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Abstract 
strength and regular reinforced concrete have 

tested using a shock tube, and compared to quasi-statically .LV'-"'-t'-''U 

using the same device. Different failure modes have been 
according to concrete strength and loading rate. a first 

des 

paper, the failure load and scheme are evaluated different..., ............ ..,_ .... _._ ........ , ..... 
methods: as a reference, French design code, 
equivalent single-degree-of-freedom (SDOF) oscillator, and a 
based on the yield lines theory which turns out to the most 
provided various possible failure mechanisms are 
Secondly, predicting the dynamic serviceability slabs is 
either using an analytical viscoelastic modal superposition, or an elasto­
plastic SDOF oscillator equivalence. However, these methods are .......... ILLJL..,...,,...., 

to a homogeneous deformation stage the structure. 
necessity and requirements of refined analysis ............ ,., ...... ,,,, ...... .., 
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1 tested reinforced concrete slabs 

Research significance 
to validate computational methods concrete structures 

...... ...., ........... ...,...,, a model structure test has been defined, Toutlemonde et 
It consists in loading circular concrete slabs with a pressure step 

using a shock tube. Complete details of samples and boundary conditions 
Toutlemonde (1994). Ordinary (0) and high performances 

reinforced concrete (RC) slabs have been tested. One major result is 
possible onset of a shear failure mode, in competition with the global 

failure mode, Toutlemonde (1993), depending on concrete 
i.e. on the steel to concrete bond, and on the loading 

....................... U.'V.L..L .... ..., & Rossi 994). 
changes in collapse mechanism of dynamically loaded 

structures have often been reported, e.g. for rectangular concrete slabs, 
Miyamoto et al. (1992), and for circular fiber-reinforced concrete slabs, 
Gambarova & Schumm (1994). However, predicting the correct failure 
mode and ensuring a ductile mechanism with a consistent reinforcement 
.................. !'". ..... still appears as a challenge, Woodson ( 1993 ). 

paper, some analytical design or computation methods 
are compared, using the circular slab tests as a benchmark. Ultimate 
and serviceability states are successively considered, that is, 
predicting the dynamic bearing capacity of the structure, and computing 
its response up to the onset of irreversible undesired deformations. 
Shortcomings and further requirements are discussed. 

results 
samples dimensions the loading are recalled (Fig. 1.). Reference 

data are obtained for slabs tested quasi-statically (maximum strain rate of 
about 6.10-6 s-1). Thresholds in the global load-deflexion behaviour of the 
slabs are defined as follows, they correspond to major decreases in the 
global slab rigidity. A first crack appears, which takes place at a pressure 
of 102 kPa for an ORC slab and 14 7 kPa for HPRC. Re bars yielding 
begins at 211 kPa for ORC and 289 kPa for HPRC. Then the "ultimate" 
slab behaviour takes place, corresponding to the onset of a block 
mechanism with major cracks wide open, at 475 kPa for ORC and 490 
kPa HPRC. Finally the slab fails, at a pressure of 641 kPa for the 
ORC slab (direct shear and rebars pull out, Fig. 2.) and 608 kPa for 
(mixed shear and bending mode, some twisted rebars are still anchored). 
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Fig. 1. Schema of the test 

Corresponding threshold values for slabs tested through successive 
shocks are given below, as average values for 2 slabs. First visible cracks 
are observed after shocks with a mean pressure of 232 k.Pa for ORC slabs, 
203 k.Pa for HPRC slabs. However for ORC global slab rigidity has 
already come down for a smaller pressure (about 160 k.Pa), c/Fig. 3. The 
beginning of rebars yielding is detected with strain gauges at a mean 
pressure of 280 kPa for ORC slabs, and 388 kPa ones. An 
ultimate stage is obtained when the global rigidity reaches a bottom level, 
at 362 kPa for ORC and 484 for HPRC. Afterwards, some main cracks 
among the previously created ones progressively open. A typical bending 
failure is observed at a pressure of 712 kPa for HPRC slabs (Fig. 4. ). 
ORC slabs a mixed shear-bending failure is observed at a mean pressure 
of 831 kPa, following a global bending ultimate state was obtained 
at the previous shot with a mean pressure of 665 k.Pa. Complete details 
and analyses can be found in Toutlemonde (1994). 

Fig. 2. ORC slab tested quasi-statically. Direct shear and rebars out 
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Fig. 3. of RC slabs after successive shocks 

