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Foreword

Rigid debris-resisting barriers are commonly used to
mitigate natural terrain landslide hazards. As part of the
development of natural terrain landslide risk management
strategy for Hong Kong, the technical guidance on the design of
rigid debris-resisting barriers has been continuously reviewed and
updated.

This GEO Report comprises nine Sections based on nine
GEO Technical Notes that document the technical development
work conducted by the GEO since 2015, with a view to enhancing
and optimising the design of rigid debris-resisting barriers. With
reference to the findings of the technical development work, GEO
Technical Guidance Note (TGN) No. 52 was promulgated in
2020 which stipulates the technical recommendations pertaining
to the enhancement of rigid debris-resisting barrier design,
covering geotechnical stability, structural integrity and detailing
for deflector.

The study was mainly carried out by Mr L.A. Wong and
Mr H.W K. Lam under my supervision. Pilot analytical study of
displacement approach was undertaken by Dr C. Lam and
DrJ.S.H. Kwan. Colleagues in the GEO and practitioners in the
geotechnical industry provided constructive comments on the
formulation of the enhanced technical guideline. Expert advice
was provided by Dr Suzanne Lacasse, Professor David Petley and
Professor Kenichi Soga of the 7th Slope Safety Technial Review
Board. All contributions are gratefully acknowledged.
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T.K.C. Wong
Chief Geotechnical Engineer/Standards & Testing



Abstract

In 2000, GEO Report No. 104 was published based on the
state of the knowledge as of the late 1990s which sets out the
geotechnical parameters and considerations for the design of rigid
debris-resisting barriers. In 2012, GEO Report No. 270 was
published to supplement and update the relevant design guidance
provided by GEO Report No. 104, based on a review of state-of-
the-art literature and international technical guidance documents
in the early 2010s. The recommendations given in GEO Report
No. 270 were promulgated in GEO Technical Guidance Note
(TGN) No. 33.

Based on a desk study review and site inspection of
selected barriers, technical recommendations on proper detailing
of rigid debris-resisting barriers were promulgated in GEO TGN
No. 35. Subsequently, the prevailing design guidelines were
updated based on the technical advice given by Professor
O. Hungr from the perspective of value engineering as
promulgated in GEO TGN No. 47.

Since then, the GEO has conducted a series of technical
development work, with a view to further optimising the design
of rigid debris-resisting barriers. The work included large-scale
experimental studies, numerical analyses as well as analytical
studies, covering geotechnical stability, structural integrity and
detailing for deflector.

This series of technical development work provides
further evidence to supplement and update relevant technical
design guidance given in GEO Report No. 104, GEO Report
No. 270, GEO TGN No. 35 and GEO TGN No. 47.
Subsequently, GEO TGN No. 52 was promulgated which
stipulates the technical recommendations pertaining to the
enhancement of rigid debris-resisting barrier design. This GEO
report documents the technical development work pertinent to the
development of GEO TGN No. 52.
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Explanatory Note

This GEO Report comprises nine Sections based on nine GEO Technical Notes that
document the technical development work conducted by the GEO since 2015, with a view to
enhancing the design of rigid debris-resisting barriers. It is grouped under three main aspects,
covering geotechnical stability, structural integrity and detailing for deflector, as follows:

Title Page No.

Part 14: Geotechnical Stability:
Assessment of Dynamic Soil Debris Impact Force

Section 1 Study of Dynamic Soil Debris Impact Load on Rigid 11
Debris-resisting Barriers (TN 5/2019)

Part 1B: Geotechnical Stability:
Displacement Approach for Geotechnical Stability Assessment of

Boulder Impact

Section 2 Displacement-based Assessment of Boulder Impacts on 81
Rigid Debris-resisting Barriers - A Pilot Study (TN 9/2016)

Section 3 Verification of Displacement Approach for Rigid 147
Debris-resisting Barriers Subject to Boulder Impacts
(TN 4/2019)

Part 2:  Structural Integrity

Section 4 Study of Flexural Response of Rigid Barriers Subject to 185
Boulder Impact (TN 3/2018)

Section 5 Large-scale Experimental Study of Structural Response of 237
Rigid Barriers Subject to Hard Impacts (TN 7/2018)

Section 6 Supplementary Experimental Study of Structural Response 273
of Rigid Barriers Subject to Hard Impacts (TN 3/2019)

Section 7 Analytical Study of Cushioning Effect Provided by Rockfill 293
Gabions in Reducing Flexural Response of Rigid Barriers
Subject to Boulder Impacts (TN 6/2019)

Part 3: Detailing for Deflector

Section 8 Spillage Mechanism of Landslide Debris Intercepted by 343
Rigid Barriers and Deflectors to Prevent Spillage (TN
5/2018)

Section 9 Supplementary Study of Spillage Mechanism of Landslide 371
Debris Intercepted by Rigid Barriers and Deflectors to
Prevent Spillage (TN 7/2019)
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Part 1A

Geotechnical Stability:
Assessment of Dynamic Soil Debris
Impact Force
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Section 1:

Study of Dynamic Soil Debris
Impact Load on Rigid
Debris-resisting Barriers

L.A. Wong & H.W.K. Lam

This section is largely based on GEO Technical Note
No. TN 5/2019 produced in December 2019
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Foreword

This Technical Note summarises findings of a study of
dynamic soil debris impact load on rigid debris-resisting barriers.
This study was carried out by Mr L.A. Wong under the
supervision of Mr H.W.K. Lam, in collaboration with Dr. C.E.
Choi from the Hong Kong University of Science and Technology.
The Drafting Unit of the Standards and Testing Division assisted
in formatting this Note.

Dr. C.E. Choi and various colleagues in the GEO provided
constructive comments on the Note. All contributions are
gratefully acknowledged.

Tlrore
T.K.C. Wong

Chief Geotechnical Engineer/Standards and Testing
December 2019
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Abstract

Local design practice adopts hydrodynamic model to
estimate dynamic soil debris impact load on rigid debris-resisting
barriers.  With a view to optimising the design of rigid
debris-resisting barriers, GEO has initiated various studies
including centrifuge modelling, advanced numerical modelling
and large-scale physical tests to investigate dynamic soil debris
impact on rigid barriers. In particular, a series of large-scale
impact tests using realistic debris mix and a 1.8 m high L-shaped
reinforced concrete model barrier were conducted in the newly
established flume facility in the Kadoorie Centre in Hong Kong.
This Note documents the key findings of these studies.
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1 Introduction

In Hong Kong, rigid debris-resisting barriers are commonly adopted to resist debris
flows. The current design practice generally adopts limit equilibrium method for the design
of rigid barriers in both geotechnical stability and structural integrity, where the dynamic impact
load for soil debris is estimated using the hydrodynamic equation as shown in Equation 1.1
below. Kwan (2012) recommended the dynamic pressure coefficient (o) as 2.5, which aims to
account for debris containing boulders not larger than 0.5 m in diameter. Such dynamic pressure
coefficient is largely empirical and was established with reference to the state-of-the-art
literatures and international guidelines in early 2010s.

F=0pv?hwsin@ ...........ooeiiiiiiiiiiiiieiiiin (1.1)
where Dynamic soil debris impact force (in N)
= Dynamic soil debris pressure coefficient, o (dimensionless)
= Density of debris (in kg/m?)
Impact velocity of debris (in m/s)
= Debris flow thickness (in m)
= Debris flow width (in m)
= Inclination of dynamic soil debris impact force (in degree)

I <O R
I

In recent years, GEO has initiated various studies to investigate dynamic soil debris
impact on these barriers. These studies involve review of latest literature, advanced numerical
analyses and large-scale physical tests. This Note documents the key findings of these studies,
with particular focus on the large-scale physical tests using the newly established flume facility
in the Kadoorie Centre in Hong Kong to study dynamic soil debris impact load on rigid barriers.

There are on-going studies pertaining to other design aspects of rigid barriers, such as
geotechnical stability and structural integrity of rigid barriers subject to boulder impact,
cushioning effect of gabion, detailing etc., which are separately covered.

2 Large-scale Flume Tests in Kadoorie Centre, Hong Kong

2.1 General

To further investigate the dynamic soil debris impact load, GEO has collaborated with
the HKUST and carried out a series of large-scale physical impact tests using the newly
established flume facilities in the Kadoorie Centre in Hong Kong (HKUST, 2019). The key
objectives of these tests are to gain a better understanding on soil debris impact mechanism and
to validate the a values obtained from the centrifuge tests. Details of the flume facilities, setup,
model rigid barrier, debris mix and test programme are discussed in this Section.

2.2 Flume Facilities and Test Setup
The flume established in the Kadoorie Centre is about 28 m long, 2 m wide and 1 m

deep (see Figure 2.1). It comprises three key components, including a storage tank at the
upstream, a transportation channel, and a deposition zone.
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The storage tank has a capacity of about 10 m®, with a gradient of 30° at the base to
facilitate initiation of debris flows. There is a mechanical opening gate at the outlet of the
storage tank which has been designed to simulate landslide initiation in a repeatable manner.

Barrier restrained against
l § movementby two nos. of
concrete blocks (2 tonne each)

PRy Storage Tank £
SR (30°)

Transportation
[T Channel (20°)

Deposition
Zone (0°)

Figure 2.1 Photograph of the Flume Facility (Left), Front View of Model Barrier
(Upper Right) and Side View of Model Barrier (Lower Right)

There is a 2 m wide transportation channel below the storage tank, which is formed by
a steel frame structure with two sides of 1 m high side-walls. The side-walls are propped to
each other with cross beams at the top at a spacing of about 5 m.

The transportation channel is inclined at 20°.  One of the sidewalls is made of acrylic
and is transparent, which enables observations of debris flow behaviour during the tests.

The deposition zone of 2 m wide and 8 m long, where two side-walls along this zone are
supported by external raking struts, is located at the outlet of the transportation channel. It is
founded on a 5 m wide and 8 m long levelled concrete pad.

The transition between the transportation channel and the deposition zone is made of
mass concrete, which is smoothened to minimise energy loss of the debris flow during testing.

2.3 Model Barrier

To simulate a realistic debris-barrier interaction, a model barrier was constructed at the
deposition zone to receive strikes from debris flow materials. The model barrier is an
L-shaped reinforced concrete barrier (see Figure 2.1) where the wall stem is 1.8 m high
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(including thickness of base slab), 1.9 m wide and 0.3 m thick, and the base slab is 1.5 m long
(excluding thickness of wall stem), 1.9 m wide and 0.3 m thick. The characteristic strength of
concrete used is 30 MPa. The reinforcement of the barrier involves two layers of A393 wire
mesh (characteristic strength of 500 MPa) at the front side (i.e. tension side) of the wall stem,
and one layer of such wire mesh at the other side of the stem and wall base.

There are box-outs at the wall stem and the base slab to accommodate instruments (see
Figure 2.2). Details of the instrumentations of the model barrier are given in Section 2.4.

The model barrier is founded on a layer of compacted granitic fill materials placed at the
deposition zone of the flume. To prevent energy loss due to barrier movement so as to ensure
that maximum debris impact force can be captured, two additional concrete blocks (total weight
of over 4 tonnes) were placed behind the model barrier as shown in Figure 2.1.

Laser sensor

‘ Model Barrier
<. ™ (details as shown in photo)

|

Compartments for Load
Cells before mounting the |
steel plate |

(at the 4 corners)

A Steel Plate (at
stem of wall) with
four load cells
behind

Laser Sensor

A load cell to capture
vertical load of debris
flow

Figure 2.2 Instrumentation Plan (Top: Overview of Flume; Bottom: Model Barrier)
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2.4 Instrumentation System

The instrumentations used in this study are summarised in Figure 2.2, which were
calibrated by the HKUST. Two high-speed cameras, one at the side of deposition zone, and
the other on a cross beam in the transportation zone (see the top photo in Figure 2.2), were
installed to capture the impact process and the flow velocity of the debris flow. Two numbers
of laser sensors (one at the transportation zone and the other at 0.9 m upstream of the barrier’s
stem at the deposition zone) were installed to measure the time histories of debris flow depth.
Four load cells were installed at the model barrier for the measurement of time histories of
debris impact force. These load cells were installed at the box-outs near the four corners of
the wall stem of the model barrier (see the bottom left photo in Figure 2.2), and a steel force
plate of about 1.5 m high, 1.9 m wide and 0.02 m thick was mounted in front of the wall stem
and was used to transfer impact load to the load cells (see the bottom right photo in Figure 2.2).
Upon debris impact on the model barrier, pressure would exert onto the steel plate which would
transmit the force to the four load cells. Debris impact force is given by the summation of the
load measurement taken at the four load cells. Specifications of the instruments are given in
Section 1 Appendix A.

2.5 Soil Debris Materials

In this study, soil debris mix, including the water content, solid contents and its
compositions were deliberated with reference to local and overseas literatures. Literatures
indicate that granular flows or viscous debris flows typically involve a water content of 20% to
45% (Takahashi, 2007; Fei & Shu, 2004; Cui et al, 2005; Volkwein et al, 2011) as summarised
in Section 1 Appendix B. As regards the solid content of the soil debris mix, reference was
made to local data of granitic saprolite of different weathering grades and formations (Pun &
Ho, 1996) and study reports of local debris flow events where ground investigation data of the
solid composition of the deposited materials are available (the 1990 Tsing Shan Debris Flow
and the 2005 Fei Ngo Shan Debris Flow).

Based on the above literature review together with the results of trial debris flows
conducted at the flume, a soil debris mix with 40% of water and 60% of solid content
(comprising 35% gravel, 60% sand, 5% silt and clay) was adopted in the tests. The Froude
Number of the trial flows using such design debris mix was estimated to be 5 to 8, which is
comparable to that of typical debris flow design events, i.e. around 5. To ensure consistency
of the soil debris mix, the constituents of the debris materials were mechanically mixed by a
concrete truck mixer (see Figure 2.3).

In some of the tests (i.e. Test Nos. 2, 4 and 5 in Table 2.1), different numbers of
uniformly sized granitic spheres (200 mm in diameter) were placed behind the opening gate
before loading the storage tank with soil debris mix (see Figure 2.4). These spheres were
intended to simulate the presence of hard inclusions contained in a debris flow. Upon release
of the opening gate, these spheres would flow along the transportation channel, together with
soil debris mix.
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Figure 2.3 Mixing of Debris Materials by a Concrete Truck Mixer (Left) and Debris
Stored at the Storage Container (Right)

Figure 2.4 Ten Numbers of 200 mm Diameter Granitic Spheres for Simulation of Hard
Inclusion in Test No. 2
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2.6 Test Programme

The key objective of this series of large-scale flume tests is to study dynamic soil debris
pressure coefficient (o). Five tests were carried out as summarised in Table 2.1 below. In
each of these tests, the storage tank was first filled with a designated volume of soil debris mix
(see Section 2.5 for details of soil debris mix), together with the hard inclusions in Test Nos. 2,
4 and 5. These materials were then released from the storage tank, through the opening gate,
to simulate a debris flow initiation. The debris materials, including soil debris and hard
inclusions (if any), would flow along the transportation channel and would eventually impact
onto the instrumented model barrier at the deposition zone. The flow characteristics, such as
flow depth, flow velocity, and impact load on the model barrier, were captured for the
interpretation of dynamic soil debris pressure coefficient ().

Table 2.1 Test Programme

Test | Debris Source . . Hard Inclusions
No. | Volume (m?) Debris Material Adopted Remark
1 ~4 No -

10 nos. of 200 mm

2 ~4 diameter granitic -
40% of water (by boulders
volume) and 60% solid
3 ~4 components comprising No Repeat of Test 1
35% gravel, 60% sand,
5% silt and clay 30 nos. of 200 mm
4 ~4 (see Section 2.5 for diameter granitic -
details) boulders

30 nos. of 200 mm
5 ~4 diameter granitic Repeat of Test 4
boulders

2.7 Test Results
2.7.1 Debris Impact Mechanism
Debris impact mechanisms are first analysed. Footages taken from high speed camera

and a graphical representation showing the debris impact mechanism for Test No. 1 are given
in Figures 2.5 and 2.6 respectively.

When the debris materials were released from the storage tank, the debris flowed along
the transportation channel in a supercritical flow (Froude Number of 5 to 8). When the debris
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hit the model barrier, debris run-up was observed. The frontal part of the flow deflected
backwards after the debris reached its maximum run-up height (as shown in time T = 0.5 to
1.0 s in Figure 2.6). It then fell off and interacted with the incoming part of the debris flow,
causing significant flow turbulence (attime T=1.3 sto T =2 s in Figures 2.5 and 2.6). Debris
deposition could have occurred. When the impact process proceeded, the incoming debris
mass continued to flux into the deposited mass. Towards the end of the impact process, the
debris level subsided gradually with a backflow of the debris materials.

Similar debris impact mechanism was observed in Test Nos. 2 to 5.

T=1s T=13s T=15s

T=2s T=25s T=S5s

Figure 2.5 Footages Taken from High Speed Camera during Test No. 1
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T=0.2s  T=05s T=1.0s

T=13s T=1.5s T 2.0s T=2.5s T=>5s

Figure 2.6 Sketch of Observed Debris Impact Mechanism in Test No. 1

Figure 2.7 shows the frontal part of the debris flow for Test Nos. 2, 4 and 5 when it reached
the model barrier, where hard inclusions of 200 mm dia. granitic spheres were contained in the
debris mix. Although ten (for Test No. 2) and thirty (for Test Nos. 4 and 5) numbers of
boulders were placed immediately behind the opening gate together with the soil debris mix,
only some of them flowed at the frontal part of the debris flow. The impact force data taken
at the wall stem showed that the number of force spikes (due to the effect of direct impact of
hard inclusions) is less than the number of spheres added in the soil debris (see Sections C.2,
C.4 and C.5 in Section 1 Appendix C). This suggests that only part of the hard inclusions
contained in the soil debris had given a direct impact on the model barrier (see also Figure 2.7).

Test No. 2 Test No. 4

Figure 2.7 Footages Taken from High Speed Camera during Test Nos. 2,4 and 5
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More details including the time histories of impact force, debris flow velocity and debris
flow thickness, as well as the videos taken for each test are reported in Section 1 Appendix C.

2.7.2 Interpretation of Dynamic Soil Debris Pressure Coefficient

According to the hydrodynamic model in Equation 1.1, the interpretation of dynamic
soil debris pressure coefficient (o) requires various input parameters including impact force,
flow depth, flow velocity, width of impact, debris density and impact angle as discussed below.

The impact force on the model barrier was taken as the summation of the loads measured
from the four load cells, and is time-dependent. In Test Nos. 2, 4 and 5 where hard inclusions
were added in the debris mix, distinct force spikes of very short duration (in the order of
milli-second) and high magnitude were observed, which are deemed to the effect of impacts
from the hard inclusions. These distinct force spikes were discounted in the interpretation of
soil debris impact load (i.e. without the effect of hard inclusions) and the rationale is further
discussed in Section 5.

Flow depth of the debris approaching the barrier is also time-dependent throughout the
tests. The flow depth at about 0.9 m upstream of the model barrier was measured using the
laser sensor. The flow depth measurement was cross-checked with the footages of the flow
taken from high-speed camera located at the side view of the flume. For Test Nos. 2 and 4,
due to instrumental errors of the laser sensor, the flow depth was taken based on an analysis of
the footages taken by high speed camera at the side view of the flume.

The flow velocity was interpreted based on the observed time difference when the flow
reached different parts of the flume. The flow velocity at different parts of the debris flow
(including frontal and subsequent parts) was interpreted by tracing the footages taken by
high-speed camera inside the flume. In addition, the frontal flow velocity was further
cross-checked against the time difference for the flow front reaching different instruments (e.g.
laser sensor at 0.9 m upstream of the force plate and load cells at the wall stem of the model
barrier).

The width of debris impact was taken as the width of the barrier which is 1.9 m.

Debris density was taken as the initial debris density estimated based on the debris mix
proportion and is approx. 2,000 kg/m®.

The above input parameters (i.e. impact force, flow depth, flow velocity, width of impact,
debris density and impact angle) can be used to interpret the dynamic soil debris pressure
coefficient (o) using Equation 1.1. Some parameters, i.e. impact force, flow depth, and flow
velocity, varied with time throughout the impact process. The interpretation of o values was
based on synchronized sets of these input parameters. A sample interpretation for Test Nos.
1 and 2 is given in Section 1 Appendix D. The same approach was adopted for the
interpretation of a values for the other three tests. The peak dynamic soil debris coefficient
are shown in Table 2.2, which ranges from 0.76 to 1.01.
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Table 2.2 Summary of Test Results

Peak Dynamic Soil
Frontal Debris | Frontal Debris Pea}k Soil Debris Préssure
Test Flow Velocitv | Flow Thickness Froude | Debris Impact Coefficient
No. (/s) y (mm) Number V| Force @ (See Section 1
(kN) Appendix D for
Details)
1 6.1 50 5-8 4.9 0.76
2 6.3 50 4-9 6.2 0.98
3 6.3 35 4-11 4.5 0.81
4 5.7 35 5-10 4.3 0.99
5 6.3 40 4-10 4.2 1.01
Notes: (" Froude Number of typical debris impact scenarios for routine designs (e.g. 0.5 m

thick debris travelling at 10 m/s) is approx. 5.

@ For Test Nos. 2, 4 and 5, there is inherent difficulty in exercising judgement in
discounting the force spikes due to impact of hard inclusions. Force spikes of
relatively small magnitude have been taken as part of soil debris impact load and
thus the dynamic soil debris pressure coefficient has been interpreted
conservatively (i.e. on the high side).

3 Numerical Analysis
3.1 General

The scale of the simulated debris flows in the flume tests given in Section 2 was less than
5m’. To further analyse dynamic soil debris impact load for debris flow events of a larger scale,
advanced numerical analysis using a three-dimensional finite-element computer package
namely LS-DYNA was conducted. Drucker-Pager yield criterion was assumed to simulate the
internal rheology of the landslide debris. Arbitrary Lagrangian-Eulerian technique was
adopted to simulate debris materials.

The numerical model was first validated using the test results of Test No.l (see
Section 2.7.2). The input parameters adopted in the validation exercises were given in
Section 1 Appendix E.

Based on the validated parameters, the numerical model was then used to analyse an
impact scenario involving a debris source volume of 400 m?, flowing along a 10 m wide channel,
and impacting onto a 10 m wide, 5 m high and 1 m thick reinforced concrete model barrier.
The characteristic concrete strength of 30 MPa was adopted for the model barrier. Steel
reinforcement of 40 mm diameter was specified explicitly in both horizontal and vertical
spacing of 200 mm.
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3.2 Results of Numerical Analysis

Figure 3.1 shows the debris impact mechanism captured from the numerical analysis,
which could generally resemble the field observations in the flume tests as discussed in
Section 2.7.1.  The flow characteristics (e.g. flow depth and flow velocity) and dynamic
impact force were captured from the model for analyses. Table 3.1 shows the summary of the
results of numerical analysis.

The peak dynamic soil debris coefficient was 0.97 for this numerical analysis. Details
are given in Section 1 Appendix E and are summarised in Table 3.1.

Table 3.1 Summary of Results of Numerical Analysis

Frontal Debris Frontal Debris Peak Debris Peak Dynamic Soil

Flow Velocity Flow Thickness Impact Force Debris Pressure
(m/s) (m) (kN) Coefficient
11.9 0.75 1450 0.97

Figure 3.1 Debris Impact Mechanism Simulated in Numerical Analysis

4 Comparison with Overseas Design Guidelines and Researches

Kwan (2012) reviewed the literatures and international guidelines in early 2010s (Hungr
et al, 1984; MLR, 2006; NILIM, 2007; SWCB, 2005). In this study, a review of the latest
overseas design codes has been conducted, which covered several newly promulgated overseas
design guidelines (ASI, 2011 & 2013; CAGHP, 2018). The a value promulgated in the
overseas guidelines are summarised in Table 4.1.
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Table 4.1 Summary of Dynamic Pressure Coefficient in Overseas Design Guidelines

Region I()f}(;lrla;r;ilc d(e:‘:))reizﬁi(rzlig;tc, t()x References
Canada 1 Hungr et al (1984)
Mainland 1 to 1.47 MLR (2006)
1.33 (For rectangular barrier);
Mainland or CAGHP (2018)
1.47 (For square barrier)
Japan 1 NILIM (2007)
Austria 1 ASI(2013)
Taiwan 1 SWCB (2005)

Researches that have been conducted to study debris impact mechanism were reviewed.
These researches involve small-scale debris impact tests, monitoring of field debris flow events
and centrifuge tests. The dynamic pressure coefficients interpreted from these researches are

summarised in Table 4.2 below.

Appendix F.

Information of these studies are discussed in Section 1

Table 4.2 Summary of Dynamic Pressure Coefficient in Literatures

Dynamic coefficient, a

References (for soil debris impact) Study Approach
Monitoring of debris flow events in
Hu (2011) 1.01 (upper bound) JiangJia Ravine, Yunnan Province,
Mainland
) 0.47 to 1.02 3
Cui et al (2015) (for Froude No. 3 to 5) Laboratory flume tests (0.3 m’)
Bugnion et al (2012) (me?ﬁf ;? 02 $2) Large-scale flume tests (50 m?)
Laboratory flume tests
Proske et al (2011) ! (source volume not reported)
Canelli et al (2012) <1.8 Laboratory flume tests (0.4 m?)

From Tables 4.1 and 4.2, a values are typically around 1 to 1.5.
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5 Discussion on Dynamic Soil Debris Pressure Coefficient and Its Application

Having considered the overseas literatures and design codes, results of recent large-scale
physical test and advanced numerical modelling, a value is typically below 1.5. If such value
is adopted following the local design practice (based on the multiple-surge load model given in
Figure 2.1 in Kwan (2012), partial load factor of 1.0 for dynamic load, debris velocity reduction
in GEO (2015), observed frontal flow velocity and frontal flow thickness for the impact
scenarios being considered, see Section 1 Appendix G for details), the predicted dynamic soil
debris impact force for impact scenarios given in Test Nos. 1 to 5 in Section 2 and that for the
numerical analysis in Section 3 was assessed as part of this study. Results of the assessment
as shown in Table 5.1 indicates that if an a value of 1.5 is adopted, the predicted dynamic soil
debris impact force following the local design practice is consistently about two times of the
measured peak soil debris force (excluding force spike due to impact from hard inclusions) for
Test Nos. 1 to 5 and the numerical outputs. This reflects the margin of conservatism in
adopting this design framework (i.e. multiple surge model with an a value of 1.5) for predicting
dynamic soil debris impact load.

As mentioned in Section 1, in the current design practice, o of 2.5 is recommended which
takes into account debris containing boulders not larger than 0.5 m in diameter. To rationalise
the use of hydrodynamic equation for rigid barrier designs, it is considered more appropriate to
treat soil debris impact load and boulder impact load separately, since the physics behind and
the barrier response under impact by these two distinct types of materials are very different.
Boulder impact on rigid barriers typically involves small areal load in a very transient impact
duration, i.e. very impulsive, and is generally not compatible with hydrodynamic equation,
which is more appropriate for fluid-like materials such as soil debris flow. Besides, barrier
response under boulder impact is sensitive to many factors such as mass ratio (or inertia)
between impactor and barrier, stiffness of barriers, boundary condition of barrier, etc., which
are not considered in the hydrodynamic model. (Note: In this regard, for boulder impact, more
appropriate design approaches such as Displacement Approach (Lam & Kwan, 2016) and
Enhanced Flexural Stiffness Method (Wong & Lam, 2018) were being developed.) It is also
not a common practice to adopt an a value to cover boulder impact in overseas design guidelines.

In view of the above, the dynamic soil debris impact force should be used in the
pseudo-static force equilibrium analyses for both geotechnical stability and structural integrity
based on the multiple-surge load model shown in Figure 5.1.  For design events involving both
soil debris and boulders, the geotechnical stability of the barriers under boulder impacts should
be assessed separately based on the Displacement Approach while for structural integrity check,
the multiple-surge load model in Figure 2.1 of GEO Report No. 270 (Kwan, 2012) should still
be followed as appropriate.
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(a) First Impact when the Barrier is Empty

<_ Debris flow impact load
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v
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(b) Subsequent Surges Hitting the Barrier

<_ Debris flow impact load
/ ) A
>
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> y
Barrier Design
Static load retaming
of debris height of
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(c) Last Surge which Fills Up the Barrier to the
Design Debris Retaining Height, H,..,

Notes: (1) Design calculations for scenario (b) should be carried out for debris impacts at
different levels corresponding to the depth of the debris accumulated in preceding
surges.

(2) Debris retaining height, Hy;, shall be estimated using the retention capacity of the
barrier. Hie is not necessary the height of barrier wall. Normally, the height of
the barrier wall could be greater than H, to provide freeboard and safety margin
of debris retention volume.

(3) Reference should be made to GEO TGN No. 44 (GEO, 2015) for the assessment
of debris impact velocity and impact load thickness (Hpeb).

Figure 5.1 Multiple Surge Load Model for Geotechnical Stability and Structural
Integrity Assessment under Soil Debris Impact
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Table 5.1 Summary of Review of Multiple-surge L.oad Model

Predicted Soil Debris Force based | Measured Peak Soil Debris Force from
Desion Event on Multiple-surge Load Model Flume Tests or Numerical Analyses
en (Assuming o = 1.5) (Extracted from Section 2 and 3)
(kN) (kN)
Test No. 1 9.9 (See Section 1 Appendix G) 4.9
Test No. 2 11.5 6.2
Test No. 3 94 4.5
Test No. 4 7.3 43
Test No. 5 8.9 42
Numerical
Analysis 2867 1450

6 Summary

GEO has recently carried out various studies to investigate dynamic soil debris impact
on rigid barriers. In particular, the large-scale physical tests as discussed in Section 2 using
the newly established flume facility in the Kadoorie Centre in Hong Kong provided quality
experimental data to analyse dynamic pressure coefficient (o) for soil debris impact for
designing rigid barriers in practice.

Other technical areas for rigid barrier designs including geotechnical stability and
structural integrity of rigid barriers subject to boulder impacts, cushioning effect of gabion,
detailing etc., would be separately covered.
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Section 1
Appendix A

Specifications of Instrumentations for Large-scale Flume Tests Conducted in
Kadoorie Centre, Hong Kong
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A description of the instrumentations used in this study is presented in Section 2.4.
Details of the instruments adopted are summarised in Table A1 below.

Table A1 Details of Instruments

Measurable Quantity .and Key
Instruments Frequency Accuracy Installation
Range . Purpose
Location
1 sensor at lower
Laser part of the flume To capture
<Im 2kHz +/- 0.5% 1 sensor in front Pt
sensor . flow depth
of the barrier
wall
To capture
Basal load :
cellatwall | <1IKN | 2kHz |+-0001kN || l0adcellatthe)  vertical
base slab of wall | pressure of
base slab >
debris flow
4 load cells at
Load cells at wall stem To capture
<44 kN 2 kHz +/- 0.045 kN impact force of
wall stem (covered by a .
debris
steel plate)
1 camera To capture
installed at the | kinematics of
High speed side of flume flow-barrier
camera i 560 frames i (near deposition | interactions
(2336 x per second zone) and 1 (e.g. debris
1728 pixel) camera installed | flow velocity
near the top of and flow
barrier depth).
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Section 1
Appendix B

Water Content of Debris Mix for Large-scale Flume Tests Conducted in
Kadoorie Centre, Hong Kong
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A description of the soil debris mix used in this study is presented in Section 2.5. The
water content of the soil debris materials and reported data of relevant literatures have been
reviewed (Takahashi, 2007; Fei & Shu, 2004; Cui et al, 2005; Volkwein et al, 2011) and
summarised in Table B1.

Table B1 Classification of Debris Flows in Literature

References Flow Types Water Content by Volume
. Mud flow 40% - 64%
Volkwein et al (2011) Granular flow 21% - 45%
Water-stone flow 47% - 73%
Mudflow 53% -73%
Fei & Shu (2004) Dilute debris flow 50% - 73%
Sub-viscous debris flow 41% - 50%
Viscous debris flow 17% - 41%
Flood 90%
Dilute debris flow 66%
i Sub-viscous debris flow 57%
Cui et al (2005) X .
Viscous debris flow - low 39%
Viscous debris flow - middle 34%
Viscous debris flow - high 19%
Fluid debris flow 51% - 82%
Takahashi (2007) Quasi-viscous debris flow 40% - 51%
Viscous debris flow 21% - 40%
Highly viscous debris flow <21%
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Section 1
Appendix C

Results of Large-scale Flume Tests Conducted in Kadoorie Centre, Hong Kong
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It was found that the above depth readings (from a laser sensor) fluctuate during
0.4 second to 1.1 second. It was due to the splashing of reflected wave of frontal debris flow
and was not a true reflection of flow depth approaching debris. As such, during that period of
time, the flow depth was assumed ranging from 50 mm to 85 mm (i.e. the measured flow depth
immediately at 0.4 second and 1.1 second respectively) in the interpretation of a.

Flow Velocity Time History for Test No. 1
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C.2 TestNo. 2

Video taken in Test No. 2

Flow Depth Time History for Test No. 2

The laser sensor has shown anomalous data as a result of instrument errors during Test
No. 2, and that flow depth could not be directly obtained. As such, debris flow depth was

interpreted based on the footage taken by high speed camera located at the side view of the
deposition zone.
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Flow Velocity Time History for Test No. 2
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C.3 TestNo. 3

Video taken in Test No. 3

Flow Depth Time History for Test No. 3
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Flow Velocity Time History for Test No. 3
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C.4 TestNo. 4

Video taken in Test No. 4

Flow Depth Time History for Test No. 4

The laser sensor has shown anomalous data as a result of instrument errors during Test
No. 4, and that flow depth could not be directly obtained. As such, debris flow depth was

interpreted based on the footage taken by high speed camera located at the side view of the
deposition zone.
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C.5 TestNo.5

Video taken in Test No. 5
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Flow Velocity Time History for Test No. 5
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Section 1
Appendix D

Sample Interpretation of Test Results for Large-scale Flume Test Nos. 1 & 2
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The test results presented in Section 1 Appendix C have been used to analyse the dynamic
soil debris impact pressure coefficient (). The interpretation of otook into account the
variation of flow kinematic and debris impact force at different time intervals. In the analysis,
impact force, debris impact velocity and debris flow thickness under the same time interval are
synchronised for data interpretation. = A sample calculation for Test Nos. 1 and 2 is given below:-

Table D1 Interpretation of Dynamic Pressure Coefficient for Test No. 1 (Without Hard

Inclusions)
Time 0.5s 1.0s 1.5s 2.0s
Debris Velocity (m/s) 5.9 ~54 ~5.0 ~4.4
Debris Flow Depth (mm) 50 50-85 85 >90
Soil Debris Impact Force (kN) 3.6 4.0 4.9 3.6
P ' ) (Peak) )
Interpreted o 0.58 0.45-0.76 0.66 <0.58
Froude Number 8.3 59-83 54 4.6

Table D2 Interpretation of Dynamic Pressure Coefficient for Test No. 2 (With Hard

Inclusions)

Time 0.5s 1.0s 1.5s 2.0s

Debris Velocity (m/s) ~54 ~5.0 ~4.6 ~39
Debris Flow Depth (mm) 40 - 50 60 -70 80 -90 90 - 100

Soil Debris Impact Force (V' (kN) 3.2 5.2 6.2 4.8
(Peak)
Interpreted o 0.59-0.74 0.80-0.93 0.87-0.98 0.85-0.94
Froude Number 7.6-8.5 6.0-6.4 4.8-5.1 39-4.1
Note: () See Section 2.7.2 for the interpretation of soil debris impact force.
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Section 1
Appendix E

Numerical Analysis of Debris Impact on Rigid Barrier
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E.1 Background

Study of large-scale debris impact scenario has been carried out through numerical
analysis based on the following steps:

(a) Validating LS-DYNA model using Flume Test No. 1 carried
out in Kadoorie Centre (see Section 2.7); and

(b) Carrying out validated numerical simulations pertaining to a
large-scale debris impact scenario on rigid barriers.

The details of both part (a) and (b) are discussed in this Appendix.

E.2 Validation of LS-DYNA Model

The validation has been first carried out against Flume Test No. 1 which was conducted
in Kadoorie Centre as discussed in Section 2.  In the validation exercise, geometry of the flume,
model barrier and its location have been input in accordance with their actual values. The
model barrier has been assumed as fully fixed to the ground in order to simulate the restraints
given by the two concrete blocks behind. Concrete and reinforcements have been explicitly
modelled and the material properties have been input in accordance with their actual values.
A summary of the inputs is given in Table E1 and Table E2 below. These properties include
the elastic modulus, Poisson’s ratio and the dimensions of each member, the density, the
uniaxial compressive strength of concrete, etc. A snapshot of the model is shown in Figure E1
below.

