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PREFACE

This final report was prepared by Agbabian Associates under
NSF Grant No, PFR-7900013, This 12-month program supported the objectives
of the Disaster and National Hazard Research conducted under the Earthquéke
Hazard Mitigation program of the National Science Foundation. The objective
of work covered by this report is to investfgate a group of reinforced

brick masonry buildings undamaged by the 1971 San Fernando earthquake.

The cognizant NSF Program Official for this grant is Dr. John B. Scalzi,
Principal Investigator for Agbabian Associates is Dr, Samy A, Adham.
The Project Engineer for this study is Dr. Y. C. Lee, assisted by
0. Babakhanian and M. Kundu.
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SECTION 1

{NTRODUCT ION

Numerous investigations have been made of damaged buildings in
past earthquakes "in order to understand how they responded to the ground
shaking and how they might have been designed to eliminate or minimize the
resulting damage. But little attention has been paid to undamaged structures
in the Tmmediate area that were also exposed to the same ground motion
environment, Understanding why a structure was not damaged can contribute
significantly to our knowledge of earthquake engineering and to the design

and construction of earthquake-resistant structures.

This report analyzes and evaluates the behavior of the buildings of
the Sepulveda Veterans Administration Hospital during the February 9, 1971
San Fernando earthquake., The buildings were constructed of reinforced
concrete andrreinforced grouted brick masonry {(Guard, 1974) and were subjected
to strong ground motions that greatly exceeded the original design assumptions.
However, these buildings did not sustain major structural damage {(Dickey, 1972).
The facility is located in close proximity to three hospitals that were
badly damaged in the earthquake: the San Fernando VA Hospital, the Holy Cross
Hospital, and the Indian Hills Medical Center, Also, there was structural

damage to many other buildings in the immediate area {Lew et al., 13971).

The remainder of this introductory section will provide background
information for the study of the Sepulveda VA Hospital and its responses
to the 1971 San Fernandc earthquake. The objectives, scope, and organization

of this report are included at the end of this section.

1.1 BACKGROUND

The construction of the Sepulveda Veterans Administration Hospital
was completed in 1955. The hospital is located near the community of Sepulveda
on a 160-acre site in the heart of the San Fernando Valley section of the City
of Los Angeles (Figs. 1-1, 1-2, and 1-3). The unit numbers and titles used

in this report are the same as those currently employed by the hospital

1-1
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administratien. 1t should be noted that the unit numbers are not necessarily
consecutive, as illustrated in Figure i1-2 and Table 1-1 taken from a report
by Brandow and Johnston (1972). The group of buildings of concern in this
study are 22 buildings and 5 support facilities ranging in height between one
and six stories (Table 1-1). At the time the hospital was constructed in
1955, it was reported as probably the largest single project utilizing rein-

forced brick masonry construction ever built in the United States,

A survey of the hospital buildings immediately after the 1971
San Fernando earthquake was reported by lLew et al, {1971):

One of the six-story buildings experienced considerable damage

to the seismic (flexible) joints between building segments,
However, it was observed that these joints did minimize the damage
which could have occurred. Another six=story building sustained
minimal cracking in structural concrete walls and extensive plaster
cracking, particularly on the fifth and sixth floors. Several
buitdings sustained visible cracking in reinforced concrete joist
and slab floor systems. A number of elevators-sustained damage

to the cast iron counterweight guide shoes and rail brackets.
Several other elevators sustained additional damage to hoisting
machine drive motors.

Overall, there was only minimal structural damage to the Sepulveda
V.A, Hospital. The operation of the hospital was not interrupted.
However, extensive elevator and plaster repairs were required and
a number of seismic joints required replacement,

The earthquake-resistant design of the Sepulveda VA Hospital
included expansion joints. These expansion joints were used to separate large
and irregular structural configurations into separate and symmetrical buildings.
Four-inch expansion joints were used for the six~story buildings while 3-inch

expansion joints were used for one-and two-story buildings.

The violence of ground shaking was evidenced by extensive damage
to the flexible expansion joints in Building 3 and jolting out-of-place of
window jambs in the sixth floor. In addition, a permanent displacement of

approximately 1 inch was reported at the six-floor level of Segment B of

-5
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Building 3 (see Section 3 for details). Visible cracks were also reported
in the reinforced concrete frames supporting the boller house roof (see

Section 4 for details) and the chimney of the incinerator (Building 43) as
illustrated in figure T1-&.

