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Abstract: The Institute for Radioprotection and Nuclear Safety (IRSN) has the task of
evaluating the seismic safety of existing building inventory in French nuclear facilities. Some
of the existing structures are reinforced concrete frame buildings with masonry or reinforced
concrete in-fill walls built during the 1960s, 70s and 80s following different building codes
and seismic input data applicable at the time of construction. The studied building is a
laboratory that was built in 1962. The building is composed of three different and independent
blocks. The structure is a reinforced concrete frame with masonry in-fills and few stiff
concrete elements. Moreover, the building contains an independent massive concrete cell.
Structurally, the building has a number of irregularities. From the detailing standpoint, well-
known deficiencies of low-ductile reinforced concrete structures are evident especially, a lack
of transverse reinforcement in the structural joints of the frame. A number of sensitivity
studies were conducted using 2D and 3D linear models to evaluate seismic demand. Ambient
vibration and regional earthquake records were used to check the soil nature and the existence
or not of a possible site effect around the installation as well as to characterize the dynamic
behavior of the building. 3D models revealed a strong influence of the slab plates and a
torsion in the structure. Also, masonry in-fills can significantly alter the seismic behavior of
the building. The building is being subjected to a very large retrofit program submitted for
approval to IRSN and the Nuclear Safety Authority. The acceptance criteria used to define
deficiencies and to retrofit the building were design criteria.

I INTRODUCTION
The Institute for Radioprotection and Nuclear Safety (IRSN) is a technical advisor of the
French Nuclear Safety Authority (ASN) and its task is to assess the safety of French nuclear
facilities. A part of this task is the assessment of the seismic safety of existing building
inventory.
Some of the existing structures are reinforced concrete frame buildings with masonry or
reinforced concrete in-fill walls built during the 1960s, 70s and 80s following different
building codes and seismic input data applicable at the time of construction. Therefore, the
existing structures offer varying degrees of structural behavior and functional performance in
the event of an earthquake.

11 DESIGN AND REINFORCEMENT DETAILING
The studied building is a laboratory that was built in 1962 located in the nuclear center of
Cadarache. The structure is a reinforced concrete frame with masonry in-fills. Its length,
width and height are: 79.0 in, 36.5 in and 17.5 in. Its mass is about 7 600 t. The building is
composed of three different and independent blocks (Figures I to 3 The structure contains
three stiff elements: two concrete staircases and one reinforced concrete chimney.
Moreover, the building contains an independent massive concrete cell. There is no gap
between the frame and the cell.
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Structurally, the building has a number of
Figure I irregularities: a) the cell inside the frame and a

pounding between two structures is a typical
structure-in-structure irregularity, b) the cell does
not extend along the entire length of the
building, leaving the ends of the building
unrestrained in respect to the restrained central
block, the frames have substantial vertical
irregularity; d) the horizontal distribution of the

and stiffness produces torsion eccentic'
mass 1 n ity,
e) the existence of stiff concrete elements
w I

ithout reinforcement can strongly modify
seismic behavior of the building, the masonry

Figure 2 in-fills can significantly alter its seismic
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L. -J LL From the detailing standpoint, well known

deficiencies of low-ductile reinforced concrete
structures are evident, especially, a lack of
transverse reinforcement in the structural joints
of the frame, small shear capacity provided by
smooth transverse reinforcement. Concerning the
longitudinal reinforcement of the columns, it is
not in accordance with seismic demand: the

0 (D 0 6 (D columns are generally under-reinforced and in

some parts over reinforced.
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III SAFETY REQUIREMENTS ASSIGNED TO THE BUILDING
The studied building is a nuclear laboratory. It is dedicated to the experiments on irradiated
materials and nuclear fuels. These experiments are handled in the massive concrete cells in
the building. The safety requirements assigned to the building are: a) stability of the cells
which are main contaim-nent, b) stability of the building and c) non-aggression of the cells by
the fall of the structural or non-structural elements of the building.
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IV MAIN DIRECTIONS TO IMPROVE SAFETY
The licensee proposed three main directions to improve the safety of the laboratory: a) a
seismic assessment and a large retrofit program of the building, b a progressive transfer of
contaminating and high mass nuclear material activities to another facility, c) a limitation of
residual plant-life.

V SEISMIC ASSESSMENT PROCEDURE (IRSNIS POSITION)

Figure 4 Spectres Cadarache V.1 Seismic input data
SMHV et SMS proches The seismic motions are defined by

application of the French Basic Safety
lo' Rule RS 2001-01. The approach of the

Basic Safety Rule is a deterministic one.
The bases are seismic-type accidents and
tectonic areas on one hand and historical

