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Abstract

This article is about protective structures against rock fall. We present a new concept of rock-shed protection: it con-
sists of a reinforced concrete slab (not protected by any ground embankment) supported by specific supports designed
to dissipate the energy of blocks hitting on the edge of the slab. The impact energy is dissipated directly by the actuation
of the slab and by the damage concrete and reinforcements or by the buckling of the fuse supports. Unlike traditional
rock-shed (covered in soil), this new kind of structure must be designed under dynamic load. Experimental trial runs
have been conducted on a one-third scale model of a real structure. It appears that three damaging modes have to
be considered: the ‘‘concrete compaction’’, punching and bending of the slab. In this paper, we focus on the punching
effects. In order to propose a simplified design method, we have determined the experimental value of contact time and
percussion load. Then, this load is compared with the ultimate punching load of the slab computed by an analytical
model (Menétrey) and a standard code (Eurocode 2). It results that whenever the percussion load is higher than the
ultimate punching load, the slab has been strongly punched.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Among the usual hazards in mountainous areas, accidental rock fall often causes a lot of damage:
unusable roads or railway lines, destroyed infrastructures, etc., which can considerably affect the economic
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activity in these areas. Against the hazard of rock fall, there are two kinds of protection: active ones (like
nets) and passive ones. Rock-shed structures are regarded as passive protection.

The technique usually used to build rock-shed structures consists in setting up, above the road, a
slab covered with a ground embankment (Fig. 1) in the zone exposed to falling blocks. This embank-
ment acts as a shock absorber, which permits the calculation of the slab under static loading (Masuya
and Labiouse, 1999). Unfortunately, this technology has many disadvantages; the most important one
is the heavy deadweight of the structure which requires massive foundations. Moreover, the evacuation
of the fallen blocks, the replacement of the embankment and repairs are difficult, even impossible to
carry out.

Japanese research (Ikeda et al., 1999) has also been led on an absorbing system called three layered
absorbing system (TLAS). It is composed of a 50 cm thick sand layer (top), a 20–30 cm thick reinforced
concrete slab (core) and a 50–100 cm thick Expanded Poly-styrol block (bottom). Impact tests were per-
formed with a steel weight of 49 kN dropped from a height of 40 m. This structure has the advantage of
reducing the impact effort on the slab but remains complicated to realize and rock-sheds are often built
in zones where access is difficult (mountainous areas). Moreover, repair is difficult to realize and the prob-
lem of the shocks on the level of the supports is not discussed.
Fig. 1. Conventional solution.

Fig. 2. New concept (structurally dissipating rock-shed).



Table 1
Comparison between an SDR and a conventional structure

Conventional structure Structurally dissipating rock-shed of Essariaux

Impact energy Maximal impact energy = 1800 kJ ESLS impact = 1700 kJ (no significant
irreversible damage)
EULS impact = 3360 kJ (maximal impact energy)

Span 10 m 10 m
Ground thickness 4.70 m 0 m
Slab thickness 1 m 0.70 m
Deadweight 100,000 kg m�1 17,500 kg m�1

Bending reinforcements 96 cm2 m�1 40 cm2 m�1

Maintenance Impossibility of removing the blocks
of the embankment and of expanding the ground

Possibility of reaching above the slab to remove
blocks and of repairing it

4206 F. Delhomme et al. / International Journal of Solids and Structures 42 (2005) 4204–4219
With the aim of developing a structure which is simple to build and has low construction costs, we intro-
duce a new concept of rock-shed structures (Fig. 2) called structurally dissipating rock-shed (SDR). The
main innovation of the SDR concept is to make the slab work in its plastic range under high energy im-
pacts, but with a low frequency of occurrence (Mougin et al., 2005). The impact energy is dissipated directly
by the actuation of the slab and by the plastic deformation of the concrete and reinforcements for impacts
in the centre, and by the buckling of the fuse supports for impacts on the edges. After the high energy im-
pacts, the slab may have to be repaired:

• for central shocks, by replacing the very fissured zone (demolition and reconstruction);
• for edge shocks, by changing the fuse supports which have buckled.

