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Background (Global)

Long history (>40 years) of using flexible barriers to resist
rockfalls over the world. Occasionally, rockfall barriers were
hit by landslide debris and able to stop/retain a certain
amount of debris.

Research of flexible barriers subject to debris impact has
been emerging in the past decade. Internationally-recognized
design guidelines are still limited.
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1998: 750 m?® debris flow in Japan 2000: 200 m? debris flow in Austria
(retained by 1500 kJ rockfall Barrier) (retained by 750 kJ rockfall Barrier)



Background (Hong Kong)

Implementation of LPMitP since 2010 triggered a series
of technical development work by GEO on design of
flexible barrier to resist debris flows in Hong Kong.

Improved understanding on performance of flexible
barriers has been made in recent years, largely due to
availability of more field impact data, experimental data
and advanced numerical tools that can simulate
complex, highly non-linear debris-barrier interaction.

Focus was given to establishing Design Approaches,
with the aid of advanced numerical tools, for the design
of flexible barriers to resist landslide debris.



Overview of Development on Design Approaches
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Stage 2 - Develop
Force Approach
| | (2012-2015) | |
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Refined Assessment of
design impact velocity
(TGN 44)

observations of local landslide cases and
physical flume test results suggest that |
debris velocity varies along the length of Time
landslide debris

Velocity of debris passing
through barrier location

1, = design impact velocity of the »™ phase Y 0.7 maximum debris velocity of the hydrograph



Stage 1 - Develop Energy Stage 2 - Develop
Approach Force Approach
(2010-2012) | (2012_2015) |
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* Centrifuge Tests to study Dynamic Load Model
dynamic pressure coeff. (o)

Pd — Elpd v’

ps = density of moving debris.

v = velocity of moving debris hitting the barrier (1m/s)
= dynamic pressure coetticient, taken to be 2.0
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(Song et al, 2018)




Rockfall Barriers Commonly Used in Hong Kong
to Resist Debris Flow at Drainage Lines

Is there any better structural form of flexible barriers (other
than those post-supported) for incised drainage lines?




Structural Forms of Flexible Barriers

* Post-supported barriers are commonly used

SR

in Hong ong

Open hillside

Drainage line

* Overseas project adopts side-anchored barriers in drainage lines



Comparison of Side-anchored barriers and

post-supported barriers (for drainage line setting)

Flow thickness = 0.6 m

__ | Debris impact velocity = 4 m/s

| Debris impact energy = 534 kJ
Debris impact pressure = 70 kPa
Required retention volume = 100 m3

Design

o Principal Net
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ground
profile Cable length
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Option 2 —
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Side-
anchored
Barrier
(Option 1)

30 m3

~80 m

8 nos.

Simple
(no heavy
posts involved)

Lower
(less materials
used)

Less visual
impact
Less
disturbance to
environment

Post-
supported
Barrier
(Option 2)

80 m3
>200 m

15 nos.

Higher
(difficult access
to upslope
cables)



Structural Components and Load Path

Side-anchored Post-supported Barrier
Barriers

Simple internal load-transfer More complex load-transfer

net 2 cables & brakes =2 net = cables & brakes = anchors

anchors |9 posts =2 upslope cables & brakes = anchors
No posts or upslope cables Posts and upslope cables required

required May be susceptible to direct debris impact

et s Localised damage of post
Yu Tung Road, Hong Kong (Jun 2008) (Trumer)



Test Plan to study Side-anchor Barriers in Hong Kong
(to be carried out in 2019)

Legends:

Laser sensors

High-speed cameras

Cameras

!
[
= Unmanned aerial vehicles
o
@ Load cells

*

Tension links

Steel frame to simulate steep
side slope of a drainage line

Longitudinal support cables

Ring nets and

g secondary mesh
Ly ,; v Brake elements
Type 1 Barrier Type 2 Barrier
* 0.8 mhigh x2 m wide * 1.5 m high x4 m wide
e Testvol.4 m3 e Testvol. 10 m3

* Test of overflow
conditions



Improved Robustnhess of Post Supported barriers

Supporting post
susceptible to
localised damage
due to boulder
Impact

Use of Baffles

A
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Fig. 40 Elevation of mult-boulders and the barmier model

Oine 2m size boulder is proposed to immpact at the bottom-centre of the midde module of the bamier system.
And amother 2m size boulder is proposed to impact at the rght-middle post. The teo 1m size boulder are
proposed fo impact at the post and the centre of a module of bamier respectively.



Wind Effect on Post-
supported Barriers

* Overturning of barrier
could occur under
significant wind load.




As-built Information of ND12

ND12 (3000 kJ, 6 m x 62 m, 3 of 8 posts with downslope cables)
Netting: SPIDER+TECCO net + secondary mesh

(Significant climber cow

DF12=12 =
DF 121 § gpmmmier=

DF12-L3%

Conditions of anchor
(at P5) before incident
(opening direction vs

DOVNSLOPE DOWEL DETAL
WIS

810301

Anchor bar
straightened

erage at some panels)

8109

*

Upslope Side

810940 N

OF12-U8

Wheaoo | BION Va~

Lessons Learnt:

.........

DF12-U9

8

Importance of provision of properly designed
downslope cables.



Detailing to prevent trapping of Stream load

Basketholl
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Flexible Barrier above Shatin Hospital
(July 2017 — Debris Removed approx. 10 m3)

P \\-3213\5'-_
N\

&= Principal net extended
into the gully down to
streambed

bl A .49

Bottom part of debris (~0.8m depth) comprised
boulder-sized materials (~¥0.3 — 0.5m)




International 30+ countries in EU + China:

Switzerland + Turkey : * Full scale test by NRA (similar to ETAG 27)
Practice on * Full-scale test (ETAG) * No CE Mark Requirement
e CE Mark * No similar product cert in China
Acce pta nce SYStem « No compliance tests  Component tests required in some
projects
Japan:

* No national standard on full-

ﬁ scale test (each company use his
W [ Qj own way to carry out tests)

* Use locally-developed barriers

USA: or import barriers from Europe
* Full-scale test (ETAG) * Accept component with JIS

* No “CE Mark” requirement nor marks

other product cert. developed inUS  HK:

« No compliance tests * Full scale test (ETAG)

/ New Zealand:
*Full-scale test (ETAG)
*CE Mark not mandatory

*Some states require pre-approval of *Accepted European
suppliers (based on barrier’s design, ~ Products mostly delivered

specification, full scale test report, to HK with CE Mark N i
job reference, etc.) *Compliance Tests required 0 compliance tests
Remarks:

* No standard international practices on acceptance of barriers

* ETAG is an internationally-recognized standard for full scale test.

*“CE Mark” is the only available product certification system for flexible barriers in the world.
*Other countries mainly import European barriers (with ETAG full-scale test proof) for local use,
without compliance test (unlikely in HK).




European Practices - ETAG 27
Full test

-1 Bottom view of the falling rock protection barrier GBE-8000A after MEL test.

Factory Production Control

Technical Assessment Body

| (TAB)

- Supervise and certify full scale test

- Assessment covers Barrier’s

Characteristics including energy

absorption, deformation,

foundation loads, durability, etc.
- Issue an evaluation report and ETA

Certificate

-Initial type-test of product

control

Exsupie |
c € Lenens CE
s eusfcation sanber of the it bo
xaex
o

nan CPD 22z

ETAG007

ETAG No XXX

Y¥Y

Enerey level cassification: 3
Ressdual hesght category for mastmum
fenersy tevet: A

Eidgenéssische Materialprifungs-
und Forschungsanstalt

EMPAZ

Mtgled der EOYIA
A
Srerrasiasen 120
Yek +41(0)58 755 "nn ?"“‘“‘""“' Lo
Fax +41 (058 765 1122
e ompa BAUPRODUKTE
Frnleal A "
pean T PP ETA -12/0213
Europdische Technische Zulassung
(Engiish transiation — Original version in German language)
Handelsbezeichnung Steinschlagschutzsystem
Trade name Faiting Rock Protection Barrier
RXE-8000
hab Geobrugg AG Geohazard Solutions
Semuran Aachstrasse 11
ERRA ol Spaest CH-8590 Romanshorn
Zulassungsgegenstand und Steinschlag-Schutzsystem um sich
Verwendungszweck bewegende Steinbldcke mit einer
maximalen Energiestufe von 8000
kJ aufzuhalten.
‘Genenc type and use Falling rock protection bamer for use in
of construction product i engin to *
blocks with a maximum energy level of
8000 k.
O'v%g Pk 14.06.2013
bis
B 13.06.2018
Geobrugg AG Geohazard Solutions
o Aachstrasse 11
Meulectring piwx CH-8590 Romanshorn
D 31 Seiten einschliesslich
STA schit Anhang (14 Seiten)
This ETA contains 31 pages including annex (14 pages)

Europaische Organisation fur Technische Zulassungen
Eurapean Organisation for Tachnical Approvals

Certification Body (“Notified Body”)

-Initial factory inspection and production control
-Continuous surveillance (once a year),
assessment and approval of factory production

of the Enropen Technical Approral
- ETAG wmibes inchding dute of publication

ropumpobriamat
i

- Category acconing 10 1. 2.43.2 im the ETAG

EC CERTIFICATE OF CONFORMITY

1301 - CPD - 0915
In compliance with the men BWﬂHIEEC of the Counal of European Communities of 21
‘amended by the Directive 83/68/EEC of the Coundil of European Communities of 22 July VQ?J
it has been stated that the construction product
Falling Rock Protection Barrier RXE-8000
Energy level classification
8
Classification for residual height for MEL
Category A

Bt e s e s
ar the Maximum Energy Level > 4500 kJ and covers a of ambient ratures
from - 20 °C to + 50 °C,

placed on the market by the manufacturer
Geobrugg AG
Geohazard Solutions
Aachstrasse 11, 8590 Romanshorn
Switzerland

and produced at the manufacturing plant

Geobrugg AG
Geohazard Solutions
Aachstrasse 11, 8590 Romanshorn
Switzerland

is the 10 a factory
taker

Corto e 1o th s taang ofsamples

1301 - Technicky a skagobng Gstav stavebny, n.
has performed the inifial ype-tsting for the relovant characterstcs of the product, the il
inspection of the factory and of the factory production control and performs the continuous
surveillance, assessmant and approval of the factory production control

This certificate attests that al provisions conceming the attestation of conformity and the
performances descrived in the

ETA- 1210213
were applied and that the product fulfils all the prescribed requirements.

This certificate was first issued on 28 June 2013 and remains valid as long as the conditions laid
down in the harmonised technical specmxhon In referance or the manufacturing conditions in
the factory or the FPC itself are not m fics

Bratislava, 28 June 2013

Dipl. ing. Daga Kozal
Head of Notified Body 1301




Maintenance Strategy -
Condition Review of Flexible Barriers

No Rusting

Energy -

Bay no. | Post (m2) Ground | Principal | Anchor] | dissi pa.ltin IVire rope| Shackle Wire rope T?1:lr:l}rlse
plate (nr}) | net (m2) (nr) g device (m) (nr) clip (nr)
(nn) (nr)
Bay 1 2 0 50 4 4 112 12 74 11
Bay 2 1 0 50 1 1 67 9 48 6
Bay 3 1 1 50 1 2 63 9 47 6
Bay 4 1 1 50 1 1 67 9 48 6
Bay 5 1 0 50 1 2 67 9 48 6
Bay 6 1 1 50 1 2 67 9 48 6
Bay 7 1 1 50 3 3 107 11 72 11
Subtotal 8 4 350 12 15 550 68 385 52
% 100% 50% 100% 100% 47% 99% 100% 99% 58%
Minor Rusting
. I—?nejrg\,f.— . . Others -
Ground | Principal | Anchor] | dissipatin | ire rope| Shackle |Wire rope .
Bay no. | Post (m2) i . Thimble
plate (nr) | net (m2) (nr) g device (m) (nr) clip (nr)
(nr) (nr)
Bay 1 0 2 0 0 2 0 0 2 0
Bay 2 ] 1 0 0 3 0 0 0 0
Bay 3 0 0 0 0 2 4 0 1 0
Bay 4 0 0 0 0 3 0 0 0 0
Bay 5 0 1 0 0 2 0 0 0 0
Bay 6 0 0 0 0 2 0 0 0 0
Bay 7 ] 0 0 0 3 0 0 0 2
Subtotal 0 4 0 0 17 4 0 3 2
% 0% 50% 0% 0% 53% 1% 0% 1% 2%




Overall Summary

* GEO would continue to carry out technical development
work on the following, with a view to enhancing the
design and maintenance standards of debris-resisting
flexible barriers in Hong Kong.

e Design approach

Structural form

Detailing

Acceptance Systems

Maintenance Strategy



Typical Design Flowchart for
Natural Terrain Mitigation Measures

DMM

v
Open Hillslope Landslide Debris Flow
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Working principle of flexible barriers

s A% )
(P / R /|

Source: Geobrugg, St Leonard Field Test Source: Trumer, Rockfall Impact Test

» Mitigate landslide hazards by capturing the materials and
resisting the impact

» Dissipate the impact energy by large deformation of the
system and / or mobilisation of energy-dissipating devices



ypical components

Rz - -l 3 Vi o 0 - 3

Principal net Anchor
Secondary mesh foundation




Variations among products

l Principal Net >
@\ | -~ ,

I Brake Elements
——d

i

: Geobrugg

Perforated
plugs

Maccaferri

Isofer (2012)

ers such as cable and brake element arrangement, Trumer [
post and anchor head connection details, etc. -




Rocktall flexible barriers

» Energy rating certified by full-scale
Impact tests

» Designed by Empirical Approach
or Analytical Approach

Trumer TSC-3000-ZD (3000k])

5 Trumer (2013)
Ref.: https://www.geobrugg.com/en/Downloads-81 | 3,7849.html?filter _ordner=9400&formular_submit=|



Debris-resisting flexible barriers

» Pressure rating certified by
full-scale impact tests &
numerical analyses

» Usually require site-specific
design using Analytical
Approach

Geobrugg VX Barrier (60-160kPa)

£

| Maccaferri (2011)

Ref.: https://www.geobrugg.com/en/Downloads-81 | 3,7849.html?filter _ordner=9400&formular_submit=|



Local design practice

Geotechuical Engineering Office, Civil Engineering and Development Department
The Government of the Hong Kong Special Administrative Region

GEO Technical Guidance Nate No. 37 (TGN 37)
Guidelines on Empirical Design of Flexible Barriers for Mitigating
Natural Terrain Open Hillslope Landslide Hazards

[Emero1 [Pevision: A [Date 2482014 [Paze 10f18 |
1 SCOPE
11 This Technical Guidance Note (TGN) presents puidelines on use of prescribed flexible

barriers in mitigating natural terrain open hillslope landslide (OHL) hazards affecting
existing developments under the Landslip Prevention and Mitigation Programme
(LPMi The guidelines may also be adopted in dealing with OHL hazards under
public works projects, private developments and redevelopments, and Housing
Department projects.

12 Any feedback on this TGN should be directed to Chief Geotechnical Engineer/Landship
Preventive Measures 2 of the GEO

2 TECHNICAL POLICY

21 The technical recommendations promulgated in this TGN were agreed by GEO
Geotechnical Control Conference (GCC) on 17 June 2014.

3 RELATED DOCUMENTS

N Chan, CHW.. Ting, SM. & Wong, A.CW. (2012). Development of Natural Terrain
Landslip Alert Criteria (Special Project Report No. SPR 1/2012). Geotechnical
Engineering Office, Hong Kong, 63p

32 Chenz, PEK & Ko, FW.Y (2010). An Updated Assessment of Landslide Rick Posed
by Man-made Slopes and Natural Hillsides i Hong Kong (GEQ Report No. 23
Geotechnical Engimeering Office, Hong Kong, 46p.

33 FSIV (2010). Summary Report on the Idenfification of June 2008 Natural Terrain
Landslides on Lantau Lsland (Preliminary). Fugro Scoft Wilson Jomnt Ventre. A
Report for the Geatechnical Engineering Office, Hong Kong

34 GEO (1984). Geotechnical Manual for Slopes (Second Edition). Geotechnical
Engineering Office, Hong Kong, 295p.

R GEO (2012). Guidelines on Assessment of Debris Mobility for Open Hillslope
Failures (GEO Technical Guidance Note No. 34). Geotechrical Engineenng Office,
Hong Kong, 16p

36 GEO (2014). Guidelines on Enhanced Approach for Natural Terrain Hazard Studies
(GEO Technical Guidance Note No.36). (Geotéchnical Engineenng Office, Hong
Kong, 18p.

37 Kwan, 1.5.H., Koo, RCH. & Ko. EW.Y. Q013). 4 Pilot Study on the Design of

Mulriple Debris-resisting Barriers (Technical Note No. TN 3/2013). Geotechmical
Engineering Office, Hong Kong, 6%

Design of debris-

resisting flexible
barrier

Empirical design

OH catchment
(qualifying criteria
in TGN37 satisfied)

Energy approach
(DN 1/2012)

Analytical design

CD &TD
catchments

OH catchment
(qualifying criteria
NOT satisfied)

Force approach
(DN 1/2012)

Discussion Note DN 1/2012
Suggestions on
Design Approaches for
Flexible Debris-resisting
Barriers
J.8.H. Kwan & R.W.M. Cheung
April 2012

Standards and Testing Division

Kwan & Cheung (2012)

Coupled analysis

(e.g. Kwan et al.,
2018; Cheung et al.,
2018)




Empirical design approach (TGN 37)

» Applicable against OHL hazard
» Can be adopted if

@

(®)

(c)

(d)

()

It is for holistic risk mitigation, or

The following qualifying criteria
are satisfied:

Table 1 — Empirical design of prescribed flexible barrier against OHL hazard

Facility

Proximity

Very Close

(e.g. if angular
elevation from the
facility is = 309)

Moderately Close

(e.g. if angular
elevation from the
facility is <30°
and = 259

Far

(e.g. if angular
elevation from the
facility is < 25°)

Buildings and
sensitive
¥
structures™

R1 + baffles

R1

Groups 1&2 other
than buildings and

R1

Nil

Qualifving Criteria for Using the Empirical Design Approach

The empirical design approach should generally only be applied to OH catchments (or
sub-catchments) that satisfy the following criteria:

Within a plan distance of 100 m from the affected facilities, no recent landslide with a
volume greater than 100 m®. and no recent landslide with a volume between 50 m’ and
100 m® with debris reaching closer than 20 m on plan from the affected facilities. has
occurred on the OH catchment.