0 10
T seismic data (the last 1000 years) on the

other. The goal of this approach is to
define a site-specific spectrum, with a

lo' mean attenuation law, of a Maximal
Historical Earthquake (in French

- SMHV Rocher SMHV). The next step is a deduction of- SMS Rocher
Safe Shutdown Earthquake (in French

lo, SMS), which is used for the design and
lo' Fr6quence (Hz) lo' lo' the assessment of nuclear facilities. In

terms of MSK intensity units, the SMS is
defined as follows: ISMS = ISMHV + L

V.2 Methods of analysis and acceptance criteria
The current position of IRSN is that the methods of analysis and the acceptance criteria for
the seismic assessment of an existing nuclear facility, are the same as for the seismic design:
a) the structural analysis to define seismic demand is an elastic linear analysis. b) as already
mentioned above, a Safe Shutdown Earthquake (SMS) defines the earthquake spectra for the
assessment of an existing nuclear facility. c) the acceptance criteria associated with these
spectra are design criteria. Consequently, when a structure doesn't meet the criteria of the
seismic assessment, compensatory measures such as retrofit measures are required.
However, when the residual plant-life is limited, and it is the case in this study, the seismic
assessment of the building can be based upon the Maximal Historical Earthquake (SMHV)
spectra.
V.3 Sensitivity studies
IRSN has conducted a number of sensitivity studies using 2D and 3D linear models

(reference 2). The position of IRSN is that 2D models can't capture the seismic demand of the
structure mainly because of. a) discontinuous cast in place slabs at levels +3.33 and +4.22
(Figures 2 and 3 Connected with a 1.5 m beam, they act as a 0,92 m high torey, which
significantly rigidify the structure. Moreover it doesn't rigidify all frames in the same way. b)
The horizontal distribution of mass and stifffiess is such that it produces torsion eccentricity.
c) The singularities, such as the staircases and the chimney, cannot be properly taken into
account with 2D models. d) The interaction between the frames and the cell can be examined
with 2D models just for the frames in the middle of the building, the seismic demand in the
partially unrestrained blocks I and 3 is difficult to assess even with 3D models e) The strong
contribution of the masonry in-fills, especially in the external walls, was detected using an
ambient vibration test (referencel).
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The studied building is a complex structure. The studies undertaken by IRSN showed a very
strong sensitivity of this RC frame building with the masonry elements. The frequencies
varied between 06 Hz (21) model of current transverse frame) and 4 Hz (3D model with
masonry in-fills). Sensitivity studies, according to the model assumptions as above, have to be
undertaken to assess the behavior of the building during an earthquake and to find the most
critical configuration for each key element of the structure.
VA Ambient vibrations test and regional earthquake recordings
As mentioned above, JRSN has conducted ambient vibrations test (reference 1) to characterize
the behavior of the building under low deformation level. The influence of masonry in-fills
and the modification of structural response (shift in frequency, torsion..) in function of their
level of damage must be taken into account in the evaluation of an existing building.
Considering the sensitivity of the structure and the spectral shape in the frequency range
between and 4 Hz, IRSN wanted to check the possibility or not of a local amplification of
the seismic motion at this site. An M = 46 earthquake occurred at 150 kilometers SE of the
studied building. The record of the earthquake on the stations installed for the experiment
around the building allowed the computation of the spectral ratios site/reference(rock). These
results show, with real seismic motions, that the soil around the studied building can be
considered as free of site effect.

VI RETROFIT MEASURES PROPOSED BY THE LICENSEE
The final 3D linear analysis conducted by the licensee revealed a number of deficiencies of
the building under seismic loading. The licensee proposed a large retrofit program of the
building with two main directions: 1) to simplify the structure and to make more predictable
its global behavior 2 to retrofit its key elements and to reduce the seismic demand with a
reduction of its dead weight. The first direction concerns a) the opening of the 'oints between
the frame and the cell enough to avoid their interaction, b) the separation between the slabs
and the stiff concrete elements such as the staircases and chimney c) the separation between
the masonry in-fills and the frame structure in the external walls, d) the connection of the
blocks at the slabs level. The second direction concerns the retrofit of a) the non-ductile knee
joints, c) shear and moment resisting jacketing of very low reinforced external frames row 4
and 22 d) shear resisting Jacketing of intermediate frames e) the basement walls f) the
anchorage of the basement gallery to avoid the horizontal displacements of the structure under
level +0.00, and g) reduction of the dead weight of the roofs.

VII CONCLUSION
Taking into account the limitation of residual plant-life, the seismic assessment of the
building can be based upon the Maximal Historical Earthquake (SMHV) spectra. The analysis
methods and the acceptance criteria used for the assessment and for the retrofit are design
methods and criteria. The goal is to obtain a certain guarantee that safety requirements will be
fulfilled for the seismic motions just above the SMHV. The analysis led by the licensee is in
accordance with IRSN's sensitivity studies. The retrofit measures, proposed by the licensee,
significantly improve the seismic behavior of the structure.

VIII REFERENCES
1) Volant, Ph., N. Orbovic and F. Dunand, Seismic evaluation of existing nuclear facility

using ambient vibration test to characterize dynamic behavior of the structure and
microtremor measurements to characterize the soil: a case study, Soil Dynamics and
Earthquake Engineering, 22, p. II 5 9-1167, 2002.