With low intensity shocks, which are more frequent, the slab undergoes no plastic damage and repairs
are not necessary. The advantages are a significant reduction (approximately 30%) in the thickness of the
slab and of a considerable reduction in the total deadweights, which leads to savings on the foundations
system. Table 1 lists the advantages of an SDR compared to a conventional rock-shed.

This paper presents the experiments realized on an SDR model, carried out as part of the construction of
the first work (SDR of Essariaux—Savoy—France), and the theoretical approach to design such a struc-
ture. With the intention of developing simplified methods of calculation, we will focus on the determination
of percussion loads applied to the slab and on the punching effects.
2. General operating principle

In order to understand and to analyse the phenomena which occur during the impact of an element onto
a flexible slab (Miyamoto et al., 1994; Shirai et al., 1997), it must be called to mind that many parameters
have considerable influence on the loads (but is this notion of loads appropriate in a dynamics context?), on
the damage mechanisms or on the modes of energy transfer. The parameters usually listed in literature are:

• materials of the two colliding elements,
• initial cracking or fractures,
• shape of the impactor,
• velocities,
• incidence angle of the impactor,
• rigidity of the structure hit.
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These parameters have highly variable influences according to the phenomena observed. When an
impactor gets into contact with a (more or less rigid) structure, such as a slab, it is possible to observe var-
ious phenomena occurring more or less simultaneously. Understanding these phenomena will permit to
work out the dimensioning of the structure.

The first difficulty consists in doing away with the traditional three-notion approach that civil engineers
have ‘‘load-stress-design’’, so as to adopt a reasoning process in which the dynamic phenomena are taken
into account.

Thanks to the experiments we carried out, we could observe three different models of operation: one
based on the bending of the slab (Hughes and Al-Dafiry, 1995), one based on punching (Dinic and Perry,
1990) and the last one based on the damage done to concrete at the contact surface (‘‘compaction’’) (Bur-
lion et al., 2001). These phenomena do not occur simultaneously: punching and compaction seem to appear
during contact time whereas the bending of the slab (combined with punching) begins just after the first
contact. These three phenomena will have to be taken into account in the design of the structure. Therefore,
we think that the bending will lead to the dimensioning of the longitudinal reinforcements, the punching to
that of the shear reinforcements and to a lesser extent to that of the longitudinal reinforcements and finally
the ‘‘compaction’’ to the characteristics of concrete.

Concerning the energy levels (transfer or dissipation), the three phenomena are not in the same order of
magnitude. By computation, we could determine that ‘‘compaction’’ represents about 1–5% of the inciden-
tal energy and most of it is dissipated during the contact and by the bending of the slab. Fig. 3 represents
the various kinds of energy dissipations occurring during a shock.
3. Experiments

3.1. Presentation of the model

The structure tested is a 1/3 scale model of the rock-shed, built in Savoie-France (Delhomme et al.,
2003). It is made up of a horizontal slab of width 4.8 m, length 12 m, and thickness 0.28 m (Fig. 4). It is
built with 30 MPa compressive strength concrete and is reinforced by a strong density of HA Fe E 500 steel
reinforcements (4300 kg of steel for 16 m3 of concrete). The slab is supported by 22 metal fuse supports
(Fig. 5): they consist of a steel tube (TUE 220 A, 100 mm high, 70 mm in diameter and 2.9 mm thick)
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Fig. 5. Fuse supports: support of actual SDR (a), support of the structure tested (b), buckled support of the structure tested (c).
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welded onto two 100 · 100 mm2, 8 mm thick plates; these fuses buckle under a static load of 260 kN. The
slab simply laid on fuse supports which themselves are supported by neoprene plates.

3.2. Tests carried out

The SDR slab is intended to undergo several impacts during its lifetime and the types of impact fall into
two classes:

• ESLS (‘‘Equivalent Serviceability Limit States’’): the loading should not create significant irreversible
damage within the structure;

• EULS (‘‘Equivalent Ultimate Limit States’’): the loading creates significant irreversible damage which
requires the structure to be repaired; this impact corresponds to the maximum energy level that the slab
is able to withstand.