Within a plan distance of 100 m from the affected facilities, no continuous steeply
inclined ground surface of more than 40° in gradient and 40 m in length on plan along a
runout path is present on the OH catchment.

There is no evidence of existing significant signs of distress. continuing hazardous
movement or incipient instability within the OH catchment, which could affect a
facility covered by the facility types given in Table 1. Appropriate mitigation
measures should be designed to address the hazards from such features.

No newly emerged hazardous situation has evolved as a result of the occurrence of new
landslide(s) (e.g. landslides which occurred during the course of NTHS), development
of new signs of distress and hazardous movement. or exacerbation of existing signs of
distress and hazardous movement on the OH catchment, particularly where there is
concern of further hillside deterioration leading to instability.

The OH catchment is not susceptible to deep-seated landslide hazards.

sensitive
structures

Group 3 R2 R3 Nil

Notes:

(1)

(2)

(3)

The facility group and proximity class should be assessed following the guidelines given
in GEO Report No. 138.

Sensitive structures refer to those facilities including Potential Hazardous Installations,
tunnel portal, petrol station. railway platform and MTR exit that may involve severe
consequence when affected by landslides. in accordance with the facility classification
adopted in GEO Report No. 191.

If boulder/rock fall hazards also exist. the kinetic energy of the boulder/rock hitting the
barrier should not exceed the energy rating of the barrier. and the corresponding bounce
height of the boulder/rock should not exceed the height of the barrier.

(4)

R1: 3.000 kJ flexible rock fall barrier with minimum height of 4 m.
R2: 2.000 kT flexible rock fall barrier with minimum height of 3 m.
R3: 1.000 k7 flexible rock fall barrier with minimum height of 3 m.

(5)

‘Baffles’ comprise structural steel sections or steel hollow sections filled with concrete
placed in rows uphill of the flexible barrier. They are prescribed measures for
enhancing the robustness of the mitigation scheme. by reducing the impact force/energy
of the landslide debris reaching the barriers and facilitating debris deposition.

A suitable clearance between the barrier and the affected facility should be provided to
allow for deformation of the barrier upon hitting by landslide debris/boulder/rock.

The stability of the hillside/slopes below the barrier including the effects of the
foundations of the barrier on their stability should be assessed.




Analytical design approach
» Can be adopted if it is for mitigating

OHL hazards where the qualifying criteria cannot
be met

Debris flow hazards

» Three approaches
Energy approach (Kwan & Cheung, 2012; Sun & Law, 2015)
Force approach (Kwan & Cheung, 2012; Sze et al., 2018)
Coupled analysis (e.g. Kwan et al., 2018; Cheung et al., 2018)



Energy Approach

» Calculation of “E”’

» What is the energy brought
by debris flow to a flexible
barrier!?

*There is internal energy
dissipation as the debris flows &
interacts with the barrier

I 2
E < / 2 mtotalvmax



Determine Energy Loading “E”

Step 1

Carry out debnis mobility assessment

Y
4
Step Ja Step 2b
Calculate impact energy with assuming pile-up mechanism (Ep) Calculate impact energy with assuming mun-up mechanism (E,) according
to TN 1/2012 Equation 6.19
1. Check T; according to TN 1/2012 Equation 6.11a
:_' {- 0. E PO, ',.;."' cos(# + a) sin(H+ a)
(cos@ - sinfyg F 48 By g2 (1 cosa+einc )

2. If0 < I,2 V/U,. calculate E, according to TN 1/2012 Equation 6.13a where

y e, Uy
E,-_—_tCE070
P Aucosd - sinfl)g

IfLzV/U, then E,=E;

where
7 =dynamic pressure coefficient
U,=debns impact velocity (m/s)
£ =inclnation of channel base behind the barrier
4 =basal friction coefficient (i.e. tand)
g =gravitational acceleration (m/s?)
p =bulk density of the landslide debris deposit (kg/m?)
0,=discharge rate (m?/s)
V= debris volume (m?)
I, = impact duration (s)
Ey=kinetic energy of the entire landslide debris mass (I)

h; =debris depth (m)

o =inclination of ramp formed by debns accunmlated behind
flexible barrier

U7, =debris impact velocity (my's)

8 =inclination of channel base behind the barmier

1 =bhasal friction coefficient (Le. tand)

£ gravitational acceleration (m/s”)

p  =bulk density of the landslide debris deposit (kg/m®)

0, =discharge rate (m¥/s)

v

Step 3

Calculate kinetic energy of the entire landslide debns mass (Eg)
Ep=max (Ey. Epy)

E; =kinetic energy of landslide debris when the debris front reaches the barrier location
Ep,=kinetic energy of landslide debris that travelled bevond the barrer location

v

Step 4
Energy loading E = min

(DN 1/2012 Equation B 4)

(Er. max(E,. E))

Calculate the flow velocity and
depth hydrograph at the design

location of flexible barrier
(TGNs 29, 34, 38)

Calculate the upper bound
impact energy based on pile-up
and run-up mechanisms

(GEO Report 309)

Calculate the upper bound
energy requirements by
assuming no energy loss

Determine the design energy
requirement of the flexible
barrier i.e.“E”



Step 1 — Debris Mobility Assessment

N Template - 2d-DMM (Version 2.0)
@ Project [ Main Page 7 Seftings 4 ResetLocation  §§ Close

i B

(O Stat @ Bresk walPlot 'y Parametric Study  wf Hydrograp ul

Volume of Landslide Debris (m3) - ‘15{}

Velocity

Design
location of =
flexible barrier 20l

25 1

60 80

Chainage 204

Flow Depth

Time = 3.4 seconds(s) Total time:  10s

study | | Progress of current numerical run | 2d-DMM Version 2.0 beta

Input file: DataStore\Template\ Template sds

v

Current Project Location:: C:\Usels\ﬂaymnd\Dskknp\FlNISH_ZD_DMM_‘EmM\wiMhaﬂ\bin\debug\DataSlu:e\Templa‘le Current Project : Template Current Time: 2014/08/20 AM 10:36:47
s, = P . ~ — [E——l



Step 2 — Pile-up and run-up mechanisms
(GEO Report 309)

» The energy required to be absorbed by the flexible

barrier is calculated based on the limiting deposition

processes of landslide debris

Volume of landslide debris
deposits behind barrier, Vi,

Volume of debris increasing with -~ Flexible barrier
time of impact

——

v Velocity of approaching

debris. U, . : .
Pile-up height of debris = U/2g

Thickness of approaching debris, b, Length of stationary run-up

» ramp behind barrier at time t, X

Net resistance against
impacting debris, Fj

——— Height of flexible barrier, Hy

I R |
i e ]

(a) Pile-up mechanism —

rmremend 1
e Volume of debris increasing with |
Velocity of approaching’ time of impact

Flexible barrier

M T
debris, U, ; ; '.’ Run-up height of landslide
. . . ; — debris at time t
Thickness of approaching debris, h
Channel inclination
Debris deposition inclination
Wedge of debris trapped

behind barrier

(b) Run-up mechanism

Note: there are some conditions under which the two mechanisms cannot be adopted

e.g. when slope angle 2 interface friction angle at base of debris plug, E,, is not applicable

13



Step 3 — Upper bound energy requirement

» Instead of taking the upper bound as I E=2m, V. ..
Ekl and Ek2 are defined:
A 4

Step 3

Calculate kinetic energy of the entire landshide debrnis mass (Eg)

Ep=max (Ey. Ep))

Ey;=lkinetic energy of landslide debris when the debns fronf reaches the barrier location
E;.=kinetic energy of landslide debris that travelled bevond the barrier location

/)




Determine Energy Dissipation Capacity “EDC”

» Key design consideration:

Energy Dissipation Capacity (EDC) of barrier

> Energy loading (E) of debris flow

» EDC can be established based on

structural analysis (Kwan & Cheung,2012) @R
field testing (TGN 37)

When the energy approach 1s adopted in analytical design of a flexible barrier, the
energy capacity of a barrier established by full-scale rockfall (or other single-mass)
tests should be scaled down to cater for the possibility of reduced energy capacity in the
case of resisting landslide debris. Until better information becomes available, a

[ scaling factor of not exceeding 75% fhould be adopted for designing a flexible barrier
to mitigate landslide hazards from all types of catchments (1.e. CD, TD and OH).

e.g. EDC of a certified proprietary rockfall barrier rated at 2000 k|
= 2000 *0.75 = 1500 kJ.




Force Approach

Overall
Stability

e Structural * Sequential * Modelling to * Ensure slope
form vs site applications account for stability up
setting of dynamic & non-linear load- to required

e Structural static loadings deformation safety
capacity & behavior of standard
retention barrier
capacity

Flowing and Deposition Sequence of Debris Loading on Barrier
| Barrier " :
:' \- /
QOO

O
(1) Debris front reaches the barrier and deposition begins (first debris surge) quéi ¢

EEI Pa=aps’
1

1

1 p=Kp;gd

S R Chan et al. (2012)

1
1
1
1
1
1
1
1 p=Kp.gd

(111) Debris piles up behind the barrier (last debris surge filling up the barrier)

Kwan & Cheung (2012)




Loadings

» Dynamic impact pressure » Static earth pressure

Pd =/G pdv2_ velocity P; K/dpsg
\ 1.0 i 3
2.0 2,200 kg/m? deg::;;ed 2,200 kg/m

» Overflow drag

h

The shear stress which will give rise to the drag force should be determined by
the equation:

Debris S T v 1T S — (B.3)

overtopping
where h
tan ¢,

thickness of debris surge

equivalent coefficient of friction at the interface of the
overtopping debris surge and the deposited debris and
should be taken as tang + v*/(h&) where v is velocity of
p=Kp;gd overflow. ¢ and & are the apparent friction angle and
Barrier turbulence coefficient adopted in the debris mobility
analysis respectively (the second term. +*/(h&). can be
dropped when frictional theological model is used)

Figure B2 Loading on a Barrier due to Debris Overtopping

) Boulders (e) Where boulders with diameter greater than 2 m (or with volume exceeding a
2 m diameter sphere) i the debris flow are anfticipated. suitable independent
measures (e.g. baffles. debris-straining structures or in-situ boulder stabilisation)
should be provided to reduce the impact of boulders on the flexible barrier.

|7 Kwan & Cheung (2012)



Debris impact scenario

Flowing and Deposition Sequence of Debris Loading on Barrier v > v > v

|
| H hy, @ larger of (i) the maximun debris
1 Barrier I thickness passing through barrier wall
I 1 (a) = B location. (1i) a nominal thickness of

1 7 =100 0.5 m and (ii1) the estimated thickness of
1 I @/_ A t-h“ |:| 3 boulder accumulated front
1 _nthphaser--._
| : < , e

< p,=a v Fa -
Vv 1 Lo 4= P A g
| 2 2" phase..__
. . . . . . h Tt phase

@ Debris front reaches the barrier and deposition begins (first debris surge) . o T prase

(b)

L

barrier locatio

[ AAA
o
“n
1l
~
o
1%
Q
Q.
Cumulative volume of

debris passin

h'V

Velocity of debris passing

through barrier location

Time

p=Kp, gd

v, = design impact velocity of the n™ phase & 0.7 maximum debris velocity of the hydrograph

® Debris piles up behind the barrier (last debris surge filling up the barrier)
18 Kwan & Cheung (2012) TGN44



Barrier Configuring & Analysis

Site Setting Barrier Configuration

Brake Element

: [6m R
Winglet cable

Top cable x | P~

Middle cable x 2

Bottom cable x 2 3.2m

Border cable x |

A
\ 4

5m

Design & Detailing

e.g. obtain maximum

cable force e
65 kN

100 k

o



Numerical Programs

ial behavior

Inear mater

of flexible barriers under sequential load

» e.g. NIDA-MNN (Chan et al. 2012)

» Models that take into account the non

ings

2012)

*9

DYNA (Ng et al

. LS-

8

> €

LS-DYNA keyword deck by LS-PrePost

Time = 0.024415




Coupled Analysis

» Force approach is essentially a decoupled analysis
Debris mobility modelling

Flow path =mmm Flow mass

L 140 }

<

D)

£ 120 1
100 +

| \ \

} 1 f t t

0 50 100 150 200 250
Chainage

Structural response of barrier
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Flexible barrier study_Case_3
Time = 0




Video - debris flow impacting a rigid barrier

RMC160DF_6ém/s_150m3

Time = 0







Outline

e Background of LS-DYNA
e Basics of a LS-DYNA model

* General modelling guidelines
»Element type and formulation
» Typical material models in modelling flexible barriers & debris
» Contact modelling
» Initial and boundary conditions
» Control parameters Unit system

» Post-Processing guidelines
» Useful references



Background of LS-DYNA

* Developed by Livermore Software Technology Corporation,
California, USA

« 2D / 3D, particularly suitable for nonlinear, transient dynamic
finite element analysis

TENSION TEST SIMULATION, MAT=24, DISPLA TSPHEFIE';I.K SHORT CRUSH TUBE IMPACTED BY A MOVING W
Time = 0 e Time= 0

z
WK "
¥

g Tension test Boulder hits a elastic plate Compression of crush tube



Basics of a LS-DYNA model

 ALS-DYNA model: keyword file format — xxxxx.k

Geometrical configuration & element generation

Keyword definition: initial & boundary conditions, time step etc.

LS-PrePost
is Free

Solver
Specify CPU number and memory size to be used

Program
Manager

LS-DYNA

Program Manager
is licensed

Postprocess: animation, contour...
Data plot, e.g. cable force — time history plot

LS-PrePost




L S-PrePost

B LS-PrePost(R) ¥4.5.25 - 07Nov2018
File | Misc. View Geometry FEM Application Settings Help p—
Menu bar v

47|

-

L

N EIFED EEEL LT RO TEE EEEEY AR T Y =

Tool bar

SEF (PRl

> ibgm Tade

Shaded Geom With Edges

Fast Renderer



Generate keyword file using LS-PrePost

Tool to prop out keyword panel

15} Li-Preliusl_@} V4,5.25 - 07Nov2018-64bit 5_DYNA_Project\99_16Apr2019_Presentationspherel k\spherelk

Muu@sl kEue@'nstry FEM  Application Settings Help

[ Geometrical view

Keyword Manager =] x T

Keyword Edit | Keyword Search

[ MatDB || ReiBy |[ pick |[ Add || Accept || Delete |[ Default |[ Done | & TITLE

[]Use *Parameter [ | Comment (Subsys: 1 spherel.k)

*MAT_PIECEWISE_LINEAR_PLASTICITY_(TITLE) (024) (1)

Eﬂm Keyword panel Edit: MAT_PIECEWISE_LINEAR_PLASTICITY =
@ Model Al
MName Count
£ BOUNDARY 124
e SPC_NODE 1
CONTACT 1
E-CONTROL 8
& DATABASE 3
E-ELEMENT 2043
= INITIAL 1
KEYWORD 1 “o* Mt
-MAT 2 %) ‘ll
) . 020-RIGID 1 = Q’
Input card, e.g. material data input L— : &
E-NODE e
) & PART -
— e ECTON o
13
==|
3

RO E ER EALL

3 7830e-06 20000000 03000000  2000.0000 10000000 03000000 0.0 2
2 P Lcss(e]  Lcsr[e)  we
3 EPS1 EP52 EP53 EP54 EPS5 EPS6 EP57 EPS8 .
00 00 00 00 00 00 00 00

Material arrange

ES3 ES4 ES6
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 GroupBy Sort List
Model v [Type v][.nm -
] Pot  |[  Raise |[  New [ Padd -
Total Card: 1 Smallest10: 2 LargestID: 2 Total deleted card: 0 Load From MatDB
I Model Check ] I Keyword Del ] ResForm

[ ExpandAl ] [ Collapseall ]

Done

@O V. QeI rEaBoed - Xer’
YudL U.UJS JJL U.JIFTOD U.OUJLOU U. LT I0U0, T

pan 216.987610 -107.328125; - 9

% oo



Components of a typical keyword file

| Untitled - Notepad

SPHERE1.K

File Edit. Format View Help
*KEYWORD
ATITLE
spherel.k
«nope 4+ Geometrical information: coordination of each node
$

Time = 0

(CLEMENT_S0LIP«— Element information: which nodes form a specific type of element

*SECTION_?EEE\

«secrron_sken] SecCtion information: such as shell, solid, beam etc.

