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I - INTRODUCTION

The safety analysis of nuclear power plants involves, among investigations

related to various natural phenomena, the careful study of the effects induced

by earthquakes.

In so far as the evaluation whether safety criteria are met or not is based

on design calculations, it depends strongly on the methodology and on the preci-

sion of the latter. An important aspect of the problem is to outline what pheno-

mena are disregarded if conventional methods are used and therefore to estimate

in what domain a more conservative procedure should be applied.

The aim of the present work,sponsored by the french Institut de Protection

et de Sureté Nucleaire and performed by the Département d'Etudes Mécaniques et

Thermiques (both of the Commissariat ä 1'Energie Atomique),was to investigate

what safety factor might exist between the results of conventional linear calcu-

lations refering to the regulatory definitions of ultimate conditions and the

results of computation using non linear laws to describe the behaviour of mate-

rials. Our work is intended to outline such laws by means of experience.

The study reported herein- is concerned only with the first part of a larger

program , the present part being devoted to the investigation of reinforced

concrete columns under seismic load, with progressive damage until collapse.

II - EXPERIMENTAL STUDY

II.1 - Tested Structure - Design and construction

The ground to start our static and dynamic test program was the need of

new information on the behaviour of various basic reinforced concrete structures

under reversed load so as to develop new models to compute inelastic response of

an excited structure.

There was decided as a first step to .perform an experimental study of the

dynamic pure flexural behaviour without shear. Wherefore a fixed base reinforced

concrete column was chosen as test specimen.
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The design of the specimen was such to represent at a scale of 1/3 a column

of a typical N.P.P. building. The sizes of the column were : 1.44 m in height,

with a square section of 17 cm x 17 cm. The longitudinal steel reinforcement was

made of 8 mm dia. rods and transverse frames were set each 5 cm.

The resistance of the structure was evaluated in accordance with the french

uniform building code / 1_/«

Average mechanical characteristics of the structural materials were obtained

from stress and strain values recorded during all experiences.

The following values Were used in the calculations :

Steel

reinforcement

Concrete

Elastic Modulus

E (MPa)

200 000

32 000

Elastic Limit

Sy (MPa)

420

10

Ultimate

resistance

Su (MPa)

560

42.5

(10 MPa = 1 kg/mm )

A mass of two tonns was located on the top of the column in a way to simu-

late the gravity loads.

II.2 - Test procedure and results

II.2.1 - Preliminary static tests

Static type loadings of two kinds have been applied on four specimen.

a) Lateral monotonous cumulative loading. This type of loading was performed

as a succession of static steps by addition of 100 kg and unloading back to a
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reference value after each step. Failure of the steel reinforcement occured for

an ultimate load of about 2 300 kg.

The dependance of moment on curvature was deduced of these tests.

b) Lateral alternate loading-This type of loading enabled to determine a

lateral cyclic load - deflection relationship. Cycles were chosen with a dura-

tion of 240 to 600 seconds. Maximum values obtained for the lateral deflection

were from 20 mm to 50 mm. Failure occured in average under a load of 2 150 kg.

Typical aspects of both series of tests are ploted on Fig. 1 / 2_7.

11.2.2 - Static test results .

During tests- of cumulative loading the first maximum reached quite low

values. Nevertheless a significant droop of stiffness induced by the cracking of

concrete due to tensile effect occured after the first cycle. Since cumulative

loading involves a large number of cycles, as long as the load was below the

value corresponding to the elastic limit of the steel bars, there was observed

that the behaviour of a column is quasi elastic with reduced stiffness.

11.2.3 - Dynamic tests

The dynamic behaviour of a reinforced concrete column was investigated by

means of the shaking table VESUVE at the Centre d'Etudes Nucléaires de SACLAY.

Two typical earthquake time histories were chosen in a way to study the

characteristics of seismic effects : the TAFT (1952) N.S. component and the

SAN FRANCISCO (1957) N.S. component. It may be noted that the first time history

is longer than the second one. The corresponding spectra are ploted with the

assumption of a 5 % damping on Fig. 2.