1.2 OBJECTIVES
The objectives of this study are:

a. To evaluate the performance of the Sepulveda Hospital during

the San Fernando earthquake

b, To assess response of reinforced grouted brick masonry

structures to strong earthquake shaking

C. To provide information of effectiveness of expansion joints

in large and/or irregular buildings

d. To evaluate wall-to-slab connections and detailing

1.3 SCOPE

The scope of this study includes the following activities:

1.- Develop ground motion for the site that duplicates
the actual motions during the 1971 San Eernando

earthquake.

2. Analyze Building 3 (six-story reinforced concrete) for the
input developed in Step 1 and revise input until calculated
deflections provide reasonable correlation with the post-

earthquake observations made of estimated building motions,

3. Analyze Building 40 {(reinforced concrete structure with
exterior brick walls) for the seismic input calibrated in
Step 2. Compare analysis results with observed crack pattern
in the frames. Provide an additional calibration of seismic

input.

-7
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b, Construct a three-dimensional finite-element model of
Building 10 (two-story reinforced brick masonry) and analyze

the building for the revised earthquake input of Steps 2 and 3

5. Construct a three-dimensional model of Building 10 with
various parts tied together {(no expansion joints) and

analyze for the same earthquake input used in Steps 2 and 3.

6. Examine failure theories of brick masonry and develop a method

for evaluating shear wall performance.

7. Evaluate response of Building 10 with and without expansion

joints using method developed in Step 6.

8. Examine wall-to-slab connections and construction details

and compare to current standard practice.

9. Provide conclusions and recommendations for brick masonry

construction in highly seismic areas.

1.4 REPORT ORGANIZATION

Section 2 of this report describes development of seismic input for

the analysis of Buildings 3, 40, and 10. Section 3 describes the two-dimensional

seismic analysis of Building 3 and provides a comparison with observed response
during the earthquake, Secfion 4 i]lustrates two types of analyses performed
for Building 40 and provides a correlation with observed overstress in this
building. Section 5 provides for the analysis cf two three-dimensional
models of the brick masonry Building 10. The first model represents

Building 10 with expansion joints while the second model assumes the various
segments of Building 10 to be tied together, Section & includes a discussion
of both shear and biaxial failure theories., Section 7 contains an evaluation
of the response of Building 10 and assessment of connections and construction
details. Section 8 provides conclusions and recommendations derived from

this study. References are listed in Section 9.

i-8
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SECTION 2

ESTIMATES OF EARTHOUAKE GROUND MOTIONS AT
THE SITE DURING THE 1971 SAN FERNANDO EARTHQUAKE

2.1 INTRCDUCTION

An estimate of the earthquake ground motions experienced at the site
during the San Fernando earthquake of 9 February 1971 is given in this section.
It is based on a study of strong motion earthquake records available from
nearby stations, the geology and seismic characteristics of the area, and the
local soil conditions. The extent of regional and local faulting that has

been identified is also given.

Information sources for this study were published reports and papers
on the San Fernande earthquake, in addition to specific reports on the subject

buildings.

2.2 GEOLOGY

The phys-iographical features of the San Fernando Valley and the
surrounding area are shown in Figure 1-i. The site is located in the northern-
central part of the San Fernando Valley. The San Gabriel and Santa Susana
Mountains lie to the east and north of the site, and the Santa Monica
Mountains lie some 15 miles to the south across the San Fernando Valley. The
epicenter of the 9 February 1971 earthquake and its position relative to the
San Andreas Rift Zone are shown in Figure 1-1. The epicenter and the rift zone

are about 10 miles and 27-1/2 miles, respectively, northeast of the site.

A generalized geologic map of Los Angeles-San Fernando Valley area
showing epicenter and rupture zone along San Fernando fault, 9 February 1971,
is provided as Figure 2-1. A geologic section along line N-S is shown in

Figure 2-2.

“Murphy (1973), Lew et al. (1971), Allen et al. (1973), Jennings and
Strand (1969), Wentworth and Yerkes (1971), Oakeshott (1958), Veterans
Administration (1352), Agbabian Associates (1973), Woodward-Lundgren (1875).
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A detailed description of effects of the San Fernando earthquake as
related to geology is given by Yerkes (1973), shown in Figures 2-2 and 2-3,.
This report locates the epicenter of the moderate (magnitude 6.4) San Fernando
earthquake only 40 miles northeast of the urbanized San Fernando Valley.
Unusually severe shaking, locally exceeding 50% of g, characterized the
mountain-front belt, Measured horizontal accelerations of 10 to 20% of g
extended southward into the downtown areas of Los Angeles and Pasadena

25 miles from the epicenter.

