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Impact of a reinforced concrete roof slab by falling
rocks: experiments and modeling

Philippe Berthet-Rambaud,* Pascal Perrotin,** Yehya Timsah,*** Michel Mommessin,**
Jean-Pierre Mougin,** Jacky Mazars,**** Jaurent Daudeville****!

Summary
In mountainous areas where the falling rocky blocks constitute a major hazard to civil structures, the structural systems

to protect roads and vehicles are usually rock sheds composed of over dimensioned reinforced concrete elements. This is
mainly due to the lack of knowledge of the dynamic effects caused by these falling rocks. A thick backfilling layer that pre-
vents the direct impact of falling rocks by constituting a damping medium commonly covers the roof slab of protection
structures. This allows the design of the slab with static dead loads (backfilling, concrete roof and rock weights). Recent
experiments were performed in Chambery France on a new type of protection system characterized by a roof slab without
damping medium (no backfilling) and simply supported on vertical elements by a set of “fuse” steel supports. The roof slab
resists directly the falling rocks impacts, which cause limited local damage to the impact zone, in case of field impact, or
the yielding of steel supports for boundary impact cases. This new protection system makes it possible to reduce the costs
considerably by reducing the dimensions of both the concrete structure and its foundations, it allows continuous uses of the
structure trough the repair of the damaged zones in the roof slab or the replacement of the “fuse” steel support after each
impact. The aim of the present study is to predict the structural response of the new proposed system by a rigorous three-
dimensional modeling of the roof slab and its supporting elements. The analysis introduces the impact load in a way similar
to that of the performed experiment, and a stress-sirain concrete relationship that allows a realistic representation of the
concrete behavior under dynamic loads and its corresponding damages. The comparison of the experimental measure-
ments with those obtained from the present analysis proves the accuracy of the built model in predicting the real behavior
of the protection structure.
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1. Introduction —  Considering the dynamic feature of the loading.
—  Using behavior properties for the structural ma-
The continuous expansion of urban zones in terials that allow an accurate description of the
mountain regions increases the need of protection stress-strain relationship variation under the
systems that protect the civil structures and infra- applied dynamic loads.
structures from natural hazards such as snow ava- —  Performing numerical structural analysis that
lanches, falling rocks, and landslides. The dimen- includes realistic problem data (three dimen-
sioning and designing of reinforced concrete pro- sional geometry, generation of dynamic effects
tection systems is based, in the current codes of due to impacts, non-linear behavior...).
practice, on approximate method that consider the The present study focuses on the gallery rock
straining forces as static forces. The use of approxi- falling protection system, conventionally composed
mate static analysis methods leads either to over-di- of reinforced concrete sub-structural elements

mensioned protection systems (massive concrete el-
ements in usual gallery protection systems against
rock fallings), or to under dimensioned systems.

The optimal dimensioning of protection sys-
tems (strength -+ limited cost) should be based on
the following conditions:
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(walls, columns, and foundations) and a roof slab
covered by a thick backfilling layer (Fig. 1). The roof
slab is rigidly connected to sub-structural elements,
and the backfilling layer constitutes a damping me-
dium, and allows therefore, the design of the system
with only static dead loads (own weight, backfilling
and rock weights).

The structure is not designed any more to resist
the impact of blocks but especially to support the
backfilling layer. This solution has the main disad-
vantage of producing over dimensioned reinforced
concrete elements. The foundations, which must be
dimensioned consequently, cause often some site




construction problems as for the case of a raised
slope, a weak soil...

Considering that the request for this type of
equipment will be increasing, an investigation was
carried out to improve the design and limit costs.
The basic idea was to eliminate the backfilling layer
and to use a semi-probabilistic approach with the
notion of “acceptable damage” to the structure.

For the purpose of finding an optimal solution,
a new system was proposed in France by the con-
sulting company ToneLLo Ic, which consists of a
roof slab pin supported (no continuity) on the sub-
structural elements. The roof slab is subjected to
the direct impact of falling rocks and slab reactions
are transmitted to the sub-structures throughout
ductile steel supports that act as dissipating energy
fuses and protect the sub-structural elements (Figs.
2 and 3). The slab is then designed in order to resist
directly to a falling rock infpact that causes a local
damage limited to the shock zone in case of field
impact

The first example of this protection system was
built in 1999 at “Les Essariaux” between Albertville
and Chamonix in the French Alps.