2) Internal report RAPPORT DES
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Static and Dynamic Evaluation of an Existing Nuclear Facility
Reinforced Concrete Frame Structure
BoAdar StojadinoViCa , N. Orbovic b , M. Bouchon b, J. T. Wileya

'University of California, Berkeley, Department of Civil and Environmental
Engineering, 721 Davis Hall 1710, Berkeley, CA 94720-1710, USA
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Abstract. Evaluation of existing nuclear facility structures must be conducted with the approriate level of

consevativism. Therefore, even though modem performance-based evaluation procedures for conventional

structures are available, they must be rigorously examined before they are used to evaluate nuclear facility

structures. This paper presents selected results of an evaluation of various nonlinear static and dynamic demand

analysis and FEMA-356 capacity measures on a test-bed nuclear facilty reinforced concrete frame structure built

in 1960's. It is shown that these modem procedures can be used. Further-more, they revealed deficiencies of the

test-bed structure that could not be easily found using the conventional linear-and-elastic evaluation methods.

Nevertheless, more work is needed to calibrate these new procedures for the risk reduction levels required for

nuclear facilities before they can be used in nuclear facility design and evaluation practice.

Introduction
Seismic design and evaluation of structures in nuclear facilities is characterized by high
degree of conservativisim. Such approach is understandable: the consequences of failure of a
nuclear facility structure may be quite serious. In most cases, probabilitistic evaluation of
seismic hazard is followed by a deterministic evolution of structural demand and capacity
assuming the structure will respond within its elastic range. Recent developments in
performance-based seismic design and evaluation of conventional structures may be very
useful in providing the methodology and the data to quantify the level of safety, or risk
reduction, associated with a nuclear facility design or evaluation. In particular, probabilistic
performance-based seirnic design approach developed by the PEER Center [1] offers the
broad methodological background for developing tools to measure the level of safety of any
structure, including nuclear facility structures. However, such tools must be practical:
probabilistic evaluations of seismic risk, structural demand and structural capacity must be
simplified into a deterministic format suitable for use by regular engineers in everyday
practice. The basis for such perforinance-based design and evaluation formats have been
proposed in 2 and implemented, with varying levels of consistency, in prestandard
documents such as FEMA-356 3] prestandards for seismic rehabilitation of buildings and
FEMA 350 4] prestandards for seismic design of new buildings.
It is not possible to directly adopt the seismic design and evaluation criteria for conventional
structures before their application on nuclear facility structures is thoroughly investigated.
One of the first steps in this direction has been taken by Wong and coworkers at Brookheaven
National Laboratory [5]. They investigated the application of nonlinear static demand
evaluation procedures to two nuclear facility structures. This paper presents the results of a
research project undertaken by IRSN and UC Berkeley to review the current perfon-nance-
based evaluation procedures used in the US and apply them to an existing test-bed nuclear
facility structure. The work presented herein addresses the static and dynamic evaluation of
the test-bed structure using non-linear procedures prescribed in FEMA-356. It extends the
work done to date in the direction of using modern static and dynamic evaluation
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techniques, such as the incremental dynamic pushover 6 to evaluate nuclear facilty
structures. More information is available in the comprehensive project report 7].
Test-Bed Structure
The test-bed building, shown in Figure I is a 1960's vintage reinforced concrete moment-
frame structure with masonry infills. This structure has a number of irregularities compared to
regular conventional structures considered in FEMA-356. Some of them are: 1) the stiff and
strong interior cell is separated from the frame by 2 cm gaps; 2 transverse frames are
vertically irregular; 3 horizontal diaphragms at 3.33m and 4.22m levels are not continous;
and 4 distribution of diaphragm masses and location of the cell results in torsional
irregularity. Detailing of the structural elements, typical of the 1960's practice, is another
challenge. It is well known that such detailing, characterized by markedly less transverse
reinforcement than required today, may result in the response of structural elements that is not
as ductile as expected from new structures designed today.

Q G) C D o o cD

a) 0 G) O (D 0

Figure 1. Typical elevation of the test-bed building and the site-specific acceleration
spectra used in the evaluation (mean and plus-minus one standard deviation).
The seismic environment of the test-bed building site is typical for low-to-moderate
seismically active regions in Europe. An acceleration spectrum used in this evaluation is
shown in Figure 1. It is interesting to note that ground motions that the 1994 Northridge
ground motion recorded at Arleta fits this spectrum fairly well when scaled to match it at the
ftindamental period of the structure.
Modeling and Evaluation

The test-bed structure was modeled using OpenSees a software framework under
development by PEER (http://opensees.berkcley.edu). OpenSees is intended for perfon-nance-
based seismic evaluation and supports linear and nonlinear, static and dynamic analysis
procedures. Beam and column elements of the structure were modeleled using a fiber cross-
section flexibility-based beam-column element. The fiber cross sections allowed for accurate
modeling of the flexural strength. The shear strenght was modeled using FEMA-356 equation
that account for shear strength degrataion at elevated displacemetn ductility levels. Horizontal
restraint provided by the floor and roof slabs was modeled using displacement slaving.
Vertical strength and stiffness of the masonry walls was modeled using linear spring elements
attached to the appropriate beam nodes. Finally, the knee joint connections at the high-bay
roof were modeled using non-linear rotational springs. The force-deformation envelope for
the knee joint was a FEMA-356 Type 2 envelope, with the strength computed counting only

the concrete contribution taken at 033 JMPa, according to FEMA-356 A number of two-

and three-dimensional models of the structure were made to investigate the effect of the stated
irregularities. In particular, 2 the transverse frame model was used to evaluate the effect of
the cell on the response, while a three-dimensioanl model was used to evaluate the effect of
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longitudinal motion and torsion. The fundamental modes of the models had periods of
approximately I second (Figure 2.

