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Abstract

Protection against falling rocks o ften requires the building of ci vil engineering
structures such as soil reinforced em bankments. A recent devel opment consists
of building a sandwich cellular structure for this purpose. Cellular structures are
efficient t echnological sol utions widely us ed i n ci vil en gineering f or various
applications. These structures also appear to be well suited to resist rockfall and
toactas protective struct ures agai nst impacts. Th is paper inv estigates th e
behaviour of t hree san dwich st ructures ba sed on hal f-scale expe riments. T he
1.5 m high cellular sandwich structures were leaned against a concrete wall with
the facing made of geocells filled with a coarse granular material. Three different
granular materials were used for the kernel part of the sandwich (between the
facing a nd the wall). The  experim ents were carried out withde  adloa d
“pendular” impacts by a 2 60 kg s pherical boulder with maximal impact energy
of 10 kJ. The aim was to evaluate the ability of each kernel material for reducing
the stress on the concrete wall.

Keywords: impact, gabion, scrapped tyres.
1 Introduction

Passive structural countermeasures against rockfall consist of structures placed in
the vicinity of the ele ments at risks in order to intercept or de flect the rocks

falling from slopes or cl iffs. Among the possible structures, some are part ly or
totally co nstructed fro m n atural granular materials as fo rin stance galleries
covered with cushion layers and embankments, the latter being ap propriate for
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16 Structures Under Shock and Impact XI

medium to high energy impacts (2 to 50 MJ). Even though several experimental
campaign and numerical studies were car ried out [1-3], the design of rockfall
protection emb ankments su ffers fro m the lack o fknow ledge con cerning th e
dynamic interaction bet ween the rock and the structure. As a conse quence, this
design i s m ost oft en based on em pirical approache s. Therefore, res earchi s
needed to im prove t heir e fficiency and to pr opose t heir op timized stru ctures,
taking fully into account the dynamics.

For instance, sandwich structures seem to be a promising technical solution.
Pioneered in t his dom ain by Yoshi da [1], this conce pt was recently e xplored
using geocells to build the structure [4]. The geocells are m etallic wire n etting
cages. Using d ifferent fill materials al lows th e bu ilding o f vertical layers to
constitute the sandwich. With such a sandwich structure, the aim is to reduce the
stresses transmitted within the structure, increasing the diffusion of the stress, as
well as the dissipation of the impact energy.

This study is part of a research program dealing with the concept of cellular
sandwich p rotection st ructures (t he R empare project). This pr ogram co uples
experiments wi th n umerical developments with i nvestigations at t he various
scales from the constitutive materials to the real-scale structure [4—7].

This p aper fo cuses on half-scale stru ctures with sp ecial at tention onth e
transmission of stress within the structure in the impact direction. Three different
structures a re exp osed t o dynamic 1 oading with t he aim of im proving t he
effectiveness of sandwich structures exposed to rock impacts.

2 Materials and methods

2.1 Impacted structures
The st ructures co nsist i n t wo-layered sa ndwiches, 1 .5m inheight,2.5m in
length and 1 m in thickness (Figs. 1 and 2).

The first layer, or fron't layer, is made of 15 gabion cages filled with a coarse
granular material. These cages are cubic in shape, 500 mm in height and made up

— Concrete wall

Embankment
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X
[ |
Front cells Kernel layer
Figure 1: Impacted structure and measurement devices.

WIT Transactions on The Built Environment, Vol 113, © 2010 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



Structures Under Shock and Impact XI 17

Figure 2: A structure before impact.

of'a hexagonal wire mesh. The fill material is a cru shed quarry limestone, 80 to
150 mm in grain size.

The three structures differ in their kernel fill material (Tab. 1). The sand is a
well-graded s and witha 0. 2to 5 m m g rain si ze di stribution (Sei ne sand ).
Scrapped tyres are 20 to 150 mm in length. The ballast is 30 to 50 mm in grain
size di stribution. The ke rnel material i s dumped be hind t he fr ont | ayer and
contained in a geotextile.

This stru cture is lean ed on arei nforced con crete wall, witha ground
compacted backfill. This latter is assumed to be rigid compared to the sandwich.

The sandwich structure aims at reducing the force applied to the wall.

