Abstract

The imperative need to protect structures in mountainous areas against rockfall has
led to the development of various protection methods. This study introduces a new
type of rockfall protection fence made of posts, wire ropes, wire-netting and energy
absorbers. The performance of this rock fence was verified in both experiments and
dynamic finite element analysis. In collision tests, a reinforced-concrete block rolled
down a natural slope and struck the rock fence at the end of the slope. A specialized
system of measuring instruments was employed to accurately measure the accelera-
tion of the block without cable connection. In particular, the performance of two
types of energy absorber, which contribute also to preventing wire ropes from
breaking, was investigated to determine the best energy absorber. In numerical
simulation, a commercial finite element code having explicit dynamic capabilities
was employed to create models of the two full-scale tests. To facilitate simulation,
certain simplifying assumptions for mechanical data of each individual component of
the rock fence and geometrical data of the model were adopted. Good agreement
between numerical simulation and experimental data validated the numerical simula-
tion. Furthermore, the results of numerical simulation helped highlight limitations of
the testing method. The results of numerical simulation thus provide a deeper under-
standing of the structural behavior of individual components of the rock fence during
rockfall impact.

In addition, a modified prototype is introduced as a developed prototype of the wire-
rope fence. The cost-reducing modifications are increased post spacing and fewer
wire netting layers. The numerical procedure again provides the nonlinear response
of the prototype under various impact conditions and insights into each component’s
role in dissipating impact energy. Furthermore, a simple but effective method of
increasing fence resistance is developed from analysis. Finally, the practical applica-
tion of two units of the prototype to protect a wide area is investigated employing the

numerical procedure.
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Chapter 1 Introduction

1.1 General Background - Literature Review

1.1.1 Rockfall Phenomenon: Definition and Types of Rockfall

Rockfall is a rapid and rather spontaneous natural hazard that often occurs on
steep slope, in which rock groups, or single rock blocks detached from the slope
face fall down and maybe strike underlying infrastructures. This hazard often im-
pacts to small region but its consequences are extremely severe, particularly to
humanity. Rockfall differs from landslides by being distinctly extreme surface-
phenomena; solid rock; regularly very small in volume; and mostly comprising of
singular rather than massed units (Ladd 1935). And Ladd also subdivided rock-
fall into four types as follow: 1) Dribble of material; 2) Persistent fall of coarse
material (often combined with fine), leading, in nature, to talus accumulations; 3)
Falls of loosened rock from jointed or blast-shattered faces of cuts; and 4) Fall of
single boulders, or a group of them, often of huge size, and sometimes from a
great height (and long horizontal distance), loosened from rock outcrops or cliff
faces by undermining as a result of weathering, rain, and seepage wash.

Another more encompassing definition of rockfall was proposed by Cruden and
Varnes (Cruden et al., 1996), by which rockfall was defined as a very rapid to
extremely speedy slope movement in which bedrock material is detached from a
steep slope and descends the slope by falling, bouncing, or rolling. And Ritchie
suggested the relationship between slope angle and the type of falling motion of
rock blocks (Ritchie 1963). When the slope angle is more than 76 ° (or 0.25:1),
even the slight accelerative motion of rock blocks at their source can initiate a
free fall. With the lesser steep slope, the falling rock hits the slope face and
bounces, and when the slope angle is less than 45° rolling motions dominate.
Furthermore, relating to the rockfall volume, Rochet classified rockfall phenom-
ena into four categories (Rochet 1987):

Singlegblock falls, which typically involve volumes ranging between 0.01 and
100 m*.



Mass falls, which typically involve volumes ranging between 100 and
100,000 m*

Very large mass falls, which typically involve volumes ranging between
100,000 and 10 million m°,

Mass displacements, which typically involve volumes greater than 10 million
3

m
In general, rockfall hazard is recognized as a complex function of rock blocks of
mass, Vvelocity, rotation and jump height, strongly depend on slope
characterization and rockfall mechanics (Broili 1973; Bozzolo et al., 1988;

Azzoni et al., 1995)

1.1.2 Rockfall Causes

Rockfall is often triggered by a combination of internal and external causes. In-
ternal causes can be the rock mass properties such as bedrock material type,
discontinuity pattern, face topography, and ground water. External causes are
triggering conditions that change the forces acting on a rock (Pantelidis 2009).
They may be rainfall, snowmelt, seepage, channeled water runoff, weathering,
erosion, freeze-thaw and heating-cooling cycles, tree roots, wind, disturbance by
animals, and earthquakes. Additionally, human activities such as construction
practices, blasting, vibration from equipment and trains, and stress relief due to
excavation may be considered as external factors (Hoek 2007). Rockfall are often
triggered by these external causes accompanied with rock mass instability.

McCauley surveyed 308 rockfall incidents along California highways and 14
causes of rockfall and their percentage of total were identified and displayed in
Table 1 (McCauley et al., 1985). The table points out that causes related to the
presence of water such as rainfall, freeze-thaw cycles, snowmelt, channeled run-
off, and springs and seeps were totally counted for 67%. Rockfall records for a
19-year period on a major railroad in western Canada showed that approximately
70% of the events happened during the fall, winter, and spring with heavy rainfall,
prolonged periods of freezing temperatures, and daily freeze-thaw cycles (Wyllie
et al., 1996). Peckover did a statistic that rockfalls were most frequent on railway
lines in the Fraser Canyon, British Columbia, Canada, between October and

March, the wettest and coldest time of the year for the area (Peckover 1975).



153 slope failure events in Yosemite National Park were examined and triggering
factors to each event are displayed in Table 2 (Guzzetti et al., 2003), in which
55% is counted for rockslides and 30% for rockfalls. Among triggering factors,
water-related factors (rainfall, rainfall and snow, and freeze-thaw) took 73% of
the failures and 14% was attributed to earthquakes.

Generally, there are many causes of rockfall, most of them relate to environmen-
tal factors. Particularly, the causes related to water are the most dominant factors
triggering the rockfall events. And it is noted that rockfall only occurs as being

triggered by combination of internal and external causes.

Table 1.1 Causes of 308 rockfalls on highways in California

Causes of Rockfall Percentage of Total
Rain 30
Freeze-thaw 21
Fractured rock 12
Wind 12
Snowmelt 8
Channeled runoff 7
Adverse planar fracture 5
Burrowing animals 2
Differential erosion 1
Tree roots 0.6
Springs or seeps 0.6
Wild animals 0.3
Truck vibrations 0.3
Soil decomposition 0.3




Table 1.2 Triggering factors of slope failures in Yosemite National Park

Triggering Factor Number Percentage
Rainfall 78 51.0
Rainfall and snow 15 7.8
Freeze-thaw 18 11.8
Earthquakes 21 13.7
Blasting and construction 12 7.8
Lightning, wind storms, spring runoff 9 5.9

1.1.3 Setbacks of Rockfall Hazards

Compared to other disasters, rockfall usually affects only small region. However,
the damage to the infrastructures, particularly transportations, or humanity may
be highly serious with probable fatal consequences. Spang reported that rockfalls
were the major cause of interruption to the West German Federal Railway’s
28,000 km track network (Spang 1987). Martin concluded that rockfalls, small
rockslides, and raveling are the most frequent slope stability problems along
transportation routes in mountainous area of North America, annually required
tens of millions of dollars on maintenance and protection measures to protect
against such hazards (Martin 1988). Sasaki reported that Japan with 70% of
mountains has suffered many slope disasters every year with several hundred
lives lost (Sasaki et al., 2002)

Specifically, in 1977, large rockfall blocks closed Colorado State Highway 133
near Redstone, Colorado, for several days, pending their breakup by blasting and
removal of material (Turner et al., 2012). On Monday, March 8, 2010, impacts of
large rockfall blocks caused severe damage to the bridge deck located just west
of Hanging Lake Tunnel in Interstate 70 in Glenwood Canyon, Colorado. Inter-
state was closed from early Monday morning until Thursday afternoon while
blocks were broken up by blasting and removed and while unstable residual rock
block on slope was removed. Traffic lanes were restricted for extended period
before bridge deck was repaired (Turner et al., 2012). Kariya reported a rockfall

event in the Daisekkei Valley of Mount Shirouma-dake (1932 m), the northern



Japanese Alps that produced debris of >8000 m3, caused casualties of trekkers
(Kariya et al., 2005). And Burlington Northern Santa Fe Railway train was hit by
rockfall debris near Libby, Montana, on June 25, 2010. Sixteen cars derailed.
Line was reopened one day later after emergency-response crews removed more
than 5,400 m3 of debris from track (Turner et al., 2012).

1.1.4 Rockfall Basic Knowledge

Apparently, rockfalls are really considerable threat to lives, equipment, facilities,
and transportation corridors in mountainous areas. Therefore, it is crucial to have
the best protection based on rigorous hazard and risk management systems and a
good understanding of the rockfall behavior as basic knowledge is necessary.
They are site characters, rockfall mechanics, and rockfall trajectories.

The site characters include terrain characteristics, geological and geotechnical
properties of earth materials, rock mass structure, groundwater conditions, and
past and present geological processes. Investigation findings of site characteriza-
tion enable develop a four-dimensional conceptual model, in which three spatial
dimensions are combined with time as the fourth dimension to analyze the inter-
actions of slope properties and processes (Turner et al., 2012). The conceptual
model provides the basis to access the occurrence probabilities of rockfall hazard
as well as analyze rockfall behavior, and ultimately helps determine proper miti-
gation procedures. If slope covers a limited area, conceptual geological model
may be developed by reconnaissance study and forecast of rockfall behavior from
back analysis of past events or by empirical methods. Other cases of slopes of
large areas with frequent rockfall events, more detailed geological information,
and slope topography are often required. Therefore, an extensive investigation of
fieldwork and mapping and, probably, drilling to reach subsurface information
are needed. There were many researches relating to this issue to identify the rock-
fall source zones, to determine the relatively susceptible geological materials in
source zones to rockfall initiation, and to identify as well as describe the rockfall
trajectories and run-out zones (Mazzoccola et al., 2000; Dorren 2003; Guzzetti et
al., 2003; Coe et al., 2005)



Evaluation of rockfall mechanics is also required to deeply understand rockfall
behavior. Mechanics of rock block movement are usually classified into four
types: free falling, bouncing, rolling, and sliding. Among these types, bouncing
and rolling that often appear after a falling block hit slope face are the most un-
knowable part of a rockfall travel path. Bouncing is typically described in a
simplified approach using one or two coefficients of restitution (Wu 1985; Hungr
et al., 1988; Pfeiffer et al., 1989; Azzoni et al., 1995). The free-fall trajectory is a
parabola (Ritchie 1963). However, a rockfall movement may be any combination
of above mechanics.

Rockfall prediction and modeling are often carried out to determine probable tra-
jectories of rockfall blocks, their maximum run-out distance, and enabling
estimate Kinetic energy of the block. This information is really useful for the de-
sign of remedial measures of retaining fences and barriers, ditches and berms, or
even rock sheds and tunnels. In addition, rockfall prediction and modeling, espe-
cially in combination with rock mass stability studies, become important
components of hazard assessments for land use planning purpose, particularly in
the populated mountainous regions (Turner et al., 2012). A typical serious work-
flow of a rockfall trajectory study at the scale of a community or a single slope
can be divided into 6 phases: 1) preparation phase; 2) definition of the release
scenarios; 3) rockfall modeling and simulation; 4) plausibility check/validation of
the model results; 5) fixation of the model results; and 6) transformation into
readable rockfall process maps (Lambert S. & Nicot F., 2011). So far available
rockfall trajectory simulation models can be classified into 3 groups according to
their spatial dimension: 1) two-dimensional (2-D) trajectory models; 2) 2.5-D or
quasi-3-D trajectory models; and 3) 3-D trajectory models (Volkwein et al.,
2011).

Over the past 30-year period, several 2-D rockfall simulation codes have been
developed to anticipate rock block movements and significantly increase the
knowledge and understanding of rockfall, allowing to specify relevant rockfall
mitigation procedures (Cundall 1971; Cundall et al., 1979; Chen et al., 1999).
The Colorado School of Mines supported by the Colorado Department of Trans-
portation (DOT) as part of the rockfall hazard assessment efforts long the



Glenwood Canyon section developed the Colorado Rockfall Simulation Program
(CRSP 1.0) in 1988-1989 to model rockfall behavior and provide statistical anal-
ysis of probable rockfall events at a given site (Pfeiffer et al., 1989; Pfeiffer et al.,
1990). With the support of appropriate computer capacity, the newest version of
CRSP extended in 3-D, termed CRSP-3D, was successfully developed to accu-
rately model the motions of variably shaped rock block as they travel across
slopes. However, whether a rockfall trajectory model is 2-D or 3-D, the experi-
ence in applying the model and knowledge of its sensitivity to parameter setting,
as well as how to determine model parameter values in the field, is a prerequisite

to obtain acceptable results (Volkwein et al., 2011)

1.1.5 Rockfall Mitigation

After properly obtaining basis information of rockfall probably happening on a
specific slope, determination of a relevant mitigation measure is recognized as
the most important step in hazard and risk management, i.e. a chosen corrective
mitigation measure makes previous steps more meaningful.

