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The author describes observations of shear wall performance
in severe earthquakes in which modern reinforced concrete
buildings stood the test of violent shaking, starting with the
Chilean earthquake of May 1960 through most of the
subsequent strong earthquakes, up until the Armenian
earthquake of December 1988. Despite the excellent
behavior of shear wall-type concrete structures as compared
to concrete frame-type structures, building codes continued,
up until the last decade, to give preference to concrete
ductile frame structures (which are subject to higher
distortions) while placing a substantial penalty on the use of
shear walls. This code approach was due to the lack of
experimental and analytical background information on shear
wall behavior. While a large body of information on shear
walls accumulated during the 1980s, still more experimental
and analytical studies are needed to create a solid basis for
a rational seismic design approach. The availability of such
information should encourage a wider use of shear walls for
earthquake resistance.

The evolution of the modern ap-
proach to earthquake engineer-
ing of buildings started in the
1950s, at a time of intense construc-
tion activity following the conclusion
of World War II. Early attempts to
provide earthquake resistance in build-
ings were based on rather crude as-
sumptions about structural behavior
and were handicapped by a lack of
proper analytical tools and earthquake

records. Observations of the behavior
of structures subjected to actual earth-
quakes, analytical studies, laboratory
testing of structural elements and sub-
assemblies, and accumulation of earth-
quake records over the last four
decades have all contributed to ratio-
nalizing the subject of earthquake re-
sistant structural design.

Initially, the ductile moment resis-
tant frame evolved in the 1950s out of
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the moment resistant frame that, at the
time, was the only system for multi-
story buildings constructed of both
steel and concrete. By adding ductility
to the available system, a convenient
solution was created for the problem
of earthquake resistance. This concept
of the ductile moment resistant frame
remained unchanged until the late
1970s.

In the meantime, more efficient
structural systems for multistory struc-
tures (both steel and concrete) were
developed for wind resistance, incor-
porating shear walls or trusses for con-
crete or steel structures, respectively.
Pure frames for high rise buildings
have almost disappeared because they
are technically less efficient and not
economically viable.

During the 1960s, 1970s, and 1980s,
a large amount of significant analyti-
cal and experimental research, carried
out throughout the world, accumulated
a wealth of sophisticated information
on the earthquake response of structural
systems, including those containing
shear walls. Also, starting from the mid
1950s, a substantial body of informa-
tion was assembled on the performance
of buildings in actual earthquakes.

Most of the analytical research in
the 1950s and 1960s on the response
of structures to earthquakes empha-

Note: This article is based on a paper titled
“Observations on the Performance of Buildings With
Shear Walls in Earthquakes of the Last Thirty Years,”
presented at the 17th European Regional Seminar,
Haifa, Israel, September 5-10, 1993. This paper was
published in Earthquake Engineering, Rutenberg, A.
(Editor), Proceedings of the 17th European Regional
Seminar, 1994, 576 pp., Hfl. 145/U. S. $80.00. Order
from A. A. Balkema, Old Post Road, Brookfield, VT
05036. Tel.: (802) 276-3162; fax: (802) 276-3837.
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Fig. 3. Chunk of shear wall fallen out,
Skopje, Macedonia.

sized the importance of a ductile mo-
ment resistant frame to reduce the
seismic forces. Assuming higher seis-
mic forces in more rigid structures and
assuming brittle response of shear
walls to in-plane lateral forces, it was
concluded that severe damage can be
expected in shear wall buildings.
Based on this erroneous thinking,
shear walls were considered undesir-
able for earthquake resistance and
buildings were built primarily with
moment resistant frames. While, in
some countries, a degree of ductility
was built into those frames as required
by codes, in the majority of countries,
particularly in those less economically
advanced, the frames were brittle and
incapable of withstanding severe
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Fig. 4. Party Headquarters, Skopje,
Macedonia.

earthquake shaking without severe
damage. Consequently, many people
in seismic regions of the world live in
unsafe buildings, as has been docu-
mented in many of the earthquake re-
ports of the last four decades.

This paper highlights some of the
observations made by the author on
the behavior of buildings containing
shear walls in the earthquakes of the
last 30 years.

The author was fortunate to have
had the opportunity to visit most of the
earthquake sites in which modern con-
crete structures were involved, starting
in 1963, and to report on them in the
professional literature."’* For this
paper, the author selected only those
earthquakes that have important impli-

63



-

PLAIN CONCRETE
SHEIW WALLS

——— ot o e o e - O o

l Ll
||‘—“'

o] e et H::::__ ____ '..*:

i
—Pz

Fig. 5. Floor plan of Party Headquarters, Skopje, Macedonia.

Fig. 6. Monolithic stairs.

tions on the design and construction of
concrete structures and particularly
those containing shear walls.

CHILE (MAY 1960)

Among the first reported observa-
tions concerning shear walls were
those from the Chilean earthquake of
1960, as contained in Advanced Engi-
neering Bulletin No. 6, issued by the
Portland Cement Association (PCA).
The report states:

“...the Chilean experience con-
firms the efficiency of concrete
shear walls in controlling struc-
tural and nonstructural damage in
severe earthquakes. There were in-
stances of cracking of shear walls,
but this did not affect the overall
performance of the buildings. In
all cases observed, the reinforce-
ment held the walls together in
good alignment, even though the
amounts of steel exposed after
spalling were, as a rule, less than
specified by code. In essence, the
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walls continued to function after
damage had occurred....”

SKOPJE, MACEDONIA
(JULY 1963)

The first opportunity the author had
to visit an earthquake site was the city
of Skopje, Macedonia, in the summer
of 1963. Skopje has historically expe-
rienced catastrophic earthquakes about
every 500 years.

The earthquake had a magnitude of
6.2 on the Richter scale, its shallow
epicenter located directly under the
city. Skopje is built on several hun-
dred feet of alluvial deposits, which
were saturated prior to the earthquake.
It is historically known that high
earthquake damages are observed on
drenched alluvial deposits, which am-
plify seismic shaking of the ground.