In order to simulate rock impact, the model is hit by a cubic reinforced concrete block (Fig. 6). The block
was made of reinforced concrete, and not of steel, because the high density of steel involves a block of low
dimensions which would not be equivalent to the size of a similar mass rock. The shape of the block is not
spherical because a rock has several facets and consequently, a cubic block is closer to the reality. More-
over, a spherical block involved problems of reinforcement and concreting.

A block of about 450 kg is dropped from a 15 m height to simulate an ESLS loading (68 kJ) and from a
30 m height to replicate an EULS loading (135 kJ). A final destructive test is also carried out with a block of
810 kg released from a 37 m height (294 kJ).

A total number of six tests, with different impact locations (Fig. 7), were carried out during three exper-
imental trial runs (Table 2).
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Table 2
Characteristics of the different tests carried out on the experimental slab

Campaign Test State of the impacted area Impact energy (kJ) Impact position

C1 T1 Unused 68 Central area
T2 Unused 135 Central area
T3 Unused 135 On supports

C2 T4 Repaired after T2 138 Central area
T5 Damaged by T3 134 Central area

C3 T6 Damaged by T4 294 Central area
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To test a complete life cycle of the slab, it was repaired after test T2. The repair consists in demolishing
and extracting the fissured concrete, which was done by hydro-demolition, using a very high pressure water



Fig. 8. Slab reinforcements after hydro-demolition.
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jet: the concrete was carefully cut out and the network of steel reinforcements was exposed without damage
(Fig. 8); then, the zone cleared was refilled with standard concrete (with 35 MPa compressive strength).

The examination of the reinforcements revealed that traction broke some shear reinforcements, showing
that the punching load in the impact zone had been underestimated. Hence, the stirrups of 8 mm in diam-
eter were all replaced by reinforcements of 10 mm in diameter (representing a 56% cross-section increase).

3.3. Instrumentation of the slab

The slab was equipped with a set of sensors connected to a data acquisition station whose sampling rate
is 7000 Hz; the following sensors were installed:

• strain gauges on the lower and higher longitudinal reinforcements;
• strain gauges on the shear reinforcements to measure the traction strains at the time of impact;
• nine LVDT displacement sensors, with ±50 mm measuring range, under the slab;
• seven accelerometers (frequency range between 0.5 and 10,000 Hz), ±500 g near the impact and ±50 g

farther away, on the lower face of the slab, close to the LVDT sensors;
• one accelerometer (±5000 g vertically) on the impacting block to measure impact deceleration. (fre-

quency range between 1 and 10,000 Hz);
• five load sensors (capacity 1000 kN) regularly positioned under a line of fuse supports.

In complement to these sensors, a high-speed camera (1000 frames per second—2 m · 2 m field—
256 · 240 pixels) was used to record the impact between the block and the slab.
4. Experiment and percussion analysis

4.1. Looking into theory

The product of a force by an elementary contact time ‘‘dt’’ is called elementary impulse ‘‘d~s’’. If the
application time of the load (~F ) becomes very small, the impulse (~s) becomes a shock or a percussion
(Larralde, 1986):
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~s ¼
Z t1

t0

~F dt ½t0; t1� being very small: ð1Þ
For a body of mass ‘‘m’’ going up from velocity~v1 to~v2, without external force, this percussion is equal to
the variation of the linear momentum which it generates:
~s ¼ mð~v2 �~v1Þ ~s in N s ð2Þ
When the impact is completely elastic (Timoshenko and Goodier, 1970), a symmetric load–time diagram is
obtained and a full restitution is observed. The maximum impact load (Fmax) between a sphere (with mass
‘‘m’’ and impact velocity ‘‘vimp’’) and a motionless plane can be described after Hertz�s law (1896)s as
follows:
F max ¼
5m
4