In a corrective mitigation measure, the proper evaluation should focuses on mul-
tiple aspects of continuous maintenance, hazard lessening, and hazard removal.
In addition, particular attention should be paid to the relationship between the
annual maintenance costs and the reduction in the costs of potential consequences.
For this reason, rockfall mitigation measures have been classified into two main
groups: engineered and non-engineered. Engineered measures including three
main categories of stabilization, protection, and avoidance are active interven-
tions that diminish the occurrence of effects of rockfalls, while non-engineered
measures are more passive interventions that include continued or increased
maintenance, warning signs, and slope-monitoring systems (Turner et al., 2012)
Stabilization measures include changes in the slope to reduce occurrence proba-
bilities of a rockfall. This can be done securing rocks in place, proactively
removing loose rocks in a manageable manner, or improving the slope configura-
tion to prevent rockfall internal causes from coming to triggering factors.
Stabilization of rock slopes has been well documented in several publications
(Fookes et al., 1976; Wyllie 1980; Wyllie et al., 1996; Schuster 1995; Morris et



al., 1999). Rock slope stabilization methods can be divided into two categories:
rock reinforcement (Rock Bolting, Dowels, Shotcrete, Buttresses, Cable Lashing,
Anchored Mesh, Cable Nets, Drainage) and rock removal (Scaling, Rock Re-
moval, Blast Scaling, Trim Blasting, Resloping) (Turner et al., 2012).

Avoidance measures tend to relocate or realign transportations or other facilities
away from zones with high probability of rockfall. Avoidance alternatives are
often more costly than stabilization and protection alternatives. However, appar-
ently they are safer than others. Particularly, avoidance alternatives become
special attractive for large slopes with widespread sources of rockfall (Geiger et
al., 1991).

Protection methods consisting of catchment areas, rigid barriers, flexible fences,
drapery, and rockshed allow to control rockfalls when they initiate. The main
goal of these types of approach is to alter the rockfall behavior by absorbing the
falling energy or by capturing rockfalls to prevent them from hitting transporta-
tions or other vulnerable targets. This kind of method are more passive and
warranted in conditions of (1) Rockfall source zones lie beyond the boundaries of
the facilities; (2) The extent or nature of the source zone is impractical or exces-
sively costly to stabilize; (3) Avoiding the hazard by facility relocation is not
practical or excessively costly (Turner et al., 2012).

Barriers, such as embankments, earthen berms and structural walls, perform as
rather rigid systems, capturing or deflecting falling rock blocks by their overall
structural stiffness or huge mass. While draperies and fences functioning as flex-
ible systems, dissipate the falling energy by their huge deformation when impact
occur. Generally, protection alternatives are often more cost-effective than stabi-
lization and avoidance ones. Simpler construction is required and fewer
environmental impacts are warranted. However, they are not the solution of all

situation of rockfall hazard.

1.1.6 Flexible Fences

Flexible fences are commonly employed to control or arrest falling rock blocks
with the aim of protecting infrastructure. A flexible rockfall fence often consists

of interceptive net, which directly intercepts falling rocks, and support structures



of posts anchored to foundations or to competent bedrock, tieback and lateral
ropes, energy absorbing devices, and anchors. The net panel must have been able
to provide huge deformation to dissipate the kinetic energy of falling rocks with
significant support of accompanied energy absorbers. Compared with rigid barri-
ers, flexible fences are often more cost-effective, and simpler in design. For these
reasons, this kind of fence has been impressively developed for wide range of
impact energy from 10 to 8000 kJ throughout the world.

Fences were initially applied to protection from snow avalanches in Switzerland;
they involved triangular wire rope nets mounted on timber and, later, steel posts
(Spang et al., 2001). Accidentally, this kind of fence was found to successfully
capture rockfall that occurred during snow-free periods, opening its new applica-
tion for rockfall protection since that time. The first known application of a wire
rope fence for rockfall was erected in 1958 at Brusio on southern Switzerland for
the protection of power transmission lines. The system consisted of individual
rectangular nets measuring 3 X 5m standing 5m high, tall even by today’s
standards (Turner et al., 2012). During the past 50 years rockfall fence design
involved a significant progress mainly based on increasingly modern apparatus
for testing, innovation of computer science, and practical demand. Flexibility is
consistently considered the basis of design; the enhancement only focuses on ma-
terials and constitutive components of the system. In modern fences, energy
absorption capacity is the focal point of design. The intercept panel has been in-
novated using many new type of material from lightweight wire mesh to robust
ring nets. In addition, several types of energy dissipation device have devised,
leading to remarkable movement in the fence capacity against rockfall.

When a rockfall strike a fence, the impact energy is transferred from impact loca-
tion into adjacent system components and immediately dissipated by the huge
flexure of the fence panel along with the performance of any friction energy ab-
sorbing devices, if incorporated as part of the fence. Commonly it takes the fence
0.5 s to stop the rock block.

The evaluation of the fence performance is often based on the relationship be-
tween impact loading, maintenance, and efficiency (Turner et al., 2012). Impact

loading is simply the kinetic energy that rockfall impact transfers to the fence.



Maintenance relates to required repairs from an impact. The effectiveness of the
fence in distributing impact load while diminishing damage discloses the fence
efficiency that is strongly influenced by impact location. The fence often reaches
the peak of efficiency at the center of intercept panel, where fence panels can ful-
ly flex. Flexibility lessens the rockfall loads imparted to fence components and
generally enhances the overall ability of the system to absorb greater impact en-
ergies with less maintenance. Flexibility and energy dissipation decrease as the
impacts target toward the more rigid structures located away from the center
point. Consequently, the increase of the maintenance cost of the fence system is
certainty after hazard.

The advance in system performance and capacity that have been achieved over
the past 50 years would not have been possible without extensive testing of fence
systems and components, both in laboratory and from full-scale impacts. This is
illustrated most impressively by the increase in fence capacities from an initial
50 kJ to about 8,000 kJ during the period, a nearly 100-fold increase in energy-
absorption capacity (Spang et al., 2001)

The various individuals and groups from European countries, principally Swit-
zerland and Italy, and Japan have conducted many full-scale tests on different
kinds of rock fence to verify them and exchange information. Peila conducted
field tests using a guide cable drive the weight from top the slope to targeted
point on the fence located at slope base (Peila et al., 1998). The weight was load-
ed onto a trolley attached to the cable and traveled down slope to strike the fence
without rolling and bouncing. In this manner, the impact energy was accurately
calculated. Video cameras were used to monitor and record each test. The forces
acting on the cables and posts were also measured.

Muraishi and Sano decribed the testing procedure used by the Japanese Railway
Technical Research Institute (Muraishi et al., 1999). Verification of a fence was
performed conducting laboratory-scale static strength tests on individual fence
components as well as full-scale field test on the fence. The full-scale test was
conducted by dropping a stone from crane into a test fence constructed on a steep
slope. The fence plane created angle of 35° from horizontal so that the angle be-

tween the fence and the rock trajectory was exactly 55°. With vertical drop test
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the impact location and kinetic energy of the block can be reproduced identically
in each of a series of tests, allowing reduce the number of required test to meet
determined goal compared with the number of rock rolling tests conducted on a
hill slope.

Baumann made a review of field tests on rock fences in Switzerland (Baumann
2002). There were more than 350 field tests performed in the country from 1988
to 2002, and the testing procedures as well as fence designs consecutively im-
proved during the period. A summary of testing on flexible fence against rockfall
is presented in (Thommen 2008). Then there were other full-scale tests with sup-
port of better measurement methods to obtain more detailed results (Gottardi et
al., 2010). So far, based on how the falling block is accelerated, rockfall field
tests can be grouped into two main categories: the test blocks are guided along
inclined track cable and vertical free-falling.

In efforts to reduce number of costly full-scale tests but able to enable develop-
ment of new types of rock fence, numerical simulation approaches have been
performed for first entering deeply the responses of rock fences against rockfalls
and then for designing or redesigning. Furthermore, numerical simulations allow
consider special load cases that cannot be done in field tests (high-speed rockfall,
multiple impact locations such as post/rope strike, etc.) as well as the response of
the fence to its structural alterations (Fornaro et al., 1990; Nicot et al., 2001,
Sasiharan et al., 2006; Volkwein, 2005; Cazzani et al., 2002). However, it is cru-
cial that the numerical results should be validated by experimental results such as
cable tension force, fence deformation as well as acceleration and the trajectory

of the falling rock before using for design or redesign purposes.

1.2 Objectives and Scope of the Study

The main objective of this study is focus on rockfall protection with particular
attention paid to developing of flexible fences. In this study, a new type of rock
fence is shown to have a remarkable capacity to capture rocks and thereby pre-
vent damage to transportations as well as fatalities. Basically, with regarding self-
standing to make the fence more suitable to be installed along road side where
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very little space exists, it was designed with an adequate stiffness without lateral
guy cables and anchors. This basis makes the fence distinguishable from Europe-
an styles.

This type of rock fence was scrutinized in both full-scale experiments and numer-
ical simulation. In field tests, it has been the first time a reinforced-concrete (RC)
block was actuated to roll down a natural slope and strike the fence erected at
slope base without a navigation system. As a result, the effect of composite mo-
tion of an RC block (translation and rotation) on the performance of the rock
fence will be clear. To support these tests, laboratory pre-tests on such compo-
nents as energy absorbing devices and posts were conducted to examine their
load-carrying capacities and structural behaviors. In addition, an experimental
measure system was devised to control and obtain more detailed results from the
tests.

Numerical simulation using the finite element code LS-DYNA reproduced the
fence response against impact of the block, enabling to reach a deeper under-
standing of the structural non-linear behavior of the fence under severe dynamic
condition. The valuable experimental data obtained from full-scale tests helped
validate the numerical models in terms of the fence deformation, the block trajec-
tory after impact, impact force between the block and the fence, etc. Parametric
analysis with iterative execution was then performed to determine the structural
function of each individual component of the system and how these components
interact with one another during rockfall event. Furthermore, an investigation in-
to the effect of the impact location on the resistance of the fence, which could not
be done experimentally, was also carried out through a series of numerical mod-
els, allow verify the fence resistance under various impact conditions.

Based on gained understanding of this kind of fence, a new prototype is devel-
oped increasing post spacing and reducing the number of wire netting layer with
the aim of reaching appreciable cost benefits. Above validated numerical proce-
dure was employed to clarify the response of the prototype to these structural
alterations before using in practice. Specifically, fence elongation, post defor-
mation, and ultimately the energy absorption capacity of the developed prototype

were thoroughly examined. Particularly, the response of side module (refer to
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section 4.3.2 for details) of the prototype against rock impacts has been first time
examined in the study, producing more detailed understanding about the fence
resistance under various impact locations. Furthermore, to improve the fence re-
sistance a simple but efficient enhancement method was proposed and scrutinized
using iterative numerical models. Last but not least, this study also explored the
performance of a fence comprising two units of the developed prototype, which
is the most practical application suited to wide protection areas. And despite the
numerical procedure specifically targeting the design of this fence, the methodol-
ogies and findings derived from this work are likely to be valuable to
understanding comparable types of rock fence.

Following are Chapter 2 that presents experiments on a wire-rope rockfall protec-
tive fence, Chapter 3 expressing dynamic finite element analysis on the fence,
and Chapter 4 set for introduction of a new prototype of the fence developed with

three-dimensional numerical modeling.
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Chapter 2 Experiments on a Wire-Rope

2.1

Rockfall Protective Fence

Introduction

Many methods of protecting against rockfall have been devised around the world.
They can be classified into prevention and protection types. A prevention method
involves the removal or stabilization of dangerous rocks on a slope. A protection
method uses interceptive structures such as an embankment, a rock shed or a rock
fence to catch rockfall in the middle or at the end of a slope.

An embankment has the advantage of lower construction and repair costs and the
capacity to absorb higher rockfall energy than other structures, but it requires a
suitable construction site. The embankment approach has been experimentally
and numerically analyzed (Ronco et al. 2009; Lambert et al. 2009; Maegawa et al.
2011).

Many rock sheds have been constructed for mountainous roads in Japan. Impact
tests have been carried out on a real rock shed to confirm its ultimate capacity
(Kishi et al. 2002). However, the design basis for a rock shed in the Rockfall Mit-
igation Handbook (Japan Road Association 2006) is allowable stress design and
leads to underestimation of the performance—cost ratio of a rock shed compared
with the other structures.

The principal advantages of a rock fence are its rapid erection and easy mainte-
nance. Some countries such as Japan, Italy, Switzerland, France and the United
States have developed many types of rock fence. For instance, different types of
fence were tested at a field test site in Europe, and flexible and practicable solu-
tions for designing and constructing a rock fence were established as guidelines
for the approval of rockfall protection kits (Gerber 2001; ETAG-027 2008). A
flexible rock fence made from polyethylene netting, which is resistant against
alkalis, acids, water, sudden impact, low temperature, and ultraviolet rays and
can withstand high rockfall energy, was developed in Japan (Maegawa 2006).

