture the continuous change of mud depth when
the debris flow passes through. Three high-definition
cameras (sampling frequency 120Hz) were installed
overhead and on the side of the water trough to
record the flow of debris within the trough. Images
back analysis was then utilized to obtain the average
surface velocity and flow pattern. The surface velocity

s B OB Mceen )

Jo-test con @ e

of debris flow is interpreted by measuring the time of
debris flow passing through fixed spacing sections.

2.5 Tests and Signal Processing

2.5.1 Tests

A total of 45 tests were conducted to investigate
the effects of changing the relative opening size,
debris flow bulk density, and flume slope. Table 2
shows 45 test parameter groups with slopes of 4°, 6°,
and 8°. To ensure the accuracy and reliability of the
collected data, control groups were set under each test
condition combination, including a no dam and solid
dam group. The relative opening size of the beam dam
indicates the passing ability of the beam dam, which
can be expressed as b/dmax, Wwhere dmax represents the
maximum particle size in the debris flow. The relative
opening sizes of the beams are 0.75, 1.00, and 1.25,
while the flume slopes are 4°, 6°, and 8°, and the bulk
densities of debris flow are 1.60t/m3, 1.80t/m3, and

e

Fig. 5 (a) Data acquisition system; (b) Micro pressure sensor.

Table 2 Tests and fluid properties (4°, 6°, and 8°are slope angles of the flume).

Relative Bulk Approach velocity,
TestID opening size densityp v (m/s)

b/dmax (t/m3) 40 6° 8°
1-3 0.75 1.60 3.72 4.80 5.56
4-6 1.00 1.60 3.66 4.82 5.26
7-9 1.25 1.60 3.52 4.32 5.06
10-12 No dam 1.60 3.61 4.62 5.2
13-15 Check dam 1.60 3.65 4.67 5.20
16-18 0.75 1.80 3.54 5.50 5.50
19-21 1.00 1.80 3.58 544 5.62
22-24 1.25 1.80 3.42 4.94 5.40
25-27 No dam 1.80 3.44 512 5.51
28-30  Check dam 1.80 3.50 4.98 5.36
31-33 0.75 2.00 3.66 528 558
34-36 1.00 2.00 3.56 5.30 5.58
37-39 1.25 2.00 3.18 514 5.50
40-42  Nodam 2.00 3.26 5.32 5.65
43-45 Check dam 2.00 3.32 5.06 5.50
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Flow depth, h (m) Froude number, Fr

40 6° 8° 40 6° 8°
0.048 0.048 0.057 5.42 7.00 7.44
0.050 0.052 0.055 5.23 6.75 7.16
0.049 0.055 0.057 5.08 5.88 6.77
0.047 0.050 0.055 5.32 6.60 6.97
0.048 0.055 0.051 5.32 6.36 7.36
0.055 0.052 0.061 4.82 7.70 7.11
0.056 0.068 0.062 4.83 6.66 7.21
0.060 0.057 0.063 4.46 6.61 6.87
0.060 0.053 0.062 4.49 7.10 7.07
0.055 0.060 0.059 4.77 6.49 7.05
0.070 0.068 0.060 4.42 6.47 7.28
0.064 0.065 0.055 4.50 6.64 7.60
0.072 0.066 0.061 4.79 6.39 7.11
0.068 0.070 0.063 3.99 6.42 7.19
0.067 0.067 0.058 4.10 6.24 7.30



2.00t/m3. To analyze the dynamic characteristics of
debris flow before impact, the approach velocity of
debris flow was measured by float method, and the
depth of debris flow was measured by laser distance
measuring instruments. Moreover, this provides the
Fr (Froude number) that reflects the hydrodynamic
characteristics of the debris flow (Table 2).

2.5.2 Signal processing

To simplify the study, the impact pressure of
debris flow was considered as continuous dynamic
impact pressure. The original signal included noise
from the measurement system, external interference,
and sensor vibration caused by the impact process. To
illustrate, the impact signal of the center point B of
the middle beam under the test condition
(p=1.80t/ms, the slope is 6°, b/dmax =1) was taken as
an example. The original impact signal and the
filtered impact signal are displayed in Fig. 6 to
demonstrate the effect of the filtering process.

90 -

—— Detected signal

80 — Filtered signal

70 4
£ 604
-
= 50
£
2 40
2
= 30
2
g 204
=]
E 104

0
-10 - T - T + T ™ T ™~ 1
0 1 2 3 4 5
Time (s)

Fig. 6 Original signal and the filtered signal of debris
flow impact pressure of point B.