Figure E1 Printout of LS-DYNA Input Replicating the Flume Test No. 1
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Table E1 Key Parameters for Model Validation for Steel Reinforcement

Part Name Reinforcement
Constitutive Model Plastic Kinematic
Density 7,800 kg/m?
Young’s Modulus 205 GPa
Poisson’s Ratio 0.3
Yield Stress 460 MPa

Table E2 Key Parameters for Model Validation for Concrete

Part Name Concrete
Constitutive Model CSCM Concrete
Density 2,400 kg/m’
Uniaxial Compressive Strength 30 MPa

In this study, debris materials have been modelled in LS-DYNA following a similar
modelling technique reported in Koo (2017). Drucker-Pager yield criterion has been assumed
to simulate the internal rheology of the landslide debris. Arbitrary Lagrangian-Eulerian
technique has been used in the numerical simulations. The key parameters of model debris
include Coulomb type basal friction angle, internal friction angle and turbulence coefficient.
In the validation exercise, these parameters have been back-analysed such that frontal debris
thickness, debris velocity and debris impact force obtained from LS-DYNA simulation and
Kadoorie flume tests are similar. The following set of parameters have been obtained in the
back-analysis:-

Table E3 Key Parameters for Model Validation for Debris Material

Debris Source Volume ~4m’

Internal Friction Angle 12°

Basal Friction Angle 10°
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The above calibrated set of input parameters for soil debris was in line with the
back-analysed values from several notable landslide events in Hong Kong (Koo, 2017). The
outputs of numerical back-analysis, including impact force-time history, frontal debris
thickness and debris velocity, have been examined. These data are then compared with the
flume test results, which are shown in Table E4 and Figure E2.

Table E4 Summary of Numerical Back-analysis

Flume Test No. 1 LS-DYNA
Debris Thickness (frontal) 50 mm 50 mm
Debris Velocity (frontal) 6.1 m/s 6.1 m/s
Peak Debris Impact Force 4.95 kN 4.95 kN

7-..__ LS-DYNA Simulation

Force (kN)

Ficld Data

0 1 2 3 4 5
Time (s)

Figure E2 Comparison of Force-time History

E.3 Analysis of Large-scale Debris Impact Scenarios

E.3.1 Model Setup

Based on Section E.2 above, the ability to simulate debris-barrier interaction using
LS-DYNA has been demonstrated. LS-DYNA is adopted in the next step of investigation.
In this analysis, the same modelling parameters for model barrier and debris materials have
been adopted. The numerical model has been scaled up with a larger rigid barrier and a greater
debris source volume. A debris source volume of approx. 400 m® has been simulated along a
10 m wide flow channel. A reinforced concrete barrier of 10 m wide, 5 m high and 1 m thick
has been simulated (see Figure E3 below).
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a4l 0wl 21/50

Figure E3 Snapshot of Numerical Analysis of Debris Impact of 400 m3

E.3.2 Results of Simulation

Debris impact mechanism has been captured from the LS-DYNA simulation. A
similar interaction mechanism as described in Section 2.7.1 has been observed.

Figure E4 Snapshot of Debris Impact Mechanism Simulated in Numerical Analyses

The numerical results have been analysed using the same methodology adopted in
Section 1 Appendix D. The interpreted dynamic pressure coefficient (o) is summarised in
Table ES5 below.
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Table ES Summary of Interpretation of Numerical Results

Time 0.5s 1.0s 1.5s 2.0s
Debris Velocity (m/s) 10.0 8.3 7 6.6
Debris Flow Depth (m) 1.25 1.5 1.5 1.5
1450
Force (kN) 1090 (Peak) 1280 1130
Interpreted o 0.48 0.78 0.97 0.96
References
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Section 1
Appendix F

Various Studies on Debris Impact Load
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Studies of various scales have been carried out in different parts of the world to
investigate debris impact mechanism. Key features of these studies are summarised in this

Appendix.

Flume Test by Geobrugge at Veltheim, Switzerland (Bugnion et al, 2012)

Flume: 40 m x 8 m, 30°

Debris source volume: 50 m’
Debris impact load was measured based on two small load cells (with an area of 120 x 120 mm

and 200 x 200 mm respectively) installed at the flume.

Field Measurement by Institute of Mountain Hazards and Environment, Mainland (Hu et al, 2011)

Year of Debris Flow: 2004
Debris impact loads were based on measurement from three small load cells (150 mm dia.)

installed at a 1.8 m high cantilever steel post placed at the JiangJia Ravine, Yunnan, Mainland.

h B

Steel Cables

0.1 Sensor

"No.2 Sensort

-

"No.3 Sensor
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Flume Test by University of Parma, Italy (Canelli et al, 2012)

Flume: 4 m x 0.4 m, 30°

Debris source volume: 0.4 m?

Debris impact loads were measured based on four small load cells installed at an approx.
400 mm high steel plate at the end of the flume.

Flume Test by Institute of Mountain Hazards and Environment, Mainland (Cui et al, 2015)

Flume: 3 mx 0.4 m, 10° to 15°

Debris source volume: 0.3 m?

Debris impact loads were measured based on five small load cells (20 mm dia.) installed at a
180 mm high cantilever steel post placed at the centre of the outlet of the flume.

Laser distance
measuring instrument

\ Camera
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Flume Test by United States Geological Survey at Oregon, USA (Iverson et al, 2010)

Flume: 95 m x 2 m, 31°

Debris source volume: 10 m’

Debris impact tests were carried out in 1996. A flimsy wooden board was used to receive
strike from a debris flow. No measurement of debris impact load or displacement of the
structure was taken.
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Appendix G

Sample Calculation for the Review of Multiple-surge Load Model
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As discussed in Section 5, a review of the multiple-surge load model has been conducted.
The following assumptions have been made in this review:-

(a) Debris flow is assumed to impact surge-by-surge (see
Figure G1);

(b) Load from debris is considered as a combination of:-
(1) Dynamic soil debris impact load (using Equation 1.1);

(i) Lateral earth pressure from deposited debris (earth
pressure coefficient of unity);

(ii1) Water pressure from deposited debris; &
(iv) Surcharge of dynamic debris surge;
(c) Partial load factor of dynamic soil debris impact load of unity;
(d) Debris impact velocity for each surge of debris based on
velocity hydrograph (obtained from flume tests or numerical
analysis) with an upper bound of 70% of the maximum debris

velocity; &

(e) Debris flow thickness for each surge of debris taken as the
frontal thickness.

5t stage = dynamic + 4 layers static .

4* stage = dynamic + 3 layers static —\\
3 stage = dynamic + 2 layers static AN D
2nd stage = dynamic + 1 layer static

1* stage = dynamic

Figure G1 Multiple-surge Load Model following Recommendation by Kwan (2012)
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The assumptions above reflect the current design practice. Yet, the dynamic soil debris
pressure coefficient (o) is assumed as 1.5 in this review. A sample calculation for design impact
force for Test No. 1 conducted in Kadoorie Centre is given in Table G1 below:-

Table G1 Sample Calculation for Design Impact Force for Test No. 1

Design | Debris | Deposited Predlcte?d . TOt.al Measured
i . Dynamic | Static | Design .
Debris Flow Debris Soil Debris | Force | Tmpact Peak Force in
Velocity | Depth Thickness p Test No. 1
(m/s) (mm) (mm) Impact (kN) Force (KN)
Force (kN) (kN)
Stage 1
(Frontal) 6.1 50 0 9.8 0.0 9.8
Stage 2
(0.5 5) 59 50 50 9.5 0.1 9.6
Stage 3
(1.0'5) 59 50 100 9.5 0.4 9.9 4.9
Stage 4
(1.55) 4.8 50 150 6.3 0.7 7.0
Stage 5
(2.0'5) 43 50 200 5.0 1.1 6.1
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Section 2:

Displacement-based Assessment
of Boulder Impacts on Rigid
Debris-resisting Barriers - A Pilot

Study

C.Lam & J.S.H. Kwan

This section is largely based on GEO Technical Note
No. TN 9/2016 produced in October 2016
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Abstract

This Technical Note presents a new approach for assessing
the dynamic effect of boulder impacts on rigid debris-resisting
barriers. The approach adopts energy and momentum
conservation principles with consideration given to the mass
inertia effect of barriers to calculate displacements of barriers
caused by boulder impacts. Both translational and rotational
barrier movement are considered. Key assumptions of the new
approach are stated. Parametric studies have been carried out
using the new approach to assess the effect of simultaneous
impacts by multiple boulders on barrier movement. Results
show that the relationship between the mass of a barrier and its
movement is highly nonlinear as a result of the inertia effect.
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1 Introduction

Rigid debris-resisting barriers are commonly adopted as mitigation measures of debris
flow hazard. In the prevailing design practice, the geotechnical stability of rigid
debris-resisting barriers is assessed based on limit equilibrium analyses (Kwan, 2012). The
use of pseudo-static force in the limit equilibrium analyses may not correctly reflect the effect
of transient load, in particular, momentary loading which lasts for some milliseconds e.g.
boulder impact load.

Displacement-based assessment approaches, which have been widely adopted for the
stability analyses of slopes and gravity retaining walls under seismic loading, could provide a
potential means for evaluating the performance of rigid debris-resisting barriers subject to
boulder impact. For example, Newmark (1965) developed the “sliding block™ concept to
evaluate seismic slope stability in terms of earthquake-induced slope displacement, as opposed
to a factor of safety against yield under peak ground accelerations.

This Technical Note (TN) documents a pilot study of displacement-based assessment
approach for boulder impacting on rigid debris-resisting barriers. The study followed the
principles of dynamic analyses proposed by Dr Nelson Lam of the University of Melbourne
(Yang et al, 2012; Ali et al, 2014; Lam, 2015). This TN will first present theories behind
Dr Lam’s dynamic analyses, which are pertinent to the effects of mass inertia and energy loss
on energy transfer between two impact objects. It is then followed by parametric studies using
displacement-based calculations to assess the effect of boulder impact load on rigid barriers
with a focus on simultaneous impacts by a number of boulders on barriers. Assumptions and
detailed formulation are presented.

2 Nature of Boulder Impact Load

Hu et al (2006) reported field measurement data of debris-flow impact load on a steel
baffle installed in a natural drainage line in Jiangjia Ravine, China. The measurement was
made using load cells. Figure 2.1 shows a typical time trace of the measured impact pressure.
The load cell recorded a rather constant impact pressure with local spikes. The magnitude of
the spikes was up to five times the constant pressure. Based on site observation, Hu et al
(2006) commented that the spikes could be induced by large boulder impacts. Cui (2015)
provided supplementary information to clarify that the diameters of the boulders can be up to
0.5 m in Jiangjia Ravine.

More recently, HKUST has carried out a centrifuge test to study the impact load of dry
sand flow with hard inclusions on a model rigid barrier. In the prototype scale, the hard
inclusions in the sand flow correspond to boulders of 0.9 m diameter. Figure 2.2 shows the
preliminary result of the centrifuge test. There are several spikes in the measured load.
According to the image records from the high-speed camera, the spikes were results of impacts
by the hard inclusions.

As shown in Figures 2.1 and 2.2, boulder impact duration is short and the associated
dynamic load is transient. For evaluating the performance of impact-resisting structures,
displacements may therefore offer a more rational criterion than factors of safety calculated
based on force and moment equilibrium analyses.
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Figure 2.1 Measured Debris Impact Pressure on a Rigid Obstacle in Jiangjia Ravine,
China (Hu et al, 2006)
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Figure 2.2 Prototype Impact Load on a Rigid Barrier Model in a Centrifuge Test
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3 Effects of Mass Inertia and Energy Loss on Energy Transfer

3.1 Theory

During collision, momentum and kinetic energy transfer from one object to another.
Figure 3.1 schematically illustrates three collision types, namely, elastic, inelastic, and partially
inelastic. To illustrate the effects of mass inertia and energy loss on the amount of energy
transferred from an impactor to an impact-resisting object, mathematical derivations of
energy-transfer equations based on consideration of momentum and energy conservation have
been performed. The derivations of the equations are given in Section 2 Appendix A. Table

3.1 summarises the energy-transfer equations for the three different types of collisions.

Before

i Stationary
g 3
—_—

O

Elastic and

partially elastic collision

After

Vs
—_—

Inelastic collision

Figure 3.1 Schematic Illustrations of Elastic, Partially Elastic and Inelastic Collisions

Table 3.1 Summary of Energy-transfer Equations for Different Types of Collisions

Inelastic Elastic Partially Inelastic
(COR =0) (COR=1) (0<COR<1)
KE, 1 KE, 44 KE, _,(1+CORY
KE, (1+2) KE, (1+24) KE, ~\ 144

The parameters used in the above equations are defined as follows:

where COR = coefficient of restitution, defined as the ratio of relative speeds after and

before an impact (dimensionless);
KEo = initial kinetic energy of the impactor (in J);
KE:> = kinetic energy gained by the impact-resisting object (in J);

A =mass ratio between the impact-resisting object and the impactor

(dimensionless, > 1).
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The coefficient of restitution (COR) is a global measure for kinetic energy loss during
impact. The loss can be due to plastic deformation, visco-elastic material behaviour and wave
propagation in the bodies (Seifried et al, 2010). This parameter is elaborated further as
follows:

(@) When COR = 0, kinetic energy is not conserved and the
collision is termed “inelastic”. The two objects coalesce
and travel together after the collision.

(b) When COR = 1, kinetic energy is conserved and the collision
is termed “elastic”. The objects rebound from each other
with the same relative speed but in opposite directions.

(¢) When 0 <COR < 1, this is the most common form of collision
in the real world. The objects do not coalesce and some
kinetic energy is converted to other forms of energy such as
heat, sound and work done deforming the objects. Kinetic
energy is not conserved.

The value of COR is a property of a pair of objects in a collision and is function of the
impact velocity (e.g. Perera et al, 2016; Ali et al, 2014). According to Wyllie (2015), Masuya
et al (2001) conducted experiments to determine the value of COR between concrete and a
single boulder. The tests involved dropping a boulder from a known initial height (4;) onto a
horizontal concrete slab and then measuring the rebound height (/4:). Using the relationship
between potential and kinetic energy, the value of COR was calculated using the expression

v B,/ h; and was found to be 0.18 for the chosen test conditions. Giani (1992) and Chau et

al (1998) reported COR values in the normal direction of 0.5 for falling rocks impacting on
bedrock surfaces.

3.2 Effect of COR and Mass Ratio on Energy Transfer

To illustrate the effects of COR and mass ratio on the kinetic energy gained by an
impact-resisting object (e.g. a rigid barrier) in a collision, Figure 3.2 plots the energy ratio
KE: / KEo against the mass ratio, 4, for COR ranging from 0.2 to 1.0 using the energy-transfer
equation derived for the partially inelastic case (Table 3.1). Note that the value of 4 must not
be smaller than unity, and in this parametric study it varies from 1 to 1,000. The results are
presented on a log-log plot to show the wide range of mass and energy ratios.

Two observations can be made from Figure 3.2. First, for a given COR, the energy
ratio KE» / KEo decreases with increasing mass ratio, A. This means that the heavier the
impact-resisting object, the less kinetic energy it will gain from a collision and this is true
regardless of the value of the COR. Second, the energy ratio decreases with COR. This is
because the lower the COR is in a collision, the more kinetic energy is lost through conversion
to other forms of energy.
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Figure 3.2 Effect of COR and Mass Ratio on Energy Transfer

4 Translational Movement

4.1 Theory

If a free-standing rigid barrier on flat ground is impacted by a boulder and is assumed to
undergo pure translational movement as illustrated in Figure 4.1, the amount of movement can
be calculated using the following equation:

KE
A= ey T RSSO T SRR 4.1
(Mg —uA)tan 5’ *-

where A = translational movement of barrier (in m)
KE; = kinetic energy gained by the rigid barrier (in J)
M = mass of barrier (in kg)
g = gravity (9.81 m/s?)
u = water uplift pressure acting on barrier (in N/m?)
A contact area between barrier base and ground surface (in m?)
o' = effective interface friction angle between concrete and soil (in degrees).

Derivation of Equation 4.1, which is based on consideration of energy conservation, is
given in Section 2 Appendix B. Worked examples of using Equation 4.1 for calculating
barrier’s translational movement are also given in Section 2 Appendix B.
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Figure 4.1 Translational Movement of an L-shaped Rigid Barrier on Flat Ground

4.2 Effect of Simultaneous Impacts by Multiple Boulders

To assess the effect of simultaneous impacts by multiple boulders on the translational
movement of a rigid barrier, a parametric study has been carried out to calculate the amount of
translational movement for a range of barrier sizes and impact scenarios. The barrier
considered has an “L” shape as shown in Figure 4.1. For the parametric study, the wall (/)
and the base slab () have the same dimension varying from 5 m to 10 m. The length (/) is
10 m. The width of the stem wall (Wseem) and the base slab (Wpase) are both 0.8 m. If a
reinforced concrete density (p.) of 2,500 kg/m? is assumed, the barrier’s mass considered thus
ranges from about 185 x 10% kg to 385 x 10° kg. This range covers the weights of typical
barriers in Hong Kong. Other assumptions and parameters adopted for this parametric study
are:

(a) the barrier is assumed to be impacted by one, two and four
boulders;

(b) the pore water pressure (u) at the base slab is assumed zero;
(c) boulder velocity (vo) = 10 m/s;

(d) boulders diameter (¢) = 1.2 m;

(e) boulder density (pb) = 2,650 kg/m?;

(f) COR=0.5; and

(g) concrete-soil interface friction angle (s57) = 34°.
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The results of the parametric study are presented on a semi-log scale in Figure 4.2.
Two observations can be made from this plot. First, as expected, for a given barrier mass,
increasing the number of boulders leads to an increase in barrier movement. However, the
amount of increase is not proportional to the number of boulders. For example, for a barrier
mass of 300 x 10° kg, the amount of movement is merely 1 mm due to a single-boulder impact.
However, if the same barrier is simultaneously impacted by four boulders, the movement is
predicted to increase to 16 mm. This large difference is due to the nonlinear relationship
between the energy-transfer ratio, KE,/KEo, and the mass ratio, A, as shown in
Figure 3.2 - increasing the mass of the impactor(s) will lead to a lower mass ratio (4) and thus
a higher energy-transfer ratio (KE> / KEo). Second, for a given boulder impact scenario, it can
be seen that increasing the mass of a barrier would lead to a significant reduction in its
movement. This is again due to the nonlinear relationship between KE> / KEo and 4.
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Figure 4.2 Effect of Simultaneous Impacts by Multiple Boulders on Translational
Movement
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5 Rotational Movement

5.1 Theory

If a free-standing rigid barrier on flat ground is impacted by a boulder at the crest and is
assumed to undergo a rotational movement as illustrated in Figure 5.1, the amount of

movement, which is expressed in terms of the rise of the centre of gravity, can be calculated
using the following equation:

2 2
o= ﬁ(ﬂj ......................................... 5.1)
2Mg r l+x
where h = height of barrier (in m)
m = mass of boulder (in kg)
M = mass of barrier (in kg)
r = distance between the axis of rotation and the point of impact (in m)
vo = velocity of boulder (in m/s)

Acc. = rise of the barrier’s centre of gravity (in m)
10
K —_—

(dimensionless; > 1)
mhr

COR = coefficient of restitution (dimensionless).

A Witem vo V)
o
OO
0| | !
h ,,y‘: f<— II', ++ AC.G
I'I ___________,___--————--I jwbase
: b
Assumed point of
rotation

Figure 5.1 Rotational Movement of an L-shaped Rigid Barrier

Derivation of Equation 5.1 can be found in Section 2 Appendix C. Note that the value
of x must not be smaller than unity. For the calculation of the dimensionless number, «,
knowledge of the barrier’s mass moment of inertia, /o, is required. For L-shaped barriers, Iy

can be calculated using the following approximate relationship:
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I, ~

o (2 + hw,,, )+ %bz ...................................... (5.2)

where Ip = mass moment of inertia of barrier (in kg m?)
b = length of base slab (in m)
h = height of barrier (in m)
Msiem = mass of stem wall (in kg)
Mpase = mass of base slab (in kg).

For an L-shaped barrier with rectangular side walls as illustrated in Figure 5.2, the

contribution of the side walls to the barrier’s overall mass moment of inertia also needs to be
considered. The equation for /y thus becomes:

2 2 2 2
16 ~ Mstem (hZ +hWbase)+ M:;)ase b2 +nMSide{[c +d J"‘(i_'_wbasej +[£+Wstemj } ......... (53)

3 12 2

where ¢ = length of side wall (in m)
d = height of side wall (in m)
Mside = mass of a single side wall (in kg)
n = number of side walls (typ. 2).

The computed 4c.c. can be converted to the angle of rotation @ using the following
equation:

Figure 5.2 Rotational Movement of an L-shaped Rigid Barrier with Side Walls
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. | y+4 a(y
0 =sin"'| 222 |_gan 1(%) ....................................... (5.4)
where x = horizontal distance to the barrier’s centre of gravity from global vertical axis
(in m)
y = vertical distance to the barrier’s centre of gravity from global horizontal axis
(in m).

It should be noted that Equation 5.4 is derived based on the assumption that the barrier
does not overturn. The stability of the barrier against overturning can be assessed by
comparing the computed 4c . with the critical value Ac G.(it). If 4 < Ac.G. (i), the barrier will
not overturn. The value of 4c G (eriyy can be computed as:

=2

AC.G.(crit): X +)_72 __)_/ ............................................. (55)

The critical angle of rotation can be expressed as:

0., =90°—tan™ (%j ................................................ (5.6)

Equations 5.5 and 5.6 were derived by considering the various geometrical relationships
when the barrier’s centre of gravity lies immediately above the point of rotation, i.e., the critical
condition in terms of overturning stability.

Derivations of Equations 5.2 to 5.6 are given in Section 2 Appendix D.

Worked examples using Equations 5.1 to 5.6 are given in Section 2 Appendix C.

5.2 Effect of Simultaneous Impacts by Multiple Boulders

To assess the effect of simultaneous impacts by multiple boulders on the rotational
movement of a barrier, a parametric study has been carried out to calculate the amount of
movement for a range of barrier sizes and different impact scenarios. The barrier considered
has an “L” shape as shown in Figure 4.1.  As for the parametric study discussed in Section 3.2,
the wall (%) and the base slab (b) have the same dimension varying from 3 m to 8 m. The
length (/) is 10 m. The width of the stem wall (wstem) and the base slab (Wpase) are both 0.8 m.
If a reinforced concrete density (pc) of 2,500 kg/m® is assumed, the mass of the barrier thus
ranges from around 185 x 10° to 385 x 10 kg. This range covers the weights of typical
barriers in Hong Kong. Other assumptions and parameters adopted for this parametric study
are:

(a) the barrier is assumed to be impacted by one, two and four
boulders;

(b) boulder velocity (vo) = 10 m/s;
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(c) boulders diameter (¢) = 1.2 m;
(d) boulder density (pb) = 2,650 kg/m?; and
(e) COR=0.5.

Figure 5.3 presents the result of the parametric study in terms of the barrier’s angle of
rotation. Since the stem wall and base slab are assumed to have the same dimension (2 = b)
in this study, the critical angle of rotation (f.rit) is 45° for all cases and this is plotted as a
horizontal line in the figure. The results show that increasing the number of boulders will
have a considerable effect on the angle of rotation, although none of the cases considered will
lead to the barrier overturning since the calculated 6 values are always less than Ocit. For
example, for the barrier having a mass of 200 x 103 kg, the barrier will rotate less than 0.2°
when impacted by a single boulder. This same barrier will however rotate 2° if simultaneously
impacted by four boulders. This difference can be attributed to the reduced effect of mass
inertia in the second case. In addition, the result shows that increasing the mass of the barrier
will be an effective means to reducing the angle of rotation especially when the mass of the

barrier is small.
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Figure 5.3 Effect of Simultaneous Impacts by Multiple Boulders on Rotational
Movement
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6 Further Analyses

6.1 Boulder Diameter for Pre-determined Barrier Movement
A parametric study has been performed using the analytical solutions developed for

translational and rotational barrier movements and presented in Sections 4 and 5.  In this study,
the diameter of a single boulder that would cause an L-shaped barrier to slide a minimal
distance, say 5 mm, or to rotate by a small amount, say 1°, is calculated for a range of barrier
masses and impact velocities. The following assumptions are made for the calculations:

(a) equal stem height and base slab length (varies);

(b) stem and base slab thicknesses (Wstem and wpase) = 0.8 m;

(c) barrier length (/) = 10 m;

(d) boulder velocity (vo) = 10 m/s;

(e) boulders diameter (¢) = 1.2 m;

(f) boulder density (pv) = 2,650 kg/m>;

(g) COR=0.5;

(h) concrete-soil interface friction angle (s7) = 34°;

(1) triangular distribution of pore-water pressure () across the
base slab, with a maximum value of 150 kPa; and

(j) barrier undergoes pure rotational or translational movement.

The result shows that translational movement is more critical than rotational movement
in all cases analysed, as the angle of rotation is always found to be less than 0.5° when the 5-mm
criterion is reached. Figure 6.1 plots the boulder diameter against a range of barrier masses
for three impact velocities. As expected, for a fixed amount of barrier movement, the boulder
diameter increases with the barrier mass but reduces with the impact velocity.



100

- =5m/s ===-- 10 m/s == 15 m/s

2 -
1.8 1
)
5 1.6 1
§5)
S 14
=
g 12
E
m 1

0.8 - Angle of rotation smaller than 0.5° in all cases
0.6 T T T T T 1
50 100 50 200 250 300 350
Mass of barrier (x103 kg)
0.8 m 7 0.8 m
10m /\‘>/ 10m /3
4m 7m
IO.S m _’\:0.8 m
v
4m 7 m\\\/>

Figure 6.1 Diameters of a Single Boulder Causing 5-mm Translational Barrier
Movement

6.2 Effect of Successive Boulder Impacts

The effect of successive boulder impacts on the cumulative movement of a rigid barrier
is considered in this section. Only translational movement is considered as rotational
movement is generally recoverable. The assumptions made for the calculations in Section 6.1
are adopted again. An L-shaped rigid barrier weighing 200 x 10'° kg is assumed to be
successively hit by 1.3-m diameter boulders travelling at a velocity of 10 m/s - these values are
chosen such that the barrier will be displaced by 5 mm after the 1% impact as indicated in
Figure 6.1. The cumulative barrier movement is calculated with and without consideration of
the increase in barrier mass due to the deposited boulders. Any possible cushioning effect due
to the deposited boulders is ignored.  Figure 6.2 plots the cumulative barrier movement against
the number of deposited boulders up to 100.  Figure 6.2 shows that if the increase in mass due
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to the deposited boulders is not considered, the cumulative barrier movement will simply
increase proportionally with the number of deposited boulders. In contrast, if the mass
increase is considered, the cumulative barrier movement will approach a limiting value, which
is about 200 mm in this case.
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Figure 6.2 Cumulative Translational Movement of an L-shaped Rigid Barrier under
Successive Boulder Impacts

7 Discussion

A key assumption of the displacement-based approach is that barriers are considered as
perfectly rigid bodies. It is acknowledged that reinforced concrete structures may not behave
as such under impact loading, and that the level of rigidity will depend on a number of factors
such as barrier geometry and the amount of steel reinforcement. For displacement
calculations, the energy loss due to elastic and plastic deformation of the barrier structure can
be taken into account by adopting a reasonably conservative COR value such as 0.5 as used in
this study.

The calculated translation and rotational displacements induced by boulder impacts on
typical rigid barriers could be limited as demonstrated by this study. On this basis of the
calculation results, the effects of boulder impacts on bearing stability are deemed insignificant.
Nevertheless, the formulations reported in this TN are pertinent to barriers founded on levelled
ground. As a good practice, barriers should be founded on a levelled and competent ground,
and the ground in front of the barrier should be well protected against erosion as necessary.
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For barriers sitting on sloping ground or in close proximity of slopes, other appropriate
assessments should be carried out.

The present formulations have not considered the effect of cushioning materials. As
properly designed cushioning materials can absorb some of the boulder impact energy through
elasto-plastic deformation (Lam, 2016), it is probable that their use will also reduce barrier
movement but the exact effect remains to be explored.

8 Conclusions

A displacement-based approach to the design of rigid barriers subject to boulder impacts
has been presented in this Technical Note. To illustrate the underlying principles and the use
of this alternative approach, mathematical derivations of the relevant equations and worked
examples are presented. The results of parametric studies are also discussed to illustrate the
effect of barrier size and different impact scenarios on barrier movement. Both translational
and rotational movements are considered. The displacement-based approach could provide a
more rational means for assessing the performance of rigid barriers subject to simultaneous
impacts by multiple boulders.
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A.1 Elastic Collision

Figure Al shows the collision between two objects having masses m and Am, where
A>1. Prior to the impact, the smaller object (impactor) travels at velocity vo and the heavier
(impact-resisting) object is stationary. Immediately after the impact, the impactor rebounds
with velocity vi and the impact-resisting object travels in the opposite direction at velocity v.

¥ Stationary
— i el

O O

Figure A1 Collision between Two Objects with Rebounce

By conservation of momentum,
my, =—myv, + (/Im)v2 ............................................... (A.1)

If the collision is totally elastic, that is, no kinetic energy is loss, then by conversation
of energy,

The ratio of the kinetic energy gained by the impact-resisting object (KE) to the initial
energy of the impactor (KEo) is:

1
KE, » (/1’”)"5
e (A.4)

KE, 1

—my,

2

Substituting Equation A.3 into Equation A.4 thus leads to:

L (A.5)

KE, (1+A)
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Equation A.5 can be used to calculate the energy taken up by an impact-resisting object
if the collision is elastic. As can be seen, KE> equals KEo when 4 is equal to 1. This means
that all the kinetic energy of the impactor is transferred to the impact-resisting object. When
A is greater than 1, the energy ratio KE, / KEo will be smaller than 1 and the impactor will
rebound with some kinetic energy (KE1). This illustrates that the greater the mass of the
impact-resisting object, the less kinetic energy it will gain from a collision.

At this point, it is useful to introduce the concept of the coefficient of restitution (COR),
which is defined as the ratio of relative speeds after and before a collision. Thus,

COR =22 —E) v (A.6)

Vo Vo

In an elastic collision, COR has a value of 1. This can be proved by expressing vi and
v2 in terms of vo by using the momentum and kinetic energy equations (Equations A.1 and A.3)
and then substituting them into Equation A.6.

A.2 Inelastic Collision

In an inelastic collision, some of the kinetic energy is converted to other forms of energy
such as heat, sound and strain energy, so that kinetic energy is not conserved. Figure A2
shows the extreme case where the two objects coalesce and travel together at velocity v2 upon
impact. The value of COR is zero because the relative speed between the two objects is zero
after the impact. This type of collision is termed perfectly inelastic.

v, Stationary 2

_—

O, (=)

Figure A2 Collision between Two Objects without Rebounce

By conservation of momentum,
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The ratio of the kinetic energy of the two objects after the impact (KE>) to the initial
energy of the impactor (KEy) is:

KE, - (m+ Am)v2
e T (A.9)
KE, 1 5
5

KE, 1
KE, (1+24)

A comparison between Equations A.5 and A.10 shows that significantly less kinetic
energy is transferred to the impact-resisting object in an inelastic collision than in an elastic
one.

A.3 Partially Inelastic Collision

In most inelastic collisions, the objects involved will not coalesce but will bounce off
each other as illustrated in Figure Al. During the impact process, some of the kinetic energy
is converted to heat, sound and strain energy. This type of collision is termed partially
inelastic and is the intermediate case between elastic and perfectly inelastic collisions.  As for
the case of an elastic collision, the coefficient of restitution (COR) is expressed as:

COR =22 ‘V(‘Vl):“”z ........................................ (A.11)
0

By conservation of momentum,
my, =—my, + (/Im)v2 ............................................. (A.12)

It can be seen that the mass of the impactor, m, can be cancelled out of Equation A.12.
If v2 is added to both sides and the whole equation divided by vo, then

Vo +V, +V, :(1+/1)v2 (A.13)

Vo Vo

Substituting Equation A.11 into Equation A.13 and rearranging gives:

The ratio of the kinetic energy of the impact-resisting object (KE») to the initial energy
of the impactor (KE)y) is:
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1
KE, E(Zm)vz Am | v, ’
=7 T T (A.15)
KE, 5 mv? m \ v,
Substituting Equation A.14 into Equation A.15 finally gives:
KE, (1+CORY
=M | e (A.16)
KE, 1+4

This equation can be used to estimate the kinetic energy of an impact-resisting object
(KE») after a partially inelastic collision. When COR is unity, Equation A.16 will revert to
Equation A.5, which was derived for the case of an elastic collision. ~Substituting a COR value
of zero into Equation A.16 however will not yield Equation A.10, which was derived for the
case of an inelastic collision. This is because of the different assumptions made for the two
cases: in an inelastic collision the two objects coalesce after the collision, whilst in a partially
inelastic collision the objects rebound from one another.
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B.1 Theory

In the case of a boulder impacting on a free-standing rigid barrier, the barrier will
undergo translational and/or rotational movements to dissipate the kinetic energy gained from
the collision. If the barrier is assumed to undergo only translation movement, the kinetic
energy (KE2) will be dissipated by the work done due to the frictional resistance between the
base slab and the ground surface. Figure B1 shows a free-standing rigid barrier undergoing
translational movement after an impact. An L-shaped barrier is assumed here but the
following discussion is also applicable to other barrier shapes.

_Wbase

Figure B1 Translational Movement of an L-shaped Rigid Barrier Impacted by a
Boulder

If the mass of the boulder is denoted as m and the mass of the barrier as M, the weight
of the barrier is Mg, where g is gravity. The basal interface resistance (friction) between the
barrier and the ground surface is thus Mgtano', where ¢' is the effective angle of interface friction
between concrete and soil. For design purposes, the value of ¢' may be taken as that
corresponding to the critical state and may be estimated according to Geoguide 1 (GEO, 1993).
If the barrier is subjected to a water uplift pressure u, the basal interface resistance then becomes
(Mg — uA) * tano', where 4 is the contact area between the base slab and the soil.

Immediately after an impact by a single boulder, the barrier gains kinetic energy (KE2).
To take into account the effects of mass inertia and energy loss, KE> can be estimated using the
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energy-transfer equation derived for the partially inelastic collision case (Table 2.1 and
Equation A.16). A COR value of, say, 0.5 may be assumed in the calculation. The barrier-
to-mass ratio, 4, is also required for the determination of KE> and can be computed as M / m.

Since the barrier is assumed to undergo only translational movement, by conservation
of energy the barrier’s kinetic energy must be dissipated through work done by the basal
interface resistance. If the soil is assumed to behave as a rigid-perfectly plastic material, the
amount of barrier movement, 4, can be calculated as:

T (B.1)

(Mg —ud)tan &’

B.2 Worked Example — Single Boulder Impact

To illustrate the use of Equation B.1, a free-standing L-shaped barrier, such as the one
shown in Figure B1, is considered in this example. The barrier’s stem wall is 5-m high (%)
and the base slab is 5-m long (b). The widths of the stem wall (wsem) and the base slab (Wbase)
are both 0.8 m, and the length of the barrier is 10 m (/). The barrier is made of reinforced
concrete and its density (pc) is assumed to be 2,500 kg/m®. The ground water table is below
the surface so there is no water pressure acting on the barrier. The effective interface friction
angle (0') between concrete and soil at the critical state is 34°. A boulder with a diameter (¢)
of 1.2 m and a density (p») of 2,650 kg/m? hits the barrier at a horizontal velocity (vo) of 10 m/s.
The coefficient of restitution (COR) is taken as 0.5. The barrier is assumed to behave as a
rigid body and to undergo translational movement after the impact.

Equation B.1 is used to calculate the translational movement of the barrier. The values
of the required parameters are determined as follows.

3
Mass of boulder:  m = p, {g 7[[%} :l =2,397.7kg

Mass of barrier: M = p(h =Wy Wy, [+ pbIWy,, = 184,000 kg

Barrier-to-boulder mass ratio: A=M/m=76.7414

Kinetic energy gained by barrier: ~ KE, = lmvéﬂ{l J; C(zR
+

2
j =3,4251]
2

Pore-water pressure:  « = 0 Pa (N/m?)

Substituting the above information into Equation B.1 thus gives:

KE, 3,425

= = =0.0028 m (or 2.8 mm).
(Mg —uA)tan s’ (184,000x9.81—0)tan 34°




116

B.3 Worked Example — Multiple Boulder Impacts

To illustrate the effect of multiple boulder impacts, the barrier considered in Section B.2
is assumed to be simultaneously impacted by two boulders as illustrated in Figure B2. All
other conditions remain the same.

===

Y

\

/W hbasc

ALY
z

Figure B2 Translational Movement of a Rectangular Rigid Barrier Impacted by Two
Boulders

The combined mass of the two boulders is used for the stability assessment. Therefore,

3
Total mass of boulders:  m=2p, {g ﬂ(gj } =4,795.3 kg

Barrier-to-boulder mass ratio: 1= 184,000/ 4,795.3 = 38.3707

2
Kinetic energy gained by barrier:  KE, = %mvéﬂ[%) =13,3541J
+
Pore-water pressure:  « = 0 Pa (N/m?)
Substituting these values into Equation B.1 gives:
g KB 13,354 ~0.0110 m or (11.0 mm).

(Mg —ud)tan 5’ (184,000x9.81—0)tan 34°
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Comparing the results between this and the previous examples shows that the amount of
kinetic energy gained by the barrier and thus its movement are not proportional to the number
of boulders. In this example, nearly four times of movement (11.0 mm vs. 2.8 mm) is
predicted when the barrier is impacted by two boulders instead of one. This can be attributed
to the nonlinear relationship between the mass ratio (4) and the energy-transfer ratio
(KE2 / KEo) as shown in Figure 3.2.

The formulation presented in this study does not consider the effects of shear key which
could be provided in practice. If the passive soil resistance provided by a shear key is also
considered in the formulation, a smaller calculated translational movement will be obtained.