E=1800 KJ
6tons at 30 m

Fig. 1 — Conventional rock shed.
Fig. 1 — Opera di protezione convenzionale.
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2. Experiments

During June and July 2001, the TonELLO lC
company has performed experiments in collabora-
tion with the Locie (University of Chambery) on a
one third reduced scale system model of the roof
slab of the proposed new system in order to evaluate
the response and the performance of this system.

The concrete slab dimensions are 12 m X 4.4 m
x 0.28 m. The concrete compressive strength is
32.4 MPa, the reinforcement strength is 500 MPa
and its quantity is quite high (4.3 tons). The slab is
set on two lines of 11 steel fuses (12.6 cm high and
spaced at 1.14 m) and impacted by a 450 kg rein-
forced concrete cubic block (58 cm side) falling from
different heights to various locations of the slab.

The slab design was performed using a simpli-
fied method based on the principle of momentum
and energy conservations [ T'oNELLO, 2001; PERROTIN
et al., 2002]. Assuming that the governing flexural
deformed shape is the first mode of vibration for the
umpacted slab, the slab mass is substituted by an
equivalent mass M* (Fig. 4):

- Yi2
M* == dm (1)
%

E=3360 KJ
39tons at 86 m

?

Fig. 2 — New rock shed system, Gallery “Les Essariaux”.
Fig. 2 - Nuovo sistema. di protezione, Galleria “Les Essariaux”.
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Fig. 3 — New rock shed system, Gallery “Les Essariaux” —
and a fuse support.

Fig. 3 — Nuovo sistema di protezione (Galleria “Les Essariaux”),
con vista di dettaglio dell'appoggio che funge da elemento
dissipatore.

where yq is the amplitude of the flexural deforma-
tion of the slab, y; is the displacement of the partial
mass dm of the slab.

Assuming also that after the impact there were
neither a bounce of the projectile nor a penetra-
tion into the slab, the principle of momentum and
energy conservations leads to the following rela-
tion:

m

E IVI’—-FII]: B, (0.5fc+ fp) (2)

where m and E represent the mass and the kinetic
energy of the mass respectively. The right hand side
represents the dissipated energy in the slab; P, is
the peak impact force, fe and f, represent the elastic
and plastic strains respectively assuming an elastic
plastic behavior of the slab with no hardening. The
slab thickness and the reinforcement bars are then
calculated with the static force Py, according to serv-
ice or ultimate limit states (Fig. 4).

Fig. 5 — Rock fall test.
Fig. 5 — Prova di impatto per caduta di un blocco.

The concrete block was released to fall freely
from 15 and 30 m high, and to impact the slab, al-
most on one of its faces. The impact velocity varied
from 17.2 to 24.2 m/s and the kinetic energy from
67.7 to 135 k] (Fig. 5).

Three impacts were carried out: the first and the
second from 15 and 30 m high in the inner part of
the slab and the third from 30m on the edge of the
slab (the support line).

The slab response to the different impacts was
obtained through general displacement measure-
ments and with strain gauges.
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Fig. 4 — Simplified model used for the design of the concrete slab.
Fig. 4 — Modello semplificato per il progetto della piastra di calcestruzzo armato.
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These relatively large-scale experiments pro-
vide interesting and complete data that allow better
understanding of the structural response to impact
loads. They also allow the evaluation of the numer-
ical analysis performance of the modeled structure.

3. Numerical Analysis

A realistic prediction of the structural response
through numerical analysis requires rigorous three-
dimensional finite elements modeling of the differ-
ent structural components. In the present study, the
finite elements code Abaqus was used. The explicit
module of this code allows highly non-linear tran-
sient dynamic analysis of phenomena like impacts.

Abaqus offers also the possibility of managing
several interactive entities (the slab and the block in
the present case). The analysis can, therefore, intro-
duce the impact in a way similar to that of the exper-
iment, managing only the impact characteristic.

