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Abstract: Accurate determination of impact loads is of great necessity for safe and economical design
of flexible barriers. Nevertheless, measurement of the impact force on a flexible barrier is still an open
problem due to the highly deformable flexible net under impact and stress concentration on force
transducers. In this study, large-scale physical modelling with new design of instrumentation was
adopted to validate and optimise existing methods for measuring the impact forces on a flexible barrier.
Specifically, single-boulder impact tests were conducted to verify the accuracy of those methods. A
debris flow impact test was performed to quantitatively investigate the dynamic behaviour of a flexible
barrier under the impact of a debris flow. Thanks to the well-designed instrumentation, the impact force
distribution characteristics of a debris flow on a flexible barrier is discovered. During the interaction
process, the debris flow first impacted on the bottom area of the flexible net, then the dynamic impact
moved up with gradual deposition of debris material. It is found that the impact pressure on the central
area is much larger than that on two sides. Therefore, triangular-shaped load distribution is used to
optimise the simple method for measuring the impact force induced by a debris flow. Attributable to
the good accuracy and simple instrumentation requirement, this new simple method can be generalized

for real-time monitoring of impacts on flexible barriers installed in natural terrains.
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1. Introduction

Rockfall and debris flow are common natural hazards in mountain areas (Su et al .2017; Cui et al. 2018;
Kattel et al. 2018; Liu et al. 2020). In spite of their limited volumes compared to deep-seated landslides,
they can be destructive and cause catastrophic damages to buildings and infrastructure in the influenced
areas due to the high bulk density and large front velocities (Bugnion and Wendeler 2010; Jakob et al.
2012; Peng et al. 2015). Appropriate countermeasures are required for rockfalls and debris flows due
to the high frequency and difficulty of prediction (Takahashi 2014). For safe and economical design of
mitigation systems, accurate determination of impact load on the resisting structures is of great necessity.
Flexible barriers were firstly commercially developed by Brugg in the 1970s to halt large boulders
(Kane et al. 1993; Hearn et al. 1995). Recently, this countermeasure is regarded as a potential solution
for controlling other geohazards such as granular avalanches (Ashwood and Hungr 2016; Xiao et al.
2020) and debris flows (Leonardi et al. 2016; Kwan ef al. 2014; Volkwein 2014). A typical flexible
barrier usually consists four components: a flexible ring net, supporting posts holding the ring net,
strand cables and foundations supporting the posts. The impact force on a flexible barrier is difficult to
be directly measured by installing pressure transducers in the interception structure (e.g. flexible mesh
nets or flexible ring nets) because of two reasons: (a) Installation of pressure transducers in the flexible
net will unavoidably weaken the capability of large deformation, which is one major advantage of
flexible barriers for reducing the impact forces from boulders and debris flows; (b) Stiffness difference
between the rigid measurement surface of the pressure transducer and the deformable flexible barrier
also leads to stress concentration on the transducer and over-estimation of the impact force. Therefore,
indirect measurement methods are normally applied to detect the impact force from the responses of

the components of a flexible barrier.

Tensile forces in the horizontal ropes for reinforcing the flexible net have been measured and utilised
for estimating the impact load from a debris flow. Song et al. (2017) measured the tensile forces in the
horizontal cables of a flexible barrier impacted by granular flows in a centrifuge model and back
calculated the impact force considering the maximum deflection of the barrier. Wendeler et al. (2019)
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measured the tensile forces in the horizontal cables of a full-scale flexible barrier during a debris flow
event and utilised the forces to develop a new load model for impact force calculation. Besides, the
tensile forces in the supporting cables have been utilised to quantify the impact force on the supporting
structures of a flexible barrier. Denatale et al. (1999) conducted large-scale physical modelling
experiments for testing the performance of flexible barriers supported by posts and cables. From the
results of those tests, they found that flexible barriers can efficiently mitigate small debris flows. Tensile
forces in the supporting cables were measured by load cells installed between cables and the ground
anchors. Although, the total impact forces were not measured in that study, they found that the peak
loads in the supporting cables occurred at the same time with the maximum momentum impulse to the
net, which indicates that the maximum tensile forces on the supporting cables can be used to reflect the
impact behaviour of a debris flow on a flexible barrier. Bugnion and Wendeler (2010) conducted full-
scale shallow landslide impact tests and measured tensile forces in the supporting cables. Based on the
peak tensile forces, an equation was established to calculate the maximum dynamic impact pressure
induced by a shallow landslide. Results of the previous research prove that the tensile forces in the
supporting cables can quantitatively reflect the dynamic response of a flexible barrier impacted by a