Rock fences made from netting have the important feature of being able to absorb
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rockfall energy through their flexibility, which is achieved by large displacement
of the cable net and by energy-dissipating devices mounted on the connecting
cables.

In this study, a new type of rock fence made of posts, wire ropes, wire netting,
and energy absorbers is shown to have a remarkable capacity to catch rocks and
thereby prevent damage to vehicles and houses as well as fatalities. Basically,
with regarding self-standing and accordance with narrow spaces of the fence, it
was designed with an adequate stiffness without lateral guy cables and anchors.
Moreover in Japan, the design scheme for a rock fence is based on a desired en-
ergy-absorption capacity (Japan Road Association 2006). To absorb a large
amount of energy, the wire rope of the rock fence is semi-fastened to a post using
an energy-absorbing device (Maegawa et al. 1995) as shown in Fig. 2.1 in which
and following figures the default unit of dimensions is millimeter. When pulled,
the wire rope does not slip from the device until the magnitude of the friction
force exceeds a critical value, which is possible to vary. As the wire rope slips,
the device is able to maintain a fluctuating kinetic frictional force between it and
the wire rope until a stopper located at the end of the rope comes into contact
with the energy absorber. The wire rope thus does not break and part of the im-

pact energy is absorbed by the energy absorber.
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(1) & (2) is fixed to (3) - (4) can slip through
(1) & (2) - (5) is fixed to (7) - (6) can initially
move along (7) - (8) can slip through (5) & (6).

Figure 2.1 Absorber -Type A(a) and Absorber-Type B(b)

Two types of energy absorber will be introduced and examined with respect to
their configuration and corresponding energy-dissipation behavior. To reduce the

number of energy absorbers and achieve lower cost while maintaining perfor-
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mance, energy absorbers were installed only at the end posts of the new type of
fence. This type of rock fence was examined in full-scale experiments carried out
using a reinforced-concrete (RC) block that rolled down a natural slope without a
navigation system. Since an RC block under this experimental condition has not
only translational motion but also rotational motion, the composite effect of the
natural motion on the performance of the rock fence will be clear. In preparation
for these tests, laboratory pre-tests on such components as energy absorbers and
posts were conducted to confirm their load-carrying capacities and structural be-
haviors. Additionally, an experimental control system was devised to investigate
the impact force between the block and fence in the tests.

2.2 Configuration of the Rock Fence

2.2.1 Details of the Rock Fence

Figure 2.2 shows the configuration and dimensions of the rock fence. Four posts
made of concrete-filled steel tubes were vertically erected with a rigid joint on a
concrete foundation, forming three spans with unequal length of 5, 8, and 5 m.
These unequal dimensions come from the site condition that was just fit for the
fence of 18 m long. Fortunately, it is certain that elongation of the 18 m long
fence is smaller than that of equal length of 8, 8, and 8 m fence; i.e., likely safer
to use the fence of 18 m in this study. Fourteen wire ropes employed as main
components to catch rockfall were horizontally installed by connecting to both
end posts via energy absorbers that are effective in preventing the wire ropes
from breaking. Each wire rope passed a steel-ring welded to intermediate posts.
The extension length of each wire rope from the energy absorber was 800 mm,
and a stopper was attached at the end of each wire rope to prevent the rope from
sliding out of the energy absorber. Additionally, seven vertical braces of steel
plates were installed at mid-span of the fence to help maintain the spacing be-
tween wire ropes. The vertical brace semi-fastened each wire rope by two wire
clips. With the aim of supporting the wire ropes to catch rockfall, two layers of
wire netting comprising 5-mm steel wire having grid spacing of 50 mm were

used. The wire netting and wire rope were connected by several steel-wire coils.
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To brace the posts against one another in the plane of the fence, the top of each
adjacent post was connected to a steel pipe functioning as a horizontal brace.

As shown in Fig. 2.1, two types of energy absorber were used in full-scale tests.
The energy absorber consisted of a U-shaped bolt and two types of steel block.
Each steel block consisted of two steel plates with thicknesses of 25 to 38 mm.
The two steel plates were stacked one upon the other and the concave indenta-
tions of the two plates held in place a wire rope when they were compressed
together by two M20 bolts at 200 Nm/bolt. The critical friction force between
wire rope and the steel plates depends on the torque of the M20 bolts. Further-
more, as shown in Fig. 2.1a and b, the two types of energy absorber differ in the
interval between the two steel blocks. In the Type-B energy absorber, the smaller
steel block can initially slide along the U-bolt a distance of 60 mm, until contact-
ing the larger one fixed to the U-bolt. In contrast, in the Type-A energy absorber,
there is no interval between the two steel blocks and both of them are fixed to the
U-bolt. This difference affects the timing of the maximum rope tension during

rockfall collision.
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Figure 2.2 Configuration and dimensions of the rock fence (unit: mm)
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2.2.2 Experimental Control System
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Figure 2.3 Experimental control system

Figure 2.3 shows the experimental control system mainly aimed at measuring the
rope tension and the acceleration of the RC block. To record the acceleration data
of the RC block at a sampling rate of 2 kHz, a three-axis accelerometer, analog-
to-digital transformation recorder, and transceiver were placed at the center of the
RC block. The transceiver acted to start up the recorder as soon as it received the
trigger signal emitted from the master transceiver. Next, another analog-to-digital
transformation recorder was synchronized to accumulate the data at a sampling
rate of 2 kHz from strain gauges attached to the U-bolts of the energy absorbers.
These data helped in estimating the wire-rope tension because the relation be-
tween the strain of the U-bolt and the tension force of the wire rope has been
measured in a laboratory test. Additionally, a high-speed camera (600
frames/second) was set up on the side of the fence to capture the instant that the
RC block makes impacts with the fence. Since the camera's starting frame was
also synchronized, the frame number at the time of collision helped to specify the
collision time in the acceleration history data. The RC block velocities were es-
timated from a series of frames shortly before the RC block strikes the fence. The
prominent feature of this measurement system is that the accumulated data are
synchronized by means of transceivers. Moreover, several other high-speed cam-
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eras (300 frames/second) were set up at the most appropriate positions to monitor
the interaction between the RC block and rock fence.

2.3 Outline of the Experiments

2.3.1 Pre-testing and Results for Energy Absorbers

Two types of energy absorber were tested in the laboratory to examine their be-
havior, in particular the friction force between the energy absorber and wire rope.
Figure 2.4 describes the configuration and procedures of the laboratory test for an
energy absorber. One end of the wire rope was connected to the test frame
through a load cell, and the opposite part was held by an energy absorber; i.e.,
steel blocks. The outer wire rope from an energy absorber was free and was the
extension for the sliding function. The remainder of the wire rope could be set at
a length of about 5 m for the test, since the curved end of the U-bolt was con-
nected to the test frame. The test procedure was as follows. A 1340-kg weight
freely dropped along vertical guides and struck the middle of the wire rope, and
the extension of the wire rope then slid through the energy absorber. The rope
tension was measured using a load cell, and the rope slippage was calculated
from the weight displacement measured using a rotary encoder connected to the
weight. Additionally, the relation between the strain of each U-bolt used in the
rock fence and the rope tension was examined in tensile tests under a static load.
This relation was used to estimate the rope tension from the U-bolt’s strain data
recorded for the fence subjected to an impact load.

Figure 2.5 shows the results for the impulsive friction force for the two types of
energy absorber. Independent of the device type, the impulsive friction force
fluctuated widely, indicating that the wire rope exhibited alternate behaviors of
slipping and stopping. However, the fluctuation of the Type-B energy absorber
began at a lower friction force than that of the Type-A energy absorber. This dif-
ference certainly derives from the interval between the two steel blocks of the
Type-B energy absorber, since the friction force initially occurred only in the
larger steel block owing to this interval as mentioned in Section 2.2.1. No wire
ropes broke during testing, and Fig. 2.6 shows that the maximum instantaneous
friction forces for the Type-A and Type-B energy absorbers were 157 and 150
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KN, respectively and they were less than the nominal strength of the wire rope
(180 kN). Additionally, the average values of the impulsive friction force, ob-
tained by dividing the final potential energy of the weight by the total slippage of
the wire rope, were 65.2 and 45.4 kN for Type-A and Type-B energy absorbers,
respectively.
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Figure 2.4 Laboratory test for an energy absorber (unit: mm)
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2.3.2 Test of the Rock Fence

Two tests were carried out. The sole difference between the tests is that Type-A
and Type-B energy absorbers were applied in Tests No. 1 and No. 2, respectively.
The mass of the weight and its falling height were identical in the two tests. After
Test No. 1, all components other than the posts were replaced with new ones.

The shape of the RC block was in accordance with the EOTA guidelines for fall-
ing-rock protection kits (ETAG-027 2008), as shown in Fig. 2.3. The RC block
was covered with 6-mm-thick steel plates and weighed 5.2 tons. In the tests, the
block began rolling from the peak of a slope at a height of approximately 37 m
and then stuck the fence, which was located at the bottom of the slope, as shown
in Fig. 2.6.
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2.4 Results of Rock Fence Tests

2.4.1 Behavior of the Rock Fence
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Figure 2.7 Collision point on the rock fence at mid-span

Figure 2.7 shows the collision point marked by an octagon at the mid-span of
each fence. The collision point in Test No. 1 was slightly left of center. The tar-
get was set at a height of 2.7 m from the concrete foundation.

Figures 2.8 and 2.9 show the impact process; i.e., the motion of the RC block and
the behavior of the rock fence just before and during the collision in Test No. 1
and Test No. 2, respectively, and the peak elongation of the wire netting. These
images generally indicate that the fence could decelerate and captured the RC
block in both tests. However, more thorough examination of the overall behavior

of the fence shows differences between the two tests.
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Figure 2.8 Behavior of the rock fence (Test No. 1)
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Figure 2.9 Behavior of the rock fence (Test No. 2)

Relating to the deformation of the fence, the peak elongation of the wire mesh in
Test No. 2 was slightly larger than that in Test No. 1. Another discrepancy be-
tween two tests pertains to rope breaking. In Test No. 1, rope breaking was
observed (wire ropes No. 1 through No. 7 broke, as shown in Fig. 2.7) and this is
because the rope tension is not constant. It is higher in the impact region. In par-
ticular there was no slippage between the wire ropes and energy absorbers in Test
No.1. In contrast, there was slipping in Test No.2 as illustrated in Fig. 2.10, ena-
bling the fence to stop the RC block without the breaking of wire ropes.

After each test, theodolites were used to measure post deformation expressed by
a post’s declination in units of degrees in different directions with reference to
the vertical. Site observations showed that the end posts only inclined in the
fence plane and intermediate posts only inclined in a vertical plane perpendicular
to the fence plane. Table 2.1 showing the declination data of the posts, shows that
the deformation of the end posts in Test No. 1 was greater than that in Test No. 2,
again demonstrating the great efficiency of the Type-B energy absorbers. Addi-
tionally, within each test, the collision location logically affects the difference in
deformation between right and left posts.

Furthermore, the deformation of vertical braces in the Y-direction perpendicular
to the fence plane, particularly the vertical braces in the impact region, generally
reflecting the residual shape of the fence for both tests was measured. The maxi-

mum residual deformation in both tests is less than 1.1 m.
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Figure 2.10 Wire rope slippage for Test No.2

Table 2.1 Deformation data for the posts in the two tests

Posts End posts Intermediate posts
Left Right Left Right

Test No. 1 7.4° 5.5° 7.0° 4.2°
Test No. 2 2.8° 4.1° 3.4° 7.7°
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2.4.2 Impact Deceleration, Force, Velocity, and Energy
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Figure 2.12 Deceleration and impact force history (Test No. 2)

Figures 2.11 and 2.12 show the resultant deceleration vs. time for Test No. 1 and
Test No. 2, respectively, before and after collision. It is seen that the contact time
can be estimated from the starting time of the high-speed camera and the frame
number at which the RC block is observed striking the fence. Consequently, the
deceleration and/or impact force due to the collision between the RC block and
fence can be determined from the graph according to the contact time. The max-
imum deceleration and impact force were 280 to 340 m/s® and 1.46 to 1.77 MN,

respectively. The deceleration (i.e., the impact force) in Test No. 1 was clearly
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larger than that in Test No. 2. This result appears to be logically related to the
fact that wire ropes No. 1 through No. 7 broke in Test No. 1.