The San Fernando earthquake is attributed to displacement on a
buried north-dipping fault beneath the southwesternmost San Gabriel Mountains,
north of the San Fernando Valley. The c¢ross section of the epicenteral area
is shown in Figure 2-4. The dip of the San Fernando fault is such that it
intersected the surface as a zone of tectonic ruptures along the north margin
of San Fernando Valley. The displacement of the San Fernando earthquake was
reverse in nature--the mountainous block north of the fault moved relatively

southward; up and over the San Fernando VYalley south of the fault.

The San Fernando Valley.area (Figs. 2-1, 2-2, and 2-3) is located in a
depositional basin that dates from middle Miocene tihe (about 15 million
years ago, Fig. 2=h); the basin is floored and bounded on the north, east,
and south by cyrstalline basement rocks (Wentworth and Yerkes, 1971). The
basin is believed to be 15,000 to 20,000 ft deep in its central part; the
upper 50 to 1,000 ft of basin fill are relatively unconsolidated alluvial

sands and gravels (Yerkes, 1973).

2.3 FAULTING MECHANISM OF THE SAN FERNANDO EARTHQUAKE

The San Fernando earthquake occurred on 9 February 1971. Allen
et al. {1973) assigned it a local magnitude M. of 6.4, a location at
34%24 71N, 118°24.0'W, and a focal depth h = 8.4 km. They estimated the
hypocenter to be within 4 km horizontally and 8 km vertically. Hanks (1972)
suggested a hypocentral depth of 12 to 14 km on the basis of his analysis of
the Pacoima Dam accelerograms and distance recordings. Canitez and Toksoz (1972)

concluded that h = 14 km yielded the best fit to teleseismic surface wave spéctra.
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DEPTH, km

APPROXIMATELY 3-1/2 MILES FROM
SURFACE RUPTURES TO THE SITE

ALLEN ET AL., HANKS

SURFACE
RUPTURE*S PACOIMA DAH (1973) (1974)
oF <K - SEA LEVEL |
"étqZBo
2 ~ ]
- ™~ -
~
4 ~ N
i N i
61 N N
i N _
; N\
- > :
ok === INFERRED THRUST SURFACE \ i
~  HYPOCENTERS: \\ 7
12F ® HANKS, (1974) \ ' i
- O ALLEN ET AL. (1973) ' ° 7
14 52 .
N\

FIGURE 2-4, A NORTH-SOUTH CROSSlSECT|0N OF THE EPICENTRAL AREA
{Adapted from Hanks, 1974)
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Even though these estimates place the point of initial rupture at depths

of 12 to 14 km, they are within the range given by Allen et al. (1973).

As described by Hanks (1974), the faulting initiated beneath the
San Gabriel Mountains, in the vicinity of 34027n0‘N, 118024.0'W, and h = 13 km
along the preferred fault plane, striking N67°+6°W and dipping 52°43° to the
northeast. Faulting then proceeded southward and upward along the main thrust:
plane, the trace of which on a north-south cross section is schematicélly
indicated .in Figure 2-b4, to intersect the earth's surface along the Sylmar
and Tujunga fault segments (Fig. 2-5). The dip of the thrust plane indicated
in Figure 2-4 steepens from south to north. At the earth's surface there is
some evidence that the thrust plane dips at an angle considerably shallower
than 520. .To describe where the Tujunga fault segment is clearly expressed,
Kamb et al. (1971) report that it is a thrust fault dipping 20° to 25° to the
north. Proctor et al. (1972) also present two cross sections revealing a
near~surface dip of 20° to 22° for the Tujunga thrust fault. Thus, the
surface and near-surface expressions of this fault support the indicated

curvature of the main thrust plane depicted in Figure 2-4,

2.4  SUBSURFACE CONDITIONS

The subsurface conditions have been discussed in several reports,
with specific site information provided by Woodward-Lundgren & Associates
{1975). Data from these reports indicate that the soils at this site
consist of a surficial layer of clayey sand underlain by sand and gravel
with interspersed layers of clay. MNo free ground water was encountered in
the borings to the maximum depth explored, The well log indicates the
water level at a depth of approximately 250 ft. Penetration results

indicate that in most cases soil layers are dense (Fig. 2-6).
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In general, this soil profile would not cause any significant

sudden changes in seismic waves passing through the site.