debris flow.

Based on the findings from relevant research, those existing methods have been successfully utilised to
investigate the impact of a debris flow against a flexible barrier by measuring tensile forces in major
supporting structures (ropes reinforcing the net or cables supporting the posts). However, those existing
methods may not be able to realistically quantify the magnitude of the impact force because the force
can be reduced by the large deformation of the flexible net. Brighenti et al. (2013; 2015) proposed a
simplified analytical model based on the equation of equilibrium of wires under large displacement
conditions for estimating the restraining forces and the cable stresses, which has good performance
compared with parametric analysis and full-scale tests. Tan et al. (2018b) proposed a novel method to
directly measure the impact force on the flexible net based on the tensile forces within the flexible net.

This method has been utilised for monitoring the dynamic response of a flexible barrier under the



impacts of rock boulders (Tan et al. 2018b) and dry granular flows (Tan et al. 2018a). However,
applicability and accuracy of those methods should be further validated using appropriate methods and

reliable experiment data before the practical application.

This study aims to verify the existing methods and develop appropriate methods for accurate
measurement of the impacts from falling boulders or debris flows and efficient monitoring of the
dynamic response of full-scale flexible barriers installed in natural slopes and gullies. First, the data of
two large-scale boulder impact tests using single boulders with the diameters of 400 mm and 600 mm,
as shown in Tan et al. (2018b), are utilised to verify the simple methods. With the well-designed
instrumentation in the flexible barrier, the forces in different components during the interaction with
the moving boulder were measured. The impact force from the boulder, as a reference for verification
of the existing methods, is back calculated by tracking the movement of the boulder. Afterwards, a
large-scale debris flow impact test was performed to quantitatively investigate the impact behaviour of
a debris flow on a flexible barrier. The characteristics of the impact pressure distribution in the flexible
net are discovered with the help of the sophisticated instrumentation. By adopting the experiment data
and findings, a new simple method that can feasibly detect the impact force from a debris flow is
developed by measuring the tensile force in the outline cable, which can be generalized for real-time
monitoring of impacts on flexible barriers installed in natural terrains attributable to the acceptable

accuracy and simple instrumentation requirement.

2. Experimental setup and procedure

2.1 Experimental setup

A large-scale experiment facility for performing boulder and debris flow impact tests was constructed
in the Road Research Lab of the Hong Kong Polytechnic University. The view of the facility is
illustrated in Figure 1. This facility is comprised of three major components: (i) a 7-m-long, 1.5-m-wide
and 33-degree-inclined flume, (ii) a 4-m’-capacity material container located at the upstream of the
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flume, and (iii) an instrumented prototype flexible barrier located at the downstream of the flume. The
side walls of the flume are made up of transparent tempered glass for clear observation of the movement
of the impacting boulder or debris flow. A flip-up door facing to the flume is installed in the front wall
of the container to release a rockfall or initiate a debris flow. A patented door-opening system is utilised
to assist the door opening process for initiating debris flows uniformly and quickly (Tan et al. 2020).
The prototype flexible barrier at the lower end of the flume consists of steel wire rings (No. ROCCO
7/3/300, GEOBRUGG) with the diameter of 300 mm, which has been commonly used for rockfall and
debris flow mitigation (Sze et al 2018). Those steel wire rings are spread by a rectangular-shaped outline
cable. The outline cable is stretched by two steel posts hinged to the ground, which can rotate in the

plane of impact. Each post is supported by two strand cables, as shown in Figure 2.