According to the Japan Road Association Hand Book of Rockfall (Japan Road
Association 2006), expected impact energy of approximately 1300 kJ was esti-
mated for site conditions of slope of 41°, height of 37 m, and surface friction
coefficient of 0.25. After the tests, however, the impact energy was recalculated
from the block’s impact velocities. The impact energy consists of translational
energy (E,) and rotational energy (E;), which depend on the respective velocities

of translation and rotation of the RC block just before collision:
E,=MV?/2,E =1&°/2, 1)
E=E +E,, 2

where M, I, V, and o are the mass, moment of inertia, translational velocity, and
rotational velocity of the RC block, respectively. These component velocities of
the RC block just before collision were approximately evaluated as follows. Be-
fore the tests, two separate points were firmly marked on the ground just in front
of the fence at test site. The block’s translational velocity was then calculated by
dividing the distance between those points by the period of time that it took the
block to pass through that distance and could be estimated from the number of
frames of the block motion recorded by the high-speed cameras. The block’s ro-
tational velocity was determined solely from the recording of the block motion

with the support of Videopoint software.

Table 2.2 Velocity and impact energy

Translation Rotation Translation  Rotation Total

TestNO.  welocityV  Velocity @ Energy E, Energy E, Energy E
(m/s) (rad/s) (k) (k) ()
1 16.0 14.3 666 140 806
2 16.8 16.8 734 193 927

Table 2.2 gives the magnitudes of the translational and rotational velocities and

the corresponding impact energies. The total impact energy was lower than the
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expected energy. The reason for this may be that the RC block passed through a
gravel layer placed in front of the rock fence to control the trajectory of the RC
block because the layers of gravel were able to function as an energy-absorbing
system (Pichler et al. 2005), and more importantly, the site surface friction coef-
ficient used for the expected energy might be inappropriate. Table 2.2 indicates
that the rotational energy was 17% to 20% of the total impact energy. This value
might be larger than the expected value (Japan Road Association 2006), because
the shape of the RC block used in this experiment rotates more easily than a rock
during actual rockfall. Despite the larger rotational energy, the RC block did not
bounce over the fence because of the flexibility of the fence structure.

2.5 Conclusion

This chapter presented experimental results for a newly developed rock fence
able to vertically stand by itself without lateral guy cables and anchors. The fence
was subjected to impact by an RC block rolling down a natural steep slope. The
acceleration or impact force of the RC block colliding with the fence was meas-
ured with a measurement control system that was able to synchronize all
measuring instruments. The impact energy approximately estimated in two full-
scale tests (having different shock absorbers) was about 900 kJ, which is lower
than that expected for the site conditions (Japan Road Association 2006). How-
ever, the rotational energy was 17% to 20% of the total impact energy, which is
more than the value of 10% recommended by the Rockfall Mitigation Handbook
(Japan Road Association 2006). Despite the higher rotational energy, the RC
block did not bounce over the fence in either test because of the flexibility of the
fence structure. More importantly, the residual deformation of the fence after im-
pact was about 1000 mm, making the fence suitable to be installed just aside
roads, where very little space exists.

Two types of energy absorber examined in laboratory pre-tests were assembled
for the rock fences in the full-scale tests to confirm their energy-dissipation func-
tions. The Type-B energy-absorbing device was found to be effective in

preventing wire-rope breakage and in dissipating the impact energy of rockfall
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and it thus considerably enhanced the impact energy absorption capacity of the
fence.

As a final remark, it should be noted that experimental results obtained from full-
scale tests provided a primary understanding of the overall performance of the
fence against rockfall event, and in particular, they are necessary to validate
adopted numerical models that are really useful for design or redesign purpose.
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3.1

Chapter 3 Dynamic Finite Element
Analysis on a Wire-Rope Rockfall

Protective Fence

Introduction

Although field-test is extremely important to reach the most real response of the
flexible fence to rockfall, however it cannot provide diversified data of the
fence’s dynamic behavior under various impact conditions relating to impact lo-
cation, structural changes. In particular, field test is often very costly. For these
reasons, over the past years, many studies have focused on developing numerical
procedures to accurately reproduce the fence response to rockfalls, allowing at-
tain insights into performance of the fence as a whole system or each structural
component of the system. After being thoroughly validated by experimental re-
sults obtained from field tests, numerical procedure becomes more trustable as a
design tool.

This chapter presents a numerical procedure employed to reproduce two field
tests on wire-rope rock fence as introduced in chapter 2 using the finite element
code LS-DYNA. As mentioned above, first and foremost the numerical models
were validated by comparing the results with those obtained in real-scale tests.
The numerical simulation was then useful for parametric analysis. Iterative exe-
cution allowed us to examine the structural function of each individual
component of the fence and how these components interact with one another dur-
ing rockfall impact. Additionally, a series of numerical simulations was carried
out to examine the effect of the impact location on the resistance of the fence,
which could not be done experimentally, and to verify the rockfall energy absorp-

tion capacity of the fence under various impact conditions.
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3.2 Finite Element Explicit Analysis

Because the impact phenomenon itself has a dynamic characteristic and involves
large deformations, modeling the collision of an RC-block against a rock fence in
numerical simulation based on a finite element method requires the consideration
of nonlinear geometrical and mechanical behavior and particularly adequate con-
tact conditions. For this reason, nonlinear dynamic analysis using LS-
DYNA 971 is adopted to simulate the impact phenomenon in this study. With
appropriate computational cost, this finite-element-method code can accurately
analyze the rockfall impact, which lasts for only a very short period of a few sec-
onds and involves rapid variations in force, velocity, acceleration, and contact

condition.
3.3 Assumptions

The collision of the wire-rope rock fence subjected to rockfall can only be nu-
merically simulated by making simplifying assumptions based on engineering

judgment.
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Figure 3.1 Stress—strain curve derived from the steel-cable static tensile test

First, the typical behavior of steel cable used as wire ropes in a standard static
tensile test is depicted in Fig. 3.1. Another typical static tensile test carried out on
pieces of steel wire used as wire netting was conducted to assert their load-

carrying capacity.
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In both cases, the authors are confronted with the problem of being unable to at-
tain the dynamic material properties that should be obtained from dynamic tests.
For simplicity and to retain only the most important observed characteristics of
both wire rope, and wire netting, the author adopt a constitutive law that is bi-
linear and rate-independent. This assumption might be disputed as being too
rough an approximation. However, the effect of the strain rate phenomenon on
the overall performance of the fence subjected to rockfall is not so considerable
because of the low speed of rockfall impact as compared with that of a blast or a
projectile and according to experimental tests. Grillo et al. (1985) pointed out that
the assumption seems appropriate for steel members under impulsive loading.
Thus, Figs. 3.2(a) and 3.2(b) show the assumed stress—strain curves for wire rope
and wire netting, respectively, and the ultimate strength and the corresponding
permanent strain are those deduced from static tensile tests with some appropriate

engineering judgments.
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Figure 3.2 Assumed stress—strain curve applied for wire ropes (a); wire netting

(b)

Figure 3.3 Numerical model applied for energy absorber
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Figure 3.4 Assumed stress—strain curve (a); simplified behavior of absorbers (b)

Figure 3.3 shows the configuration of the numerical model representing energy
absorbers. In this model, element AB with material properties complying with the
stress—strain curve sketched in Fig. 3.4(a) is a key component. This element
should express necessary structural functions that the real energy absorbers per-
form. Indeed, as shown in Fig. 3.4(b), after the yield stress point is reached,
element AB begins lengthening under an invariable tension force, which is not an
actual fluctuating friction force but is the average value of the impulsive friction
force depending on the type of energy absorber. This behavior properly simulates
the phenomenon of wire rope sliding through the energy absorber and therefore
ensures that the absorbed impact energy in the numerical model is similar to that
for the real fence. In addition, the presence of two elements AC and BC modeled
as wire rope elements prevents the elongation of element AB from exceeding 800
mm, which is the peak slippage of wire ropes in Test No. 2. Indeed when points
C and D coincide with each other, the length of element AB is approximately 900

mm); i.e., the elongation reaches a maximum of 800 mm.
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Figure 3.5 Bending moment vs. deflection curve of posts (a) and assumed stress—
strain curve of posts (b)
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The next important assumption is applied to the post constructed with a concrete-
filled steel tube. LS-DYNA does not have appropriate composite material proper-
ties to model this type of component. A simplified model for the post was
therefore made using a steel tube beam element with assurance that the load-
carrying capacity and ductility of the post must be maintained. A three-point
bending test on this post, which is supported by a span of 3.2 m, was carried out
to determine the performance of the post; the bending moment vs. deflection
curve is sketched as a blue line in Fig. 3.5(a). The beam of only a steel tube,
which has the same outer diameter as the real post, was analyzed by searching for
adequate values of thickness and Young’s modulus. When the values of the
thickness and Young's modulus were 30 mm and 120 GPa respectively, the red
line obtained from analysis matched the blue line well, as shown in Fig. 3.5(a).
From this result, the assumed stress—strain curve for the post modeled by only a
steel tube is sketched in Fig. 3.5(b).

3.4 Numerical Simulation

The model used in the numerical simulation of the rock fence in Test No. 1 is re-
ferred to as Model No. 1 hereafter. Table 3.1 summarizes characteristics and
parameters of Model No. 1. A cable element can be used to model wire rope or
wire netting without consideration of the compressive force. However, because
there is no definition of failure strain for the cable element in LS-DYNA, a truss
element that can take a failure strain is adopted. Therefore, a pattern of alternate
cable and truss elements are assigned to the wire rope and wire netting in the im-
pact section to consider the possibility of breaking. To reduce the number of
elements with the aim of reducing the execution time, the wire netting in Model
No. 1 is simulated as just one layer of a 150 mm x 150 mm square grid. The wire
diameter of the wire netting is therefore increased to 12.24 mm and the effective
cross-sectional area is Aer = 117.63 mm?, six times the original value. In fact, it
was verified that there is no noticeable difference between the results analyzed
using models having different grid sizes; i.e., 50 mm and 150 mm. The steel coil,

which connects the wire rope and wire netting, is modeled by a K-element for
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which the spring constant is 10° N/m. The average friction force of 65 kN is ap-
plied for the energy absorber; i.e., Type A for Model No.1.

Furthermore, the consideration of the probable interaction of components within
the fence during the impact is critical to achieving a good result. The automatic-
contact definition used in Model No. 1 is based on the penalty method, which
involves placing normal interface springs between all penetrating nodes and the
contact surface. Table 3.2 presents the automatic contact definitions applied for
components that probably interact with one another within Model No. 1.

Figure 3.6 illustrates the geometry of the wire-rope rock fence built in LS-DYNA,
including the colliding block. Initially, the fence vertically stands in a plane and
the trajectory of the colliding RC block lies in a vertical plane perpendicular to
the fence plane. The block is modeled according to its real shape. According to
EOTA guidelines (ETAG-027 2008), the volume of the block can be calculated
as V = 17/24 x D® where D is the maximum size of the RC block (1408 mm).
Elastic-solid elements are assigned to the block with mass density of 2.63 x 10°°
ton/mm?, giving a weight of the block of 5.2 ton. The block is placed immediate-
ly next to the fence plane and assigned initial conditions of angular velocity o =
14.3 rad/s, translational velocity in the Y direction (normal to the fence plane) v
= 15.8 m/s, and translational velocity in the Z direction v, = 2.3 m/s; these values
were obtained from the results for Test No. 1.

Model No. 2 simulating Test No. 2 is similar to Model No. 1 on the whole, but
the average friction force of 45 kN is applied for the energy absorber; i.e., Type
B for Model No. 2. The initial conditions of the RC block are angular velocity @
= 16.8 rad/s, translational velocity in the Y-direction (normal to the fence plane)
vy = 16.7 m/s, and translational velocity in the Z-direction v, = 2.3 m/s, which
were obtained from the results in Test No. 2.
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Table 3.1 Numerical data of Model No. 1

Structural Type of Type of Material ~ Constitutive  Sectional
Component Element Law Properties
[mm]
Wire rope a) Beam-Cable  a) Cable Discrete  Fig. 3.2a 18
b) Beam-Truss  b) Piecewise
Linear Plasticity
Wire netting  a) Beam-Cable  a) Cable Discrete  Fig. 3.2b 5
b) Beam-Truss  b) Piecewise
Linear Plasticity
Post Beam Piecewise Linear  Fig. 3.5b 267.4 x 30t
Plasticity
Horizontal Beam Piecewise Linear  Fig. 3.2b @314.3 x 4.5t
Brace Plasticity
Vertical Shell Piecewise Linear  Fig. 3.2b ot
Brace Plasticity
Steel ring Beam Rigid @30
welded to
post
U-bolts Beam Rigid 010

connected to

vertical brace

Table 3.2 Automatic contact definitions for Model No. 1

Contact definitions

Components in contact

Automatic General

Automatic Nodes to Surface

(wire rope vs. steel ring) ; (wire rope vs.

vertical brace) ; (weight vs. vertical brace)

(weight vs. wire netting) ; (weight vs. wire

rope)
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Figure 3.6 Technical sketch of the wire-rope rock fence built in LS-DYNA