The new types of construction were
mostly concrete skeleton buildings, in-
filled with clay masonry. On the central
city streets, in a typical fashion of Eu-
ropean cities, partitions on the ground
floor were omitted to create open
spaces for stores or offices; the upper
four or five stories of those buildings
were for residential occupancies.

More than 1100 people lost their
lives, mostly in the native types of
construction. The damage to more re-
cent modern construction ranged from
occasional, mild cosmetic cracking of
plaster at the junction between ma-
sonry infill and the skeleton, to more
severe cracking of masonry or, some-

times, falling out of peripheral bearing
walls. The most severe damage was
the collapse of the central railroad sta-
tion (see Fig. 1).

Fig. 2 shows a typical city building
in Skopje. The lateral bracing in those
buildings was usually provided by the
frame supplemented by unreinforced
concrete cores into which flue pipes
and drainage pipes were embedded.
The brittleness of these unreinforced
cores caused severe cracking and,
sometimes, entire chunks of concrete
were falling out (see Fig. 3). However,
they succeeded in protecting the struc-
ture from collapse and also limited the
amount of interstory distortions.

The 14-story Party Headquarters
Building (see Fig. 4) had a structural
system for lateral resistance consisting
of a shear wall frame interaction. The
three unreinforced concrete cores in-
teracted with the frame of two-way
slabs resting on beams (see Fig. 5).
The building swayed considerably
during the earthquake; desks were
thrown from one end of rooms to the
other. However, the building itself
withstood the earthquake without
damage, not even broken windows.
The elevators had jammed but in sev-
eral days they were repaired and put
back into operation.

Typical Distress Patterns

Monolithic stairs — Fig. 6 shows
the inclined platform carrying the
stairs from one story to the next.
Those inclined platforms, together
with the walls around the staircase,
form a vertical truss. Because the
truss is much more rigid than the re-
maining frame of the building, it at-
tracts the bulk of the lateral forces. If
the lateral seismic forces exceed the
capacity of the truss, distress or failure
occurs, usually at the junction of the
inclined surfaces to the horizontal sur-
faces. Only after this failure occurs
can the frame take over the resistance
of the lateral forces, if any of these
forces are left at that point in time.

This characteristic failure of mono-
lithic stairs is seen in many earth-
quakes. In some cases, observation of
the stairwell showed evidence that an
outwardly undamaged building was
subjected to shaking. Because of its
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Fig. 7. Hammering of adjacent structures, Skopje,
Macedonia.

high rigidity, the vertical stairwell
truss cracked at high lateral forces,
thus protecting the frame by limiting
the interstory distortions.

Hammering of adjacent buildings
— Fig. 7 shows spalling and damage
at the joint between two adjacent
buildings that are not separated by a
seismic joint. Each of the adjoining
buildings sways during an earthquake
according to its dynamic properties
and needs sufficient space to deform
without hammering and damaging its
neighbor. Most modern seismic codes
specify the width of seismic joints as a
function of building height and seis-
mic intensity.

CARACAS, VENEZUELA
(JULY 1967)
Caracas is located in the northern
part of South America and, similar to

the west coast of the United States, its
seismicity is affected by the Pacific
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Fig. 8. Collapse
Venezuela.

Rim, which is the location of the
world’s most intense and frequent
earthquake activity.

The moderate earthquake of 1967
measured 7 on the Richter scale. The
epicenter was located in the Caribbean
Sea off the coast of Venezuela. Cara-
cas is located in a valley and is
founded on alluvial deposits up to
1000 ft (300 m) deep. There was a
large amount of modern construction
after World War II. Caracas has expe-
rienced mild earthquakes many times
in its recent history.

There were two areas of severe dis-
tress in this earthquake: one in the city
of Caracas and the other on the
Caribbean shore of Carabolida. In the
city of Caracas, the earthquake caused
the collapse of four 10-story buildings,
killing several hundred people.

Fig. 8 shows the collapsed part of
the Palace Corbin, which consisted of
two 10-story wings interconnected by
a core housing the stairwell and eleva-
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portion of Palace Corbin, Caracas,
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tors. The core was not connected to
the two buildings. The northern 10-
story wing remained standing while
the southern 10-story wing collapsed.

Regarding the failure of the four 10-
story buildings, it seems plausible, in
hindsight, that all four 10-story struc-
tures may have failed in resonance
with the amplified motion of the soil
in these particular locations in Cara-
cas. At that time, the failure could not
be conclusively correlated to the soil
shaking because the quantitative
record of the earthquake intensity in
Caracas was not known.

Typical Construction

Fig. 9 shows the structural configu-
ration of a typical multistory building
design used at the time in Caracas and
most of Central and South America.
This is the skeleton of an 18-story
apartment building under construction.
There are several notable characteris-
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Fig. 9. Typical building skeleton,
Caracas, Venezuela.

tics. First, the columns are very slender
for an 18-story building, considering
the fact that the concrete strength is
only about 2500 psi (17.23 MPa).

The one-way joist slabs are 8 in.
(203 mm) thick. The joists are formed
by embedment of hollow clay tiles. On
the column lines in both directions are
beams within the 8 in. (203 mm) slab
thickness. This combination of very
shallow beams and relatively slender
columns created very flexible skele-
tons. There were no shear walls incor-
porated into the skeletons to increase
or supplement the resistance of the
frame to lateral forces.

Fig. 10 shows the details of a corner
column and of the joint of a 15-story
building. The size of the column ap-
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Fig. 10. Damag'ed-corner joint,
Caracas, Venezuela.

pears only moderate. The vertical rein-
forcement of the column and the col-
umn ties are inadequate by American
standards. The importance of the joint
between the horizontal beams and the
columns cannot be overemphasized
because the joints are actually the
heart of the resistance to lateral forces
of a frame. Unless there is a proper
transfer of forces within the joint be-
tween the beams and the columns,
there is no resistance to lateral forces.

These skeletons were filled in with
hollow clay tiles as partitions and as
exterior walls. When an earthquake
strikes a skeleton of such relatively
high flexibility, the skeleton distorts as
a result of the ground shaking and,
consequently, the partitions are often
cracked or damaged due to their brit-
tleness and limited strength. Occasion-
ally, the failure of partitions induces
additional explosive forces into the
skeleton that further aggravate the re-
sponse to earthquake forces.