SLABSMASONRYJOINT.tcl

2

Figure 2 Fundamental modes of the two- and three-dimenasional models of the test-bed
structure.

Static Analysis
Non-linear static pushover analyses were conducted using the two-dimensional model.
Different lateral force distribution patterns as well as different models of the gap between the
cell and the frame, the masonry nfill, and the knee joint were investigated. Response of
progressively more complex models was converging. More important, when capacities of the
critical components of the transverse frame (shear in knee joint and shear in the high-bay
column) are ploted on a pushover curve, it was revealed that the frame has a relatively small
capacity compared to the approximately 02 base shear coefficient demand computed
according to FEMA-356 (Figure 3 A similar result is obtained by Incremental Dynamic
Analysis (IDA) procedure [8]. In this procedure, non-linear tme-hisotry dynamic analyses are
conducted repeatedly while steadily increasing the magnitude of the chosen ground motion.
The resulting force-defonnation response represents the peak points achieved during each
analysis combined into one curve. In the IDA example shown in Figure 3 the knee joint
clearly limits the capacity of the frame.

WU PushOver of S1absKbsorry_Gap.tc1 IDA KNEE JOINT DEMAND
S-Wd N.,th6dg ED

0.15

Gap
0.1 CICes

M�wrv

0.05 umn Shear FaILre (V,=O)

Opering Knee Junt

Ing Knee unt

0

0 0.5 1 1.5 2 2.5 3
0 W Im M 2W Im

Drift (14 K- M- (M

Figure 3 Static and dynamic (IDA) pushover responses.
Dynamic Analysis
Non-linear time-history dynamic analyses were conducted using both two- and three-
dimensional models and several US and European ground motions. A typical cyclic response
of the knee joint (Figure 4 shows that significant deterioration of its strength may be
expected: this confirrns the findings of the static analyses. However, a three-dimensional
analysis revealed additional properties of the test-bed structure. The response of three
transverse frames located at each end (frames 4 and 18) middle of the cell (frame I ) shows
the effect of torsion of the structure as well as the effect of gap closure and pounding between
the frames and the structure (Figure 4 Even though the response of the outer frames is
amplified by approximately 20%, the amplification is limited by the size of the gap between
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the frames and the cell. Nevertheless, the high-frequency response induced by the pounding is
not desirable. Furhtermore, the response of the structure in the longitudinal direction reveals
the weakness of frame columns in this direction due to their elongated rectangular cross-
section. The three-dimenasional analysis demonstrates a marked potential for soft-story
formation between the ground level and the horizontal slab system at elevations 3.33m and
4.22m.

KNEE JOINT RESPONSE 3D MODEL (With diaphragms)

0 6200 -- -- - - - --- -- - ;1.

150

100 2- -- ----
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-200 . ... . .............. ...

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 -0 a ... .... ...
0 2 4 6 a 'O

Rotation Time (s)

Figure 4 Sample results of dynamic analyses.
Conclusion
Application of the FEMA-356 procedures for evaluation of conventional buildings to evaluate
a test-bed nuclear facility structure was successful. The principal finding is that there is a clear
need to modify such perforinance-based seismic evaluation procedures to 'eld the required
risk reduction levels for nuclear facilities before their application in nuclear facility design
and evaluation practice.
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Experimental Study of cracking of low-rise reinforced concrete shear
walls
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Abstract: he test program consisted of mechanical tests performed on reinforced concrete walls subjected to alternating shear loads. e
aim of fheprogram was to define crack geometry length, width, and spacing). Tests were carried out on 3 low-rise reinforced concrete walls
with varying percentages of rebars. Each wall was subjected to a sequence of three increasing loads. One of the three walls was loaded to
failure. The main results of the program were measurements of displacement as a function of horizontafforce (displacements, variations in
diagonal lengths), cracking states during the loading cycle, and deformation of rebars. The measurements obtained were used lo define a
relationship between crack geometry and diagonal elongation, and to verify the suitability of thefornuda given in the CEB-F]P-1 978 odel
code as a means of assessing crack spacing and ividth.