Finite element modeling

The slab and the block were modeled with volu-
metric finite elements (Figs. 6 and 7) with different
mesh refinements (essentially at the impact zones of
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the slab). The reinforcement was represented by bar
elements or with the Abaqus “rebar” option that
uses a superposition of stiffness matrix method.

The steel supports were modeled with volumet-
ric elements (Fig. 8). The conditions of contact with
friction between the steel fuse, the slab, and the
rigid concrete floor by means of elastomer layers
were taken into account.

Constitutive behavior modeling of concrete

For an accurate simulation of the structural re-
sponse, it is necessary to use a realistic representa-
tion of the materials behavior under dynamic loads.
For the concrete, the behavior properties must in-
clude some phenomena that are related to the dam-
age under dynamic loads such as decrease in mate-
rial stiffness due to cracking, stiffness recovery re-
lated to closure of cracks, and inelastic strains con-
comitant to damage.

The stress-strain relationship was represented
in the numerical analysis by the PRM (Pontiroli-
Rouquand-Mazars) damage model shortly pre-
sented hereafter. The complete description of the
model can be found in [PonTirOLI, 1995; ROUQUAND
and PonTtiroLL, 1995]. The model uses two scalar
damage indicators in tension (Dy) and in compres-

Fig. 6 ~ Top view of both the slab and the block.

Fig. 6 - Vista dall’'alto del modello ad elementi finiti della piastra e del blocco.

Fig. 7 — Photography and 3D model of the concrete block.

Fig. 7 — Fotografia e modello tridimensionale del blocco di calcestruzzo.
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Fig. 8 - Photography and 3D model of a steel support.

T T T
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[

Fig. 8 — Fotografia e modello tridimensionale di un appoggio in acciaio.

sion (D¢). These damage variables vary from 0 (for
uncracked material) to 1 (for macro-cracked mate-
rial). Figure 9 shows the uni-dimensional response
of the model under a cyclic loading. As shown on the
figure, when the stress o is greater than a closure
stress oy, a tensile behavior is obtained and D, con-
trols the stiffness. When o is lower than og, D gives
the relative variation of the stiffness in compression.
The three-dimensional expression of stress-strain
relationship is the following:

(0-06) = (1-Dy) o [AoTr(e-eg) T + 2 po (e- &) +
(1-De) ac [AoTr(e- er) I + 2 pro(e- €q)] (3)

Tr(¢) indicates the trace of the tensor ¢, I is the
unit tensor. ¢ and ¢ are the stress and strain tensors
respectively, A9 and ug are the Lamé coefficients. oy
1s the closure stress tensor, this stress state defines
the transition state between tension and compres-
ston, & s its associated strain tensor. The closure
stress decreases as the compressive damage
growths, o can be written as:

o = (1 - Do) oo @

oo 1s the initial closure stress tensor and £gg is its as-
sociated strain tensor. a; and a. are scalar values
that give the compressive and tensile respective
parts of any loading. o and a. are calculated from
the effective stress tensor (& —Gy):

G -0y = Aolr(e-en) I + 2 pole- &r) (5)
If Tr (6 ~6;) <0 then a,= |E 2((2 zz;l;r' Ise a,=
(6)
o+ a.= 1 (7)

<0;> indicates the positive part of the i principal
stress of tensor o. From the strain tensor ¢ and from
the material parameter gg (Fig. 9), it is possible to
calculate the compressive damage variable D, and
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its increment D, The variations of D is governed by

the equivalent strain & [Mazars, 1984 and 1986]
related to the micro crack opening in mode I:

o= (e ®)

The closure strain increment g is obtained

from the D, value and from the strain tensor &. In-
tegration versus time of &; gives £g. Then the re-
versible strain tensor (¢ - £g) allows computation of
the tensile damage variable D, which is controlled
by an equivalent strain #:

E=vz<(8—£fl)i>i ©)

The damage variables in tension (D) and com-
pression (D) satisfy the following equation [Mazars,
1984 and 1986; PonTiroL1, 1995]:

0'fc-—-—-~-«-------11

Fig. 9 — PRM modeling of the concrete behavior.
Fig. 9 ~ Modello PRM per il comportamento del calcestruzzo.