2.2 Instrumentation

As the main research object, the flexible barrier is well instrumented to investigate the dynamic
behaviour under impacts. Detailed instrumentation of the flexible barrier is shown in Figure 2.
Corresponding to the major components of a flexible barrier: a flexible ring net, an outline cable, and
supporting structures, three types of transducers are installed in the flexible barrier for measuring the
forces in different components: (i) mini tension link transducers between rings in the flexible net, (ii) a
tension link transducer in the outline cable, and (iii) high capacity tension link transducers in the
supporting cables. Besides, a high-speed camera (MotionBLITZ Cube, MIKROTRON, Eching,
Germany) with the set recording speed of 500 fps and resolution of 1024x768 pixels is located at the
right side of the flexible net to capture the velocity of the impacting boulder, the front velocity of the
debris flow, and the deformation profile of the flexible net during impact. The mini tension link
transducers within the flexible net are designed and developed as connectors linking adjacent net rings.
As described in Qin et al. (2020), this transducer has a sensing element and a protection tube. The
sensing element is a 316 stainless bar (40 mm long, 20 mm wide, and 10 mm thick) with two U-shaped
openings at both ends for rings connection. The sensing element is manufactured by computer

numerical control (CNC) machining technology to ensure the integrity and performance. An FBG



sensor is attached to the surface of the sensing bar at its central axis by epoxy adhesive for tensile force
measurement. All transducers utilized in this study have been calibrated in the soil laboratory of the
Hong Kong Polytechnic University. To measure the impact loading distribution on the flexible net,
individual areas composed of interwoven rings are separated from the main net and reconnected to the
neighbouring rings by mini-tension link transducers. Due to the diverse impact characteristics of a
falling boulder (concentrated impact force) and a debris flow (distributed impact pressure), the
arrangement of transducers in the flexible net for boulder impact tests and debris flow impact tests are
adjusted correspondingly. Figure 3 presents the arrangements of the mini-tension link transducers in
the flexible nets for the boulder (Figure 3a) and debris flow impact tests (Figure 3b). In the supporting
strand cables, bridge-based tension link transducers with the certified capacity of 50 kN are installed at

the joints between the cables and the foundation. Those transducers are connected to a data-logger (NI

PXIe-1082, National Instruments, Austin, U.S.A.), which is capable of recording 48 transducers at 1000

Hz simultaneously. Light yellow alert tapes are attached to the post and the flume as the reference scale.

2.3 Source materials and test procedure

Two boulder impact tests, referring to Tan et al. (2018b), and one debris flow impact test were
performed using the large-scale physical modelling facility. Granite boulders with the diameters of 400
mm and 600 mm were prepared to generate staged impact forces (see Figure 4a). For the boulder impact
tests, a boulder was lifted into the upstream material container. For the debris flow impact test, nearly
2 m’® of fully saturated debris material was prepared in the material container with the water content of
52.74%. The debris material was prepared by mixing Completely Decomposed Granite (CDG) and
aggregate with water using an electronic soil mixer before being poured into the reservoir. The content
of coarse particles (diameter larger than 10 mm) of the debris material used in the test was managed
referring to the Tsing Shan debris flow in Hong Kong (King 2013) to reflect the particle size distribution
(PSD) characteristics in a real debris flow event. As a comparison, the representative PSD curves of the
debris material used in this study and the material of the Tsing Shan debris flow are plotted in Fig 4b.

Once the material had been placed in the container, the test was started by rapidly flipping the front



door to initiate a rockfall or a debris flow. Data from the transducers in the flexible barrier were
measured and stored in the datalogger. Continuous photos were taken by the side-view high-speed

camera for interaction and movement analysis.