3.5 Analysis, Validation and Discussion

3.5.1 Model No.1

Generally, the numerical behavior of the fence did not match well that of the real
fence, with some of the wire ropes breaking in the latter case. Therefore, the best
value of the average friction force was obtained by iterative execution in which
the magnitude of friction was increased until a good result was achieved. Eventu-
ally, it was found that the model with an average friction force of 85 kN provided
good results, as shown in Figs. 3.7 and 3.8, in which the fence was able to catch
the block in spite of the breaking of wire ropes No. 6 and No. 7 and some damage
to the wire netting. This numerical result matches the experimental result. Fur-
thermore, Fig. 3.9 shows the Y-displacement of the central point of the impact
area with time, and it is seen that the maximum displacement is close to that
shown in Fig. 2.8 of Test No. 1 (Chapter 2).
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Figure 3.7 A series of motions in Model No.1

Figure 3.8 Damage to wire ropes No. 6 and No. 7 and wire netting
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Figure 3.9 Time vs. Y-displacement of center of impact area in Model No. 1

41



It is thus asserted that numerical Model No. 1 can almost simulate Test No. 1 in
terms of the overall behavior, the wire-rope breakage, and the deformation of
posts, horizontal braces, and vertical braces. There is however a considerable dif-
ference between the test and the numerical model in terms of the number of

broken wire ropes; i.e., 7 vs. 2.
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Figure 3.10 Time vs. Rope tension at impact section in Model No. 1

Figures 3.10 and 3.11 show the rope tension over time for each rope; the location
of the ropes is indicated in Fig. 2.2 (Chapter 2). The figures present data calculat-
ed for the impact section and a section adjacent to an end post, respectively. It is
clearly seen that rope Nos. 4 to 8, which passed through the contact area of the
block and the fence, experienced greater tension in the impact section than in the
section adjacent to the end post. However, the situation was the opposite for rope
Nos. 1 to 3, which did not directly pass through the contact area. This phenome-
non seems to come from the impact momentum being transferred from the
contact area to the surrounding area via vertical braces and partly wire netting

along a direction not perpendicular to the ropes.
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Figure 3.11 Time vs. Rope tension at section adjacent to an end post in Model
No.1

Figure 3.12 shows the rope tension history measured in the section adjacent to
the end post in Test No. 1. The method for measuring the rope tension from the
strain at the U-bolt of an energy absorber is mentioned in Section 2.2 - Chapter 2.
Although the peak values of tension for rope Nos. 1 to 7 were well under the ten-
sile strength of 180 kN, all these ropes broke in the impact section in the test.
According to the numerical results illustrated in Figs. 3.10 and 3.11, in the impact
section in Test No. 1, the peak values of tension for rope Nos. 1 to 7 certainly

reached the tensile strength and resulted in their breaking.
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Figure 3.12 Time vs. Rope tension at section adjacent to an end post in Test No.1

3.5.2 Model No.2
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Figure 3.13 Time vs. Block movement in Z-direction in Model No. 2
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Figure 3.14 Y-displacement history of wire-mesh measured at center of contact

area in Model No. 2
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Owing to the flexibility of the fence and the effectiveness of the Type-B energy
absorbers, the amount of dissipated impact energy increased considerably, result-
ed in no breakage of the wire ropes, only little damage to the wire netting, and
great effectiveness in catching the RC block. In particular, there is good agree-
ment between experiment and numerical simulation in terms of the general track
of the RC block during collision and the deformation of the fence. In both simu-
lation and experiment, the block rebounded after being stopped by the fence.
Figure 3.13 depicts the movement history of the block’s center in the Z-direction.
Figure 3.14 shows the displacement history of the center of the contact area in the
Y-direction. Figure 3.15 is the composite picture of an animation of Model No. 2.
According to above points, it is obvious that the numerical simulation behavior of

Model No. 2 agrees well with responses of the fence in Test No. 2.
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Figure 3.16 Time vs. Rope tension at impact section in Model No. 2
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Figure 3.18 Time vs. Rope tension at section adjacent to an end post in Test No.2

Next, it is essential to analyze rope tension results for Model No. 2 and Test No.
2. There is a clear difference between Figs. 3.16 and 3.17, respectively showing
the rope tensions calculated in the impact section and the section adjacent to the

end post in Model No. 2; i.e., the rope tension was not constant along the rope
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line and varied considerably and the reason of this phenomenon is going to dis-
cuss at the end part of this section. Figure 3.17 shows that the magnitude of rope
tension remained constant at approximately 45 kN during the collision; i.e., the
behavior of the energy absorber model was as prediction of the author in Section
3.3. Figure 3.18 illustrates the severe fluctuation of rope tensions in the section
adjacent to the end post in Test No. 2, and tensions of rope Nos. 2 to 4 indeed
seem to exceed the tensile strength of 180 kN but there was no breakage in Test
No. 2. This discrepancy unfortunately arises from unreliable measurement of
rope tensions using the mismatched cross-sectional size of U-bolts of absorbers,
since real rope tensions probably exceeded the yield capacity of the U-bolt of 135
kN and therefore reached the region where the rope tension and U-bolt strain are
not proportional. According to the experimental and numerical results, the energy
absorber of Type B is functionally effective. Permitting wire rope to slide
through a Type-B energy absorber not only dissipated the impact energy well but

also prevented wire rope from breaking.
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Figure 3.19 Impact force of block in Model No.2 and Test No.2
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Figure 3.20 Rope tension of rope No.5 for corresponding friction coefficients

Figure 3.19 shows the impact force history of the colliding block in Test No. 2
and Model No. 2. There are obvious differences in the shape and timing of the
peak value between the two curves. However, there is good agreement between
the experiment and numerical analysis in terms of impulse (i.e., the time integra-
tion of the impact force) and time duration of the impact. These results
demonstrate that Model No. 2 is a relevant simulation.

Figure 3.20 shows the tension of rope No. 5 measured at points P1 and P2 shown
in Fig. 3.6. To examine the effects of friction between wire rope and vertical
braces or intermediate posts, the friction coefficient for the contact condition in
LS-DYNA was changed as 0.3, 0.2, 0.1, and 0.01 in Fig. 3.20a, 3.20b, 3.20c and
3.20d, respectively. The figure shows that (1) the rope tensions measured at P1
and P2 points were remarkably dissimilar and (2) the amplitude of the variation
in rope tension along the rope line declined with a decrease in the friction coeffi-
cient. Furthermore, the rope tensions at points P1 and P2 were almost the same in
the short initial period of the collision when deformation of the ropes was not
great and the slipping of wire rope through an absorber has not occurred yet.
However, when the ropes started slipping, the friction became available and ob-

structed the ropes’ slipping, resulted in the raise of the rope tension in the impact
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section. Therefore, evaluating the rope tension in the impact section allows con-
sideration of the critical state of the wire rope. Moreover, although the friction
coefficient was almost equal to zero in Fig. 3.20(d), there was still a difference in
rope tension between P1 and P2 along the rope line. Of course, not only the fric-
tion between wire rope and vertical braces or intermediate posts but also the rope
vibration due to the colliding block having many sharp edges might affected the

variation in rope tension.
3.6 Further Numerical Analysis

It seems that the Type-B energy absorber has greater capacity for dissipating im-
pact energy and is better able to prevent the breaking of wire ropes; however, it is
difficult to carry out additional experiments to confirm this. Numerical Model No.
2 was used in further numerical analysis with the aim of gaining a deeper under-
standing of the structural behavior of the rock fence. A parametric study was then

executed.
3.6.1 Further Examination of the Wire Netting and Posts

Since the damage to the wire netting was mild in both Test No. 2 and Model No.
2, the second layer of wire netting seems to be somewhat redundant. To verify
this point, two different versions of Model No. 2 were created with one layer of
wire netting having a 50 x 50-cell or 150 x 150-cell grid. Numerical results indi-
cated that the rock fence could capture the RC-block in both cases, though the
damage to wire netting was more severe in the latter case than in the former case.
However, because of the possibility of bullet phenomenon the case of 150 x 150-
cell grid will not be considered a relevant choice. This consideration should be

taken into account in constructing practical rock fences.
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Figure 3.21 Composite picture from animation of intermediate post directly hit

Next, it is crucial whether the intermediate post would be able to sustain a direct
hit by a RC-block, because this point has not been discussed in either the full-
scale tests or the simulation on the rock fence. Another simulation of the impact
at two-thirds height of the intermediate post in Model No. 2 was executed to veri-
fy the behavior of the post under the direct impact. Figure 3.21 shows that the
post was entirely able to withstand the direct hit of the RC-block, which rolled up
but did not bounce over the fence. Although local damage to a beam element un-
der direct impact cannot be considered, this simulation result appears to be
reliable because a post of concrete-filled tubular (CFT) steel is deformable and
can resist a local direct hit (Maegawa et al. 1994).

3.6.2 Energy Absorption Capacity of the Rock Fence

The energy absorption capacity of a rock fence is defined as the maximum Kinet-
ic energy of rockfall that the rock fence can capture.

To determine the energy absorption capacity of the fence, all parameters of Mod-
el No. 2 were left unaltered, except for the magnitudes of the rotation and
translation velocities. Many simulation analyses had been carried out by gradual-
ly increasing the impact energy with arithmetic progression of 50 kJ through
various combinations of the two component velocities until the fence failed to
capture the RC block; i.e., the block bounced over the fence without breaking the
wire ropes because of the effectiveness of the absorbers. In these analyses, ratios
of rotational energy to impact energy from 10% to 20% were examined accord-
ing to the expected value in the practical design. Eventually, the highest energy
for which the fence was able to catch the RC block was determined to be the en-

ergy absorption capacity of the fence. However, the highest energy firmly
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depends on a critical value of rotation velocity; i.e., when the rotation velocity
exceeds this critical value, the RC-block bounces over the fence. The lower the
critical rotation velocity, the higher the energy absorption capacity, as shown in
Table 3.3. Only in the case of impact energy of 926 kJ is the magnitude of the
rotation velocity not critical for the fence to catch the block. To further clarify
this behavior of the fence, two composite animations are shown in Figs. 3.22 and
3.23, which respectively were obtained for Model No. 2 under impact energy of
1000 kJ with rotation velocities of 16 and 18 rad/s. These figures show that the
fence could capture the block having rotation and translation velocities of 16
rad/s and 17.8 m/s but not the block having rotation and translation velocities of
18 rad/s and 17.3 m/s. This result suggests that the magnitude of the rotational

velocity should be considered in designing this type of fence.

0.32s 0.45s 0.55s 0.70s

Figure 3.22 Composite picture in Model No. 2 under E (1000 kJ) and @ (16
rad./s)

0Os 0.20s 0.32s 0.45s 0.55s 0.70s

Figure 3.23 Composite picture in Model No. 2 under E (1000 kJ) and « (18
rad./s)
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Table 3.3 Critical rotation velocity for typical impact energy levels

Impact Energy Critical Rotation Ratio of Rotational
E (kJ) Velocity w (rad./s) Energy Er/E (%)
926 Not available
1000 16 17.5
1050 14 12.7
1100 13 10.5
Intermediate Wire rope No.1
post o
B
Horizontally C blL.E =
central line =
B Fl 2
o
o
3
Wire rope Noy

' ZL Middle panel 100010001000,1000,
v*—x gooo —

Figure 3.24 Map of impact locations (unit: mm)

Next, to survey the effect of the location of the collision point on the energy ab-
sorption capacity of the rock fence, several models were created by varying the
impact position. These impact positions are indicated by the letters "A" to "F" in
Fig. 3.24. Table 3.4 shows that the resistance of the fence, not being uniform,
strongly depends on the impact location. The ratio of rotational energy was more
than the 10% recommended by the Rockfall Mitigation Handbook (Japan Road
Association 2006) in all cases, except in the case of position A, for which the
magnitude of rotational velocity did not affect the energy absorption capacity of
the fence. The most noticeable point here is that the impact energy absorption
capacity of the fence was greater for impacts closer to the intermediate posts. For
instance, the resistance of the fence corresponding to impact points B and D was
higher than that for points A and C. Moreover, these results match well with

those obtained by Cazzani (A Cazzani et al. 2002). In addition, the resistance of
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the fence was seriously reduced for higher impact points on the wire mesh such
as points C and D. However, the situation was the opposite for impact locations
on the intermediate posts, in that an impact near the post base was more critical.
This suggests that thorough consideration of the impact position is crucial in de-

termining the energy absorption capacity of the fence.