B.4 Reference

GEO (1993).  Guide to Retaining Wall Design, 2" Edition (Geoguide 1). Geotechnical
Engineering Office, Hong Kong, 258 p.
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C.1 Theory

If a barrier is assumed to undergo rotational movement following a single-boulder
impact, the amount of movement will not only depend on the weight but also the geometrical
properties of the barrier.

Figure C1 shows a rigid barrier with its height and slab length

denoted as / and b respectively. The barrier is impacted at the top of its stem wall by a single
boulder with mass m and travelling at velocity vo.

This impact position represents the worst-
case scenario in terms of the overturning stability of the barrier. Immediately after the impact,
the barrier gains kinetic energy (KE») and this is gradually converted to potential energy (PE)
as the barrier rotates. The angle of rotation is # and the top of the barrier displaces horizontally
by 4. The barrier’s centre of gravity also changes by the vertical distance Ac.G..

A Wstem V() Vl

ﬂ —— —

e ®
O

Assumed point of b
rotation

Figure C1 A Rigid L-shaped Barrier Undergoing Rotational Movement after a Boulder
Impact at the Top of the Stem Wall

If the effects of barrier’s inertia and energy loss are neglected, by conservation of energy
the maximum value of 4c.c. can be obtained by simply equating the boulder’s initial kinetic
energy (KEo = KE, = 0.5my?) with the barrier’s gain in potential energy (PE = Mg4cc) to

obtain the following equation:

where M is the total mass of the barrier and g is gravity.

However, if effects of barrier’s inertia and energy loss are considered, this problem will

need to be solved by considering the conservation of angular momentum:
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MV =1)0 = VL ..o (C.2)
where vo and v are the initial (impact) and rebound velocities of the boulder respectively, Iy is
the mass moment of inertia (rotational inertia) of the barrier,and @ is the angular speed. The

term 7,0 represents the angular momentum of the barrier gained from the impact.

For L-shaped objects such as the one shown in Figure C1, Ip can be approximated as:

where Msem and Mpase denote the masses of the stem wall and the base slab respectively.

For L-shaped barriers with rectangular side walls, Equation C.3 can be expanded to
become:

2 2 2 2
16=%(h2+hwbase)+%xb+nMsid{(c +d j+(i+wstem] +[§+wmm” ...... (C.4)

3 12 2

where n and Miiqe are the number and the mass of side walls respectively; ¢ and d denote the
length and height of the side walls respectively.

Derivation of Equations C.3 and C.4 are given in Section 2 Appendix D. From
geometry, it can be shown that the angular speed & of the barrier has the following form:

where v2 is the velocity of the barrier at the point of impact, and 7 is the distance between the
point of rotation and the impact location. For L-shaped barriers such as the one shown in

Figure Cl1, r equals /A% +w? Derivation of Equation C.5 is given in Section 2

stem

Appendix D. Substituting Equation C.5 into Equation C.2 and rearranging thus gives:

1
Vo +V, =( Z jvz .................................................. (C.6)

mnr

Let k= IZ (dimensionless), Equation C.6 now becomes:
mhr

VO T VI T V2 oeeeeeiieeeeitee e et e eieee e eenee e (C.7)

Adding v> to both sides of the equation and then dividing by vy gives:
1+ 22 (14 1) 22 e (C.8)

Vo Vo
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Recalling COR = (vi + v2)/vo, Equation C.8 becomes:

It can be seen that Equation C.9 has the same form as Equation A.14. Now consider
the angular kinetic energy of the barrier:

1 .
KE, =519¢92 ................................................... (C.10)
Substituting Equation C.5 into C.10 and letting x = IZ gives
mhr
2 2 2
KE, =~ [ 22| -1 Lo |omh 1 womh . (C.11)
2 r 2\ mhr) r 2 r

Using Equations C.9 and C.11, the energy-transfer ratio can be expressed as:

lx Kv;mh 5 ,
KE, 2 r :ﬁ£ﬁJ :ﬁ(—“—CORj (C.12)
KE, lmv2 5, T\ ) e .
2 0

It is worth noting that Equation C.12 has a similar form to Equation A.16. The
difference is due to the additional consideration of geometrical properties, which was not
considered during the derivation of Equation A.16.

Rearranging Equation C.12 thus leads to:

2
KE, = lmvgﬁ(ﬂj ...................................... (C.13)
2 r l+x

By equating the barrier’s change in potential energy (PE = Mg4c.c.) to its gain in kinetic
energy (KE»), the rise of the barrier’s centre of gravity (4c.c.) can finally be expressed as:

_2Mg r

C.G.

mv, Idz(l+CORj2
1+x

Comparing Equation C.1 with Equation C.14 shows that the effects of barrier’s mass
2
inertia and energy loss are considered by the additional term ﬁ[ﬂj .

r l+x
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From geometry, it can be shown that the angle of rotation 4 is related to 4c.c. via the
following equation:

y+A4 v
0 =sin"!| 22C6 —tan(%j .................................... (C.15)
JXT+y X

where x and y are the distances to the centre of gravity measured from the outer edge of
the stem wall (global vertical axis) and the base (global horizontal axis) respectively. It should
be noted that Equation C.15 is derived based on the assumption that the barrier does not
overturn, so that the calculated 4c.g. from Equation C.14 is less than the critical value 4c G.(crit),
which may be computed using the following equation:

=2

T o s SO (C.16)

The associated critical angle of rotation has the following form:

0., =90°—tan™ (%j ............................................. (C.17)

X

The derivation of Equations C.15 to C.17 is given in Section 2 Appendix D.

Equations C.13 and C.14 are derived based on the assumption that the barrier is hit by a
boulder at the top of its stem wall as shown in Figure C1. The process can be repeated to
derive expressions for KE; and Ac.g. for cases where the boulder hits the stem wall at a lower
position as shown in Figure C2. To this end, Equation C.2 is re-written as:

1MV = 1y0 = VR oo (C.18)

where /1, denotes the height of the boulder above the point of rotation. The distance between
the point of rotation and the impact location (7 ) now equals to /4> +w?2_ . Therefore,

stem

Equation C.6 is also re-written as:

v, v, z[ L JVz ............................................... (C.19)
mh,r
Let K= ) and Equation C.19 can be manipulated to provide the same expression
mhyr

for the velocity ratio V, / V, as shown Equation C.9. Repeating the derivation process as

before will lead to the expressions for the barrier’s kinetic energy and the rise in its centre of
gravity:

0
r

2
KE, - LI (1+CORJ
2 l+x
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mv? h, (1+COR Y
deg. = x
2Mg r

1+x

-
=

T
1
1
]
1
1
1
1
1
1
|
[l
1
1
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
1
1
[l
1
_!

_________________________ | jwaase
Vi

. b
Assumed point of
rotation

Figure C2 A Rigid L-shaped Barrier Undergoing Rotational Movement Following a
Boulder Impact on the Stem Wall at Height /b

C.2 Worked Example — Single Boulder Impact on an L-shaped Barrier

Figure C3 shows a free-standing rigid barrier. The barrier has an overall height (/) of

5 m and a length (/) of 10 m. The length of the base slab (b) is 5 m. The widths of the stem
wall and the base slab (Wstem and whrase) are both 0.8 m.  The density of reinforced concrete (p¢)
is assumed to be 2,500 kg/m>. A boulder with a diameter (¢) of 1.2 m and a density (pb) of
2,650 kg/m? hits the top of the barrier at a horizontal velocity (vo) of 10 m/s. The coefficient

of restitution (COR) is taken as 0.5. The barrier is assumed to behave as a rigid body and to

undergo rotational movement after the impact.
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Figure C3 A Rigid L-shaped Barrier Impacted by a Single Boulder

Equation C.14 is used to calculate the rise of the barrier’s centre of gravity, 4n, following
the impact. The required parameters are computed first as follows:

3
Mass of boulder:  m = p, {g%(%j } =2,397.8 kg

Mass of stem wall: M. = p, W, .(h—W,.) = 84,000 kg
Mass of base slab: M, . = p, [bw,,.. = 100,000 kg

Total mass of barrier: M =M, +M, . =184,000 kg

stem
Distance between axis of rotation and impact location:

r=+h*+w>_ =5.0636m

stem
Mass moment of inertia of barrier:

M M
I - %(hz " hwbase)+%xb2= 1,643,333 kg'm?

1y

mhr

Dimensionless number: K= =27.1042
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Substituting the required information into Equation C.14 leads to:

C.G.

mvgxxh(HCORjz 2397.7x10° 27.1042><5X[ 1+0.5 jz

= B — = X
2Mg  r U l+k 2x184,000x9.81  5.0636 1+27.1042

Ac.c.=0.0051 m (or 5.1 mm).

The stability of the barrier against overturning can be assessed by comparing the
calculated 4c.g. with the critical value AcG.crit). For the calculation of Ac.G.(crit), the centre of
gravity of the barrier first needs to be located with reference to a global origin, which can be
conveniently set at the point of rotation. The computations are carried out as follows:

Horizontal distance from vertical global axis to centre of gravity:
_ 1
¥=—[xd4 =15413m

A

Vertical distance from horizontal global axis to centre of gravity:
——lj d4d =1.5413 m
y 1 y . .

Therefore, according to Equation C.16,
Aogle) =X +F =7 =2.1797-1.5413=0.6384 m (or 638.4 mm).

Since Ac.g. < 4c.G.(crit), the barrier will not overturn.

If required, the angle of rotation () can also be computed using Equation C.15 as:

0 —sin| P 4ca —tanl(%):sinl{ 1.5413+0.0051 }_tanl(1.5413j
NI+ X V1.5413% +1.5413° 15413
6=0.19°,

This calculated value of 8 can be compared to the critical angle of rotation (fcrit), which
can be calculated according to Equation C.17:

=90°— tan” (%) =90 —tan” Gzﬁ] = 45°

0
X 413

crit

In addition, the horizontal displacement at the barrier top (4) is:

A=hsin@=5xsin0.19°=0.0166 m (or 16.6 mm).
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C.3 Worked Example — Multiple Boulder Impacts on an L-shaped Barrier

To illustrate the effect of multiple boulder impacts, the barrier considered in Section C.2
is assumed to be simultaneously impacted by two boulders as illustrated in Figure C4. All
other conditions remain the same.

Figure C4 A Rigid L-shaped Barrier Impacted by Two Boulders
The combined mass of the two boulders is used for the assessment. Therefore,

3
Total mass of boulders:  m=2p, {g 7{%) }= 4,795.3 kg

]6
mhr

Dimensionless number: K= =13.5521

Substituting the new information into Equation C.14 leads to:

C.G.

_my, Kh(1+CORj2 4795.3x10° 13.5521><5X[ 1+0.5 )2

= _ = X
2Mg  r U l+x 2x184,000x9.81  5.0636 1+13.5521
Acg =0.0189 m (or 18.9 mm) < Ac.G.(crity from Section C.2.

Since Ac.g. < 4c.G. (i), the barrier will not overturn.
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The angle of rotation (¢) can be computed using Equation C.15 as:

0 sinl| P+ Acq —tanl(%j:sin{ 15413 +0.0189 }_tanl(1.5413j
VX ¥ V154137 +1.5413° 1.5413

0=0.71°.

C.4 Worked Example — Single Boulder Impact on an L-shaped Barrier with Side Walls

Figure C5 shows an L-shaped barrier with two rectangular side walls. The barrier has
an overall height (%) of 5 m and a length (/) of 10 m. The length of the base slab (b) is 5 m.
The widths of the stem wall, side walls, and the base slab (Wstem, Wside and whpase respectively)
are 0.8 m. The length (c) and height (d) of the side walls are both 4.2 m in this example

(=h = Wease= b = heem).  The density of reinforced concrete ( p,) is assumed to be 2,500 kg/m?.
A boulder with a diameter (¢) of 1.2 m and a density ( p,) of 2,650 kg/m? hits the top of the

barrier at a horizontal velocity (v,) of 10 m/s. The coefficient of restitution (COR) is taken as

0.5. The barrier is assumed to behave as a rigid body and undergo pure rotational movement
after the impact.

Figure C5 A Rigid L-shaped Barrier with Side Walls Impacted by a Boulder
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Equation C.14 is used to calculate the rise of the barrier’s centre of gravity, 4cc.,
following the impact. The required parameters are computed first as follows:

3
Mass of boulder:  m = p, {g 7[(%) } =2,397.8 kg

Mass of stem wall: M. = p, [ W, (h—w,.) =84,000 kg
Mass of base slab: M, = p. [bw,,, =100,000 kg

Mass of a single stem wall: Mg, = p, d cwy,, =35,280 kg
Number of side walls:  n=2

Total mass of barrier: M =M +M,  +nM_, =254560 kg

base

Distance between axis of rotation and impact location:

r=+h’>+w.,  =5.0636m

stem

Mass moment of inertia of barrier:
2 2 2 2
1,= @(hz + hWbase)+ My xb® +nM c+d + [1 + Wb‘"‘“j + (5 + Wstemj
3 3 12 2 2
I, = 3,039,599 kg-m2

Dimensionless number: K= Ly =50.0725
mhr

Substituting the required information into Equation C.14 leads to:

CG

_mv, Kh(1+COR]2 2397.7x10° X50.0725x5x[ 1+0.5 Jz

ToMg r\ 1tk ) 2x254560x9.81 50636  \1+50.0725

4.6=0.0020 m (or 2.0 mm).

The stability of the barrier against overturning can be assessed by comparing the
calculated 4c.c. with the critical value Ac.rit. For the calculation of Ac G (rit), the centre of
gravity of the barrier in the x- and y-directions first needs to be located with reference to a global
origin, which can be conveniently set at the point of rotation.  The computations can be carried
out as follows:



131

Horizontal distance to the barrier’s centre of gravity from global vertical axis:

x.. M

stem stem

M

+ n(xsideMside) =1.9179 m

side

+ XM
+M

base

+nM

X =

stem base

Vertical distance to the barrier’s centre of gravity from global horizontal axis:

ystemMstem + ybaseMbase + n(ysideMside )
M., +M_ _+¢«nM

=1.9179 m

)_;:

stem base side

Therefore, according to Equations C.16,

cosé cos45°

crit

{1 1
Ae G ert) = y[ - 1] = 1-9179( —lj =0.7944 m (or 794.4 mm)

Since Ac.g. < Ac.G.(erit), the barrier will not overturn.

The angle of rotation () can also be computed using Equation C.14 as:

I 1.917940.0020 (19179
“tan"| == |=0.06°
V1.9179% +1.9179> 1.9179

@ =sin"' AT tan{%) =sin
X+ Y X
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Section 2
Appendix D

Derivation of Miscellaneous Equations
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D.1 Mass Moment of Inertia
D.1.1 Rectangular Shape

Figure D1 shows a rectangular object with length /, width w, and height 4. The mass
moments of inertia about the two centroidal axes, xc and y, are:

wh’ 1
Lo =Pl === MR oo D.1
. ”(12] - (D.1)
hw’ 1
I, =Pl — |2 =MW e D.2
Yo ,0{12] 12 ®-2)
where p is density so that M = pwih.
y|c Vi

NS
\
7/

[NSThol N

Figure D1 A Rectangular Barrier and Coordinate Systems

By the perpendicular axis theorem, the mass moment of inertia about the centroidal axis
Ze 18t

By the parallel axis theorem, the mass moment of inertia about the axis z; is:
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217y ZeZe

where r is the distance between axes zc and z1, and can be expressed as:

2 2 2
rzz(ﬁJ +(Kj I (D.5)
2 2 4
Substituting Equations D.3 and D.5 into Equation D.4 gives:
P +w e +w 4+ w
I..=M +M SMl——— | e, D.6
o [ 12 J [ 4 3 (D-6)

D.1.2 “L” Shape

Equation D.6 is only valid for rectangular objects. For an L-shaped barrier consisting
of a stem wall and a base slab and rotating about axis zi as shown in Figure D2, the total moment
of inertia is the sum of the moments of inertia of these components, that is, / 21z, (stem) @0A

2z (base) - As shown in Figure D2, the height and length of the base slab are denoted as / and
b respectively, and the widths of the stem wall and the base slab are denoted as wstem and Woase
respectively. The distances between the axis of rotation and the centroidal axis of the stem
wall and that of the base slab are respectively denoted as #seem and 7pase.

Z c(b/asc)

Figure D2 An L-shaped Barrier and Coordinate Systems
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By the parallel axis theorem, the mass moment of inertia of the stem wall about axis z;
can be written as:

=1 (em) + M B e (D.7)

212 (stem zZ.z, stem) stem’ stem

which can be expanded as:

d*+w’, d’ w. )
Izlzl (stem) = Mstem( 12 t J + Mstem l:(? + dease + lease + ? ........ (DS)

Since wstem and wease are much smaller than d, ignoring the contribution of their higher-
order terms leads to:

d’ d’
[lel (stem) — Mstem LEJ + Mstem (T + dwbaseJ .............................. (D9)

Substituting d =h—w,,.. into Equation D.9 and rearranging thus gives:

Z1Z (stem)

= Tm(h Wi ) 2Wir) e, (D.10)

According to Equation D.6, the mass moment of inertia of the base slab about axis z;
can be written as:

2,2y (base)

Therefore, the mass moment of the L-shaped barrier is:

= Mo (7 = Wy ) + 2w, )+ MTb (B + W) oo (D.12)

IZZ
1“1 3

Expanding and ignoring the contribution of wf finally leads to:

215

=%(h2 +hwbase)+%xb2 ................................. (D.13)

This approximate equation can be used to calculate the moment of inertia of an L-shaped
barrier. It is worth noting that the calculated value of . Will be slightly less than the true
value since the higher-order terms of wsem and wease are ignored during the derivation of
Equation D.13. For example, for an L-shaped barrier with 4 and b equal to 5 m and wsem and
Wease equal to 0.8 m, the value of /, , is underestimated by 6% if calculated using Equation
D.13. This is deemed acceptable for the purpose of barrier design since the error is on the safe
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side. Inthe main text, [, is referred to as /p to denote that it is the mass moment of inertia
about the barrier’s axis of rotation.

D.1.3 “L” Shape with Rectangular Side Walls

Figure D3 shows an L-shaped barrier with two rectangular side walls. The side walls
have height d and length c. The mass of a single side wall is denoted as Miige.

Figure D3 An L-shaped Barrier with Side Walls and Coordinate Systems

The mass moment of inertia of a single side wall about its centroidal axis z is:

> +d’
]Zczc (side) = Mside[ 12 .......................................... (D 14)

where d =h-w,, and c=b—-w,.

By the parallel axis theorem, the side wall’s mass moment of inertia about the axis z; is:

side” side

=1, . (te) F Maeige ooomeeemeiisneenviissnneenee (D.15)

]z]z] (side)
where 7 is the distance between axes zc and z1, and can be expressed as:
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d > (e 2
2
roo=l—+w Fl =W | D.16
side ( 2 base j ( 2 stem ) ( )
Substituting Equations D.14 and D.16 into Equation D.15 gives:
¢t +d? d > (e ?
[lel (side) = Mside (T + Mside E + Wase + E F Weam | | ereeereeeenn (D 1 7)

or

c?+d’ [d T (c T
1., ey =My +| —=+w Tl = Woem | | ereereeeeeeeens D.18
2,z (side) side |:( 12 2 base 2 stem ( )

Note that only a single side wall is considered above. For barriers with two identical
side walls (or more), the combined mass moment of inertia is:

c’+d’ d (e :
I, . (sige) = "M 4. HT + P} + Wigee | T+ ) F Woam | | oeeeeeeenenes (D.19)

where 7 is the number of side walls. Summing Equations D.13 and D.19 finally gives the
mass moment of inertia of the whole barrier:

2 2 2 2
]z z zh(hz + hvvbase)—i_%xb2 +nMside|:(c +d j_'—(i—i_ Wbasej +(£+ WstemJ :| """ (D20)
121 3 2

3 12 2

Equation D.20 can be used to calculate the mass moment of inertia of an L-shaped
barrier with any number of side walls about axis z1, which is assumed to be the axis of rotation.
Note that since Equation D.13 is an approximate equation, Equation D.20 is also approximate
but the error is on the safe side as previously discussed. In the main text, I, is denoted as
I, to denote that it is the mass moment of inertia about the axis of rotation.

D.2 Angular Velocity

Figure D4 shows a rectangular block rotating at velocity v2. A rectangular shape is
assumed here but the result is also valid for barriers of other shapes. The angle of rotation is
denoted as #. The arc length s as shown in Figure D4 can be expressed as:

where ¢ is time and r is the distance between the point of rotation and the point of boulder
impact. Rearranging Equation D.21 and differentiating it with respect of ¢ gives:

0=90 e (D.22)

d r
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where @ is the angular speed.

Figure D4 Angular Velocity of a Rigid Barrier Undergoing Rotational Movement
D.3 Angle of Rotation

boulder.

Figure D5 shows a rigid barrier undergoing rotational movement after impact by a

The angle of rotation is . The centre of gravity of the barrier is located at point
()_C,)_/). For an object which has a uniform material density (or mass per unit area in two

dimensions), its centroid is also its centre of gravity. The distance between the point of
bd

rotation and the centre of gravity is /x> + 3> . This line is inclined to the horizontal at angle
S and is equal to tan‘(

X

) From geometry, it can be shown that:

Substituting g = tan‘l(g
X

0 =sin™!| 2 2o tan‘l(%j
NX +Y X
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-
L~

-
L -

Figure D5 A Rigid Barrier Undergoing Rotational Movement

D.4 Critical Angle of Rotation

Figure D6 shows a rigid barrier at the critical condition in terms of overturning stability,
that is, when the barrier’s centre of gravity lies immediately above the point of rotation. It is
assumed here that the barrier is situated on a horizontal ground surface. An L-shaped barrier
is also assumed here but the following derivation is also applicable to other shapes provided
that the barrier’s centre of gravity is known. As shown in Figure D6, the centre of gravity is
located at the perpendicular distance x measured from the outer edge of the stem wall and the
perpendicular distance y measured from the bottom of the base slab. The distance between
the point of rotation and the centre of gravity is thus /x> + 3> . At this critical condition,
the barrier’s angle of rotation and the rise of the centre of gravity are denoted as Ocrit and Ac.G.(crit)
respectively. From geometry, it can be shown that:

90° = @, + f3 wereeeereereeemreinereentieeeiess e (D.25)
Substituting g = tan-l(gj and rearranging thus gives:
X
0. =90°—tan™ y
erit — —lan | T (D.26)
X

The rise of the centre of gravity, 4c.G.(crit), can be expressed as:

A C.G.(crit): V )_Cz + y2 - y ........................................... (D.27)
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AC.G.(crit)
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Figure D6 A Rigid Barrier at Critical Overturning Condition
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Glossary of Symbols
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Glossary of Symbols
A contact area between barrier base and ground surface
b base slab
c length of side wall
COR coefficient of restitution, defined as the ratio of relative speeds after and before an
impact
d height of side wall
g gravity
h height of wall
hy vertical height of boulder from the barrier’s point of rotation
hi initial height of boulder for measurement of COR
hy rebound height of boulder for measurement of COR
KEo initial kinetic energy of the impactor
KE; rebound kinetic energy of the impactor
KE> kinetic energy gained by the impact-resisting object
/ length of wall
M total mass of barrier
Mbase mass of base slab
Mide mass of a single side wall
Mistem mass of stem wall
m mass of boulder
n number of side walls
PE barrier’s gain in potential energy

r distance between the axis of rotation and the point of impact
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distance between the axis of rotation and the centroidal axis of the base slab
distance between the axis of rotation and the centroidal axis of the side wall
distance between the axis of rotation and the centroidal axis of the stem wall
arc length

time

water uplift pressure acting on base slab

initial velocity of boulder

rebound velocity of boulder

velocity of barrier

width of base slab

width of side wall

width of stem wall

global axis in the x-direction

centroidal axis in the x-direction (for a rectangular block)

horizontal distance to the barrier’s centre of gravity from global vertical axis
global axis in the y-direction

centroidal axis in the y-direction (for a rectangular block)

vertical distance to the barrier’s centre of gravity from global horizontal axis
global axis in the z-direction

centroidal axis in the z-direction (for a rectangular block)

centroidal axis of base slab in the z-direction

centroidal axis of stem wall in the z-direction

horizontal displacement at barrier top on the downstream face

critical horizontal displacement at barrier top on the downstream face

rise of the barrier’s centre of gravity
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rise of the barrier’s centre of gravity at the critical overturning condition
angle of rotation

critical angle of rotation

angular speed

mass ratio between the impact-resisting object and the impactor

angle to the horizontal of a straight line connecting the barrier’s centre of gravity to
the point of rotation

effective interface friction angle between concrete and soil

density of boulder

density of concrete

diameter of boulder

a dimensionless number considering mass and geometrical effects of barrier
barrier’s mass moment of inertia about the axis of rotation (= /,121)

barrier’s mass moment of inertia about the axis z;
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Section 3:

Verification of Displacement
Approach for Rigid
Debris-resisting Barriers
Subject to Boulder Impacts

L.A. Wong & HW.K. Lam

This section is largely based on GEO Technical Note
No. TN 4/2019 produced in December 2019
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Abstract

Boulder impact loads on rigid barriers are known to be
highly transient and of high magnitude. Local design practice
which adopts force and moment equilibrium analyses based on
Hertz Load model for the assessment of geotechnical stability
could often yield an overly conservative design solution. With
a view to optimising the design of rigid barriers, GEO in the past
few years has initiated various studies to establish an alternative
design approach for assessing geotechnical stability of rigid
barriers subject to boulder impacts. In particular, analytical
solutions to predict sliding and overturning displacement have
been developed which consider the inertia effect of the barrier
wall and energy loss during an impact process. To verify the
reliability of the analytical solutions, physical tests and numerical
modelling have been carried out. In particular, a series of
large-scale experiments have been conducted.
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1 Introduction

Boulder impact loads on rigid barriers are known to be highly transient and of high
magnitude. Local design practice adopts force and moment equilibrium analyses for the
assessment of geotechnical stability of rigid barriers subject to impacts from hard inclusions
(i.e. boulders) contained in a debris flow. The boulder impact load is assumed to be
pseudo-static and evaluated based on Hertz’s Equation, with a load reduction factor of 0.1
(Kwan, 2012). Local design experience indicates that such approach may still require
extensive foundations and/or tie-backs in order to achieve the geotechnical stability.
Apparently, there is room for design optimisation in this respect.

In 2015, the GEO partnered with the University of Melbourne (UoM) and started to
develop an alternative approach for assessing geotechnical stability of rigid barriers subject to
boulder impacts (see Figure 1.1). Findings of this study have been documented in Lam &
Kwan (2016).

Under the study by Lam & Kwan (2016), a novel approach, known as “Displacement
Approach” in this report, has been proposed which considers energy transferred in the impact
process to calculate the sliding and rotational movement of rigid barriers. Two sets of
analytical solutions for Displacement Approach were derived, one for sliding movement and
the other for rotational movement, and both of them take into account the contributions of the
self-weight and, thus, the inertial resistance of the barrier in resisting an impact (Figure 1.1).
The amount of energy transferred from boulders to the barrier is considered as a function of the
mass ratio and the coefficient of restitution between the two objects. The prediction of sliding
movement under the Displacement Approach is based on the energy dissipation by the barrier
due to work done against basal friction, whereas the prediction of rotational movement is based
on work done of the barrier against gravitational force (i.e. uplift of centre of gravity of barrier).
Details of Displacement Approach, including its assumptions, derivation of the formulations
and some worked examples, have been reported in Lam & Kwan (2016). This approach had
not been verified at that time.

Experimental verification of Displacement Approach was recently carried out, in
collaboration with local and overseas academics, which includes small-scale pendulum impact
tests conducted by the UoM and large-scale impact tests conducted by the Hong Kong
University of Science and Technology (HKUST). This Technical Note documents the key
findings of these experimental studies, with particular focus on the large-scale physical tests
using the newly established flume facility in the Kadoorie Centre in Hong Kong.
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Rotational Movement (in terms of Rise of Barrier’s Centre of gravity)

X —_—

KE, kh, <1 + COR>2

6. Mg r 1+k
A Wyem Note:
" " Angle of rotation of barrier,
0 vy
i @ i [5ea y
h i Lo T 0 =sin' | F==2 |- tan’ (g)’
mO TR 2y
{ IWW where X and y are the distances to the barrier’s
"""""""""""""""" centre of gravity measured from the outer edge
Assu‘mcd point of L b > Of Wall Stem and the base l‘eSpeCthely
rotation
Sliding Movement
1+COR\?  KE,
A= -
1+4 (Mg-uA) tan§
where Ac.c. = rise of the barrier’s centre of gravity (in m)
A4 = sliding movement of barrier (in m)

KEy = kinetic energy of boulder before impact (in J)
M = mass of barrier (in kg)
g = gravitational acceleration (9.81 m/s?)

- 1 . . . o
K —Z (dimensionless; > 1), where I, is the mass moment of inertia of
mnr

barrier, and h is the height of barrier
hy = distance between the point of impact to the point of rotation (in m)
r = distance between the axis of rotation and the point of impact (in m)
COR = coefficient of restitution (dimensionless), being (boulder rebound
velocity + barrier’s velocity after impact)/velocity of boulder before
impact
A = mass ratio between barrier and boulder (dimensionless)
u water uplift pressure acting on barrier (in N/m?)
A = contact area between barrier base and ground surface (in m?)
0 = effective interface friction angle between concrete and its founding
materials (in m?)

Figure 1.1 Analytical Solutions for Prediction of Rotational (Upper) and Sliding
(Lower) Movement of Rigid Barriers (Lam & Kwan, 2016)
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2 Small-scale Experiments to Verify Displacement Approach

Since 2017, GEO has collaborated with the UoM to carry out two series of small-scale
pendulum impact tests to verify the Displacement Approach with respect to the prediction of
rotational and sliding movements for rigid barriers.

For the verification of prediction of rotational movement, a small-scale L-shaped rigid
barrier was used which was 0.8 m high, 0.4 m wide and 0.2 m thick, with a 0.4 m long base
slab (see Figure 2.1). The model barrier weighed approx. 230 kg. The impactor adopted for
the tests was a cast iron sphere with a mass of 5 kg.  In the impact tests, the impactor was lifted
(using a pendulum setup) to 0.5 m, 1.0 m and 1.5 m high, which corresponds to a potential
energy of 25 to 75 J, and then released to strike the crest of the centre of the wall stem at an
impact velocity up to 5.4 m/s. The barrier directly seated on a concrete slab and was free from
any restraints for sliding or rotation.

During the tests, a laser sensor was used to measure the time history of movement of the
barrier at its crest. The experimental setup is shown in Figure 2.1 below. Table 2.1 shows
the experimental results of rotational movements and the corresponding predicted rotational
movements based on Displacement Approach. It was found that the two sets of values
matched well. Further details of the tests and data interpretation are given in Lam et al (2018).

Laser sensor ~  \ ./

Figure 2.1 Setup of Small-scale Experiments for the Verification of Displacement
Approach for the Prediction of Rotational Movement
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Table 2.1 Comparison of Experimental Results and Predictions of Rotational
Movement Based on Displacement Approach

Test Measured Peak Horizontal Movement Predicted Horizontal Movement at
Crest of Wall Stem Based on
No. at Crest of Wall Stem (mm) .
Displacement Approach (mm)
R1 6.7 6.2
R2 11.7 11.6
R3 15.5 15.3
Notes: (1) The angle of rotation () of the model barrier is a function of the horizontal

movement at the crest of the wall stem (4) (i.e. sin 8 = 4/h, where h = the
height of the wall stem) assuming that the wall stem is rigid.

(2) COR used in the prediction of barrier’s movement was estimated using the
actual velocity of impactor before and after impact as interpreted from high
speed camera footages, and the calculated velocity of model barrier after
impact based on conservation of momentum.

To verify Displacement Approach for prediction of sliding movement of rigid barriers
subject to boulder impacts, another series of small-scale physical tests were carried out at the
UoM. The tests involved a free-standing L-shaped rigid barrier which was 0.5 m high, 0.6 m
wide and 0.1 m thick, with a 0.4 m long base slab. The model barrier weighed approx. 130 kg
and was placed on a concrete slab. The impactor was a cast iron sphere with a mass of 5 kg.

In this series of tests, the impactor was lifted to different heights, from 0.3 m to 1.8 m
(corresponding to a potential energy ranging from 15 to 90 J), with an impact velocity up to
6.0 m/s. The impactor was then released to strike the base slab of the model barrier using a
pendulum setup. Such impact location was adopted so as to ensure that the barrier would
predominantly slide, but not move in other modes such as rotation, for the sake of verifying
prediction of sliding movement based on the Displacement Approach. A steel plate weighing
about 1.8 kg was placed at the impact location on the model barrier to prevent localised damage
of concrete. The barrier seated on a concrete slab and was free from any restraints for sliding
or rotation.

During the tests, two laser sensors were used to measure the time history of movements
of the barrier at its crest and base respectively. The experimental setup is shown in Figure 2.2.
Yong et al (2019) presented the prediction of barrier’s movement based on Displacement
Approach and the experimental results as extracted in Table 2.2, and found that the two sets of
values matched well. In addition, numerical analyses were conducted. Further details of the
tests, data interpretation and numerical analyses are given in Yong et al (2019).
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Laser Sensors il

Figure 2.2 Setup of Small-scale Experiments for the Verification of Displacement
Approach for the Prediction of Sliding Movement

Table 2.2 Comparison of Experimental Results and Prediction Based on Displacement
Approach for Sliding Movement

Test Measured Sliding Movement Using Predicted Sliding Movement Based on
No. Laser Sensor (mm) Displacement Approach (mm)

T1 1.8 1.5

T2 3.7 3.7

T3 5.0 4.9

T4 7.6 7.5
T5 8.8 8.7

Note:

COR used in the prediction of barrier’s movement was estimated using the
actual velocity of impactor before and after impact as interpreted from high

speed camera footages, and the calculated velocity of model barrier after impact
based on conservation of momentum.

3 Large-scale Impact Tests to Verify Displacement Approach
3.1 General

To further verify Displacement Approach for boulder impact at a higher impact energy
level, GEO collaborated with the HKUST to carry out a series of large-scale physical impact

tests in the Kadoorie Centre in Hong Kong (HKUST, 2019). Details of the flume facilities,
setup, model rigid barrier, debris mix and test programme are discussed in this Section.
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3.2 Flume Facilities and Test Setup

The tests were carried out using the newly established flume facility at Kadoorie Centre
in Hong Kong. The flume is in total 28 m long, 2 m wide and 1 m deep (see Figure 3.1). It
comprises three key parts, including a storage tank at the upstream, a transportation channel,
and a deposition zone.

The storage tank has a gradient of 30° at the base. There is a mechanical opening gate
at the outlet of the storage tank which was designed to facilitate release of boulders in a
repeatable manner.

There is a 2 m wide transportation channel below the storage tank, which is formed by
a steel frame structure with two sides of 1 m high side-walls. The side-walls are propped to
each other at the top with cross beams at a spacing of about 5 m.

The transportation channel is inclined at 20°.  To avoid damage of the transparent side
wall, polyethylene foam boards were installed along the transportation channel.

The deposition zone is 2 m wide and 8 m long, formed by two side-walls supported by
external raking struts, and located at the outlet of the transportation channel. It is founded on
a 5 m wide and 8 m long levelled concrete pad.

The transition between the transportation channel and the deposition zone is made of
mass concrete and was smoothened to minimise energy loss to the boulder motion during testing.

3.3 Model Barrier

To simulate a realistic boulder-barrier interaction, a model barrier was constructed at the
deposition zone to receive strikes for different impact scenarios. The model barrier was an
L-shaped reinforced concrete barrier (see Figure 3.1), where the wall stem was 1.8 m high
(including thickness of base slab), 1.9 m wide and 0.3 m thick, and the base slab was 1.5 m
long (excluding thickness of wall stem), 1.9 m wide and 0.3 m thick. The characteristic
strength of the concrete used was 30 MPa. The reinforcement of the barrier involved two
layers of A393 wire mesh (characteristic strength of 500 MPa) at the front side (i.e. tension side)
of the wall stem, and one layer of such wire mesh at the other side of the stem and wall base.

To prevent structural damage of the wall stem during the impact tests, a steel plate which
i1s 1.5 m high, 1.9 m wide and 0.02 m thick was mounted onto the wall stem, with some stud
connections. The weight of the model barrier, together with the protective steel plate, was
about 5 tonnes.

The model barrier was founded on a layer of compacted granitic fill materials placed at
the deposition zone. The model rigid barrier was set free to slide and rotate during the impact
process. A small gap of approx. 50 mm is allowed between the side of the barrier wall and
the sidewalls of the flume, to get rid of the effect of side frictions (see upper right photo in
Figure 3.1).



160

Deposition
Zone (0°)

side-wall and flume

No contact between

Note:

Four laser sensors were installed at the four corners at the back of wall stem.

Figure 3.1 Photograph of Flume (Left), Front View of Model Barrier (Upper Right)
and Side View of Model Barrier (Lower Right)

3.4 Instrumentation System

The instrumentations used in this study are summarised in Table 3.1 below. Two
high speed cameras were adopted (one inside the flume and the other at the side of the barrier)

to capture the impact process and impact velocity of the boulders.