The time scale of the actual input signal was reduced by a factor of 1/3,

thus being consistent with the scale of the.model.

During the tests the following data were monitored and recorded on .analo-

gical tape :
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- acceleration on the top of the column,

- acceleration on the shaking table,

- relative displacement at four different levels,

- stresses on the steel reinforcement at the fixed end.

Fig. 3 shows diagrams of displacement as a function of time.

The following table summarizes the essential information about the expe-

riments related to each of the eight tested columns.

Input time

history

TAFT

SAN FRANCISCO

Column

N ° •

9

10

14

15

16

11

12

13

Number

of

earthquakes

8

4

40

8

10

13

8

13

Maximum velocity

of the table

.075 m/sec ̂ A50 m/sec

.50 m/sec.

.13 m/sec.

.075 m/sec /.50 m/sec

.075 m/sec/.50 m/sec

.060 m/sec /\55 m/sec

.55 m/sec

.060 m/sec /.55 m/sec

Particular object

of the experience

increasing levels

high level

fatigue effect

increasing levels

biaxial effect

increasing levels

high level

increasing level

II.2.4 - Dynamic test results

a) Eigenfrequencies

The values of the first frequency as a function of the relative deflection

of the tested beam are p'loted oh Fig. 4. It appears that after an earthquake the

eigenfrequency of a column depends only on the maximum deflection. Indeed expe-

rimental points obtained for several different coluir.ns are very close to a

single curve.
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On the other hand it was observed that the length of the seismic signal

did not induce any significant effect on the deflection - frequency relationship •

(In the reduced time scale the length of each test signal was : TAFT/3.5 sec.

and SAM FRANCISCO/1.9 sec.)

b) Damping

Fig. 5 shows various damping values ploted as a function of relative

deflection. Although some spread appears on this diagram , as a general rule

all values are significantly lower than conventional design values. Nevertheless

some caution may be necessary if using this information : the values are rela-

ted to the last part of the motion, during which do not occur any energy loss

due to growth of cracking.

Ill - COMPARISON OF EXPERIMENTAL RESULTS WITH RESULTS OF USUAL CALCULATIONS

III.l - Calculation procedure

The usual resistance evaluation procedure of a one degree of freedom

component like a beam is recalled here.

As a first step the eigenfrequencies are calculated with the assumption of

a purely elastic behaviour of the concrete. After this the response\spectra with

conventional 7 % damping are applied enabling to evaluate the maximum efforts

on the structure.

A second step is a non linear static analysis of the behaviour of the beam

on which are applied the above calculated efforts. The calculation of the

maximum tensile stresses in the steel bars and the maximum compressive stresses

in the concrete are carried out taking into account cracking.

The last step is the comparison of the calculated stresses with the limit values

prescribed by the rules of the building code.In FRANCE / 1 7 the specified limits

for "normal conditions" (first kind) are different from the limits specified

for "emergency conditions" (second kind). In the specific case of seismic

loading the following rules shall be applied :
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- first kind load combination involves normal operation loads and some accepted

normal seismic excitation ;

- second kind load conbination involves a specified safety earthquake.

The admissible stresses in accordance with french rules are specified as

follows :

1

2

st

nd

kind

kind

Steel

Concrete

Steel

Concrete

2/3

.3 x

(.6,

x (elastic limit)

(ultimate compressive

in the case of simple

elastic limit

.45

(.9,

K (ultimate compressive

in the case of simple

strength)

flexure)

strength)

flexure)

The limits acceptable for different materials are defined taking into

account the spread of experimental values obtained with test specimens.

III.2 - Application

The limits calculated following the above recalled methods are ploted on

the diagrams Fig. 6 and Fig. 7 in the case of TAFT N.S. and SAN FRANCISCO U.S.

components. The points corresponding to the "first kind" and to the "second

kind" are shown.

The safety factor may be defined as the ratio of the seismic level produ-

cing rupture over the seismic level related to the "second kind" prescribed

limit.