1. Introduction

The French Institute for Radiological Protection and Nuclear Safety (IRSN) conducts expert
appraisal assignments and research in the nuclear safety fields and provides technical support
for the French Nuclear Safety Authority. In this field, earthquakes are one of the key external
events to be considered when assessing the behavior of civil engineering structures. French
nuclear facilities are mostly built using low-rise reinforced concrete walls. Requirements
relating to the behavior of nuclear buildings demand more than simple structural stability and
can also apply to the degree of leaktightness of civil structural elements, in particular those
forming the outer shell of the buildings. Within this context, IRSN launched a test program on
three low-rise reinforced concrete walls, focusing on the study of crack geometry (length,
width, and spacing) as a function of alternating loads applied to represent the effects of the
horizontal components of an earthquake. The mechanical tests perforined at the CEBTP
(French Building and Public Works Test Center) were coupled with measurements of air flow
rates at low pressure through cracked walls, perforated by IRSN.

2. Test specimens

The three test specimens were similar to those used in earlier studies (Four6 and Bouchon,
1989), consisting of a reinforced concrete wall, 0.10 m thick, 1.50 m long, and 075 m high
(see Figure 1). The wall was framed by 020 m x 0. 1 8 in beams and colunms. The dimensions
of the beams used to secure the wall to the test setup were as follows: 029 m x 0. 1 8 in for the
top beam, and 034 m x 018 m for the bottom beam. Column dimensions were chosen to
balance the bending loads so that the wall was subjected to predominantly shear forces, and
0/20 mm aggregate concrete was used, with no downscaling, in an attempt to reproduce the
same irregular profile in cracks along their length and through the wall thickness.
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The average mechanical characteristics of the concrete 4 measurements for fj 3 for ftj and 
pour Eij) obtained from tests perforined on test specimens, are shown in Table .

14 TWu. 0 33

�rij WXj:�. A P.

P

R

y
0

OW OW

10 Figure 1fonnes

too

No

14 trous 0 33 14 holes: dia. 33 mm, spacing 150
espacement 150 mm mm
Figure I formes et dimensions des Figure 1: Shapes and dimensions of
corps d'6preuve test structures

Wall Age Compression Tension Modulus
(days) f, (MPa) f,, (MPa) E,,. (MPa)

No. 1 69 31.7 3.05 27,000

No. 2 71 36.4 3.25 28,000

No. 3 77 28.6 3.05 26,000

Table I

As the test structures were not very thick, reinforcement consisted of a single layer of
deformed rebars at mid thickness (0.10 m x 0.10 m mesh). The same arrangement was
adopted for all three test structures, but using varying percentages of rebars, as follows: 6
bars 0.3%) for wall no. 1, 8 bars (0.5%) for wall no. 2 and 10 bars (0.8%) for wall no. 3.
Tensile strength tests on the test specimens yielded the results shown in Table 2.
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Steel E I M f CC2 (-) f, f, 6,
-3 (I 0 -3 (MPa)

(mm) (10 (MPa) f. (I ,)

6 2.5 585 4.9 610 1.04 22

8 2.6 615 5.1 635 1.03 25

10 2.6 620 5.1 655 1.06 20

12 2.4 565 4.8 595 1.05 20

Table 2 C)Ultimate elastic deformation aa=E�. c) at 0.85fapprox. ('-)0.2%offseIyieldsIrengIh Deformation at

U=fe: --,2=2.'O '+flE. Highlyscattered values

The columns are reinforced with 4 1 2 defon-ned rebars confined by 3 mm dia. hoops 0. I 0 m
apart.

A

8 6-
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A Co Figure 2
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D6tai A Detail A
15 barres 2) 15 bars 2)
espacernent 100 spacing I 0
7 cadres 7 hoops
2 x 2 barres 2 x 2 bars
D6tai A (coupe horizontale) Detail A (horizontal section)
136tail B (coupe verticale) Detail (vertical section)
Cadre 4) Hoop 4)

3. Test and measurement procedure

A constant vertical force yields a mean compression stress of I MPa in the wall.
An alternating horizontal force was applied in the mean plane of the walls, at three increasing
values F, F2 and F3. This force was related to the measurement of the horizontal
displacement, which was held constant at each load level during the measurements. These
were perfon-ned for each load level in positions Fj and Fi and for the unloaded wall. The
first level F, was chosen to be slightly above the value at which shear cracks appear in the
wall (flexural cracks appear in the posts at an earlier stage). The last plateau F3 was close to
the ultimate load (approximately 0.85 F). Load F2 was close to the mean value between F,
and F3- Only the third wall was loaded beyond the F3 level to ultimate state. Wall ultimate
state occurred for the negative value of load -F, = 853 kN, corresponding to a shear stress of
5.68 MPa. The lowest value 760 kN) obtained in the positive direction was probably
underestimated owing to the momentary loss of relation. For each test structure, the horizontal
force values considered during the tests are shown in Table 3 along with the corresponding
shear stresses.