2 L O [0 101000 o]0 Ry o R [0 [0 [0 10 e g e [0 [0 10 0 W R el 00 0 0 ]0) U
2.3000000 2.53000000 2, 5000000 2.3000000 0.0000000

*MAT_PIECEWISE_LINEAR_PLASTICITY
3 mid ro e pr sigy etan faileps
2 7.83000-6 200.00000 0.3000000 2000.0000 1.0000000 0.3000000 O.0000000

§ e/p an . e .
S e Material constitutive model, e.g. soil, steel
- 1 7.83000-6 200.00000 0.3000000 O.0000000 O.0000000 O.0000000

“parT «— Which section, material etc. form which part
T 1 1 0 Q 0 0 0

0000000 0.0000000

*PART

2 2 2 0 0 0 0 0

“imitialquelocity_geeacarion
AR "§> Define initial & boundary conditions
;BOUNDARY_ PC_NODE

“contact surfad Define how two parts interact

= 1'I"l_ [Tl =T
1,2,3,3

<—| Define when model stops running, time step etc.
*CONTROL_TERMINARESHN
1. 0000000 0 0.0000000
*CONTROL_TIMESTEP

0 0.0000000

0. 0000000 O.0000000 0 0.0000000 0.0000000 0 0
*CONTROL_SHELL
0. 0000000 0 0 0 0 0 0
*CONTROL_DAMPING
0 0.0000000 0.0000000 0.0000000 O.0000000 0 0.0000000
*CONTROL_CONTACT
0. 0000000 0. 0000000 0 0 0 0 0
0 0 0 0 0.0000000 0 0
*CONTROL_OUTPUT
0 0 0 0 0.0000000 0 0

*CONTROL_ENERGY
1 1 ]

Define which information to be output in the result file
*DATABASEm_

LsHFLU
0.1000000 0
*DATABASE_BINARY_D3THDT
10. 000000
*DATABASE_EXTENT_BINARY
0 0 0 0 0 4] 0
0 0 0 0 0 0

*END
10
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Menu bar




Computation status

total energy / initial energy.. 6.39712E-01
energy ratio w/o eroded energy. 6.39712E-01
global x wvelocity.............. 0.00BRBE+RO
global y velocity.............. 3.09588E-01
global z velocity.............. -8.41055E-02

number of shell elements that

reached the minimum time step.. 0]
1 t 0.0000E+00 dt|4.61E-06 |Flush i/o buffers B =B,. 1+(A A, l)*Cn . n—row number
1 t 0.0000E+00 dt 4.61E-06 write d3plot file

1 Terminationtime

Summary of edge-to-edge contact interface #

L9752E-01
.B@GBE a1

flush ifo buffers
write d3plot file
flush ifo buffers

number of warnings for interpenetration = 1998 . = 5_@995+@9]

humber of warnings for segment deletion = (0] t 2_3@495 ozlkdt 4. flush 1/0 buffers
cpu time per zone cycle............ 0 nanoseconds 100000 £ 4 . BR93E-0Z2|Ht 4. flush ifo buffers
average cpu time per zone cycle.... 2852 nanoseconds 150000 t 6.912TE-02 |t 4. flush ifo buffers
average clock time per zone cycle.. 2852 nanoseconds 200000 £ 9.2149E-021Hdt 4. flush ifo buffers
21TOSE &t 9.999TE-02|[dt 4. write d3plot file
estimated total cpu time S 295733 sec ( 82 hrs 250000 t 1.1516E-01|Ht 4. fFlush i/o buffers
estimated cpu time to complete = 295727 sec ( 82 hrs 300000 t 1.3816E-01|dHt 4. flush i/o buffers
estimated total clock time z 295733 sec ( 82 hrs 350000 t 1.6115E-011Ht 4. flush i/o buffers
estimated clock time to complete = 295727 sec | 82 hrs 400008 £ 1.8413E-01 1Kt 4. flush i/o buffers
434548 £ 2.0000E-01 |dt 4. write d3plot file
450008 t 2.0T710E-01 |[dt 4. flush ifo buffers
SO00ER t 2.3004E-01 |dt 4. flush ifo buffers
550008 £t 2.5285E-01 |dt 4. flush ifo buffers
GOPOER &t 2.T7538E-01|dt 4. flush i/o buffers

t 2 £ 4.

t 3 t 4.




General modelling guidelines

Keyword

]

Shape Mesher

AutoM Curve

EleTol

£
BgIkF Po =
Ele-Gen ME

& @
SolidM Surf
®
BlockM Solid
Ly B
LineM  GeoTaol

» For regular shape shell and solid
elements, the meshed elements
can be generated by “Shape
Mesher”

» For irregular shape shell and
solid elements, the object should
be created first using the point,
curve, surface tolls and then
using “Auto Mesher” or “Solid
Mesher” to generate elements

» For beam element, a curve
should be created first and then
using the “Element Generation”
to generate beam elments

Manager

» SECTION-Define the element type (beam, shell,
solid)

» MAT-Define the material properties and
constitutive model

» PART-Assign the SECTION and MAT information
into different modelling elements

» CONTACT-Define the interaction between
different parts

» CONSTRAINED-Define the coupling mechanism
of Fluid-Structure interaction

» BOUNDARY-Define the boundary conditions
» INITIAL-Define the initial conditions
» LOAD-Define applied load (e.g., gravity)

» CONTROL-Change defaults and activate
solution options

Keyword Manager

Edit: SECTION

|§| M

Mame
E-ALE
E-BOUNDARY
E-CONSTRAINED
E-CONTACT
E-CONTROL
F-DATABASE
&-DEFINE
E-ELEMENT
E-HOURGLASS
E-INITIAL
E-KEYWORD
#-LOAD
E-MAT
E-NODE
E-PART

&-SET

- TITLE




General modelling guidelines

»Element type and formulation
»Material model

» Contact modelling

» Initial and boundary conditions
» Control parameters

»Unit system



Element iIn LS-DYNA



Solid elements — element shape

o= 4-node
snode N Many cases, LS-DYNA
automatically
generates the shape based on
B s user defined
; ; element size and model
¢ N geometry
8-node




Solid elements — element formulation

e Numerical formulation of that element

weyword Input Form

| RefBy || Add || Accept || Delete || Defautt || Done |

‘ MNewID H Draw |

(Subsys: 1 spherel k) | Setting |

[ Use *Parameter  [] Comment
*SECTION_SOLID _(TITLE) (1)
TITLE -
1 SECID ELFORM AET
1 0 - l 0 - |7

Repeated Data by Button and List

Repeated Data by Button and List

ELFORM:=Element formulation options:

EQ.0: 1 point corotational for *MAT_MODIFIED_HOMEYCOME,

EQ.-2: fully integrated 5/R selid intended for elements with poor aspect ratio, accurate formulation.

EQ.-1: fully integrated 5/R solid intended for elements with poor aspect ratio, efficient formulation.

EQ.1: constant stress solid element (default),

EQL2: fully integrated 5/R solid, o= 17



Solid elem

EQ.0:

ent formulation options

| point corotational for *MAT_MODIFIED HONEYCOMB.

- constant stress solid element (default).

fully integrated S/R solid.

fully integrated quadratic 8 node element with nodal rotations,
S/R quadratic tetrahedron element with nodal rotations,

| point ALE,

| point Eulerian,

| point Eulerian ambient,

- acoustic,

| point corotational for *MAT_MODIFIED_HONEYCOMB
| point tetrahedron.

EQ : ) , : .
EQ.11: 1 point ALE multi-material element «— Large deformation, e.g. debris

2: 1 point integration with single material and void.

: 1 point nodal pressure tetrahedron for bulk forming.

4: 8 point acoustic

: 2 point pentahedron element.
. 8 point enhanced strain solid element for linear statics only,

: 1 point Eulerian Navier-Stokes

.32: 8 point Eulerian Navier-Stokes

18



Constant stress solid element (ELFORM=1)

e Under-integrated: only ONE Gaussian point
o Efficient while less accuracy

* Even works for severe deformations
* Needs Hourglass stablilization




Hourglass

* Hourglass (HG) modes are nonphysical, zero-energy modes of
deformation that produce zero strain and no stress. Hourglass
modes occur only in under-integrated (single integration
point) solid, shell, and thick shell elements.

Examples of Hourglass modes
of solid element

é_-r"'- e Pk




Keywords related to Hourglass control algorithms

* Hourglass can usually be controlled by applying internal forces
to resist hourglass modes via Hourglass control algorithms

« *CONTROL HOURGLASS
» Sets global hourglass formulation and coefficient

« *HOURGLASS

« Sets hourglass formulation and coefficient for specific parts (overrides
global setting)

e *CONTROL_ENERGY
» Set HGEN to 2 to have hourglass energy calculated (recommended)



Takeaway recommendation

« Adopt default setting and QM (hourglass coefficient, < 0.15) for
flexible barrier and debris interaction problem

_I j b [HTR)
Keyword Input Form

[ RemBy |[ Add |[ Accept |[ Delete |[ Defauit |[ Done | FENNNN
[T Use *Parameter [ | Comment (Subsys: 1 Maccaferri_RMC_160_barrier_rb.k) 111580

11
*HOURGLASS (TITLE} (1) 11
TITLE 1 g
List
1 HGID HQ oM IBQ Q1 Q2 QB/NVDC oW i
A |
1 1.000e-06 O 0.0 0.0 0.0 0.0 i
COMMENT: o

|

IHQ:=Hourglass control type. For solid elements six options are available, For quadrilateral shell and membrane elements the hourglass
control is based on the formulation of Belytschko and Tsay, i.e,, options 1-3 are identical, and options 4-6 are identical:

EQ.0: default=1 regardless of IHQ in *control_hourglass,

EQd:standard LS-DYMA viscous form,

EQ).2:Flanagan-Belytschko viscous form,

EQ.3: Flanagan-Belytschke viscous form with exact velume integration for solid elements, -

TES

— - = = — — —_—



Large deformation modelling — ALE method

Finite element algorithms adopted in continuum mechanics

: : : (3) Arbitrary
Algorithms (1) Lagrangian (2) Eulerian Lagrangian—Eulerian

Computational mesh Computational mesh is Both computation mesh and the
Description  moves together with the fixed and the continuum material continuum can move
material continuum moves with respect to the grid (but not necessary together)

Example PLAXIS, Phase?2, SAFE,
software FLAC, LS-DYNA LS-DYNA LS-DYNA

«— [ agrangian mesh transfation

Material moving =
/ & deforming 5 }‘_Maferfa! deformation
{ { [ | [ f/
|:> II ff li f | J’f e (1)
{ Fi [ f/ i f
L L L L / /—-Eulerian mesh
11 | I | ] (fixed in space)
{ { J { [ f
=D b{f l{: l{: I{I ’.* ff &= (2)
| [ I 7 7 7 ]
H — | A
| | —
| 7 7 7 7 & (3)
| T ] 7 | 1 7
= IR, o Y- f - ~—AlF mesh translation \__ALE mesh
Solid material Void or air

(moving)

t = dt = t* 23



Difference between Eulerian and ALE

 Eulerian method is a subset of the ALE where the
computational mesh stays fixed in space

t+
[ / / / / /
The main difference between | |/ A [ [ /
g i 1/ Fi__3f / / /
pure Eulerian vs. ALE 1 A | R | 7 7
method is different amounts of | Le 1 L L L /

Material motion———— ALE

material being advected —_——T | ] ] 4 /

< /
3 [ [ S i

‘*'_F'LLE mesh motion

24



Conventional understanding

[

Lagrangian phase Advection phase

25



Element formulation for modelling debris

2 Topo_side
3 Container

B ddnnde™”

Keyword Input Form

7] Use *Parameter  [| Comment

| RefBy || Add || Accept || Delete || Default || Done |

(Subsys: 1 Maccaferri RMC_160_barrier_16.k)

*SECTION_SOUD_(TITLE) (2)

triee

; Debris i
1 SECID ELFORM AET

. —

Repeated Data by Button and List

m

Data Pt.
Replace Insert

Delete | Help

Repeated Data by Button and List

EQ.6: 1 point Eulerian,
EQ.7:1 point Eulerian ambient, EQ.8: acoustic,

EQ.10:1 point tetrahedron,
EQ.11:1 point ALE multi-material element,

EQ.9:1 point corotational for *MAT_MODIFIED_HOMEYCOME, &

EQ.12:1 point integration with single material and void, -

ﬁr

Keyword Manager e o
Keyword Edit | Keyword Search
Edit: SECTION_SOLID Edit
@ Model @ Al
MName Count
= ALE 2
-~ MULTI-MATERIAL_GROUP 2
-BOUNDARY 4
~CHANGE 3
- CONSTRAINED 3
A i 1
:
2 Air 3
n 1
PLOT 1
NARY 1
3 -
95603 |
1
1
1
8
111960
1
1
9
5
2
, 4
5
1 o
H
Sort List
v .:Tw:e = ..:A" i
:“Lca.c.l F.r.om fv.ia-tDB. |

26



Keyword used together with ELFORM=11
« *ALE_MULTI-MATERIAL_GROUP (AMMG)

Keyword Manager e

5 Keyword Edit | Keywaord Search
| - i =
E @ Debris AMMG Edit: ALE_MULTEMATERIAL_GROUP - Edit
-1 2 Topo_side MName Count
] 3 Container 5 =
L7 e
- MULTI-MATERIAL GROUP 2
T T 4
z Comapaton ) B
- i i
- [ Refey |[ pick |[ Add |[ Accept || Delete || Defoult |[ Done ] 3
1
] [ Use *Parameter | Comment (Subsys: 1 Maccaferri_ RMC_160_barrier_rG.k) 2
=N E
L 11 Null membrane *ALE_MULTI-MATERIAL_GROUP  (2) 3
% 5 ; : .
i IDTYFPE GPNAME 1
3

[ Link pART (o) os603 |
PART 2}
1 Topo_bottom .
2 Topo__side = S ¥
. . - ]
i ee—— S0id material o
6 Brake element 11
7 Side cable 1
8 Ringl -
= —||9 Ring2 — — 9
IDTYPE:=Set type: 10 Shackle - :
EQD: part set, 11 Null membrane
EQ.L: part. 2
[ Read || Newkwd | Newtntity =
1 -

| Cancel || Done |

Material arrange
GroupBy Sort List




Alir / void AMMG

__RMC160DF_8m/s_150m3

7 Assembly 1
TE@ FEM Parts
1 Topo_bottom

4 Debris

5 Horizontal cable

6 Brake glement

T Side cable

8 Ring 1

9 Ring 2

10 Shackle

11 Null n
En

T

Keyword Input Form

[1Use *Parameter [ | Comment

lRefo H Pick H Add ”Accept”Delete

*ALE_MULTI-MATERIAL GROUP (2)

(Subsys: 1 Maccaferri_160_8ms.k)

[ —

1 siD[® IDTYPE GPNAME

O bdw

 Link PART | =

PART

»

1 Topo_bottom

2 To

4 Debris

5 Horizontal cable
6 Brake element

7 Side cable

8 Ringl

9 Ring 2

10 Shackle %

m

l Read ” MNewKwd l MNewEntity

o

Air / void material

|3

Edit: ALE_MULTI-MATERIAL GROUP ~

Edit

© Model O Al
Name Count
B-ALE 2 B
e orous :
E-BOUNDARY 4
CHANGE 3
#-CONSTRAINED 3
#H-CONTACT i
E-CONTROL 3
E-DATABASE 3
&#-DEFINE 3
E-ELEMENT 95603 |_
& HOURGLASS B
=-KEYWORD 1
=-LOAD L
E-MAT 8
#-NODE 111960
-PART 11
‘PART 11
B-SECTION g
- SET 5 |
@-TITLE 1
Material arrange
GroupBy Sort List
[Madel ¥ || Type V-I‘I,EE\II V'
: Load From MatDB |
[ Model Check l l Keyword Del l ResForm |
l ExpandAl l l Colapseal l
1
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Beam elements

o All structures components of a flexible barrier are
modelled by beam elements

Extremely important: be reminded to define Node n; when generating
beam element as it determines the initial orientation of the cross section!!!




Element formulation for beam elements

e Recommended type ELFORM=1 OR 2

|
71 Assembly 1
7/ FEM Parts

| Keyword Entity
= Boundary

-+ Contact

- Define

-1 Load

- Set

_ RMC160DF_6m/s_150m3

Keyword Input Form

["]Use *Parameter || Comment

| Refby || pick || Ada || Accept | Detete ||pefautt]| Done |10 Ring

11 Horizontal cable

(Subsys: 1 Maccaferri_ RMC_160_barrier_r6.k) 12 Side cable
13 Brake element

*SECTION_BEAM_(TITLE} (5)

14 Shackle

TITLE
-Shackle
[] Resultant Beam Shape Definition
1 SECID ELFORM  SHRF QR/IRID® CST SCOOR
[ TR R
0.0200000 0.0200000 0.0 0.0 0.0 0.0
COMMENT:

ELFORM::EIement formulation options:

EC).1: Hughes-Liu with cross section integration (default),

EQ.2: Belytschko-Schwer resultant beam (resultant),
EQ.3: truss (resultant),

| »

m

[l » | 4

| Load From MatDB |

[ Model Check l [ Kewvword Del l ResForm

Edit: SECTION_BEAM e Edit
@ Model ©) Al RefBy
Name Count
®-ALE I
-BOUNDARY 4
E-CHANGE 3
E-CONSTRAINED 3
E-CONTACT 1
[E-CONTROL 2
F-DATABASE 3
- DEFINE 3
E-ELEMENT 95603
E-HOURGLASS 1 =
E-KEYWORD 1
LOAD 1
- MAT 8
E-NODE 111960
PART 11
E-SECTION 9
5
2
5
5
- TITLE 1 i
— Material arrange
GroupBy Sort List
Model v |Type ~|ai -




ELFORM= 2

. RMC160DF_6m/s_150m3

Iz Assembly 1
a7 FEM Parts

| Keyword Entity
1 Boundary

1 Contact

7 Define

+ Load

4 Set

Keyword Input Form

l RefBy “ Pick “ Add ”Accept”[}elete“[}efaultn Done ]

(Subsys: 1 Maccaferri RMC_160_barrier_ro.k)

[]Use *Parameter [| Comment
*SECTIOMN_BEAM_(TITLE) (5)
TITLE -
Ring
Resultant Beam Shape Definition
1 SECID ELFORM  SHRF QR/IRID[*) CST SCOOR NS 3
g TR T
2 A 1SS Elilr ] SA IST A
8.478e-05 4 770e-11 4 770e-11 9.600e-11 8.478e-05 0.0
COMMENT:

1

ELFORM:=Element formulation options:
EQ.1: Hughes-Liu with cross section integration (default),
EQ.2: Belytschko-Schwer resultant beam (resultant),

EQ.3: truss (resultant),

[m] »

10 Ring

11 Horizontal cable

12 Side cable

13 Brake element

14 Shackle




ELFORM=1 OR 2, which to choose — Example
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Shell elements

* Used for modelling thin structures, e.g.
topography surface, membrane etc.

o RMC160DF_6m/s_150m3 Edt: SECTION_SHELL v | Edt
3
Egu’-\ssembly 1 @ Model ) Al
2 FEM Parts
Keyword Entity Name Count
Boundary - ALE 23 -
Contact r .
& BOUNDARY 4
load E-CHAMNGE 3
Set l RefBy ”Sort/TlH Add HAcceptH Dele‘[e”DefaultH Done ‘ 3_Topo #-CONSTRAINED 3
9 Null membrane SRt §
[TUse *Parameter [ | Comment (Subsys: 1 Maccaferri_RMC_160_barrier_r6.k)
E-CONTROL 2
*SECTIOM_SHELL_(TITLE) (2) =-DATABASE 3
- &]
e - DEFINE 3
= E-ELEMENT 95603
opo
E-HOURGLASS 1 =
1 SECID ELFORM SHRFE NIP PROPT QR/IRID[*] ICOMP SETYP & KEYWORD 1
: T : 2 O F— # L0AD .
2:d T2 3 T4 NLOC MAREA IDOF EDGSET B-MAT 8
0.0050000 0.0050000 0.0050000 0.0050000 0.0 0.0 0.0 0 =-NODE 111960
Repeated Data by Button and List @-PART 11
Data Pt 9
- 5
Replace Insert
2
Delete Help v > e
tELFORM::ELFORM Element formulation options: & o
EQ.1: Hughes-Liu, E ®-TITLE S
EQ.2: Belytschko-Tsay (default), Material arrange

jolu]



Shell element formulation options

Shell Element formulation options

EQ.1: Hughes-Liu,

EQ.2: Belytschko-Tsay,
EQ.3: BCIZ tnangular shell, :
EQ4: Cp triangular shell, Default element formulation, good for most

EQ.5: Belytschko-Tsay membrane, cases except when excessive wrapping is anticipated
EQ.6: S/R Hughes-Liu .