The movement of the model

barrier was measured by the laser sensors installed at the back of its wall stem. Four laser
sensors were adopted in Test Nos. K1 to K3 whereas two were adopted in Test Nos. K4 and K5
(see Section 3.5 for the test program).

Table 3.1 Details of Instruments

Measurable

Quantity and

Instruments Range Frequency | Accuracy Installation Location Key Purpose
4 sensors (for Test
Nos. K1 to K3) or To capture
Laser sensor <Im 2 kHz +/- 0.5% 2 sensors (for Test movement of
Nos. K4 and K5) at the |  the barrier
back of the barrier wall
High speed . To capture
operating at . . .
camera ) 560 frames i 1 camera installed in | impact process
(2336 x 1728 the middle of the flume | and boulder
per second

pixel)

impact velocity
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3.5 Test Program

Five impact tests involving different impact scenarios (i.e. different number and size of
boulders) were carried out as summarised in Table 3.2. In general, according to the
Displacement Approach, the kinetic energy gained by the barrier upon a boulder impact is
sensitive to the mass ratio between barrier and impactor (i.e. A as shown in Figure 1.1). In Test
Nos. 4 and 5, a boulder up to 0.6 m in diameter was adopted, which is about 300 kg in weight
and corresponds to a mass ratio of barrier to boulder of 17. Such a mass ratio is comparable
to that for an impact scenario that may be encountered in routine designs (i.e. involving a
sizeable boulder of 2 m in diameter of about 11 tonnes and a 200 tonnes rigid barrier).

For each test, a boulder or a cluster of boulders were first placed in the storage tank, just
behind the opening gate as shown in Figure 3.2. Upon release of the opening gate, the
boulder(s) would travel along the transportation channel and then strike onto the wall stem of
the barrier at the deposition zone. The impact velocity of the boulders when approaching the
model barrier and the displacement of the barrier (both transient and permanent) were measured
based on the instrumentation plan given in Section 3.4.

Table 3.2 Test Program

Test No. No. of Boulder Mass of Each Mass I_{atio between Model
Boulders Diameter Boulder Barrier to Each Boulder
K1 1 200 mm 11kg 449
K2 10 200 mm 11 kg 449
K3 10 400 mm 90 kg 55
K4 1 600 mm 300 kg 17
(repeg f)f K4) ! 600 mm 300 kg 17

Ten 200 mm Diameter Granitic ~ Ten 400 mm Diameter Granitic Spheres 600 mm dia. Granitic
Spheres (5 nos. in a row) Sphere

Figure 3.2 Granitic Spheres Adopted in Large-scale Impact Tests
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3.6 Test Results
3.6.1 Boulder Impact Mechanism

Boulder impact mechanisms were first analysed based on the footages taken from
cameras placed in different locations of the flume. In Test Nos. K1, K4 and K5 which
involved a single boulder impact, upon release of the boulder during these tests, the boulder
predominantly rolled along the transportation channel of the flume with slight bouncing (see
Figure 3.3 for snapshot of Test No. K5). When approaching the model barrier, the boulder hit
the lower part of the wall stem, at about 0.3 m (i.e. the radius of the sphere) above base slab for
Test Nos. K4 and K5 (see Figure 3.3 for Test No. K5) and 0.1 m (i.e. the radius of the sphere)
above base slab for Test No. K1. In these three tests, upon impacting onto the wall stem, the
barrier exhibited some forms of movements in different extents for different tests, as captured
from the lasers sensors installed behind the barrier. The boulder then rebounded from the
barrier and eventually deposited behind the barrier.

| Slightly 3
H bouncing after :
_,«:».‘»—. '!'_ _—_—&. =3

sty o=

Figure 3.3 Snapshots of Test No. K5 Taken from High Speed Camera inside the Flume

In Test No. K2, ten numbers of 200 mm dia. boulders were released from the storage
tank. Because the doors of the opening gate were designed to flip to the two sides of the flume,
the boulders placed at the centre would roll out slightly earlier than those placed near the side
walls. The ten boulders were found reaching the deposition zone of the flume at a slightly
different time (see Figure 3.4).
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Figure 3.4 Snapshots of Test No. K2 Taken from Normal Camera Installed in a Drone

Based on footages taken from the high speed camera installed inside the flume, it was
observed that those five (out of ten) boulders which travelled at the frontal part of the boulder
cluster directly hit the model barrier (i.e. an “Effective Impact No.” of 5 shown in Table 3.3) at
an impact velocity of about 7 m/s. These five boulders then rebounded, colliding with some
other boulders that travelled at the rear part of the boulder cluster. That subsequently triggered
a series of random boulder-boulder collisions and boulder-sidewall collisions, resulting in
energy dissipation within the boulder cluster (see Figure 3.5 and video in Section 3
Appendix A). Eventually, all ten boulders deposited on the base slab of the model barrier after
the test.
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Figure 3.5 Snapshots of Test No. K2 Taken from High Speed Camera Installed inside
the Flume

In Test No. K3 which involved 10 nos. of 400 mm diameter boulders, the boulders were
placed behind the opening gate in two rows (i.e. 5 boulders in each row as shown in Figure 3.2).
Upon release of the opening gate, the ten boulders travelled along the flume and reached the
deposition zone of the flume at a slightly different time. Based on footages taken from the high
speed camera, it was observed that only two (out of ten) boulders which travelled at the frontal
part of the boulder cluster directly hit the model barrier (i.e. an “Effective Impact” of 2 as shown
in Table 3.3) at an impact velocity of about 8 m/s. These two boulders then rebounded,
collided with some other boulders that travelled at the rear part of the boulder cluster, and then
triggered a series of random boulder-boulder collision and boulder-sidewall collisions, resulting
in energy dissipation within the boulder cluster (see Figure 3.6 and video in Section 3
Appendix A). One piece of acrylic side-wall was found broken after the test. After a series
of collisions, all ten boulders deposited on the base slab of the model barrier.

Figure 3.6 Snapshots of Test No. K4 Taken from High Speed Camera Installed inside
the Flume
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3.6.2 Prediction of Barrier Movement and Verification of Displacement Approach

The prediction of barrier movement for Displacement Approach requires various input
parameters, including mass and impact velocity of boulder, mass of model barrier, coefficient
of restitution (COR), interface friction angle between founding soil and model barrier, distance
between the axis of rotation and the location of boulder impact, and mass moment of inertia of
the model barrier.

The impact velocity of boulders was based on the observed time elapsed for the boulders
to travel a known distance just before hitting the barrier (i.e. across the 1.5 m upstream of the
wall stem of the model barrier), by tracing the footages taken by high-speed camera inside the
flume.

Movement of the barrier was measured by four laser sensors in Test Nos. K1 to K3. In
Test Nos. K4 and K5, two laser sensors were installed, and the time history of movement of the
model barrier was cross-checked against the footage taken from the high speed camera at the
side view of the model barrier. The measured movement of the model barrier was compared
with that predicted using the analytical equations of the Displacement Approach, and the
comparison is summarised in Table 3.3.

Table 3.3 Comparison of Prediction of Movements with Experimental Results

Test Ollzlslel;l\zd Observed No. | Measured Measured Predicted Predicted
N v lp it of “Effective Sliding Rotation Sliding Rotation
o (en?/(;) Y| Impact”® | Movement® | Movement @ | Movement ®® | Movement @@
Not ..
Ki | 70 1 observable Obsg‘i;ble geoglslg;ﬂf) Negligible
(< 0.5 mm) ’
Not ..
K2 | 7.0 5 observable Obsg‘i;ble geoglslg;ﬂf) Negligible
(< 0.5 mm) ’
K3 8.0 2 2.0-2.9 mm 0.2°-0.3° 4.0 - 6.3 mm 0.4°-0.6°
K4 6.5 1 0.7 mm 0.5° 13.9-21.8 mm 0.8°-1.3°
Not
K5 6.3 1 observable 0.5° 13.1-20.5 mm 0.8°-1.3°
(< 0.5 mm)
Notes: () For Test Nos. K2 and K3 involving multiple boulder impact, “effective impact”

refers to observed number of boulders directly hitting onto rigid barrier from the
footage of high-speed cameras (see Section 3.6.1).
@ The accuracy of laser sensor was + 1 mm.
) The prediction by Displacement Approach assumes either sliding or rotation of
barrier, but not both.
@ The predictions shown above are based on a range of COR from 0.2 to 0.5 (Lam
& Kwan, 2016) and a basal frictional angle of 36° is assumed. Estimated COR

values for these five tests are around 0.3 to 0.4.
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The results shown in Table 3.3 demonstrated that the extent of sliding and rotational
movements of barrier predicted by the Displacement Approach are greater than that observed
in the experiments. It is probably due to the fact that the predictions by means of the
Displacement Approach are based on an assumption that the kinetic energy gained by the barrier
after impact was dissipated through a specific mode of movement, i.e. either sliding or rotation.
In reality, upon an impact, energy dissipation in different modes, e.g. sliding, rotation, structural
deformation (e.g. bending, local indentation, internal fracturing), etc. would co-exist. In
particular, for Test Nos. K4 and K5, two stud connections at the protective steel plate were
found damaged and detached upon boulder impact, and the steel plate was swayed, and all these
contributed to a certain amount of energy dissipation.

It 1s also worth-noting that for Test Nos. K2 and K3, as mentioned in Section 3.6.1,
although ten boulders were released from the top of the flume, only some boulders gave rise to
a direct impact on the model barrier. These direct impacts happened with some time delay.
The rest of the boulders interacted and collided with other boulders, resulting in substantial
dissipation of kinetic energy, without directly hitting the barrier. This observation echoes with
Professor O. Hungr’s view that simultaneous impact by several boulders need not be assumed
in order to avoid undue conservatism (GEO, 2016). Notwithstanding this, the field
observation indicates the complexity in dynamic impact involving a cluster of boulders and
engineering judgement should be exercised when designing rigid barriers for such multiple
impact scenarios. Impact involving cluster of boulders will be further discussed in Section 5.

4 Numerical Analysis

4.1 Numerical Analysis for Prediction of Sliding of Barrier

Yong et al (2019) presents the validation of three-dimensional finite-element computer
package namely LS-DYNA for the analysis of geotechnical stability of concrete barrier using
the test results of the small-scale impact tests as shown in Section 2. Adopting similar
numerical approach, GEO recently conducted two numerical analyses to simulate impact
scenarios involving boulder impact on rigid barriers for real-scale impact scenarios.

In the first numerical analysis, a 5.6 m high and 10 m wide L-shape rigid barrier (with a
1 m thick wall stem and 0.4 m thick and 5 m long base slab) was adopted to study its response
under different impact scenarios. The weight of the barrier is about 120 tonnes. The barrier
was founded on a rigid plane with a prescribed constant basal friction angle of 40° (see
Figure 4.1).

The impact scenario under study involved a 1 m diameter boulder travelling at 10 m/s (i.e,
kinetic energy of 70 kJ) and striking at 1 m above the centreline of the base slab (see Figure 4.1).
The boulder was assumed perfectly rigid, and thus, in other words, any energy dissipation due to
possible deformation and/or fracture of the boulder was conservatively ignored.
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Figure 4.1 Model Setup for Numerical Analysis for Prediction of Sliding Movement of
Barrier

The sliding movement of the model barrier has been obtained from LS-DYNA simulation

and compared with that predicted using Displacement Approach. The comparison is shown in
Table 4.1 below:

Table 4.1 Comparison of Sliding Movement Predicted in Numerical Simulation and
That Predicted Based on Displacement Approach

Model Sliding Movement from LS-DYNA Predicted Sliding Movement from
No. Simulation (mm) Displacement Approach (mm)
LS1 1.3 1.4

Note: COR used in the prediction of barrier’s movement was estimated using the

actual velocity of impactor before and after impact, and the calculated velocity
of model barrier after impact based on conservation of momentum.

In general, the sliding movements based on LS-DYNA simulation and that predicted
based on Displacement Approach are similar. A negligible amount of rotational movement
(about 0.0007°) and insignificant energy loss by means flexural and localised fracture of barrier
were observed in the numerical simulation.

4.2 Numerical Analysis for Prediction of Rotation of Barrier

Another impact scenario involving the same boulder (i.e. I m in diameter impacting at a
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velocity of 10 m/s) hitting the crest of a rigid barrier was simulated to further validate
Displacement Approach for the prediction of rotation of barrier. In the numerical analysis, a
rigid barrier comprises a wall stem of 5.6 m high (including the thickness of the base slab), 10 m
wide and 1 m thick, and a base slab of 5 m long (excluding the thickness of the wall stem), 10 m
wide and 0.6 m thick was constructed. The weight of the barrier is about 144 tonnes. The
barrier was founded on a rigid plane (see Figure 4.2).

10 m

0.6 m
Y

Sm

Figure 4.2 Model Setup for Numerical Analysis for Prediction of Rotational Movement
of Barrier

The angle of rotation of the model barrier has been obtained from LS-DYNA simulation
and compared with that predicted using Displacement approach. The comparison is shown in
Table 4.2 below. The prediction by Displacement approach is higher than the numerical outputs
obtained from the LS-DYNA simulation. In addition to the rotational mode of movement of
the barrier, a sliding movement of 0.2 mm was observed in the numerical simulation. Other
signs of energy dissipation by means of structural response of barrier including flexural and
localised fracture were also observed.

Table 4.2 Comparison of Rotational Movement Predicted in Numerical Simulation and
That Predicted Based on Displacement Approach

Model Angle of Rotational from Predicted Angle of Rotational Based on
No. LS-DYNA Simulation Displacement Approach
LS2 0.018° 0.088°

Note: COR used in the prediction of barrier’s movement was estimated using the

actual velocity of impactor before and after impact, and the calculated velocity
of model barrier after impact based on conservation of momentum.
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5 Effect of Multiple Impacts

Field evidence of previous landslides suggests that debris flows in Hong Kong may
contain cluster of boulders (see Figure 5.1 below). These boulders are typically 0.5 m diameter
and occasionally 1 m or even larger.

- -

> g
e

| S &= ain boulder front

2008 Shek Pik

Figure 5.1 Boulders Contained in Debris Flows in Hong Kong

A sensitivity study of impact scenarios involving a cluster of boulders has been conducted
using Displacement Approach. A typical rigid barrier with a wall stem of 5.8 m high (including
the thickness of base slab), 10 m wide and 0.8 m thick, and a base slab of 6 m long (excluding the
thickness of wall stem), 10 m wide and 0.8 m thick was considered in this study (Figure 5.2).
This barrier weighs 230 tonnes.
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Figure 5.2 Sensitivity Study of Rigid Barrier Subject to Multiple Boulder Impacts

Impact scenarios involving a cluster of 20 and 200 numbers of 0.5 m diameter boulders,
and individual large boulders (1.2 m and 2.0 m in diameter), have been considered. Both
“successive impacts” and “simultaneous impacts’ have been considered for impacts from boulder
cluster (see Table 5.1). (Note: “Successive impacts” means that there is a time lag between each
and every boulder impact and the predicted displacement is the cumulative effect of
displacements due to each individual boulder impact. “‘Simultaneous impacts” means that there
is no time lag between every boulder impact and the displacement is predicted as if there is one
single impact with a lumped mass of all boulders.).

The predicted sliding and rotational movements of the rigid barrier are given in Table 5.1.
For the impact scenarios considered, the amount of sliding and rotation of barrier predicted by
Displacement Approach are generally insignificant. Further discussion on multiple impact
scenarios is given in Section 3.6.2.

In both local and overseas design guidelines, there is no definite rules to determine an
allowable displacement for rigid barriers. In this regard, engineering judgement should be
exercised in determining an acceptable amount of displacement for routine designs, taking into
account the proximity of barriers to downstream facilities to be protected, serviceability of
barriers (e.g. any connection with adjacent services including utilities, drainage, planter walls,
etc.), and so on.

When deciding the appropriate design boulder impact scenarios for displacement
prediction, judgement should be exercised based on various factors including abundancy and size
of'boulders that could be entrained by a debris flow, likelihood of development of bouldery debris
front, and probable chance of direct boulder-barrier interaction, etc.
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Table 5.1 Results of Sensitivity Study of Rigid Barrier Subject to Multiple Boulder
Impacts using Displacement Approach

| Predicted Sliding | . redicted
Impact Scenarios Movement Rotational
Movement
1 x 0.5 m diameter boulder .. . oulder 0.009 mm 0.0004°
[ ]
200 x 0.5 m dia. Boulder 1.8 mm 0.0004°
(successive impact) ' (see Note)

2Q x0.5m d1a.. Boulder 3.5 mm <02°
(simultaneous impact)

200 x 0.5 m dia. Boulder

(10 successive series of 35 mm <0.2
i . (see Note)
simultaneous impacts)
1 x 1.2 m diameter boulder 2 mm <0.1°
1 x 2 m diameter boulder 38 mm <1.2°
Note: Coefficient of Restitution was taken as 0.5 (Lam & Kwan, 2016) and basal

friction angle of 34° was assumed. Impact velocity of 10 m/s was adopted.
The assessment of maximum transient rotational displacement of the barrier by
multiple impacts may not be necessary as the barrier would move back by
gravitational force to its original location after the impact.

6 Effect of Size of Boulder on Geotechnical Stability of Rigid Barrier

A sensitivity study has been conducted to analyse the effect of size of the impacting
boulder on the geotechnical stability. This study considers impact scenarios involving a range
of typical geometries of rigid barriers, all 10 m wide but with a range of wall height from 3 m
to 6 m. These walls are subjected to boulder impacts at a velocity of 8, 10 and 12 m/s, with a
varying sizes of boulder (resulting in barrier/boulder mass ratio of 1 to 100). The sliding and
rotational movements of the barriers in each impact scenario have been predicted using
Displacement Approach. Both sliding and rotational movements of the barriers increase
non-linearly with the size of boulder. Based on the results of these analyses, it was found that
for the impact scenarios as shown in Table 6.1, the resulting translational and rotational
movements of the barrier are generally insignificant.
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Table 6.1 Mass of Rigid Barrier Where Estimated Displacements Are Generally

Insignificant
Boulder‘ Impact v<8m/s 8 m/s <v<10m/s 10 m/s<v<12m/s
Velocity (v)
Mass of Rigid > 20 times of mass > 25 times of > 30 times of
Barrier of boulder mass of boulder mass of boulder

7 Conclusion

Boulder impact loads on rigid debris-resisting barriers are known to be highly transient
and of high magnitude. Under the Displacement Approach, analytical solutions to predict
sliding and overturning displacement have been developed, which consider the inertia effect of
the barrier wall and energy loss during an impact process. The Displacement Approach has
been verified by means of a series of physical impact tests and numerical analyses. As such,
for appraising geotechnical stability of barrier subject to boulder impact, the barrier’s global
response in terms of sliding and overturning can be estimated, following the verified
Displacement Approach. A series of sensitivity analyses has been conducted which showed
that for a barrier with a mass exceeding the mass of a boulder by ratios stipulated in Table
No. 6.1, sliding and overturning movements of the barrier due to the boulder impact are
generally insignificant and further checking of geotechnical stability (i.e. estimation of
translational and rotational movements) due to boulder impact is not required.

As a good practice, rigid debris-resisting barriers should be founded on a levelled and
competent ground, and the ground in front of the barrier should be well protected against
erosion as necessary.

As an alternative to the displacement check, designers may consider adopting measures
such as baffles, boulder straining structures, cushioning materials, etc. to deal with the boulder
impact, taking into account cost-effectiveness, constructability and maintenance requirement,
etc.
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Section 3
Appendix A

Results of Large-scale Flume Tests Conducted in Kadoorie Centre, Hong Kong
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A.1 Test No. K1

Video taken in Test No. K1

Time History of Barrier Movement for Test No. K1
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A.2 Test No. K2

Video taken in Test No. K2

Time History of Barrier Movement for Test No. K2
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A.3 Test No. K3

Video taken in Test No. K3

Time History of Barrier Movement for Test No. K3
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A.4 Test No. K4

Video taken in Test No. K4

Time History of Barrier Movement for Test No. K4

In Test Nos. K4 and K35, a pair of laser sensors was adopted (one at the top and the other
at the bottom).  Yet, the laser sensor at the upper part of the model barrier captured anomalous
data. In this regard, the movement of the upper part of the model barrier was checked by
interpretation of the footage taken from the high speed camera at the side view of the model
barrier, in order to estimate the angle of rotation of barrier for the analysis in Section No. 3.6.2.
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Scale Ruler on
Model Barrier the Sidewall

Before Impact

Model Barrier

Instantaneously during Impact

Horizontal
Movement of
approx 10 mm

Model Barrier

After Impact

Note: Time lag between each frame is about 2 milli-seconds.

Horizontal Movement of Model Barrier at 1.1 m above its Base Slab
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A.5 Test No. K5

Video taken in Test No. K5

Time History of Barrier Movement for Test No. K5

In Test Nos. K4 and K35, a pair of laser sensors was adopted (one at the top and the other
at the bottom).  Yet, the laser sensor at the upper part of the model barrier captured anomalous
data. In this regard, the movement of the upper part of the model barrier was checked by
interpretation of the footage taken from the high speed camera at the side view of the model
barrier, in order to estimate the angle of rotation of barrier for the analysis in Section No. 3.6.2.
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Scale Ruler on
the Sidewall

Model Barrier /

Before Impact

Model Barrier

Instantaneously during Impact

Horizontal
Movement of
approx. 10 mm

Model Barrier

After Impact

Note: Time lag between each frame is about 2 milli-seconds.

Horizontal Movement of Model Barrier at 1.1 m above its Base Slab
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Part 2

Structural Integrity
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Section 4:

Study of Flexural Response of
Rigid Barriers Subject to
Boulder Impact

L.A. Wong & H.W.K. Lam

This section was originally produced in September 2018
as GEO Technical Note No. TN 3/2018
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Foreword

This Technical Note summarises findings of a study of
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1 Background

Reinforced concrete rigid barriers are commonly adopted in Hong Kong as structural
counter-measures to mitigate natural terrain landslide hazards. GEO has initiated various
research and development work on rigid barriers in recent years. Kwan et al (2018) highlighted
some recent studies on the effect of boulder impact on rigid barriers. Ng et al (2016) and Song
et al (2017) conducted a series of centrifuge tests of debris flows impacting on a rigid barrier,
where very transient load due to the impact of large particles was observed. Lam (2016) carried
out a pilot study on the use of cushioning materials for reducing boulder load on rigid barriers.
Lam & Kwan (2016) and Lam et al (2017) presented a displacement-based methodology, with a
view of providing an alternative to the conventional limit equilibrium analysis, for assessing
geotechnical stability of rigid barriers under boulder impact.

While previous technical development work undertaken by GEO focused on the
assessment of the geotechnical stability of rigid barriers, GEO has recently initiated a review
of the structural design of rigid barriers as part of a holistic revamp of the rigid barrier design
framework. This Technical Note (TN) summarizes the findings of this review, focusing on
the flexural response of rigid barriers subject to boulder impact. The study comprises a review
of local and overseas literatures, small-scale physical impact tests and numerical analyses using
a finite element program. An analytical solution to estimate boulder impact force on rigid
barriers is proposed.

2 Design Guidelines and Current Practice in Hong Kong

In the prevailing design guidelines in Hong Kong, design impact load of rigid barrier is
taken as the superimposition of the debris flow impact load and the impact load of boulders
contained in the debris flow.

Kwan (2012) recommended the use of a simplified Hertz Equation to establish the
boulder impact load. This equation considers the impact of two perfectly elastic bodies
(Timoshenko & Goodier, 1970; Zhang et al, 1996) and was found to produce conservative
estimates of the impact force at the point of contact. Kwan (2012) reviewed several case
histories and recommended an empirical reduction factor of 0.1 to the simplified Hertz load to
avoid undue conservatism.

Instead of adopting the factored Hertz load, other design codes and literatures, e.g.
CAGHP (2018), CGS (2004), Hungr et al (1984), Lo (2000) and Zhang et al (1996), suggest
the use of Flexural Stiffness Method (FSM) to calculate the design boulder impact load. FSM
considers the flexural stiffness of a structure subject to a dynamic boulder impact and calculates
an equivalent static boulder load (F) using the following equation (derivation of the equation is
given in Section 4 Appendix A):

where F = boulder impact force (in N)
v, = the impact velocity of the boulder (in m/s)
m = the mass of the boulder (in kg)
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k = the flexural stiffness of the barrier (in N/m, which is equal to 3EI/A* for a
cantilever structure with an impact at tip, where E/ = Effective flexural
rigidity of the cross section of barrier and / = the height of the barrier)

The key assumption of FSM is that the kinetic energy of an impact is completely
transferred to the receiver, without considering any energy loss during an impact. As such,
the impact force predicted by FSM could be very conservative (as demonstrated in Section 3.1).

3 Enhanced Flexural Stiffness Method (EFSM)
3.1 General

Professor N.T.K. Lam of the University of Melbourne has recently developed an
Enhanced Flexural Stiffness Method (EFSM) by modifying FSM (Ali et al, 2014; Lam & Gad,
2016; UoM, 2017; Yang et al, 2012). EFSM considers the energy loss during an impact.
Lam & Gad (2016) showed that the boulder impact load could be calculated using Equation 3.3
below (derivation of the equation is given in Section 4 Appendix A):

For an impact on the crest of the barrier, k* =k, and:

F =LUogVIK oo (3.3)
where 4 = the flexural deflection of the barrier (in m)
B (1 " COR)2
1+24

which is less than unity and is a function of Coefficient of Restitution (COR)
between granitic rock impacting on concrete surface, which is typically
around 0.2 to 0.3 according to Chau et al (1998) and Masuya et al (2001)

A = the ratio between the participating mass of the barrier and the mass of the
boulder

v, = the impact velocity of the boulder (in m/s)

m = the mass of the boulder (in kg)

k* = the generalised stiffness of the barrier, which is a dynamic property (in N/m)

k = the flexural stiffness of the barrier (in N/m, which is equal to 3EI/h* for a
cantilever structure with an impact at the crest of the barrier, where EI =
Effective flexural rigidity of the cross section of barrier and # = the height
of the barrier)

The derivation of k* and A for boulder impact at the crest of the barrier is given in
Section 4 Appendix B. Discussion on the input parameters to the expressions listed in this
section will be given in Section 5.
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3.2 Preliminary Experimental Verification of EFSM

An experimental investigation has been carried out at the University of Melbourne to
verify the performance of EFSM (Lam et al, 2017). The test involved a 1 m high steel pole
impacted by a 5 kg cast iron sphere. A high-speed camera and a laser sensor were used to
capture the velocity of cast iron ball and steel pole, as well as the displacement of the tip of the
steel pole. A schematic sketch and the setup of the impact test are given in Figure 3.1 below.
Detailed information of the test is given in Section 4 Appendix D.

\ Laser Displacement Sensor

/ \ High speed camera

Dummy mass (38kg)

Spherical Cast Iron Ball (5kg) / -
Steel Beam Specimen \
(Im x 0.15m x 0.02m)

Impactor Laser sensor

Figure 3.1 Set-up of Small-scale Impact Test for Verification of EFSM
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The flexural response of the steel pole and the impact force estimated by means of FSM
and EFSM, as well as the experimental results are summarised in Table 3.1. The prediction
of the tip deflection of the pole and the impact force using EFSM are given in Section 4
Appendix D for reference. The impact force for the experimental test as given in Table 3.1
was calculated based on the flexural stiffness of the pole multiplied by the maximum tip
deflection during impact. From Table 3.1, the flexural response (in terms of the tip deflection
of the pole) as well as the impact force predicted by EFSM match well with those obtained from
the experiment. In comparison, the flexural response (in terms of the tip deflection of the pole)
as well as the impact force predicted by FSM are found to be about 2.5 times higher than the
experimental results.

Table 3.1 Comparison of FSM, EFSM and Results of Small-scale Impact Test

Method CIr)ees??)?til?Iel }gztrlrlieer Estimated Bou(lfsr Impact Load
(mm)
Experimental result 16.9 (measured) 1,014
EFSM (Lam & Gad, 2016) 16.4 (predicted) 984
FSM (Hungr et al, 1984) 40.0 (predicted) 2,426

4 Numerical Analyses

A parametric study was carried out in order to investigate the flexural response of a rigid
barrier when subject to the boulder impact scenarios that would be commonly encountered in
routine design. A three-dimensional finite-element computer package namely “Livermore
Software - Dial-a-yield Nonlinear Analysis” (LS-DYNA) was used in this study. The
numerical model was first validated using results recorded from two documented full-scale
impact tests pertaining to high-energy impact on reinforced concrete structures as reported by
Fujikake et al (2009) and Kishi & Bhatti (2010). The validated model was then used to
produce data relevant to the boulder impact on rigid barriers in order to further evaluate EFSM.
Information on the full scale impact tests for model validation and the details of the validation
exercise are given in Section 4 Appendix E.

Two key parameters as listed below were studied:
(a) impact velocity of the impactor, and
(b) mass of the impactor.

Output from the numerical simulations was then compared with the predicted response
using the proposed EFSM (i.e. Equation 3.3).
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4.1 Effect of Boulder Impact Velocity (Translational)

A systematic review on the effect of the boulder impact velocity on the flexural response
of rigid barriers was conducted. The model boulder, which was spherical and was 1.5 m in
diameter, was to impact onto a 5.2 m high, 0.8 m thick reinforced concrete model barrier. The
model barrier was restrained in rotational and translational movement at the base, and thus
behaved as a cantilevered wall. Seven boulder impact tests were modelled numerically, and
the boulder impact velocity (translational) varied from 5 m/s to 11 m/s (see Figure 4.1 and
Table 4.1).

The flexural response of the model barriers simulated using program LS-DYNA is
shown in Figure 4.2, together with those predicted by FSM, EFSM and Hertz Equation with a
reduction factor of 0.1. It was found that the boulder impact force predicted by EFSM matches
well with the LS-DYNA simulation, whereas the other two methods, i.e. FSM and Hertz load
with a reduction factor of 0.1, predicted a higher impact force than that from EFSM.
Figure 4.2 also indicates that the boulder impact force increases with the boulder impact
velocity.

Note: Refer to Table 4.1 for the input details of each case.

Figure 4.1 Validated Numerical Simulations for Parametric Study on the Effect of
Boulder Impact Velocity
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Table 4.1 Input Details of the Parametric Study on the Effect of Boulder Impact

Velocity
Barrier length, L (m) 10
Barrier height, H (m) 5.2
Barrier thickness, ¢ (m) 0.8
Diameter of boulder, D (m) 1.5
Mass of boulder (kg) 4,683
Translational velocity of boulder, v, (m/s) Varies in each model,
from S m/sto 11 m/s
Reinforcement layout T40 —-200
(for both vertical and horizontal
reinforcement on tension and
compression side)
Compressive strength of concrete (MPa) 30
Yield strength of reinforcements (MPa) 500
8000
®LS-DYNA Results
7000
of \Q‘\'—\\
—~ 6000 - FoM (Hungt
é 5000
8
E 4000 1 (Ke= 0.1) (Kwan, 2012)
~— ({72 C— _
§ “L"U - - o - - O
£
o
1000 EFSM (Lam & Gad, 2016)
0 T T T T T 1
5 6 7 8 9 10 11
Impact Velocity (m/s)

Figure 4.2 Comparison of FSM, EFSM, Hertz Load and Numerical Analysis for the
Study of Boulder Impact Velocity

4.2 Effect of Mass of Boulder

Another series of numerical simulations were conducted. In this investigation, the
same model barrier as that described in Section 4.1 was used, except that the boulder impact
velocity was fixed at 10 m/s and the boulder diameter varied from 0.5 m to 1.5 m. Five
numerical analyses were conducted (see Figure 4.3). The numerical results were shown in
Figure 4.4, together with the analytical results obtained using FSM, EFSM and Hertz Equation
with a reduction factor of 0.1. It was found that the prediction using EFSM matches well with
the result of LS-DYNA simulation, whereas the other two methods, i.e. FSM and Hertz Load
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with a reduction factor of 0.1, predicted a higher impact force than that from EFSM.

Figure 4.4 also indicates that boulder impact force is sensitive to the mass ratio (L),
where the boulder impact force increases with the boulder diameter non-linearly.

0.8 m

S2m Boulder dia., D: from 0.5 to 1.5 m
Impact velocity, v=10 m/s

Figure 4.3 Validated Numerical Simulations for Parametric Study on the Inertial

Effect

8000 -

@®LS-DYNA Results

6000 -

Impact Force (KN)
5
=]
5]

2000 -

Boulder Diameter (m)

Figure 4.4 Comparison of FSM, EFSM, Hertz Load and Numerical Analysis for the
Study of Inertial Effect

5 Further Discussion on Enhanced Flexural Stiffness Method

5.1 Effect of Coefficient of Restitution (COR)

A sensitivity study was carried out using the impact case as shown in Figure 4.1,
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involving a 1.5 m dia. boulder travelling at a translational velocity of 10 m/s which hits the crest
ofthe barrier. ~ As the input of COR varied from the typical range of 0.2 to 0.3 (see Section 3.1),
the predicted flexural deflection of the barrier and the boulder impact force increased from
33 mm to 36 mm, and from 2690 kN to 2914 kN respectively. The results calculated using
EFSM are not very sensitive to changes within the typical range of COR.

5.2 Young’s Modulus of Rigid Barrier

The input of the Young’s modulus of the rigid barrier is required for both FSM, EFSM
and simplified Hertz Equation. UoM (2018) showed that the duration of a rigid barrier to
achieve its maximum strain was 10 ms to 20 ms and that corresponds to a strain rate for concrete
and steel reinforcement of approx. from 0.07 s™' to 0.3 s!.  For this range of strain rate, based
on Rostasy et al (1984), Schmidt-Hertienne (2001), Berner (1981) and Levings & Sritharan
(2012) (see Section 4 Appendix C), the dynamic Young’s modulus of concrete and steel
reinforcement is comparable to their corresponding static values. As such, adopting the static
Young’s modulus of the rigid barrier in EFSM is considered adequate.

5.3 Effect of Rotational Velocity of Boulder

EFSM considers only the translational velocity, rather than the rotational velocity, of the
boulder. Rotational velocity is generally not considered in overseas design guidelines and
literatures (VanDine, 1996; SWCB, 2005; NILIM, 2007; CAGHP, 2018; CGS, 2004; Hungr
etal, 1984; Zhang et al, 1996) when estimating the boulder impact force. Rotational
component of a boulder, if in contact with a barrier, might give rise to a tangential (i.e. not
normal) reaction force component on the barrier. Glover (2015) suggested that the rotational
energy of the boulder might lead to laceration (i.e. surface damage) of a netting structure upon
boulder impact.

A preliminary study was carried out in order to study the effect of the angular velocity
of the boulder on the flexural response of the rigid barrier using program LS-DYNA. It was
found that the rotation of the boulder may not be a critical factor in controlling the flexural
response of the barrier, as shown in the Table 5.1 below:-

Table 5.1 Sensitivity Study on the Rotational Velocity of the Boulder

Input Rotational Velocity of a | Deflection at the Crest Estimated Boulder
Boulder (revolution/s) of the Barrier (mm) Impact Force (kN)
Case 5.3.1 0 36.2 2921
Case 5.3.2 2.1 343 2768
3¢ 2.2 (Forward spin) )

Note: The impact scenarios for Case 5.3.1 and 5.3.2 above involve a boulder of 1.5 m dia.
both travelling at a translational velocity of 10 m/s which hits a 5.2 m high, 10 long
and 0.8 m thick reinforced concrete wall with a fixed base (details are shown in
Figure 4.1 and Table 4.1).
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5.4 Effect of Young’s Modulus of Boulder

EFSM is primarily based on conservation of energy and momentum, and thus does not
require the input of Young’s Modulus of the boulder. A preliminary study has also been
carried out in order to investigate the effect of Young’s modulus of the boulder on the flexural
response of the rigid barrier using LS-DYNA. Typical values of Young’s moduli of granitic
and volcanic rocks were considered. It was found that the Young’s modulus of boulder had
no significant effect on the flexural response of the barrier (see Table 5.2 below).

Table 5.2 Results of Sensitivity Study on the Young’s Modulus of the Boulder

Input Young’s Modulus of the | Deflection at the Crest Estimated Boulder
Boulder (GPa) of the Barrier (mm) Impact Force (kN)
Case 5.4.1 50 36.2 2921
Case 5.4.2 150 36.9 2977
Note: The impact scenarios for Case 5.4.1 and 5.4.2 above involve a boulder of 1.5 m dia.

travelling at a translational velocity of 10 m/s which hits a 5.2 m high, 10 long and
0.8 m thick reinforced concrete wall with a fixed base (details are shown in Figure 4.1
and Table 4.1).

5.5 Effect of Shape of Boulder

A preliminary study using LS-DYNA was conducted to investigate effect of shape of a
boulder to the flexural response of a rigid barrier. Three numerical simulations were
constructed using LS-DYNA with an impactor of different shapes, i.e. cylinder, cone and sphere
(see Figure 5.1 below). It was found that the spherical boulder would give rise to a slightly
larger barrier deflection (i.e. about 10%) than the other two impactors.

Sectional
view

Figure 5.1 Numerical Simulations with Impact Objects in Different Shapes: (a) Sphere,
(b) Cylinder and (c¢) Cone
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Table 5.3 Results of Sensitivity Study on the Shape of the Boulder

Shape of Impactor Mass of Impactor Deflection at the Crest Boulder Impact Force
P p (kg) of the Barrier (mm) (kN)
Sphere 36.2 2921
Cylinder
(linear contact) 4683 323 2606
Cone
(point contact) 332 2679
Note: The impact scenarios for the three cases above involve a boulder of 1.5 m dia.

travelling at a translational velocity of 10 m/s which hits a 5.2 m high, 10 long and
0.8 m thick reinforced concrete wall with a fixed base (details are shown in Figure 4.1
and Table 4.1).