tested through successive shocks. Bending 

slabs behaviour, and predicting the service-
~~~·~~·~ 1s with hereafter. 
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2 Evaluation of the bearing capacity 

2.1 BAEL design code 
A first approach of the slabs design is given using the French 
design code. The ultimate limit state is defined by the .... L ..... ,,,. .. .._.._.._.._ .... ,l..__.. 

strain, equal to 10 %0. Given reinforcement area, the 
strength (600 MPa), and the concrete strength (50 or 115 
ultimate (capable) bending moment can be computed. It is 
externally applied moment, which is computed assuming 
structure remains elastic. So we get, using current notations ( eq. 

So the ultimate pressure Pu is estimated to 396 kPa for the ORC 

) 

and to 405 kPa for the HPRC one. Even for quasi-statically tested slabs, 
these values seem rather conservative (the empiric safety ratio is 
1.5, and even 1.75 for dynamically tested slabs). They do not account 
2D effects, nor for shear failure. This first approach is thus to a 
more current and adapted dynamic design method. 

Single-degree-of-freedom elastoplastic equivalent oscillator 
This method is described e.g. in (1988). Equivalent mass, load 
rigidity are defined. Nevertheless for RC slabs the ultimate state is 
refered to an ultimate deformed state of the central section of 
The capable moment is then equalled to the external elastically ...,...,i_...._..,._....,.., ...... 

one, which turns to give values very similar to previous ones. 
predicts Pu = 394 kPa for ORC and 404 kPa for HPRC. But 
corresponds neither to the onset of re bars yielding, nor to the "'"",. ... ,...,,,...., 
a block mechanism characterizing the failure mechanism of the 

2.3 Yield lines method 
It is thus attempted to use the yield lines method, widely 
Salen9on ( 1983 ), which can account for the possible failure 
(fig. 5). After cracks have developed the center of the slab, an 
rigidity is obtained, D*, which is computed using CEB ( 1988) 
(about 0.21 MNm). It allows evaluating the deformation energy 
just before failure ( eq. 2): 

W = np2 R6 (7 + v)/384D*(l + v) or p ~384(1+ v)WD */nR6(7 + v) 
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1. Failure energies ultimate 

T n~rlmo rate -o Quasi- Static Shock Tests 
Concrete ORC HPRC HPRC 

mode Flex. Shear Flex. Shear Flex. Shear Flex. Shear 
W(J) 458 454 467 688 550 680 560 1030 

Pu (kPa) 638 635 658 799 700 778 721 978 
exp. Pu (kPa) 641 608 > 665 < 831 712 

3 

3.1 analysis 
However, this is not ..,...,.._.__..._.._...,,_...,,_,_.., for structures dynamic service loads 
have to be accounted this case, computing the structural response 
has to be achieved. So, a first description of the slabs response through 
successive shocks the classical of analysis is 
carried out. of an elastic 

1 aw 1 aw ph aw 
---+--+---= 

r 2 or 2 r 3 Br D 8t 2 D D 8t 2 

w the local deflexion, r v the support displacement. 
solution is computed, cf Schaffar 970), as the superimposition of 

three eigenfunctions, which are linear combinations of Bessel's 
_.._~ ... -~...,.,._~,_,_....,, multiplied (for a Heaviside pressure signal) by a sine-type 

a simple support at r = it reads ( eq. 5): 

w(r,t)= D . Ai.[I-cos(cJ~D/ph)J.[J0 (rJ0)+aJ0 (rJ0)] 
I 

with a1 = -4.36 a2 = 6. 78 a3 = 8.3 7 10-6 

A1 = -7.17 10-2 A2 = 8.55 A3 = -3.52 10-s 

Rfo: = 2.18 RjZ; = 5.44 R,,Jc; = 8. 63 

to account for the observed damping of vibrations, a more 
general is searched using a complex pulsation, which consists 
multiplying the cosine function by an exponential term exp(-rl;f / T;), 

the logarithmic decrement and T; the period of the eigenmode. 
Since one global damping factor can be identified experimentally, 

1205 



is adopted and fitted using the measured damping on 
first mode The slab rigidity D is fitted for each shot from the 
quasi-static load-decreasing stage (fig. 3) or from a previous static test. 

Using these D and ri!T factors, it is possible to compute the 
slab response and to determine the deviation with characteristic values of 
the experimental signals: the maximum deformed shape of the slab, or the 
initial velocities, Toutlemonde (1994). An average standard deviation of 
14. 7% is obtained the prediction of the maximum central deflexion, 
with an error always smaller than 30%. The estimation of the initial 
velocity is correct (average standard deviation of 29 .3 % ) but less precise, 
especially pressure shocks. It may then be concluded that for 
slabs where localization has not yet created a block mechanism (i.e. 
before stage"), a viscoelastic tangent computation provides a 
correct - - estimation of the structural response. 

Finally, it seems the global damping factor underestimates 
frictional phenomena, especially when cracks have appeared, 
Toutlemonde & Rossi (1995). Thus it is suggested to account explicitly 
for permanent as one of the major consequences of concrete 
cracks and of yielding, in a refined three-dimensional analysis. 

Elastoplastic os<~m:ato 
Since shortcomings the viscoelastic tangent approach are its lack of 
predictivity and the absence of permanent deflexions, a simple alternative 
elastoplastic method has then been employed, namely the equivalent 
SDOF elastoplastic oscillator, CEB (1988). A bilinear load-deflexion dia­
gram is defined (k and k* stand for the equivalent elastic rigidity and 
tangent stiffness hardening range, respectively). It allows compu­
ting the deflexion obtained during a shock. In particular, when the yield 

(load Pn wr) has been exceeded, the maximum deflexion 
a Heaviside (plateau value: F) reads ( eq. 6): 

(6) 

This method has been employed successfully for estimating the global 
structural response (fig. 6), at least up to the onset of re bars yielding. At 
this stage, localized high strains make the approximation of a single mode 
rather inadequate. problem is, that this limit of validity is not 
predicted by itself (the computed failure load is 400 kPa). 
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