2.5 SHAKING EFFECTS

Sylmar was the center for about 7 sec of very strong shaking
(Modified Mercalli intensities VIlI-X| and measured horizontal accelerations
greater than 25% of g) over an area of about 140 sq miles. About 10 sec of
moderately strong shaking (intensity VI| and measured horizontal accelerations
between 8 and 15% of g) covered an additional area of about 835 sg miles that
includes all of San Fernando Valley, the northern part of the Los Angeles

Basin, and nearby parts of the Santa Clara River Valley (Fig. 2-3).

2.6 STRUCTURAL DAMAGE:

The plots of damage (Figs. 2-7 and 2-8) represent primarily the
areal distribution and density of significant damage to structures; these

plots and the following paragraphs were given by Yerkes (1973).

These maps are based on field observations and on lists
supplied by the cities of Los Angeles and San Fernando,
Los Angeles City School District, and Los Angeiles County.
Only one of these lists separates structural from archi-
tectural damage; others give only the estimated cost of
repairs to the structures or identify only those struc-
tures that were posted as unsafe for occupancy.

None of the lists indicate the age or type of construction.
Thus, it was impossible to normalize the data satisfactorily;
instead, the plots include all individual structures intended
for some degree of occupancy for which repairs were estimated
to equal or to exceed $2,000. Eight pre=1933 school build-
ings that were damaged beyond economic repair are differen-
tiated; the plots also include the wood frame dwellings in
the northern San Fernando Valley that were examined and
plotted by Steinbrugge et al. (1971).
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EXPLANATION
Ql’ unconsolidared sand and gravel
QZ' semiconsolidated sand and gravel

T, sandstone, pebbly sandstone, or
siltstone

Metamorphic or plutonmic rocks

Damaged school building

Pre-1933 school building damaged
beyond economic repair

Damaged house, apartment, or
commercial building

MONICA

Bay

5 0
MILES

V (See Fig.l2“8)

S FERNANDO

.V A LLEY x

X .
%

FIGURE 2-7, MAP OF SAN FERNANDO VALLEY, LOS ANGELES BASIN AREA, SHOWING
DISTRIBUTION OF STRUCTURAL DAMAGE RELATIVE TO GEOLOGY
(Yerkes, 1973)
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Reproduced from
best available copy.

118230 etz 30"

H~Hospitat or nursing homae
$~School

®-Pre~Fleld Act achool
severely domaged

“1 x-apartment or dormitary
- =House or commercial duilding
D-Dam ]
F-Freaway overpass
-Quaternary deposits

134"
22’30

d‘.n ——
Tectanic ruptures
\\ -~ - -
Boundary of epicentral rea

41 MILES o

FIGURE 2-8. INSET FROM Fi{G. 2-7: MAP OF NORTHERN SAN FERNANDO VALLEY AREA,
SHOWING DISTRIBUTION OF STRUCTURAL DAMAGE RELATIVE TO GEOLOGY

{(Yerkes, 1973)
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2.7 STRONG-MOTION ACCELEROGRAPH RECORDS FROM THE 1971
- SAN FERNARDO EARTHQUAKE

Strong-motion accelerograph records were obtained from 241 instru-
ments between 8 and 369 km of the San Fernando earthquake epicenter (Maley
and Cloud, 1973; Fig. 2-9). Selected free-field and building basement
records from the San Fernando earthquake are given in Table 2-1, The
Orion record provides the closest measured record to the subject site.

The peak horizontal acceleration measured at the ground level was 0.27 gq.
However, this value was modified by Trifunac and Brady {1973) to 0.25 g
using baseline correction techniques. In addition to the above 241 records,
144 seismoscope-recorded data were recovered (Morrill, 1973}, Morrill
summarized the significant results of the strong-motion recording from the

San Fernando earthquake as:

1. The highest earthquake accelerations ever measured, 1.25 g
horizontally and 0.72 g vertically, were recorded on the abutment
of Pacoima Dam, 8 km from the epicenter.

2. Except for the anomalously high Pacoima Dam results, attenu-
ation of maximum horizontal ground accelerations from all record-
ing sites is, for the most part, consistent with the equation,
log (a/g) = 3.5 - 2 Tog (D + 80), «calculated by Cloud and Perez
for past earthquakes {see Fig. 2-10).

3. The range of maximum ground accelerations recorded at different
localities in the Los Angeles area was relatively similar, generally
about 0.10 to 0.25 g, although the measured values fell off

rapidly beyond 45 km.

