
HIGHLIGHTS OF AN EXPERIMENTAL INVESTIGATION

OF' 'l'HE SEISMIC PERFORMANCE OF' S'I'RUCTURAL WALLS

by

A. E. Fiorato, R. G. Oesterle, P. H. Kaar, G. B. Barney
B. G. Rabbat, J. E. Carpenter, H. G. Russell, and W. G. Corley

Published in Proceeding of ASCE/EMD Specialty
Conference, Dynamic Response of Structures

University of California
Los Angeles

March 30 1 1976

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)
and do not necessarily reflect the views
of the National Science Foundation.

'PORTL&~D CEMENT ASSOCIATION
RESEARCH AND DEVELOPMENT

CONSTRUCTION TECHNOLOGY LABORATORIES
5420 Old Orchard Road
Skokie, Illinois 60076

ASRA INFORMATION RESOURCES
NATIONAL SCIENCE FOUNDATION





6781
I

Highlights of An Experimental Investigation of the Seismic
Performance of Structural Walls

4. Title and Subtitle

50272 -;O,L!.1 ~ "T'"" ------------'-:------_.~------~----~-

~~T ~g~MENTATION rN~;;;A:~6085l ...L1_2__._. ~ PB 284
15. Re{'97 ~ate
f---- -----~-----

6.

1--------------- -- --~- --------~--

7. Author(s) 8. Performing Organization Rept. No.

A.Eo Fiorato, R.G. Oesterle, P.H. Ka~ et._itl --j

9. Performing Organization Name and Address 10. Project/Task/Work Unit No.

Portland Cement Association
Engineering Development Department
Skokie, Illinois 60076

11. Contract(C) Or Grant(G) No.

(C)

(G)

\--------------------------------- ----- ----- ---

12. Sponsoring Organization Name and Address 13. Type of Report & Period Covered

Applied Science and Research Applications (ASRA)
National Science Foundation
1800 G Street, N.W.
W;:l':;.L. ~~~.j..~~ n r. ?n~~n

15, Supplementary Notes

-_._.-
14.

--- ----- ----_._- _._------------j

1------------------- -- - -- --- -- -----------

·16. Abstract (Limit: 200 words)

Design criteria are developed for reinforced concrete structural walls used as lateral
bracing in earthquake-resistant buildings. Primary items of interest include the
ductility, energy dissipation capacity, and strength of structural walls. This paper
describes the highlights of the experimental investigation which consists of four parts:
isolated walls are subjected to reversing in-plane loads; structural wall systems are
subjected to proof tests of coupled walls and frame-wall structures; an investigation
is conducted of the stress versus strain characteristics of confined concrete; and an
investigation is conducted of the behavior of coupling beams subjected to reversed
loading.

t---------------------~---------------~----

17. Document Analysis a. Descriptors

Earthquakes
Structural members
Structural analysis

Stress analysis
earthquake resistant structures

b. Identifiers/Open,Ended Terms

Structural walls
Seismic performance

c. COSATI Field/Group

19. Security Class (This Report)18. Availability Statement

NTIS.

21. No. of Pages

/,.}
----------------1----------
20. Security Class (This Page) 22,. Pr.ice A." I

4/J2/ U d/
(See ANSI-Z39.18) See Instructions on Reverse OPTIONAL FORM 272 (4-77)

(Formerly NTIS-35)
Department of Commerce





HIGHLIGHTS OF AN EXPERI~lliNTAL INVESTIGATION

OF THE SEISMIC PERFO~~CE OF STRUCTUR~ WALLS

by

Ao E. Piorato, R. Go Oesterle, P~ H. Kaar, G. B. Barney
B. G. Rabbat, J. E. Carpenter, H. G. Russell, and W. G. Corley

Engineering Development Department
Portland Cement Association

Skokie, Illinois

INTRODUCTION

The behavior of multi-story buildings in recent earthquakes
has indicated that buildings stiffened with properly proportioned
reinforced concrete structural walls can provide both safety and
damage control. (1) However, a lack of information on the deforma
tion capability of structural walls has limited their use.

Because of this lack of information, a combined experimental
and analytical investigation of structural walls was undertaken at
the Portland Cement Association. The overall objective of this in
vestigation is to develop design criteria for reinforced concrete
structural walls used as lateral bracing in earthquake-resistant
buildings. Primary items of interest include the ductility, energy
dissipation capacity and strength of structural walls. The in
vestigation is sponsored in part by National Science Foundation
Grant No. GI-43880.