EQ.7: S/R co-rotational Hughes-Liu,

EQ.8: Belytschko-Leviathan shell ,

EQ.9: Fully integrated Belytschko-Tsay membrane,

EQ.10: Belytschko-Wong-Chiang,

EQ.11: Fast (co-rotational) Hughu -Liu,

EQ.12: Plane stress (x-y plane) ,

EQ.13: Plane strain (x-y plane)

EQ.14: Axisymmetric solid (y-axis of symmetry) - area weighted,
EQ.15: Axisymmetric solid (y-axis of symmetry) - volume weighted,
EQ.16: Fully integrated shell element (very fast),

EQ.17: Fully mlemated DKT. triangular shell element .

EQ.18: Fully integrated linear DK quadrilateral/triangular shell
EQ.20: Fully integrated linear assumed strain CO shell

EQ.31: 1 point Eulerian Navier-Stokes

EQ.32: 8 point Eulerian Navier-Stokes
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Material models



Material models

* Provide more than 200 materials models for users
» Defined under keyword *MAT

e Classification of material models
e Elastic
 Elastic-plastic
 Viscoelastic

 Naming is different from what we are familiar with (Mohr-
Coulomb, Modified Cam-clay, hardening soll etc.)



Example — Elastic (MAT001)

o EH-INTEGEATION

E-INTERFACE
‘MatDB H RefBy H Pick ” Add HAcceptH Delete HDefauItH Done I #-KEYWORD
10 Shackle

= = E-LOAD
["1Use *Parameter [_| Comment {Subsys: 1 Maccaferri_RMC_160_barrier_r6.k) Setting 11 Cable ‘%

*MAT_ELASTIC_(TITLE) (001) (3)

=-MAT

------------- 000-ADD_COHESIVE
------------- 000-ADD_EROSION
000-ADD_FATIGUE

E R L e NOTUSED AN 000-ADD_GENERALIZED_DAMAGE
7800.0000  2.000p+11 | 03000000 0.0 j 0
------------- 000-ADD_PERMEABILITY
COMMENT: = 000-ADD_PORE_AIR

------------- 000-ADD_THERMAL_EXPANSION
------------- 000-NONLOCAL
------------- 000-ELASTIC_PERI

E:=Young's modulus.

001_FLUID-ELASTIC_FLUID

------------- 002-ORTHOTROPIC_ELASTIC

------------- 002_ANIS-ANISOTROPIC_ELASTIC

------------- 002_SUNIL-COMPOSITE_FAILURE_SUNIL
------------- 003-PLASTIC_KINEMATIC

e LS-DYNA Manual: Volume Il
 LS-DYNA theory manual
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Material model — debris (MAT0O05)

J ” j Name Count
p- Y--001-ELASTIC 3 [
Keyword Input Form A w
. 001_FLUID-ELASTIC_FLUID
NewlD |Ma‘[DB” RefBy H Pick || Add HAcceptH Delete HDefauIt” Done I - 002-ORTHOTROPIC_ELASTIC
= = ) ) - - (002_ANIS-ANISOTROPIC_ELASTIC E|
["|Use *Parameter [ | Comment (Subsys: 1 Maccaferri RMC_160 barrier r6.k) Setting =|
002_SUNIL-COMPOSITE_FAILURE_SUNIL (o
*MAT_SCIL_AND_FOAM_(TITLE) (005) (1) - 003-PLASTIC_KINEMATIC
~(04-ELASTIC_PLASTIC_THERMAL
TITLE = 05-501L AND_FOAM] 1
- -SOIL_AND._FO,
~(06-VISCOELASTIC
IMD RO G BULK AD Al s EC --007-BLATZ-KO_RUBBER
I 2200.0000  5.000e+05  1.000e+06  0.0100000 0.0 0.0670000  -1.000e+08
. ~008-HIGH_EXPLOSIVE_BURN
L ]
2 VCR REF LCID o i
10 ~]loo x| o -010-ELASTIC_PLASTIC_HYDRO
3 EPS1 EPs2 EPS3 EP>4 EPS5 EPS6 EPS7 EPS8 —010-ELASTIC_PLASTIC_HYDRO_STOCHA!
0:0 1.0000000  J0:0 00 20 20 o0 00 = 010_SPALL-ELASTIC_PLASTIC_HYDRO_SF
4 EPS9 EPS10 011-STEINBERG
0.0 0.0 -011_LUND-STEINBERG_LUND
S P P2 P3 P4 P P& 74 P8 - (12-1SOTROPIC_ELASTIC_PLASTIC
0 100023067 J0:0 00 20 20 0.0 0:0 013-ISOTROPIC_ELASTIC_FAILURE
6 P9 P10 --(14-SOIL_AND_FOAM_FAILURE
0.0 0.0 -015-JOHNSON_COOK
COMLIERT —015-JOHNSON_COOK_STOCHASTIC
016-PSEUDO_TENSOR
L ---(017-ORIENTED_CRACK
Total Card:1 SmallestID: 1 LargestID:1 Total deleted card: 0 a |-~018-POWER_LAW_PLASTICITY -
aterial arrange
roupBy Sort List
i N - “Type - ”AII -
[

e Drucker — Prager model (elastoplastic model)
« Parameter input: NO conventional concept of cohesion, frictional angle
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Key input parameters of Drucker — Prager model

—sing’

cosO — (%) sinfsing’

)2

Ay = (

. / !/
—Sin —CCOoS ;
Ay = ¢ x ¢ c: cohesion

cosf — (%) sinfsing’ cosf — (%) sin@sing’ ¢': internal friction angle
3 3 0: Lode Angle, usually assume =0

—ccos¢’

cosO — (%) sinfsing’

Ay = ( )?




Material model — MAT RIGID(MATO020)

e Topography
e Boulders

; OV LA 1 I
K - i ~-007-BLATZ-KO_RUBBER
NewID lMatDB“ RefBy “ Pick ” Add HAccepi“Delete“Default” Done ‘ ~-008-HIGH_EXPLOSIVE BURN
[]Use *Parameter [ | Comment (Subsys: 1 Maccaferri RMC_160_barrier_r6.k) -010-ELASTIC_PLASTIC_HYDRO
*MAT_RIGID_(TITLE) (020) (1) o (010-ELASTIC_PLASTIC_HYDRO_STOCHA!
- (010_SPALL-ELASTIC_PLASTIC_HYDRO_SF
TITLE i . -011-STEINBERG
Topo < 011_LUND-STEINBERG_LUND
1 MID RO Eae=——IRA N COUPLE M ALIAS (11 2-ISOTROPIC_ELASTIC_PLASTIC
b 25000000  1000e+07 03000000 0.0 0.0 --013-ISOTROPIC_ELASTIC FAILURE
2 CMO CON1 CON2 - (014-SOIL_AND_FOAM_FAILURE
7 7 -015-JOHNSON_COOK
3 LCOORAL A2 A3 vi V2 V3 T ~-015-JOHNSON_COOK_STOCHASTIC
0.0 0.0 0.0 0.0 0.0 0.0 - (16-PSEUDO_TENSOR
~(17-ORIENTED_CRACK
COMMENT: —-(18-POWER_LAW_PLASTICITY
= - (019-STRAIN_RATE_DEPENDENT_PLASTI!
) 2020-RIGID)
o ~-021-ORTHOTROPIC_THERMAL
Total Card: 1 SmallestID: 2 LargestID: 2 Total deleted card: 0 = SNPGRS DAMBSE
~-(23-TEMPERATURE_DEPENDENT_ORTH
+(124-PIECEWISE_LINEAR_PLASTICITY
= - (024-PIECEWISE_LINEAR_PLASTICITY_HA

Material arrange



Material model — cables, post, rings and shackles etc.

» A couple of choices exist
 Elastic only (MATO001)
 Elastic-plastic (MAT003)

[MatDB“ RefBy “ Pick H Add ”Accept“Delete“DefaultH Done ]

[]Use *Parameter || Comment (Subsys: 1 Maccaferri RMC_160_barrier_rb.k) Setting

*MAT_PLASTIC KINEMATIC (TITLE) (003) (0}

TITLE i
1 MID RO E PR SIGY ETAN BETA
| 0.0 0.0 e |
2 SRC SRP ES VP
0 0.0 0.0 0.0 b
COMMENT: T
SIGY:=Yield stress. =

+-000-ADD
++-000-NONLOCAL

++-000-ELASTIC_PERI

+-001-ELASTIC
++-001_FLUID-ELASTIC_FLUID
++-002-ORTHOTROPIC_ELASTIC
++-002_ANIS-ANISOTROPIC_ELASTIC
+-002_SUNIL-COMPOSITE_FAILURE_SUNIL

HERMAL_EXPANSION

- 004-ELASTIC_PLASTIC THERMAL

005-SOIL_AND_FOAM

--006-VISCOELASTIC
--007-BLATZ-KO_RUBBER
--008-HIGH_EXPLOSIVE_BURN
~-009-NULL
--(10-ELASTIC_PLASTIC_HYDRO
~-010-ELASTIC_PLASTIC_HYDRO_STOCHA!

010_SPALL-ELASTIC PLASTIC HYDRO_SF

--011-STEINBERG

M IR CTETAINCRT IR
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Material model — brake elements

Working principles

Force
Elastic stage Plastic stage Elastic stage
Before test
z
Threshold g
force & =
Maximpm Displacement 8 § 8 8 B § 8
elongatlon Elongation brake ring [mm]
After test

» Possible choices: e.g. MAT094 (Inelastic_Spring_Discrete_Beam), MAT003
» Other options are encouraged as long as justification is made
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Contact modelling



Types of contact

e Purpose of contact: allow different parts interact with each other
and thus load transfer occurs

» Typically used:
» Surface to surface, e.g. boulder & topography
* Node to surface, e.g. boulder & flexible barrier
» Single surface, e.g. components of flexible barrier



Contact input card

Keyword Input Form L =
[ Pick H Add ”Accept”Delete“DefaultH Donel 1 (1)

[TUse *Parameter [ | Comment

*CONTACT_AUTOMATIC_GENERAL (ID/TITLE/MPP) (1)

(Subsys: 1 Maccaferri_160_8ms.k)

1 CID TITLE
1
[CImpp2
2 IGNORE BUCKET LCBUCKET NSZTRACK PARMAX UNUSED
£ 2 e . 1.0005 -
|dentifig “Identification” ° :
of slé » Of master |«
4 ssID(®) MsID(e) SSTYP MSTYP sBoxiD/®) MBOXID(®) SPR MPR
2 0 l2 v"[) Vl 0 1] ID v”]_ -
Frictional &= D % VC vDC PENCHK BT DT
- 01000000 0.1000000 [ynamlg 0.0 0.0 1.000e+10
coefficient ' o
6 SFS SEM Fsictionast SEST SEMT ESE VSE
1.0000000 1.0000000 00 ce- - 00 1.0000000 1.0000000 1.0000000 1.0000000
8oeff|%ent
A AB [¥] ABC [ClABCD [C]ABCDE [ ] ABCDEF
Contact | 7fse SOFSCL  LCIDAB® MAXPAR  SBOPT DEPTH®) BSORT[®*l FRCFRQ
: I ] 0.0010000 0 0.0 0 0 0 .
stiffness 8 PENMAX THKOPT SHITHK  SNLOG ISYM 12D3D SLDTHK  SLDSTF
0.0 [0 v“{) v"{) v“{) v"{) vl 0.0 0.0
9 IGAP IGNORE  DPRFAC/MPAR1DTSTIF/MPAR2UNUSED  UNUSED FLANGL  CID RCFl®
0 00 0.0 0 0 0.0 0
10Q2TRI DTPCHK SENBR ENLSC DNLSCI TCSO TTEDI SHLEDG

EQ.0: penalty formulation,

EQ.1: soft constraint formulation,

EQ.2: pinball segment based contact.

EQ.4: constraint approach for FORMING contact option.

»

1

1

luy| »

1
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Contact force calculating method

 Most commonly used: penalty-based
* Normal direction resist penetration: contact stiffness

e Tangent direction resist friction: frictional coefficient

= SOFT parameter is prescribed on Opt. Card A of

= Default contact stiffness k is prescribed as follows for a solid
*CONTACT

element:

= SOFT=1 contact stiffness is maximum of ...

The SOFT=0 stiffness (see previous page), and
A stiffness calculated based on stability of a spring-mass system
considering...

K is the material bulk modulus

o is the penalty scale factor = Nodal masses m

A is the segment area Global timestep, At k=SOFSCL—
At

V is the element volume

= For a shell element:

a KA = SOFT=1 is usually recommended for contact
k= involving soft materials, e.g., foams, or for
Max shell diagonal contact between parts of dissimilar mesh
densities




Surface to surface contact

 Utilize two-way treatment: master\slave distinction not important

SPHERE1.K

Time = [}

Automatic surface to surface
» Efficient and robust penetration searching method 47



Nodes to surface contact

« Utilize one-way treatment: master\slave distinction important

Flexible barrier study_Case_1

_ Time = 1.1

»

|2 Post

7 1Ring1 Keyword Input Form

g g g;'lnagclfle NewlD || Draw Pick Add || Accep!
+ 4 Horizontal Cable [ "] Use *Parameter [ | Comment (Subsys: 1 Case_1_bot

<7 b Side cable

<7 6 Brake ring *CONTACT_AUTOMATIC_NODES_TO_SURFACE_(ID/TITLE/MPP) (1)

Ll
<7 10 Topo_Bottom (Can not edit keyword since it is associated with post D3PLOT)

i
0 1.0 0
4 ssIple MsID(®] SSTYP MSTYP sBoXID/*) MBOXID[® SPR PR
1

13 [2 -3 ~| 0 Link SET_PART S|
A B J Link PART ﬂ; PART_LIST
0.1000000 \ 00

ﬂ i

</ 13 Boulder

| Keyword Entity
<1 Boundary

1 Contact

1 Define

= Initial

6 SFS PART 1 Barrier components

1.0000000 ool 2 ALE materials
4 Topo

5 Side cable -
6 Brake ring
9 Debris AB

=

10 Topo Battom | -
411111 Topo_Side iE -

1 |[12 Container

RO 13 Boulder i

AP [ Read H NewKwd l NewEntity -
MSID::Mastei fent
EQ.0: for sing|l l Cancel “ Done J rodi

Read H NewKwd ” NewEntity ‘

[concel] [__oore_]

""'

] Eigen First: 1 Last
] Animate B[
205 = F"

Automatic nodes to surface
» Efficient and robust penetration searchina method
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Single surface contact

»Concept of single surface contact
e Assumes that everything contacts everything else

e Automatic_general
o Computationally expensive but very robust

 Single-surface formulation and only the slave side is
defined

» Good for edge-to-edge, beam-to-beam contact (e.qg.
flexible barrier components)

e Automatic_single surface
 less CPU expensive form of Automatic_general
 Most common contact used in impact simulation



ALE contact with Lagrangian

»Constraint_Lagrange In_Solid

» Generate forces that resist penetration of the ALE
through the Lagrangian parts

50



Constraint_Lagrange_In_Solid

REYWOIra Input rorm

‘ Pick H Add “Accept“Delete”Defaul'tH Done ‘
[]Use *Parameter [ | Comment (Subsys: 1 Geobrugg_160_MIt_bldr.k) Setting 3
4

*CONSTRAINED_LAGRANGE IN_SOLID (4)

1 COUPID TITLE =

1 Topobottominair

2 SLAVE(® MASTER(®) SSTYP MSTYP NQUAD CTYPE DIREC MCoup(®)

! 1 2 -Jo 3 4 -J2 K

3 START END PFAC(e) FRIC FRCMIN NORM NORMTYP DAMP
0.0 1.000e+10 0.0 0.2250000 0.0100000 0 1 0.0

4 CQ HMIN HMAX ILEAK PLEAK LCIDPOR[®] NVENT BLOCKAGE 1 .

0.0 0.0 0.0 0 | 0.1000000 0 0 0 v GOOd praCtlceS .