Figs. 11 and 12 show infill partition
damages due to frame flexibility, as
seen in many buildings in Caracas.

The other area of damage was at the
Carabolida on the Caribbean shore,
where two dramatic failures occurred.

Fig. 12. Damage partitions, Caracas, Venezuela.

Fig. 13 shows an eight-story building
in which the three upper stories col-
lapsed during the earthquake. Seen be-
hind the building is the 10-story Ma-
cuto Sheraton, a well designed, well
constructed structure. Six typical
floors of the Macuto Sheraton had
concrete walls separating rooms. To
create an open space for the restau-
rants, lobbies and other public spaces
at the mezzanine floor, those wall
stacks were omitted and each replaced
with two free-standing columns.

The resulting drastic change in the
rigidity between the shear wall-type
upper six stories and the flexible,
columns-only, mezzanine floor caused
a large interstory distortion within the
mezzanine floor. These short columns
failed in shear (see Fig. 14) despite the
fact that they were very well rein-
forced and of good quality concrete.
The conclusion drawn is that most
short columns or short stout beams
(reinforced for high moment capacity)
are more likely to fail in shear, regard-
less how well they are reinforced.

Plaza One

There was only one building in
Caracas of a different structural con-
figuration. The 16-story Plaza One
Building (see Figs. 15 and 16) was a
shear wall building, using bearing
walls instead of columns in each of the
two orthogonal directions. The Ameri-
can owners initially had planned a 20-
story building; however, the Uniform
Building Code (which was the code
being followed at that time) did not
permit more than 16 stories in con-
crete and this is why the decision for
16 stories was made.

X 2
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Fig. 13. Buildings in Carabolida, Caracas, Venezuela.
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Fig. 14. Column failed in shear at the
Macuto-Sheraton, Caracas,
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Fig. 15. Plaza One Building, Caracas,
Venezuela. Remains of a 10-story

Venezuela. collapsed building are seen in front.
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Fig. 16. Floor plan of Plaza One Building, Caracas, Venezuela.

The building was located in an area
of heavy damage. A 10-story building
in front of Plaza One collapsed and
most of its neighboring structures suf-
fered heavy non-structural damage.
Plaza One went through the earth-

May-June 1995

quake without any damage. The pres-
ence of the walls provided the carry-
ing capacity for all the gravity loads
and, at the same time, provided stiff-
ness for lateral resistance sufficient to
limit any interstory distortions.

Lessons Learned from
the Caracas Earthquake

¢ Buildings containing shear walls
performed considerably better than
buildings with flexible frames.

® Incorporating low strength brittle
partitions into flexible frames leads
to costly damage to partitions.

¢ Short columns and short beams (low
span-to-depth ratio) fail mostly in
shear, no matter how well they are
reinforced.

SAN FERNANDO,
CALIFORNIA
(FEBRUARY 1971)

San Fernando, a northern suburb of
Los Angeles, lies on a branch of the
San Andreas fault that was inactive for
the last 100 years. The earthquake in
1971 had a magnitude of 6.8 on the
Richter scale. Historically, this area
has had a number of earthquakes rang-
ing between 4 and 5 on the-Richter
scale.

The earthquake caused extensive
damage in the San Fernando valley.
Many buildings and bridges sustained
damage or collapsed. There were a
number of failed bridges in the San
Fernando area. However, they repre-
sented a very small percentage of the
overall number of bridges within the
area of severe damage.

Several hospitals suffered damage,
some of which are discussed below.
The Veterans Administration Hospital
(constructed in 1922) was a four-story
building of unreinforced masonry (see
Fig. 17). A collapsed wing of the hos-
pital killed 46 patients. Other build-
ings at the site of the Veterans Admin-
istration Hospital fared quite well.

Olive View Hospital

The Olive View Hospital (see Fig.
18) was opened only 3 months before
the earthquake. In plan, the five-story
building was a hollow square. The
inner court in the center was sur-
rounded on all four sides with patient
rooms in the upper four stories. At the
four ends were free-standing stair-
wells not tied to the main structure;
they were separated by earthquake
joints. These stairwells stood on two-
story high stilts. The four typical sto-
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Fig. 1. Veterans Administration Hospital, San Fernando,
California.

e | L A
Fig. 21. Olive View Hospital —
distorted ground floor column.

Fig. 19. Olive View Hospital — ground floor distortion.

ries had walls separating the individ-
ual patient rooms. At the ground
floor, these walls were omitted to cre-
ate open spaces for lobbies, restau-
rants, and offices.
Structurally, the entire building was
a four-story rigid box supported on
a soft story of relatively slender
columns. During the earthquake, the
entire four-story rigid box moved ex-
tensively with a large distortion of the
ground floor (see Fig. 19). As a resuit
of the large movements, all four stair
towers were pushed over and ended up
flat on their backs (see Fig. 20).
> Within the ground floor, there was
Fig. 20. Olive View Hospital — overturned stair tower. a very large permanent distortion of
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Fig. 23. Holy Cross Hospital, San Fernando, California.

21 in. (533 mm) from the tops to the
bottoms of the columns of the ground
floor (see Fig. 21).

The square columns of the ground
floor had circular spiral reinforcement.
They had the capacity to distort 21 in.
(533 mm) and still retain their load
capacity to carry the four stories above
it and, thus, prevent collapse of the
building and save the lives of the pa-
tients. As expected, during such large
distortions the shells spalled off. Only
the L-shaped corner columns failed
because they could not be spirally re-
inforced due to their shape. They
could not withstand large distortions.

Indian Hill Medical Center and
the Holy Cross Hospital

e ' -= The six-story Indian Hill Medical
Fig. 24. Hol B : ; h
o Center (see Fig. 22) was located in an

area of severe damage. Its structural

system contained shear walls around

the periphery and also a reinforced
01 e concrete core in the center of the
' ) structure. The building withstood the
earthquake with only minor cracks in
the shear walls and was back in opera-
tion within a week of the earthquake.