Table 1: Kernel fill material.
Structure ref. Kernel fill material
S1-sand Seine sand, 0.2-5 mm in grain size distribution

S2-mixture | Mixture : 70% Sand - 30 % scrapped tyres (in mass)
S3-ballast Bgllast

2.2 Experiments

Experiments consisted of p endular impacts by a projectile on the structure. The
projectile is made ofa 54 cm  in d iameter steel sp herical sh ell, fill ed with
concrete and having a mass of 260 kg [4].

The pendulum system consists of two metallic beams, 7 m high, connected by
a cross beam on which are fixed two metal chains that support the sphere (Fig. 3).
The projectile can be lifted up to a m aximal height of 4 musing a hand cable
winch. The maximal impact energy that can be developed is 10 kJ.

The continuous measurements during these tests are:

e  The accele ration of t he projectile: a piez oresistive acce lerometer is
mounted on the shell opposite the impact point (sensor a,, Fig. 1).
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e  The acceleration of di fferent points within the structure . These points
are mainly in the im pact direction, at the interface between the front
layer and t he kernel layer and i n the middle of the kernel (sensors a ;
and a; respectively). These piezoresistive uni-axial accelerometers are
The force transmitted to the concrete wall at various points, and notably
along the im pact direction (se nsor F; on Fig. 1). T he sensitive surface
of the sensor is 0. 1 m2 The stress transmitted to the wall, O s, 1S
deduced from this measurement.

Sensors a,, a; and F are placed along t he impact ax s, that is to say at the
same height as the impact point (mid-height of the structure). The sample rate is
40 kHz. In or der t o m inimize t he noi se dueto high frequency phe nomena,
signals are submit ted to a low-pass Butterworth filter with a cut frequency of 1
kHz.

All th e sign als are sub mitted to the same filter to av oid any time lag bias
resulting from this treatment.

Curves plotted give the variation of the signal during the impact.

Figure 3: Sketch of the experimental device.

Figure 4: Accelerometer: a; (left) and a, (right).

Four successive tests with increasing energy (2, 4, 8 and 10 kJ) were carried
out on the s ame st ructure, wi thout re pairing. The 10 kJ im pact was repeat ed
once.
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3 Results

As the struct ure is expected to redu  cet he load on't he concrete wall, the
assessment of the res ponse of the differ ent structures is prim arily based on t he
forces (or stress) tran smitted to th is wall. Th e o ther data are in tended to
characterize the im pact and also to understand the phenomena expl aining t he
responses of the three structures. It is expected that these data will give evidence
of the influence o f energy dissipation and of stress spreading on the concrete
wall.

3.1 Stress on the concrete wall

The sensor along the im pact axis (F) is considered first as it is presumed to be
exposed to the higher load. Figure 5 illustrates the time evolution of the stress in
the case of the 4 kJ impacts on the three structures. The curves are plotted so that
the signal starts changing at t=0, without any consideration for the impact time as
determined from accelerometer a,.

The stress curve shape and stress amplitude are different from one structure to
the ot her. T he 1 ower stress is o btained for structure S 1-sand whose kernel i s
composed of sand. By contrast, the higher stress is obtained for structure S3-
ballast, whose kernel material is b allast. The ratio between these extremes is of
about 2. Concerning the shape of the curves, the main conclusion drawn is that
the maximum is reached later in the case of structure S2-mixture. Moreover, for
this structure the load increase rate before reaching the peak is lower than for the
other structures.

Comparison based on the maximum value of the transmitted stress shows the
same trends for all the im pact energies (Fig. 6). Ballast as kernel m aterial leads

140 o— S1-sand
—d— 52-mixture
1204 —&— S3-ballast
©
(a8
=
w
w
g
n
Figure 5:  Time evol ution of the stress on the wall during the 4 kJ im pact
(sensor Fy).
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Figure 6: Stress on the concrete wall (sensor F;) - all the tests.

to the higher stress while the lower stress is obtained for sand as kernel material.
Values obtained with t he san d-tyre m ixture are sligh tly h igher th an tho se
obtained with sand. In addition, inthe case of ballast as ker nel m aterial, t he
maximum stress seems to reach a threshold value from the 8 kJ impact at a stress
of about 2 50 kPa, e ven forthe second 10 kJi mpact. For t he ot hers ker nel
materials, th e max imum stress in creases al most linearly, without reach ing this
threshold value.