Table 3.4 Energy absorption capacity of the rock fence according to six different

points of impact

Impact Energy Absorption Critical Rotation Ratio of Rotational
Location Capacity E (kJ) Velocity w (rad./s) Energy Er/E (%)

Position A 1400 Not available

Position B 1550 19 15.9
Position C 450 10 15.1
Position D 700 12 14
Position E 900 14 14.9
Position F 850 14 15.7

3.7 Conclusion

In this chapter, numerical simulation using the finite element code LS-DYNA to
model the rockfall collision in both Tests No. 1 and No. 2 was stated. Generally,
the numerical results agree fairly well with the experimental results in terms of
deformation of the whole fence, the structural behavior of each component, and
the acceleration or impact force of the RC block. Furthermore, they provide fur-
ther insight into the responses of individual components and the fence as a whole,
particularly the effect of friction between wire ropes and intermediate posts or
vertical braces on the distribution of rope tension along the rope line. Further
numerical simulation has provided valuable information relating to the intensive
ductility of the posts and structural behavior of wire netting under rockfall impact,
leading to the possibility of reducing the wire netting from two layers to one lay-
er or even one coarser layer with a grid of 150 x 150 cells, which would reduce

costs. A thorough examination of how the position of the collision point affects
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the performance of the rock fence showed that the resistance of the fence greatly
depends on the impact location. The energy absorption capacity of the fence was
greater for impact locations closer to the intermediate posts but seriously de-
creased for impact points above two thirds of the fence height. The numerical
results also indicated that the magnitude of the rotational velocity of the block is
an important factor determining whether the fence can catch the block in various
cases of impact position. This suggests that the overall flexibility of the fence is
not always sufficient to catch a block regardless of the rotational velocity. How-
ever, the ratio of the critical rotational energy for most of specific impact
locations was much higher than 10%, which is the value frequently used in prac-
tice and recommended by the Rockfall Mitigation Handbook (Japan Road
Association 2006).

As a final remark, it should be emphasized that the integration of full-scale tests
and numerical simulation is crucial to the inspection and verification of a rock
fence subjected to rockfall. First, experimental results obtained from full-scale
tests provide a primary understanding of the overall performance of the fence,
and in particular, they are necessary to validate adopted numerical models. Dy-
namic finite element analyses can then provide new insight into the response of
the rock fence through iterative executions. Last but not least, numerical simula-
tion is suitable in any parametric study and is therefore useful for designing

purpose.
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Chapter 4 Prototype of a Wire-Rope
Rockfall Protective Fence Developed with

Three-Dimensional Numerical Modeling

4.1 Introduction

In the last decade, several models of fences providing protection from rockfall
and having wide-ranging energy absorption capacities have been constructed in
territories dominated by steep slopes and/or mountains. Buzzi (Buzzi et al. 2012)
introduced rockfall barriers with a relatively low impact-energy absorption ca-
pacity of 35 kJ, and Gentilini introduced a series of falling-rock protection
barriers with various energy absorption capacities (500, 3000, and 5000 kJ) (Gen-
tilini et al. 2012; Gentilini et al. 2012).

Ordinarily, the performances of such structures are verified by conducting full-
scale tests in which prototypes are subjected to the impact of a block whose mass
and velocity are well known (Gottardi et al., 2010; Peila et al., 1998; Tajima et al.,
2009; Arndt et al., 2009). However, because of the cost and time, full-scale tests
cannot be carried out to obtain full knowledge of fence responses under various
conditions. Therefore, numerical approaches firmly based on experimental data
have been developed, and are able to accurately capture the complete fence re-
sponse under dynamic conditions ( Cazzani et al., 2002; Dhakal et al. 2011;
Volkwein 2005; Sasiharan et al. 2006).

Within this context, in previous chapters, the author introduced a particular type
of rock fence, called a wire-rope rockfall protective fence (abbreviated as WRF),
newly devised, and developed in Japan. Two full-scale tests followed by numeri-
cal modeling were carried out to thoroughly examine the fence response under
different conditions of impact. Unfortunately, because of site conditions, the span
dimensions (5, 8, and 5 m) of the tested prototype were not fully relevant to prac-
tical application. Moreover, wider post spacing would certainly result in

appreciable cost benefits because of the reduction of post consumption. This
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study therefore introduced a prototype of this type of fence with post spacing up
to 10 m, assigned to all three modules as shown in Fig. 4.1. Additionally, previ-
ous work has indicated that a second layer of wire netting was largely redundant
(Section 3.6), and consequently, only one layer of wire netting was used in the
newly proposed prototype (referred to as the developed prototype in this study) to
reduce cost. These alterations will affect the fence response, particularly in terms
of fence elongation, post deformation, and ultimately the energy absorption ca-
pacity. These effects obviously need be investigated before using the prototype in
practice. Commonly, the experimental approach of full-scale testing is considered
first; however, this method is costly and unable to provide a diverse database of
fence responses under various conditions. Therefore, the previous work (Chapter
3) proposed a numerical approach for the design and verification of this type of
fence. This numerical approach was thoroughly assessed and validated using data
of full-scale tests performed on two types of energy absorber. The numerical pro-
cedure can produce a relevant model that precisely capture the responses of

different types of fence in rockfall events, and is thus a valuable design tool.
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Figure 4.1 Schematic drawing of the developed prototype (unit: mm)

In this study, instead of employing an expensive experimental approach, the nu-
merical procedure was employed to examine the new prototype of the WRF in

terms of its elongation, energy absorption capacity, post deformation, and effects
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of impact location and size of the colliding block. Particular attention was paid to
both middle and side modules of the prototype. Detailed comparison and analysis
revealed the fence performance under various dynamic conditions and the role of
each constituent component of the prototype. The performance of the prototype
was subsequently improved by controlling the elongation response of the proto-
type, which improved the energy absorption capacity. In this context, the
performance of the energy absorbers was examined, helping clarify how the av-
erage friction force between the wire rope and absorber (abbreviated as AFF;
refer to Section 2.3 for details) affects fence elongation. The resulting findings
made it possible to improve fence resistance in a simple and efficient manner.

In addition, it would be invaluable to consider a common practical application in
which the site to be protected is wide and requires at least two units of the proto-
type. Hence, this study also explored the performance, particularly the resistance,
of a fence comprising two units of the developed prototype. The effects of the
proposed method of improving the fence by changing the AFF were clarified us-
ing iterative numerical models. To the author’s knowledge, this study is the first
to verify the performance of such a practical form of rock fence employing a val-
idated numerical procedure, and the study clarifies the future practical application
of the prototype. Furthermore, despite the numerical procedure specifically tar-
geting the design of the WRF, the methodologies and findings derived from this
work are likely to be valuable to understanding comparable types of rock fence.
This chapter gives a brief description of the developed prototype in section 4.2,
and further details are available in Section 2.2. Section 4.3 briefly summarizes
the numerical procedure and closely scrutinizes the fence response to impacts
targeting the middle and side modules. Section 4.4 proposes an enhancement of
the prototype and presents interesting aspects fence improvement. Section 4.5
investigates the practical application of a WRF consisting of two units of the pro-
totype. Finally, Section 4.6 is set to explore the effects of strain rate to the fence

response in general.
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4.2 Description of the Developed Prototype

The configuration of the developed prototype as depicted in Fig. 4.1 is the same
as that of the previous version of the prototype, except for the post spacing and
the number of wire netting layers.

The WREF has an interception structure, a support structure and connecting com-
ponents (refer to Section 2.2 for additional details). The interception structure
comprises 14 wire ropes, which are primarily responsible for bearing the direct
block impact, and one layer of wire netting intended to support the wire ropes in
arresting the block. Meanwhile, the support structure composed of concrete-filled
steel posts, which are rigidly erected on a concrete foundation, firmly keeps the
fence in the vertical plane without requiring lateral cables or anchors. Additional-
ly, vertical braces, horizontal braces, steel-wire coils, and energy absorbers are
connecting components.

The geometry of the prototype has post spacing of 10 m, fence nominal height of
4.2 m (defined as the initial vertical distance between the foundation top and the

upper wire rope), and an interval between wire ropes of 0.3 m.
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Figure 4.2 Energy absorbing device

Figure 4.2 shows functional details of the energy absorber experimentally and
numerically proven to be an effective device in dissipating impact energy and
preventing wire ropes from breaking (Sections 2.3 & 3.5). The efficiency of the
device is attributed to the initial motion of the steel block (2) coming into contact

with the steel block (1), preventing a sudden rise in rope tension at the beginning
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of impact, and the relevant magnitude of the average friction force acting be-
tween the rope and two blocks (1), (2) (AFF), enabling the wire rope to slide
through the device during the impact. The AFF parameter can be estimated in a
laboratory dynamic test (Section 2.3) and simply altered by controlling the torque

applied to the bolts connecting the steel plates in each block (1), (2).
4.3 Numerical Analysis of the Developed Prototype

Although only two features (the post spacing and the number of wire netting lay-
ers) were altered to create the developed prototype, there will be large inevitable
and unpredictable changes to the fence’s structural response. The experimental
approach has routinely been applied to study such prototypes in depth, but is es-
pecially costly. This study instead employed a numerical approach proposed in
the author’s previous work and precisely assessed and validated using experi-
mental data obtained in full-scale tests (Chapter 3). This inexpensive and
accurate approach can precisely produce the non-linear response of a fence sub-
jected to impacts under dynamic conditions, helping to clarify the fence’s
resistance in various situations of impact. Particular attention was paid to the ef-
fect of the location of impact on the fence’s resistance along with its causes. In
particular, to the author’s knowledge, this study is the first to thoroughly examine
the fence performance during an impact on the side module of the fence, in terms

of fence elongation, end-post response, and impact location.
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Figure 4.3 Simplification assumption of energy absorbers
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To reproduce the structural behavior of the fence subjected to the direct impact of
a block, numerical simulations were performed with three-dimensional dynamic
finite element models using the commercially available computer program LS-
DYNA. This explicit program has been proven a suitable tool for capturing dy-
namic and extremely rapid responses of structures to especially severe impact
loads (Dhakal et al. 2011). Numerical models were based on simplifications of
the material properties of fence components, such as the wire ropes, wire netting,
and posts, and a simplified model of the energy absorbers with AFF of 45.4 kN
as shown in Fig. 4.3. In the numerical models, the AFF could be easily altered by
varying the yield stress. Similarly, to reduce computational cost, the characteris-
tics of connections between components of the fence were also simplified
(Section 3.3).

Q

Bl

Side module Side module -
| 10m | 10m
I 1 1 1
(1) End post ®) Vertical brace
(2) Intermediate post (6) Horizontal brace
(3 Wire rope (7) Energy absorber
(4) Wire netting (8) Colliding block

Figure 4.4 Technical sketch of the developed prototype built in LS-DYNA

Figure 4.4 built in LS-DYNA presents all constituent components of the devel-

oped prototype, whose numerical parameters are given in Table 3.1.
4.3.1 Numerical Analysis of the Functional Middle Module

This section presents numerical results of subsequent simulations of the function-
al middle module and discusses the fence response under various impact
conditions relating to the impact locations as shown in Fig. 4.5 and the size of the
colliding block. It is noted that the target impact locations were only at one-third
and two-thirds of the fence height, which have been determined as common
heights of rockfall impacts in Japan.
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Figure 4.5 Map of impacts on the middle module (unit: mm)

Initially, to better understand how the impact location affects the resistance of the
fence, it was vital to determine the fence reaction to impacts at different locations
but having the same impact energy. To determine the fence reaction, impacts at
two locations, points A and D as depicted in Fig. 4.5, with impact energy of 700
kJ were examined. The maximum elongation of the fence, deformation of the in-
ternal post, and roles played by wire ropes and wire netting in absorbing impact

energy were examined and compared.
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Figure 4.6 Numerical time histories of fence elongation for impacts at points A
and D
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Figure 4.7 Numerical time histories of the deformation of the top of the internal

post for impacts at points A and D

Figures 4.6 and 4.7 show the numerical time histories of the fence elongation and
the deformation of the top of the internal post, respectively, for impacts at points
A and D; the differences between the peak values were as high as 0.45 m in the
fence elongation and 1.0 m in the internal-post deformation. It is thus suggested
that the fence responses greatly differ in the two cases; in the case of an impact at
point D, the fence elongation depended more on deformation of the internal post
than elongation of wire ropes, while the opposite was found in the case of an im-
pact at point A. This finding partly reveals the contribution of the internal post in
dissipating impact energy through its remarkable deformation, especially when

the impact location is quite near the internal post.

2 120
)
g2 |
5.5 80
2% T
g o I
22 40
2
()
H

0 01 02 03 04 05
Time (sec)

Figure 4.8 Numerical time histories of tension force of rope No. 5 for impacts at

points A and D
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Figure 4.9 Impact energy absorbed by wire ropes and wire netting: a) impact at

point A; b) impact at point D

Figure 4.8 shows that the rope tension was a little higher for an impact at point A
than for an impact at point D. This result is the opposite of the fence reaction in
terms of how impact energy was absorbed by the fence components, as shown in
Fig. 4.9. In this case, energy absorbed by the wire ropes and netting is called con-
tact energy, Econtact, and is incrementally updated from time n to n + 1 for each
contact interface as (Hallquist 2006):

n+1 —n nsn slave : s Slave nmn master
Econtact - Econtact + [Zi=1 AFi X AdlSti + Zi=1 AFi X

1
Adistpaster]™ 3)

where nsn is the number of slave nodes, nmn is the number of master nodes,
AF?'ave s the interface force between the ith slave node and contact segment,
AF]" T s the interface force between the ith master node and contact segment,
Adist$'¢ is the incremental distance the ith slave node has moved during the
current time step, and Adist/™®*¢" is the incremental distance the ith master node
has moved during the current time step.