The six-story neighboring Holy
Cross Hospital (see Fig. 23), which
had a concrete frame structural sys-
tem, suffered severe structural damage
(see Fig. 24) and had to be torn down.

Lessons Learned from
the San Fernando Earthquake

® Spirally reinforced columns de-
signed by recent codes have a large

i B 3 . amount of ductility.

Sttt i B ° A drastic change in stiffness from

erica, Managua, Nicaragua. story to story is an invitation for

Fig. 25. Banco Cntral and Banco de Am
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Fig. 28. Inside damage, Banco Central.

trouble, unless positive measures are
taken to create a restoring force
within the soft story.

® Shear wall-type structures show a
superior response to earthquakes
compared with frame-type structures
by limiting the interstory distortions.

MANAGUA, NICARAGUA
(DECEMBER 1972)

Managua, Nicaragua, is in Central
America on the Pacific coast. It lies on
the Circum Pacific Earthquake Belt
that affects locations from New
Zealand to Japan, Alaska, the west
coast of the United States, and Central
and South America.

The 1972 earthquake was of moder-
ate magnitude, slightly more than 6 on
the Richter scale. The epicenter of this
shallow earthquake was located under
the city, resulting in a disproportion-
ately large amount of damage. About
50 city blocks were totally obliterated,
causing the deaths of about 10,000
people, mostly inhabitants of tradi-
tional types of construction.
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Banco Central and
Banco de America

Of specific interest are two modern
bank buildings constructed in the
early 1960s (see Fig. 25). The build-
ings were located across from each
other. Both banks were very carefully
constructed with the best quality con-
struction available, using current
state-of-the-art techniques. Both
structures were subjected to the same
intense earthquake. They were located
within the area of the severe earth-
quake damage and both behaved very
differently because of their different
structural systems.

The 14-story Banco Central (see
Fig. 26) was a one-bay frame. The lat-
eral resistance was provided by two
small concrete elevator cores and a
masonry infill wall, all located at the
east end of the building (see Fig. 27).
During the earthquake, this cluster of
resistances acted as a pivot around
which the entire structure rotated. In
the assessment of the damage, it was
found there was only limited structural
damage, primarily tearing between the

Fig. 9. Banco de Ame'fica. .

0

Fig. 30. Floor plan of Banco de
America.
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Fig. 31. Failed coupling beam in Banco

de America.

PCl JOURNAL



Nicaragua.

Fig. 34. Modern structures in Bucharest, Romania.

cores and the floors. However, the
non-structural damage was very se-
vere as a consequence of the intense
shaking of the building. The inside of
the building was severely damaged
(see Fig. 28) on all floors; all of the
window sills were cracked. The build-
ing was subsequently torn down.

The 18-story Banco de America
(see Fig. 29) responded to the earth-
quake in a completely different way.
In the plan (see Fig. 30), a closely
spaced peripheral column grid inter-
acted with four centrally located ele-
vator and stair cores to resist lateral
forces. The cores were tied together
with coupling beams on every floor
level. The result was a rigid shear
wall frame interactive system. There
was neither non-structural nor struc-
tural damage, except for one coupl-
ing beam that failed in shear on the
sixth floor (see Fig. 31). This was
caused by over reinforcing in flexure
of the short coupling beam with a
large duct opening.

May-Jdune 1995

F|g 32. Five-story Insurance Building, Managua,

Five-Story Insurance Building
and Five-Story Light and
Power Building

These two buildings were not located
close to each other; however, each was
in an area of severe damage. The five-
story Insurance Building (see Fig. 32)
had a structural frame with filled-in hol-
low clay tile masonry around the periph-
ery and the same clay partitions. There
was no structural damage because the
flexible structure had the capacity to
withstand large distortions; however,
there was severe non-structural damage
to the exterior and interior partitions.

The five-story Light and Power
Building (Fig. 33) had a central rein-
forced concrete core and an exterior
frame of closely spaced delicate
columns. There were several cracks in
some columns. A corner of the core
shear wall was damaged; however,
there was no other damage and this
structure continued its operations the
day after the earthquake occurred.
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th 33. Flve-story L|ght and Power Buuldlng, Managua,
Nicaragua.

Fig. 35. End of bmldlngfallure Bucharest Romanla

Lessons Learned from
the Managua Earthquake

The superior behavior of the shear
wall structure exhibited in the two
banks in addition to the cumulative
experience in prior earthquakes initi-
ated a move in the United States to-
wards a change in the codes. Subse-
quently, it took about 15 years to
incorporate shear wall buildings and
shear wall frame interactive systems
into the American seismic codes to
recognize shear walls as a superior
concrete framing system for earth-
quake resistance.

BUCHAREST, ROMANIA
(MARCH 1977)

Bucharest, Romania, in eastern Eu-
rope, lies on the Alpide Earthquake
Belt. The area has experienced earth-
quakes in the past, most recently in
1940. During that earthquake, many
buildings were shaken up but none
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Fig. 36. Failed Computer Building, Bucharest, Romania.
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Fig. 37. Geological zones in Mexico City, Mexico.

collapsed; however, their period of vi-
bration may have lengthened substan-
tially due to cracking.

The earthquake measured 7.2 on
the Richter scale. The epicenter was
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located in the Vrancea mountains 130
miles (210 km) north of Bucharest. It
is significant to note that, for the first
time, there was an accelerogram
taken in the city by the Earthquake

Research Institute of Romania lo-
cated in Bucharest. The record
showed one sinusoidal pulse of 1'/2
seconds duration with a maximum
horizontal acceleration of 20 percent
of gravity.

It should be noted that, prior to the
earthquake in Romania in 1977, there
has never been a quantitative record
of the earthquake intensity of the area
where the structures in question were
located. Only a Richter scale magni-
tude of the earthquake, describing the
amount of energy released at the epi-
center as registered at several obser-
vatories around the world, was avail-
able. However, from an engineering
viewpoint, it is useful to know what
the intensity of shaking is at the loca-
tion of a building. Therefore, in all
earthquakes prior to 1976, only a
qualitative discussion about behavior
of structures in an earthquake was
possible and not an engineering cor-
relation between the input force and
the response of the structure.