3. Verification of methods for impact force measurement

3.1 Back calculation of impact force

A method is proposed to back calculate the impact force induced by a boulder based on the momentum
conservation law. By tracking the location of the boulder from continuous photographs taken by the
high-speed camera, the movement trajectory of the boulder during impact can be captured. Taking the
time interval between two continuous photographs as the denominator, velocity change of the boulder
during the impact process can be obtained. Figure 5 shows the movement trajectory and the velocity

component in the impact direction of the boulder in the tests.

Following the momentum conservation law, the impact impulse on the flexible barrier is originated

from momentum change of the boulder:
F-At=m-Av (1)

where F is the impact force; m is the mass of the moving object; and Av is the velocity change at the

time period At.

By obtaining the moving distance in a specific small time interval (d? ) from the movement trajectory
of the boulder, the average velocity in the time interval can be calculated. Therefore, the impact force

from the boulder in the i-th time interval ( d?,) can be calculated using the following equation:

F=—rH 6)



where F; and Av, are the impact force and the velocity change in the i-¢h time interval, respectively.

Therefore, the impact force of a boulder can be back calculated by tracking its movement during the
impact process. Figure 6 illustrates the impact force induced by the boulder and the measured tensile
force in the outline cable in the boulder impact tests, where an identical trend was observed in both tests.
The good consistency shows that the impact induced by the boulder can be feasibly reflected by the
dynamic response of the flexible net. The calculated peak impact force is therefore used to verify the
accuracy of the existing methods. Nonetheless, the impact forces measured from the continuous
photographs show fluctuated trends, as observed in Figure 6(i). This is mainly because the displacement
measured from the photograph analysis cannot describe the movement precisely enough for a smooth
curve of its second derivation (that leads to acceleration and force). The accuracy of this method could
be improved with the help of the advanced technology by embedding an accelerometer in the rock

boulder (Niklaus et al. 2017).

3.2 Methods for measurement of impact force
Measurement of impact force by tensile forces in horizontal outline cables

Song et al. (2017) performed a series of centrifuge tests using different geophysical flows impacting on
a flexible barrier, which was simulated by a rubber membrane reinforced by four horizontal cables at
different heights to restrict the deformation of the membrane and carry impact forces. Two rigid posts
were installed to support the membrane and horizontal cables. In that study, a simple method was
proposed for measuring the impact force from a geophysical flow based on the tensile forces in the
horizontal cables. That method simplified the 3D impact surface of a flexible barrier into a 2D curve of
the horizontal cable and assumed that the impact load was uniformly distributed along the cable. The
impact force was calculated by decomposing the tensile force in the horizontal cable (7) into a normal

component (7,,) and a horizontal component (7}%) to the barrier surface, as shown in Figure 7. The normal



force component was regarded as the impact load induced by the impacting mass. Therefore, the total
impact force can be calculated by summarising the normal component of the tensile forces in all
horizontal cables:

Empact,cable = Z 2Tl €os qoi (3)

i=1

where Fimpacicabie 1S the calculated impact force based on the tensile forces in the horizontal cables; 7 is

the total number of horizontal cables; 7; is the tensile force in the i horizontal cable; and ¢, is the

deflection angle of the iy horizontal cable.

For the prototype flexible barrier used in this study where the flexible net is stretched by the outline
cable, as shown in Figure 3, the upper and lower outline cables can be regarded as the horizontal cables
which can transfer the impact force on the flexible net to the supporting structures. Therefore, the
measured tensile force in the outline cable is used to estimate the impact force from a boulder using Eq.
3. Even the deflection of the flexible net can reach nearly 1 m due to the high flexibility of the flexible
net, as observed in the boulder impact tests in Figure 5, the deformation of the outline was almost

negligible. Therefore, the deflection angle ( @ ) of the outline cable is regarded as 0, and the total tensile

force (7) is used to calculate the impact force with reasonable conservation. By ignoring the friction
between the outline cable and the supporting posts, the tensile forces in the upper and the lower cables
are regarded as the same. It should be noticed that the outline cable used in this study forms a loop
surrounding and supporting the flexible net, where the tensile force can be transferred from the upper
cable to the lower cable by the internal force balance. For the field flexible barriers, where the upper
and the lower cables are independent, this assumption is unrealistic, especially for debris flow impact.