Figure 4.9 shows that wire ropes absorbed less energy for an impact at point D.
Point A is further from the internal post, and impact momentum was therefore
transferred over a longer distance from the impact region to the post and dissipat-

ed by rope elongation, resulting in a severer condition for the wire ropes.
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Additionally, as shown in Fig. 4.9, the portion of impact energy absorbed by wire
ropes was greater for an impact at point A, while the internal post absorbed less
energy, embodied by its smaller deformation as shown in Fig. 4.7. The situation
for an impact at point D was the complete opposite. The significant deformation
of the internal post illustrated the stronger contribution of the post in absorbing
impact energy, and this appears to be a consequence of a large portion of the im-
pact momentum being transferred by wire ropes through a shorter distance.
Figure 4.9b also reveals that the total impact energy absorbed by wire ropes and
wire netting was less than 700 kJ, which is the initial impact energy imparted by
the colliding block, meaning that the impact energy was absorbed by the defor-
mation of the internal post. Furthermore, Fig. 4.10 shows that for an impact at
point D, the fence arrested the block quicker, again suggesting that the internal
post absorbs appreciable energy through its large deformation, and seemingly
resulting in a stronger fence for an impact at point D.
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Figure 4.10 Numerical time histories of the block velocity in the Y direction for

impacts at points A and D

As mentioned previously, iterative calculations were carried out to examine the
effects of impact location and the size of the colliding block on the fence re-
sistance. Impact locations were at one-third and/or two-thirds of the fence height.
However, for impacts at one-third height, fewer impact locations and block sizes
needed to be investigated, and the translational velocity component of the block
in the Z direction was eliminated to prevent the block from landing on the ground

during impact. The Rockfall Mitigation Handbook (Japan Road Association
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2006) recommends that the rotational energy is consistently set as high as 10% of
the total impact energy in all cases of a survey and the maximum translational
velocity of the colliding block should be around 30 m/s. The minimum size of the
block was therefore set as 1000 mm in the present study, because if the block is
smaller than this size, the magnitude of the translational velocity is certain to ex-
ceed the limitation of 30 m/s. Thus, three blocks with maximum size D of 1400,
1200, and 1000 mm were chosen as typical samples of colliding rock blocks in
the survey. Table 4.1 presents numerical results derived from the survey and rel-
evant to the maximum capacity of energy absorption of the fence (i.e., the highest
kinetic energy of a block that can be stopped by the fence) under various condi-

tions of impact location and block size.

Table 4.1 Numerical results for fence capacity at different impact locations
(points A—F of the middle module) and various block sizes. Le: maximum size D
of block; Critical E: highest kinetic energy of a block that can be stopped by the

fence.
Points  Le =1000 mm Le =1200 mm Le = 1400 mm

Critical E vy  CriticalE vy  CriticalE vy

k) (mks) (k) (mls) (k)  (mhs)

Point A 700 259 720 19.9 800 16.5
PointB 720 26.3 750 20.3 820 16.7
PointC 750 26.8 850 21.6 950 18.0
PointD 950 309 970 23.1 1100 18.9
Point E 400 19.7 400 149 400 11.6
Point F 800 27.8 900 22.4 1000 18.6

For all dimensions of the block, the fence resistance gradually increased along

the line of impact points from A through D; i.e., the resistance of the fence was
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maximum for an impact at point D. This trend was unaffected by the block size.
This is consistent with this previous finding that the nearer the impact is to the
internal post, the stronger the fence response. The table also shows that the fence
resistance strongly depended on the size of the block, in that it gradually weak-
ened as the block size decreased. This relation is simply explained by the fact that
for the same impact energy, the smaller the block, and the greater the block ve-
locity, especially the rotational velocity component, which facilitates the block to
roll over the fence in cases where the impact is targeted at two-thirds of the fence
height. For an impact at point E, there was no dependence on the block size be-
cause the dominant elongation of wire ropes led to large deformation of the fence
and the block easily rolled through the bottom of the fence without rope breakage.
Additionally, it is likely that the decrease in fence resistance in this case is a pre-
dictable outcome of small deformation of the internal post. The above findings
firmly suggest that the block size should be seriously considered in determining
the fence resistance in general.

Interestingly, it is noted that in almost all cases of the fence failing to catch the
block, the block rolled over or under the fence without any breakage of wire
ropes, which is certainly attributable to critical elongation of the fence. This
means that an appropriate critical elongation is a possible key feature with which

to enhance the fence performance.
4.3.2 Numerical Analysis of the Functional Side Module

This section explores the performance of the fence with impacts on the side mod-
ule. Similar to the analysis of the middle module, the fence response to impacts at
points H and | as indicated in Fig. 4.11 was investigated in the terms of fence
elongation, displacement of the top of the end post, bending moment acting on
the base of the end post, impact energy absorbed by wire ropes and wire netting,
and velocity of the block.

Figure 4.12 shows the numerical time histories of the fence elongation for im-
pacts at points H and I. The difference in peak values of 0.4 m was approximately
the same as that (0.45 m; Fig. 4.6) in the case of the middle module. However,
the trends of the fence elongation history were rather different between the two

cases examined for the side module, particularly at the beginning of impact. This
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is explained by the greater effect of energy absorbers, which were immediately
next to the impact location, on the fence response to an impact at point I. In other
words, after significant sliding of the wire ropes through absorbers resulting in
larger elongation of the fence at the beginning of impact, the stoppers hit the ab-
sorbers and slowed the lengthening of the wire ropes, causing the fence
elongation to become less severe as shown in Fig. 4.12. Another reason is the dif-
ference in the end-post deformation between the two cases as depicted in Fig.
4.13.
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Figure 4.11 Map of impacts on the side module (unit: mm)
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Figure 4.12 Numerical time histories of fence elongation for impacts at points H
and |
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Figure 4.13 Numerical histories of deformation of the top of the end post for im-

pacts at points H and |

Figure 4.13 illustrates the displacements of the top of the end post in both X and
Y directions for impacts at points H and I. For impacts at both points, the end
post deformation was relatively homological in the X and Y directions, and se-
vere as the peak values exceeded 1.5 m, resulting in a critical moment (over 700
kNm) measured at the base of the end post as shown in Fig. 4.14. However, be-
cause the impact at point | was immediately next to the end post (i.e., much more
impact energy was transferred to the end post, resulting in severer deformation of
the end post as shown in Fig. 4.13), the proportion of impact energy absorbed by
wire ropes and wire netting differed between the two cases as shown in Fig. 4.15.
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Figure 4.14 Numerical histories of the base moment of the end post for impacts at

points H and |

69



@ 700+ @ 700
Z3 600 - 2y 600
8 o
£ 500 - —— | 2 500 _ -
-7 ey -
S 400} ~ 7 —o—Wire netting g 400 7 —°—Wire netting
£ 300k e — —Wire ropes £ 300L 7 — —Wire ropes
— s —Total - —Total
= =)
2 200 / 3 200 ,
S 10 /7 S 100F /
2 ” = 4
< e < e s
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time (sec) Time (sec)

Figure 4.15 Impact energy absorbed by wire ropes and wire netting: a) impact at
point H; b) impact at point |

~ 20

g 15 !

g I Point H

%\ ok — —Point |

9 A

>

~oor

3] A

S

M 0 L. A A
0 0.1 02 03 04 05

Time (sec)

Figure 4.16 Numerical time histories of the block velocity in the Y direction for

impacts at points H and I.

Figure 4.15 shows that although proportions of impact energy absorbed by wire
ropes and wire netting varied in the two cases, the totals of absorbed energy were
a little less than the initial impact energy of 700 kJ in both cases, and similar to
the energy absorbed during the impact at point D of the middle module. These
results again assert the contribution of the sizable deformation of posts in dissi-
pating energy.

The results presented in Figs. 4.13, 4.15, and 4.16 reveal that the more severely
the end post is deformed, the greater the contribution of the end post in dissipat-
ing impact energy. Furthermore, comparison of Figs. 4.10 and 4.16 shows that
the fence took longer to catch the block in the case of an impact on the end mod-

ule. Additionally, in comparison with the case for impacts at points A and D of
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the middle module, the difference in the fence response between impacts at
points H and | was small. This was further evidenced by numerical results ob-
tained in a series of simulations aimed at surveying the fence resistance for
various impact locations as shown in Table 4.2. Indeed, the fence resistance re-
mained unchanged at 700 kJ for impacts at points H, I, K, and L and the
resistance to impacts on the side module was less than that to impacts on the
middle module. This is attributable to the immense deformation of the end post,
especially in the X direction. With impact energy of 800 kJ targeted at point H,
the end post broke at its base as depicted in Fig. 4.17 and the block rolled over
the fence. The post breaks in this case because the effective plastic strain at its
base exceeds the critical magnitude of 0.35 as a failure condition, which is the
average value of effective plastic strain Ipl-Ip4 (Ip1-1p4 are four integral points

of a beam element). Effective plastic strain can be calculated as (Hallquist 2006):

e =c-(3) @
Where ¢ is total strain, ¢ is true stress, and E is Young’s modulus.
When the impact energy was scaled down to 750 kJ, the end post did not break
but the fence still did not stop the block. However, the fence had higher strength
for impacts at points G and J, which are quite far from the end post; the fence re-
sponse in these cases was not dominated by huge deformation of the end post.
Instead, these points, like points D and F, are immediately next to the internal
post; hence, the fence response can be explained by the contribution of the inter-

nal post in dissipating impact energy as discussed in the previous section.

Table 4.2 Numerical results of the fence resistance for different impact locations
of the side module and block size
Point H I K L G J

Critical E (kJ) 700 700 700 700 850 1200

vy (m/s) 154 154 154 154 170 203
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Figure 4.17 Breaking of the end post for an impact at point H of the side module
with energy of 800 kJ

4.4 Enhancements of the Developed Prototype

As found in the previous sections, for impacts at two-thirds of the fence height,
the fence failed to catch the block because the block rolled over the top of the
fence as the result of a significant reduction in the fence’s residual height owing
to the fence’s large elongation. Therefore, lessening the fence elongation is im-
portant to enhancing the fence’s effectiveness. In an effort to reduce the
elongation, numerical simulations of an impact at point A of the middle module
with impact energy of 800 kJ and various AFF parameters of the absorber were
carried out to explore the relationship between the fence elongation and AFF pa-

rameter.
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Figure 4.18 Relationship between the AFF of energy absorbers and fence elonga-

tion
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Figure 4.18 shows the interesting result that the fence elongation was independ-
ent of the AFF parameter at the beginning of impact; i.e., the absorbers had not
yet come into effect, and the fence elongation was initially attributed to elonga-
tion of the wire ropes and deformation of the post. When the absorbers started to
come in operation, the fence elongation slightly reduced as the AFF parameter
increased from 50 to 60 kN. However, it is surprising that the fence elongation
remained unchanged as the AFF parameter increased from 60 to 70 kN; it is like-
ly that at energy of 800 kJ, an AFF of 60 kN is a threshold at which the absorbers
still affect the fence elongation. Moreover, according to a preliminary test of the
energy absorber, the peak friction force acting between the wire rope and absorb-
er was probably three times the AFF (Section 2.3.1); therefore, an AFF of 70 kN
is inappropriate because the critical strength of wire ropes is 180 kN. Hence, an
AFF of 60 kN both reduces the fence elongation and prevents wire ropes from
breaking. With an AFF of 60 kN, the fence resistance for an impact at point A of
the middle module increased to 950 kJ from an original value of 800 kJ corre-
sponding to an AFF of 45 kN, which is a 19% increase, as evidently shown in Fig.
4.19.

a) AFF =45 kN b) AFF =60 kN
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0.30s 0.355 0.455 0.90s

Figure 4.19 Animation of the impact at point A of the middle module with the
same energy of 950 kJ but different AFFs: a) AFF of 45 kN ; b) AFF of 60 kN

More interestingly, the numerical result in Fig. 4.20 shows that the energy ab-
sorption capacity of the fence for an impact at point E of the middle module
surprisingly increased from 400 for an AFF of 45 kN to 750 kN for an AFF of 60

kN, which is an increase of 87%. The improvement is considerable and suggests
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that the fence resistance is especially sensitive to the elongation of the wire ropes
in this case.

a) AFF = 45 kN b) AFF =60 kN
i E=450k 1 E=750k] B

£

0.20s 0.40s 0.20s 0.50s

Figure 4.20 Animation of the impact at point E of the middle module at impact
energies of 450 kJ (a) and 750 kJ (b)

The results show that the fence can be considerably strengthened in a simple but
effective manner by changing the AFF parameter through altering the torque of
the M20 bolts (Section 2.2.1).