—Bo(8-¢)

D =1- (l—Aa)% A €

a = ct (10)

With 8=%y if Tr (¢ —¢&;)<0 else =% (11)

The parameters A, and B, are given in PonTI-
roLI [1995]. The damage evolutions (10) depend on
a strain threshold g given by:

go= & + acEf (12)

&% and e are the strain thresholds in tension and
compression respectively. They depend on the
strain rate ¢ in order to model the strain rate effect
under dynamical loading [Suaris and SHaH, 1984]:

eh= 5 (1 + a,(8)") and e = e5 (1 + a.(6)) (13)

£% , a;, by, 2. and be are material parameters identi-
fied from data available in the literature [BISCHOFF
and Perry, 1991; Brara and Kiepaczko, 2001].

All terms of Equation (3) can be obtained di-
rectly without any iterative process. This three di-
mensional model was implemented in Abaqus-Ex-
plicit using an external Fortran subroutine. The
PRM model parameters were identified from the
characteristic strengths of materials, the results pre-
sented in the following chapter were obtained with
no fitting. The dependency of the results with re-
spect to the model parameters can hardly be per-
formed since every impact simulation is time con-
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suming. The dependency of the model response in
tension and compression with respect the model pa-
rameters is given in PonTiroL1 [1995].

The stress-strain relationship for the reinforc-
ing bars is considered as simply elastic plastic, with
hardening or without hardening.

No steel-concrete debonding was modeled for
two reasons. First, this damage model is able to re-
produce a stress concentration in concrete close to
the reinforcement bars and then to model a possi-
ble associated damage. The second reason is that
no steel-concrete debonding was observed after the
tests.

The HILLERBORG ¢f al. [1976] regularization tech-
nique is used in order to avoid mesh dependency.

4. Analysis Results

A wide range of results was obtained from the
different loadings cases (impacts locations and fall-
ing heights), the modeling of steel supports (non-
linear springs versus 3D complete model), and the
reinforcement modeling (rebar versus bar ele-
ments).

Figure 10 shows the transversal profiles of the
measured maximum slab deflection during the test
number 1 (Tab. I). Figure 11 shows the evolution
with time of this vertical displacement during the
test number 1. The comparison of analysis results
and experiment measurements can only be carried

L3 e

10em

DSenme

Fig. 10 — Transverse profiles of measured maximum vertical displacements.

Fig. 10 — Profili degli spostamenti verticali massimi misurati.

Tab. I - Measured and calculated vertical displacements.
Tab. I — Spostamenti verticali misurati e calcolati.

Test number | Height fall Impact point

Measured vertical displacement

Calculated vertical displacement

1 15m inner part 14.5 mm 15.2 mim
2 30 m inner part 23.0 mm 22.2 mm (13.3 mm if elastic materials)
3 30m support line 21.5 mm 21.2
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Fig. 11 — Displacement of the sub-face of the slab at the lo-
cation of impact versus time.

Fig. 11— Andamento nel tempo dello spostamento all’intradosso
della piosira nel punto di impatto.

oul quantitatively with the vertical displacement of
the under-surface of slab vertically to the impact
point (Tab. I). Table I shows a global agreement be-
tween the calculated and measured results, which
indicates a good performance of the model in pre-
dicting the real behavior of the structure.

Note the prediction of the maximum vertical
displacement with an elastic behavior for concrete
gives a very different result in case of test number 2
(Tab. T). That last result confirms the necessity of
modeling the non linear behavior of concrete.

The 3D modeling of steel supports gave a de-
formed shape similar to that obtained in reality
(Fig. 12).

The advantage of this type of analysis, in addi-
tion to traditional analysis output (strain, stress, in-

30 m fall

Fig. 12 — Deformed shape of the experimental and mode-
led steel support.

Fig. 12 — Configurazione deformata dell'appoggio in acciaio,
osservata nell’esperomento e calcolata con il modello agli elementi

fimati.

ternal forces, reactions...), is to allow obtaining ad-
ditional type of results throughout the implemented
subroutine. In particular evaluating the damage
states by mapping the values of damage variables in
the slab. Figure 13 shows the damage localization,
i.e. the values of damage on the sub-face of the slab
due to different impacts.