� �3=5

K2=5 v6=5imp ð3Þ
where K (=contact parameter) depends on the geometrical and elastic properties of the bodies.
A complete description of the response in a plastic contact zone is quite elaborate, but a relatively simple

starting point is Meyer�s law (Tabor, 1951). The variation of contact load ‘‘F’’ for the quasi-static inden-
tation of a sphere of radius R, with the radius of permanent crater ‘‘a’’, is determined empirically by
F ¼ kan with k ¼ C

Rn�2
ð4Þ
where C and n are constants for a particular set of materials.
For a full plastic impact between a completely rigid sphere and a deformable plane (n = 1), the Eq. (4) is

reduced to:
F ¼ pp0ð2Rd� d2Þ ð5Þ
or
F � 2pp0Rd ð6Þ
where p0 is the average contact pressure at the interface and d the deformation of the contact zone.
A combination of Eq. (1) and the constant contact pressure hypothesis was employed to build an elasto-

plastic model (Fig. 9): an initial elastic compression phase; an additional plastic deformation in a central
region occurring at constant pressure p0, surrounded by an elastic annulus; and a restitution process phase
involving elastic recovery of the plastic zone (Jensen and Hoiseth, 1983; van Mier et al., 1991). There is no
t c
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Fig. 9. Schematization of the variation of the percussion load.
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elastic phase in the case of the penetration of a plane surface by a conical or pyramidal indenter, as plastic
flow is generated instantaneously (Golsmith, 1960; Davis and Hunter, 1960). By neglecting the initial elastic
mode and the restitution, the impact load can be regarded as constant:
F ¼ pr0a2 ð7Þ
where r0 = 3ry (ry = uniaxial compressive strength) and a = radius of the contact surface impactor-plane.
On the basis of Eq. (2) and supposing that the mass of the block is constant and that the slab is

motionless:
F ¼ mi vi;2 � vi;1ð Þ
tc

ð8Þ
where vi,1 = impactor velocity before impact; vi,2 = impactor velocity after impact; mi = impactor mass;
tc = contact time; F = percussion load.

The calculation of the maximum percussion load boils down to the determination of impactor velocities
and contact time.
4.2. Experimental analysis of percussion

Determining the impact load has been done for tests T4, T5 and T6. The recordings of the following
sensors have been analysed as follows (Delhomme et al., 2003):

• A high-speed camera records the block hitting the slab. The frame analysis allows to determine the veloc-
ity of the center of gravity (c.o.g.) of the block.

• For tests T4 and T5, an LVDT displacement transducer is positioned under the slab vertically from the
impact point. It records the vertical displacements of the slab. Thanks to this sensor, it is possible to
know the slab velocity, by derivation of the displacements.

• For tests T4 and T6, an accelerometer is fastened to the impactor, to measure the vertical deceleration of
the block during the shock. Due to the break in the connection, we were not able to measure the accel-
eration during the rebound.

The analysis of test T4 (Fig. 10) shows that the shock breaks down into the following stages (Fig. 11):

1. Period [t1, t2]: a block corner hits the slab and the block strongly decelerates. A first percussion load
applies to the slab.

2. Period [t2, t3]: the block swings around its first impact point, its vertical deceleration is almost nil and the
slab velocity decreases. The contact load between the block and the slab is near zero.

3. Period [t3, t4]: the whole side of the block hits the slab. The block decelerates and the slab velocity
increases. A second percussion load applies.

4. After t4: the block begins to separate from the slab which has reached its maximum vertical
displacement.

An identical pattern can be observed in the other two tests (T5 and T6) because contact is never plane to
plane.

We obtain the experimental percussion loads in Table 3 by using Eq. (8). The results of test T4 are given
for the second contact time because the slant angle of the block is important and the second percussion load
more significant than the first one. The percussion load of test T3 is supposed to be equal to the one of test
T5 because the impact angles of the block and the impact energies are identical.