The experimental portion of the investigation consists of
four parts. In Part I, isolated walls' are being investigated.
These walls are subjected to reversing in-plane loads. Part II is
an investigation of structural wall systems. The systems investi
gation consists of proof tests of coupled walls and frame-wall
structures. In Part III, an investigation of the stress versus
strain characteristics of confined concrete is being carried out.
Part IV is an investigation of the behavior of coupling beams sub
jected to reversed loading.

This paper describes the highlights of the experimental in
vestigation.
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OBJECTIVES

The objectives of the experimental investigation are:

1. To determine the load-deformation characteristics
for a wide range of configurations of structural
walls.

2. To determine the ductility and energy dissipation
capacity of walls and wall systems subjected to
reversing loads.

3. To determine the flexural and shear strengths of
walls and wall systems subjected to reversing
loads, and to compare these strengths with the
strengths under monotonic loading.

4. To determine means of increasing the energy dis
sipation capacity of walls where required.

5. To develop design procedures for walls of adequate
strength and energy dissipation capacity.

6. To evaluate the effects of rectangular hoops as
confinement reinforcement for large cross sections
and to determine the effective stress versus
strain relationship of confined concrete.

7. To develop test data for elements of systems such
as coupling beams.

PART I - ISOLATED WALLS

The isolated wall test specimens are approximately 1/3-scale
models of full-size walls, although no specific prototype walls
are modeled. The model walls are 15-ft (4.57m) high and 6-ft
3-in. (1.91m) wide. Wall thicknesses are 4 in. (102rnm). The
specimens are subjected to in-plane lateral reversing loads. A
specimen and the testing apparatus are shown in Fig. 1.

Controlled variables in the program have been the shape of
the wall cross section, the amout of main flexural reinforcement,
the amount of hoop reinforcement around the main flexural rein
forcement, and the concrete strength. In addition, several walls
are being subjected to monotonic loading.

In general, two types of behavior were observed in tests of
the first five walls. These types were distinguished by the magni
tude of the applied shear stresses. All specimens were provided
with horizontal shear reinforcement so that the calculated moment
capacity would be developed.
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Fig. 1 Isolated Wall Test
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Two ~ecimens were subjected to high nominal shear stresses
> 7.2/f'. The failure mode for these specimens was associated

c
web shear distress.

Three specimens were loaded to produce low nominal shear
stresses v < 3.1/f'. Two of these had ordinary column ties.max c
One had lateral confinement reinforcement around the main flexural
reinforcement in the boundary elements. Capacities of these speci
mens were governed by damage to the boundary elements as alternate
tensile yielding and compressive buckling of the main flexural re
inforcement occurred.

Lateral confinement reinforcement in the boundary elements
helped to limit bar buckling and to contain cracked concrete with
in the core. Confinement provided a wall with somewhat greater
ductility, but no significant increase in strength.

In conjunction with the lateral load tests, a series of
free vibration tests are being carried out. Free vibration char
acteristics of the specimens are measured at several stages as the

. lateral load tests progress. The tests are performed at two ampli
tude levels. For the smaller displacement amplitudes, the walls
are struck with a hammer. For the larger amplitudes, a prestress
ing wire is attached to the top of the wall. The wire is pulled
to a predetermined force and then suddenly cut.

The output of the free vibration tests is the top displace
ment of the specimen plotted versus time. The curves obtained are
used to calculate the frequency and damping characteristics of the
walls. Test results indicate a significant decrease in frequency
and increase in damping as the walls crack during the lateral load
tests.

PART II - SYSTEMS

A structural wall system is defined as a group of inter
acting structural elements, at least one of which is a structural
wall.

Presently four systems are scheduled for testing. These re
present a wide range of structural combinations encountered in
practice. Systems scheduled for testing include walls coupled by
deep beams, walls coupled by slender beams, walls pierced with
openings, and a wall coupled to a frame. The testing arrangement
is shown in Fig. 2.

Specimens will be constructed at approximately 1/3 scale.
Individual walls will have a height of 18 ft (5.49m), a horizon
tal length of 6 ft 3 in. (1.9Im), and a thickness of 4 in. (102mm).
The overall length-to-depth ratio will be 2.5 for the deep coupling
beams and 5.0 for the slender coupling beams. For the wall with
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openings, connecting elements above and below the openings will
have an overall length-to-depth ratio of 0.4.

