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Thirteen walls with and without openings have been tested under seismic
loading up to collapse and the experimental results have already been reported.

In parallel, a global model has been developed ; it is based on the use of
the secant recent stiffness up to the steel yielding and on a slip model after yielding.

Applications of this model to the walls with and without openings will be
shown and the calculated top displacement will be compared to the measured one.

Then, the input levels leading to walls failure are calculated with this non
linear model and the results are compared to the experimental values.

Finally, the margins (input level calculated with the non linear model
divided by the maximum allowable input level obtained by linear calculation) will be
given as a function of the mean input frequency and be compared to the inelastic
spectrum method.
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ABSTRACT

. ^ Thirteen waifs with and without openings have been tested under seismic loading up to collapse
and the test results have already been reported.

A global model has been developed for the description of the hysteretic behaviour ; it is
based on the use of secant stiffness up to the steel yielding and on a slip model after yielding.
Applications of this model to the walls with and without openings will be shown and the
calculated top displacement will be compared with the measured one.

The input load level leading to the failure is calculated with this non-linear model and the
results are compared with the experimental values.

1 j The safety margin, which is defined as the ratio of the experimental load level leading to the
failure to that obtained by linear calculation, will be given as a function of the mean excitation
frequency.

. ( 1 INTRODUCTION

x A research program financed by IPSN ( French nuclear safety authorities ) and COGEMA in the
framework of the seismic behaviour of buildings in nuclear power facilities has been undertaken

. on reinforced concrete ( RC ) shear walls.

The dynamic tests of this program were carried out in the Laboratory CEA/DMT/EMSI on
thirteen scale models subjected to alternate shear forces. The main objective of these tests is to
obtain experimental results for the development and validation of numerical models and to
evaluate possible safety margins in comparison with elastic calculations.

While experimental results and partial analytical work have already been reported at
previous SMIRT conferences [ Ref. 1. 2, 3 ] , this paper will mainly give the results of the non-
linear calculation and the evaluation of the margins.

2 DESCRIPTION OF THE TESTS

The test specimens are RC squat walls with the following dimensions: length 0.75 m, height
0.375m and thickness 0.05 m ( see figure 1 ). Thirteen specimens were tested: seven without
opening, three with a centred opening and three with a corner opening. The size of the opening
is the third of the size of the wall. The reinforcement consists of a welded 50x50 mm lattice
which leads to a 0.28% steel ratio. In addition, 4 steel rebars of 6 mm diameter are introduced
on each vertical side of the wall to withstand the bending moment.
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The walls are linked to two thick horizontal beams. The lower one is fixed firmly to the
floor. A mass equal to 1385 kg is added to the upper beam and gives a compression stress of
0.4 Mpa ( figure 2 ). The specimens were subjected to strong cyclic loading up to collapse. The
dynamic forces applied to the added mass by an hydraulic actuator resemble sinusoidal functions
with an linearly increasing amplitude.

3 NON-LINEAR MODEL

Based on the observation of the process of cracking-collapse and analyses of the resistance
mechanism, a simple non-linear model has been proposed for the description of the global force-
displacement relationship of shear walls.

3.1 Description of the model

The proposed SDOF model operates on a tri-linear primary curve representing uncracked,
cracked and post-yielding stages ( figure 3 ) and the corresponding hysteretic force-
displacement relationship may be described as follows:

Uncracked stage OF : An elastic behaviour is considered.

Cracked stage FP : The loading curve is directed towards the largest excursion point on the
segment FP, and the unloading towards the origin O.

Post-yielding stage PU : A slip model is used to represent the force-displacement relationship,
which means that the stiffness is equal to zero ( there is no energy dissipation ) while the closing
and the re-opening of diagonal cracks.

3.2 Applications of the model

The tri-linear model was applied to the test specimens by replacing the actual envelop of
hysteretic loops with an idealised tri-linear curve such that the energy dissipations, represented
by the areas under the two functions are the same at the yield point ( i.e. 5 = 5 e ) and the
maximum displacement point ( i.e. Ô = ôu ). ( see figure 4 )

Calculation of the response histories

The top displacement histories of the walls are calculated with the experimental dynamic force
F(t) and the equivalent tri-linear envelops. The "linear acceleration " algorithm is used with time
steps shorter than 1/40 of the natural period of the test structure and a damping ratio of 1%.
The calculated top displacement histories of two specimens with opening is drawn along with
their measured responses in figure S and 6.