Fig. 10. Vertical displacement of the center of gravity of the block, slab vertical displacement under impact point, vertical block
deceleration during test T4.
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The percussion load is more important when impact is almost flat (test T5) rather than on an angle (test
T4). The contact time of test T6 is very close to that of the first two tests (T3 and T4) and the increase in the
percussion load is primarily due to the increase in the mass of the block.
4.3. Analysis of load sensors signals

Load sensor number 3, located under the support line, did not act in dynamics, therefore, it is not
possible to express the total resultant of support reactions. However the analysis of sensors 2, perpendicular



Table 3
Maximal percussion loads for tests T3, T4, T5 and T6

Tests Impact
energy (kJ)

aa (�) Velocity before
impact (m s�1)

Velocity after
impact (m s�1)

Contact
time (ms)

Maximal percussion
load (MN)

T4 138 20 14.0 ± 0.8 0 ± 0.02 3.2 ± 0.2 2.1 ± 0.2
T5–T3 134 5 23.5 ± 0.8 0 ± 0.02 3.6 ± 0.2 3.0 ± 0.2
T6 294 9 26.3 ± 0.8 0 ± 0.02 4.0 ± 0.2 5.3 ± 0.2

a To see Fig. 11.
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to the impact point, and sensors 5, located at the end of the slab, (Fig. 12) makes it possible to draw the
following conclusions:

• At the time of the shock, the supports located near the impact zone, unload. The start of their loading
occurs 5 ms latter than the contact between the block and the slab. Moreover, we note that the loading
peak is shifted by 120 ms between sensors 2 and 5. These phenomena prove that the structure cannot be
Fig. 12. Signals of load sensors number 2 and 5—Test T4.

Fig. 11. Slanting of the block.
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regarded as rigid because the shock generates oscillations of the slab according to several modes, which
are superimposed. A Fourrier analysis, without taking into account the first three pseudo-periods of the
signal, revealed a first natural frequency of 16 Hz.

• Load sensor 2 indicates a null effort when the slab is bent to the top meaning that the slab raises from
supports located near the impact point. Anti-rising mechanisms will have to be installed in order to avoid
all risks of displacement.
5. Punching of the slab

5.1. Bibliography

In the bibliography (Theodorakopoulos and Swamy, 2002; CEB-FIP, 2001), the description of the kine-
matic process of the punching mechanism for a static loading is the following:

• formation of a roughly circular crack around loading area on the tension surface of the slab and its sub-
sequent propagation into the compression zone in concrete;

• formation of new flexural cracks;
• initiation of an inclined crack.

With increasing loads the inclined crack develops towards the concrete and reaches the tension and com-
pression reinforcements. In the final stage, the punching strength is expressed like the summation of each
resisting vertical force in concrete and in steel (shear and flexural).

In this paper, only two methods are used:

• an analytical model by Menétrey (2002): it is the main model which takes the influence of the shear rein-
forcement into account;

• Eurocode 2 (2003) because it is the official European Code.

Menétrey�s model is based on the summation of each resisting vertical force and the ultimate punching
(Fpun) load is given by
F pun ¼ F ct þ F dow þ F sw ð9Þ
where Fct is the vertical component of the concrete tensile force, Fdow is the dowel-effect contribution to
flexural reinforcement and Fsw is the shear reinforcement contribution.

Like Menétrey�s model, the ultimate punching load with Eurocode 2 is obtained as a summation of a
part of the punching shear capacity without shear reinforcement (concrete tensile force and dowel effect)
and the contribution to the shear reinforcements.
V Rd;cs ¼ 0:75 V Rd;c þ V s ð10Þ
With
V Rdc ¼ vRdcud ð11Þ

where u is the length of the critical perimeter, d is the mean effective depth, Vs is the contribution to the
shear reinforcements, vRdc is the punching shear stress and coefficient 0.75 allows to take into account that
the yielding of the shear reinforcements is not reached.