During the March 1977 earthquake,
35 buildings collapsed in Bucharest,
killing 1800 people. Out of the 35
collapses, 32 were 10- to 12-story
buildings constructed prior to World
War II. These were probably shaken
up during the 1940 earthquake. As
in most European cities, a city
block consists of a number of build-
ings next to each other without sepa-
ration joints, but not tied to each
other. The 32 collapses were mostly
of buildings located at each end of
blocks. As a block moved back and
forth in response to the earthquake,
the end buildings were thrown off,
similar to the stairwells in the Olive
View Hospital in the San Fernando
earthquake.

One can now speculate that most of
these 32 buildings were in a period
range of 1!/2 seconds and may have,
therefore, responded in resonance to
the earthquake shocks having a period
of 1'/2 seconds.

There were 300,000 new dwellings
constructed in Bucharest after World
War II, and out of these, 70,000 were
built using precast concrete. It was the
first time that a large number of pre-
cast concrete buildings were tested in
an earthquake. The precast concrete
buildings built in Romania after
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Fig. 38. Accelerogram at the Ministry of Transportation, September 19, 1985,

Mexico City earthquake.

World War II were initially four sto-
ries in height. Subsequently 7-, 9-,
13-, and 15-story buildings were built
(see Fig. 34).

Various structural systems were
used for the precast concrete build-
ings. Some were precast concrete
skeletons, but most of the others were
shear wall structures. Of the shear
wall structures, some had precast con-
crete slabs with cast-in-place walls
while others had cast-in-place slabs
and precast concrete walls. All of the
precast concrete construction was
properly tied together by welding of
protruding reinforcement and use of
cast-in-place jointing to achieve good
structural continuity.

In general, modern construction of
all types of buildings behaved very
well. There were only three failures of
modern type construction. One was an
end of a block of a cast-in-place multi-
story building (see Fig. 35), the foun-
dation of which was being under-
pinned at the time of the earthquake.

A dramatic failure was the three-
story computer facility building of the
Romanian Railroads (see Fig. 36).
Judging from the debris, the collapse
occurred by shear failures of the
columns in the lower soft story due to
the large interstory distortion.

Lessons Learned from
the Romanian Earthquake

® 32 older 10- to 12-story buildings
failed, in all probability, in reso-
nance with the frequency of the
shaking.

* New reinforced concrete buildings
generally performed very well.

® Precast concrete and large panel
(shear wall) buildings of various
configurations showed minimum
distress. It was the first time that a
large number of precast concrete
buildings were tested in an earth-
quake. However, it should be kept in
mind that these buildings had peri-
ods of 0.6 to 0.7 seconds (esti-

mated), while the earthquake motion
had a period of 1!/2 seconds.

MEXICO CITY
(SEPTEMBER 1985)

The earthquake that shook Mexico
City on September 19 and 20, 1985,
was the most damaging earthquake ex-
perienced in the history of observation
of modern structures. The two consec-
utive events had magnitudes of 8.1
and 7.5 on the Richter scale.

The epicenter of the earthquake was
in the Pacific Ocean, about 20 miles
(32 km) off the Mexican coast; it was
about 250 miles (402 km) from Mexico
City. The intensities measured on the
Modified Mercalli scale were estimated
to range between V and IX, depending
on the neighborhood within the city.

Mexico City has several geological
regions (see Fig. 37). The downtown
area lies on an infilled lake. The lake
was filled-in centuries ago, mostly
with volcanic and alluvial deposits.
The western suburbs are located on
hills (solid ground) and there is an in-
termediate transition zone between the
hills and the lake. The earthquake,
being 250 miles (402 km) away, was
mildly felt on the solid ground of the
hills; the registered shaking was 4 per-
cent of gravity.

Fig. 38 shows the accelerogram
recorded within the severely damaged
area of the city in the building of the
Ministry of Transportation. This is a
very unusual accelerogram. The
record shows 20 consecutive 2-second
intense harmonic pulses. The record
resembles a response record more than
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Fig. 39. Velocity response spectrum for 2 percent damping,
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earthquake.

Fig. 40. Damage by structural types, Mexico City
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Fig. 41. -Typial pancke build

an accelerogram. It is actually the re-
sponse of the soil layers of the infilled
lake to the incoming long waves.
While there were many different long
waves that arrived at that location, the
soil responded with its own character-
istic dynamic period of vibration of
2 seconds.

Prior to this earthquake, it was con-
sidered that an intense phase of an
earthquake input motion may be up to
15 seconds. A duration of 40 seconds
has never been recorded before. The
maximum acceleration (see Fig. 38)
was up to 18 percent of gravity, show-
ing an amplification of more than four
times the acceleration registered in
the hills.

Fig. 39 shows the velocity response
spectrum (for 2 percent damping) de-
rived from the input record. It shows
that a building with a 2-second period
would have a violent velocity response
to that earthquake. A comparison with
the 1940 El Centro record (which was
considered a very severe record on
which most earthquake theoretical
studies are based) shows the destruc-
tive nature of the Mexican earthquake
of September 1985.

Damage

Looking from an airplane above
Mexico City, there was not much no-
ticeable damage among the one mil-
lion structures of the city. However,
an inspection of particular neighbor-
hoods revealed an amount of damage
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never before experienced in modern
construction. The statistics, which
were published by the Earthquake En-
gineering Institute two weeks after the
earthquake (see Fig. 40), show that
there were 180 buildings collapsed
and 85 nearly collapsed, for a total of
265 buildings. Most of these buildings
were between 6 and 15 stories.

According to official statistics, 9000
people were killed, although subse-
quent unofficial estimates indicated
much higher casualties. Also, later in-
formation from the Engineering Soci-
eties of Mexico showed that 760
buildings were slated for demolition.

If those 265 collapsed buildings are
characterized by structural type (see
Fig. 40), it can be seen that 143 were
concrete frames, 85 were flat plates
(many of them so-called reticular
plates), 10 were structural steel build-
ings, 17 were masonry buildings and
10 were other types.