5 IBOXID IPENCHK INTFORC  IALESOF LAGMUL PFACMM THKF CTYPE . Qouplmg meth0d1 Chose 4 (penalty C.oupl.lng)
0 o ~Jlo -0 -] 00 0 -] 00 DIREC: coupling direction, Chose 2 (normal direction)
e [Sta Ly ik of et MCQOUP: couple with which multi-material group
e %TCOEF e Al FRIC: friction coefficient, calculated from friction angle

Data Pt
[ Replace ‘ ‘ Insert ‘
‘ Delete H Help ‘
COMMENT:

MCOUP:=Multi-material option (CTYPE 4 and 5).
EQ.0: couple with all multi-material groups,
EQ.1: couple with material with highest density.
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Initial and boundary conditions



Initial conditions

Initial_Velocity Generation Part or node set Must not be used with *Initial_velocity
Initial_Velocity Rigid_Body Rigid Part v v e.g. boulder
Initial_Velocity Node set e.g. define nodes of boulder as a set
*INITIAL_VELOCITY_GENERATION (1)
1 NSID/PID®) STYP OMEGA VX VY VZ IVATN ICID(*] E
hi 00 00 00 ' 'Zs;éifjﬁﬁhﬁh_h"'i
2 XC YC ZC NX NY NZ PHASE IRIGID
0.0 0.0 0.0 0.0 0.0 0.0 o ~|o

*INITIAL VELOCITY_RIGID BODY (0)

VXR VYR VZR ICID(®)

00 00 0.0

,_.
o
o
(o]

>
=
<
~J

o |
]

.
o |
]
]
]

*INITIAL_ VELOCITY (03

»

1 NSID[®) NSIDEX(®) BoxID[®  IRIGID ICID(®)
0 0 ] ]

|
2 VX VY VZ VXR VYR VZR

0.0 0.0 0.0 0.0 0.0 0.0 53




e * L oad _Body Z

Keyword Input Form

%

- . |

‘ﬂh«lﬂwﬂlh‘ ‘D:aw ‘

Use *Parameter

Comment

LCID: Load curve ID BRI

[ [ e ot o] ocn | S

LCIDDR[®) XC YC it

NEYWUIU CUL | KEyWOrd Searcn

Edit: DEFINE_CURVE

] £ 9.8000002 0 0.0 0.0 0.0 0
_RMC160DF_6m/s_150m3
@A md Input Form

‘-

cp| [[]Use *Parameter  [] Comment

(Subsys: 1 Maccaferri_RM{ _

*DEFINE_CURVE_(TITLE) (3)

DataPt. 1

TITLE
Gravity
1 LCID SIDR SFA SFO OFFA OFFO DATTYP  LCINT
1 0 M 1.0000000 1.0000000 0.0 0 =0
Repeated Data by Button and List
Al o1
00 00

e

[ e |[ Help || New
[ crangexy [ copy [ paste

COMMENT:

Total Card: 3 SmallestID: 1 LargestID: 3 Total deleted card: 0

RMC160DF_6m/s_150m3 _
: : ! Define Curve
0.8 A Curve1
""" {
0.6 |
D
= L...i s e A g
£
E0.4
o
0.2
0 20 40 60 80 100
Abscissa
| SRS Title Scale Attr Filter Print Save Load Oper Hide Gnsel Quit



Boundary conditions

 Movement
* e.g. *Boundary_Prescribed_Motion_Set

*BOUNDARY_PRESCRIBED MOTION SET (ID) (2)
ID TITLE
1 DebrisinflowY-direction
1 NSID[® DOF VAD LCID(® SF VID(®] DEATH BIRTH
1 ‘z v”[} vl 2 5.9000001 0 0.0 0.0

COMMENT:

m

i

1| »

|DOF:=AppIicabIe degrees-of-freedom:
EQ.1: x-translational DOF,
EQ.2: y-translational DOF,
EQ.3: z-translational DOF,
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Displacement boundary conditions

e Constraints
e e.g. *Boundary_SPC_Set

*BOUNDARY _SPC_SET (I (2)

ID TITLE
1 nNsID®) D@ DOFX DOFY DOFZ DOFRX  DOFRY  DOFRZ
: ﬂ ! ~Ja -Ja ~Jo ~Jo ~Jo

COMMENT:

m



Control parameters



Commonly used

e *Control Termination
e *Control_Timestep
e *Control_Energy

58



Termination

* The time when to stop computation

Keyword Input Form
l Clear ”Accept“ Delete HDefauIt” Done ‘
[]Use *Parameter  [_| Comment (Subsys: 1 spherelk)

1 ENDTIM ENDCYC DTMIN
1.0000000 0 0.0

COMMENT:

*CONTROL_TERMINATION (1)

e

SPHERE1.K

Time = L]

------------- CONTACT

............. DAMPING
............. ENERGY
............. QUTPUT

- DATABASE
E-ELEMENT
- INITIAL

- KEYWORD
E-MAT
=-NODE
=-PART
&-SECTION
&-TITLE

Material arranne
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Timestep

* The time step to proceed explicit calculation

* Time step size depends on
* Element size, element formulation
» Material properties, e.g. modulus

Time step (*CONTROL_TIMESTEP)

< m Simulation time (*CONTROL_TERMINATION)

Time (t)

Output time to d3plot files, "States” (*DATABASE_BINARY_D3PLOT)

EMaterfai

CAccoustchaveSpeed =
PMmaterial

Lengthﬂement

AExplicitTimestep = C
Wavespeed

ATimstepcg,
= (0.9)AExplicitTimestep
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Scale factor for computed time step

Keyword Input Form _BING
I Clear HAccept || Delete HDefaultH Done ‘ <M
= T
[ Use *Parameter || Comment (Subsys: 1 spherelk) Setting |
*CONTROL_TIMESTEP (1) iNM
i
1 DTINIT TSSEAC 1SDO TSLIMT DT2MS LCTM[®) ERCDE MS1ST = lsr
0.0 0.9 0 0.0 0.0 0 [g -”g - !
2 DT2MSFE DT2MSLCl®] 1MscL(®) UNUSED UNUSED RMSCL
0.0 0 0 0 0 0.0 D
COMMENT: [
|
TSSFAC:=Scale factor for computed time step. (Default =0.9. If high explosives are used, the default is lowered to 0.67).
rang

Tips: if ALE involved, have the time step scale factor reduced from the default of 0.9 to somewhere around 0.6
in order to maintain a stable solution
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Keyword Input Form i [ X |
Energy related to rigid part Clear || Accept|| Delete || Default|| Done

Use *Parameter || | Comment (Subsys: 1 spherel.k) ng.

*CONTROL_ENERGY (1)

2
2
:
-
Z

RYLEN

W

=
L
R
/§j|

COMME

Related to damping energy

HGEN:= HDquIass energy calculation option. A
EQ.1: hourglass energy is not computed (default),
EQ.2: hourglass energy is computed and included in the energy balance.
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Remark on Energy in LS-DYNA

EL*m

s -E&rz.i 1t -Eser' = E:-'::..' + -Edm:-!p = E.’:lpd S

total energy Euia

Ep, = current kinetic energy
E.ne = current internal energy
E. = current sliding interface energy (including friction)
E.. = current rigid wall energy
Egamp = current damping energy
Ewg, = current hourglass energy
E,.. = initial kinetic energy
E!, = initial internal energy
W.m: = external work

E.‘n + E:'Uni + H;z'.‘.

Potential energy is NOT included
In this energy balance equation!!

63



Unit system — keep consistent

g mm ms

kg mm S




Post-processing guidelines



Before running a model

1
il
=i
Y
] 2 Topo_side
] 3 Container
Y
il
gl
gl
N
/]
L7 11 Null membrane

Keyword Manager [

Keyword Edit | Keyword Search

Edit: DATABASE - Edit

@ Model ) All | RefBy

Name Count
& ALE 3
F-BOUNDARY 4
- CHANGE 3
COMSTRAINED 5
COMTACT 1

——

N
-ASCIL_option 1)
------- BIMARY_D3PLOT 1

— — — —
3
95603
HOURGLASS 1
E-KEYWORD 1
- LOAD 1
[E-MAT 8
- NODE 111960
E-PART 1
SECTIOM g
SET 5
&-TITLE 1

Material arrange
GroupBy Sort List
[osel T

.Laad. From MatDB.;

Model Check | Keyword Del | | ResForm

[ Expandal | [ colapseal |

MAana
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Keywords defining what data to output

*Database Binary D3plot Set DT

*Database ASCII_Option GLSTAT, MATSUM,RCFORC

SLEOUT, SPCFORC, NCFORC

*Database Extent Binary IEVER=1, STSSZ=3

*Database Binary_Intfor Set DT

Keyword Input Form \

DT, time interval to output d3plot file used for
animation, e.g. DT=0.1

Minimum recommended set, in ASCII format

Output individual d3plot file at every time interval
to avoid result file too large

Contact forces and stresses that can be used for
fringe plotting
L2

&-CONSTRAINED

[ i Aceep] et [oeaut] | oone | RN

~CONTACT
-CONTROL

(]

[[]Use *Parameter [ ] Comment

*DATABASE_BINARY_D3PLOT (1)

{Subsys: 1 Maccaferri_RMC_160_barrier_r6.k)

1DT L(_:DT@ BEAM NPLTC PSETID(®)
01000000 0 0 ] ]
2 IOOPT

COMMENT:

Total Card: 1  Smallest ID: 2 LargestID: 2 Total deleted card: 0

3
1
2
£ DATABASE 3
- ASCIL option i
BRRBINARY D3PLOT 1
i 5 NT_BINARY 1
8- DEFINE 3
®-ELEMENT 95603
®-HOURGLASS 1
= | |2 KEYWORD 1
®-LOAD 3
&-MAT 8
‘ ®-NODE 111960
— ®-PART 1
= -SECTION 9
@-SET 5
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Output files useful in post-processing ALE simulation

*Database_FSI A file named as dbfsi in ASCII format, reports time
history of coupling forces as well as coupling pressure
*Database_Binary FSIFOR* Set DT A binary database can be read into LS-PrePost to

enable fringe plots of coupling pressure and forces

# Certain procedures should be followed when using this keyword, refer to User Manual (Vol I)
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Concluding remarks



Modelling check list - 1

»Mesh considerations
* Does the mesh size give a reasonable time step?
» Are reasonable aspect ratios for solids and shells being used

o If using under-integrated elements, is hourglass energy small
enough or the level of hourglassing acceptable?

 Are duplicate elements / nodes avoided?

»Hourglass
» Are ALE fluids, which require lowering the hourglass coefficients,
being used?
»Material models
 Are strain-rate effects important?

 Has a reasonable range for the material input curves been
defined, so that rediscretization won't affect the resolution in the
area of interest?



Modelling check list - 2

»Contacts
» Have checks for redundant contacts been completed?
» Have checks for significant penetration between contacting parts been
completed?
»General quality check

* |s the time-step small enough given the relative velocity of the impact,
and, if not, has reducing the time step scaling factor been considered?

* |s the time-step unreasonably unstable and small that a revisit to time
step control parameters needed
»Qutput data

» Are anticipated results (node force, axial force etc.) that would be
useful for mtergretatlon all defined in the *Database keyword and
relevant cards

»Finally, for all categories
 As a beginner, if not sure, use default setting



Useful references

» https://www.dynasupport.com/manuals
»LS-DYNA User Manual (Vol | to lll, latest version)
»LS-DYNA Theory Manual (2017 Draft version)

» https://www.dynasupport.com/tutorial

»LS-DYNA Aerospace Working Group
https://awd.Istc.com/tiki-index.php?page=Resources
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Thank you.
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Design Experience Sharing
and Demonstration of Using
LS-DYNA

Jack Yiu and Arthur Cheung
Ove Arup & Partners Hong Kong Limited
16 April 2019

Outline

* LS-DYNA Capabilities

* Debris Mobility Modelling
* Model Setup Illustration
* Design Case Sharing — Fo Tan

* Structural Analysis of Flexible Barrier

* Couple Analysis with Barrier
* Design Case Sharing — Flexible Barrier Performance Optimisation

Outline ARUP



LS-DYNA Capabilities

ARUP

Current Approach of Flexible Barrier Design

P
§

* Debris mobility prediction using S ‘ ~
simplified 2D analysis e.g. DAN/W |
i

* Debris runout path is pre-defined ¥ o

and much idealised

Debris run-out prediction using DAN/W (from source to downslope)

* Debris volume and maximum
frontal velocity at a particular check
point for flexible barrier design

Velocity of the debris respect to horizontal run-out distance

* Two approaches for the barrier design:
* Energy approach: select a rockfall barrier with energy rating that match the predicted
maximum kinetic energy
* Force approach: pseudo-static force to explicitly design the barrier

LS-DYNA Capabilities

4/17/2019



Explore the Possibility of Using Advanced Numerical Tools

» Shortcoming of the existing approaches:
* Energy approach: energy rating of barrier was based on rock fall tests, not debris flow
* Force approach: interaction of debris and barrier not considered, hence the flexible
barrier design will be too conservative and onerous.

* Arup works with the GEO to investigate the use of advanced numerical methods to study
the interaction of debris flow and flexible barrier 2 LS-DYNA, a multi-purpose finite
element program for linear and non-linear mechanics, large deformation

* The objective of the previous works:
* Provide better prediction of debris mobility for flexible barrier design
* Improve the accuracy and cost-effectiveness of flexible barrier design
* Provide insight for the development of standardised and rationalised design method

LS-DYNA Capabilities

* LS-DYNA is a multi-purpose finite element program for linear and
non-linear mechanics

Advanced numerical
package used —
LS-DYNA

I8]E Ls-DYNA

ARUP

4/17/2019
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* Track records on impact analyses

* Able to model large deformation and movement of debris mass with
the use of advanced finite element meshing method

* Able to simulate coupled soil-structure interaction

Why LS-DYNA?

* Flexible to make changes to codes for different applications

Conventional meshing method in Finite LS-DYNA ALE meshing technique allows
Element analysis fails to capture large the simulation of soil structure interaction
soil deformation between baffles and landslide debris

Development since 2012

2012 - 2014 2014 - 2016 2016 - current

= $ R

The Interactions Energy Engineering
between Balance of Application
Landslide Debris Flexible Barrier Perspective
and Flexible System
Barriers

— &

LS-DYNA Capabilities



Debris Mobility
Modelling

Interaction between

LS-DYNA ﬁ" WA e riexible barrier
Y\ A’ ,',' i

4 and the landslide

Capabilities [ (EEeRim qc.:is
4 ,;@? 1AM

Energy Balance

Rock Fall

Optimisation in
Design of Flexible and
Rigid Barriers

4/17/2019

Debris Mobility Modelling

ARUP




Conventional
Approach to Debris

Mobility Modelling : -

ARUP |

*  DAN-W or DMM has the following limitations in debris
mobility...

No interaction between the debris from multiple source areas

Conventional
Approach to Debris

Mobility Modelling

Blockage effect of structural elements cannot be simulated

No areal extent of deposition and no debris thickness contour
can be obtained.

Bifurcation of debris trails cannot be modelled

Effective but very subjective in some aspects of the analysis,
especially the assignment of channel shape and width

ARUP

4/17/2019
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N
 Debris mobility modelling carried out

separately.

-
» Structural analyses of barriers carried

out separately.

Conventional
Approach to Design
of Structural

/

Countermeasures

N
* Could not realistically account for the

Sy, dynamic debris-barrier interaction

/

ARUP

* Pure frictional rheology model adopted in the LS-DYNA
simulation was proven to be successful in predicting debris
slide. Example of Fei Tsui Road Landslide occurred in Hong
Kong in Year 1995

Open Hillslope
Landslide (OHL)

e A e
/N ¥ A
K NI g
¥ . S
chrs | = s 1
- s
i,
e

DY NAd
s vulling
ST
=
T
=
o ———— S

Fei Tsui Road Landslide LS-
DYNA Animation

~ ARUP




* Introduction of Voellmy rheology by modifying the program
codes to suit typical debris flow hazards in Hong Kong.

* Example of Kwun Yam Shan Landslide occurred in Hong Kong
in 2005

Channelised Debris
Flow (CDF)

Time = 0 sec e = 16 see Time = 31sec

P

1. Location of the landslide debris predicted in LS-DYNA is largely
comparable to GEO 3D-DMM for Kwun Yam Shan Landslide

ARUP

* Tailor made to make changes to codes for different applications
according to client’s needs

Additional Voellmy resistance term at the ALE solid / rigid shell interface

Make changes to
program codes

T=Ai THI cosa-l-g:;— tand)

In the interaction input for ALE solid —

“ ”

an extra “damping” term is added to for (y/ €) which applies an resistance
to the interface based on v?

ARUP

4/17/2019



Debris mobility modelling using LS-DYNA have been calibrated
against several well-documented landslide in Hong Kong and
overseas to ensure program appropriateness and robustness in debris

mobility modelling

Yu Tung Road landslide on 7th June 2008

Ca l I bra_tlon _Of Kwun Yam Shan landslide on 22nd August 2005
Landslides in Hong

Kong and overseas

HONG KONG
Sham Tseng San Tsuen debris flow on 23rd August 1999

Fei Tsui Road landslide on 13th August 1995

USGS laboratory flume tests reported by Iverson et al. (2004)

Rock fall tests by Volkwein (2004) OVERSEAS

Illgraben flexible barrier field tests

Pre-approved 3D numerical software for debris mobility by GEO in

March 2016
ARUP

Model Setup Illustration

From Recent JTC1 Benchmarking Exercise

ARUP

4/17/2019




A historical landslide catchment in Hong Kong

/ / iy i) /’ //

y /) / /) |
; Vil Iy 1 // / \
///{// LI I WA 100 S

v/

/ farat

g /,/‘/v//‘// s
/ 74 /

v i

Model Setup Illustration

Model Setup — The Topography

» Modelled by rigid shell elements

» Resolution = 5m x 5Sm

» No. of elements = 11,550
Landslide
Source

Boulders Dam

Topography

Model Setup Illustration

4/17/2019
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Model Setup — Debris Modelling

> Volume = 10,000 m3
» Debris modelled as ALE solid

» Unit Weight = 1900 kg/m?