In order to compare Eurocode 2 and Menétrey�s model, we have not included any partial safety factor.
The angle of punching crack is 45� (our experimental observation) for Menétrey�s model and 26.6� for EC2



Table 4
Ultimate punching loads computed with Eurocode 2 and Menétrey�s model for different shear reinforcement diameters

Menétrey Eurocode 2

Cracking angle (�) 45 26.6

Effort Vc + Vdow Vpun Vc + Vdow Vpun

Current area Bshear reinf. = 8 mm 1.08 MN 2.69 MN 0.20 MN 2.22 MN
Repaired area Bshear reinf. = 10 mm 1.04 MN 3.56 MN 0.21 MN 3.42 MN
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(imposed by this method). The dynamic effects were taken into account by increasing the yield strength of
steel and concrete. Table 4 presents the punching loads computed with Menétrey�s model and Eurocode 2
(Perrotin et al., 2004).

The influence of the shear reinforcements is dominant because they represent between 70% and 90% of
the ultimate punching load. The results found with Menétrey�s model and with Eurocode 2 are very close in
spite of the fact that the cracking angles used are respectively 45� and 26.6�. Eurocode 2 takes into account
a great number of shear reinforcements compared to Menétrey�s model. On the other hand, an effective de-
sign strength is used in Eurocode 2 in order to consider the anchoring efficiency of stirrups.

5.2. Comparison of impact and punching loads

The statement of cracks (Fig. 13) reveals much more important damage under the slab for test T2 than
for test T4. Moreover, after the hydro-demolition of the area impacted during test T2, we noted that five
stirrups of eight millimetres in diameter were broken whereas the gages glued onto the shear reinforcements
for test T4 (Fig. 14) recorded a maximum strain of 1940 lm m�1 (lower than the yield strain of steel). The
slab was markedly punched for test T2 while no damage due to punching was visible for test T4.

For test T6, a great part of the concrete cover under the slab was ejected. The demolition of the impacted
zone revealed a 45� slanting crack in the concrete. Several shear reinforcements across this crack were bro-
ken by traction and the lower and upper reinforcements were strongly sheared (Fig. 15). Therefore, the slab
was strongly punched by the block.

Table 5 compares the experimental observations with the impact load and punching load determined
previously. We have considered that the ultimate punching load was reached when the shear reinforcements
broke.

Each time we have observed shear reinforcement breaking (T3 and T6), the percussion loads were sys-
tematically higher than the ultimate punching load. For test T4, the maximal percussion load is lower than
Fig. 13. Statements of cracking under the slab for tests T2 (a) and T4 (b).



Fig. 15. State of the impacted zone after test T6: ejection of the concrete cover (a), breaking of a shear reinforcement (b), shearing of a
superior reinforcement (c).

Table 5
Comparison between the ultimate punching loads, the maximal percussion loads and the visual observations for tests T3, T4, T5 and
T6

Test Shear reinforcement
diameters (mm)

Energy (kJ) Maximal percussion
load (MN)

Punching load
(MN) Menétrey�s model

Break of shear
reinforcements

T4 10 138 2.1 3.6 No
T5–T3 8 134 3 2.7 Yes
T6 10 294 5.2 3.6 Yes
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the value of the punching load and we did not observe any punching phenomenon. Therefore, these models
are a good estimate of what happens in reality.
6. Conclusions

Following the trial runs we conducted, we are able to validate the functioning principle of the Structur-
ally Dissipating Rock-shed. Under low intensity shocks, the slab perfectly absorbs the impact energy while
remaining in its elastic range. Under high energy level shocks, the system is significantly damaged: strong
cracking around the impacts in the central zone of the slab, buckling of the supports for impacts on the
edges. The repair method is simple to implement and efficient: the slab behavior remains identical after
being repaired.

As the aim of this research is to develop simplified calculation methods that can be used in engineering
offices, we can say that the slab is damaged according to two modes: by punching during the contact phase
and by bending likely to create plastic strains.

A detailed analysis of punching and percussion phenomena shows that the percussion load of a block
hitting an RC slab, assuming a perfectly plastic shock, could be determined experimentally from the var-
iation of the linear momentum of the block and the contact time. This percussion load must be compared
with the ultimate punching load, computed with Menétrey�s model or Eurocode 2, in order to design the
slab under punching.

To develop simplified design methods, concrete compaction in the contact area has yet to be analysed
and the bending behaviour of the slab to be modelled, taking dynamic effects into account.
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