A safety factor equal to 2.5 may be derived in the case of thê  SAN FRANCISCO

input signal and another equal to 4 in the case of the TAFT signal.
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There should be pointed out that displacements are under evaluated. If the

usual method appears here as conservative with regard to loads, it is the

contrary concerning the displacements.

IV - SOME POSSIBLE IMPROVEMENTS

IV.1 - Reduced working section

The normal calculation procedure is supported by the assumption of inva-

riable eigenfrequencies of a structure. Such procedure could be improved at the

stage of frequency calculation taking into account a given average rate of

cracking. A reduced working section may be then a convenient model. The case

when only one half of the section of a column works after cracking was analysed

as an example and the results are ploted on Figs. 6 and 7. It is to be seen

that while the safety factor is roughly the same as in the elastic analysis,

the displacements are more important than experimental ones.

Comparing both approaches it appears that in the case of simple elastic

analysis shocks occuring between closely located buildings could be disregarded

and en the other hand irrealistic large displacements could be predicted according

co the "cracked section analysis".

IV.2 - Modified methodology

Thu main thing derived from experience is that the stiffness of a reinfor-

ced concrete structure decreases even if the level of the input seismic signal

is low. This involves a decrease of the eigenfrequency if the maximum deflection

increases. In order to predict properly the displacement of a structure during

an earthquake a non linear computation model was worked out. This model, consi-

derably differing in approach of classical plastic models, is believed to be

proper only for unidirectional behaviour investigations and thus is related to

the performed tests.
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The moment curvature law for a reinforced concrete beam / 3_7 is derived

including the description of the behaviour of concrete and steel, the cracking

of concrete due to tensile stress, the geometry of the beam and of the reinfor-

cement as well as the prestress due to gravity load. On the diagram showing this

law three linear sections represent successively : a purely elastic behaviour

section, a concrete cracking section and finaly a section of purely plastic

elongation of the steel bars. At the point where complete fracture of the

concrete is reached, concrete begins to be crushed and a further increase of

curvature is accompained by diminishing of the moment. (The moment curvature

law is not symmetrical if the section of the beam or the reinforcement do not

contain a plane of symmetry).

The described law may be infered on the basis of experimental results of

loading-unloading tests such as these ploted on Fig. 8.

There may be pointed out that in so far as an effort involves a cracking,

the modulus of elasticity of uncracked material is replaced by a "Secant modulus"

for the further loading-unloading cycles, until true plastic section is reached.

At this point the unloading modulus is the value of the secant modulus at the

border of the section where cracks build up.

Changing the sign of the moment involves a path along a straight line drawn

between the zero moment axis and the last point reached on the curve in the

opposite direction.

IV.3 - Computation

The described model has been introduced in the general beam computation code

TEDEL / 4_7. The dynamic response of the tested columns has been computed for

each level of the- TAFT N.S. component and of the SAN FRANCISCO N.S. component.

Three points have been ploted in each case on the deflection-velocity
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diagrams Fig. 6 and Fig. 7 respectively. It may be seen that computed values are

in good concordance with the experimental results.

The lowering of concrete resistance due to cracking beyond .25 7. deformation

was taken into account in the computation for high level input motion.

V - CONCLUSION

Comparison between a conventional linear analysis of the behaviour of a

reinforced concrete structure under earthquake load and a more realistic non

linear analysis leads to estimate a safety factor.

Summarizing the above described study and performed tests it may be pointed

out that an important condition to carry out such realistic non linear analysis

is to take into account the progressive decrease of stiffness due to cracking.

This is true even in the case of a low load.

Introducing the appropriate non linear dynamic model in a computation code

(like TEDEL), the flexural behaviour of concrete beams may be determined.

Furthermore one is able to investigate the motion of some complex building scheme

(beam and column assembly) as an effect of severe ground motion and predict with

a good accuracy the excitation level leading to collapse.

At present time the performed study shows that significant safety factors

(in the range of 2 to 5) appear between the experimental seismic load level

leading to collapse and acceptable limit levels predicted in accordance with

the french code by means of an elastic analysis.

However if ultimate load prediction is usually conservative the contrary

is true for the prediction of displacements values.
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