Fig. 41 shows a typical failure of a
concrete frame structure in a pancake
fashion. Trying to explain the mode of
failure of such structures, one can as-
sume a 10-story concrete building
with a period of 1.0 second (a reason-
able assumption for a 10-story con-
crete frame structure). If this building
received a jolt during the earthquake,
there was some cracking in the parti-
tions and skeleton, causing the period
to lengthen to, say, 1.2 seconds.

Another jolt and there was some more
cracking and yielding and the period fur-
ther lengthened to, say, 1.5 seconds. An-

other jolt, another racking, additional
cracking, and the period moved to 1.7
seconds and so forth until it moved to
2.0 seconds. Further pulses of 2 seconds
(there were twenty 2-second pulses)
caused this building to enter into reso-
nance with the periodic motions and, in
most cases, resulted in very large reso-
nance movements and collapse.

There were cases of collapse of
upper stories of buildings in which the
remainder of the buildings were still
standing (see Fig. 42). In this particu-
lar case, the neighboring building ap-
peared to provide a buttressing effect,
causing an amplification of the
whiplash of the higher stories — the
primary cause of the failure. In some
cases, intermediate stories collapsed
(see Fig. 43).

Fig. 44 shows a failure of a so-
called reticular type slab. It is a variety
of a waffle slab in which the waffles
are formed by very thin concrete
boxes, less than 1 in. (25.4 mm) in
thickness, to create the voids. These
flat plate buildings, 87 of which col-
lapsed, failed in shear around the
columns, with the slabs sliding down
the columns into a heap on the ground.

A noteworthy case study was that of
Nuevo Leon, a suburb of Mexico City
constructed in the 1960s, in which
about 750,000 people lived. There
were a number of 14-story buildings,
each consisting of three sections sepa-
rated by expansion joints. Fig. 45
shows one remaining section standing
while the other two collapsed. The pri-
mary resistance to lateral forces in
these buildings was provided by rigid
walls at each end; the rigidity of the
walls was created by X-bracing.

Fig. 46 shows the center of the re-
maining section illustrating the near
failed column. Another couple of
pulses and this section would have
also collapsed.

Many school buildings and parking
garages of the older vintage suffered
collapses. This type of structure usu-
ally has larger spans with only four or
five stories and few interior partitions.
Due to the large tributary areas with
relatively small columns, there was in-
sufficient shear capacity to resist the
large column head rotations caused by
interstory distortions of the highly
flexible frames.
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Fig.dzz. Failure of upper stories, Mexico City, Mexico.

In contrast, a number of modern
parking structures performed excel-
lently. The five-story garage, shown in
Fig. 47, across from the collapsed hos-
pital performed extremely well. Its
structure had substantial columns,
heavy beams in both directions inter-
connecting the columns and there were
concrete walls within the ramp area.

It should be pointed out that many
collapses were adjacent to buildings
that withstood the earthquake very
well.

Lessons Learned from
the Mexico City Earthquake

® Concrete nonductile frame buildings
not stiffened by shear walls fail in
severe earthquakes.

* Flat plate structures without stiffen-
ing walls are not suitable for earth-
quake resistance.

* Knowledge of the period of vibra-
tion of the underlying soil may help
in the design of structures to avoid
failures in resonance.

* Failure of the 10 structural steel
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buildings showed that the choice of
concrete or steel does not ensure
seismic resistance. Rather, it is proper
selection of a structural system and
incorporation of suitable detailing
that ensures seismic resistance.

CHILE (1985)

The 1985 Chilean earthquake re-
ceived relatively little attention in the
engineering profession, despite the
fact that its magnitude was similar to
that of the Mexican earthquake of the
same year. This earthquake went al-
most unnoticed, probably because
there were no dramatic collapses, the
severity of the event notwithstanding.

The primary reason for the minimal
damage was the widely used engineer-
ing practice in Chile of incorporating
concrete walls into buildings to control
drift. It should be noted that the detail-
ing practice for shear walls in Chile
generally does not follow the ductile
detailing requirements of seismic re-
gions in the United States, but rather
follows conventional detailing as re-

Fig. 44. Failed flat plate building (reticular), Mexico City, Mexico.

quired in previous ACI Building codes.

The exceptionally good perfor-
mance of Chilean buildings during the
1960 and, particularly, the 1985 earth-
quake bears testimony that drift con-
trol provided by shear walls can pro-
tect relatively nonductile framing
elements.

ARMENIA
(DECEMBER 1988)

Armenia, located in the Caucasus
(see Fig. 48), lies on the Anatolian
earthquake fault, which is at the junc-
tion of the Eurasian and Arabian plates.
This shallow earthquake [focal depth
of 9.3 miles (15 km)] had a Richter
magnitude of 6.9. It was located very
close to the city of Spitak, which was
almost completely destroyed. Two
other cities, Leninakan and Kirovakan,
suffered severe damage.

The loss of life was unofficially esti-
mated at up to 50,000 people. The ca-
sualties were especially heavy among
the school population. The earthquake
occurred at 11.41 a.m., only 4 minutes
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before the children are dismissed from
the classrooms for the lunch break.

Spitak, a city of 24,000 inhabitants
located in the epicentral region, re-
ceived an almost direct hit from this
shallow earthquake. The city was al-
most completely devastated (see Fig.
49); all of its schools, hospitals, public
facilities and most of the housing was
destroyed. Loadbearing masonry and
masonry with frames up to five stories
were the predominant residential con-
struction types in the city. About 90
percent of these structures collapsed
— none escaped damage. Of the resi-
dential buildings in the city, only a
five-story large precast concrete panel
building survived the earthquake un-
damaged (see Fig. 50).

Leninakan, a city of 290,000 inhabi-
tants located 20 miles (32 km) from
the epicenter, suffered an enormous
amount of casualties in collapsed
modern residential high rise buildings
(mostly nine-story precast concrete
frame structures; see Fig. 51), schools,
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Fig. 561. Ning-stry precast frames, Leninakn, Armenia.

institutional, and industrial buildings
(see Fig. 52). Some new residential
sections of the city consisting of many
high rise buildings were devastated.
Many churches and other historical
monuments were destroyed. The
Technical University suffered a partial
collapse of a major building, burying
in the debris a large number of stu-
dents. The 16 high rise precast con-
crete large panel structures remained
undamaged (see Fig. 53).