Specirne Plateau F, Plateau F2 Plateau F3 ultimate F,
F, KN) T F2 (KN) T (MPa) F3 (KN) r Pa Fu (KN) -c (MPa
Test (MPa) Test Test Test

No. 304 2.0 400 2.7 550 3.7

No. 2 304 2.0 450 3.0 645 4.3

No. 3 304 2.0 490 3.3 687 4.6 +760/- 5.06/5.68

1 853
Table 3

For each horizontal force level, the variables measured were as follows: horizontal force,
horizontal displacement at the top, vertical displacement at both ends, variations in diagonal
lengths, crack width (using an optical crack measuring device) at the intersecting points of a
grid plotted on the wall (0 I i x 0. 1 0 in grid to match the reinforcement grid) and rebar
deforination (particularly on wall no. 3 which was loaded to failure). Cracks were plotted as
loading progressed and photographed during the test phases. Crack width was measured to the
nearest 002 mm. Below this value, cracks were considered as hair cracks with a theoretical
opening of 0.01 mm.
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4.Analysis of results concerning cracking

Crack density

Crack density was characterized by the total length of the cracks observed on one side of the
wall, reduced to the unit area. Three categories of cracks were analyzed: "open" cracks due to
the effect of negative force-17j, closed cracks that existed under the force Fj and all cracks
together. The following results were obtained (see Table 4.

Test Percentag Load Mean Crack density
e of rebars plateau shear (length in m/area in

(Mpa) in 2)

No. 0.3% -FI 2.0 2.3
-172 2.7 4.2
-F3 3.7 9.6

No. 2 0.5% -171 2.0 0.8
-F2 3.0 5.3
-173 4.3 12.4

No. 3 0.8% -FI 2.0 2.7
-F2 3.3 9.4
-F3 4.6 16.8

Table 4

Even when reduced to the same shearing level, crack density values increased with the
percentage of rebars, or in other words, they increase as average crack spacing decreased.

Crack width under load

For all cracks, width distribution was characterized by the values given in Table .

Test Level Number of Widths (mm)
measureme minimum average
nts maximum

No. I -F, 26 0.01 0.045 0.19
-F2 44 0.01 0.088 0.35
-F3 101 0.01 0.157 0.60

No. 2 -FI 14 0.01 0.024 0.12
-F2 52 0.01 0.101 0.34
-F3 128 0.01 0.126 0.62

No. 3 F, 35 0.03 0.057 0.20
-F2 109 0.01 0.163 0.35
-F3 187 0.01 0.110 0.60

Table 
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Owing to the accumulation of very low values, opening distribution was not Gaussian. Load
F3, even saw the appearance of two-peak histograms, no doubt corresponding to the "open"
and "closed" crack categories.

Residual width of cracks after loading

A factor of 04 was applied to crack widths determined under load to obtain a good
approximation of residual widths after rather high loading, but with no notable yielding in
rebars (see Table 6.

Test Plateau -opening (F = )
opening (-Fi)

No. I Fl 0.62

F2 0.65

F3 0.39

No. 2 F1 0.58

F2 0.14

F3 0.44

No. 3 F1 0.61

F2 0.25

F3 0.14

General average 0.42

Fl 0.60

F2 0.35

F3 0.32

Table 6

Predicting crack spacing and width

Based on the analytical forinulas of the CEB-FIP 1978 model code, which appear more

reliable than those of the 1980 model code, average crack spacing can be determined as

follows:

s =2(c+ 5 k&2 4bh
10 170

ki 0.4 (deforined rebars)

k2 0.1875 ntermediate values between 025 for pure tension and 0125

for simple bending).
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Test No. I No. 2 No. 3

Cover c (mm) 47 46 45

Spacing s (mm) 100 100 100

Effective thickness b (mm) 90 100 100

Effective width h (mm) 90 100 100

Average spacing s (mm) 243 231 205

calculated

Average spacing s (mm) Few 175 130

observed cracks

Table 7
Agreement with the test was average, given that the cracks were shear and not tensile or

flexural cracks.
The 1990 model code gives the following fori-mila for calculating spacing for two

orthogonal layers of rebars following directions x (horizontal) and y (vertical), and where is
the angle of the cracks with respect to y:

Sm__( cosO/s,,, sin0/smy)_I

This common value ensures compatibility with the crack width values estimated along the
x and y axes.

The average rebar elongation is computed as follows:

Usniax
6SM I - AA > 04 - ; deformed rebars: I

Es 07sniax E,

No actual load repetition: P = 

Stress in rebar 'ust after the first cracks open: CYSC

The main application difficulty was in assessing stresses CF,,,,,a, and 7,, due to shear in a

low-rise RC wall. These values could be determined from the measurements carried out for

test no. 3 using gauges bonded to the rebars.

It was deduced from the values that the crsc/cysrmx ratio (first crack stress/maximum stress)

was approximately 035 on average, and that usmax was approximately 320 Mpa on average

for horizontal rebars and 300 Mpa for vertical rebars.

According to the CEB-FIP 1978 formula, this gives s,,,= l.4xl0_3 for horizontal bars and

1.3xlCF 3for vertical bars.