3 Experimental Results and Analysis

3.1 Impact process in the middle of the beam

Fig. 7 shows the time history and distribution of
impact pressure at each point in the middle beam of
the beam dam under typical test conditions, where the
debris flow bulk density is 1.80t/m3, the flume slope
is 6°, and the relative opening size b/dmax is 1. Based
on the analysis of debris flow movement on the beam
dam, the impact process of debris flow can be divided
into four stages:

Stage 1 (contact stage): The debris flow moves
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Fig. 7 Time history curve of debris flow impact pressure
at each measuring point in the middle of the beam (Test
conditions: p=1.80 t/ms3, the slope is 6°, b/dmax =1).

steadily in the flume towards the oncoming surface of
the beam dam from the tank. The sensor at the
bottom detects the impact pressure first. This stage
lasts approximately 0.83 seconds.

Stage 2 (runup stage): Upon interaction, the
debris flow rapidly climbs vertically along the beam
dam. Impact pressure values of the three beams
within the debris flow increase significantly and first
peak appears in chronological order. The first peak
impact pressures are detected at points A, B and C at
0.835s, 0.859s and 0.860s respectively. Subsequently,
due to the impact of the debris, the impact force at
point A is rapidly reduced as a result of the rapid
deceleration of the debris. The impact force at point C
is also reduced with the reduction of the runup height
at the dam, and the impact force at point B begins to
enter the next stage after reaching a second peak
impact force at 0.893s. Based on the test results, we
find that the maximum impact force at point B occurs
at the second peak impact force of 44.14kPa.
Compared with the first peak impact force (42.31kPa),
the time lag is 0.024s. As the debris flow continues to
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accumulate along the edge and bottom of the beam
dam, there is a continuous increase in the quantity of
debris flow in the middle of the beam dam, resulting

in a hysteresis effect in the maximum impact pressure.

Stage 3 (crossing stage): Debris flow crossing in
the beam dam can be classified into two types;
crossing between the beams and the top of the dam.
Due to the discharge effect and decreasing velocity of
the incoming flow, debris flow begins to gradually
accumulate behind the dam, resulting in a decrease of
impact pressure on each measuring point. The
damping process demonstrates a trend of shock
decline, which lasts for about 0.3 seconds. In this
stage, the impact force of measuring point B is
obviously greater than that of the other two
measuring points, which may be caused by the
continuous discharge of debris flow at measuring
point B. The impact force of measuring point A
quickly changes into static pressure due to the
occlusion of measuring point A, while the impact
force of measuring point C, which is higher than the
depth range of debris flow, no longer fluctuates after
the debris flow falls down.

Stage 4 (accumulation and discharge stage):
Debris flow impact pressure reduces rapidly from the
flood peak value of the previous stage. However, the
decline rate is noticeably slower than that of the
preceding stage. Over time, the discharge effect
between the beams decreases gradually, and the
impact pressure acting on each measuring point
transforms slowly into a static pressure load.
Subsequently, a stable state is reached from the
bottom to the top, which occurs approximately at 1.2s.

3.2 Variation characteristics of maximum
impact pressure

Test results show that the bulk density of debris
flow, the relative opening size of the beam dam and
the slope of the flume are the main factors affecting
the maximum impact pressure in the middle of the
beam dam.

3.2.1 Bulk density of debris flow

Based on the test results, the maximum impact
pressure in the middle of the beam dam is
significantly influenced by the bulk density (Fig. 8a).
Specifically, when the bulk density of debris flow is
1.60t/m3, the maximum impact pressure Pmax of
debris flow occurs mainly at the bottom beam and
gradually decreases from bottom to top along the
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Fig. 8 (a) Variation trend of maximum impact pressure
at the middle point of the beam under bulk density
variation; (b) Longitudinal distribution of maximum
impact pressure under bulk density variation (Test
conditions: b/dmax=1, the slope is 6°).

depth direction. This means that the maximum
impact pressure of debris flow with low bulk density
increases along the longitudinal height of the beam
and gradually decreases. Furthermore, low bulk
density debris flow with low solid components
content implies poor integrity and is more prone to
passing through the bottom of the beam dam, hence
yielding little difference in maximum impact pressure
values at different heights in the middle of the beam
(Fig. 8b). In contrast, when the bulk density of debris
flow is 2.00t/ms3, the maximum impact pressure value
is higher than that under the low bulk density
condition. At this stage, the maximum impact
pressure Pmax of debris flow appears at the bottom
measuring point A, with a value of 105.59kPa. The
maximum impact pressure at the top measuring point
C, however, is relatively low, with a value of only
28.84kPa. This indicates that the higher the solid
content in the debris, the higher the momentum of a
more cohesive material.