In order to explain these differences the other measurements will be analysed
in th e fo llowing. The first step con sists in assessing the d iffusion within the
structure. Indeed, t he di ffusion within the struct ure m ay be affected by the
characteristics of the different materials.

3.2 Diffusion

During the impact, the stre ss propagates with time from the contact are a to the
wall with a sp reading. In soils, it is generally assumed that the stress d iffuses
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Figure 7: View of the position of stress sensors F; and F,,
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Figure 8: Illustration of the diffusion effects: ratio F, to F, - all the tests.

within a cone. As a conse quence, the loading on the wall is not conce ntrated
along the impact axis but also concerns points apart from this axis. To explore
the conse quence of t he di ffusion m echanisms a force s ensor is placed on the
concrete wall 50 cm aside the im pact vertical plane on the same horizontal plan
(F,4 on Figure 7).

The ratio of the maximum values of F to those of F, is plotted in Figure 8. A
high ratio value reveals a stress concentration in the impact axis. Figure 8 shows
that for the first impact, there is a great variability among the three structures.

Ballast leads to an important load concentration in the impact axis. From the
second impact the values rapidly converge on 5 for all the structures.

Based on this maximum stress criterion there is thus no significant difference
in terms of diffusion. Diffusion mechanisms do n ot ex plain the differences in
stress value in the impact axis from one structure to the other.

3.3 Projectile acceleration

Another way t o analyse the structures response is to in vestigate th e p rojectile
acceleration (s ensor a |, Fig. 1 ). Figure 9 shows th at th e maximum p rojectile
acceleration is four tim e higher with sand as kernel m aterial than with ballast.
The acceleration in the case of the sand-tyre mixture as kernel material is slightly
higher than that with ballast. This is exactly the opposite of what is observed on
the transmitted stress. While the ballast structure presents the higher transmitted
stress, the projectile acceleration is the lower.

In addition, in both cases the maximum acceleration seems to reach a plateau
from the third impact (8 kJ) while in the case of m ixture as kernel material it
increases, even for the second 10 kJ impact.
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Figure 9: Projectile acceleration (a;) - all the tests.

3.4 Acceleration within the structure

In order to understand the energy transfer inside the kernel layer, the acceleration
measured by the accelerometer a, is analysed. The a, accelerometer is positioned
at the interface between the front and the kernel layers (Fig. 1). The maximum
acceleration value is prese nted in Figure 10. Previous analysis has shown t hat
this peak was not affected by reflection of the compression wave on the concrete

wall [7].
®-- 51-sand
1004 --db-- S2-mixture
| ——®- S3-ballast __A

—~ 804 .
£ A e
o 60— -
@© "
5 e
g 404 . ‘ ¢ °

® ,
E A
x K
= M8

0
2 4 8 10

0

Kinetic energy of the projectile (kJ)

10

10 (bis)

Figure 10:  Acceleration at the interface betwee n the front and ke rnel layers -

all the tests.
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Trends are different compared to results presented in Figure 9. In t he case of
sand-tyre mixture or ballast as kernel material, the acceleration increase s almost
linearly up to the 10 kJ impact. The i ncrease is highe r with the mixture. With
sand, the acceleration is almost constant from the 2 kJ impact to the 10 kJ impact
(40 +/- 5 m %/s). For the third impact (10 kJ) a ratio of t wo is ob tained between
the maximum acceleration, obtained with the mixture and the minimum obtained
with sand. With the mixture or the ba llast, the acceleration measured during the
second 10 kJ impact is lower than during the first one.

4 Discussion

4.1 General comments

The response of the three structures ap pears to be very complex to understand
(Tab. 2). No simple analysis allows interpreting the stress v alues based on the
other measurements.

Table 2: Trends from the measurements along the impact direction.
Measurement Ranking based on the maximum value
Projectile acceleration Ballast < Mixture < Sand
Front/kernel acceleration Mixture < Ballast < Sand
Stress on the wall Sand < Mixture < Ballast

Comparison of observed trends must account for the fact that the test
consisted of s uccessive im pacts on t wo-layered stru ctures in volving granular
materials. In  this co ntext, phenomenon such as com pactiona nd particles
crushing a re expected, i nducing c hanges in the m echanical and ge ometrical
characteristics of both the ke rnel and the front layers, at least in the impacte d
area.