Average crack width is calculated by:

WM �S Em
For cracks slanting with respect to the orthogonal rebars, this would give:

Wm,,= (S m/ COS 0) SmxI
wmy-- (s m/ sin 0) Smy

Wm= 1 2 (wmx co S + w my sinO = 12 + Emy) sm
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A more or less equivalent result can be obtained by directly calculating:

W'. S. Fs. and w1my =smy E;Smy

wm= 1 2 (w',,,, co s + w'my sn0)

The experimental value of 130 mm obtained for the spacing of the main cracks in test no. 3

was taken and converted into spacing along the x and y axes as a function of the average

angle

0 = 51.5:

snx = f �cos 021 0 mm,

sm = ��sin 0 165 mm

whence:

w'm,, ;z 029 mm,

w'my � 021 mm,

wn,= 1 2 (w'. cos + w'my sinO) ;�- 0. 1 7 mm

This value is higher than the average measured value of 0 II mm. This could be due to the

fact that deforination measurements, which are located around the central part of the wall,

overestimate the value Of Gsmax valid on average for the whole wall.

5. Conclusion

This test program provided data for estimating crack geometry in low-rise RC walls

subjected to alternating shear loads. The main conclusions are as follows:

- crack density increases with the percentage of rebars, i.e. when average crack spacing and

width decrease,

- residual crack width after unloading is on average about 40% of the width under load,

- the formulas for predicting crack width, which were initially valid for flexural cracks in

beams, are not entirely satisfactory for shear cracks in low-rise RC walls w. Further studies

will be required on this subject.

In addition, it should be borne in mind that the mechanical tests were coupled with air flow

rate measurements for various pressure values.
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Aeraulics study of crack networks on low-rise reinforced concrete walls subject to
static cycling loading

Thomas GELAIN, Frangois GENSDARMES, Roger SESTIER-CARLIN, Jacques VENDEL,
Marc BOUCHON

IRSN, Service d'Etudes et de Recherche en A6rocontamination et en Confinement, BP 68, Bat
389, 91192 Gf-sur-Yvette Cedex.

Abstract:: Within the scope of nuclear laboratory and plant safety, we study the behavior of low-rise reinforced concrete walls sbject to seisinic-specific
shearing stresses. This paper discusses the containment aspect, with a dual purpose.
First, it involves the measurement ofair leakage rate through cracks generatedfor various stresses. These measurements are performedfor various intrados-
extrados pressure differentials ranging ftom 10 hPa to 200 hPA and representingfirst, the ind effect and second, the fire hazard for a building. Second, it
characterizes the crack networks (width, length) using the rate measurements and aeraulicsflovi, laws.
The results demonstrate a very wide range ofleakage rates. Furthermore, they are consistent with a compressible laminarflow law ad allow calculating crack
network equivalent widths rangingfrom lOpm to 60,um depending on the various reinforcements andstresses being applied.

Introduction

This study forms part of the nuclear laboratory and plant safety studies; it is more specially
dedicated to the transfer of contamination through cracks that may be generated in building
reinforced concrete walls subject to shearing stresses in case of an earthquake.
Jointly developed by CEBTP and IRSN, this program aims at studying first, cracking of a
low-rise reinforced concrete wall subject to shearing stresses and second, contamination
transfer through cracks due to pressure conditions corresponding to the wind effect and fire
hazard for a building.
This study provides an initial research stage with regard to contamination transfer through real
cracks obtained through shearing, and especially covers gas transfer. A second research stage
will cover the case of aerosol transfer.

1. Overview and purpose of the study
The purpose of this study is to measure the gas leakage rate through a crack network
generated by applying 3 shearing stress levels to a concrete wall, and this for 3 intrados-
extrados pressure differentials equal to IO hPa, 20 hPa, and 200 hPa, respectively
corresponding to wind effects on the building (IO hPa and 20 hPa) and to fire hazard inside
the building 200 hPa). These tests were repeated on 3 walls characterized by increasing
reinforcement ratios.
Furthermore, each leakage rate measurement is performed with the wall kept under stress and
also after stress release. However, this paper will only detail the results obtained after stress
release, thus corresponding to a post-earthquake stationary situation.
Finally, these leakage rate measurements should allow first, validating a gas flow rate law
through a crack network and second, characterizing the network by calculating a leakage
equivalent width.

2. Features of concrete walls, installation on experimental system
The features of concrete and reinforcements are described in the Bouchon paper for AFPS
2003 (Bouchon 2003). The surface of the crack area is equal to 096 m 2 and thickness L is
equal to 0 I 0 m.
To apply the shear forces, the concrete wall is installed on a experimental system that allows
applying first, a constant vertical force equal to 150 kN representing the building weight for
the section being studied and second, horizontal force levels ranging from 300 kN to 800 kN,
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in alternate directions. The 150 kN vertical force corresponds to a MPa stress and horizontal
forces are selected according to calculations predicting first the generation of the initial
shearing cracks and second, the wall rupture
Figure I illustrates a schematic diagram of the test set-up.