5.6 Effect of Location of Boulder Impact

A preliminary study has also been conducted using program LS-DYNA to investigate
the effect of the location of the point of contact on the flexural response of the rigid barrier.
Three different model barriers were constructed (Case Nos. 5.6.1, 5.6.2 & 5.6.3 as shown in
Figure 5.2 below). For each of these cases, three impact scenarios involving boulder impact
close to the crest, at the mid height and near the base of the barrier were analysed (i.e. nine nos.
of LS-DYNA models were analysed in total). It was found that the boulder impacting at the
crest of the rigid barrier would give rise to the highest tensile strain on the flexural
reinforcement at the base of the barrier (where bending moment is the highest), as compared to
the other two impact locations (see Table 5.4 below).

Case 5.6.1 Case 5.6.2 Case 5.6.3
Boulder Diameter (m) 1.15 1.5 2.0
Translational Boulder 5 5 10
Impact Velocity (m/s)

Figure 5.2 Numerical Simulations (i.e. Case Nos. 5.6.1, 5.6.2 & 5.6.3) with Boulder
Impact on Three Different Model Rigid Barriers
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Table 5.4 Results of Sensitivity Study on the Location of Boulder Impact

Tensile Strain of Flexural Reinforcement (107) at
the Base of the Barrier
Case 5.6.1 Case 5.6.2 Case 5.6.3
Impact at the Crest of the Barrier 1.27 0.88 1.95
Impact at the Mid Height of the Barrier 0.8 (63%) 0.73 (83%) 1.25 (64%)
Impact near the Base of the Barrier 0.4 (31%) 0.43 (49%) 0.86 (44%)
Note: Figures in the bracket represent the percentage of tensile strain of flexural

reinforcement compared to that for the impact at the crest of the barrier.

6 Further Work

As discussed in Sections 3 and 4, EFSM has been verified by means of small-scale
impact tests along with results from numerical simulations employing an experimentally
validated computer simulation. Large-scale physical impact tests have been carried out in
order to further strengthen the validation of EFSM, which will be reported separately.

Furthermore, for rigid barriers subject to boulder impact, the risk of localised structural
damage, such as perforation or punching failure, scabbing, etc. need to be studied. Another
area that deserves further study is the flexural response of those rigid barriers provided with
cushioning materials.

The discussion on the effects of the dynamic properties of rigid barrier, rotational
velocity of boulder, angularity and shape of the boulder, Young’s modulus of boulder and the
location of boulder impact as given in Section 5 are established based on numerical simulations
and deserve more in-depth study should more field data become available.

7 Conclusion

Positive results regarding the use of Enhanced Flexural Stiffness Method (EFSM) were
obtained. The predicted flexural response of rigid barrier in various impact scenarios based
on EFSM closely matched with the small-scale impact test and the validated numerical analyses.
In addition, a more realistic boulder impact load could be predicted using EFSM, as compared
with simplified Hertz equation or FSM. Notwithstanding, further development work, such as
large-scale physical impact tests to further verify the reliability of EFSM, study of localised
structural damage and study of the cushioning effect, needs to be undertaken in order to better
improve the current design guidelines.
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Appendix A

Derivation of Enhanced Flexural Stiffness Method (EFSM)
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Immediately before boulder Impact: Upon boulder impact:
Deflected shape of a
Vo rigid barrier upon impact A Vi
V2
L

The above impact scenario, with an impactor of mass m and velocity v, is being considered.
Immediately prior to contact, kinetic energy of the impactor, KEy is:

KEg = 31V0 ottt (A.1)

Upon the boulder impact, the boulder rebounds in an opposite direction with a velocity of v
whereas the barrier deflects with a velocity of v2. Assuming A is the ratio between the
participating mass of the barrier (see also Section 4 Appendix B) and the mass of the boulder,
A can be represented in Equation A.3, using conservation of momentum as given in Equation
A2:

MV = -MV] T AMV) oot (A.2)
2= e (A.3)
V2

COR=2 e (A.4)
V0

%) 1+ COR

T —— (A.5)

Based on the above, the ratio of the energy transferred to the barrier after the impact (i.e. KE?)
to the kinetic energy of the impactor before the impact is:

1
KEy Eﬂmvzz

T (A.6)
KE, _ ,(1+COR\?>
K—Eo—/l( ) =B (A7)

Meanwhile, based on a linear force-displacement (i.e. F-A) relationship of the barrier, with a
flexural stiffness £, the strain energy of the barrier, SE, is given by:-



For Flexural Stiffness Method, which assumes no energy reduction, the kinetic energy of the
boulder before impact (i.e. KEo) simply equals the strain energy of the barrier (i.e. SE):

For EFSM, based on conservation of momentum, only part of the kinetic energy of the boulder
before impact (i.e. KEo) converts to the kinetic energy of the barrier (i.e. KE>), which then
becomes the strain energy of the barrier (i.e. SE). The term generalised stiffness (k*) is
introduced (see Section 4 Appendix B) for the determination of flexural deflection of the barrier
under dynamic motion (UoM, 2017):

Fr3mvg? = KA e (A.13)
A= ,BVO\/% ................................................... (A.14)

The concept of equivalent static force (i.e. a static loading condition which gives rise to the
same amount of flexural deflection as that of a dynamic impact) is applied to the flexural
deflection. This time, flexural stiffness (k) is used as a problem of static is to be dealt with:
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Section 4
Appendix B

Derivation of Flexural Stiffness of Wall (k) and Mass Ratio (1)
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Upon a boulder impact, a barrier wall would oscillate where there is an interchange
between the kinetic energy and the strain energy of the wall. Based on findings of various
impact tests and numerical analyses carried out by the University of Melbourne, oscillation of
the wall can be described as a simple harmonic motion. The mode of oscillation of the barrier
is characterised by its natural frequency, which is a function of its participating mass and its
generalised stiffness. These two parameters represent the mass and the stiffness of the barrier
associating with this mode of oscillation. As such, the participating mass contributes to the
momentum gained by the barrier. Using the equations of simple harmonic motion, UoM
(2017) derived the solution of the participating mass and the generalised stiffness as given
below.

Derivation of £* and 4 — Generalised Expression

A beam segment under oscillation, which deflects in the x-direction as shown in
Figure B1, is being considered.

Figure Bl Beam Segment under Bending (1)

For a small interval of the beam (length = dz), the segmental kinetic energy dKE equals:-
AKE = 5 (Mz) (%)% oot (B.1)

where m = mass per metre
x = velocity of beam segment in x-direction.

Assuming that the beam oscillates in a simple harmonic motion, the displacement response of
the beam along the beam length z is given by:-

X=W(Z)ASINDL oo (B.2)

By differentiating Equation B.2 with respect to time, the velocity of the beam segment X is
obtained:
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X=0W(2) ACOS ML oo, (B.3)
where x = displacement-time response
w(z) = dimensionless shape function
A = amplitude
@ = natural angular frequency
t = time.

Substituting Equation B.3 into Equation B.1, the segmental kinetic energy of the beam of length
dz is:-

dKE= % (mdz)(0 w(Z2)ACoS W )? oo, (B.4)

Integrating Equation B.4 with respect to z, the total kinetic energy of the whole beam KE is
determined:

2
KE=A%SZWwam(¢/(z) Y2AZ oo (B.5)

Substitute coswt =1 into Equation B.5, the maximum kinetic energy KE,,,, of the beam is:

KE,,. = A;a)z [ 1O I~ (B.6)

On the other hand, there would be bending moment M in the beam when the angle of bending
is df. The corresponding segmental strain energy can be written in the form of Equation B.7.

AU=S(MYO oot (B.7)

Meanwhile, using simple beam theory, the bending moment M is simply given by (Gere,
2001):-

where E = Young’s modulus
¢ = Beam curvature
I = second moment of area.

Figure B2 shows a sketch of the beam segment under bending.
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Figure B2 Beam Segment under Bending (2)

D is the depth of the beam segment. From Figure B2,

1
0= 2z oo (B.9)

= ¢,

==

since

On the other hand, the curvature of the beam, ¢, is obtained by differentiating the beam
displacement, x, which is given by Equation B.2, twice with respect to z (Gere, 2001).

2 2
b= =dAsinor 2 (B.11)
Substituting Equation B.11 into Equation B.8,
L PyE)
M=EIXASINOF == .oeeeeeeeeeeieeeeeieee e (B.12)

022

Substituting Equation B.11 into Equation B.10,

. 621//(2)
df = A sin wt 2 AZ e, (B.13)
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Substituting Equations B.12 and B.13 into Equation B.7,

2.2 2 2
dU =" (a ‘”(Z)) ......................................... (B.14)

Integrating Equation B.14 with respect to z, the total strain energy of the beam U is,

y = asniot gy (a ”"(Z)) AZ oo (B.15)

Substitute sinwt = 1 into Equation B.15, the maximum strain energy U,,,, 1s determined
by:

U= f EI (a ”’(Z)) A2 oo (B.16)

Considering conservation of energy of the beam,

) (B.17)

Substituting Equations B.16 and B.6 into Equation B.17.

A—a)zfm (t,//(z)) dz = —fEI(a MZ)) AZ oo, (B.18)

Rearranging Equation B.18, the expression for the natural angular frequency of the beam
subject to the impact is obtained:

Since

where k* = generalised stiffness
m" = participating mass.

The participating mass and the flexural stiffness are determined by Equation B.21 and B.22
respectively.
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Derivation of £ and 4 for a Boulder Hitting the Tip of a Cantilever

Consider a cantilever beam under a point load at the free end, as shown in Figure B3.

Figure B3 A Cantilever Beam under a Point Load

The deflection profile of the beam can be determined by Equation B.23.

A= 6F—§I (3 (1)2 - (1)3) ............................................ (B.23)

The deflection profile can then be normalised into a unitless shape function in order that
wiz=0)=1:

W3 (3 (1)2 - (1)3) ............................................ (B.24)

Substituting Equation B.24 into Equation B.21 gives:-

N ICICIC I ) R 329

Putting z = /, the participating mass of the cantilever beam under a tip impact is given by:-

Differentiating Equation B.24 twice with respect to z,

& €3] 3 z
a‘; = F(1-3) e (B.27)

Substituting Equation B.27 into Equation B.22:-
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Putting z = /, the generalised flexural stiffness of the cantilever beam under a tip impact is given
by:-
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Dynamic Effect on the Young’s Modulus of Rigid Barrier
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The input of the Young’s modulus of the rigid barrier is required for both FSM, EFSM
and simplified Hertz equation. No design guidelines explicitly recommend the use of a
dynamic Young’s modulus for the barrier. Notwithstanding this, adopting the dynamic
properties of the rigid barrier under the correct strain rate is theoretically a better representation
of the behaviour of the rigid barrier. The effects of strain rate on the Young’s modulus are
thus examined and are discussed below.

Recent large-scale impact tests conducted by the University of Melbourne (UoM, 2018)
showed that the maximum strain of the barrier is developed at 10 ms to 20 ms upon impact
which the strain rate for concrete and steel reinforcement corresponds approx. from 0.07 s™! to
035,

Figure C1 below shows the stress-strain relationship of concrete and steel
reinforcements obtained by laboratory tests conducted by different researchers under various
strain rates, €. The Young’s modulus of concrete under compression at a low strain rate
(0.1 s™") was found to be close to its quasi-static value (Rostasy et al, 1984). Similar finding
was reported in Schmidt-Hertienne (2001). The Young’s modulus of steel reinforcement was
demonstrated largely unaffected by its strain rate (Berner, 1981; Levings & Sritharan, 2012).
Therefore, the dynamic elastic modulus of the rigid barrier corresponding to the strain rate
during a boulder impact is close to it static value.
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2 3 &
60 {H/mm’! |- & & =
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Stress strain relationship of concrete under Stress strain relationship of steel
compression in low strain rate (Rostasy reinforcements under various strain rates
et al, 1984) (Berner, 1981)

Figure C1 Stress Strain Relationship of Concrete and Steel Reinforcement under Low
Strain Rate

In the large-scale impact tests recently conducted by the University of Melbourne
(UoM, 2018), it was found that the use of EFSM with the input of static Young’s Modulus
could give a very close and slightly conservative prediction of the boulder impact force as
compared with the actual flexural response of the rigid barrier. Also, in view that there is a
lack of design guideline which sheds light on this aspect, adopting the static Young’s modulus
of the rigid barrier is considered adequate for routine design.
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Table D1 Information of Small-scale Impact Test

Parameters Values
Steel Pole Height I m
Steel Pole Width 0.15m
Steel Pole Thickness 0.02 m
Young’s Modulus of Steel 200 GPa
Mass of Steel Pole 234 kg
Dummy Mass 38 kg
Impactor Mass S5kg

By analysing velocity data obtained in the impact test:

v2=0.59m/s | v;=0.92 m/s

Figure D1 Snapshots of Impact Test (a) Immediately before the Impact; (b) at the Instant
of the Impact; and (c) Immediately after the Impact

Vi +V2

COR = =0.34

Vo

The Participating Mass of the Steel Pole

Am=0.25x23.4+38=43.85kg
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The Flexural Stiffness of the Steel Pole

3

I=—=1x 107 m*

3EI
k*: = ? = 60000 N/l’l’l
p factor

~ /1(1+COR)2_ 88<1+o.34>2 0406
b= 1+4 ) 7\1+88/) 7

The Predicted Impact Force and the Predicted Flexural Displacement at the tip of the
Steel Pole using EFSM

F=pvwmk =0.406 x 4.43 x V5 x 60000 =984 N

This displacement is comparable to the measured displacement in the impact experiment, i.e.
16.9 mm.
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Numerical Analyses - Model Validation
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E.1 Introduction

Parametric study on EFSM is carried out through a series of numerical analyses with the
following steps:

(a) validating LS-DYNA models using two large-scale impact
tests, and

(b) carrying out validated numerical simulations pertaining to
various scenarios of boulder impacts on rigid barriers.

For part (a), the validatiom exercise against two documented dynamic impact tests on
reinforced concrete structures reported by Fujikake et al (2009) and Kishi & Bhatti (2010) was
conducted. Details of part (a) are elaborated in this Appendix. Part (b) above has been
discussed in Section 4.

E.2 Validation of LS-DYNA Model

The validation was first carried out against two documented dynamic impact tests on
reinforced concrete structures reported by Fujikake et al (2009) and Kishi & Bhatti (2010).
Details of one of the tests for the validation using Kishi & Bhatti (2010) are shown in Figure E1.

Note: A drop weight of 2,000 kg (which was made of a steel casing of 1 m in diameter,
97 cm in height and with a spherical base of 80 cm in radius) was released from
a height of 10 m to achieve an impact velocity of 14 m/s onto the mid-portion
of a 8 m spanned simply-supported rectangular reinforced concrete girder.

Figure E1 Impact Tests by Kishi & Bhatti (2010) for Model Validation
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The above field test was carried out on a reinforced concrete girder with a cross-section
of 1 m wide, 0.85 m deep and 8 m clear span. The compressive strength of concrete was
31.2 MPa, whereas the yield strengths of longitudinal rebar and stirrup were 401 MPa and
390 MPa respectively. The reinforcement layout of the girder is depicted in Figure E2.

Load cells were installed in the supports of the girders. Each load cell had a capacity
of 1,500 kN and was operated at a measuring frequency of at least 1 kHz. The contact force
was estimated by measuring the deceleration of the heavy weight, which was captured by the
strain gauge typed accelerometer installed at the impacting mass. The accelerometer had a
frequency ranged up to 7 kHz. To determine the flexural response of the girder, displacements
were measured by laser type variable displacement transducers (LVDTs), with a maximum
stroke of 200 mm and a measuring frequency of 915 Hz.
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T

Figure E2 Reinforcement Layout of the Reinforced Concrete Girder in the Impact Test
Carried Out by Kishi & Bhatti (2010)

In the validation exercise, material properties of the impactor, concrete and
reinforcements were input in accordance with their actual values given in the literature. A
summary of the inputs is given in Table E1 and Table E2 below. These properties include the
elastic modulus, Poisson’s ratio and the dimensions of each member, the density, the uniaxial
compressive strength of concrete, etc. A snapshot of the model is shown in Figure E3 below.

Figure E3 Printout of LS-DYNA Input Replicating the Test Setup in Kishi & Bhatti
(2010)
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Table E1 Key Parameters for Model Validation for Steel Reinforcement (Impact Tests

by Kishi & Bhatti (2010))

Part Name Reinforcement
Constitutive Model Plastic Kinematic
Density 7,850 kg/m?
Young’s Modulus 200 GPa
Poisson’s Ratio 0.3

Yield Stress 390 MPa (Stm’pps) & 401 MPa
(Flexural reinforcements)
Tangent Modulus 2 GPa

Table E2 Key Parameters for Model Validation for Concrete (Impact Tests by Kishi &

Bhatti (2010))

Part Name Concrete

Constitutive Model Winfrith Concrete
Density 2,400 kg/m?
Young’s Modulus 30.1 GPa
Poisson’s Ratio 0.2
Uniaxial Compressive Strength 31.2 MPa
Uniaxial Tensile Strength 1.5 MPa

The outputs of numerical analyses, including impact force-time history and
deflection-time history of the R.C. girder, were examined. These data are then compared with
the published experimental results, which are shown in Figure E4 and Figure ES.
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Figure E4 Comparison of Impact Force and Beam Deflection for Model Validation
(Impact Test by Kishi & Bhatti (2010))
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As shown in Figure E4 above, the contact force and the flexural response of the R.C.
girder predicted using LS-DYNA closely match with the published results of the impact
experiment. Meanwhile, similar positive results have also been found from results of impact
test published by Fujikake et al (2009) in Figure ES below.
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Figure E5S Comparison of Impact Force and Beam Deflection for Model Validation
(Impact Test by Fujikake et al (2009))

Based on the above, the ability to simulate impact scenarios on reinforced concrete
member using LS-DYNA is demonstrated in this validation exercise. Taking advantage of
this, the computer program LS-DYNA is adopted in the next step of investigation, i.e.
parametric study of various boulder impact scenarios on reinforced concrete rigid barriers.
The details of the parametric study have been presented in Section 4.
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Large-scale Experimental Study
of Structural Response of Rigid
Barriers Subject to Hard Impacts
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This section is largely based on GEO Technical Note
No. TN 7/2018 produced in December 2018
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Abstract

This study comprises a series of large-scale impact tests
with a view to investigate the structural response of a rigid barrier
subject to impacts by a solid steel impactor. It aims to validate
the Enhanced Flexural Stiffness Method for simulating the
flexural response of rigid barriers subject to boulder impact.
This study also investigates the localised damage of rigid barriers
and the cushioning effect of rockfill gabions through the impact
tests. It provides quality experimental data to facilitate
formulation of more rational design methodologies for rigid
debris-resisting barriers.
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1 Background

Reinforced concrete rigid barriers are commonly adopted in Hong Kong as structural
counter-measures to mitigate natural terrain landslide hazards. In recent years, GEO has
initiated a series of research and development work on rigid barriers, covering debris-barrier
interaction using centrifuge tests, performance in geotechnical stability as well as structural
response of barrier subject to boulder impacts (Ng et al, 2016; Song et al, 2017; Lam & Kwan,
2016; Lam et al, 2018; Wong & Lam, 2018).

A recent study conducted by Wong & Lam (2018) has indicated the potential of the
Enhanced Flexural Stiffness Method (EFSM) (Ali et al, 2014; UoM, 2017; Yang et al, 2012) in
producing reasonable prediction of flexural response of rigid barriers subject to boulder impact.
In their study, the predictions of EFSM matched closely with the results of a small-scale
pendulum test and the output of a series of rigorously calibrated numerical models. This method
was modified from the conventional Flexural Stiffness Method (Hungr et al, 1984; CAGHP,
2018), taking into account the inertia of rigid barrier and energy loss during the impact process.

In April 2018, GEO collaborated with the University of Melbourne (UoM) who carried
out a series of impact tests, with an aim to further validating the reliability of EFSM under
large-scale impact conditions (UoM, 2018). This study also investigates localised damage of
rigid barriers and the cushioning effect of rockfill gabions. This Technical Note (TN)
summarises the findings of this large-scale experimental study.

2 Large-scale Impact Tests

2.1 Model Barrier and Impactors

An inverted T-shaped model rigid barrier was constructed for the study. The model
barrier was 3 m wide and 0.23 m thick, with a wall stem of 1.5 m high (see Figure 2.1). The
barrier was made of C40 concrete with steel reinforcement. The wall was reinforced both
vertically and horizontally by 20 mm diameter steel reinforcement at a 200 mm spacing. The
steel reinforcement has a characteristic strength of 500 MPa. The base slab of the model
barrier measured 1.23 m in length and 0.5 m in thickness, and was fixed to the ground by means
of 12 nos. of post-tensioned steel anchors. The fixity of the barrier eliminated the effects of
energy loss due to overturning and sliding movements of the model barrier, and that, in turn
would yield the largest flexural response of the model barrier when subject to impact.

Three different steel impactors were used in this study, weighing 280 kg, 435 kg and
1,020 kg. The impactors are all torpedo shaped (Figure 2.1). For each impact test, a steel
impactor was used to produce a strike to the wall stem of the model barrier using a pendulum
setup.

2.2 Instrumentation
The instrumentation used in this study are summarised in Table 2.1 below. A

high-speed camera and laser sensors were adopted to capture the impact velocity of the impactor
and the deflection profile of the wall stem of the model barrier. A total of 18 nos. of Linear
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Variable Differential Transformers (LVDTs) were installed on the surface of the wall stem for
the measurement of the concrete strain at different levels. Besides, 30 nos. of strain gauges
were installed on the vertical reinforcement bars at both sides of the model wall to capture the
strain of the steel reinforcement. An accelerometer was secured onto the flat side of each
impactor. Figure 2.2 below shows the instrumentation adopted in this study.

Figure 2.1 Photographs Showing the Model Barrier and the Impactors

Table 2.1 Specifications of Instruments

Instruments Resolution Frequency Quantity
LVDT 0.01 mm 0.5 kHz 18
Laser sensor 0.1 mm 0.75 kHz 12
Strain gauge 1x107 > 2 kHz 30
Accelerometer - 10 kHz 1 (for each impactor)
High speed camera - 3000 fps 1

The following measurements were taken during the impact tests:-

(a) time-histories of the contact force as derived from the
measurements of the accelerometer attached on the impactor;

(b) time-histories of the deflection of the wall stem based on the
measurements of the laser sensors;

(c) strains of the longitudinal reinforcements of the wall stem
based on the readings from the strain gauges attached onto
the reinforcements at the base of the barrier;
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(d) strains of the concrete surface based on the measurements
from the LVDTs that were stacked vertically up the height of
the barrier at its centreline and along the base of the barrier;

(e) velocity of the impactor prior to the impact, and on re-bounce,
as inferred from images captured by the high-speed camera;

(f) photographs of the damaged pattern of gabions, and the
damaged pattern of the barrier, following each strike; and

(g) crack pattern developed on the surface of the wall stem
following each strike.

LVDTs on wall stem Strain gauge on reinforcement bar

Steel Impactor

/ Laser Sensors

‘\’\ LVDT on concrete
surface

Figure 2.2 Details of Instrumentation of the Impact Tests

2.3 Test Plan and Results
This study covers the following three major objectives:-

(1) verification of EFSM;

(2) investigation of the cushioning effect offered by Rockfill
gabions with respect to the flexural and localised damage of
a rigid barrier; and

(3) study of the localised damage of a bare model barrier (i.e.
without any cushion) when it is subject to impacts by a hard

object.

The test plans and the results for each of these objectives are discussed in the following
sections.
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2.3.1 Test Plan for Objective 1 - Verification of EFSM

For Objective 1, eleven impact tests were conducted, which involved the use of two
impactors with a mass of 280 kg and 435 kg (see Table 2.2). The release height of the
impactors varied from 0.129 m to 1.4 m, which corresponds to an impact velocity of about
1.59 m/s to 5.24 m/s (i.e. kinetic energy of up to 3.85 kJ). This test plan allows a systematic
verification of the EFSM under various energy levels of impacts, and mass ratios between the
barrier and the impactor. In all 11 nos. of impact tests (i.e. Test Nos. Al to A7 & Test Nos.
B1 to B4), the impactor was positioned to strike the barrier at its centreline and 250 mm below
the crest of the wall stem. To prevent energy loss due to localised or surface damage of the
wall stem, in Test Nos. Al to A7, a thin protective steel plate with dimensions of 500 mm X
500 mm x 32 mm was attached onto the barrier at the impact location. In Test Nos. Bl to B4,
the protective steel plate was removed.

Table 2.2 Test Plan for Objective 1

Test No. Impactor Mass | Release Height | Impact Energy Protective Steel
(kg) (m) (kJ) Plate
Al 280 0.2 0.55 Yes
A2 280 0.5 1.37 Yes
A3 280 0.9 2.47 Yes
A4 280 1.4 3.85 Yes
AS 435 0.129 0.55 Yes
A6 435 0.322 1.37 Yes
A7 435 0.579 2.47 Yes
B1 280 0.2 0.55 No
B2 280 0.5 1.37 No
B3 280 0.9 2.47 No
B4 280 1.4 3.85 No

2.3.2 Results for Test Objective 1

Figure 2.3 shows a typical deflection time-history of the crest of the model barrier due
to the impact (i.e. for Test No. A6). The deflection time-history shows a simple harmonic
motion, which is consistent with the assumption made in the EFSM. The deflection was
highly transient. In this test, the maximum deflection occurred within 20 ms after initial
contact was made.
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Observed Deflection

------ Predicted Deflection Using EFSM
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Figure 2.3 Comparison of the Deflection Measured at the Crest of Wall Stem from
Experiment and the Estimations by EFSM for Test No. A6 (Time = 0 ms
Denotes the Moment When the Impact Started)

Table 2.3 shows the comparison of the observed maximum deflections at the crest of the
barrier in each test and those predicted based on the EFSM. The prediction based on EFSM
requires the input of impactor mass, mass of model barrier, impact velocity, coefficient of
restitution and cracked flexural stiffness of the barrier. All of these input parameters are
measured from the experiments, except for (1) coefficient of restitution which is derived from
observed velocities of the impactor before and after the impact, and based on the assumption of
conservation of momentum, and (2) cracked flexural stiffness of the barrier, of which detailed
calculation is given in Section 5 Appendix A. The prediction of the barrier deflection for Test
No. A6 is presented in Section 5 Appendix B as an example.

As shown in Table 2.3, the predicted deflections of the barrier given by EFSM are
generally in a good agreement with the experimental results, for both series, i.e. Test Nos. Al
to A7, and Test Nos. B1 to B4.

The strain levels of the steel reinforcements have been examined. For these impact
tests, i.e. Test Nos. Al to A7, and Test Nos. Bl to B4, the maximum strain levels of each
vertical reinforcement at the tension side at the base of the wall stem (i.e. at the location of
maximum flexural strain) are found well below the yield limit of 0.0028, which suggests that
the steel bars are within its elastic range as assumed in the EFSM.
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Table 2.3 Comparison of Observed Deflection and Predicted Deflection Using EFSM

Test No. Observed Maximum D§ﬂecti0n at the | Predicted ]')eﬂec'tion at the Crest of
Crest of the Barrier (mm) the Barrier Using EFSM (mm)
Al 4.0 5.5
A2 5.7 8.0
A3 8.9 10.2
A4 11.9 11.9
AS 59 6.1
9.4
A6 9.5 (see Section 5 Appendix B for
Derivation of Predicted Deflection)
A7 13.0 13.0
Bl 52 5.2
B2 8.2 8.1
B3 11.5 11.6
B4 14.4 133

2.3.3 Test Plan for Objective 2 - Study of Structural Response of Rigid Barrier with
Cushioning Materials

The second objective of this study is to investigate the flexural response of a rigid barrier
protected with a layer of cushioning materials. In local design practice, rockfill gabions are
used as a cushioning layer. The design of gabions is prescriptive and the protection offered
by the gabions is not quantified. As one of the objectives of this study, the cushioning effect
offered by rockfill gabions is examined.

Four series of impact tests were conducted (i.e. Test Nos. C1 to C4), two of which
involved 500 mm thick gabions infilled with 70 to 100 mm diameter crushed granite cobbles.
The remaining two series of tests involved 500 mm thick gabions infilled with 50 to 100 mm
diameter river pebbles (see Figure 2.4). Table 2.4 shows the details of the test plan under this
objective.

For this part of the study, the cushioning materials were placed in front of the model
barrier. For all of these impact tests (i.e. Test Nos. C1 to C4), the impactor was positioned to
strike directly onto the cushioning materials at the centerline and 250 mm below the crest of
the wall stem of the cushioned barrier. The deflection of the model barrier was measured. In
each series of test, three to four consecutive strikes were made on the cushioning materials at
the same location and no maintenance of the gabions was allowed between the consecutive
strikes. In the last test (i.e. Test No. C4), only three consecutive strikes were made because
the gabions involved were severely damaged after the first three strikes.
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Figure 2.4 Overview of Rigid Barrier with Granite Gabions

Table 2.4 Test Plan for Objective 2

Series Impactor Release Impact Protective Layer Strike
No. Mass (kg) | Height (m) | Energy (kJ) Number
280 1.4 3.85 Gabions (Granite) 1
1 280 1.4 3.85 Gabions (Granite) 2
280 1.4 3.85 Gabions (Granite) 3
280 0.5 1.37 Gabions (Granite) 4
435 0.579 2.47 Gabions (Granite) 1
© 435 0.579 2.47 Gabions (Granite) 2
435 0.579 2.47 Gabions (Granite) 3
435 0.322 1.37 Gabions (Granite) 4
280 1.4 3.85 Gabions (River Pebbles) 1
3 280 1.4 3.85 Gabions (River Pebbles) 2
280 1.4 3.85 Gabions (River Pebbles) 3
280 0.5 1.37 Gabions (River Pebbles) 4
435 0.579 2.47 Gabions (River Pebbles) 1
C4 435 0.579 2.47 Gabions (River Pebbles) 2
435 0.579 2.47 Gabions (River Pebbles) 3
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The impactors used and the impact energy levels of the first three strikes in these four
series of tests were identical to two of those tests (i.e. Test Nos. A4 and A7) conducted under
Objective 1 where no gabion cushion was provided. Comparisons between the experimental
results of these two sets of tests reveal the cushioning effect of the gabions.

2.3.4 Results for Objective 2

Figure 2.5 shows the conditions of the gabion cushion following each strike for Test
No. C3. Table 2.5 shows the comparison of the flexural response of the model barrier with
and without gabion cushion. It is found that the provision of 500 mm thick gabions can
substantially reduce the flexural deflection at the crest of the model barrier by about 67% to
90%. This finding provides useful data which could facilitate a more rational design of
cushioning materials.

The four impact tests under Objective 2 were conducted at the same model barrier after
the impacts under Objective 1. The severity of cracking before and after the four impact tests
(i.e. Test No. C1 to C4) was examined. It was observed that only one hairline crack was newly
formed due to the four impact tests. Similarly, no observable localised damage was found in
the large-scale impact tests reported in Lam (2016), which involved the use of a 1.12 m diameter
boulder travelling at a speed up to about 8 m/s hitting a model barrier protected with various
cushioning materials including 1 m thick gabions. It suggests that gabions are effective in
preventing localised damage, such as surface cracking, on a reinforced concrete barrier when it
is subject to impact by a hard object.

e N X S KRS e N A o RS

Strike 2 i Strike 4

Figure 2.5 Snapshot of Test Series C3 (Top: Side View of Impact Test; Bottom:
Condition of Gabion (Rockfill) after Each of the Four Consecutive Strikes)
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Table 2.5 Test Results for Objective 2

Maximum Tip Deflection Maximum Tip Deflection Reduction in Tip
Test with Cushion without Cushion (mm) Deflection Due to
No. (for the First 3 Strikes) (i.e. Test Results for Test Cushioning Effect
(mm) A4 and A7) (%)
C1 1.8-3.9 11.9 67 - 85%
C2 1.3-32 13.0 75-90 %
C3 2.5-35 11.9 71-79%
C4 1.3-2.1 13.0 84 -90 %
Note: The maximum reductions in the crest deflection of the model barrier are
recorded in the first impact (out of the three successive impacts) under these
four tests.

The duration of the impact process was examined. The durations of contact observed
from the impact tests with cushion materials were in the order of 70 ms to 100 ms, which were
much longer than those impact tests that did not involve the use of any gabions (about 1 ms to
3 ms) as discussed in Section 2.3.1.

2.3.5 Test Plan for Objective 3 - Study of Localised Damage

Literatures (Algaard et al, 2005; Chen & May, 2009; Fujikake et al, 2009) reported that
impact on bare reinforced concrete slabs by a hard object could probably induce localized
damages, in the form of penetration, perforation, scabbing, etc., depending on various factors
(e.g. the mass and velocity of the impactor, the thickness and the concrete strength of the slab,
etc.). Table 2.6 lists the test plan for the study of localised damage of bare rigid barrier (i.e.
without cushion).

The tests were divided into two stages. Stage 1 involved 4 nos. of non-destructive
impacts while Stage 2 involved a destructive impact. An impactor was set to strike the model
barrier without any form of surface protection. The locations of impacts for each test in this
part of the study are shown in Figure 2.6. Details of the test plan are given in Table 2.6.

2.3.6 Results for Test Objective 3

Figure 2.7 shows the severity of localised damages observed under Test Nos. NDI1 to
ND4. Table 2.7 summarises the observed localised damage for the tests under Objective 3.
For the Non-destructive Impact Test Nos. NDI to ND4, the strain responses of steel and
concrete remained elastic.
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Table 2.6 Test Plan for Objective 3

Test No. Weight of Impactor (kg) Impact Velocity (m/s)
NDI1 2.0
ND2 3.1
280

ND3 4.2
ND4 5.2

D1 1,020 6.0

Note: One impact was conducted for each test, except Test No. ND 3 where 5nos. of

successive impacts were conducted.

~Test Nos. ND1, ND2, ND3 (Strike No. 1), ND4 & D1

=¥

250
o a i Location of Impact
550
~ND3 (Strike No. 2) ~MND3 (Strike|Nos. 3to §5)
P i — i
00500 ]
700
- .
Elevation

Figure 2.6 Location of Impacts for Tests under Objective 3
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Test No. ND2
v=31m/s

Test No. ND1
v=20m/s

Test No. ND2

Test No. ND3
v=42m/s

TestNo. ND4
v=52m/s

Test No. ND3 Test No. ND4

Figure 2.7 Photographs Showing Localised Damages under Test Nos. ND1 to ND4

Table 2.7 Test Results for Objective 3

Weight of Impact

Test No. Impactor (kg) | Velocity (m/s)

Observed Localised Structural Damage

Some hairline cracks were formed. Local

NDI 2.0 indentation of about 0.35 mm was observed.

Some hairline cracks were formed. Local

ND2 3.1 indentation of about 0.60 mm was observed.

280 More hairline cracks were formed after
ND3 4.2 successive impacts. Local indentation of
about 2.72 mm was observed.

Some hairline cracks were formed. Local

ND4 32 indentation of about 3.43 mm was observed.

The barrier was severely damaged
(Figure 2.8).  In particular, the concrete
material at the back side of the wall stem was
severely cracked and partially detached.
This mode of structural damage is known as
scabbing in the literatures (Bangash, 2001).

D1 1,020 6.0
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For Destructive Impact Test No. D1, the mode of localised structural damage of the
model barrier after the impact is shown in Figure 2.8 below. The video of the test is given in
Section 5 Appendix C.

Figure 2.8 Destructive Impact Test No. D1 (Top: Snapshot of Destructive Impact Test;
Bottom: Localised Structural Damage)

3 Summary

GEO has initiated a series of large-scale impact tests to investigate the structural
response of a rigid barrier subject to impacts by a steel impactor. These impact tests
demonstrate the reliability of the EFSM in predicting the flexural response of rigid barriers
subject to hard impacts at the barrier crest.

This experimental study also provides quality data that could quantify the cushioning
effect offered by rockfill gabions with respect to the flexural response of a rigid barrier when
subject to impacts by a hard object. The test results show that the flexural response of the
barrier was significantly reduced by 67% to 90% due to the cushioning effect of the rockfill
gabions. These experimental results provide useful data which could facilitate further study
of a more rational design approach for cushioned rigid barriers.

For rigid barriers without cushioning materials, localised damages in form of scabbing,
indentation and cracking are probable when the barriers are subject to impacts by boulders.
Having considered that impacts of debris-resisting barriers by landslide debris are rare events
in Hong Kong, it is more cost effective to adopt a performance-based approach in the design of
rigid debris-resisting barriers. In line with this, localised or minor damages that can be
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repaired after a landslide event are generally tolerable as long as the rigid barrier would not
collapse or fail to satisfy the performance criteria in retaining the design volume of landslide
debris.