The calculated impact forces using this method are listed in Table 1.

Measurement of impact force by tensile forces in supporting cables
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In this study, a typical flexible barrier for rockfall and debris flow mitigation in open hillside was
assembled for investigating the dynamic responses of different barrier components during impact. For
a flexible barrier installed in a natural slope, the net is normally stretched by a series of steel posts, and
each post is supported by strand cables connected to anchors and foundations (Sze et al. 2018; Volkwein
2014; Kwan et al. 2014). The arrangement of the supporting structures of the studied flexible barrier is
shown in Figure 8. An analytical solution has been derived by decomposing the tensile forces in the
supporting cables. Without any simplification, this solution can precisely determine the impact force on
the supporting structures. Summary of the components of the tensile forces in the impact direction gives
the total impact force on the supporting structures, which can be calculated as:

Lot
_ pos [F;;L+E;R)-0055-COS,3—(FAL+FAR)'C°S7/‘COSO‘] “4)

impact supporting
impact

where Fimpaci,supporing 18 the impact force calculated from the tensile forces in the supporting cables; o
is the distance between the rotation fulcrum of the post and the connecting point of the cables; linpac: 1S
the distance between the rotation fulcrum of the post and the point of application of the impact force; a,
B, v, 0 are the corresponding included angles of the supporting cables, which are 76°, 60°, 62°, 24°,
respectively; Fur, Far, Fpr, and Fpr are the measured maximum tensile forces in the supporting cables,

as listed in Figure 9. The calculated impact forces using Eq. 4 are listed in Table 1 for comparison.

Measurement of impact force by tensile forces within flexible net

The basic principle of this method has been described in Tan et al. (2018b). Generally, the measurement
area is separated from the main net and reconnected to neighbouring rings by mini tension link
transducers (see Figure 3). By assuming that the deformation of the flexible net in the measured area is
a symmetrical cone, the impact force can be calculated from the summary of the tensile forces of the

transducers in the measurement area:

05
Empacz,nez =Cos E Z Y—Vringj (5)
i=1
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where 7 is the total number of the transducers linking the separated net for measurement to the main

net; @ is the included angle of the impacted flexible net, which can be measured from the photograph

taken by the high-speed camera at the moment of the largest deformation; and T 'g_ is the

orthogonalized tensile force measured by the i-z4 mini-tension link transducer. Orthogonalization
should be processed before utilization of the tensile forces because some transducers were not directing

to the cone centre due to the interwoven structure of the flexible ring net.

Two simplifications have been made for adoption of this method. The first assumption is that the
deformation of the flexible net in the measurement area is assumed cone symmetric. The second
assumption is that the peak loadings of all mini-tension link transducers occur at the same time.
Therefore, verification is required to quantify the effects of the simplifications on the accuracy of this
method. The peak forces of all mini-tension link transducers and the included angle of the flexible net
are presented in Figure 9 for calculation of the impact force using Eq. 5. The calculation results are

listed in Table 1.

Verification of the methods

The impact forces induced by the boulders and the calculated impact forces using the above-mentioned
methods are listed in Table 1. The relative errors of those methods are also calculated for comparison
and verification. It can be found that the method based on the tensile forces in the horizontal cables
underestimates the impact forces in the boulder impact tests. This is mainly due to two reasons: First,
the impact force reduced by the deformation of the flexible net cannot be quantified using this method
when the mass of the net is unneglectable to that of a boulder or a debris flow; Second, the impact load
induced by the boulder is a concentrated force, which normally cannot be directly imposed on the
horizontal cables. Therefore, this method cannot accurately calculate the impact force from a boulder.
For quantifying the impact force from a debris flow, the accuracy of this method will be further verified
in the following section. The analytical solution for calculation of the impact force on the supporting
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structures underestimates 31.9% and 37.2% of the impact forces of the boulders with the diameters of
400 mm and 600 mm. The similar reduction ratios of the impact forces in both boulder impact tests
indicate that the deformation of the flexible net can reduce a part of the impact force (around 35% based
on the comparison results in this study), which is consistent with the findings in the literature (Wendeler
et al. 2019; Ashwood and Hungr 2016). The method based on the tensile forces within the flexible net
accurately predicts the impact force of the 400-mm boulder and 14% underestimates the impact force
of the 600-mm boulder. The good consistency between the calculation results and the measured forces