Model Setup Illustration

Model Setup — Gravity Initialisation

» Debris mass initialised at source location by
applying gravity load within first 2 seconds

» An artificial rigid tube and lid, acting as the
gate, to confine and restrict the debris
mass movement during initialization Topography

» The gate has very low contact friction with
the debris mass to minimize disturbance

Model Setup Illustration

4/17/2019

Landslide
Source

ALE Container

Topography

11



Model Setup — Gravity Initialisation

» Debris mass initialised at source location by
applying gravity load within first 2 seconds

» An artificial rigid tube and lid, acting as the
gate, to confine and restrict the debris
mass movement during initialization Topography

» The gate has very low contact friction with
the debris mass to minimize disturbance

Model Setup Illustration

Setup — Debris Mass and Basal Friction

» Debris mass movement captured at regular 0.5s interval

Adopted
Material input
UG Property parameter AL
s
Inte;g;ll(:rlgtlon 15° Arup (2014)
» P
Voellmy Basal friction g° GEO TGN 29
angle, @,
Turbulence (Adverse Site Setting
. 500 m/s? p t
coefficient arameters)

Model Setup Illustration

4/17/2019
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4/17/2019

mmation

Model An

ARUP

o
=]
=1
=1
=1
=]
=]
=1
=]

.000000000

Model Setup Illustration

Model Results

13



Model Results — Velocny Hydrograph

Case 2 10000m3 Velocity Hycrogr ph
12 | t
I
'
]
O -
'
'
'
LT T ety Sy Ut E
z |
£ '
Z gt-------- L e
g '
< '
B '
'
I el T b e e e e il
'
'
i
----------------------------------------------------
'
'
'
0 1
0 20
—— Case2Paint A
2Paint B
Case 2 Foint C

Maximum Velocity 9.7 8.2 73
(m/s)

Time Recorded (s)* 40.5 47.5 50.0

*Debris are allowed to slide downslope at t=2s

17 499878

Model Setup Illustration

Model Animation — Debris Thickness at Point A

Model Setup Illustration

4/17/2019
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Possible Mitigation Measures

Debris-flexible barrier
interaction using LS-DYNA

Model Setup Illustration

\ FT03
\.
W

NG

FT01

)
Real Design Example =

Agreement No. 31/2013 (GE) LPMitP — Fo Tan S}cudy Area

T T '
835000 840000 |

ARUP

30000

4/17/2019
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Fo Tan Design Option 1
* A 5.0m high rigid barrier

* 2 rows of baffles

* Maintenance stairways

Agreement No.
31/2013 (GE) e
LPMIitP — 7

Fo Tan Study Area J‘"

Catchment No. FT03

Fo Tan Design Option 1

Debris Thickness Contour (max. 4.6 m)

Agreement No. 2 v, e

31/2013 (GE) Tl e ]
LPMitP — R AP\ N
Fo Tan Study Area  [ESSRSHSRIIREI IS SR )

T = e SR
3

..: N W e~ O SRS :P"
S P S Ao N Vs e
s i e 5

ARUP
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Agreement No.
31/2013 (GE)
LPMitP —

Fo Tan Study Area

Agreement No.
31/2013 (GE)
LPMitP —

Fo Tan Study Area

Fo Tan Design Option 2

- Two 2.5m high intermediate rigid barriers
- A2.5m high terminal rigid barrier

- Baffles behind each barrier

- Maintenance stairways

Fo Tan Design Option 2

Debris Thickness Contour (max. 2.0m at the terminal barrier)
) 0
*-

4/17/2019
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Optimisation of rigid barrier design in terms of dimension and
configuration based on topography from LiDAR data

Model 036b

Agreement No.
31/2013 (GE)
LPMitP —

Fo Tan Study Area

ARUP

Design Demonstration — Fo Tan

4/17/2019
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Structural/Analysis of Flexible Barrier
ARUP

LS-DYNA is able to predict the concrete ball displacement and
energy very closely matched with the test results demonstrated
by Volkwein (2004)

Structural Analysis
of Flexible Barrier

4/17/2019
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All structural components including the cable, shackles, brake
rings and ring net were modelled using beam elements.

\ ~
Structural Analysis
of Flexible Barrier

Ring Net Connection Cable

Shackles

ARUP

Deformation matched.

Structural Analysis
of Flexible Barrier

REAL TEST LS-DYNA Simulation LS-DYNA Simulation

Plan view of final position of Plan view of final position of Deformation of the flexible
the concrete ball the concrete ball barrier in LS-DYNA

ARUP

4/17/2019
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Results and comparison with the test results on vertical position
of the concrete ball and tension force developed on the steel
cables

0.0

Structural Analysis
of Flexible Barrier

£ — Experiment w/ Brake-rings 16m
= — Experiment w/ Brake-rings 32m [ _____ | |
3 - -~ Simulation w/ Brake-rings 16m
g ) -+ Simulation w/ Brake-rings 32m
& ! ; r T
a Mg ST R G SR S e R g e i e B
@ ! N ] |
[a} ! z
77777777777777777 }7\”7777 7”777”}””77”}7””7”77”777”7”7717,:77
1 3 ' 1 /)/’/
: : e Tt : :
35 t t t f t t t
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time (s)

Displacement-time curves for LS-DYNA simulation and experimental
results from Volkwein. ARU P

Results and comparison with the test results on vertical position
of the concrete ball and tension force developed on the steel
cables

80.000 L 1 1 ! L L
g 3 Average Va‘!uaxhr Test R\BL 16m Drop
OO R S RTINS S e Vet vears: oo | |
' ' 1 ' LS-DYNA Simulation - 16m Drop
. LS-DYNA Simulation - 32m Drop
Structural Analysis oo
of Flexible Barrier wceo

40.000

30000 -

Cable Force (x1E+3 Newton)

20000 —

10.000

0.000

~10.000

t t t 1 t t t
0000 0,050 0.100 0.150 0.200 0.250 0.300 0350 0400
Time (Second)

Cable force vs. time curves for LS-DYNA simulation and experimental
results from Volkwein

ARUP

21



Coupled Debris — Barrier Interaction

ARUP

Soil-Flexible Barrier Interaction

* With same modelling technique, the interaction between the debris flow and flexible
barrier can be analysed. Force, velocity, energy vs time can be obtained.

papLOT: ALC Debris Flow ALE_MAT_1 D3PLOT: ALC Debris Flow ALE_MAT_1
(Mid surface) (Mid surtace)
AMM AMM A1

000000000

.
Coupled Analysis

4/17/2019
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Validation

* Coupled analysis between the Rockfall/Debris and Debris Retaining/Resisting Structures
using LS-DYNA have been validated against several well-documented landslide in Hong
Kong and overseas to ensure program appropriateness and robustness.

* Flexible Barrier Field Test in Illgraben, Switzerland

e Shallow Landslide Full-scale Field Test on Flexible Barrier in Veltheim, Switzerland
* Ship Impact Assessment on Pile Structural Foundations for Viaducts / Bridges

* HKUST Centrifuge Modelling of Debris Impact on Barriers

Validation Cases

* Use of LS-DYNA for the application of coupled analysis of interaction between
rock/boulder/debris and debris-resisting barrier structures is approved by BD and can be
used in all private / public works in 2018

.
Coupled Analysis

Background

» A full-scale test carried out in Veltheim, Switzerland
using Geobrugg barriers.

* Release of artificially mixed debris material along a

40 30° f1
The Veltheim Field m ume

Test Model

Test barrier with load cells

4/17/2019
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Model Setup — Flexible Barrier

The Veltheim Field
Test Model

Model Setup — brake element

240
220 o
200
180

160

Z 0

The Veltheim Field
Test Model =

Elongation brake ring [mm]

ARUP
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Model Setup — Debris Container

Front Gate

The Veltheim Field
Test Model

Artificial Rigid
Tube

ARUP

Model Setup — Topography

¢ Channel Width=8 m
* Length to barrier =41 m
* Inclination = 30°
ALE : . ,
(Debris mass Debris Density = 2085 kg/m
¢ Contact Friction between
channel base and debris = 25°

The Veltheim Field
Test Model

¢ Contact Friction between
channel side and debris = 25°
¢ Internal Friction of debris= 20°

ARUP

4/17/2019
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Model Setup

* Internal Friction Angle = 15°
* Basal Friction Angle = 15°

The Veltheim Field

Test Model Remained within

0-1.0s ;

container

Debris started to
=2 slide downward
15— 100.0 s All debris ﬂew out

of the container

ARUP

Model Result

The Veltheim Field
Test Model

i
- t

* Debris velocity closely resembled actual scenario

ARUP
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Model Result

The Veltheim Field
Test Model

Fig. 8: Barrier after release 1

v ARUP
Model Result
6.5s 7.2s
The Veltheim Field
Test Model
8.1s 10.5s
ARUP

4/17/2019
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Debris Location and Time
0 11 21 31
The Veltheim Field
Test Model 0 1.54 2.82 3.8
0 1.8 2.8 3.5
7.1 7.8 10.2
6.1 10.0 14.3
ARUP

Cable Forces

40 74 42

The Veltheim Field

Test Model S 165 6

,\'JLT\ |L'

i
{ !‘ D e

oree (kN)

|

Time (8

ARUP
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Velocity behind the barrier

Debris Velocity Hydrograph at the back of barrier
180 L | | | | | | | |
' 1
: I
LT e e et il vl ity Bl Sl Bl St it [ ml
' !
USRI R IS S SR B R
' 1
: \
120 T-- -7~~~ -~ [ - -y TTTr T
. . 2 ' !
3 ' 1
The Veltheim Field L T it ET EER R
= ' !
Test Model R R A | |- N S I Lol
g ' 1
' 1
60 F---r---r--- IR - §- - -1 4--1-d-t---F---r---r-----
' | | 1
' ) | [ ] 1
i il . S P R N R, Lo
D B | e RR e TERR e
' ! ) " ) !
20 == ===~ R A At e - -+
P R Y
1 1 ‘ .v B (NE 4
00 =2 L i SR S SIOY AW L
00 20 40 60 80 100 120 140 160 180 200 220 240
Time (Sec)

* The maximum velocities of debris recorded at the back of
the barrier were approximately 15 to 16 m/s, which was
comparable to the actual test results. The impact duration
was approximately 2 sec. ARUP

Debris Thickness behind the barrier

Debris Thickness Hydrograph at the back of barrier

The Veltheim Field “
Test Model 2

Time (Sec)

* The debris front reached the barrier and the debris
thickness increased to 3.5 m in approximately 1.5 sec.

» After approximately 4 sec after impact the debris became
static with a thickness of 1.75 m ARUP
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The Veltheim Field
Test Model

The Veltheim Field
Test Model

Dynamic impact pressure and static pressure

Dynamic Pressure

121.4 kPa

2

S

EYT N
ARUP

Static Pressure

Plus more results....

= ot M |
! , N’Mimi ) J' TP

Post Base Axial Post Base Shear Horizontal Cable
Force Force Anchor Force

Energy Balance

ARUP

4/17/2019
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Case lllustration —

Optimisation of Flexible Barrier Design

ARUP

Details of the Barrier

HEA 280 posts
~

DOWNSLOPE

Upper longitudinal cables @ 22 mm

Lateral bracing cables @ 22 mm

oRb5a
oR# OR1

©R3a_ower longitudinal cables @ 22 mm
oR2
OR1 UPSLOPE

.
Optimisation of Flexible Barrier Design

Lateral bracing
cables @ 22 mm

Steel ring p3

4/17/2019
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* Maximum load allowed per brake element = 305kN

* Maximum elongation at 305kN = 1250mm

Brake Element
(Energy Dissipators)

Location of brake elements along
horizontal cable ropes

Load-defo;iﬁ;ftion Curve

* The flexible barrier is placed at
10 m away from debris source

* Apply gravity to the barrier and let
it settle down

Methodology * Inject ~1m thick debris at specified

speed (base case = 11m/s) and
specified duration

* Record deformation and structural
forces during the simulation

32
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\
Base case — 7 nos. layers of cables, 230 m?
debris with impacting velocity at 11m/s
/
\
Sensitivity check of base case — increasing
Simulation in this volume to overflow, and increasing impacting
Study — velocity to 15 m/s
J
Simulation Strategy )
Parametric study —
reducing the no. of layers of cables
J
N
Bulging Distance  Residual Height Cable Forces
Brake Element Forces  Energy Balance Etc...
J
ARUP
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Brake element at horizontal cables

Allowable tension force based on Recorded maximum tension Utilisation of brake

Pt o (a2 acceptance criteria (kN) force (kN) elements (%)

Layer 1 6 1800 303 17
Layer 2 6 1800 304 17
Simulation Results tayer 3 ° 1600 37 2
Layer 4 6 1800 347 19
Layer 5 4 1200 243 20
Base Case
Layer 6 4 1200 228 19
7 nos. layers of cables,
230 m3 debris with Layer 7 2 600 17 20

impacting velocity at 11m/s

Layer 1 Horizontal Cable Brake Elem Time Layer 7 Horizontal Cable Brake Element For

B w0 ARUP

Brake element at upslope cables

Number of Cables Allowable tension force based on Recorded maximum tension Utilisation of brake
acceptance criteria (kN) force (kN) elements (%)
Layer 1 3 900 134 15
Layer 2 3 900 140 16
H H Layer 3 3 900 145 16
Simulation Results Y
Layer 4 1 300 52 17
Layer 5 2 600 130 22
Base Case

7 nos. layers of cables,
230 m? debris with .
impacting velocity at 11m/s i

Layer $ Upslope Cable Brake

oree (kN)

Axial |

skl i d
8| b} uJ

Time (Second)

34



Debris pressure acting on the barrier

197kPa, o= 0.74 58kPa, K approx. = 1.0 e
. . - g — =
Simulation Results ; e :

Base Case -

7 nos. layers of cables, i .
230 m? debris with Impact pressure Static pressure

impacting velocity at 11m/s

J 7 R N 1 % ) ps=Kdp.g (B.2)
where pi = density of moving debris. taken to be 2.200 kg/m’ as a  where K = coefficient of earth pressure. taken to b
minimum d = depth below the upper surface of moving debris (m)
v = velocity of moving debris hitting the bar m/s) o = density of the deposited debris, taken to be 2,200 kg/m’ as
a = dynamic pressure coefficient. taken to b a minimum
g = gwavitational acceleration (m/s2)

Source: DN1/2012

ARUP

* Brake element forces at horizontal cables are well within
capacity, even for overflow @ 15m/s case, maximum
utilisation is only 71% at layer 7 (uppermost layer)

Simulation Results

Upslope Cable Layer 5 Brake Element Axial Force

700
itivi Overflow

Sensitivity Check
Increasing volume of 4 "
230 m3 to overflow, and
increasing impacting velocity to
15 m/s

s 0

0 1 2 3 4 6 g
Time (Second)

ARUP

4/17/2019
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* Gradually reducing number of layers of horizontal cables
from7>5>3>2

* Other configuration, including number of cables per layer
remain the same

* All configuration can sustain 230 m? debris @ 11m/s, except
Simulation Results for “2 layers model”, for which the deformation exceeds the
acceptance criteria

Parametric Study

Reducing the no. of
horizontal cables

Discussion — Conservativeness of the Design

* Our Study shows there is high potential to use fewer layers of cables to sustain the
same design debris flow event

* Debris-barrier interaction allows:
* Slowing down of debris in subsequent surges

* Additional energy could be dissipated within the retained debris mass e.g. internal
turbulence

* Reduce artificial conservativeness due to assumed impact pattern

.
®  Optimisation of Flexible Barrier Design

4/17/2019
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ALC Barrier 230cu.m
1 1 1 1 L
24.000 T 1 1 T 0
1 I I 1 1l
22000 4 - - - - m---- j====q-=---r----r
' I 1 1 '
20000 o - - - ---r
Total energy 1
1 ___| —— Debriskinetic energy [ R S
18.000 Debris internal energy U
16000 = = = = Barrier Intemnal Energy ”*’lr
1 I I 1 1
14000 = = = = = I= = |mmmmdemce bk
' I I 1 '
H 12000 = = = = = lacaad Jaccemdacssskacssabhassfhacadacahdacaalacaakaadd
Energy balance in e At
1 I I 1 1
LS-DYNA model o IR T i
_ h Lo . .
8000 - - - - - -Deprisinjegtion L ____}
! starts @ 2.25s ' f
6000 4 = = = = | FRpe— | R . Y R ¥ AT Sy
' | | ]
4000 4 - - - - . R PR | e N S
1 I I 1
2000 4 - - - - [Ep— -
1 I I 1
0.000 1 t t t
00 05 10 15 20 3
Time (Sec)

Barrier absorbed energy (BE) = 3,000 kJ
Debris Kinetic Energy at impact (KE) = 14,000 kJ
BE to KE Ratio = 20% only!

ARUP

» Similar debris flow interaction simulation on
commercially available rock fall barrier
3,000 kJ Macaferri rock fall barrier

e Parameters to vary:
More Study on Y

e Channel inclination
Energy Balance of « Debris velocit
Barrier y I - -
Upper longitudinal cables i ﬁ “/Pel%
Lateral bracing cable e “ Peacuss i o i izj//// =
g i i J: Se! i/’ ‘//////// Lateral junction cable
/ _ i /,;:7/"/‘/// J Upsiope bracing cables

ower longitudinal cables

Energy dissipators type 1 Interception Panel
UPSLOPE

Energy dissipators type 2

Lateral junciion cable

ROCKFALL BARRIER RMC 300
RU P PERSPECTIVE VIEW FROM UPSLOPE
sioe

37



4/17/2019

Base Case
More Study on
Energy Balance of
Barrier
0 5.0 100 1060 120 11

Base Case

ARUP
Phase 1 — Increasing Velocity
More Study on
Energy Balance of
Barrier
0 5.0 100 1060 120 11
Phase 1
0 75 100 2700 460 17
0 10.0 100 4900 1080 22
ARUP
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More Study on
Energy Balance of

Phase 2 — Increasing Slope Inclination

Barrier
0 9.0 100 2700 460 17
Phase 2
10 10.0 100 3900 1140 29
15 9.1 100 2850 1030 36
30 10.1 108 2450 2040 83
ARUP
ARUP
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* A thorough 3D back-analysis of landslides can help to
determine the probably causes of failure and recommend the
necessary follow-up actions.