Moreover, as the compression wave propagates through the structure, a
temporal analysis would be necessary for interpreting the data from the different
sensors. For instance, in the case of sand in the kernel and a 8kJ impact, it takes
2.5 ms and 10 ms for the compression wave to reach accelerometer a, and sensor
F, respectivel y [7]. These values decrease with the increase of num  ber of
impacts and similar values are obtained with the other kernel materials.

4.2 On the influence of the kernel material characteristics

Before the first impact, the kernel material is rather loose. In the case of sand and
ballast the successive impacts leads to particle rearrangement and compaction. In
the case of ballast the rapid change of the ratio F1/F4 is assumed to be due to
stones rearrangement. In a | oose particles assembly, diffusion is less im portant
than in a dense one.

In the case of sand, the limited changes observed on the acceleration at the
interface between the front and kernel layers are due to c ompaction. The kernel

WIT Transactions on The Built Environment, Vol 113, © 2010 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



24 Structures Under Shock and Impact X1

rigidity in creases with su ccessive im pacts resu Itinginad ecrease in the
acceleration at this interface, com pensating the boul der a cceleration inc rease.
This is confirmed by the increase in stress on the wall from the first to the second
10 kJ impact.

By contrast, the successive impacts have a different influence on the sand-tyre
mixture. With this material, the maximum values of the different measurements
along the impact axis increase almost linearly during the test series. This is to be
associated with th e elasticity o f this material. The com pression wa ve induce s
minor changes in the characteristics of this material.

With increasing impact energy, coarse particle crushing is ex pected to occur.
Actually, this phenomenon has b een observed in bo th the fron t layer an d the
kernel 1 ayer com posed of ballast. W ith t he ot her kernel materials, crus hing
concerns the only front layer. Crushing may explain the plateau observed on the
stress curve in the case of ballast. Indeed, crushing tends to restrict the amplitude
of the stress tran smitted to the load [4]. This phenomenon is asso ciated to th e
amplitude of the force transiting through force chains in the coarse material. The
stress on the wall is not really appropriate for this purpose at it gives an a verage
calculated on a large surface compared to the particles size.

By ex trapolation th e stress on th e wall wou 1d still be 2 50 kPa for h igher
energy impacts, as long as there are particles to crush between the projectile and
the wall.

4.3 Practical implications

The first practical conclusion is that sand is the most efficient as kernel material
for redu cing th e lo ad to th e co ncrete wall resu lting from th e impactbythe
projectile. The difference with the sand-tyre mixture is little. Th is is con sistent
with previously published results concerning singles geo-cells [4].

The second practical im plication conc erns the design of rockfall protection
embankments: neither the kinetic energy of the projectile nor its acceleration are
appropriate for assessing the response of the structure. For a same kinetic energy
very different stru cture behaviours are ob servedan da high projectile
deceleration does not lead to a hi gh stress within the structure. This conclusion
should be conside red ast he curre nt design of cl assical rock fall p rotection
embankments is generally based on one of these two data.

4.4 Perspectives

In ordert obet ter understandt heb ehaviour of thet hree st ructures,
complementary analyses are necessary.

For this purpose, the data from the other sensors placed in the structure will
be analysed. Actually, thre e other fo rce sensors and six othe r acceleration
sensors were positioned outside the impact axis. Deformations of the front face
of the structure are also m easured after each impact. This analysis will account
for temporal effects.
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In addition this data will allow validate the numerical modelling tools that are
being d eveloped [6, 8 ].In return these m odels will help p roviding simple
physical models for understanding the response of these structures.

5 Conclusion

This paper presented the very first results and analysis from impact tests on two-
layered half-scale rockfall protection structures.

The experiments have shown that the most efficient material to be use d as
kernel fill material to redu ce th e st ress on th e co ncrete wall was san d: its
efficiency is up to twice that of ballast. The efficiency of the sand-tyre mixture is
intermediate. Particle crushing and compaction appears to explain the difference
of behaviours observed. These two phenomenons do not affect the three different
fill materials in the same way.

This paper provided a large number of data related to the dynamical response
of these structures. Nevertheless, these data do not allow interpretation directly
on the observed responses. A comprehensive understanding and assessment of
the mechanisms at work in t he structure is however necessary for optimising the
design of such structures. With this aim, the next step will consist of processing
all o fth e measurements, tak ing in to account the tem poral effect, and usi ng
numerical tools.
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