I

41" KG kN -&M ON M

Area studied

Anchoring

Figure - Diagram of forces applied to the concrete wall

3. Leakage rate measurement experimental system
In order to measure the leakage rate through the cracked area according to an ntrados-
extrados pressure differential, each face of the wall was insulated from the atmosphere by two
steel "boxes" inside with the absolute pressure is regulated (figure 2. The box installed on the
intrados is kept close to the atmospheric pressure, and the box installed on the extrados is
depressurized using a vacuum pump and a pressure regulator.
In order to measure the leakage rate versus the ntrados-extrados pressure differential, we
applied two flow-metering techniques that allow covering the wide range of flow rates to be
measured. The first method uses gas meter type "conventional" flow meters, and the second
method uses a search gas dilution technique.
Figure 2 illustrates the experimental system used to measure the leakage rate through the
crack network using a gas meter.

pi

Extrados side 'box'

Volumic flow meter

intrados side 'box'. I
Pressure regulator
P2

Figure 2 - Experimental system diagram
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4. Leakage measurements without stresses
The leakage rate measurements without stresses are performed at F = kN after each stress

cycle + Fi - Fi. However, measurements are always performed with the vertical stress
applied.
Figures 3 4 and illustrate the development of the leakage rate expressed for NTP conditions
(P 1013 hPa, T = 273.15 K) of all three walls versus the intrados-extrados pressure square
difference, and this after each stress cycle.
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z

Measurements after 270 kN cycle

Measurements after 400 IIN cycle

Measurements after 540 IIN cycle

.......... .... ......
1!t= 03= -.�=v VK= wo-

P1,P22 pressure square difference (hPa 2)

Figure 3 - Air leakage rate measurement on wall No. I
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O.i

WoXissi
Measurements after 270 kN cycle

Measurements after 450 IIN cycle

Measurements after 645 kN cycle
,L.

---------- - - - - --- ----- - ------- -------------

Smill P12-P2, pressure square difference (hPa 2)

Figure 4 - Air leakage rate measurement on wall No. 2
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Measurements after 270 kN cycle

Measurements after 490 kN cycle

Measurements after 730 kN cycle

0 too-IC 1CMIX IWOU0 XAVOI �Scwv 41=

P12-P22 pressure square difference (hPa 2)

Figure - Air leakage rate measurement on wall No. 3

The best adjustment law for experimental points is also plotted on figures 3 4 and 5. For each
series of results, it can be noted that the flow rates measured versus the intrados and extrados
pressure square difference are adjusted with a first order law. ndeed, the determination
coefficients for these straight lines are mostly higher than 099.

5. Interpretation of results
In order to characterize the cracks generated during tests, we propose to determine their
equivalent width. To calculate this width using our experimental data, we consider the
network of i cracks with visible apertures ei as a single crack with equivalent aperture e. The
length of the equivalent crack I is considered as being equal to the sum of the lengths for the I
cracks.
A first order law is available from the literature (Rizkalla 1984, Comolet 1982), expressing
the mass flow rate in larninar conditions for a compressible fluid between two parallel flat
plates versus the intrados and extrados pressure square difference:

1W (P2 - P2)
QM = 2

24pLRT

where Q represents the mass flow rate (kg.s-'), T the gas temperature (K), [t the gas dynamic
viscosity (Pa.s), e the crack equivalent aperture ) I the crack length ), L the wall
thickness n), PI and P2 the intrados and extrados pressures (Pa), To= 273.15 K, P=101325
Pa, M the gas molar mass (niol), and R the perfect gas constant (J.K-I.mol-1).
It can be noted that this law allows determining the crack equivalent width from the equation

Qrn (Pi 2 _2), which may be considered in our case as the slope of the regression straight line,2

crossing the origin (0, 0) of our experimental points.
Table I lists the equivalent widths, calculated for all three walls, respectively, versus the
forces applied.

Table - Summary of equivalent widths for the three walls

Eauivalent widths of cracks m)
F1 F2 F3

Wall 1 30.44 46.47 61.41
Wall 2 10.12 28.93 46.81
Wall 3 23.26 34.92 50.44
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The calculated widths range from IO �tm to 60 tm.

6. Conclusion
The purpose of tests performed on the reinforced concrete walls is the experimental
determination of the leakage rate through the crack network generated for the various shear
forces, and this for pressure differentials corresponding to the wind effect on a building or to
the fire hazard.
In this document, we describe the experimental system implemented for measuring the
leakage rates with pressure differentials between wall intrados and extrados ranging from
10 hPa to 200 hPa.
It can be noted that the leakage rates for walls No. I and 3 are similar for measurements

I I NTP;without stresses. Indeed, these flow rates range from 0.1 .min- NTP to 95 .min-
however, the stresses applied to both walls are not the same and the crack network lengths are
different. But, we measure lower leakage rates for wall No. 2 ranging from 0.01 1.min-1 NTP
to 56 I.min-I NTP without stresses. Also, the flow rates measured with stresses are lower for
wall No. 2.
These results are interpreted first, by measuring the crack network lengths and second, by
calculating the network equivalent widths. The lowest equivalent widths are obtained for wall
No. 2 they range from 10 tm to 50 �tni. Wall No. I involves the widest equivalent apertures,
ranging from 30 pm to 60 pin.
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