in both boulder impact tests verifies the accuracy of this method.

4. Investigation of impact from a debris flow on a flexible barrier

4.1 Impact characteristics of a debris flow on a flexible barrier

A large-scale debris flow impact test was performed to study the dynamic response of a flexible barrier
and develop appropriate methods to simply and accurately measure the impact force from a debris flow.
To better understand the impact pressure distribution in the flexible net, 13 mini-tension link transducers
were installed in the flexible barrier. The arrangement of those transducers is plotted in Figure 3(b). The
tensile force histories of all mini-tension link transducers installed in the flexible ring net and the outline
cable in the debris flow test are presented in Figure 10. By selecting typical time points based on the
force history of the mini-tension link transducer in the outline cable (transducer 13 in Figure 10), the
force distributions within the flexible net at different impact stages are shown by contours in Figure 11.
The contours are generated by interpolating the forces measured by all tension links installed in the
flexible barrier. These contours are used to visualize the characteristics of the impact pressure
distribution other than realistically represent the impact pressure on the rings. From those contours, it
can be observed that the debris flow firstly impacted on the bottom central area of the flexible barrier
at 0.255 s. With gradual deposition of the debris material, the impact area of the dynamic loading on
the flexible barrier moved up and reached the maximum value at 0.350 s. After the dynamic impact, the

static pressure of the debris deposition mainly acted on the upper central area of the flexible barrier.
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From the series of contours, it can be concluded that the impact pressure on the central area is much
larger than which on two sides instead of being uniformly distributed on the flexible barrier, which fits
well with the conclusion drawn by Wendeler ef al. (2019) from back calculation using the data of field-
scale debris flow impact tests. Figure 12 shows that the tensile forces in the supporting cables have

identical trends with the tensile force in the outline cable.

4.2 Development of simple method for measuring impact force of debris flow

Since the impact force from a debris flow cannot be calculated by tracking its movement as the method
adopted in the boulder impact tests, the method for measuring the impact force using the tensile forces
between net rings, which has been verified by the data of the boulder impact tests, is applied to quantify
the impact force of a debris flow. From the force histories of the mini-tension link transducers in Figure
10, the peak loadings of all transducers in the flexible net are obtained and shown in Figure 13. It can
be observed from the growth of the impact pressure in Figure 11 and the distribution of the peak forces
in the flexible net (see Figure 13a) that the impact load was mainly imposed on the central area, thus
the peak tensile forces of the mini-tension link transducers in the central area (Transducers 1-8) are used
to calculate the impact force using Eq. 5. The calculation result is used to validate the accuracy of other
simple methods for estimating the impact force from a debris flow. The photograph representing the
largest deformation of the flexible barrier is shown in Figure 13(b). It is worth noting that the deflection
of the outline cable is negligible compared to the maximum deflection of the flexible net. By obtaining
the required parameters from Figs. 12 and 13(b), the calculation results using Eq. 3 and Eq. 4 are listed
in Table 2. It is found that the impact force on the supporting structures is 31.4% less than the impact
force on the flexible net, which further proves that the flexible barrier can reduce a certain percentage
(higher than 30%) of the impact force by the large deformation of the flexible net. On the other hand,
the simple method based on the tensile force in the outline cable obviously overestimates the impact
force when adopting the assumption that the impact load is uniformly distributed along the cable.
However, based on the discovered force distribution characteristics in the flexible net, it is found that

the impact pressure on the central area is much larger than which on two sides. Therefore, it is more
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rigorous to assume that the impact load distribution along the outline cable is isosceles triangular-shaped

other than rectangular-shaped, and the original simple method (Eq. 3) can be optimised as:

1 n
Empact,outline = 5 Z 2]—; cos ¢i (6)

i=1
From the comparison results in Table 2, it is illustrated that the optimised simple method can be used
to measure the impact force of a debris flow on a flexible barrier with an acceptable relative error of

17.9%.
5. Discussion

In this study, the continuous photographs taken in the short impact period by high-speed camera were
used to measure the velocity change of boulders during impact. This method has been proved with an
overall acceptable accuracy (Bourdonnaye et al. 2012; Park et al. 2013). However, determination of the
physical scale in photos and spatial relationship between the lens and the measured object may add
errors to this method. The changing location of the boulder during impact and the discontinuity of the
photographs may underestimate the velocities of the boulder. Corresponding measures have been taken
in this study to increase the accuracy: (a) the rock boulders have known diameter and good sphericity,
which can be used as reference for determining the physical scale and location of the boulder in the
photographs; (b) the camera has been set carefully to be perpendicular to the measured target. Recently,
researchers have adopted many state-of-the-art approaches in large-scale rockfall and debris flow
impact tests for accurate and reliable data acquisition, which provides good references to our future
study: measuring the acceleration of a impacting boulder by an embedded accelerometer (Niklaus et al.
2017; Volkwein and Klette 2014), measuring the impact pressures of debris flows by pressure
transducers on the slope (Bugnion et al. 2012), measuring loads on post foundations (Volkwein et al.
2016), measuring tensile forces in posts and anchors (Platzer et al. 2020), and measuring the total

retention forces directly (Wendeler et al. 2019).
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Three methods are listed in this study for impact force determination: force on the supporting structures
(represented by Eq.4), force on the flexible net (represented by Eq. 5), and force on the outline cables
(represented by Eq. 6). Eq. 4 provides a theoretical solution for calculating the impact force on the
supporting cables, which is easy to be measured, quantified and has been widely applied in centrifuge
modeling tests (Song. et al .2019) and field-scale flexible barrier tests (Wendeler et al. 2007). Eq. 5 is
an original method proposed in Tan et al. (2018b) for direct measurement of the impact force on the
flexible net, which is larger than the impact force on the supporting structures. This method has been
verified by large-scale boulder impact tests and utilized to validate the simple methods. Even through,
this method was originally proposed for calculating the concentrated impact of boulder. It can be found
from the load distribution in Figure 11 that even the debris flow has a width equal to the flume (1.35 m
in this study), the major impact pressure is imposed on the central area of the barrier. Therefore, Eq. 5
may slightly underestimate the distributed impact force of a debris flow. Moreover, this method assumes
that the peak loadings of all mini-tension link transducers occur at the same time, which overestimates
the impact loads. Eq. 6 is a simple method for impact force estimation based on the tensile force on the
outline cable, while similar methods have been proposed by Song et al. (2018) and Wendeler et al.
(2019). A triangle distribution of impact loads on the flexible barrier has been observed in large-scale
flume tests and utilized to optimize this method. Eq. 6 has also been validated by large-scale debris flow

flume tests with acceptable accuracy.

6. Conclusions

Accurate determination of the impact loads from rockfall or debris flow is of great importance for design
and maintenance of flexible barriers, which has raised much attention from researchers. Methods for
measuring impact forces have been developed in this study using large-scale physical modelling. The
data of two boulder impact tests and a debris flow impact test were utilised to verify and optimise the

accuracy and applicability of those methods. Major conclusions of this study are summarised as follows:
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(@)

(b)

(©)

(d)

(e)

The method based on the tensile forces in the flexible net can accurately measure the maximum
impact force from a boulder with the help of the well-designed instrumentation in the large-scale
physical modelling experiments.