3.2.2 Relative opening size

Three different relative opening sizes of the beam
dam were selected for analysis. Fig.9a displays the
relationship between the relative opening size and the
maximum impact pressure at each measuring point in
the middle of the beam.
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Fig. 9 (a) Variation trend of maximum impact pressure
at the middle point of the beam under relative opening
size variation; (b) Vertical distribution of maximum
impact pressure under relative opening size variation
(Test conditions: p=1.80 t/ms3, the slope is 6°).

Generally, as the relative opening size increases,
the trend of the maximum impact pressure at the
midpoint of the beam becomes distinctively different.
The maximum impact pressure at measuring point A
remains basically unchanged. This may be because
the depth of measuring point A remains constant,
always located in the range of mud depth. As the
relative opening size increases, the maximum impact
pressure at measuring point B shows a clear upward
trend. This may be attributed to the increased
discharge efficiency of debris flow through the
opening between the bottom beam and the middle
beam, leading to a slower blocking process. As the
blockage develops, the quantity of debris flow
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abruptly increases at measuring point B. Therefore,
the maximum impact pressure often lags behind the
peak impact pressure generated by the debris flow
head. The maximum impact pressure at measuring
point C decreases significantly with an increase in the
relative opening size. This indicates that the higher
the measuring point C and the wider the relative
opening size, the easier it is for the debris flow to
discharge from the bottom opening, making it more
challenging for the debris flow head to reach the
measuring point C. Consequently, the maximum
impact pressure generated at the measuring point C
will be smaller and smaller (Fig. 9b).

3.2.3 Slope

The test results indicate that the maximum
impact pressure in the middle of the beam increases
as the slope of the flume increases (as depicted in Fig.
10a). Moreover, the maximum impact pressure of
debris flow gradually decreases from bottom to top
along the longitudinal axis. As the slope becomes
steeper, the maximum impact pressure on each
measuring point in the middle of the beam
significantly rises. Additionally, with the increasing
height of the measuring point, the maximum impact
pressure increases more notably. When the slope is
small (6=4°), the velocity of the debris flow is
relatively low and can be regarded as a plug flow with
good integrity, and there is no clear water and stone
splash in the running-up process. As a result, there is
a relatively small difference in the impact pressure of
each measuring point in the middle of the beam.
However, when the slope is large (6=8°), the
maximum impact pressure on each measuring point
of the beam dam dramatically increases, with
significant differences among the maximum impact
pressure of each measuring point. The reason is that
as the slope becomes steeper, the velocity of the
debris flow significantly increases, leading to poor
integrity. During the contact and climb stages, a
violent rushing and climbing phenomenon occurs
while the material composition of debris flow
becomes nonuniform in the longitudinal direction. All
these factors contribute to the clear variation in the
maximum impact pressure of measuring point C
which is relatively lower than that of measuring point
A. In this instance, the maximum impact pressure on
measuring point B is 105.59kPa, while the maximum
impact pressure on measuring point C at the top is
35.91kPa (Fig. 10b).
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3.3 Calculation method of maximum impact
pressure

Based on the results of the flume tests, the
process of debris flow discharge and blocking at the
bottom beam is not affected by the change in the
relative opening size. Instead, it is only affected by the
bulk density of debris flow and the slope of the flume.
Hence, the maximum impact pressure at the bottom
beam is still calculable using the previous impact
pressure formula, regardless of the relative opening
size. Since the top beam is located where the debris
flow rises and climbs, it cannot endure the continuous
impact of debris flow. Therefore, the maximum
impact pressure of debris flow at the top beam is
random and can be predicted by calculating the
maximum impact pressure of the middle beam.
However, the maximum impact pressure of the
middle point B of the middle beam is not only
dependent on the nature of debris flow but also
influenced by the change of the relative opening size.
As the relative opening size increases, the maximum
impact pressure also shows an upward trend. We
believe that the maximum impact pressure of middle
point B is mostly affected by the velocity v, bulk
density p , debris flow and maximum debris flow
particle size dmax, beam dam opening size b, the slope
of flume 6 and the acceleration of gravity g. To
simplify the analysis, we can express the maximum
impact pressure of the middle point B as:

PBmax zf(Vapagab,dmax, 6) (3)

Following the principle of dimensional analysis,
the given equation consists of six variables, out of
which three factors can be considered as basic
variables as per the st theorem. Applying the principle
of dimensional consistency, Eq. (3) can be simplified
as:

Fhnse _ (82 o g @
PV v.ob

Further, the empirical coefficient of impact
pressure of the middle point B Kp can be written as:

h d
K, = f(5 5 ) 5)
y b

Drawing upon the previous analysis, it can be
inferred that the empirical coefficient of impact
pressure Kp is influenced not only by the Froude
number Fr but also by the relative opening size b/dmax,
representing the discharge effect of debris flow at the
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Fig. 10 (a) Variation trend of maximum impact
pressure at the middle point of the beam under slope
variation; (b) Longitudinal distribution of maximum
impact pressure under slope variation (Test conditions:
p=1.80 t/m3, b/dmax=1).

beam dam.
By general convention, the Froude in the above
equation is:

Fr=——0 ' (6)

\Jghcos@

The empirical coefficient of impact pressure of
the middle point B can be simplified as:

K3=f<g—f,%,e)=ﬁ(ﬂ)-ﬁ(i] )
vi b dys

The empirical coefficient Kz of debris flow at a
beam dam under varying bulk density conditions is
depicted for different Froude numbers Fr in Fig. 11a.
Additionally, the empirical coefficient Kz under
different relative opening sizes b/dmax is illustrated in
Fig. 11b. It is evident that the empirical coefficient Kp
decreases with an increase in Froude number Fr and
increases with an increase in relative opening size
b/dmax. This highlights that relative opening size plays
a key role in the discharge and blocking mechanism of



debris flow. Moreover, a larger relative opening size
results in a longer discharge duration of debris flow at
the midpoint beam.

Through the fitting analysis of experimental data,
the expression of the impact pressure coefficient of
debris flow can be written as follows:

b 0.1215
K, =4.2839Fr 7% [d_] ®

Therefore, the maximum impact pressure of
debris flow at the middle point B can be expressed as:

0.1215
P, = 4.2839Fr°-”‘“-(ij pv (9)
dmax
As illustrated in Fig. 12, a comparison between
the maximum impact pressure measured and the
maximum impact pressure calculated demonstrates
that the equation’s accuracy is dependable.

4 Discussions

In this paper, we carried out small flume tests to
measure the impact pressure of debris flow on a beam
dam. To filter and denoise the detected impact signal,
we utilized wavelet analysis. By analyzing the flow
process of debris flow, we studied in detail the impact
process and the temporal and spatial distribution
characteristics of the impact pressure of debris flow at
the beam dam. Finally, we established a calculation
method for the maximum impact pressure at the
midpoint B. Furthermore, we discussed the
relationship between the longitudinal distribution
characteristics of debris flow impact load and impact
failure characteristics.

4.1 Test results are reliable

Our tests have revealed that typical debris flow
impact processes can be observed under different
combinations of test conditions. The observed impact
processes are consistent with the records of debris
flow events in Jiangjia Ravine. Previous studies have
shown that the dynamic pressure of debris flow is 18-
60 kPa when the flow velocity in Jiangjia Ravine is 5-
10 m/s (Hu et al. 2011). This is in good agreement
with our experimental records at the same flow
velocity. In order to obtain more accurate data on the
overall impact pressure of debris flow, this paper does
not consider the impact load caused by large particles
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of debris flow. This is because the impact signal
caused by large particles is random, which makes it
difficult to analyze the change process of the overall
impact pressure of debris flow and obtain the
maximum impact pressure. However, it should be
noted that large particles may cause more significant
damage to the beam (Hungr et al. 1984; Chen and Tang
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2006). In this paper, we focused on the overall impact
pressure of debris flow and analyzed the distribution
characteristics of the maximum impact pressure. Overall,
our tests are reliable and provide valuable insights into
the impact of debris flow on beam dams.

4.2 Impact pressure calculation model is
improved

Previous studies have shown that the empirical
coefficient of impact pressure is primarily influenced
by the Froude number. The Froude number is used to
describe the flow patterns of debris flow, while the
relative opening size of a beam dam is used to
describe the discharge process of debris flow at the
beam dam, which in turn allows for the model
similarity of small flume tests. During our tests, the
Froude numbers ranged from 3.79 to 7.70, which
were consistent with the Froude numbers obtained
from field observation events of debris flow (ranging
from 0.45 to 13.00) (McArdell et al. 2007; Hiibl et al.
2009; Kwan et al. 2015; Zhou et al. 2019). The
changing trend of the impact coefficient and Froude
number obtained in our experiments is consistent
with previous research results (Fig. 13). Furthermore,
under the same Froude number conditions, the
impact coefficient obtained in our experiments was
slightly larger than that obtained in other studies
(Proske et al. 2010; Scheidl et al. 2013; Zhang and
Yuan 1985; Hiibl and Holzinger 2003; Tiberghien et
al. 2007; Cui et al. 2015). This may be because the
blockage and discharge process at the opening
between the beams affects the impact process of the
debris flow at midpoint B. As mentioned in the