Kirovakan, a city of 100,000 inhabi-
tants located 15 miles (25 km) from
the epicenter, suffered significantly
less destruction than Leninakan. None
of the 108 five- and nine-story precast
concrete frame buildings collapsed or
were severely damaged, although 88
of them needed some repairs or
strengthening (see Fig. 54). Also, the
four large precast concrete panel
buildings in the city remained intact.

Summary of Damage Statistics

Table 1 is a compilation of a post-
earthquake survey of buildings in the

May-June 1995

affected area. The four building types

in the table are:

® Large precast concrete panel struc-
tures

® Precast concrete frame structures

* Composite frame/masonry struc-
tures

¢ Loadbearing masonry structures
The four levels of performance dur-

ing the earthquake, denoted by the let-

ters A, B, C, and D, are described at

the bottom of Table 1.

It can be seen that in the precast con-
crete frame structures category, all of
the collapsed and severely damaged
buildings were in Leninakan. In the
composite frame/masonry and load-
bearing masonry structures categories,
about 80 percent of collapses and
heavy damage occurred in Spitak,
Kirovakan, and Leninakan.

In analyzing the damage figures for
the various building categories, the
following becomes apparent:

*® Large panel precast concrete struc-
tures performed very well. Periods
of vibration, for nine-story buildings
measured before and after the earth-

Fig. 52. Precast concrete industrial building, Leninakan, Armenia.

quake, were around 0.35 seconds.

No damage was apparent in this

structure category in the three cities

listed in Table 1.
® Precast concrete frame structures,

mostly residential nine-story build-

ings, had measured periods of vibra-
tion of about 0.6 seconds prior to the
earthquake.

In Leninakan, 95 percent of these
buildings either collapsed (54 percent)
or needed to be demolished (41 per-
cent). Only 5 percent could be re-
paired. None escaped damage.

In Kirovakan, which is closer to the
epicenter than Leninakan, none of the
precast concrete frame structures col-
lapsed or needed to be demolished,
while 19 percent escaped damage. The
remaining 81 percent needed repairs
or strengthening.

This significant difference in the
performance of the precast concrete
frame structures in the two cities sug-
gests an examination of possible fac-
tors contributing to this diverse behay-
ior, including;:

* Quality of construction
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Table 1. Damage statistics for various types of multistory residential buildings in the 1988 Armenia earthquake.*

| Large panel Composite
City/ | precast concrete Precast concrete frame/masonry Loadbearing
epicentral il structures i __le_'ame stl_'uctures_ structu_r_ei_ i __fmfsonry stru(_:_tures !
distance | A T B c|p A | B ¢ D Al B|]C D|A B C o
[ Y| N - —— 2 S | % —a i . Po— .
Spltak | | | ‘ |
5.6miles(9km)|_r—t— 1}—1-*|— — | » 9{7_—-Lzozisj—
o e e e e e B o
|
Kirovakas P 4 | = — | 88 | 20| 41 | 8 |44 27 | 45 | 53 |15 [ —
15 miles (25 km) J[ | | | [ | He
e T [ — i ——— — = — e
LT — = e e g = il | BB ! 67 | 20 | 24 T 160 154 ‘ 150
20 miles (32 km) | | l .
— - - !._ - - S —_— — ', s — W e - —— e —— —_ -_'___
Total in | J[ ' | | 1 [ |
-, i — 21 T2 52 | 94 20 111 213 | 488 47 | 89 215 | 302 150
three cities | | l | | |
== — r—— — = -~ = -1 — = | —— = —— 1 e — e - T = mE
roal ol |\ — | 13 e | 72| 57 | 130| 77 | 137 | 288 | 719 | 307 | 104 | 317 | 402 | 263
all Armenia | | | | ‘ I

Levels of performance: A — Collapsed

B — Heavily damaged; to be demolished
C - Damaged; to be repaired or strengthened

D - No significant damage; usable

* Extracted from a compilation by Professor Der Kiureghian of the University of California at Berkeley based on Russian documents.

* Structural characteristics
¢ Earthquake intensity

There is no reason to believe that
there should be a drastic difference in
construction quality and in structural
characteristics in the two cities be-
cause the working drawings and speci-
fications were all prepared in Yerevan
and most of the precast concrete ele-
ments were produced in centralized
precasting plants.

Regarding earthquake intensity,
Leninakan is founded on about 1000 ft
(300 m) of alluvial deposits overlying
volcanic tuff. Kirovakan is founded on
firmer soil. It was also reported that in
the months before the earthquake, the
ground water level in Leninakan was
unusually high. Historically, saturated
alluvial deposits are associated with
heavy earthquake damages.

It is, therefore, considered conceiv-
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able that the extreme damage in Leni-
nakan was caused primarily by soil
amplification of those frequency
ranges in the spectrum that were close
to the fundamental periods of some
buildings, particularly the nine-story
frame buildings. Consequently, reso-
nance with the soil frequencies caused
their collapse. Framing systems and
construction quality (although both
unquestionably important) may have
played only a secondary role in this
particular case.

Lessons Learned from
the Armenian Earthquake

* Analysis of the damage distribution
between various construction types
and building heights in Leninakan
and Kirovakan strongly suggests the
influence of the soil period of vibra-

tion to be the primary factor of dam-
age distribution.

¢ While hundreds of frame structures
collapsed, not a single large panel
structure was destroyed.

SUMMARY

In previous decades, significant at-
tention was devoted to ductility de-
tails of structural systems. Some of
these systems proved inappropriate
for seismic resistance of concrete
structures. Ductility details incorpo-
rated into the wrong structural system
are wasteful and can create a false
sense of security.

During the early days of earthquake
engineering, many professionals con-
fused ductility with flexibility. As a
result, a large number of flexible
buildings were built in many seismic

PC! JOURNAL



areas of the world. Although some of
these buildings may inadvertently
have a reasonable degree of built-
in ductility, their responses in fu-
ture earthquakes have the potential
to cause large economic losses, or
even collapse, due to large interstory
distortions.