4, Peak accelerations exceeding 0.3 g were recorded on the top
floors of 20 different high~rise buildings, including a i7-story
tower 41 km from the epicenter where a maximum of 0.5 g was
.observed,

5. In 80 percent of the buildings where the base accelerations
were 0,10 g or greater, the top-floor accelerations were 1.1 to
2.3 times those recorded at the ground level.
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2.8 FACTORS AFFECTING THE DEVELOPMENT OF SEISMIC WAVES AT THE
SITE DURING THE SAN FERNANDO EARTHQUAKE

The characteristics of the seismic waves appearing on the strong
ground motion accelerograph records at a site depend on the excitation of
the source and overall propagation-path geology. The records at Orion,
Castaic, and Griffith Park from the 1971 San Fernandc earthquake are con-
sidered free-fleld motion records because they were recorded at the base-
ment or first-floor levels of the building, and the effects of the soil/
.structure interaction are assumed to be small. With the local subsurface
conditions indicating no anomalies at the site, local soil modifying
effects are not considered significant in our free~field study at this

site. Therefore, the site will be considered as one part of the total

propagation path.

2.8.1 RADIATION PATTERN OF SEISMIC WAVES

The generation of seismic waves at source depends on the details
of the faulting., The faulting of the San Fernando earthquake has been
thoroughly studied., Therefore, the radiation pattern of the earthquake can
be computed based on a faulting méde] incorporating the krown details. A
Rayleigh wave radiation pattern of the San Fernando earthquake at a period

of 8 sec based on the source model of Alewine (1974) is shown in Figure 2-11.

The strong north-south asymmetry of the surface wave radiation pat-
tern is primarily the result of the rupture propagation from north to south.
The source~station azimuths of Orion and Griffith Park sites are south of
the epicenter, The contribution of Rayleigh waves generated at source towards

these sites is very large,

The source-station azimuth of Castaic is in a direction very close
to the nodal line of the radiation pattern (Fig. 2-11}. Therefore, the

contribution of a Rayleigh wave generated from the source toward the Castaic

site is very small,



CASTAIC : km
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FIGURE 2-11. RADIATION PATTERN OF 8-SEC RAYLEIGH WAVES oF
SAN FERNANDO EARTHQUAKE (Adapted from Hanks,
1975)
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2,8.2 EFFECT OF PROPAGATION PATH

The propagation paths from the epicenter to Orion and Griffith
Park sites are mostly in the San Fernando Valliey (Fig._I-1). The great
depth of low-velocity sedimentary cover in the area of San Fernando Valley
south of the epicenter served as the wave guide for the propagation. There-
fore, the presence of surface waves on the records of Orion and Griffith

Park sites is to be expected.

2.8.3 ANALYSIS OF STRONG GROUND MOTION RECORDS AT ORICHN,
CASTAIC, AND GRIFFITH PARK
The acceleration, velocity, and displacement of the ground motion
at Orion, Castaic, and Griffith Park are shown in Figures 2-12, 2-13, and 2-1k4,
respectively. The P-wave, S-wave, and surface wave arrived in sequence
on the records. The S-wave arrivals can be recognized from the records,
The S-wave arrival can be identified on the transverse component in a much

cleaner way than that of the other two components.

The surface waves (Rayleigh-wave and Love wave) may be recognized
on the displacement records. From the vertical component of displacement
at Orion (Fig. 2-12) and the $00°W component of the displacement at Griffith
Park site (Fig. 2=14), it is clear that the surface wave contribution at

these two stations is significant,

A1l three records--Orion, Castaic, and Griffith Park--are suitable
choices for developing the seismic input at the subject site. For the purposes

of this study, the advantages of selecting the Orion record are:

1. It is the closest accelerograph strong motion record to
the site.
2. Both Orion site and the subject site are located in the

San Fernando Valley and have similar subsurface environment

of deep alluvial deposits.
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2.9 ESTIMATE OF PEAK GROUND ACCELERATION AT THE SITE

Prediction of peak ground acceleration at the site has besen based
upon several sources as illustrated in Table 2-2 and Figures 2-10 and 2-15.
" The data provided by SW/AA (1979) represent the results of an extensive
study of parametric effects on earthquake ground motions. Regression analysis
was used to compute statistical bounds on the relationship between peak
acceleration and distance for the 1971 San Fernando earthguake records
(Fig. 2-15). The peak recorded horizontal acceleration at Orion is 0.255 g.