®  Proske etal. (2010)

16 A& Scheidl et al. (2013)
¥ Zhang and Yuan (1985)
14 » Hiibl and Holzinger (2003)
# Tiberghien et al. (2007)
12 4 Cui et al. (2015)
@ Qur test data
10 + The fitting curve with all data:
K=4.72Fr " (R*=0.90)

Empirical coefficients K

Froude-number Fr

Fig. 13 Relationships between Froude number and the
empirical coefficients.
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previous analysis, the maximum impact pressure at
the midpoint E of the beam does not appear at the
first peak value, but rather at a later peak value that is
slightly larger than the first one. This indicates that
considering the influence of the relative opening size
on the maximum impact force of the debris flow can
make the calculation of the maximum impact force at
the midpoint B of the beam more accurate.

4.3 Vulnerable parts of the beam can be better
judged

The damaging effect of debris flow on a beam dam
can be described as follows: the strong impact of the
debris flow head on the base of the beam dam leads to
structural damage (Fig. 14a). As the debris flow
continues to accumulate at the base, it slowly starts to
damage the beam dam from bottom to top (Fig. 14b).
During stage 1, the debris flow head comes into
contact with the beam dam, and the size of the
particles gradually increases from the top to the
bottom of the longitudinal section of the flow. This
results in a dynamic pressure that can be represented
as a trapezoidal load, and the maximum impact
pressure point is in point A. Consequently, the bottom
beam is more likely to be damaged by the impact.
During stage 2, the debris flow starts to form a stable
discharge at the beam dam. At this moment, the
impact load can be approximated as a uniform load,
and the maximum impact pressure is basically
consistent longitudinally. During stage 3, As the
debris flow continues to accumulate along the edge
and bottom of the beam dam, there is a continuous
increase in the quantity of debris flow in the middle of
the beam dam, and the maximum impact pressure of
the debris flow appears at central point B, and the
load distribution becomes roughly pentagon. During
stage 4, the flow velocity decreases as the quantity of
debris flow decreases. As such, the impact pressure of
the debris flow on the beam dam gradually transforms
into a static pressure. The static load distribution is
triangular, and the maximum impact pressure point is
located in point A (Fig. 15).

Many existing engineering designs only take into
account the impact of the initial debris flow, but
ignore the continuous impact process caused by
blockages. This oversight tends to underestimate the
risks associated with debris flow impact on the discharge
area of the beam dam. Therefore, it is crucial to consider
the impact process under constant influence to ensure
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Fig. 14 (a) Impact failure at the top of beam dam; (b)
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accurate risk assessments. Improving design

considerations in this regard is paramount.

5 Conclusions

In this study, a series of flume tests were carried
out under specific conditions to investigate the effects
of relative opening size, bulk density of debris flow,
and the flume slope on the maximum impact pressure
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of debris flow on a beam dam. The following
conclusions can be drawn based on the study:

(1) The impact process of debris flow on the beam
dam can be divided into four stages: contact stage,
climb stage, crossing stage, and storage and discharge
stage. The peak impact pressure during the contact
and climb stage is not influenced by the relative
opening size, but rather dependent on the nature of
the debris flow.

(2) The maximum impact pressure of debris flow
at the middle point B is affected by the bulk density of
debris flow, slope of the flume, and relative opening
size. A larger relative opening size results in a longer
debris flow discharge process in the middle of the beam
dam. As the debris flow continues to accumulate along
the edge and bottom of the beam dam, there is a
continuous increase in the quantity of debris flow in the
middle of the beam dam, resulting in a hysteresis effect
in the maximum impact pressure.

(3) Based on the measured impact pressure data
and dimensional analysis, a calculation model for the
maximum impact pressure at the middle point B is
proposed. Compared to traditional methods, the new
model considers the influence of the debris flow
discharge process on the maximum impact pressure,
leading to a more secure impact resistance design for
the vulnerable position of the beam structure.

(4) To simplify the analysis and establish a
calculation model for the maximum impact pressure of
debris flow, this paper does not consider the impact of
boulders. However, in debris flow events that occur in
the field, boulders often cause more significant damage
to the beam dam. Therefore, it is necessary to further
explore the impact of large blocks on the beam dam’s
impact pressure in future research. This could
enhance the accuracy of the analysis and enable better
predictions of the damage that debris flow events can
cause.
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