4 Concluding Remarks

This study validates the reliability of the EFSM in predicting the flexural response of
rigid barriers subject to hard impacts at the barrier crest. It also provides quality experimental
data to facilitate formulation of more rational design methodologies for rigid debris-resisting
barriers. In particular, analytical solutions for the prediction of flexural response of rigid
barriers are being investigated with consideration given to protection effects of rockfill gabions.
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Section 5
Appendix A

Estimation of Cracked Flexural Stiffness
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The governing equation to predict the cracked flexural stiffness of a reinforced concrete
barrier is shown in Equation A.1. Cracked flexural stiffness is adopted for a more accurate
prediction of the actual flexural response of the rigid barrier (UoM, 2018), in view that cracking
of the barrier was developed after the initial impacts for Test Objective 1 (see Figure Al).

(a) (b)

Figure A1 Crack Patterns Observed in Test Nos. Al to A7: (a) Front View (b) Rear

View
k= 3‘;" ......................................................... (A.1)
where k.. = cracked flexural stiffness of the barrier (in N/m)

El., = cracked flexural rigidity of the barrier (in N m?)
h = the height of the barrier (in m).

Given that the height of the barrier (/) is readily known, the only remaining input
parameter to Equation A.1 is the flexural rigidity of the barrier (E1.-). Note that subscript cr
denotes cracked concrete. Moment-curvature analysis which is executable using program
Response 2000 (Bentz, 2000) was used for calculating the value of El.. Results of this
program have been checked and found consistent with those assessed by other methods (e.g.
fibre-element analyses by Lam et al (2011), and the empirical expression derived by Priestley
et al (2007)). The moment-curvature relationships derived from program Response 2000 are
shown in Figure A2, where the initial portion (i.e. moment up to about 100 kNm) generally
represents the uncracked condition, followed by cracked conditions (i.e. moment between
100 kNm to 370 kNm). A simplified bi-linear model, with an initial portion of the curve
representing the cracked conditions, is also shown in Figure A2. The slope of the initial
portion of the bi-linear curve is taken as E/.
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Figure A2 Simplification of Moment-Curvature Relationship with Bi-linear Line of
Best Fit

From Figure A2, cracked flexural rigidity equals:
EI.,=16,176 kNm?

The model barrier is 1.5 m high (i.e. #=1.5 m). The value of k.- can then be calculated using
Equation A.1:

3EL, 3(16176)
ko= 5t =5~ 14379 KNim

The above cracked flexural stiffness will be adopted in the prediction of flexural deflection of
the model barrier based on EFSM for the tests under Section 2.3.1 (i.e. Test Nos. Al to A7 and
Bl to B4).
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Section 5
Appendix B

Calculations of Flexural Deflection of Model Barrier
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Test No. A6 is taken as an example for demonstrating the calculation procedures for the
interpretation of test results under Objective 1.

The flexural response of the model barrier is predicted based on EFSM using the
following expressions:-

= the flexural deflection of the model barrier (in m)

where A
F = Dboulder impact force given by EFSM (in N)
B

(1 + COR)2
1+4
COR = Coefficient of Restitution between the impactor and the model barrier
A = the mass ratio between the participating mass of the model barrier and the

mass of the impactor

vy = the impact velocity of the impactor (in m/s)

m = the mass of the impactor (in kg)

ker = the cracked flexural stiffness of the model barrier (in N/m, see Section 5
Appendix A for details of estimation).

Some of the parameters above are readily known and are listed in Table B1 below:

Table B1 Information of Large-scale Impact Test No. A6

Parameters Values
Mass of the impactor, m 435 kg
Impact velocity of the impactor, v, 2.48 m/s
14,379 kN/m

Cracked Flexural Stiffness of Model Barrier, k., (See Section 5 Appendix A)

Mass of Model Barrier 2,484 kg

Mass of Protective Steel Plate 62.8 kg

In order to determine the f factor, the mass ratio between the participating mass of the
model barrier and the mass of the impactor (1) and Coefficient of Restitution between the
impactor and the model barrier (COR) have to be estimated.



269

For an impact at the crest of the barrier, participating mass (Am) refers to the mass of
the top quarter of the height of the model barrier. The mass of the protective steel plate is part
of this participating mass since it is located at the top quarter portion as well:-

Am = 0.25 x 2484 + 62.8 = 683.8 kg

Therefore, the mass ratio (4) is given by:-

Coefficient of Restitution between the impactor and the model barrier (COR) is given by:

vty
COR= 2
Vo
where vi = the velocity of the impactor after impact (in m/s)

v2 = the velocity of the model barrier after impact (in m/s).

By analysing the velocity data obtained in the impact test:

(b)

Figure B1 Snapshots of Impact Test Immediately (a) before the Impact; and (b) after
the Impact

Direct measurement of v> is not practical because v, refers to the aggregate velocity of
the lumped participating mass of the model barrier. The value of v, can be calculated using
the following equation, which is based on conservation of momentum:

v 248034
27 1.57 o0 TS

copo it 034136
Vo 2.48 '
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(Note: v, is taken as a negative value as the impactor travels in the same direction as the wall
immediately following the impact.)

Using COR and A, pfactor can be readily determined:-
2 2
B X(HCOR) _ 157 <1+0.41> _0.687
p= NN R VES T e

The predicted flexural deflection at the Crest of Model Barrier is given by:-

F = BvogVmk = 0.687%2.48xv435%x14379=134.8 kKN

_F_1348
% 14379 MM

Reference

UoM (2018). Large Scale Impact Test and Computer Services for Investigation of the
Structural Response of Rigid Barrier subjected to Boulder Impact, Draft Report No. 2
prepared for the Geotechnical Engineering Office, Civil Engineering and Development
Department, Hong Kong, 121 p.
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Section 5
Appendix C

Video of Impact Test No. D1



272

Video of Destructive Impact Test No. D1
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Section 6:

Supplementary Experimental
Study of Structural Response of
Rigid Barriers Subject to Hard

Impacts

L.A. Wong & H.W.K. Lam

This section is largely based on GEO Technical Note
No. TN 3/2019 produced in December 2019
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Foreword

This Technical Note summarises findings of a series of
large-scale impact tests and numerical analyses with a view to
investigating the flexural response of rigid barriers subject to hard
impacts. The experimental study involved the use of natural
boulders of different shapes as impactors. Along with the
numerical analyses, it aims to provide a comprehensive validation
of the Enhanced Flexural Stiffness Method and examine the effect
of different critical parameters, including Coefficient of
Restitution and location of impact, on flexural response of rigid
barriers. This study was carried out by Mr L.A. Wong under the
supervision of Mr H.-W.K. Lam in collaboration with Professor
N.T.K. Lam from the University of Melbourne and his research
team. The Drafting Unit of the Standards and Testing Division
assisted in formatting this Note.

Many colleagues in the GEO provided constructive
comments on the Note.  All contributions are gratefully
acknowledged.

,/%M 1
T.K.C. Wong

Chief Geotechnical Engineer/Standards and Testing
December 2019
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Abstract

This study comprises a series of large-scale impact tests
using natural boulders of different shapes as an impactor. It
aims to further validate the Enhanced Flexural Stiftness Method
and to examine the effect of different parameters, including
Coefficient of Restitution and location of impact, on flexural
response of rigid barriers. The findings of this study supplement
the previous studies documented in GEO Technical Note
Nos. TN 3/2018 — Flexural Response of Rigid Barriers subject to
Boulder Impact and TN 7/2018 — Large-scale Experimental Study
of Structural Response of Rigid Barriers subject to Hard Impacts.
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1 Background

GEO in collaboration with the University of Melbourne (UoM) has developed an
analytical approach, namely Enhanced Flexural Stiffness Method (EFSM), to predict flexural
response of rigid barriers subject to hard impacts. This method was modified from the
conventional Flexural Stiffness Method (Hungr et al, 1984; CAGHP, 2018), taking into account
cracked flexural stiffness and inertia of rigid barriers, as well as energy loss during the impact
process. The derivation of the EFSM is documented in Wong & Lam (2018a).

To validate the EFSM, in 2018, GEO had conducted eleven large-scale impact tests
which involved a 1.5 m high cantilever reinforced concrete wall under a series of impacts by
solid steel impactors (Wong & Lam, 2018b). The impact velocity ranged from 1.59 m/s to
5.24 m/s (i.e. kinetic energy of up to 3.85 kJ). These tests allowed a systematic verification
of the EFSM under various energy levels and a range of mass ratios between barrier and
impactor relevant to design practice. The experimental results indicated that the predicted
flexural response based on the EFSM reasonably matched with that observed in the tests.
Details of the tests and the key technical findings are documented in Wong & Lam (2018b).
This series of tests were conducted using impactors which were made of solid steel.

To simulate more realistic boulder impacts, in early 2019, GEO has arranged another
series of impact tests, where natural boulders of different shapes were used as the impactors.
These tests aim to further validate the EFSM and shed light on the probable range of Coefficient
of Restitution of boulder impacts, which is a critical input parameter for the EFSM.  This study
also examines the effect of different impact locations on flexural response of rigid barriers, with
the aid of physical tests and numerical analyses. This Technical Note summarises the findings
of this series of experimental tests and numerical analyses.

2 Large-scale Impact Tests

2.1 Model Barrier and Impactors

An inverted T-shaped model rigid barrier was constructed for the experimental study.
The model barrier was 1.5 m high, 3 m wide and 0.23 m thick (see Figure 2.1). The barrier
was made of Grade 40 concrete with 20 mm diameter. steel reinforcements spaced at 200 mm
vertically and horizontally. The steel reinforcement has a characteristic strength of 500 MPa.
The base slab of the model barrier measured 1.23 m in length and 0.5 m in thickness, and was
fixed to the ground slab by means of 12 nos. of post-tensioned steel anchors. The fixity of the
barrier aims to eliminate the energy loss due to global overturning and sliding movements of
the model barrier, in order to obtain the critical flexural response of the model barrier.

In this series of experimental study, four different natural boulders (either granitic or
volcanic) of different shapes (i.e. Impactor G-B, VB, G-1 and G-2) were used as impactors,
with a weight ranging from 155 kg to 315 kg. Impactors VB, G-1 and G-2 are natural
materials that are flat to elongated and subangular to angular, whereas Impactor G-B is
equidimensional and rounded (see Figure 2.1). In each impact test, an impactor was used to
produce a strike to the wall stem of the model barrier using a pendulum setup.
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Impactor G-1

Impactor G-2

s Uniaxial
Young’s Compressive Longest
Impactor Rock Type Mass (kg) Modulus P Dimensions
(GPa) Strength (mm)
(MPa)
. 612

G-B Granite 315 49.1 113 (Diameter)

VB Volcanic 155 5.5 26 670 (Side AB)

G-1 Granite 220 19.1 59 800 (Side AB)

G-2 Granite 200 94.4 101 650 (Side CD)
Note: The Young’s modulus and uniaxial compressive strength were obtained from

laboratory tests on the rock core retrieved from each boulder after the impact

tests.

Figure 2.1 Photographs Showing the Model Barrier and the Impactors

2.2 Instrumentations

The instrumentations used in this study are summarised in Table 2.1 below.

A

high-speed camera and laser sensors were adopted to capture the impact velocity of the impactor

and the deflection profile of the wall stem of the model barrier.

A total of 24 nos. of strain

gauges were installed on the concrete surface (in both impact face and rear face) of the wall

stem for the measurement of the concrete strains at different levels.

Besides, 30 nos. of strain

gauges were installed on the vertical reinforcement bars at both sides of the model wall to
capture the strains of the steel reinforcements.
adopted in this study.

Figure 2.2 below shows the instrumentations




281

Table 2.1 Specifications of Instruments

Instruments Resolution Frequency Quantity
Laser sensor 0.1 mm 0.75 kHz 11
) 24 (on concrete surface);
Strain gauge 1x107° 2 kHz (on concrete surface); &
30 (on steel reinforcements)
High speed camera - 3000 fps 1
/ 7 Impactor J,5,Q‘_ 1350
—7 [y PS
i /‘ 490
1 ] ] ; L4 1 L 1 v
300 t 300
500
] ] 1 -+ ] | 11+
300 4= ° 300
] ] ] l ] | - t
300 230 + 300
| bl | - i | | 1 [ | [ | [ | '
700 T 800 + 800 ES 700 1 F 700 g5 800 + 800 ™ 700 i
? T . J 2
r 1350 50 '156" 1350 L
Instrumentations on Concrete Surface Instrumentations on Concrete Surface
(Impact Face) (Rear Face)
Steel Reinforcements
Strain Gauges /\
> =
400
|
400
|
200
150:
T s00 T 800 T 800 T s00
Instrumentations on Steel Reinforcements
(same for Impact Face and Rear Face)
Legend:
T Laser sensors attached to the model barrier
[ | Strain gauges attached to the concrete surface of the model barrier
[ Laser sensors pointed to the model barrier

Figure 2.2 Layout of Strain Gauges and Laser Sensors
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The following measurements were taken during the impact tests:-

(a) time-histories of the deflection of the wall stem based on the
measurements of the laser sensors;

(b) strains of the vertical reinforcements of the wall stem based
on the readings from the strain gauges attached onto the
reinforcements at the base of the barrier (see Figure 2.2);

(c) strains of the concrete surface based on the measurements
from the strain gauges that were stacked vertically up the
height of the barrier at its centreline and along the base of the
barrier (see Figure 2.2); and

(d) velocity of the impactor prior to the impact, and on re-bounce,
as inferred from images captured by the high-speed camera.

2.3 Test Plan and Results
2.3.1 Test Objectives

This study covers the following major objectives:-
(1) study of Coefficient of Restitution;

(2) verification of EFSM for impacts involving natural rocks ;
and

(3) study of the effect of impact locations on flexural response of
rigid barriers.

The test programme and the results pertaining to each of these objectives are discussed
in the following sections.

2.3.2 Test Programme

17 nos. of impact tests were conducted in total, which involved the use of four different
rock specimens as the impactors (see Table 2.2). The release height of the impactors varied
from 0.2 m to 1.85 m, which corresponds to an impact velocity of about 1.73 m/s to 6.00 m/s
(i.e. kinetic energy of up to 4 kJ). This test plan allows a systematic study of Coefficient of
Restitution (COR) under various energy levels of impacts, mass ratios between the barrier and
the impactor, rock type and positions of impact. COR is defined as the ratio of relative speeds
after and before an impact (Lam & Kwan, 2016). In 15 out of 17 nos. of impact tests, the
impactor was positioned to strike the barrier at its centreline and 250 mm below the crest of the
wall stem, except that for Test Nos. C3M and C4M in which the point of impact was at the
mid-height, i.e. 750 mm below the crest, of the wall stem.
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Rock Type of Impactor Release Impact
Test No. Impactor Impactor Mass (kg) Height (m) Energy (kJ)

Al 0.2 0.62

A2 0.5 1.55
— ] G-B Granite 315

A3 0.7 2.16

A4 0.9 2.78

Bl 0.2 0.30

B2 V-B Volcanic 155 0.4 0.61

B3 1.4 2.13

Cl1 0.29 0.62

C2 1.00 2.16

C3 1.29 2.78
N G-1 Granite 220

C4 1.85 4.00

C3M 1.29 2.78

C4M 1.85 4.00

D1 0.31 0.60

D2 0.77 1.51
S G-2 Granite 200

D3 1.08 2.11

D4 1.79 3.50

2.3.3 Test Results for Objective 1 - Study of Coefficient of Restitution

In the last series of impact tests conducted in 2018, solid steel impactors were adopted.
In this series of impact tests, as mentioned before, natural boulders of different shapes were
used instead, which provided useful data on the probable range of COR for impacts involving
natural boulders onto reinforced concrete structures. The COR for all 17 nos. of tests are
summarised in Table 2.3. In general, a range of values of COR was observed, probably due
to the fact that natural angular boulders were adopted in these tests where different degrees
of energy dissipation could be resulted from local crushing at contact point or localised
fracturing of boulder during the impact process. On average, a COR of about 0.2 was
observed, which is comparable to that reported in literature (i.e. typically around 0.2 to 0.3)
where vertical drop tests using natural boulders or rocks were carried out (Chau et al, 1998;
Masuya et al, 2001).
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Table 2.3 Findings of Study of Coefficient of Restitution

Impactor Release \]?211101 fiir Boulder Barrier
Test P Height of Y Velocity after | Velocity after
Mass before Q) 3) COR
No. (ke) Boulder fmpact () Impact Impact
(m) iy (m/s) (m/s)
Al 0.2 2.02 0.2 0.92 0.36
A2 0.5 3.1 0.41 1.36 0.31
315
A3 0.7 3.54 0.53 1.52 0.28
A4 09 4.31 0.82 1.77 0.22
Bl 0.2 1.73 0 0.43 0.25
B2 155 0.4 2.73 0.23 0.62 0.14
B3 1.4 5.29 0.75 1.13 0.07
Cl 0.3 2.12 0 0.75 0.35
C2 1.0 4.28 0.57 1.31 0.17
C3 1.3 4.98 1 1.41 0.08
220
C4 1.9 6.00 1.39 1.63 0.04
C3M 1.3 4.93 1.02 1.38 0.07
C4M 1.9 5.99 1.36 1.64 0.05
D1 0.3 2.33 0.4 0.62 0.09
D2 0.8 3.66 0.75 0.94 0.05
200
D3 1.1 4.42 1 1.10 0.02
D4 1.8 5.88 1.39 1.44 0.01
Notes: (1) The boulder impact velocity and boulder rebound velocity were interpreted

from footages taken by high speed camera.

(2) Except for Test B1 and C1, the direction of boulder velocity after impact
was all towards the barrier wall.

(3) The barrier velocity was estimated based on conservation of momentum

before and after the impact, following the approach given in Wong & Lam
(2018b).




285

It is worth-noting that, from the above test results (e.g. comparing results of Tests Al,
A2, A3 and A4), impacts of a higher impact velocity often showed a lower COR value. Such
trend is generally consistent with that reported in the literatures (e.g. Yong et al, 2019). In
view of the test results above, it may be appropriate to adopt a COR value of 0.3 in routine
designs. A sensitivity study based on this range of COR indicates the change in predicted
flexural response is not sensitive (less than 10% difference). Details of the sensitivity study
have been documented in Wong & Lam (2018a).

2.3.4 Test Results for Objective 2 - Verification of Enhanced Flexural Stiffness Method

Table 2.4 shows a comparison of the observed maximum deflections at the crest of the
barrier in each test and those predicted based on the EFSM. The predictions based on EFSM
require the input of impactor mass, mass of model barrier, impact velocity, COR and cracked
flexural stiffness of the barrier (see Equation 2.1). Estimation of COR has been reported in
Section 2.3.3. Method of estimation of cracked flexural stiffness of the barrier is given in
Wong & Lam (2018b). Other input parameters, i.e. impactor mass, mass of model barrier,
and impact velocity, were directly measured from the experiments.

where A = Flexural deflection of the model barrier (in m)
B o= |, <1 + COR)2
1+4
COR = Coefficient of Restitution
A = Ratio between participating mass of model barrier and mass of impactor
vy = Impact velocity of the impactor (in m/s)
m = Mass of impactor (in kg)

ker = Cracked flexural stiffness of model barrier (in N/m)

As shown in Table 2.4, the predicted deflections of the barrier based on EFSM are
generally in a good agreement with the experimental results.

The strain levels of the steel reinforcements are examined. The maximum strain levels
of each vertical reinforcement at the tension side at the base of the wall stem (i.e. at the location
of maximum flexural strain) are found well below the yield limit of 0.0028, which suggests that
the steel bars are still within the elastic range as assumed in the EFSM.

In theory, the boulder could deform (i.e. by compression) and/or be fractured when
hitting a rigid barrier.  Such deformation or fracturing could involve energy dissipation, which
is not considered in the EFSM. That could explain why the observed deflection in the tests is
generally smaller than the predictions by EFSM.
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Table 2.4 Comparison of Observed Deflection and Predicted Deflection Using EFSM

Imbactor Impact Observed Peak Predicted Deflection
Test Imbactor l\I/)Iast Vellcj)c?t Deflection at the at the Crest of the
No. p Y Crest of the Barrier | Barrier Using EFSM
(kg) (m/s) (mm) (mm)
Al 315 2.02 4.86 6.08
A2 315 3.1 8.13 8.98
G-B
A3 315 3.54 10.04 10.02
A4 315 431 10.50 11.63
B1 155 1.73 2.43 3.35
B2 V-B 155 2.73 3.69 4.83
B3 155 5.29 6.94 8.78
Cl1 220 2.12 4.09 5.29
C2 220 4.28 8.55 9.26
G-1
C3 220 4.98 9.55 9.94
C4 220 6 11.27 11.53
Dl 200 2.33 2.93 4.48
D2 200 3.66 5.35 6.77
G-2
D3 200 4.42 6.60 7.95
D4 200 5.88 8.76 10.47
Note: The values of COR adopted in the prediction of deflection are shown in

Table 2.3.

2.3.5 Test Results for Objective 3 - Effect of Locations of Impacts

The EFSM is developed based on an impact location at the crest of a barrier wall, which
is often the most critical impact location which will give rise to the largest bending of the barrier.
Wong & Lam (2018a) has conducted a preliminary parametric study and found that the boulder
impacting at the crest of the rigid barrier would give rise to the most critical tensile strain on
the flexural reinforcement (where bending moment is the highest) than those impacting at the
lower part of the wall (i.e. mid-height and near the base of the wall).



287

In this regard, one of the objectives of this study is to further examine the effect of impact
locations. Tests were carried out involving pairs of impact scenarios where the impactor was
set to hit the barrier at different locations of impacts (i.e. mid-height and crest). The measured
tensile strains from the three strain gauges installed at the vertical reinforcement (on the Impact
face, which is the tension side) at the base of the wall stem was examined (see Figure 2.2).
The peak tensile strains on these three locations were similar and the average values are shown
in Table 2.5. This tensile strain of the vertical steel reinforcements is a measure of flexural
response of the barrier.

Table 2.5 Experimental Study of Effect of Locations of Impacts

Impactor | Release | Impact Measured Average Peak
Test No. Mass Height | Velocity Tensile Strain of Flexural
(kg) (m) (m/s) Reinforcement
C3
4.98 0.00154
(Impact at crest) 3
C3M ' 193 0.00105
(Impact at mid-height) 220 ' (68% of that in Test No. C3)
C4
6.00 0.00184
(Impact at crest) 1o
C4M ' 5.9 0.00124
(Impact at mid-height) ' (67% of that in Test No. C4)

As shown above, the strain levels of flexural steel bars (and the bending moment as well)
at the base under an impact at the mid-height of the model barrier (i.e. Test Nos. C3M and C4M)
is lowered by about 30%, as compared to those at the crest of the model barrier (i.e. Test
Nos. C3 and C4).

3 Numerical Analyses for Further Study of Locations of Impacts

In this study, a series of systematic numerical analyses were carried out to examine the
effect of impact locations. The analyses involved a 10 m long, 5.2 m high and 0.8 m thick
reinforced concrete model barrier being impacted by two different model boulders. The
model boulders were spherical and were 1.5 m and 0.5 m in diameter for numerical analyses
Series nos. 1 and 2 respectively. The model barrier was restrained in rotational and
translational movement at the base, and thus behaved as a cantilevered wall. In each series of
analyses, seven boulder impact tests were modelled numerically, and the boulder impact
velocity (translational) varied from 5 m/s to 11 m/s. Impact scenarios involving both impacts
at the crest (for Series la & 2a) and the mid-height (for Series 1b & 2b) of the model barrier
were analysed (see Figure 3.1).
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08 m
K//E)’TE/,/" *a 10 m 0.8 m
/ ¥
h - ) m_
Numerical Analyses Series la Numerical Analyses Series 1b
0.8 m 08 m
s Y
y y g
52m 52m ’
Numerical Analyses Series 2a Numerical Analyses Series 2b

Figure 3.1 Validated Numerical Analyses Series 1 & 2 for the Study on the Effect of
Locations of Impacts

Comparisons of the numerical outputs of series 1a against 1b, and series 2a against 2b
were conducted. Average peak tensile strain at the vertical steel bars along the base of wall
were shown in Figure 3.2. It was found that tensile strains of steel reinforcements under
mid-height impact scenarios are generally reduced by about 50% on average of those under
crest impacts scenarios.

0.0012 L 0.00004
£ Crest Impact | | = Crest Impact n
E i < 0.00003 ™
Z 0.0008 & . u
%
g, 0.0006 L] < 0.00002 ]
E M [
£l . on
g L4 £ )
Z 0.0004 - ° 5 ° °
° d : : :: 0.00001 hd hd
0.0002 ° Mid-height Impact : L4 Mid-height Impact
0 : 0 . . . .
5 6 7 8 9 10 11 5 6 7 8 9 10 11
Velocity (m/s) Velocity (m/s)

Figure 3.2 Results of Validated Numerical Analyses Series 1 (Left) & Series 2 (Right)
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4 Considerations in Structural Design

Flexural response of rigid barriers subject to boulder impact is transient and occurrence
of a debris flow event is relatively infrequent. GEO (2014) recommends that debris and
boulder impact loads should be considered as an accidental action, and loading scenarios
involving debris and boulder impacts should be assessed as the ultimate limit state under
Accidental Design Situation in BSI (2002) and BSI (2004). In Hong Kong, for different
projects (e.g. public works projects, private developments, etc.), different structural design
codes may be adopted. In general, for accidental load or exception load, a partial load factor
of 1.0 to 1.05 is recommended in these codes (BD, 2013; BSI, 2006; GEO, 2014).

According to the structural design codes that are commonly used in Hong Kong, limit
state design approach is often adopted. Under the ultimate limit state, the common practice
adopts an elastic analysis to estimate flexural response of reinforced concrete members.
However, these structural codes have provisions to allow plastic design approaches such as
yield line analysis (BD, 2013), or other similar approaches that consider plastic response of
structural member (BSI, 2006). These approaches may yield a more economical solution, and,
advice from structural engineers may be sought if such approach is adopted in the structural
design.

For design events involving both soil debris and boulders, the multiple-surge load model
in Figure 2.1 of GEO Report No. 270 (Kwan, 2012) should be followed for structural integrity
check for rigid barrier. Meanwhile, the assessment of impact load arising from boulders of
I m diameter or below is generally not required in the structural design of a rigid barrier.
This approach is based on consideration of the transient and localised nature of boulder impact,
the probable benefits of 3-dimensional effects of typical barriers with wing walls, built-in
conservatism in the dynamic soil debris impact model, as well as the low probability of
simultaneous occurrence of the peak dynamic soil debris and boulder impact loads.

Under special circumstances if boulder impact loads are required to be considered in the
structural design, the flexural response of barriers due to boulder impact can be assessed based
on Enhanced Flexural Stiffness Method.

Alternatively, designers may consider adopting measures such as baffles, boulder
straining structures, cushioning materials, etc. to deal with the boulder impact, taking into
account cost-effectiveness, constructability and maintenance requirement, etc.
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5 Conclusion

GEO has conducted a series of large-scale impact tests to further validate the flexural
response of a rigid barriers subject to impacts by natural rock of different shapes. These
impact tests further validate EFSM in predicting the flexural response of rigid barriers subject
to hard impacts and the EFSM can be used in structural design for rigid barriers.

Based on the test results, a COR value of 0.3 is recommended in routine designs. Based
on the experiments and the numerical analyses, it was found that the flexural response of the
barrier subject to impact at its mid-height is lower, by around 30% to 50%, as compared to
those impacts at the crest of barrier. Various considerations of structural design of rigid
barriers have also been discussed.
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Abstract

Previous experimental studies indicate that flexural
response of a rigid barrier subject to boulder impacts could be
effectively reduced by the provision of rockfill gabion cushions.
This study aims to quantify such cushioning effect for rockfill
gabions. It comprises literature review and analytical studies
using a spring-connected two degree-of-freedom lumped mass
model.  The analytical model has been calibrated against
large-scale pendulum impact tests. Sensitivity analyses using
this analytical model are presented to study the cushioning effect
under various boulder impact scenarios.
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1 Introduction

Cushioning materials are prescriptively used in Hong Kong to protect reinforced
concrete rigid barriers against boulder impacts. In 2015, GEO engaged the Hong Kong
University of Science and Technology (HKUST) to carry out pendulum impact tests to study
the effectiveness of various cushioning materials in reducing boulder load on rigid barriers
(HKUST, 2015; Lam, 2016). Four different types of cushioning materials were studied,
including rockfill gabions, ethylene-vinyl acetate foam, recycled glass cullet and cellular glass
aggregates. The test results indicate that rockfill gabions are effective in attenuating the
boulder impact load.

In 2018, GEO engaged the University of Melbourne (UoM) to conduct physical impact
tests with a view to quantifying the cushioning effect of rockfill gabions in reducing flexural
response of a rigid barrier subject to boulder impacts. The impact test results (based on impact
energy level up to 10 kJ) were promising and clearly indicate that the cushioning effect of
rockfill gabions could be substantial. Technical findings have been documented in Wong &
Lam (2018).

With a view to rationalising the use of cushion in routine designs, a study is initiated
which comprised literature review, development of a new analytical approach and associated
validation.  The analytical approach adopts a newly-developed model, namely Two
Degree-of-Freedom Lumped Mass Model (2DOF Model). This Note documents the key
findings of the study.

Cushioning effect of rockfill gabions to prevent localised damage of a rigid barrier
subject to boulder impact is being studied and would be separately covered.

2 Literature Review

Literature review on overseas design guidelines on cushioning materials to reduce
flexural response of a rigid structure has been carried out.

The Swiss design guideline for rockfall galleries recommended the use of Equation 2.1
to establish the contact force of boulder acting on the cushioning material of a rockfall gallery
(ASTRA, 2008). It was derived from experimental studies and numerical analyses. The
experimental studies involved impact tests of up to 100 kJ. In these tests, boulders of 100 kg,
500 kg and 1,000 kg were dropped onto a 3.4 m x 3.4 m x 0.2 m reinforced concrete slab
covered by 0.35 m, 0.5 m and 1 m thick cushioning materials, e.g. crushed gravel. The
deceleration of boulder was captured by an accelerometer that was pre-installed on the boulder.
The contact force was taken as the multiple of the measured deceleration and the mass of
boulder. Verification of Equation 2.1 was extended to numerical analyses on rockfall events
of a larger scale with an impact energy up to 20 MJ (Khasraghy, 2011). The equation is given
below:
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N

) , 0

F.=2.80%5 r0'7E04tan¢<2000> ........................... (2.1)
where F. = Contact force between boulder and cushioning material of a rockfall gallery

(in kKN)
t = Thickness of cushioning material (in m)
r = Radius of boulder (in m)
E = Stiffness of cushioning material (in kPa)
¢ = Internal friction angle of cushioning material (in deg)
m = Mass of boulder (in kg)
vo = Impact velocity of boulder (in m/s)

In Japan, JRA (2000) proposed Equation 2.2 for the estimation of boulder impact force
acting on sand cushioned rockfall gallery. This expression is valid when the roof slab of the
gallery remains elastic. The equation is given below:

mg % 2 374\
F 2.108(1000)E H (2r> .............................. (2.2)
where F = Boulder impact force (in kN)

m = Mass of boulder (in kg)

g = Acceleration due to gravity, i.e. 9.81 m/s?

E = Stiffness of sand cushion (in kPa, and is recommended to be 1000 kPa for
loosely packed sand cushion)

H = Drop height of boulder (in m)

¢t = Thickness of sand cushion (in m)

r = Radius of boulder (in m)

Equations 2.2 is an empirical equation, largely based on impact scenarios involving
vertical drop of boulder. The physical meaning of the force calculated was not well defined
in the JRA (2000) (e.g. whether it is a contact force or an equivalent static force for estimating
flexural response).  All these factors limit the application of Equation 2.2 in routine designs.

3 Analytical Model to Predict Cushioning Effect based on Two Degree-of-Freedom
Lumped Mass Model

3.1 General

Mass-spring-damper models are known to be suitable for modelling object with complex
material properties such as non-linearity and viscoelasticity. As observed in the impact
experiments (Wong & Lam, 2018), impacts on cushioned rigid barriers can cause (1) localised
and permanent indentation of the cushioned layer in the vicinity of the point of contact and (2)
global flexural deflection of the rigid barrier.

With reference to the experimental observations as well as other similar researches on
impact mechanics, the University of Melbourne recently established an analytical model to
predict the cushioning effect of rockfill gabions for reduction of flexural response of a rigid
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barrier subject to boulder impacts. This model adopts a spring-connected two degree-of-
freedom lumped mass (2DOF) system (see Figure 3.1) that could capture the time histories of
contact force of an impactor, indentation as well as the global flexural response of a barrier in
an integrated manner (UoM, 2019). Similar 2DOF analyses were widely researched in
overseas practices for dynamic impact mechanisms (Chikatamarla, 2006; Delhomme et al, 2007;
Fujikake, 2007).

The analytical model involves the first degree of freedom representing contact process
of an impactor to a cushioned layer, as presented in Equation 3.1. The contact process is
assumed to be simulated by a damper and a spring based on the visco-elastic contact model
developed by Hunt & Crossley (1975)!. The damper allows for energy dissipation in the
cushioned layer in the vicinity of the contact area during the impact process, which includes
plastic deformation of cushion, work done on re-arrangement of rockfill particles, energy loss
due to sound and heat, etc. The damping force shown in Equation 3.1 will increase with the
deformation, i.e. indentation of the cushion, which is commonly observed in impact
experiments (Flores et al, 2011; Gilardi et al, 2002). The spring in Equation 3.1 is assumed
linear and is used to allow for elastic energy absorption associated with the indentation
process.

Equation 3.1 defines the contact force-time history at the cushioned layer subject to an
impact. It involves two modelling parameters, i.e. k1 and D1, which can be analytically derived
(see Section 7 Appendix A). These two parameters would vary under different impact
conditions, e.g. different cushion thickness, size and impact velocity of impactor, etc., and are
proven to be dependent on the peak contact force during the contact process (see Section 7
Appendix A). In this study, the peak contact force is estimated based on Equation 2.1
(ASTRA, 2008), and that estimation was found to be reasonable as demonstrated in Section 7
Appendix B.

The second degree of freedom of the analytical model is simulated by a simple linear
spring system representing the flexural stiffness of the rigid barrier. This reflects the global
response of the rigid barrier during the impact process. The ultimate goal of the analytical
model is to identify the deflection of the crest of the rigid barrier (i.e. x,), which represents
flexural response of a rigid barrier under boulder impacts.

Equation 3.2 represents the relationship of the time histories of contact force (F,),
acceleration of the lump mass of the cushioned barrier (a,) and flexural deflection of rigid
barrier (x,), based on force equilibrium at different time interval during the impact process.
The lump mass of the cushioned barrier (m,) includes participating masses of the cushioned
layer and the rigid barrier.

Fo() =k10(t) + D1S@) 0(1) ooevveeeiieeeiieieeee (3.1

Fult) = 1y ay(®) + 52 X9() wveeoeeeeeeeeeeeeeee, (3.2)

' Other contact model such as Hertz Law has been considered but not adopted because the Hertz Law is typically
for impact between two elastic bodies, and thus not applicable to hard impact on rockfill cushion where plastic
deformation is commonly observed.
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F.t) = Contact force-time history between boulder and lumped mass of
cushion-barrier, i.e. force at contact spring in Figure 3.1 (in N)
ki1 = Contact spring stiffness (in N/m)
o(t) = Shortening of contact spring (i.e. the movement of the centre of the
boulder resulted from both compression of the boulder and indentation
into the surface of the barrier) (in m)
D1 = Damping coefficient (in kg/s m)
5(t) = Rate of shortening of contact spring (in m/s)
my = Lumped mass of cushioned barrier (in kg)
a,(t) = Acceleration of cushion-barrier lumped mass (in m/s?)
k> = Rear spring stiffness, i.e. cracked flexural stiffness of rigid barrier (in N/m)
x,(¢t) = Flexural deflection of the crest of rigid barrier (in m)

OJE

q

O_F;C "”‘” IJ”J
Vo
= k
@W] " ’GIIFHIHD‘E
k;
D,
Impact Scenario Idealised Scenario

Figure 3.1 2DOF Spring Mass System Utilising Hunt and Crossley Model

Equations 3.1 and 3.2 are the two governing equations in the analytical model. This
analytical method can model the contact force-time history with the consideration of the
cushioning effect, and the flexural response of a rigid barrier in an integrated manner. The
arithmetic of the analytical model is simple and can be operated using computer spreadsheets.
Through time-step analyses (as detailed in Section 7 Appendix C), the deflection-time history
of a rigid barrier, x,, can be obtained.



3.2 Validation of Analytical Model

as shown in Table 3.1.

Figure 3.2 below as an example.
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Table 3.1 Summary of Validation of 2DOF Analyses

The reliability of the analytical model as described in Section 3.1 has been assessed by
means of comparing the predicted flexural deflection of cushioned rigid barriers based on the
analytical model and those measured during the large-scale impact tests (Wong & Lam, 2018)
The deflection-time histories of the barrier were also examined. A
comparison of such deflection-time history for Strike No. 4 in Test Series C2 is extracted in

. Impact Measp red Peak Predicted Peak Deflection at
Test Strike | Impactor . Deflection (by laser .
: Velocity the Crest of the Barrier based
Series | Number | Mass (kg) sensor) at the Crest of
(m/s) . on 2DOF Analyses (mm)
the Barrier (mm)
Cl 1to3 280 5.24 1.8-3.6 4.9
Cl 4 280 3.13 1.3 2.7
C2 1to3 435 3.37 1.3-33 3.9
C2 4 435 2.51 2.2 2.7
(See Figure 3.2 for the (See Figure 3.2 for the
measured deflection- predicted deflection-time
time history) history)
3
-------- 2DOF Analysis
75 | —— Experimental Results

Deflection (mm)

Time (ms)

100

Figure 3.2 Comparison of Measured Deflection-time History and Predicted
Deflection-time History based on 2DOF Analysis for Strike

Number 4 in Test Series C2
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As shown in Table 3.1 and Figure 3.2 above, the predicted peak flexural deflections
based on 2DOF analyses were generally comparable to the experimental results. Details of
the above validation are given in Section 7 Appendix D. It should be noted that the 2DOF
model assumes that friction between the impactor and the cushioning materials is negligible
and lump mass of rigid barrier is fully fixed. These assumptions could lead to a conservative
prediction of flexural response as shown in Table 3.1 above.