* LS-DYNA can be a useful tool for detailed forensic
investigations, such as the analysis of the likely mode and
sequence of failure and diagnosis of the causes of the

Benefits of

LS-DYNA in landslide.
landslide modelling

* In the event of landslide incident where the landslide debris hit
an existing flexible barrier, debris-flexible barrier
interaction can be modelled using LS-DYNA accurately.

* The coupled analysis enables detailed investigation of the
structural forces and energy balance involved in the impact
process.

ARUP

* Dynamic analysis is required for dynamic problem.

* Pseudo-static approach or over-simplification of the model can
render in overconservative design.

» With accurate typographical information, advanced
computational model predicts the path of debris flow
(trajectory) and time of arrival. The designer can position and
test the mitigation works at the strategic (most effective)
locations.

Remarks

ARUP

4/17/2019
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Thank you

Advanced numerical analysis of landslide debris mobility and barrier
interaction

Arthur K C Cheung?, Jack Yiu?, Harris W K Lam® and Eric H Y 5ze®

A.K.C. Cheung, J. Yiu, HW.K. Lam & E.H.Y. Sze (2018) “Advanced
Numerical Analysis of Landslide Debris Mobility and Barrier
Interaction” HKIE Transaction Theme Issue on Landslides and
Debris Flow — Theory and Design, Mitigation, Stabilisation and
v Monitoring, 2018, Hong Kong Institution of Engineers.

et tests of lext

and debris impa
The coupledanal

nables:

process. Preliminary results of this energy analysis.are also presented,
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HKA=E s HKIE Workshop on
T Numerical Modelling for Design of Flexible Debris-resisting Barriers
Organized by
Geotechnical Division, Hong Kong Institution of Engineers
Working Group on Application of Innovative Technology in Geotechnical Engineering
Supporting organization
Department of Civil & Environmental Engineering, Hong Kong Polytechnic University

Design of Flexible Barriers

Prof. SL Chan, Dr. ZH Zhou, Dr. YP Liu
Mr. JW He and Dr. L Zhao

16" April, 2019
The Hong Kong Polytechnic University
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II Introduction 0

What’s flexible barrier? - Protect(on system against landslide

ﬁ:

o

B
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Bl e - '_ 2 - =
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Landslide ~ v
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II Introduction °

What’s flexible barrier? - protection system against rockfall

b

Rockfall



Introduction

Why flexible barrier?
* Old Solution: Rigid Barrier
— Diafficulty in Construction;
— Higher Impact Load;
— Higher Cost;
— Environmental Impact;
— Opaque & Less Aesthetics;

/—Debris flow direction

_—

RC Block

Extract from GEO Report




II Introduction a

Why flexible barrier?

* New Solution: Flexible Barrier
— Easy & Fast Construction;

— Lower Impact Load; VA 5% Rl
— Lower Cost;

— Less Environmental Impact;

— Transparent & Good Aesthetics;
— Easy Repair...

Colour of the post shall be Anchor foundation shall be adjusted
subtle and blended with to preserve the existing trees.

the surrounding environment . : ;
9 Debris flow direction

Proposed
Climber

Steel Mesh Fences Flexible Barrier

Foundation for post

and wire mesh Extract from GEO RepOFt
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Protection Barrier
Rigid vs. Flexible

Flexible Barrie

Q THE HONG KONG
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Introduction

What’s flexible barrier?

—\ Brake Element Anchor System

Pin
Foundation
B L+ 1 L=
¢ o Yo o
o &
; o %62 I &
20 OO g & - . o 4 L3 )
0000000000 a7 PR o 0 0%00.6%60,0 0000 000702 6260600 10,0 000 6 0 0 o
& o 0.0 0 O Lo e e o D 00 OO
o el el 0P.2 070 0 070% %0 ol 0 00 a0 000 0 00 00 o sl 0
L P, L a0. 0 00 0 Gow.ﬁﬁgﬂg.ﬁ o) Go v Pe¥e® ©

.Gﬁnnn‘:}*{*.ﬁ@(}@n

Section view of a typical flexible barrier system
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II Introduction @

What’s flexible barrier?

Ring Net 4 45 { Flexible Barrier System




II Introduction 0

Why conduct this research in Hong Kong?

* Rocks falling from slopes can be very dangerous to buildings,
vehicles in highways and pedestrians along hill side.
Normally engineers build rigid or flexible barriers to capture
these rocks against their collision with other buildings,
vehicles or humans.

* Foreign proprietary products used in Hong Kong
(High cost, Black box, Unsafe,
Standard product but not tailor-made, ...)

* This project 1s aimed to develop new a energy absorbing
device (EAD), which 1s one of the major component of
flexible barrier system. = Absorb >70% Impact Energy

A9, THE HONG KONG - ®
Qb POILYTECHNIC UNIVERSITY
B ED T oA A



II Introduction @

Why conduct this research in Hong Kong?
* Energy absorbing device — Brake Element
— Major component of the flexible barrier system,;
— High energy absorbing capacity;
— Made of metal and mounted on steel cables;

; \ Brake element

absorbing energy

THE - =
Q/'Q POL Aircraft Carrier
=

NIDA



II Introduction @

Why conduct this research in Hong Kong?

* Energy absorbing device — patented and expensive, limit the
application of flexible barrier system in Hong Kong.

= Maccaferri - Italy . .
Proprietary products in

market:

* Geobrugg
* Maccaferri
* Trumer

* Isotop

* Tubosider
EI Montagne

lfumer — Geérmany
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n Fundamentals of Nonlinear Theory @

Linear Impact deflections and stresses under gravitational loads

* Consider a loading shown below with a ring Mass M(kg) of weight
W= M.g (N) dropped through a distance “h” onto a vertical bar with
stiffness as a spring with a stiffness of k (N/m).

* The support bar has a length I (m),

Area A (m?) i B,
Modulus of elasticity E (N/m?) @
M

—_ L
el

N ' ") -y
\\Q N \\\

NN A\

NN NN
' l:\-:.‘lo-‘-‘rvi ' T, .y

g ]
. . "AI
h ----J;ﬂ;ﬁ-‘;‘h&--‘--h—lm“‘i----
THE HONG KONG A
- . ® o . . ). . - - . p—1
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n Fundamentals of Nonlinear Theory @

1
W(h + 5max) — E (kdmax)dmax

) 2W w
Smax_Tdmax_Z T h=0

w | /w\? W
Omax = (7) ”(7)’1
V
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n Fundamentals of Nonlinear Theory Q

=

I
E

W
55152?:

e

Omax = Ost + \/(55t)2 + 265h

2h
Ost
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n Fundamentals of Nonlinear Theory @

The resultant maximum force is

Prax = Kbémax

and the resultant maximum stress 1s

Omax = Pmax/A

2h
S

For the calculation of the stress due to a sudden load, h=0

Omax = 20s;

/Q THE HONG KONG N ®
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n Fundamentals of Nonlinear Theory G

* As can be seen in the above simple equations , the weight impact
onto the support to make 1t deform until all of the potential energy
has been absorbed, either 1n elastic or plastic range.

* The equations above compute the initial maximum deformation
for the most highly stressed condition.

. elastic
dv A
mgh = —mv? = ]08 .
2 o / plastic
— >'< -
mgh
A = nr? F = Tg
strain emnerqgy
So, we have less force for larger
displacement and a flexible barrier produce -

less reactions on supports or foundation than
a rigid barrier which has smaller deflection o €

Q THE HONG KONG N ®
Qb POILYTECHNIC UNIVERSITY
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n Fundamentals of Nonlinear Theory @

A key feature of flexible barrier
system is that it is light yet they
can absorb high impact energy
through the large elasto-plastic
deformations and sliding node
action.

This is achieved by sliding
motion of nodes or element
connection, the displacement of
the cable net and the activation
of energy dissipating devices
mounted on the connecting
cables.

Q THE HONG KONG
@ POLYTECHNIC UNIVERSITY

HEEE TOCE



n Fundamentals of Nonlinear Theory Q

Flexible Barrier Analysis

* Energy absorbing mechanism:

Plastic + large elastic deformation
e Three-dimensional nonlinear analysis

= Geometrical and material nonlinearity

« Large deflection analysis + Contact analysis
* Debris flows load = Force vs. Energy design
« Brake element model =2 from Test
« Sliding ring element —> Ring net
« Sliding cable element = Steel rope

Q THE HONG KONG N ®
Q’b POILYTECHNIC UNIVERSITY
& A T A



n Fundamentals of Nonlinear Theory @

FORCE DESIGN OF ROCKFALL BARRIER

* The external forces, sum of previous static
forces on net + dynamic forces on net
multiplied by an amplification factor, will be
applied onto the net and check for any
breakage in the element as indicated by

elongation greater than the maximum

clongation of every element. Automatically
plastic strain 1s allowed.

/Q THE HONG KONG - "
Qb POILYTECHNIC UNIVERSITY
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n Fundamentals of Nonlinear Theory @

ENERGY DESIGN OF ROCKFALL BARRIER

* For a typical barrier system, the kinetic energy E of debris flows or
falling rock and the total strain energy U of the barrier system can
be given as below:

E =(1/2) mv? - Kinetic energy
U=U,+U,+ U, - Total strain energy

in which, m 1s mass of debris flows or falling rock; v 1s initial
velocity of debris flows or falling rock; U,, U_and U, are strain
energy of brake elements, cables and net ring, respectively.

* The design criteria of barriers safely undergoing specified dynamic
load may be described as:

UZ=E

A9, THE HONG KONG - ®
Qb POILYTECHNIC UNIVERSITY
B ED T oA A



n Fundamentals of Nonlinear Theory @

Energy vs. Force Methods

Energy Method
(To determine E first) —> -
Impact energy  Structure  Load of force
< < (To determine force first)
Force Method

/Q THE HONG KONG N ®
Q’b POILYTECHNIC UNIVERSITY I
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n Fundamentals of Nonlinear Theory @

Energy vs. Force Methods

* Energy 1s a simple and convenient indicator, but not
all components reach their maximum energy
absorption capacities simultaneously.

> Cannot simply sum up energy capacities of all
components as system capacity

 Force method is more direct and able to cater for
uneven force distribution.

> The magnitude of force is unknown.
(Ft = mv, t is unknown, so F' is unknown)

Assume load pattern =
Increase loads to achieve design energy

Q |'|_J E .il_fﬂ;}?.'.f.'u K{'j?‘l‘fr. N o N‘DR
G i e UzE W/
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I’ Analysis & Design of Flexible Barriers Q

Nida-MNN — A product of Nida family (BD Reference: S0884)

* NIDA-MNN is specially developed for nonlinear analysis of
cable structures with Moving Node Net, such as rockfall
barriers, debris flow barriers.

* NIDA-MNN provides an unified and user-friendly interface
to assist the engineers to design a flexible barrier system like
conventional steel structures.

* Unlike the commercial FE software using solid element to
simulate flexible barrier, NIDA-MNN uses advanced beam-
column element which leads to significant saving of
modelling and computational time.
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Analysis & Design of Flexible Barriers

Nida-MNN — A product of Nida family (BD Reference: S0884)

BD Approval Letter of Nida-MNN

your xey Rahad®
OUR REF AT
FAX MZHA ¢

2 2026 V12
BUILDINGS THL WM 1@ !
DEFALTHENY bt bt

&6 i DD GIUOAT T STROMD)

1021 (0 L

Tns v

jActira| Copy | ww

M. Lan Chi Kin 2 $O  November 2016
/o Sun Hung Kai Archilects and Engincers | ul ’; I3
22/F, Sun Hunb Kai Centre, 3. :
30 Harbour Road (7 - =
Hong Kong, BT -
S ——1—]
Dear Sir, LT )

Application for Renewal of Prior Acceptance of Computer Program
NIDA-MNN (Version 2013)
(Large Deflection Analysis of Cable Net)

1 refer to your application and docurent dated 3 October 2016, 12 October 2016
and 25 October 2016 regardizg the renewal of prior acceptance for the above computer program,

2. Based on your assessment of the computer program, T hercby geant my rencwal of
prior scceptance of its use in submissions mads under the Buildings Ondinance for the validity
period listed below and subject (o the conditions stipulated in paragraphs 3 to 6.

Program Title BD Reference N ¥Valid Until
NIDA-MNN (Version 2013) S0884 24 November 2019
(Large Deflection Analysis of
Cable Net)

Q THE HONG KONG
Q& POILYTECHNIC UNIVERSITY

& i E TN

BD Approval Letter of a Project
Designed by Nida-MNN

ey "
$ 11 i 2016 YOUR REF 2 501 ©
Dote roe'd OUR REF ZEWIft BD 3/9226/14
= /1 I hetlon Ceay | 50N FAX ST sy
[ % B J I = oo o TR, i : 2626 1461
UILDINGS , - [ Sierbei T www.bd.gov.hk
CPELATUINT A\ / : t.\‘:lllll‘
LAU Chi Kin W[ Jeww = \ \ May 2016
22 Floor, Kk el
Sun Hung Kai Centre, | <~ “n’.{:::.‘ { (l \ o Wlm \.s’ws
30 Herbour Roud, hyeen vy \ 0% B ..-;Lou...
Wanchai, Hong Kong, {25 - \ﬂs\
4 &'\LIU\-\. v TW-MU' %
Oty oo,

Dear Sir,
King Sau Lane, Area 4, Tuen Mun - TMTL
515 (formerly TM mise 271)
Ps 024 il »ppr,
I rel‘cr o yom appllcanon m_lxgg! oniM El!.h 2016 har nppmval 0 pmposals in

Bauicr

2. Your submission of plans has been checked under the curtailed check system
amaumeed in Practiee Note for Authorized Persons. Registered Structural Engincers and Registered
Geotechnical Engineers ADM-19. On this basis, I am satisfied that your submission is fundamentally
neceptable and may be approved.



I’ Analysis & Design of Flexible Barriers @

Computer modeling
Moving node algorithm
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Analysis & Design of Flexible Barriers
Numerical Simulation: Rockfall

Project: VerificationBarrier\Volk¥y
Unit: kN, m

Undeformed

& AEEI T
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I! Analysis & Design of Flexible Barriers @

‘Test and Simulating Curve

a0

0.5 -

1.0 -
7 — L

VolkWein

55

Vertical Travel of the Rock [m]

20
| —— NIDA-MNN|
25 | —— Test
3.0 + BE™ e
—— o
-3.5 T T T T ¥ T T T T Y
000 005 010 015 020 025 030 035 040

Time [s]
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Analysis & Design of Flexible Barriers
Modeling of Ring Net

Actual Shape & .- \

Each ring net connect at Model \/ \

3 to 4 points T
Connection point between every '/ \
two ring nets 1s moveable |
Modeled by a new develop element In Compute{(
considering contact behavior Interface \ ,O(
Friction force 1s considered '




Analysis & Design of Flexible Barriers
Before sliding

After sliding

DA
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I’ Analysis & Design of Flexible Barriers @

Modeling of Ring Net

« Sliding ring element — a simple example
external force

moveable

fv

fixed

[ Simple example of sliding ring element
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Analysis & Design of Flexible Barriers

Sliding

Jump due to friction

Displacement

MNode MNo.
DISP-X
DISP-Y
DISP-Z

ROT-X
ROT-Y

ROT-Z

3 “‘D_']

7.333e+001
1.212e+002
0.000e+000
0.0002+000
0.000+000
7.876e-001

Modeling of Ring Net

-
Modal Deflection / Reaction

S

Load Deflection | Displacement Statistics Headionsi Pushover Cunrei

Node 3 v x=212132y=212132z<0 [

Load-Deflection Curve

Loading Factor

[¥] Draw with Line
[] Draw with Symbol
Deflection Curve
@y —
Fuy —
[[Juz —
Rotation Curve
[FRrx —

Fues

g 7 - Deflection
=¥ - Load Factor

= * - Load Factor

=¥ - Deflection

Cycle (1- 100
From 1

To 100 &

-50.

0. 100.

Deflection load Stage 0

e

[ ok ][ cancel

Tension force T1 = Tension force T2 + Frictional force

Deformed Shape of Ring Cable Element ]
@i—lﬁﬁﬁ'?ﬁﬁﬁg?ﬁl1x‘t‘n:ﬂ ry

& B0 TR

Load-Deflection Curve

NIDA



I’ Analysis & Design of Flexible Barriers @

Modeling of Cable Rope

» Several segments allowed

. Conngction point between rope @ General Node
and ring net 1s moveable
* Modeled by a new develop element O Shding Node

considering contact behavior
 Friction force is considered
« Brake elements at any one

or two segments

u .
Q THE HONG KONG \ N ®
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I’ Analysis & Design of Flexible Barriers @

Modeling of Cable Rope

« Sliding cable element — a simple example

Movable Node

Cable

Tie rod

Tie beam

b THE H[ NG KONG N ®
]Hl J\JLl INIVERSITY
¥, I/



Project: 2Csuspend
Unit: kM, mm

Undeformed




I! Analysis & Design of Flexible Barriers @

Numerical Simulation of Barrier under Debris Flow —
Force Approach
Ztri;%:‘;(:é;hh barrer model v3.1 N i DA

+5.37e-003 2016-09-02 16:51
+1.15¢-002

+1.76e-002
+2.37e-002
+2.97e-002
+3.582-002
+4.19e-002
+4 .80e-002
+5.41.-002
+6.02e-002
+6.63e-002
+7.242-002

/A, TH N i
Q b P(,H Analysis Case (1): NONLINEAR A
c '3 '*T "'E (0.003) Cye. 3138 Unit: kN, m



I’ Analysis & Design of Flexible Barriers @

Loading Assessment

Loading of Energy
For rock falling: mv?/2=mgh
For debris flow: <mv?/2

Loading of impact pressure

For rock falling:  ?7?
For debris flow: = o pv?