In modern buildings, the cost of the
structure may be as low as 20 percent
of the total cost, while the remaining
80 percent is for the architectural, me-
chanical and electrical components.
Thus, it is of primary importance to
select a structural system with the best
chance of providing both life safety
and property protection in future
earthquakes. For concrete structures,
shear walls have demonstrated the
ability to fulfill both of these require-
ments at the lowest cost.

Considering the suitability of struc-
tural systems as related to the func-
tional requirements of buildings, we
can divide the universe of multistory
buildings into residential and commer-
cial occupancies. There is no question
that for residential buildings, shear
walls can be used as the primary, or
even the only, vertical load carrying
elements, thus serving the double
function of carrying the loads and di-
viding the space. In commercial build-
ings where large, unobstructed space is
a functional requirement, a shear wall-
frame interactive system (with suffi-
cient shear walls) provides both rigid-
ity and space flexibility.

Low rise and medium rise parking
structures and school buildings are
particularly vulnerable to earthquakes.
Having large tributary areas with rela-
tively small columns creates very flex-
ible frames. Only stiffening such
frames with sufficient shear walls
(core and periphery) can substantially
improve their earthquake resistance.

Ductility details for shear walls,
which were developed as a result of
recent laboratory tests and analytical
investigations and incorporated into
some codes, have not yet been tested
in actual earthquakes. The inclusion of
ductility details in shear walls will un-
questionably improve the ductile prop-
erties of the walls. However, the ex-
tent to which shear wall ductility is
actually utilized during earthquakes,
and how such ductility affects the per-
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formance of the connected frames, re-
mains to be determined using sophisti-
cated dynamic response studies or in
actual earthquakes. Also, the usually
neglected rotation of the shear wall
base due to soil flexibility may drasti-
cally reduce the moments induced into
the shear walls during an earthquake.

In order to design a shear wall to be-
have in a ductile manner, which re-
quires that its strength be governed by
flexure rather than by shear, its shear
capacity must be known and must be
larger than the shear corresponding to
its moment capacity. We need to know
not only the ultimate shear capacity but
also what happens between the onset
of shear cracking and shear failure.

Whether and to what extent the
grinding within shear cracks, caused
by reversible cycles of lateral move-
ment, can serve as an energy dissipa-
tion mechanism needs to be deter-
mined and has not yet been sufficiently
investigated.

CONCLUDING REMARKS

During the earthquakes of the last
three decades, buildings containing
shear walls have exhibited very satis-
factory earthquake performance. In
most cases, the shear walls were rein-
forced in the traditional manner for
gravity and overturning, without con-
sideration given to special details for
ductility, as required in recent United
States building codes.

To the best knowledge of the author,
who investigated and reported on the
behavior of modern structures in a
dozen earthquakes throughout the
world, starting with the Skopje earth-
quake of 1963 through the Armenian
earthquake of 1988, not a single con-
crete building containing shear walls
has collapsed. While there were cases
of cracking of various degrees of
severity, no lives were lost in these
buildings. Of the hundreds of concrete
structures that collapsed, most suf-
fered excessive interstory distortions
that in turn caused shear failures of
columns. Even where collapse of
frame structures did not occur and no
lives were lost, the large interstory dis-
tortions of frames caused significant
property losses.

The above statement should not be

taken to imply that frame structures
built by the present advanced Ameri-
can seismic codes would also collapse
in severe earthquakes. It has been
demonstrated, however, that buildings
containing even only conventionally
reinforced shear walls, and also those
of reinforced masonry or masonry in-
filled frames, have the capacity to
withstand severe earthquakes, in many
cases without damage.

After observing the devastations and
the resulting loss of life in the many
earthquakes, particularly those in
Managua in 1972, Mexico City in
1985, and Armenia in 1988, the author
believes it to be the responsibility of
engineers and architects to make cer-
tain that residential buildings, in par-
ticular, be constructed with significant
shear walls. Whether such walls are
made of plain concrete, traditionally
reinforced or reinforced for ductility
will depend on the economic capacity
of a given society and on engineering
judgment; however, they all protect
life and in most cases also provide
good protection of property.

We cannot afford to build economi-
cal concrete buildings to resist severe
earthquakes without shear walls.

POSTSCRIPT

The conclusions drawn in this artcle
are based on the author’s personal ob-
servations of structures damaged in a
dozen major earthquakes, starting
with the Chilean earthquake (May
1960) and ending with the Armenian
earthquake (December 1988). There-
fore, this article is not intended to be
an exhaustive study of the perfor-
mance of shear wall buildings during
all earthquakes. In particular, the
reader should consult two important
articles related to the Northridge and
Kobe earthquakes:

1. Iverson, James K., and Hawkins, Neil
M., “Performance of Precast/Prestressed
Building Structures During Northridge
Earthquake,” PCI JOURNAL, V. 39,
No. 2, March-April 1994, pp. 38-55.

2. Ghosh, S. K., “Observations on the Per-
formance of Structures in the Kobe
Earthquake of January 17, 1995,” PCI
JOURNAL, V. 40, No. 2, March-April
1995, pp. 14-22.

In the Kobe earthquake, no shear
wall buildings collapsed.
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. Kunze, Walter E., Fintel, Mark, and
Amrhein, James E., “Skopje Earthquake
Damage,” Civil Engineering, V. 33,
No. 12, December 1963, pp. 56-59.

. Fintel, Mark, “Behavior of Structures
in the Caracas Earthquake,” Civil En-
gineering, V. 38, No. 2, February
1968, pp. 42-46.

. Fintel, Mark, “Quake Lesson From
Managua: Revise Concrete Building
Design?” Civil Engineering, V. 43,
No. 8, August 1973, pp. 60-63.

. Fintel, Mark, “Ductile Shear Walls in
Earthquake Resistant Multistory
Buildings,” ACI Journal, V. 71, No. 6,
June 1974, pp. 296-305 (PCA Publica-
tion EB-076.01D, 11 pp.).

. Fintel, Mark, “Performance of Precast
Concrete Structures During Rumanian
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