4.5 Practical Application of the Developed Prototype

Connecting post

Urlit 1 joints two units Unft 2
Y
O L\ ¥
Side module  Middle module-M1Middle module-M2 |
30m 30m '

Figure 4.21 Technical sketch of the model of two fence units erected side by side

In practice, the length of a site that needs to be protected commonly exceeds the
prototype length (30 m). In this case, at least two units of the developed proto-
type must be erected side by side as shown in Fig. 4.21, and the performance of
the fence as a whole would change considerably; it is thus important to investi-
gate this case. In particular, the energy absorption capacity of the whole fence for
impact locations on modules M1 and M2 should be comprehensively explored to

assist the practical application of the prototype.
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To carry out such analysis, iterative numerical models were calculated, and re-
sults for the energy absorption capacity of modules M1 and M2 as constituent
parts of the whole fence, obtained using the models, are presented in Table 4.3.
For brevity, only two impact locations are considered for each module, one at
one-third height (points N and W) and the other at two-thirds height (points M
and O) of the fence at the center of the horizontal span, as indicated in Fig. 24.
Specifically, points M, O, N, and W in Fig. 4.21 correspond to points A, I, E, and
L, respectively, in Figs. 4.5 and 4.11.

Table 4.3 Energy absorption capacity of a fence composed of two units of the

developed prototype.

Module M1 Module M2

Point Critical E (kJ) Point  Critical E
AFF=45 kN AFF=60 kN (kJ)
M 1100 1200 0 950
N 500 750 W 850

The numerical data summarized in Table 4.3 show a great increase in the fence
resistance when two units of the prototype are placed side by side. Specifically,
the increments in fence resistance were approximately 37% and 36% for impacts
at points M and O, respectively, with respect to the resistance of a single unit.
The corresponding figures for impacts at points N and W were 25% and 21%,
respectively. Indeed, the improvement of the fence in this situation is impressive,
and much greater than that in the case of altering the AFF parameter as previous-
ly mentioned. This can be attributed to the reduced deformation of the connecting
post constrained by the second unit, resulting in a remarkable decrease in overall
fence elongation, as seen by comparing Fig. 4.22 with Figs. 4.6 and 4.12.

In addition, Fig. 4.23 provides evidence that the connecting post was negligibly
deformed in the X direction for impacts at points M and O, while the end post

was severely deformed in the case that one prototype works alone.
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Next, the enhancement approach of altering the AFF (from 45 to 60 kN) was ap-
plied to the joined fence units. The fence capacity increases considerably, as
expected. The energy absorption capacity of the fence increased to 1200 and 750
kJ for impacts at points M and N, respectively. Similar to the case of one unit, the
increase of fence capacity for an impact at point N was larger than that for an im-
pact at point M when the AFF is changed.
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Figure 4.22 Numerical histories of the fence elongation in cases 1 and 2

Time (sec)

g

~ .01

g 0.0 ——Module M 1-1100 kJ
E 0008 ——Module M2-950 kJ
E o

2.2 0.006

A8 :

*g A 0.004 i

S 0.002

g8 5

31 4 . I A 1

g % 0.1 0.2

)

O

Figure 4.23 Numerical histories of the connecting post deformation in the X di-

rection in cases 1 and 2
4.6 Effects of Strain Rate

Commonly the speed of rockfall is not at high degree comparing with projectile
as well as blasting, however, this study also explores the effects of strain rate to
the fence response in general. Strain rate is accounted for using the Cowper and
Symonds model that scales the yield stress with the factor:
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Where ¢ is strain rate; C and P are strain rate parameters. | assumed C being 40
and P being 5 to measure strain rate of posts and wire ropes for impact at point A.

Relevant results are shown in Fig. 4.24
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Figure 4.24 Strain rate: a) Wire ropes and b) Posts

Numerical results disclose that the deformation of internal post decreased consid-
erably under effects of strain rate, resulting in reduced elongation of the fence as

a whole as illustrated in Fig. 4.25
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Figure 4.25 Effects of strain rate to the fence response in terms of post defor-

mation and fence elongation

As a result, the amount of impact energy absorbed by the fence was recognized to
slightly drop as shown in Fig. 4.26, causing the fence failed to catch the block.
However, it is noted that these finding results just explore the effects of strain
rate to the fence response in general, its accuracy strongly depends on the rele-
vance of strain rate parameters C and P, and more importantly, the real post is

CFT structure, hence effects of strain rate to CFT may be different.
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Figure 4.26 Fence response to strain rate in term of absorbed impact energy

4.7 Conclusion

On the basis of findings of previous work (Chapters 2 & 3), a newly developed
prototype of the WRF was introduced for mainly cost reasons, and the prototype
was investigated employing a numerical procedure that has been validated with
experimental data obtained in full-scale tests. In this study, the non-linear re-
sponses of functional middle and side modules, as constituent parts of the
prototype, to the impact of a block having varying mass and velocity were exam-
ined in detail. The results provide insight into how the fence reacts to impacts
under different conditions of impact location and block size. The role of each key
component of the prototype was thus revealed. Of particular interest was the con-
tribution of posts in dissipating energy.

From the knowledge obtained about this prototype and its resistance limitations,
an approach for improving fence performance was suggested. This especially
simple approach of altering the AFF parameter of energy absorbers was numeri-
cally demonstrated to be effective. The energy absorption capacity of the fence
increased at least ~20% (150 kJ), matching the capacity of other types of rock
fence (Dhakal et al. 2012). The AFF parameter could be easily changed by con-
trolling the torque of M20 bolts connecting components of the energy absorber.
Furthermore, the study considered the common situation in which a fence com-
prising two units of the prototype is required to protect a wide area. Employing

the same numerical procedure used earlier in the study, iterative models were an-
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alyzed to clarify the performance of this fence. In addition, the two-unit fence
was found to be strengthened using the proposed enhancement approach, again
asserting the effectiveness of the approach for the developed prototype.

Finally, although the response of the developed prototype was only analyzed em-
ploying a numerical approach, the results obtained are valuable for the practical
application of this prototype and for further research on this type of rock fence or

similar types developed in the future.
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Chapter 5 Conclusion

This study focused on development of a newly flexible fence as one of the most
effective protection approach against rockfall events having been becoming an
increasing threat to human as well as transportation in mountainous areas all
round the world. Distinguished from other flexible fences having been recently
developed in Europe, the fence is able to vertically stand by itself without lateral
guy cables and anchors. This characteristic makes the fence more suited to nar-
row protection sites, which are commonly seen in Japan. Especially, a new type
of energy absorbing device mounted on the wire-ropes was shown to be especial-
ly effective in preventing the wire-ropes from breaking. Furthermore, as a key
support structure in the fence system, posts made of concrete-filled steel tubes
(CFT) help enhance the fence resistance considerably, particularly in the sense of
rock blocks directly strike the post.

In the way to deeply reach the nonlinear responses of the fence against rockfall,
both approaches of full-scale tests and numerical simulation were conducted suc-
cessfully. In particular, full-scale tests brought the most real behavior of the fence
during rockfall impact, allowing access the actual way of how the fence would
response against real rockfalls. A site of natural steep slope located at a moun-
tainous area in Japan was chosen to carry out full-scale tests. The test preparation
having to meet Japan standard to ensure safety during testing was performed
carefully. The fence erected at the slope base was exposed to impact of an RC
block falling and rolling down a natural steep slope. To obtain more detailed re-
sults from the tests such as the acceleration or impact force between the RC block
colliding and the fence, a specialized measurement control system able to syn-
chronize all measuring instruments was devised and employed. Two tests having
different shock absorbers were carried out and the RC block was successfully
captured in both tests with the impact energy approximately estimated as high as
900 kJ, which is lower than that of 1300 kJ expected for the site conditions
(Japan Road Association 2006). However, there was a noticeable point that the
rotational energy was 17% to 20% of the total impact energy, which is much

more than the value of 10% recommended by the Rockfall Mitigation Handbook
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(Japan Road Association 2006). This point states the complexity of rockfall me-
chanic prediction. Despite the higher rotational energy, because of the flexibility
of the fence structure the RC block did not bounce over the fence in either test,
even though the impact locations were likely at two-thirds of the fence height
where the fence resistance often decreases significantly. More importantly, the
residual deformation of the fence after impact was about 1000 mm, making the
fence suitable to be installed just aside roads, where very little space exists. This
result well meets the design scope of the fence as mentioned previously.

Two types of energy absorber, namely Type-A and Type-B, examined in labora-
tory pre-tests were assembled for the rock fences in the full-scale tests to confirm
their energy-dissipation functions. The Type-B was found to be effective in pre-
venting wire-rope breakage and in dissipating the impact energy of rockfall and it
thus considerably enhanced the impact energy absorption capacity of the fence.
As mentioned in Chapter 2, the solely difference to distinguish two types of en-
ergy absorber is the interval of 60 mm between steel blocks as key components
of the absorber, leading to dissimilarity in the AFF parameter. Ultimately their
functional efficiency differed surprisingly. This finding is recognized as the most
beneficial point because there is no difference in cost between Type-A and Type-
B of absorber.

As a powerful supplement to full-scale tests, numerical simulation using the
commercial available program, finite element code LS-DYNA, was executed to
reproduce the rockfall collision in both Tests No. 1 and No. 2. In general, the
numerical results meet fairly well with the experimental results in terms of de-
formation of the whole fence, the structural performance of each component, and
the acceleration or impact force of the RC block. In addition, they provide further
insights into the non-linear responses of individual components and the fence as a
whole under dynamic conditions, particularly the effect of friction between wire
ropes and intermediate posts or vertical braces on the distribution of rope tension
along the rope line. Especially, further numerical simulation has been successful-
ly implemented to provide valuable information relating to the intensive ductility
of the posts and structural behavior of wire netting under rockfall impact, leading

to the possibility of reducing the wire netting from two layers to one layer or

82



even one coarser layer with a grid of 150 x 150 cells, which would reduce costs.
A thorough examination of how the location of the collision point affects the per-
formance of the rock fence showed that the resistance of the fence greatly
depends on the impact location. The energy absorption capacity of the fence was
greater for impact locations closer to the intermediate posts but seriously de-
creased for impact points above two thirds of the fence height. The numerical
results also indicated that the magnitude of the rotational velocity of the block is
an important factor determining whether the fence can catch the block in various
cases of impact location. This suggests that the overall flexibility of the fence is
not always sufficient to catch a block regardless of the rotational velocity. How-
ever, the ratio of the critical rotational energy for most of specific impact
locations was much higher than 10%, which is the value frequently used in prac-
tice and recommended by the Rockfall Mitigation Handbook (Japan Road
Association 2006). In general, although there are still differences between numer-
ical results and those obtained from full-scale test, particularly in terms of rope
tension as well as the number of broken wire-rope, the accuracy of the numerical
procedure in reproducing the fence performance under various dynamic condi-
tions is indisputable.

On the basis of findings achieved from both full-scale tests and numerical simu-
lation, a newly developed prototype of the wire-rope rock fence was introduced
for mainly cost reasons, and the prototype was investigated employing above
numerical procedure that has been validated with experimental data obtained in
full-scale tests. In particular, the non-linear responses of functional middle and
side modules, as constituent parts of the prototype, to the impact of a block hav-
ing varying mass and velocity were examined in detail. The results disclose in
more details how the fence reacts to impacts under various conditions of impact
location and block size, and behind reasons were also discussed through numeri-
cal analysis. The role of each key component of the prototype was thus revealed
comprehensively. Of particular interest was the contribution of posts in dissipat-
ing energy.

The thorough numerical examination on the fence helped find out its resistance

limitations, an approach of fence performance improvement was therefore sug-
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gested. This especially simple approach of altering the AFF parameter of energy
absorbers was numerically demonstrated to be highly effective. The energy ab-
sorption capacity of the fence increased at least ~20% (150 kJ). The AFF
parameter could be easily changed by controlling the torque of M20 bolts con-
necting components of the energy absorber.

In addition, the common situation in which a fence comprising two units of the
prototype was numerically considered. This practical application is often required
to protect a wide area, frequently seen along vehicle road in Japan. Based on the
same numerical procedure, iterative models were analyzed to clarify the perfor-
mance of this application. Furthermore, the two-unit fence was found to be
strengthened using the proposed enhancement approach, again asserting the ef-
fectiveness of the enhancement approach for the developed prototype. Although
the response of the developed prototype was only analyzed employing a numeri-
cal approach, the results obtained are valuable for the practical application of this
prototype and for further research on this type of rock fence or similar types de-
veloped in the future.

As a final remark, the emphasis here is that to accurately investigate and verify a
rock fence subjected to rockfall, the integration of full-scale tests and numerical
simulation is the most relevant approach so far. First, experimental results ob-
tained from full-scale tests allow reaching a primary understanding of the overall
performance of the fence as a whole, and in particular, they are the most trusted
database to validate adopted numerical models. Then dynamic finite element
analyses can be recognized as a powerful tool to provide new insights into the
response of the rock fence as a whole or each constitutive component through
iterative executions. In particular, this numerical tool can produce the fence re-
sponse to rockfall under various conditions that is impossible to do in site test.
Last but not least, numerical simulation is suited to any parametric study and is

therefore useful for design or redesign work of similar type of rock fence.

84