4 Parametric Study Using Two Degree-of-Freedom Lumped Mass Model
4.1 General

A series of parametric studies of the cushioning effect was conducted using the validated
2DOF model. The boulder impact scenarios adopted are generally those commonly
encountered in routine designs in local practice. The sensitivity of the following parameters
are analysed:

(a) impact velocity of the boulder;

(b) diameter of the boulder;

(c) reinforcement contents of rigid barrier;
(d) thickness of rockfill gabion cushion; and
(e) height of rigid barrier.

In each analysis, the boulder impact force is estimated based on 2DOF Model, i.e. F2por
representing flexural response of a cushioned barrier, and is then compared with the boulder
impact force estimated based on Enhanced Flexural Stiffness Method, i.e. Frrsm, Which
represents flexural response of barrier without cushion. The comparison of these two forces
allows for the study of the cushioning effect provided by rockfill gabions.

4.2 Effect of Impact Velocity of Boulder

The first parameter under the study was the boulder impact velocity. The impact
scenario adopted involves a 1 m diameter boulder impacting onto a 5.5 m high, 10 m long,
0.8 m thick reinforced concrete model barrier (concrete grade of C30), with reinforcement of
T40 - 200 (yield strength of 500 MPa) for both vertical and horizontal reinforcement on tension
and compression sides. The barrier was cushioned by a 1 m thick rockfill gabion. Several
boulder impact scenarios with different boulder impact velocities, ranging from 6 m/s to 12 m/s,
were analysed. Table 4.1 shows the results.
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Table 4.1 Study on the Effect of Boulder Impact Velocity

Boulder Boulder Impact Force for Boulder Impact Force for .
. Reduction
Impact Flexural Response for Barrier Flexural Response for i Flexural
Velocity without Cushion (kN) Barrier with Cushion (kN) Response
(m/s) (i.e. EFSM) (i.e. 2DOF Model) p
46%
(See Section 7
6 523 280 Appendix E
for the
analyses)
8 697 384 45%
10 871 490 44%
12 1045 597 43%

4.3 Effect of Diameter of Boulder

The second parameter under study was the boulder size.

The impact scenarios adopted

were the same as those in Section 4.2, except that the boulder impact velocity was fixed at
10 m/s and the boulder diameter varied from 0.5 to 1.5 m. Table 4.2 shows the results.

Table 4.2 Study on the Effect of Diameter of Boulder

Boulder Impact Force for Boulder Impact Force for .
. Reduction
Boulder Flexural Response for Barrier Flexural Response for i1 Flexural
Diameter (m) without Cushion (kN) Barrier with Cushion (kN) Response

(i.e. EFSM) (i.e. 2DOF Model) P

0.5 114 72 37%

1.0 871 490 44%

1.5 2628 1449 45%

4.4 Effect of Reinforcement Contents of Rigid Barrier

The third parameter under study was the effect of reinforcement content of the rigid
barrier. Reinforcement contents would affect the cracked flexural stiffness of a rigid barrier
(i.e. k2). The impact scenarios adopted were the same as those in Section 4.2, except that
the boulder impact velocity was fixed at 10 m/s, and different reinforcement contents were
adopted, i.e. (a) from 2T40 - 100 (i.e. reinforced with 2 layers of high yield tensile
reinforcements of 40 mm diameter at 100 mm centre-to-centre spacing on both tension and
compression sides), (b) T40 - 200 (i.e. reinforced with high yield tensile reinforcements of
40 mm diameter at 200 mm centre-to-centre spacing on both tension and compression sides)
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and (c) T32 - 200 (i.e. reinforced with high yield tensile reinforcements of 32 mm diameter at

200 mm centre-to-centre spacing on both tension and compression sides).

the results.

Table 4.3 Study on the Effect of Reinforcement Contents

Table 4.3 shows

Cracked Boulder Impact Boulder Impact
Force for Flexural .
. Flexural Force for Flexural Reduction
Reinforcement . Response for . .
Stiffness of . . Response for Barrier | in Flexural
Contents . . Barrier without . .
Rigid Barrier . with Cushion (kN) Response
(kN/m) Cushion (kN) =\ © > DOF Model)
(i.e. EFSM) h
2T40 - 100 193600 1468 604 61%
T40 - 200 68192 871 490 44%
T32 -200 56648 794 464 42%

4.5 Effect of Thickness of Rockfill Gabion Cushion

The fourth parameter under study was the effect of the thickness of gabion cushion.
The impact scenarios adopted were the same as those in Section 4.2, except that the boulder
impact velocity was fixed at 10 m/s, and the thickness of gabions varied from 0.5 m to 1.0 m.
Table 4.4 shows the results.

Table 4.4 Study on the Effect of Thickness of Rockfill Gabion Cushion

. Boulder Impact Force for Boulder Impact Force for .

Thickness of . Reduction
. Flexural Response for Barrier Flexural Response for
Gabion . . . . . of Flexural
Cushion (m) w1thogt Cushion (kN) Bam.er with Cushion (kN) Response
(i.e. EFSM) (i.e. 2DOF Model)
0.5 871 565 35%
1.0 871 490 44%

4.6 Effect of Height of Rigid Barrier

The effect of the height of rigid barrier was studied. The impact scenarios adopted
were the same as those in Section 4.2, except that the boulder impact velocity was fixed at
10 m/s, and the height of rigid barrier varied from 4 mto 7 m. Table 4.5 shows the results.
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Table 4.5 Study on the Effect of Height of Rigid Barrier

Height of Boulder Impact Force for‘ Boulder Impact Force for Reduction of
Rigid Flexu?al Respons§ for Barrier Fl@xurgl Respoqse for Flexural
Barrier (m) without Cushion (kN) Barrier with Cushion (kN) Response
(i.e. EFSM) (i.e. 2DOF Model) P
4.0 1777 629 65%
5.5 871 490 44%
7.0 544 359 34%

4.7 Discussion on Parametric Study

Based on the impact scenarios considered in the above parametric study, the
reduction of flexural response offered by rockfill gabions generally ranges from 35% to
65%. It was observed that the extent of reduction in flexural response of a rigid barrier
would generally increase with the thickness of the gabions. Nevertheless, such increment
is not prominent for the impact scenarios considered in Section 4.5. It was also observed
that the size of the boulder and the boulder impact velocity may not have a significant effect
on the flexural response of a cushioned barrier (see results in Section 4.2 and 4.3). As
shown in Table Nos. 4.3 and 4.5, in general, gabion cushion would result in a more
significant reduction of flexural response for a stiffer barrier wall, e.g. shorter wall or wall
with heavier reinforcement contents.

5 Summary

An analytical model based on a two degree-of-freedom lumped mass system was
developed to predict the cushioning effect of rockfill gabions on a rigid barrier under a boulder
impact. This model has been validated using large-scale impact tests on rockill cushioned
rigid barriers.

Parametric study has been conducted. Based on the impact scenarios considered in the
above parametric study, the reduction of flexural response offered by rockfill gabions generally
ranges from 35% to 65%.
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Sun et al (2014) and Sun (2015) derived the expression of damping coefficient D in A.1.
This expression is valid for classical model of viscous damping. The derivation was based on

an assumed elliptical relationship between d (¢) and (1) during the course of impact.

D_IS(I-COR)kl A1
1 =1. COR vy 1 (A.1)
where D1 = Damping coefficient of contact spring (in kg/s m)
COR = Coefticient of restitution between boulder and cushion-barrier lump mass
(dimensionless)

ki1 = Contact spring stiffness (in N/m)
vo = Impact velocity of boulder (in m/s)

In the cushioned impact tests reported in Wong & Lam (2018), i.e. Test Series C1 and C2,
the impactor was observed to embed into the gabion cushion and a COR close to zero was
observed. Thus, a very small COR was assumed in the analyses. A sensitivity analysis of COR
was conducted (UoM, 2019), where the predicted peak contact force is not sensitive to the
assumed COR value. Thus, Equation A.1 can be simplified as:

Perera et al (2016) derived an analytical expression for contact spring stiffness ki, by
considering conservation of energy and momentum of impactor and the target:

_ Fc,peak2 (1 +/12>

e R (A.3)
where ki1 = Contact spring stiffness (in N/m)
Fepeax = Peak contact force (in N)
m = Mass of boulder (in kg)
vo = Impact velocity of boulder (in m/s)
A» = Mass ratio between cushion-barrier lump mass (m2) and boulder (m)
(dimensionless)

Based on Equation A.3 above, contact spring stiffness k1 is a function of peak contact
force. Thus, in order to obtain an appropriate value of k1 for the 2DOF analyses in Section 3,
the peak contact force shall be estimated.

Prediction of peak contact force for an impactor hitting a cushioned rigid barriers
generally follows Equation 2.1 (ASTRA, 2008) and the details are given in Section 7
Appendix B.
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Contact Spring Stiffness in Hunt & Crossley Model
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As shown in Section 7 Appendix A, contact spring stiffness k1 in Hunt & Crossley Model
is dependent on the peak contact force. An appropriate model for the prediction of peak
contact force is thus required.

Two common empirical formulae, which include ASTRA (2008) and JRA (2000), have
been discussed in Section 2. JRA (2000) cannot be applied to horizontal impact scenarios.
On the other hand, Equation 2.1 in ASTRA (2008) was derived from experimental studies and
numerical analyses of various impact scenarios on reinforced concrete structure cushioned by
crushed gravel. The impact energies of the experimental studies and the numerical analyses
were up to 100 kJ and 20 MJ respectively. Thus, ASTRA (2008) was being studied based on
the previous large-scale impact tests conducted in the University of Melbourne and the Hong
Kong University of Science and Technology. These boulder impact tests involve impacts on
cushioned rigid barrier at different energy levels with successive boulder impacts. The
investigation is briefly discussed below.

(1) Large-scale Impact Tests conducted by University of Melbourne

SRS oo
1 Y\ (ST ‘J“

Strike Strike 4

Figure B1 Impact Tests on Rigid Barrier with Rockfill Gabion Cushion (Wong & Lam,
2018)

The setup, instrumentation and test program of the large-scale impact tests conducted in
Melbourne in April 2018 have been reported in Wong & Lam (2018). Two series of impact
tests on rockfill gabions cushioned rigid barrier were conducted (i.e. Test Nos. C1 to C2).
Both 280 kg and 435 kg impactor, with a radius of the head of 150 mm, was positioned to strike
directly onto the 525 mm thick cushioning materials at the centerline of the cushioned barrier
(see Figure B1). The contact force was measured using the accelerometer attached to the
impactor. Peak contact force of the boulder, i.e. a multiple of the peak deceleration and the
mass of the impactor, is compared with that predicted using ASTRA (2008) as follows:
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Table B1 Back-analyses of Contact Force for Impact Tests Reported in Wong & Lam

(2018)
Test Strike fmpactor Impaf:t Measured Peak Predicted Peak
Series | Number Mass (kg) Velocity Contact Force Contact Force Using
(m/s) (kN) ASTRA (2008) (kN)
38
(See Sample
cl lto3 280 324 23-41 Calculation at the end
of this Appendix)
Cl 4 280 3.13 17 21
C2 1to3 435 3.37 19 - 31 29
C2 4 435 2.51 23 21

(2) Large-scale Impact Tests conducted by Hong Kong University of Science &
Technology

The impact tests conducted in Melbourne had an energy level of < 5 kJ, which was
relatively lower than those impact scenarios typically encountered in routine design. The
Hong Kong University of Science and Technology conducted a series of impact tests on gabions
cushioned rigid barrier (Lam, 2016) which were of higher impact energy (i.e. 20 kJ and 70 kJ).
These impact tests utilised a reinforced concrete wall of 3 m wide x 1.5 m high x 1.5 m thick
with 1 m thick rockfill gabion cushion (see Figure B2). The cushion barrier received strikes
from a 1.2 m diameter boulder at impact velocities of 4.5 m/s and 8.4 m/s. Contact force of
the first five boulder impacts measured by the accelerometer is compared with that predicted
contact force using ASTRA (2008) as follows:

Figure B2 Impact Tests on Rigid Barrier with Rockfill Gabion Cushion (Lam, 2016)
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Table B2 Back-analyses of Contact Force for Impact Tests Reported in Lam (2016)

Test Strike Impactor Impact Measured Predicted Contact
Series | Number MaIs) s (kg) Velocity Contact Force | Force Using ASTRA
& (m/s) (kN) (2008) (kN)
G-4 l1to5 1961 4.5 87 - 180 191
G-8 1to5 1961 8.4 213 - 341 403

Based on the above investigation, the prediction of contact force based on ASTRA (2008)
is found to be consistent with the experimental results reported in Wong & Lam (2018) and

Lam (2016).
analyses.

As such, ASTRA (2008) is adopted for the back-calculation of k1 in further

(3) Sample calculation for Prediction of Contact Force based on ASTRA (2008)

The prediction of contact force based on ASTRA (2008) Strike Number 1 to 3 in Test
Series C1 is demonstrated below based on the following data:

Test Series Cl
Strike Number 1to3
Impactor Mass (kg) 280
Radius of Impactor (m) 0.15
Impact velocity, vo (m/s) 5.24

Cushioning Material

Gabions (Granite)

Internal Friction Angle of Rockfill, ¢ (degree) 40° (assumed)
Thickness of Cushion (m) 0.525
Young’s Modulus for Gabions Cushion, E (kPa) 1740

Note: M

Two quasi-static uniaxial compression tests were conducted on a single cell of
rockfill gabions before the impact test. The gabion cell was loaded at a
deformation rate of 1 mm/s up to a compressive displacement of 100 mm. The
force was exerted by a load actuator on the gabion cell through a 32 mm thick
steel plate which allows an even load distribution (see Figure B1 below).
According to the test results, stress-strain behaviour of single gabion cell
exhibits bi-linear strain hardening characteristics, with a higher stiffness at high
strain level because of the increased degree of compactness. The secant
Young’s modulus of the gabion cells ranges from 290 kPa to 600 kPa at low
strain level, and from 800 kPa to 870 kPa at high strain level. Lin et al (2010)
demonstrated that the stiffness of gabions with lateral confinement, which is the
case during impact test, can be doubled as compared with the stiffness of gabions
which is uniaxially loaded. As such, the Young’s modulus for gabion cushion,
E has been taken as 1740 kPa in the analyses.
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Figure B3 Uniaxial Compression Test on Specimen of Rockfill Gabion Cushion

Estimated peak Contact force based on ASTRA (2008):

2

0.6
mv
Em%k=28ﬂ”W7EMum¢< 2°>

280 x 5.242\"°
2000

=28x052505x01§”x(rmof4xmn4ox(
=38 kN
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Section 7
Appendix C

Details of Computation of Two Degree-of-Freedom Lumped Mass Model
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Time step analysis can be used to solve the governing equations of 2DOF model, which
has been outlined in Section 3. It can be implemented on computer spreadsheets to predict time
histories of contact force and flexural response of barrier. Details of the time step analysis are
given below:

Initial Condition (at time ¢ = 0)

Immediately prior to boulder impact (at time ¢ = 0), the initial condition of the 2DOF
system is as follows:

Vo
= k
(W -
| k,

D,

Immediately prior to the impact, the velocity of lump mass m, i.e. the boulder, equals to the
boulder impact velocity, i.e.:

vi(0) =wo
There is no initial displacement of lump mass, m at time step ¢ = 0, thus:
x1(0)=0
At this stage, there is no indentation. Thus, the shortening of contact spring is:
0(0)=0
Similarly, the rate of shortening of contact spring is:
5(0) =0
Putting the shortening and the rate of shortening into Hunt & Crossley contact force model (i.e.

Equation 3.1), the contact force can be estimated as follows (the expression of k; and D; is
given in Section 7 Appendix A.):

F.(0) = k;6(0) + D,5(0)5(0) = 0
The acceleration of lump mass m can be estimated based on the contact force above:

'Fc(o) =0

a;(0)=
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On the other hand, there is no flexural deflection of the barrier at this stage. Thus, the
displacement of lump mass m is:

x2(0)=0
Immediately prior to the impact, the velocity of lump mass m> is zero:

w(0)=10

Furthermore, there is no boulder impact force on lump mass m; (i.e. for estimation of flexural
response of the cushioned barrier), i.e.:

F2por(0) =k x2(0)=0:

Hence, the acceleration of lump mass m2 can be estimated based on dynamic force equilibrium
equation (i.e. Equation 3.2), which is also zero:

F.(0) - Fopor(0) —0
my

a>(0) =

Subsequent Time Steps (at time ¢ = Af)

The outputs of the previous time step (i.e. £ = 0) including the displacement, velocity and
acceleration of lump mass m and mo, i.e. x1(0), x2(0), vi(0), v2(0), a1(0) and a2(0), would be used
in order to estimate the responses of the boulder, cushion, and the barrier at the next time step
(e.g. t=At). Details of calculation for the time step ¢t = At are given below:

The updated displacement of lump mass, m at time step # = At is given by:

x1(Af) = x1(0) + vi(0)A?

Similarly, the updated flexural deflection of the barrier (i.e. displacement of lump mass, m>) at
time step ¢ = At is given by:

x2(Af) = x2(0) + v2(0)A?
Using the updated displacement of lump masses m and m, the shortening of contact spring can
also be updated:
O(AY) = x1(A?) - x2(AY)
Meanwhile, the updated velocity of lump mass, m at time step ¢ = At is given by:
vi(At) = v1(0) + a1(0)A¢

Similarly, the updated velocity of lump mass, m; at time step ¢t = At is given by:

v2(At) = v2(0) + ax(0)At
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Using the updated velocity of lump masses m and mo, rate of shortening of contact spring can be
updated:

S(AL) = v (A7) - vy (AD)

Putting the updated shortening and the rate of shortening into Hunt & Crossley contact force
model (i.e. Equation 3.1), the contact force can be estimated:

F.(Af) = ky8(AL) + D1 5(ADI(AY)
Then, the acceleration of lump mass m can be updated based on the contact force above:

a;(Af) = it

Meanwhile, the boulder impact force on lump mass m: (i.e. for estimation of flexural response of
the cushioned barrier) can be updated based on the new flexural deflection of the barrier using
Equation 3.3, i.e.:

Fopor (At) = kax2(Af)

The acceleration of lump mass m» can be updated based on dynamic force equilibrium equation
(i.e. Equation 3.2):

F (A1) - Fopor (Af)

my

ar(Ar) =

The above steps are repeated such that the shortening of the contact spring J(¢) in a time
step is less than zero (i.e. no contact force). The Fapor (i.e. force contributes to the flexural
response of the cushioned barrier) in each time step can then be extracted to produce a force time
history, and that the peak F2por can be obtained.
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Section 7
Appendix D

Verification of Two Degree-of-Freedom Lumped Mass Model
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D.1 Background

The verification of the 2DOF Model based on the large-scale impact tests conducted by
the University of Melbourne is reported in this Appendix. The setup, instrumentation and
results of these test were reported in Wong & Lam (2018b) and is briefly described in Section 7
Appendix B.  2DOF model involving time step analyses as discussed in Section 7 Appendix C
was used to predict the flexural response of the barrier for each strike under Test Series C1 and
C2. The predicted deflection based on the 2DOF model was then compared with the peak
flexural deflection measured by laser sensor during the impact test as follows:

Table D1 Back-Analysis of Test Series C1 & C2 (Strike Nos. 1 to 4) Using 2DOF Model

Test Strike Measured Peak Deflection at the Predicted Peak Deflection at the
Series | Number Crest of the Barrier (mm) Crest of the Barrier (mm)
Cl1 1to3 1.8-3.6 4.9
C1 4 1.3 2.7
C2 1to3 1.3-33 3.9
C2 4 2.2 2.7
(See sample calculation in
Section D.2 below)

Based on the above comparison, it is demonstrated that the 2DOF model provides
conservative predictions of flexural response of rigid barrier protected by rockfill gabions as
compared with the experimental results. A sample calculation of the predicted barrier
deflection for Strike No. 4 in Test Series C2 is presented below.

D.2 Sample calculation for Strike Number 4 in Test Series C2

A sample calculation of prediction of flexural response of cushioned barrier is
demonstrated below, based on the following input data:

Impactor Mass (kg) 435
Radius of Impactor (m) 0.15
Impact velocity, vo (m/s) 2.51
Mass of Barrier (kg) 2,484
Thickness of Cushion (m) 0.525
Bulk density of Cushion (kg/m?) 1450
14379
Cracked Stiffness of the Wall k> (kN/m) Based on moment-curvature analysis.
See Wong & Lam (2018b)
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Mass ratio, A>

The participating mass of barrier, mp is given by (see Section 7 Appendix B in Wong & Lam
(2018a) for detailed derivation of participating mass of barrier):

mp=0.25 x 2484 = 621 kg

Assuming that the boulder impact load could spread behind the gabion cushion at a 20° loading

cone as shown below.
/1‘011ract surface

<-=

20°

Transmitted surface
Thus, the radius of area for transmitted surface of impact force, »1 equals:
ri=r+ttan20°=0.15+ 0.525 tan20° = 0.34 m

The mass of gabions in the 20° cylinder, m is given by:
1 2
mG=3m (r2+rr+r) g

1
mg = 571(0.342 +0.34 x 0.15 + 0.15%) (0.525)(1450) = 151 kg

Hence, lump mass of gabions and barrier behind the contact spring, m, equals:
my=mg+mp=151+621=772kg

Mass ratio between cushioned barrier lump mass (m,) and boulder (m), A» is given by:

Contact Parameters k1 and D,

The validity of Equation 2.1 to predict the peak contact force, F¢peak , has been studied
in Section 7 Appendix B, which provides reasonable estimates of peak contact force in large-
scale impact tests of various scales. According to Section 7 Appendix B, the predicted peak
contact force is given by:

Fepeak =21 kKN
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The stiffness of contact spring, k1 (for Strike No. 4) is estimated using Equation A.3:

_Fc,peaﬁ(lﬂz) 21 x 1000’ (1+1.77

PANY A A 1.77

- = 4813 N/
50 x 435 x 2.512 ) m

b 50mv0

The damping coefficient, D; (for Strike No. 1) is estimated using Equation A.2:

ki 4813 kg
D, =148.5— =148.5 (—) =284753 —
Vo 2.51 m s

Time step analyses using the same steps as discussed in Section 7 Appendix C were
conducted. The predicted peak flexural deflection based on 2DOF analysis was found to be 2.7
mm. The predicted time history of flexural deflection was compared with the experimental

results as given below.

3
-------- 2DOF Analysis
25 4 —— Experimental Results
R
E
=
215 -
3
15
[}
1 A
0.5 A
0 T : ! :
0 20 40 60 80 100
Time (ms)

Figure D1 Comparison of Deflection-time History of the Crest of the Barrier for Strike
No. 4 in Test Series C1
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Section 7
Appendix E

Worked Example
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E.1 Background

One of the sensitivity studies in Section 4.1 is taken as an example for demonstrating
the calculation procedures for the estimation of reduction in flexural response offered by

335

rockfill gabions. Some of the parameters are listed in table below.

Impactor Mass (kg) 1388
Radius of Impactor (m) 0.5
Impact velocity, vo (m/s) 6
Barrier length (m) 10
Barrier height (m) 5.5
Barrier thickness (m) 0.8
Mass of Barrier (kg) 105600
Cushioning Material Rockfill Gabions
Thickness of Cushion (m) 1
Bulk density of Cushion (kg/m?) 1450

68192
Cracked Stiffness of the Wall k> (kN/m) Based on moment-curvature analysis.

See Wong & Lam (2018)

Young’s modulus of Cushion (kPa) (See Sectioi 774gppen dix B)
Friction angle of Rockfill (deg) 40

E.2 Parameters for 2DOF Analysis

The participating mass of barrier, mp is given by (see Section 7 Appendix B in Wong & Lam

(2018) for detailed derivation of participating mass of barrier):

mp=0.25 x 105600 = 26400 kg

Assuming that the boulder impact load could spread behind the gabion cushion at a 20° loading

cone as shown below.

‘/(:'OI]I'E}CI surface

T

____________

20°

Transmitted surface
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Thus, the radius of area for transmitted surface of impact force, 71 equals:
ri=r+ttan20°= 0.5+ 1 x tan20° = 0.864 m

The mass of gabions in the 20° cylinder, mg is given by:

1
mg = gn(rlz +rir+ip,

1
= S n(0.8647 +0.864 X 0.5 + 0.52)(1)(1450) = 2169 kg

Hence, lump mass of gabions and barrier behind the contact spring, m> equals:
m2 =m¢+ mp=2169 + 26400 = 28569 kg

Mass ratio between cushioned barrier lump mass and boulder, 4, is given by:

The peak contact force, Fpeqx, 1s estimated using Equation 2.1, which was validated in
Section 7 Appendix B:

1388 x 6°

0.6
W) =197 kN

Fepear = 2.8(1)*°(0.5)"7(1740)"* (tan 40) (

The stiffness of contact spring, &1, is estimated using the above peak contact force and Equation A.3
as follows:

Fc,peak2<1 +/12> (197 x 1000)? (1 +21

= 16333 N/m
2\ A 50 x 1388 x 62\ 21 )

1 50mv,

The damping coefficient, D1, is estimated using the above k1 and Equation A.2 as follows:

ky 16333
D, =148.5— = 148.ST =404242 kg/m s
Vo
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E.3 2DOF Analysis

The basic inputs of time step analysis are summarised as follows:

m (kg) 1,388

m> (kg) 28,569

vo (m/s) 6

ki (N/m) 16,333
D1 (kg/m s) 404,242

k> (KN/m) 68,192

Using the above data, time step analysis following the steps given in Section 7
Appendix C is performed:

Initial Condition (at time ¢ = 0)
Immediately prior to boulder impact (at time ¢ = 0), the initial condition of the 2DOF

system is as follows:
Immediately prior to the impact, the velocity of lump mass m, i.e. the boulder, equals to the

boulder impact velocity, i.e.:
v1(0) =vo=6m/s

There is no initial displacement of lump mass, m at time step ¢ = 0, thus:
x1(0)=0

At this stage, there is no indentation. Thus, the shortening of contact spring is:

50)=0

Similarly, the rate of shortening of contact spring is:

5(0) =0

Putting the shortening and the rate of shortening into Hunt & Crossley contact force model (i.e.
Equation 3.1), the contact force can be estimated as follows (the expression of k1 and D is given

in Section 7 Appendix A.):
F,(0) = k;5(0) + D16(0)0(0) = 0
The acceleration of lump mass m can be estimated based on the contact force above:

-F,(0
al(O) = nE ) =0
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On the other hand, there is no flexural deflection of the barrier at this stage. Thus, the
displacement of lump mass m is:
x2(0)=0
Immediately prior to the impact, the velocity of lump mass m> is zero:
w(0)=10

Furthermore, there is no boulder impact force on lump mass m; (i.e. for estimation of flexural
response of the cushioned barrier), i.e.:

Fopor(0) =k x2(0)=0:

Hence, the acceleration of lump mass m> can be estimated based on dynamic force equilibrium
equation (i.e. Equation 3.2), which is also zero:

Fe(0) - Fapor(®) _
my

a(0) =

Subsequent Time Steps (at time ¢ = A¢ = 0.00001)

The updated displacement of lump mass, m at time step # = 0.00001 is given by:
x1(0.00001) = x1(0) + v1(0) x 0.00001 =0 + 6 x 0.00001 = 0.00006 m

Similarly, the updated flexural deflection of the barrier (i.e. displacement of lump mass, m>) at
time step ¢ = At is given by:

%2(0.00001) = x2(0) + v2(0) x 0.00001 = 0

Using the updated displacement of lump masses m and mo, the shortening of contact spring can
also be updated:

0(0.00001) = x1(0.00001) - x2(0.00001) = 0.00006 - 0 = 0.00006 m
Meanwhile, the updated velocity of lump mass, m at time step ¢ = At is given by:
v1(0.00001) = v1(0) + a1(0) x 0.00001 =6 + 0 =6 m/s
Similarly, the updated velocity of lump mass, m> at time step ¢ = At is given by:
12(0.00001) = v2(0) + a2(0) x 0.00001 = 0 m/s

Using the updated velocity of lump masses m and mo, rate of shortening of contact spring can be
updated:

5(0.00001) = v,(0.00001) - v5(0.00001) =6 -0=6m/s
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Putting the updated shortening and the rate of shortening into Hunt & Crossley contact force
model (i.e. Equation 3.1), the contact force can be estimated:

F.(0.00001) = k,6(0.00001) + D;8(0.00001)5(0.00001)
— 16333 x 0.00006 + 404242 x 0.00006 x 6 = 147 N

Then, the acceleration of lump mass m can be updated based on the contact force above:

-F,(0.00001) _-147

a,(0.00001) = = a3

m
= —0.106—
S

Meanwhile, the boulder impact force on lump mass m (i.e. for estimation of flexural response of
the cushioned barrier) can be updated based on the new flexural deflection of the barrier using
Equation 3.3, i.e.:

F>por(0.00001) = k2 x2(0.00001) =0

The acceleration of lump mass m> can be updated based on dynamic force equilibrium equation
(i.e. Equation 3.2):

F_.(0.00001) - F5por(0.00001)
my

a,(0.00001) =

1
a(0.00001) = —=—

m
=0.0051 —
s
The above analysis has been repeated for each time step (time interval taken as 0.00001 s)
using a computer spreadsheet. The result, in terms of the time history of flexural deflection of
the barrier (x2) during the first 200 ms, is plotted below.
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The peak deflection is 4.1 mm (i.e. at 60 ms after the contact process). The predicted
boulder impact force based on 2DOF analysis, Fopop, is the multiple of the peak deflection and
the flexural stiffness of the barrier which equals 280 kN.

The flexural response of the same rigid barrier (without cushion) under the same impact
scenario is estimated using the Enhanced Flexural Stiffness Method (Wong & Lam, 2018) and

equals 7.7 mm. The corresponding predicted boulder impact force, Fgpgy, equals 523 kN.

The reduction of flexural response based on 2DOF Model is thus about 46%.

E.4 Reference

Wong, L.A. & Lam, H.W K. (2018).  Study of Flexural Response of Rigid Barriers Subject to
Boulder Impact (Technical Note No. TN 3/2018). Geotechnical Engineering Office,
Hong Kong, 40 p.
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Part 3

Detailing for Deflector
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Section 8:

Spillage Mechanism of Landslide
Debris Intercepted by Rigid
Barriers and Detflectors to
Prevent Spillage

L.A. Wong & H.W.K. Lam

This section is largely based on GEO Technical Note
No. TN 5/2018 produced in November 2018
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Abstract

This study aims to improve understanding on the spillage
mechanism for landslide debris impacting onto rigid barriers, to
evaluate the effectiveness of the use of deflectors to prevent
spillage of landslide debris and to optimize the geometrical
requirements of the deflector. The study comprises a literature
review, a series of laboratory flume tests and a large-scale flume
test. The laboratory flume tests and the large-scale flume test
were carried out by the Hong Kong University of Science and
Technology. Potential refinements of existing design guidance
for deflectors to prevent spillage have been discussed.
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1 Background

A debris flow impacting onto a rigid barrier can lead to run-up of debris mass along the
stem of the barrier wall. A video footage in Youtube (see Section 8 Appendix A) captured a
debris flow occurred in Susten, Switzerland in 2018, where the run-up height of the landslide
debris was significant, and the run-up debris could affect facilities adjacent to the obstruction
which intercepts the debris flow. Lo (2000) and CAGHP (2018) stated that the height of a
rigid barrier should be designed to account for the possibility of run-up of the debris. Kwan
(2012) suggested the use of a deflector installed at the crest of a rigid barrier to prevent possible
spillage of landslide debris. An example of a deflector constructed at the crest of a rigid barrier
in Hong Kong is shown in Figure 1.1 below.

- Deflector

W\

I
4

¥

Figure 1.1 Example of a Deflector Constructed in Bowen Road

The Geotechnical Engineering Office (GEO) has initiated a study on the use of
deflectors to prevent spillage of debris materials. This Technical Note summarises the
findings of this study, which aims (1) to investigate the spillage mechanism for landslide debris
when it impacts onto a rigid barrier, (2) evaluate the effectiveness of the use of a deflector to
prevent spillage of landslide debris and (3) optimize the geometrical requirements of the
deflector. The study comprises a review of local and overseas literature and design guidelines,
a series of laboratory flume tests and a large-scale flume test.  Potential refinements of existing
design guidance for deflectors are discussed.

2 Current Design Practice to Prevent Spillage of Landslide Debris in Rigid Barriers

Overseas design guidance documents of landslide debris-resisting rigid barriers,
including VanDine (1996), SWCB (2005), NILIM (2007), CAGHP (2018), ASI (2011; 2013)
and MLR (2006), do not provide much details on the use of deflectors, probably due to the fact
that the barriers concerned are normally located far from settlements in other regions.
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Local design guidance (Kwan, 2012) suggests that the height of a rigid barrier should be
checked against the debris run-up height. If the predicted run-up height is greater than the
height of the rigid barrier, a deflector should be provided at the crest of the rigid barrier, so as
to help deflecting the run-up debris backwards to the retention basin, and to avoid spillage of
landslide debris to the downstream areas. The inclination of a deflector is recommended to be
less than 45° whereas its horizontal projected length (denoted as L in Figure 2.1) should be at
least equal to the maximum debris flow depth (denoted as Hwmax in Figure 2.1).

(a) (b)
Deflector at the
crest of barrier

—

L= Hyy,

Barrier
wall
stem

Hwax = Maximum debris thickness at the barrier location calculated by debris mobility analysis

Figure 2.1 Details of Deflector Recommended by Kwan (2012)

Local experiences show that construction of a deflector could be difficult and involves
substantial temporary works as shown in Figure 2.2. There is a need to better understand the
spillage mechanism and to explore the possibility of optimising the geometrical requirements
of a deflector.

IO L v

¢ e

Figure 2.2 Photographs Showing the Construction of a Deflector
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3 Laboratory Flume Tests
3.1 General

Literatures which study the spillage mechanism of landslide debris intercepted by rigid
barriers and the effectiveness of deflector are limited. The Hong Kong University of Science
and Technology (HKUST) was commissioned by the GEO to carry out a series of laboratory
flume tests as well as a large-scale flume test for this study. The latter was carried out at the
Kadoorie Centre. This Study aims to collect quality test data to better understand the spillage
mechanism, and evaluate the effectiveness of deflectors in different geometries (i.e. required
length and inclination). The use of laboratory flume tests is a common research approach
adopted in port works engineering for the design of a seawall recurve, as shown in Figure 3.1,
which is similar in nature as compared with a deflector on a rigid barrier (Cornett et al, 1999;
Van Doorslaer & De Rouck, 2010; Schoonees, 2014; Ng et al, 2017; Choi et al, 2015; Choi
et al, 2016).

Figure 3.1 Example of a Seawall Recurve and the Associated Laboratory-scale
Experiment (Schoonees, 2014)

3.2 Laboratory Test Setup

The laboratory test setup involved a 5 m long flume at a gradient of 26°.  Such channel
gradient could produce a flow with a Froude number (Hiibl et al, 2009) of about 5, which is
similar to debris flows scenarios in Hong Kong. The flume was formed with transparent
acrylic boards. It had an uniform rectangular cross-section, which was 0.2 m wide and 0.5 m
deep. The inclined flume transited into a 250 mm long deposition platform via a curvilinear
transition in order to avoid energy dissipation caused by an abrupt change of channel gradient.
A 225 mm high model barrier (see Figure 3.2) was installed at the deposition platform to receive
strike from the debris flows. The height of the model barrier would yield a ratio between the
barrier height and the debris flow depth of about 10, which is comparable to those commonly
encountered in routine design. A storage container was provided at the top of the flume with
a maximum storage capacity of 0.08 m?®, where the source material was retained by an
air-pressurised gate which was controlled by a hydraulic actuator. Details of the flume are
shown in Figure 3.2.
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Lighting system

Channel
Section

Variable channel inclination
(26° in this study)

Deposition container

Air-pressurized
opening gate

Deflector

camera

Flow direction

ww 00s

Figure 3.2 Overview, Section and Plan View of the Setup of Laboratory Flume Test
Facility in the HKUST (HKUST, 2018)
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3.3 Instrumentation

The instrumentation for the laboratory tests comprised a laser sensor and a high speed
camera (see Table 3.1). The dynamics of the debris was interpreted using Particle Image
Velocimetry (PIV) analysis (White et al, 2003; Ng et al, 2017), from which the flow kinematics
including the velocity field could be obtained.