The repartition of damages within the slab
thickness can also be obtained. Whereas further in-
vestigations has to be performed into the relation-
ship between the damage variable values and the
real state of damage, initial comparison of experi-
mental and numerical results for the described tests
showed an qualitative agreement between damage
repartition obtained from the analysis and that ob-
served with the experimentation (Figs.13 and 14)
(spalling, radial cracking....).

5. Conclusion
The evaluation of the performance of the new

proposed system for reinforced concrete galleries
was the main aim of this study. This was achieved by

15 m fall

Fig. 13 — Mapping of damage distribution in the slab.

Fig. 13 — Distribuzione spaziale del danneggiamento nella piastra.
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Fig. 14 — Damage pattern on the sub-face of the slab.

Fig. 14 — Danneggiamento all'intradosso della piastra, con fenomeni di distacco del calcestruzzo.

a numerical analysis including: a 3D model of the

structural elements (block, slab, and the steel sup-

ports), a damage mechanics based model for con-
crete, and a realistic representation on the straining
actions (different impacts of the projectile).

The numerical analysis allowed also the evalua-
tion of the influence of different parameters as the
impact velocity of the block, the bock mass, the
bearing capacity of the fuses, the material character-
istics. ..

The analysis results proved to be in agreement
with the experimental measurements, as well as rep-
resenting the damage states after the three impacts.

Based on the obtained experimental and nu-
merical results it can be concluded that:

— The new proposed system well fits its uses: opti-
mal dimensioning, ability to resist blocks im-
pacts that cause reparable damages, this would
be done without affecting the sexrviceability state
of the structure,

— The numerical modeling represents a powerful
mean in predicting the behavior of this type of
structures, and can therefore be used for their
design.

Further research must however be performed to
include additional cases such as the response of a re-
paired slab to new impacts, the structure response
when subjected to several consecutive impacts.
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Effetto dell’impatto di blocchi sul tetto
in cemento armato di gallerie paramassi:
esperimenti e modellazione

Sommario

Nelle regioni montane, in cui la caduta di massi costituisce
un rischio reale ed importante, la protezione della sede stradale é
spesso assicurata da gallerie paramassi. Queste comprendono
piastre in calcestruzzo armato, che sono tipicamente
sovradimensionate — cio essenzialmente a causa della scarsa
conoscenza degli effetti dinamici legati all'tmpatto provocato
dalla caduta dei massi. Le piastre sono tipicamente ricoperie da
uno strato di materiale sciolto assorbente, di elevato spessore.
Una campagna di prove di impatto ¢ stata recentemente condotta
a Chambéry (Francia) su una tipologia innovativa di gallerie
paramassi, caratterizzata dall'assenza dello strato assorbente. La
prastra in cemento armato é appoggiata su. elementi verticali in
acciaio che fungono da dissipatori, e che rappresentano gli

APRILE - GIUGNO 2004

elements “fusibili” del sistema. In questo caso, la piastra ¢
dirvettamente soggetta all’impaito, il che provoca un
danneggramento locale nella zona di impatto, ovvero lo
snervamento deglt elementi di appoggio. Questa nuova lipologia
di protezione dalla cadute di massi consente di ridurre
sostanzialmente i costi dell opera (dimension: della struttura in
cemento armato, fondazioni); essa rende inoltre possibili continui
interventi di riparazione dell’opera — sia delle zome di
calcesiruzzo danneggiato, sia degli elementi fusibili, che possono
essere sostituiti dopo ciascun impatio.

Nel presente lavoro, viene illustrato un esempio di analisi
numerica della risposta strutturale del sistema proposto
all'impatto di un blocco. L'analisi, tridimensionale, ¢ stata
effettuata mediante il metodo degli elementi finiti. Le
caratteristiche geometriche del sistema e quelle dell'impatio
(dimenstone del blocco, velocita di caduta, angolo di tmpatio)
sono analoghe a quelle sperimentali. Per il comportamento
meccanico del calcestruzzo, si ¢ adottato il modello di
danneggiamento proposto da PONTIROLL, ROUQUAND e MAZARS.
1l confronio tra risultati sperimeniali e previsioni numeriche
appare soddisfacente.
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