Load level leading to the failure

Calculations have been performed to find the maximum necessary amplitude A0 such that the
input loading A0F(O can drive the wall to the maximum displacement of the equivalent
envelop. The values of Ag summarised in table 1 are very close to 1, which means the model
can be used to predict the load level leading to the failure of the walls.

Table 1 : Non-linear calculation - Amplitude of excitation leading to the failure

Specimen

Excitation frequency (Hz)

Amplitude A n

PJOl

13

U2

PJ02

13

1,03

PJ04

26

1,14

PJIl

40

1,00

PJ13

26

1,03

PJ05
10

1,14

PJ06

20

1,22

PJ08

10

0,95

PJ09

20

1,23
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4 SAFETY MARGIN

The safety margin is the ratio of the maximum load level that the wall can actually support to
that predicted by the currently used elastic design method. To evaluate the margin value, the
ultimate limit state of the wall is considered to be reached when the internal shear force on the
cross section attains the maximum resistance Vu.

Let F(t) be the force applied by the actuator during the test and O6F(I) the excitation for
which the elastic response attains V11, the margin is equal to or greater than 1/ oce depending
on whether the failure is observed or not. The margin is then given by:

= V m / V u

where V m is the maximum response in shear force to F(t). The results are summarised in table 2
and lead to the following comments:

Table 2 : Safety margin

Specimen

PJOl

PJ04*
PJIl
PJ13*
PJ05
PJ06
PJ07*
PJ08
PJ09
PJlO

Excitation
frequency (Hz)

13
13
26
40
26
10
20
30
10
20
30

(Kft)
125
168
152
170
75
103
98
80
88
85
85

154
282
245
207
228
93
64
135
104
60
315

m = Vm/Vu

1,23
1,68
1,60
1,22
3,04
0,90
0,65
1,69
1,18
0,71
3,70

Specimen whose failure has not been obtained.

- Since the failure is not obtained for the walls PJ04, PJl 1, PJl 3 and PJ07 during the tests,
their actual margins should be higher than the calculated values.

- The margins for the walls PJ05, PJ06 and PJ09 are less than 1, which means that the
application of the design method to these walls is questionable. To understand this result,
numerical simulations have been performed on the specimen PJ06 using the tri-linear model
described previously ( see figure 7 ). A series of sinusoidal excitations with linearly increasing
amplitude is applied ( 10 cycles ) and the margin as the function of the excitation frequency is
calculated and drawn in figure 8. It is found that the margin is in fact lower than 1 in the interval
of ( 12 Hz, 32 Hz ). When the excitation frequency is equal to 20 Hz as it was during the test,
the margin drops to 0.7 which is very close to the experimental value.

The lack of safety margin is attributed to the fact that the shear wall stiffness decreases
rapidly even at the beginning of the loading : with the input force frequency a little lower than
the resonance frequency, the stiffness decrease makes the two frequencies closer and results in a
strong response amplification as compared with the elastic one calculated using the initial
stiffness.

- The largest margin values are observed for the specimens PJ13, PJ07, and PJlO. This is
coherent with the tendency of the margin curve drawn in figure 8, for they are tested at
frequencies near that of the specimens. The specimen PJl 1, which is tested at 40 Hz, seems to
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have a rather low value of margin as compared with the numerical simulation. This is because
its failure is far to be attained during the experiment.

5 CONCLUSION

A non-linear model has been proposed for the description of the hysteretic behaviour of RC
shear walls. Its application to the tested specimens shows that the model is satisfactory for the
prediction of the load level leading to the collapse of this type of structures.

The safety margins of the walls in comparison with the elastic design method have been
determined according to the experimental results. For most of the tested specimens, the margin
is slightly higher than 1. Nevertheless, the margins of three specimens with opening PJ05, PJ06
and PJ09 are found to be lower than 1. This shows that the current design method based on the
linearity of the structure behaviour is not always conservative for such simple structures.
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Figure 1 Geometry of the specimens ( unit = mm )
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Figure 2 Experiment set-up
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Figure 3 Non-linear model Figure 4 Equivalent envelop of hysteretic loops
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Figure 8 Calculated safety margin • wall PJ06