The method based on the tensile force in the outline cable significantly underestimated the
concentrated impact load in the boulder impact tests because the impact force from a single boulder
is normally imposed on the flexible net rather than directly on the reinforcing cables.

The measured impact force in the supporting structures was almost 35% less than the impact force
induced by the boulder in the boulder impact tests and 31% less than the force induced by a debris
flow in the debris flow impact test. The attenuation of the peak impact forces shows that the flexible
net can reduce a certain percentage of the impact load before it is transferred to the supporting
structures, and the force reduction ratio can be used to quantify the efficiency of flexibility of a
flexible net in reducing impact loads.

The pressure induced by the debris flow during the impact process was visualised by a series of
contours. During the interaction, the debris flow firstly impacted on the central bottom area of the
flexible barrier, then the impact area rose up with the gradual deposition of the debris material. It
can be observed that the pressure on the central area of the flexible barrier was much larger than
the pressures on two sides, and the load distribution along the barrier can be simplified as an
isosceles triangle.

The simple method based on the tensile force in the outline cable obviously overestimated the
impact force from a debris flow because of the unrealistic assumption of the uniformly distributed
impact load along the horizontal cable. Based on the load distribution characteristics discovered in
this study, the simple method was optimised by adopting the isosceles triangle-shaped load
distribution along the barrier. With this optimization, the accuracy of the simple method can be

significantly improved.

From the findings in this study, the method based on the tensile forces in the flexible net can accurately

measure the impact force on a flexible barrier. Even though, this method requires relatively
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sophisticated instrumentation in the flexible barrier. In the boulder impact test, a high-speed camera and
10 self-invented mini-tension link transducers were installed for the application of this method.
Therefore, this method is more appropriate for the purpose of accurate measurement of the impact force
on a flexible barrier in large-scale physical modelling study. For the practical application, the optimised
simple method using the tensile force in the outline cable is suggested to be generalized for monitoring
of the dynamic response of flexible barriers installed in natural terrains, which has satisfactory accuracy
and good adaptability considering the simple instrumentation requirement and easily obtainable
parameters. The findings in this study are based on a series of large-scale tests using a flexible barrier
with strand wire ring net (interlaced rings with the diameter of 300mm), and the impact behaviour of
other types of nets such as wire mesh nets and spiral rope nets should be further studied by conducting
more relevant tests. Even though, this study provides a valuable reference to the study of flexible

protection system for rockfall and shallow landslide prevention.
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12 Table 1. Verification of the methods for measuring impact forces in the boulder impact tests

Description of the method

400-mm boulder
impact test

600-mm boulder
impact test

Impact Relative Impact Relative
force error force error
(kN) (kN)
Back-calculated P m- Avi 379 N/A 84.2 N/A
impact force i dt,
momentum conservation law
n 5.48 -85.5% 19.72 -76.6%
F;mpact,cable = 227; cos ¢1
i=1
Methods for proposed by Song et al
impact force ~ (2017)
measurement Analytical solution for impact 25.8 -31.9% 52.9 -37.2%
force on the supporting
structures
37.9 0 72.4 -14%

9 n
F;mpacl,net =Cos E Z ]1,‘“,3,1
i=1 )

proposed by Tan et al
(2018a)
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15 Table 2. Verification of the methods for measuring impact force in the debris flow impact test

Methods for impact force Calculated impact  Relative error comparing with
measurement force (kN) the impact force on the net
6 10.35 N/A
F;nlpact,net = Cos E Z T'mg,’
i=1
Impact force on the net
Impact force on the 7.1 -31.4%
supporting structures
n 24.4 +135.7%
F;mpact,outline = Z 27: Cos gaz
i=1
(uniform impact load distribution)
12.2 +17.9%

1 n
F;mpact,outline = E Z 2]—; CoS @,
i=1

(triangular impact load distribution)
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