Table 3.1 Summary of the Instrumentations of the Laboratory Flume Tests

Instruments . .
(Location of the Instrument) Specification Measurement

Laser Sensor Range: 300 - 600 mm Flow depth

(Above the centerline of the flume, (for test of dry sand only)

and approx. 80 mm upstream of the

model barrier)

High-speed camera 1696 x 1710 pixels Flow kinematics; Flow depth of

(At the side of the flume) (Operating at 200 debris other than dry sand; Flow
frames per second) velocity & Run-up height

Note: Laser sensor for the measurement of flow depth is of a better accuracy than that

measured by high-speed camera. Nevertheless, laser could penetrate water which
renders the use of laser sensor to measure the flow depth of water unsuitable.
Therefore, high-speed camera was adopted to measure the flow depth of water flow.

3.4 Test Program

Twenty two nos. of laboratory flume tests were carried out. 13 nos. of these tests were
carried out using a model barrier without any deflector (i.e. Series A). These tests served to
study the spillage mechanism of different debris materials. The remaining 9 nos. of tests were
carried out using a model barrier with a deflector, where different combinations of length and
inclination of the deflector were used in the tests (i.e. Series B). The latter series of tests aims
to evaluate the effectiveness of the deflectors in preventing spillage of debris.

All 22 nos. of tests were conducted using the same debris source volume of 0.011 m?.

4 Laboratory Flume Tests to Study Spillage Mechanism

4.1 General Observations

For the 13 nos. of tests in Series A (i.e. model barriers without a deflector), different
types of materials were adopted to simulate debris, including pure water, water mixed with
glass beads, water mixed with aggregates, water mixed with 40% to 60% Toyoura Sand (by
volume) of particle size ranging from 0.1 mm to 0.4 mm, water mixed with 40% to 60%
completely decomposed granite, and dry Leighton Buzzard Fraction C sand (denoted as LBC
sand) of particle size ranging from 0.3 mm to 0.6 mm. The flow characteristics, including the
flow depth and the flow velocity, obtained in each test are summarised in Table 4.1 below.
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Table 4.1 Summary of 13 Nos. of Laboratory Flume Tests (i.e. Series A) to Study

Spillage Mechanism
. Observed
Test Maximum Frontal
Debris Material Flow Depth ® L Remarks
No. (mm) Velocity
(m/s)
S1 21.5-24.5 23-3.1 -
100% Water
S2 22.5-255 1.8-2.6 | With 15 mm
thick  model
S3 90% Water | Glass beads (23 mm) 41.5-44.5 2.2-3.0 Gabion infilled
with 5 - 10 mm
diameter
aggregates
S4 100% LBC - 22.6-23.4 1.7-2.5
Sand
S5 90% Water | 10% Glass beads (39 mm) | 38.5-41.5 2.1-29
S6 90% Water | 10% Glass beads (23 mm) | 40.5-43.5 2.2-3.0
S7 90% Water | 10% Aggregate (39 mm) 40.5-43.5 2.3-3.1
S8 40% Water | 60% CDG 24.5-27.5 24-32 -
S9 50% Water | 50% CDG 21.5-24.5 1.8-24
S10 60% Water | 40% CDG 29.5-325 2.1-29
S11 40% Water | 60% Toyoura Sand 23.5-26.5 2.3-3.1
S12 50% Water | 50% Toyoura Sand 29.5-32.5 2.0-2.8
S13 60% Water | 40% Toyoura Sand 17.5-20.5 2.3-3.1
Notes: M Accuracy: + 0.4 mm (for Test S4) & + 1.5 mm (for the other tests).

@ Accuracy: £ 0.4 m/s.

Figures 4.1 and 4.2 show the debris run-up and the corresponding PIV analysis in the
water flow test (i.e. Test No. S1). It was found that upon impacting the model barrier, the
frontal debris materials were deflected upwards along the vertical stem of the model barrier.
The frontal debris materials continued to travel upwards until it attained its maximum run-up
height. The debris materials then descended vertically downwards under gravity and
interacted with the upward jet of the subsequent flow. This interaction resulted in a lateral
spreading of the debris, causing some debris overtopped the model barrier (see Figure 4.2).

Similar spillage mechanism was observed for the other debris materials used in Test
Nos. S2 to S13, except Test No. S4. Test No. S4 involved a dry sand flow where no materials
ran-up beyond the crest of the model barrier. Further details of the deposition mechanism for
this test are given in Section 4.3.

It is worth-mentioning that, for debris flow tests with hard inclusions (i.e. Test Nos. S3,
S5 to S7), some hard inclusions were displaced up and overtopped the model barrier (Figure 4.3).
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(1) Run-up of water against the barrier (2) Water ran-up beyond the barrier crest
(t=0.3755s) (t=10.6305s)

k . - — \ : =
(3) Lateral splashing and water overtopped (4) Spillage continued
the barrier (t = 1.150 s) (t=1.3305)

Note: See Section 8 Appendix B for video of Test No. S1.

Figure 4.1 Observed Spillage Mechanism for Water Flow Test (Test No. S1)

(2) .’ Water spr;ad-ouj
' |aterally

/\
(3)/ gy

/ .

/1 Splash-back

t=0.630s t=1.150s t=1.545s

Figure 4.2 PIV Analysis of Spillage Mechanism for Water Flow Test (Test No. S1)
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Hard inclusions
overtopped the
barrier

t=0.890s

Note: See Section 8 Appendix B for video of Test No. S7.

Figure 4.3 Observed Spillage of Hard Inclusion (Test No. S7)

4.2 Model Barrier with Gabion

In Hong Kong, rockfill gabion is commonly used to protect the wall stem of rigid barriers.
In order to better simulate the actual field condition, the effect of gabion on the spillage
mechanism was also studied. Two tests (i.e. Test Nos. S2 and S3) involved a barrier wall with
a model gabion (see Figure 4.4). For these two tests, similar spillage mechanism as that
observed for flows onto a bare model barrier was observed (see Section 4.1). However, the
observed run-up height of the debris was found slightly lower (approx. 20%) as compared to
those tests without gabion. The reduced run-up height was probably caused by the surface
roughness of the gabion which could have retarded the run-up velocity of the debris flows.

t=0.745 s

Figure 4.4 Observed Spillage Mechanism of Water Flow with a Model Gabion
(Test No. S2)
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4.3 Dry Sand Flow

No spillage was observed for dry sand flow because it exhibited a different deposition
mechanism. Instead of the rapid run-up mechanism as observed in the other tests, the dry sand
was deposited gradually behind the barrier without reaching the crest of the model barrier (see
Figure 4.5).

t=0.295s t=0.380s t=0.515s
Note: See Section 8 Appendix B for video of Test No. S4.

Figure 4.5 Observed Deposition Mechanism of Dry Sand Flow (Test No. S4)

5 Geometrical Requirements of Deflectors

Nine nos. of debris impact tests (i.e. Test No. D1 to D9 under Series B) were carried out
using the same model barrier as given in Section 3 with a deflector of different geometries as
shown in Table 5.1. Water was used to simulate debris flows in order to produce a higher
flow mobility. A summary of the test results is shown in Table 5.1 below.

Table 5.1 Summary of 9 Nos. of Laboratory Flume Tests (i.e. Series B) to Study
Geometrical Requirement of a Deflector

Test Inclination to R atio of Horizontal . . .

No. the Horizontal Projected Length to Debris Flow Material Video
Flow Depth, L/Hwax

D1 0° 4 Water -

D2 45° 4 Water -

D3 0° 2 Water -

D4 45° 2 Water -

D5 0° 1 Water

D6 0° 0.5 Water

D7 45° 0.5 Water See Section 8

D8 0° 0.25 Water Appendix B

Water with 39 mm
D9 0° 0.5 Glass beads
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The results showed that a deflector with a ratio between horizontal projected length (L)
and maximum flow depth (Hwmax) of 0.5 could adequately prevent spillage of the debris materials
from the barriers (see Figures 5.1 and 5.2). In the case of a deflector with L/Hwmax of 0.25,
some limited spillage was observed (see the video capturing Test No. D8).

t=0.635s t=0.755s t=0.890 s t=1275s

Figure 5.1 Deflector (L/Hmax = 0.5) Effectively Prevented Spillage of Water (with hard
inclusion) to Downstream Area (Test No. D9)

Altering flow
direction

/ ™~
/ Second S~
Run-up

. surge
/- suppression g

- Deflector

Platform
Stagnant

zone

t=0.860 s

t=1715s

Figure 5.2 PIV Analysis Showing a Deflector (L/Hwmax = 0.5) Effectively Prevented
Spillage of Water to Downstream Area (Test No. D6)

6 Landslide Debris Run-up Height
6.1 Laboratory Flume Tests

An attempt was made to study the prediction model for run-up heights of a debris flow.
Details of the laboratory flume tests, including test setup, instrumentation and test plan, are
given in Section 3. The observed run-up height from the laboratory flume tests, which is
defined as the maximum level of splashing, for these tests are given in Table 6.1.

Based on the current design guideline (Kwan, 2012), it is recommended that (1) the
Energy Model, and (2) the Momentum Jump Model (Hakonardottir, 2003; Johannesson
et al, 2009) shall be used to predict the run-up height of the debris when hitting a barrier.
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Literature review indicated that the run-up mechanism of a debris flow is complex and is
sensitive to many factors such as debris composition, flow kinematics (e.g. flow depth and
velocity), degree of lateral confinement along the run-up path (Ng et al, 2017; Iverson et al,
2016; Song et al, 2017). Based on the current laboratory flume tests, the predicted run-up
heights based on the Energy Model with the incorporation of maximum debris flow depth
provide a reasonable upper bound of the observed experimental results.

The Momentum Jump Model appears to under-predict the run-up heights measured in

the tests of this study (see Table 6.1). This model calculates run-up height with consideration
given to material compressibility may not describe the observed run-up process in the tests.

Table 6.1 Summary of the Run-up Heights in Laboratory Flume Test Nos. S1 to S13

Observed Run-up Maximum Observed | Predicted Run-up | Predicted Run-up
Test | (i.e. Max. level of | Flow Depth, Frontal based on based on Momentum
No. splashing) i.e. Hwvax Velocity, Energy Model Jump Model
(mm) (mm) i.e. v(m/s) (mm) (mm)
S1 544 21.5-24.5 23-3.1 291 -514 173 -223
S2 427 22.5-255 1.8-2.6 188 -370 141 - 195
S3 362 41.5-445 22-3.0 288 - 503 237-303
(dry sand flow with
S4 | no run-up observed, | 22.6-23.4 1.7-2.5 170 - 342 136 - 179
see Section 4.3)

S5 450 38.5-41.5 2.1-29 263 -470 219 - 282
S6 466 40.5-43.5 2.2-3.0 287 - 502 231-296
S7 523 40.5-43.5 23-3.1 310-533 243 -272
S8 338 24.5-27.5 24-32 318 - 549 194 - 249
S9 - 21.5-245 1.8-2.4 187 - 369 138 - 194
S10 383 29.5-32.5 2.1-29 254 - 461 189 - 249
S11 249 23.5-26.5 23-3.1 293 -516 180 -236
S12 405 29.5-325 2.0-2.8 233 -432 181 -239
S13 393 17.5-20.5 23-3.1 287 -510 155 -206

Notes: (1) Predicted Run-up height is calculated by combining the results of analytical

models (i.e. Energy Model or Momentum Jump Model) and the maximum debris

flow depth.

(2) The run-up height for Test No. S9 could not be measured due to the misplacement
of the high speed camera.

6.2 Large-scale Flume Test

A large-scale flume test was recently conducted by the HKUST at Kadoorie Centre in
Hong Kong. The test involved the use of a two-phased debris mix (water content of 40%, and
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particle size ranging from 0.001 mm to 30 mm). A volume of 3.5 m? of debris was released
from a storage tank. The debris then travelled along a 15 m long by 2 m wide flume at a
gradient of 20° and impacted on a 1.55 m high reinforced concrete L-shaped barrier. The test
setup and the model barrier are shown in Figure 6.1.  The frontal velocity and the run-up height
of the debris were captured by high speed cameras while the debris flow depth was measured
by laser sensors. The result of this test (denoted as Test No. L1) is presented in Table 6.2.
The frontal velocity and the debris flow depth were approx. 6.1 m/s and 55 mm respectively.
The predicted run-up height based on the Energy Model generally matches with the
experimental results. No spillage of debris out of the model barrier was observed in this test.
Video of Test No. L1 is given in Section 8 Appendix B.

Transportation
Channel (20°)

sen ' Model Barrier |
> - -

Flow direction

Figure 6.1 Snapshots Showing (a) the Test Setup, (b) the Model Barrier and (¢) & (d)

the Run-up of Debris in Large-scale Flume Test (Test No. L1)

Table 6.2 Summary of the Run-up Heights in Large-scale Flume Test No. L1

Observed “Run-up” | Maximum Observed Predicted Run-up Predicted Run-up
. based on Momentum
Test | (i.e. Max. level of | Flow Depth, Frontal based on
. . : Jump Model
No. splashing) i.e. Huax Velocity, Energy Model (Kwan, 2012)
(mm) (mm) i.e. v(m/s) (mm) (m’m)
L1 1500 - 1600 47 - 55 6.1 1944 - 1952 578 - 730
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7 Potential Refinements of Technical Guidance for Deflector Design

Results of this study indicate that a deflector is effective in preventing spillage of debris
materials from a rigid barrier and the prediction of debris run-up heights based on the Energy
Model generally matches with the experimental results. On this basis, potential refinements
of the existing design guidance for deflectors could include:

(1) The prediction of run-up height can be based on Energy
Model (see Section 6 for details) with the incorporation of the
maximum debris flow depth. If the height of a barrier is less
than the predicted debris run-up height, a deflector at the crest
of the barrier would be needed, so as to prevent possible
spillage of debris materials to downstream areas.

(2) The deflector can be horizontal or inclined up to 45° to the
horizontal. In general, the required horizontal projected
length of the deflector (L) could be, at least, half of Hwvax (see
Figure 7.1).

(3) In case that cushioning materials are provided, the horizontal
projected length of the deflector refers to the length measured
from the outer face of the cushion.

(a) Deflector at the (b)
crest of barrier

L= O~5HM:1!(
- =

Barrier [™ g
wall
stem

Hwuiax = Maximum debris flow depth at the barrier location calculated by debris mobility analysis

Notes: (1) In selecting a suitable shape and form for a deflector (e.g. reinforced concrete or
steel), due regard should be given to various factors including the construction
cost and the constructability (including temporary works required), the
maintenance requirement, and the landscaping requirement of the barriers, etc.

(2) Ifreinforced concrete deflector is adopted, for improving its buildability in respect
of steel fixing, formwork placement and concreting, the geometry of the deflector
can be of a corbel shape.

Figure 7.1 Potential Refinement of Design Guidance - Details of Deflectors
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8 Conclusion

Literature reviews, a series of laboratory flume tests and a large-scale flume test were
carried out to investigate spillage mechanism of landslide debris intercepted by rigid barriers
and deflectors at the crest of the barriers for prevention of spillage of landslide debris.
Potential refinements of existing design guidance for deflectors have been discussed, with a
view to improving the current design practice.

Notwithstanding the above, if the predicted run-up height does not exceed the height of
the wall stem, spillage of landslide debris is generally not a concern.

The provision of a crest deflector to prevent spillage of landslide debris is generally not
necessary and should be considered as a last resort if the barrier is situated in close proximity
to downstream facilities where there is a safety concern when spillage of landslide debris occurs.
As an alternative, other precautionary measures such as provision of freeboard may also be
considered to prevent spillage of debris.
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Section 8
Appendix A

Video of a Debris Flow Occurred in Susten, Switzerland in 2018
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Video for a Debris Flow Occurred in Susten, Switzerland in 2018

Source: https://www.youtube.com/watch?v=YZTZ4VTXKIE



https://www.youtube.com/watch?v=YZTZ4VTXKlE


367

Section 8
Appendix B

Videos of Laboratory Flume Tests and Large-scale Flume Test
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Video for Test No. S1

Video for Test No. S4

Video for Test No. S7

Video for Test No. D5
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Video for Test No. D6

Video for Test No. D7

Video for Test No. D8

Video for Test No. D9
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Video for Test No. L1
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Section 9:

Supplementary Study of Spillage
Mechanism of Landslide Debris
Intercepted by Rigid Barriers and
Deflectors to Prevent Spillage

L.A. Wong & H.W.K. Lam

This section was originally produced in December 2019
as GEO Technical Note No. TN 7/2019
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Foreword

This Technical Note summarises findings of a study on the
spillage mechanism of landslide debris intercepted by rigid
barriers based on large-scale flume tests and numerical analyses.
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Landslide Debris Intercepted by Rigid Barriers and Deflectors to
Prevent Spillage. This study was carried out by Mr L.A. Wong
under the supervision of Mr H.W.K. Lam in collaboration with
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Technology (HKUST). The numerical analyses using
computational fluid dynamics - discrete element method were
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Division assisted in formatting this Note.
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Abstract

This study provides supplementary technical information
on the spillage mechanism for landslide debris impacting onto
rigid barriers, with a view to optimising the geometrical
requirements of a deflector. The study comprises large-scale
flume tests and numerical analyses. The key finding is that a
deflector with a protruding length of half of frontal debris flow
depth could effectively prevent spillage of debris. This finding
is consistent with the previous study based on laboratory tests as
documented in GEO Technical Note No. TN 5/2018 - Spillage
Mechanism of Landslide Debris Intercepted by Rigid Barriers
and Deflectors to Prevent Spillage.
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1 Background

A debris flow impacting onto a rigid barrier can lead to run-up of debris mass along the
stem of the barrier wall, resulting in possible spillage of landslide debris which may affect
facilities in downstream areas (Ng et al, 2018). Local design guidance (Kwan, 2012) suggests
that if the predicted run-up is higher than the wall stem of a rigid barrier, a deflector should be
provided at the crest of the barrier to prevent spillage of landslide debris to downstream areas.

Local construction experiences show that a long deflector could be practically difficult
for construction due to the substantial temporary works involved. In 2018, Geotechnical
Engineering Office in collaboration with the Hong Kong University of Science and Technology
(HKUST), conducted an experimental study to explore the possibility of optimising the
geometrical requirements of a deflector. Based on the results of laboratory-scale flume tests
(conducted in a 0.2 m wide and 5 m long flume at a gradient of 26°), it was found that model
deflector with a protruding length (L) of half of the frontal debris flow depth (H, i.e. L/H = 0.5)
is adequate to prevent spillage of model debris and hard inclusions (see Figure 1.1), while the
current design guidance (Kwan, 2012) suggests such protruding length to frontal flow depth ratio
of 1.0. More details of the laboratory-scale flume tests, including the setup, instrumentations,
debris mix, and test results, have been documented in Wong & Lam (2018).

1 Detectr |

Figure 1.1 Snapshot of a Laboratory-scale Flume Test Conducted in 2018
(Wong & Lam, 2018)

To further validate the effectiveness of deflector with a protruding length of 0.5H for
preventing spillage of debris, a series of large-scale physical tests and numerical analyses were
constructed in 2019. The physical tests were conducted in a 20 m long flume facility
developed by the HKUST in the Kadoorie Centre in Hong Kong. Numerical analyses were
also conducted to simulate debris impact scenarios that are typically encountered in routine
design. This Technical Note summarises the findings of this series of experimental tests and
numerical analyses.

2 Large-scale Experimental Study
2.1 General
This experimental study utilises the newly established flume facilities in the Kadoorie

Centre in Hong Kong. The flume facilities, test setup, instrumentation and test program are
discussed in this section.
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2.2 Flume Facilities

The flume established in the Kadoorie Centre is about 28 m long, 2 m wide and 1 m
deep (see Figure 2.1). It comprises three key components, including a storage tank at the
upstream, a transportation channel, and a deposition zone.

The storage tank has a capacity of about 10 m®, with a gradient of 30° at the base to
facilitate initiation of debris flows. There is a mechanical opening gate at the outlet of the
storage tank which has been designed to simulate landslide initiation in a repeatable manner.

There is a 2 m wide transportation channel inclining at 20° below the storage tank, which
is formed by a steel frame structure with two sides of 1 m high side-walls. The side-walls are
propped to each other with cross beams at the top at a spacing of about 5 m.

The deposition zone of 2 m wide and 8 m long, where two side-walls along this zone are
supported by external raking struts, is located at the outlet of the transportation channel. It is
founded on a 5 m wide and 8 m long levelled concrete pad.

The transition between the transportation channel and the deposition zone is made of
mass concrete, which is smoothened to minimise energy loss of the debris flow during testing.

Transportation
$8S3048 Channel (20%)

Deposition
Zone (0°)

Figure 2.1 Photograph of the Flume Facility
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2.3 Model Barrier

To simulate a realistic debris-barrier interaction, a model barrier was constructed at the
deposition zone to receive strikes from debris flow materials. The model barrier is an
L-shaped reinforced concrete barrier (see Figure 2.2) where the wall stem is 1.8 m high
(including thickness of base slab), 1.9 m wide and 0.3 m thick, and the base slab is 1.5 m long
(excluding thickness of wall stem), 1.9 m wide and 0.3 m thick. The characteristic strength of
concrete used is 30 MPa. The reinforcement of the barrier involves two layers of A393 wire
mesh (characteristic strength of 500 MPa) at the front side (i.e. tension side) of the wall stem,
and one layer of such wire mesh at the other side of the stem and wall base. There was a steel
plate installed in front of the reinforced concrete barrier wall.

An acrylic plate of 1.9 m wide, 0.04 m long and 0.01 m thick was installed at the top of
steel plate in front of the barrier (see Figure 2.2), forming a deflector structure with a protruding
length of 40 mm. Based on a trial flow test involving 1.5 m?® pure water where the flow depth
(H) was observed to be approx. 80 mm from the laser sensor depth measurement taken at
900 mm upstream of the wall face, such a protruding length (L) of 40 mm would correspond to
an L/H ratio of 0.5, which is the target ratio for testing.

Figure 2.2 Side View of Model Barrier and Close-up View of Model Deflector

2.4 Instrumentations

The instrumentations used in this study are summarised in Table 2.1 below. A
high-speed camera was installed at the side of deposition zone to capture the impact process
and the flow velocity of the debris flow. A laser sensor was installed at 0.9 m upstream of the
wall stem of the model barrier to measure debris flow depth.
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Table 2.1 Summary of the Instrumentations of the Flume Tests

Instruments Measurable Frequenc Accurac Measurement
Range aueney Y (Location of the Instrument)
Flow depth
Laser Sensor <1m 2 kHz -0.5% (Above the centerline of the flume,

and approx. 900 mm upstream of
the model barrier)

High-speed Operating at
camera i 520 fra n%es i Flow kinematics & Flow velocity
(2336 x 1728 per second (At the side of the flume)
pixels)

2.5 Test Program

Five numbers of large-scale flume tests were carried out.  As discussed in Section 2.3,
one of these tests were carried out using a model barrier without any deflector (i.e. Test No. W),
which aimed to capture the flow depth of debris so as to determine the length of deflector to be
tested. Four numbers of tests (i.e. Test Nos. D1 to D4) were carried out using a model barrier
with a deflector with a 40 mm protruding length. Also, a control test (i.e. Test No. D4
(Control)) was conducted for Test No. D4 where no deflector was installed.

Pure water with a source volume of about 1.5 m* was adopted as the fluid portion of
debris in order to maximise the mobility of flow, hence resulting in a greater extent of spillage.
To allow easy observation of spillage mechanism, blue dye was added to water. In Test Nos. W
and D1, pure water was used. In Test Nos. D2 to D4 and Test No. D4 (Control), hard inclusions
including 80 mm diameter granite spheres, 300 mm diameter lightweight plastic balls and 40 mm
diameter aggregates were added (see Figure 2.3). Table 2.2 summarises the test program.

B 1 1 el gl

Figure 2.3 Photograph of Granitic Spheres and Lightweight Plastic Balls with Pure
Water
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Table 2.2 Test Program

Test No. Debris Material Length of Model
Deflector
W - No deflector
D1 -
D2 20 nos. of 80 mm diameter granite sphere
(each weighing 0.7 kg) 40 mm
1.5m? of ‘
D3 Pure Water | 20 nos. of 300 mm diameter plastic ball (ie. L/H=0.5)
(each weighing 0.15 kg)
D4
40 mm diameter aggregates
D4 (total weight of 40 kg) No deflector
(Control)
Note: L and H represent protruding length of model deflector and frontal flow depth

of debris before impacting onto model barrier respectively.

3 Results of Large-scale Flume Tests

3.1 General Observations

The flow characteristics, including the flow depth and the flow velocity, obtained in each
test are summarised in Table 3.1 below.

Table 3.1 Summary of 5 Nos. of Large-scale Flume Tests

Test No. Frontal Observgd Frontal
Flow Depth (mm) Velocity (m/s)
w 80 7.5
bl 80 7.5
b2 80 74
b3 78 7.5
b4 76 7.3




384

Figure 3.1 shows the run-up observed in the water flow test (i.e. Test No. W). Water
run-up behaviour was deduced from this test involving pure water flow, which should have a
higher mobility as compared with landslide debris. In this test where the model barrier was
not equipped with any deflector structure, it was observed that upon impacting the model barrier,
the frontal water ran up along the stem of the model barrier. The frontal water continued to
travel upwards until it attained its maximum run-up height, and then descended vertically
downwards under gravity and interacted with the upward jet of the subsequent flow. This
interaction resulted in a lateral spreading of the water, causing some water overtopping the
model barrier.

Figure 3.1 Observed Spillage of Pure Water (Test No. W) on Barrier without Deflector

3.2 Flow Tests on Barrier with a Deflector

3.2.1 Pure Water Flow

To verity the performance of a deflector at a target L/H ratio of 0.5, Test No. D1 was
conducted. In this test, protruding length of deflector was 40 mm, i.e. half of the debris flow
depth of approx. 80 mm. It can be seen that with the presence of the model deflector,
negligible water spillage was observed (see Figure 3.2).

t=04s t=08s t=12s

Figure 3.2 Observed Spillage Suppression of Pure Water (Test No. D1)
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3.2.2 Water Flow with Hard Inclusions

In addition to pure water used in Test Nos. W and D1, different types of hard inclusions
were added in the water for Test Nos. D2 to D4. The results of these tests are that spillage of
water was effectively prevented by the model deflector. In Test No. D2, granite spheres of
80 mm diameter with a density of 2650 kg/m?, each weighing 0.7 kg were added to simulate
boulder front in a debris flow. The diameter of these granite spheres approximately equals the
frontal flow depth of debris.  Yet, only minor uplift of granite spheres was observed and none
of the spheres reached or overtopped the barrier (see Figure 3.3).

Minor uplift
of boulders

=
e
&
5

t=12s

t=04s

Figure 3.3 Observed Spillage Suppression of Water Mixed with Granitic Spheres
(Test No. D2)

Test No. D3 was conducted using hard inclusions of lighter weight. In this test, twenty
plastic balls of 300 mm diameter, each weighing 0.15 kg, were added to the water. Because
these balls have a density lower than water, they floated on the water flow. None of these
balls overtopped the barrier (see Figure 3.4).

t=04s t=0.8s t=12s

Figure 3.4 Observed Spillage Suppression of Water Mixed with Light-weight Beach
Balls (Test No. D3)
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Test No. D4 was conducted where aggregates of 40 mm diameter weighing 40 kg in
total were added in the water. These aggregates were intended to resemble the small size hard
inclusions in the debris flow. In this test, the aggregates were carried along by water flow.
When the flow reaching the top of the barrier, the flow was largely deflected by the deflector.
Some minor spillage of flow was observed. About 0.02 kg (i.e. 1.5 %) of aggregates, together

with fluid portion of the flow, overtopped the barrier, and deposited at the downstream of the
barrier (see Figure 3.5).

Figure 3.5 Observed Spillage Suppression of Water Mixed with Aggregates (Test No. D4)

A control test, i.e. Test No. D4 (Control), was conducted where no deflector was
provided for the barrier. In this control test, spillage mechanism of water in Test No. D4
(control) was found similar to that observed in Test No. W (see Figure 3.6). 4 % by mass of
aggregates was found overtopping the barrier under the same flow conditions as Test No. D4.

As such, the presence of a deflector has significantly (> 60%) reduced the chance of spillage of
small hard inclusions.

t=0.8s

Figure 3.6 Observed Spillage Suppression of Water Mixed with Aggregates
(Test No. D4 (Control))
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In summary, results of large-scale flume tests indicate that spillage of debris could be
effectively prevented with the use of a deflector with a protruding length of half of frontal flow
depth. According to the test results, extent of uplifting of hard inclusions contained in a water
flow depends on the size of such hard inclusions. Based on Test No. D2, run-up of hard
inclusions with a diameter similar to flow depth is not significant. From Test No. D4, minor
spillage of small hard inclusions was observed.

4 Numerical Analyses

4.1 General

Numerical analyses were conducted in this study to simulate debris impact event of a
larger scale. Coupled analyses based on computational fluid dynamics - discrete element
method (CFD-DEM analyses) were adopted. The capability of CFD-DEM modelling can
effectively model the interaction between fluid and particle, as well as their interaction with
structures.

The numerical analyses based on CFD-DEM approach were conducted by Dr. Jidong
Zhao of the Hong Kong University of Science and Technology. In the CFD-DEM method,
the motion of particle phase is calculated by DEM using Newton's laws of motion, while the
flow of continuum fluid is described by the local averaged Navier—Stokes equations that can be
solved using the traditional Computational Fluid Dynamics (CFD) approach. As for the
interaction between particle and fluid, it can be modelled using Newton's third law of motion
(Zhao & Shan, 2013). More details of CFD-DEM modelling are presented in Section 9
Appendix A.

4.2 Numerical Study of the Effectiveness of Deflector Installed on a Rigid Barrier

Validation of the CFD-DEM model (i.e. Simulation No. S0) was first conducted against
Test No. D4 described in Section 3.  Details of the back-analysis including input parameters,
modelling setup and results are presented in Section 9 Appendix A. The flow kinematics of
debris obtained from numerical analyses were more mobile as compared with those observed
in the flume test conducted in Kadoorie Centre. The flow when reaching the deflector
generally deflected backwards in a similar manner as that observed in physical tests described
in Section 3.  As such, this CFD-DEM modelling technique would be used for further analyses
of effectiveness of deflector under large-scale debris flow events.

After the validation exercise, two large-scale debris impact scenarios (Simulation
Nos. S1 & S2) with a source volume of about 200 m* were simulated in CFD-DEM model
(Figure 4.1). Simulation No. S1 involved a model barrier without deflector while Simulation
No. S2 involved a model deflector, with a protruding length of half of the frontal debris flow
depth, installed at the crest of the model barrier.

In both two simulations, the width of the flume and rigid barrier were 10 m.  The barrier
height was 5 m, which is typical in a routine design. The length of the storage tank is 10 m
for a large volume of water. 300 nos. of boulders of 0.4 m diameter were used and the volume
of water was increased to 200 m>. Other parameters were kept consistent with Simulation
No. SO. A snapshot of the graphical input of Simulation No. S1 is as shown below:
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Figure 4.1 Snapshot of Simulation No. S1 (without Deflector)

The results of Simulation No. S1 are shown in the animation below:-

Video 4.1 Results of Simulation No. S1 (without Deflector)

The frontal velocity and flow depth of debris immediately before impacting the model
barrier were 10 m/s and 0.5 m respectively. It was found that the fluid of the debris material
slightly overtopped the barrier. Hard inclusions were not lifted up high (lower than the wall
height) and did not overtop the barrier.

Simulation No. S2 was conducted with a model barrier having a deflector of 0.25 m long
(i.e. L/H = 0.5) installed at the crest of the wall stem. The debris impact scenario and other
details of the wall are the same as those adopted in Simulation No. S1.
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Video 4.2 Results of Simulation No. S2 (with a 0.25 m long Deflector, i.e. L/H = 0.5)

The result of Simulation No. S2 showed that, with the deflector provided, no signs of
spillage of debris (both fluid part and hard inclusions) was observed.  The debris
predominately deflected backward when interacting with the deflector. The flow deflection
behaviour closely assembled that observed in the flume tests in Kadoorie Centre described in
Section 3. In addition, hard inclusions did not spill out from the model barrier and quickly
settled in the fluid mix upon run-up.

5 Conclusion

Based on the results of both large-scale flume tests and CFD-DEM modelling of debris
impact scenario that is typically encountered in routine design, a deflector with a protruding
length of half of the frontal debris flow depth (i.e. L/H = 0.5) at the crest of a rigid barrier could
effectively prevent spillage of debris. The finding is consistent with that from the previous
laboratory-scale flume tests reported in Wong & Lam (2018).
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A.1 General Principles of CFD-DEM Analyses
A.1.1 General

Since the interaction between fluid and particle could influence the mechanism of fluid
particle interaction, coupled analyses based on computational fluid dynamics - discrete element
method (CFD-DEM) analyses were conducted by Hong Kong University of Science and
Technology. Principles of the CFD-DEM modelling are briefly described in this Appendix.

A.1.2 Modelling of Granular System

A particle in a granular system may experience translational and rotational motions and
may interact with its adjacent particles, structure or fluid which causes interchange of energy
and momentum. The motion of a particle in a granular system is influenced by the mass,
forces and torques created from these interactions. Discrete Element Method (DEM) is a
popular tool to simulate the behaviour of granular system. For a particle in a DEM model, the
governing equations of its motion are based on Newton’s second law of motion.

A.1.3 Modelling of Fluid System

Fluid phase can be treated as a continuum fluid by a Computational Fluid Dynamics
(CFD). Continuous fluid domain is discretised into cells in the CFD method which will solve
the governing equations for fluid at each cell. Solving these equations could yield locally
averaged state variables such as fluid velocity, pressure and density. The governing equations
for fluid are based on momentum in terms of local-average quantities and conservation of mass
(Anderson & Jackson, 1967).

A.1.4 Modelling of Fluid-particle Interaction

Proper consideration of fluid-particle interaction forces is required for coupling the CFD
and DEM. In general, drag force and buoyancy force are modelled in common fluid-particle
interaction for geomechanics problems (Shan & Zhao, 2014), which are based on Di Felice
(2007) and Kafui et al (2002) respectively.

When a particle accelerates in a fluid, it must deflect the surrounding fluid to move
through and hence generates some additional inertia to the system. Shan (2015) considered
this inertia force in fluid-particle coupling and is based on the virtual mass force in Odar &
Hamilton (1964).

A.1.5 Modelling of Fluid-structure Interaction

Shan & Zhao (2014) used the coupled CFD-DEM numerical tool to study the impact of
a gravity-driven granular flow falling into a water tank. The side view of the impacting
process is shown in Figure A1. Such impact mechanism was found highly comparable to that
observed in physical experiments.
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=2
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Figure A1 Modelling of Granular Flow into a Water Tank (after Shan and Zhao, 2014)

A.2 Numerical Back-analyses of Large-scale Flume Test No. D4 (Simulation No. S0)

In order to study the effectiveness of deflectors to suppress spillage of debris and
boulders by numerical mean, the field data obtained from physical test No. D4 (see Section 3)
were used to validate the numerical CFD-DEM program.

The model setup for the numerical back-analysis is shown in Figure A2. Rigid walls
are generated as boundaries of the storage tank and flume. The dimensions and geometry of
the flume are identical to those used in large-scale flume test. The width of the storage tank
and flume is 2 m, whilst infinitely high side walls are assumed. The inclination of the storage
tank (length 5 m) is 30° and the slope of the transportation zone (length 15 m) is 20°. The
zone connecting the 20° section with the flat outflow section (length 1.5 m) has a slight degree
of curvature to allow the water grains to pass smoothly downstream. The barrier at the end of
the flume is 1.5 m in height and 2 m in width. On the top of the barrier, a deflector (length of
0.04 m) perpendicular to the barrier is modelled as a rigid plate.

=

Js’b

10m

Figure A2 Geometry setup for Simulating the Flume Facility in Kadoorie Centre
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The parameters for the CFD-DEM model are shown in Table A1 below. Due to the
high computation demand for a large amount of discrete particles, only 9 kg (i.e. 100 nos.) of
40 mm diameter aggregates instead of 40 kg of aggregates have been modelled.

Table A1 Summary of Input of Numerical Back-analyses

General IOQ nos. of Particles;
Diameter = 40 mm
Density (kg/m®) 2650
Young’s modulus (GPa) 70
Particle Poisson’s ratio 0.3
Rolling friction coefficient 0.15
Coefficient of restitution 0.4
Friction coefficient 0.57
Volume fraction 0.4
Density (kg/m®) 1000
Liquid Volume (m?) approx. 1.5 m’
Viscosity (Pa-s) 0.001
Density (kg/m®) 1
Air
Viscosity (Pa-s) 1.48 x 107

The results of numerical back-anaylses, including the frontal flow depth, frontal flow
velocity and run-up height of fluid are summarised as follows:-

Table A2 Summary of Flow Kinematics in Numerical Back-analyses

Flume Test in Kadoorie

Simulation No. SO

Centre
Frontal flow depth (mm) 80 105
Frontal flow velocity (m/s) 7.3 9.3
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Figure A3 Animation showing Result of Simulation No. S0

The flow kinematics of debris obtained from numerical analyses are more mobile as
compared with those observed in the flume test conducted in Kadoorie. In particular, the
numerical model predicted that debris does not spill off from the barrier if a deflector (of L/H
= 0.5) is provided, which is consistent with that observed in the physical tests. As such,
CFD-DEM modelling would be used for further analyses of effectiveness of deflector under
large-scale debris flow events (see Section 4).
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