/Q THE HONG KONG N ®
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I! Analysis & Design of Flexible Barriers @

Debris Flow — Force Approach

Dynamic pressure + hydrostatic pressure

Q

Top support rope goes
forward and downward

AP

hyd

Extract from publication
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Analysis & Design of Flexible Barriers

Debris Flow — Force Approach
The it debris flow pressure: P.=pgh, Pg=apv? (kN/ m?)

el The last surge

5th flow surge

——
—-—
-
—

d, barrier

depth I h, surge thickness

2"d flow surge

1st flow surge

Z I:>si I:)d

< »
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I! Analysis & Design of Flexible Barriers @

Mobility Analysis of Debris Flow

hx0.4xcos30°=035m
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I! Analysis & Design of Flexible Barriers @

Interaction Analysis of Debris Flow + Boulder + Net

c-‘r- e B9 P
- >

\

Ls-Dyna
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I’ Analysis & Design of Flexible Barriers @

Design Flowchart Using Nida-MNN

Geotechnical Survey
& Rockfall Evaluation

v \ !
[ Effective Protection Height ] Impact Energy/Force ] Maximum Allowable
_____ System Deflection s, .,

Proprietary products |~ T 1 ] Energy
=lSimuIation ModeIJ= Absorbing
Devices
\i A
\ l
[ Check Components ] [ Max. Deflection s ]
Yes l
< sSsma
‘ No
Y

Anchorage Design
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I’ Conclusions @

* Flexible barrier system 1s light yet they can
absorb high energy through the large elasto-
plastic deformations and sliding node action.

* NIDA-MNN is specially developed for flexible
barrier system against rockfall and debris flow.

* NIDA-MNN is a robust and simple software for
modelling of flexible barrier system against
rockfall and debris flow.

* Flexible barrier system can be designed and
fabricated in Hong Kong.
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Workshop on Numerical Modelling for Design of Flexible Debris-resisting Barriers

THE HONCG KONG Organized by
HK CRECE D Geotechnical Division, Hong Kong Institution of Engineers

Supported by
Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University

Hands-on Exercises of NIDA-MNN

- Part 1: Modeling of Steel Frames

Prof. SL Chan, Dr. ZH Zhou, Dr. YP Liu
Mr. JW He and Dr. L Zhao

16" April, 2019
The Hong Kong Polytechnic University
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B Analysis & Design of Flexible Barriers a

Nida-MNN — A product of Nida family (BD Reference: S0884)

* NIDA-MNN is specially developed for nonlinear analysis of
cable structures with Moving Node Net, such as rockfall
barriers, debris flow barriers.

* NIDA-MNN provides an unified and user-friendly interface
to assist the engineers to design a flexible barrier system like
conventional steel structures.

* Unlike the commercial FE software using solid element to
simulate flexible barrier, NIDA-MNN uses advanced beam-
column element which leads to significant saving of
modelling and computational time.
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II Modeling of Steel Frames o

Model Description: l lFZleO kN

HSISO»«

SHS300x10
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Translation Fixed
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Add Material-S355
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Add Material-Rope

|
0= E ::':.' '%'E’: R
77 [ /7 [ | ar w2 A

Kz

o

s |

W7 File Edit Select View | Construct| Gr-Assign Analysic

Post Tools

Mew Materials...

Mew Frame Section

Mew Met Ring Sections...

Mew Modes...
Mew Members...

Mew Areas...

Mew Load Cases...

Mew Combined Load Cases...

Combined Members..,

Diaphragms...

Response Spectrum Functicns..,

Time History Functions..,
Semi-Rigid/Spring Models...

Modal Local Axis...

Groups...

]

| £

£

Window  Internal Use  Help

s |ldglmerls

* Stage:1/2 Cycle: 1/52

Q THE HONG KONG
?‘b POLYTECHNIC UNIVERSITY

il T A

Material 5
General l
Q Mame: | Rope | Import. ..
Type: | Steel o

®) Poisson's Ratio: \

@) Shear Modulus of P
' Hlasticity fcM/m2); 4 9730e+00

Young's Modulus of
Elasticty (<N./m2): LR Manual Input
Densty (cN/m3):

Coefficient of Thermal 1.4000e-005
Expansion:

W&r&ss.ﬁf kN/m2y | 8.8500e+005 J

—— ™ NIiDA



Analysis & Design of Flexible Barriers

Add Frame Section-SHS300x10 (Column)
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Add Frame Section-SHS150x10 (Beam)
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Add Frame Section-D22 (Cable)
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Set Member End Conditions
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Analysis & Design of Flexible Barriers

Nodal Deflection
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Analysis & Design of Flexible Barriers

Export Animation AVI
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Analysis & Design of Flexible Barriers

Others: Reaction Forces, Result Data Output
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1. Project Background




In-house LPMit Project

Site constraints:
- Squatter, Private Lot, Existing Soil Nails

Wonderland Villa

gy

R ke

Wah King Road |

1

WERETEEEEEREE

Squatters

—

——
— B

Castle Peak Road




Key Findings of NTHS

Design Events:

L

Catchments meeting

Design Event Source

Entrainment

Catchment / Sub-catchment Hazards Requiring Mitigation Volume Volume
1INW-A/DF7 CDF. OHL 100 m’ 160 m’
1INW-A/DF8 DF 100 m* N/A

1INW-A/DF7a-1 (Upslope Portion) OHL 100 m’ N/A
1 INW'A/DIE(:II?[;LI()DO“SIOPE CDF, OHL 100 m? 47 m’
1INW-A/DF7a-2 DF. OHL 100 m’ N/A
1INW-A/DF8a-1 CDF 100 m’ 40 m’
11INW-A/DF8a-2 DF 100 m* N/A

RTKH Principles




2. Design Using Force Approach




General Design Procedures

Stage 1: Initial Setup

Natural Terrain

Iteration to achieve
design optimisation

N

Existing Hazard Study
Slope
Stability
Barrier Debris Impact
Position Mobility Loading
Site Scenario
Setting E
1
Barrier
Configuration
i
1
Force-Elongation Specification i
Design Curves of Energy- :
Allowable diSSip?ting
Elongation Device

Sze, E.H.Y., Koo, R.C.H., Leung, J.M.Y. & Ho, K.K.S. (2018).

Stage 2: Design and Analysis

.‘IIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.
: Retention | =
o= —>| Deformation |—> . =
ae Capacity :
== | Structural
‘ Analysis of Member Structural .
4 Flexible Force Capacity

& Barrier
N Anchorage N Foundation
Force Design 0

Stage 3: Robustness Check

.......l...l..........l..l..........l..........l............
E e.g. debris overflow, Structural E
. mal-function of o :
=| Robustness energy-dissipating Stablhty c
5 ) > . . Check with |z
*| Checking devices, asymmetric ) C
E load or any relevant Unity Safety E
A project-specific cases Factor .

‘Stage 4: Detailingand Specification

e.g. connection details between
components, corrosion protection
measures, robustness enhancement
measures




Site Setting

uno
(OFFSET +5.56m)
PROPOSED FLEXIBLE DHY

CM/SDG)/\. e e T Castle

Peak
Road

—

EXISTING GRDUND
FROFILE

+0.21

SECTION

EXISTING FOOTPATH (SEE SCHEDULE)

STEEL RING NET AND WIRE | UPPER MIDDLE ROPES
MESH (DETAILS SEE FLDWER MIDDLE ROPES

DRG. NO. ASATF)
BARRIER POSTS

BRAKE ELEMENT (TYPE A1l

WINGLET ROPE

WINGLET ROPE

LM2 R i TOF ROPE
8337 W2 4 15" ==

;\ . ) 7_{?1’526%1 6.} a 19 T4

EEb - {50 766 1A N : }
9341 . ) ﬁo SED FLEXIBLE BARRIER

e AR R Y ’7&‘,( """""" 401 U‘ 47" g%"ﬁ% AISTIN RREEIRAY

T496 4. m
B BZ

s T482

'u~ /70 65




Barrier Layout

O

* Rope, Ring Net, Brake Element Arrangement

) 18m }
Brake Element Wingletx 1
\Aee\ Post Retain Rope x 2 1/6?0; Rope x 1
4m
— \/ Upper Middle Rope x 2
v Lower Middle Rope x 3

Border Rope x 2
Bottom Ropex 4

d
¥

6m




Design Force-Elongation Curve for
Brake Elements
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Impact Volume and Retention Capacity

O

Definition of Debris Impact Ramp (Each Phase) 1. ~ ;
Scordbe o DNI 2012 o FBS04a (DF7a-1-CDF4) - Debris Impact Phase (10 deg. ramp)
Taking debris ramp impact at 10 deg. =1 5t pulse
===2nd pulse
Debris Impact Ramp =se=3rd pulse
Deflecting ~
10 deg. Barrier E 83 -H""'O-._,‘
i &
Calculation of Design Debrnis Impact Height and No. of Impact Phases = \%‘_"‘—-____N/
Total Debris Impact Volume = 1389 5%\ 80/ Bu lkin é 80 E———
According to Table below, 0 g 7
Total Ramp Volume= 1973  ° Factor (GEO
under Impact Phase No. 3 H\
Therefore, Report 104)
No. of Design Impact Phases = 3 75
Height of Desizn Impact Phases= 3.0 m 25 30 33 40 45 50 35
Chainage (m)

e Later modelling found that barrier sags by 1 m, hence the
retention capacity of the deflected barrier = 252 m3

Debris Deposition Zone (Idealized Model)

o Actual topography considered

o Barrier dimensions considered
o Bulged-out volume ignored




Design Impact Scenario

O

FBS04a (DF7a-1-CDF4) - Debris Impact Phase (10 deg. ramp)

% \ Tl Consideration of impact
e sepe velocity reduction (TGN44)

/

Elevation (mPD)

o
=

T~ e

1 24 24 6.77 9.5 3971
2 70 93 8.91 8.1 288.7
73 3 159 253 Completed 6.7 197.5
25 30 35 40 45 50 535
Chainage (m)
15t Phase ond Phase 3rd Phase

Barrier

Debris self-weight

Debris self-weight Dynamic, P, = 198kP

Dynamic, P4 = 289kPa

- T

Dynamic, P4 = 397kPa Static, P, = 26~43kPa Static, P, = 26~65kPa




Material & Section

TR A
—535 20150913-DF7a-1_FBS04a_D&R1_UB1m
35 Materials

-4 Frame Sections

£} Ringnet_4

-£_) Ringnet_3t

£ Ringnet_3b

-4} Ringnet_3adge

-4 Ringnet_4edge

-4} Upper Middle Rope 2D32
) Border Rope 2D32
-{_) Bottom Rope 4D32
-{_) Combined Rope 2D32
-4 Lower Middle Rope 3D32
) Retain Rope 2D32

----- I UC254x254x89

AP Tie

i) Top Rope 1D32

) Winglet 1D32

-{_) do not use

-4 Met Ring Sections

----- £ Ringnet_ 4

----- < Ringnet_3t

----- 4 Ringnet_3b

----- 4 Ringnet_3edge

+- Load Cases

1.5 Combined Load Cases

..... 55 Groups

+-I2 Advanced Groups

NIDA-MNN Model

Assign Brake
Elements

[ — m— — —
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Close ‘
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A tricky issue

AT ER S
=)giy, 20150913-DF7a-1_FBS04a_D&R1_UB1m
.5 Materials
Frame Sections
! Met Ring Sections
7 Load Cases
Combined Load Cases
[ 1st Phase
& 2nd Phase
[ 3rd Phase
& 4th Phase
] B
lg.-‘G:'cf;E -~\

Advanced Groups S
[} Combined Members ,’
M@:hraws_ -
mbined Members * 29
No. StartNo... EndMo.. No.ofM..
1 34 1376 29
2 47 33 29
3 1095 a7 59
4 1 56 45
5 47 34 16
i 796 1376 g
7 a3 214 9
g 214 796 28
Add | Delete | CopytoClipooard|

| Select iiCheck OverlapH Check Deplicated |

Options
Angle= | 175 | Same Section

345678910111213 1415161718

Close |

Ana. Case : Robustness Case - 4 Phase + Overflow Unit - kN, m



Loading Assignment

direchion!




Loading Assignment

O

Phase 1 _ = Only dynamie loadings
R are shown!

ny  Construct 'Gr-A;:qgn Analysis  Post Tools Window Help
|G #h g Nodes "VBly velklasiliviz|gs
v i L
+ &t — ra Ehcirs | Stage: 5/5 Cycle: 29/ 29 Load Factor [1.0000 | » [m ]|

MNet Rings 4

Floors

Areas

Modal Loads
Member Loads

Load Case: |d -

Load Type: |F'ressure anArea Object vl

Floor Pressure...

MNet Ring Pressure...

Area Pressure... All @ Floors i) Rings (7 Areas

’—_----.~~
4 Pressure: J

~
~.——-|--|ll-—’

Copy Area Pressures...

Remove Loads...

Direction PP

N\

~—

Global Axis 1 X ey ‘' Sz

Assign to Group... Normal

- L - - G TP TR U i ey -~
~ Ms Convert to Modal Forces directly ,’
] - -

Mote: Area pressure are invalid in analysis
before the areas are converted to floorishell E
elements.

=

Apply | | Close | :




Loading Assignment

O

Phasex | 15 Phase
s s A A RN NN E) 1 1 Barrier - o
| i L ar[ ) -

i
| j H% ﬂ

éiﬂ :

sequence when
Dynamic, P, = 397kPa dymnamni cld

A NANTES

static load!

ond Phase

Debris self-weight
Dynamic, P; = 289kPa

Static, P, = 26~43kPa

NAI

3'd Phase

Debris self-weight
Dynamic, P; = 198kP
e

Static, P, = 26~65kPa




NIDA-MNN Model

Project: DF7,
Unit: kM, m

Undeformed




ecad the Results
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Export Animation AVI ...
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Lower Bound & Upper Bound
Brake Element Curves

Lower Bound Brake Element Upper Bound Brake Element




3. Design Optimisation using

Coupled Analysis




Current Design Practice of Barriers

O

Force approach (Geopn1/2012) Barrier
— 2
P=a P Unmax

P is pseudo-static impact pressure on barrier

a is empirical hydrodynamic coefficient
(design a = 2.0 for flexible barrier)

p1is density of debris

v is flow impact velocity

h is flow thickness

Why we need LS-DYNA?
» Pseudo-static load #Z Dynamic load

> Verify the coefficient “a = 2.0” conservative or not
» Need a tool for explicit coupled analysis between
landslide debris and barriers




Case Study 1 — Flexible Barrier

Mobility Results

Design Volume = 150 m3

: Impact velocity = 9.5 m/s
Impact thickness = 1.0 m

| Impact energy > 12,000 kJ

2R

Castle Peak Roa

in Castle @eak Road

st A
Z "‘-:"'(Slde—anchor .d
Flex1ble barrler)

*" Design maximum impact
- pressure = 399 kPa

~ based on force approach
(DN 1/2012)

i




Barrier Design

()

Similar to Geobrugg side-anchored UX180 barrier with
enhancement by middle posts and retention cables

R3B
N /

\ WINGLET ROPE s ek

iy

. . Retention \ 72
Rel~~~___ | cables A 12A
N R TOP ROPE
Rk, R Y W, K
RIBN ™~ \ UN2C
\\ T~ B.cz?a B BORDER ROPES -
V { i Main cable Number of
P ~ W layers cables
e '/‘
> =4

. | Top 1 x22¢
Posts Upper Middle 2 %22
M Lower Middle 3 x220
Bottom 4 x220

p1A P1B fgég égg¥0§§CHGR SCHEDULE)

Note:
« 5 m tall side-anchored flexible barrier Structural members and

«  Maximum 4 nos. of ground anchors at foundation details are designed by ASD



Numerical Modelling Using LS-DYNA

O

LS-DYNA keyword deck by LS-PrePost
Time = 0

Landslide
source




Numerical Modelling Using LS-DYNA

AN

LS-DYNA keyword deck by LS-PrePost
Time = 0

The gate confining
the landslide source




Numerical Modelling Using LS-DYNA

LS-DYNA keyword deck by LS-PrePost

Time =

0

ALE
Container

7\




Numerical Modelling Using LS-DYNA

« Flexible Barrier Sliding contacts

Explicit modelling as elastic beam elements
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LS-DYNA Simulation

Dynamic Coupled Analysis
7\
LS-DYNA keyword deck by LS-PrePost

Time = 0 Vectors of Total-velocity

Vectors of Total-velocity 1.500e+01 _
min=0, at node# 2276047
max=0, at node# 2276047 . 3306

1.200e+01

Landslid "5 1.050e+01 l
a source - 9.000e+00 |

7.500e+00 _|
6.000e+00 _|
4.500e+00 _| |
3.000e+00 _
1.500e+00 _
0.000e+00 _

Coupled
modelling

with debris
mobility and
flexible barrier




Dynamic Coupled Numerical Simulations

()

Observed
pile-up
mechanism
(IN1/2012)




Debris-barrier Interaction

Coupled analysis approach
e Enhance understanding on the performance of flexible barrier

- Energy loss of debris internal shearing
» Redirection of debris impact momentum after impact

VELOCITY vector
0.00
1.14
227
3.41
455
5.68
6.82
7.95
9.09
10.23
11.36
12.50

D3PLOT: ALC Debris Flow

4.000124



Debris-barrier Interaction

O

Similar observation from the findings of the centrifuge tests

50% solid fraction

Deformed
flexible

Further

' verification
-~ tests to be
carried out in
large-scale
i flume by S&T

Kinetic energy is dissipated by redirection of momentum and
internal shearing of particles during impact.
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