The specimens will be cast vertically with construction
joints. Grade 60 reinforcement and 3000 psi (20.7 MPa) concrete
will be used in all specimens. The loading will consist of revers
ing in-plane lateral forces. Loads will be applied through floor
slab elements.

All systems will be instrumented to measure applied loads,
deflections at various intervals of height, rotations in the walls
and coupling beams, shearing distortions in the walls and coupling
beams, and strains in the reinforcement of the walls and coupling
beams. (4)

PART III - CONFINED CONCRETE

In this investigation, tests are being performed on speci
mens representing full-size compression zones of structural walls.
The results are being used to evaluate the effects of rectangular
hoops as confienement reinforcement. Stress versus strain re
lationships of confined concrete are being determined.

The test specimen has been adapted from one developed ear
lier for determt'nation of the stress versus strain relationship of
plain concrete. 2) Figure 3 shows the test specimen and test ap
paratus. The center vertical region of the specimen represents
the confined compression zone of a structural wall. Controlled
variables in the test program include hoop size, hoop spacing,
amount of longitudinal reinforcement, concrete strength, and size
of test specimen.

Two sizes of specimens were tested. The large specimens
had a 10x16-in. (254x406mm) cross section, and had longitudinal
reinforcement percentages of 0.5 or 3.9. For the large specimens,
hoop size and spacing of No. 4 bars at 4 in. (l02mm) was found to
meet requirements of the Appendix to the 1971 ACI Building Code. (3)
The hoop size and spacing were increased and decreased from this
combination to determine the influence on the effective stress
versus strain relationship. The specimens were constructed with
3000 psi (20.7 MPa) concrete.

The small specimens had a 5x8~in. (127x203rnm) cross section,
and had longitudinal recinforcement percentages of 0.5 or 4.4. For
the small specimens, the confinement reinforcement consisted of
No.2 bars at 2 in. (51rnm). Specimens with 3000 psi (20.7 MPa)
and 6000 psi (41.4 MPa) concrete strengths were tested.

For correlation with previous work, tests were carried out
on both large and small unreinforced concrete specimens.
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Fig. 3 Confined Concrete Test Specimen
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Analysis of the test results showed -that all arrangements
of rectangular hoops were effective in significantly increasing
the limiting concrete strain. For those specimens with hoop re
inforcement meeting the requirements of Appendix A of the 1971
ACI Building Code, (3) limiting concrete strains exceeded 0.015.

The spacing and amount of transverse reinforcement were the
primary variables affecting the stress versus strain relationship
of the concrete. The amount of longitudinal reinforcement had
little effect.

PART IV - COUPLING BEAMS

This investigation is being undertaken to determine a suit
able configuration of reinforcement for the coupling beams in the
systems tests. The configuration for the systems tests will be
selected based on performance of the beams when subjected to load
reversals. Performances will be evaluated from observed ductility,
energy dissipation, and strength.

The test specimens are approximately 1/3 scale. Cross-sec
tional dimensions of the beams are 4x6-5/8 in. (102x169mm). Over
all length to depth ratios of 2.5 and 5.0 will be investigated.

A test specimen and the test setup are shown in Fig. 4. As
can be seen, coupling beams are tested in a horizontal position.
Two beams are connected in parallel by two wall segments. The
wall segments also serve to apply in-plane reversing loads to the
coupling beams. The applied force is positioned to avoid axial
forces in the beams.

Controlled variables include the arrangement of diagonal re
inforcement, size and spacing of -transverse hoops, use of supple
mentary ties and concrete strength.

Each test specimen is instrumented to measure applied
loads, displacements, rotations, shearing distortions, and steel
strains. (4)

SU!~ffiRY

This paper highlights the setup for an experimental in
vestigation of reinforced concrete structural walls for earthquake
resistant buildings. Tests of isolated structural walls, struc
tural wall systems, confined concrete elements, and coupling beams
are described.
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Fig. 4 Coupling Beam Test
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NOTATION

f' = compressive strength of standard 6x12-in. concrete cylindersc
h = wall thickness
t w = horizontal length of wall

V shear force Vv = nominal shear stress = 0.8 t h
w

if
I!
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