However, regression analysis of the San Fernando earthquake records indicates

accelerations of 0.30 g at Orion.

Since the peak horlzontal acceleration at Orion was 0.255 g, the

results of regression analysis for horizontal acceleration should be scaled
0.255
0.30 °
at the Sepulveda site was scaled to 0.40 g to represent the peak horizontal

by a ratio of Therefore, the 0.50 g obtained from regression analysis-
acceleration at the Sepulveda site during the earthquake. The peak vertical
acceleration recorded at the Orion site is equal to the peak vertical accel-
eration calculated from regression analyses. Therefore, the peak vertical
acceleration of 0.29 g obtained from regression analysis for the Sepulveda
site will be used as the peak vertical acceleration at the site during the

San Fernando earthquake.

2,10 SELECTED EARTHQUAKE GROUND MOTION AT THE SITE DURING THE
1971 SAN FERNANDO EARTHQUAKE

The Orion record, which best represents the conditions at the
Sepulveda Hospital, was scaled to 0.40 g and 0.2%9 g peak horizontal and
vertical accelerations, respectively. The scaled record is assumed to
provide the free-field earthquake ground motions that could be used as
input to mathematical models of the hospital structures, The time-history
record for Orion is shown in Figure 2-12. The response spectra for the

scaled horizontal and vertical components are shown in Figures 2-16 and 2-17.
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The response spectra for the scaled NOOOW'component of Orion and
ATC design earthquake for Los Angeles are compared in Figure 2-16. Reasonable
agreement of the two spectra is shown between 2 and 5 Hz. However, for
frequencies above 5 Hz, the spectrum for the scaled Orion falls below the
ATC spectrum. This drop is due to the effect of deep alluvium deposits
that appear to attenuate some of the high-frequency content of the earth-
guake motions. For frequencies below 2 Hz, the scaled Orion spectrum Is
higher than the ATC spectrum due to the effect of the surface waves on the

long period end of the spectrum.

The spectra from the scaled NOO®W Orion and the ‘two components
of the scaled 1971 Castaic are compared in Figure 2-18., The three spectra
compare well between freguencies of 3.5AHz énd 5.5 Hz. However, for
frequencies above 5.5 Hz, the Castaic spectra are higher than the scaled

Orion spectrum,

2-28
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SECTION 3

TWO~DIMENSIONAL SEISMIC ANALYSIS OF BUILDING 3

3.1 INTRODUCTION

This section provides the resuits of a two-dimensional finite element
seismic analysis of the general medical and surgical building (Bidg. 3, Fig. 1-2).
The six-story building has a reinforced concrete skeleton frame with a concrete
panel wall faced with brick. This building was selected because it experienced
considerable damage to the seismic (flexible) joints between building segments
{Lew et al., 1971). The analysis estimates the relative displacements of
Segments B] and B2 of Building 3 at the expansion joints when subjected to the
earthquake input developed in Section 2. These displacements are compared to
the observed responses of these joints during the 1971 San Fernando earthquake.
This comparison provides a tool for calibrating the earthquake input developed
for the site in Section 2. The calibrated input will be used in Section &4 to
evaluate the response of the reinforced brick masonry buildings at the site

during the 1971 earthquake.

3.2 DESCRIPTION OF STRUCTURE

Figure 3-1 provides an elevation and typical floor plan of segments
of Building 3: B1, B2, and part of Unit A. These are typical of the other

two reinforced concrete structures at the hospital site.

‘ Building 3B1 is 61.66 ft long and 37.25 ft wide, while Building 382
is approximately 135.25 ft long and 36.25 ft wide. All shear walls are wall
bearing, supported on continuous wall footings. Interior columns are supported
on isolated footings. The reinforced concrete walls are 12 in. wide at the
basement and first floor levels. They are 10 in. at the second and third

floor levels and 8.5 in. at the fourth and fifth floor levels,
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A1l floor slabs are cast in place, reinforced concrete waffle type.
All walls and slabs are constructed of Type C concrete with the following

properties:

Maximum compressive strength = 3000 psi

= 3,16 x 106 psi
= 1,37 x 10% psi
= 145 1b/ftd

= 0.000217 1b-sec/in.™

fl

c
Modulus of elasticity EC
Modulus of rigidity G
Unit weight w
Density P

A characteristic feature of Part B of Building 3 is that both Segments Bl
and B2 are rectangular and will behave like two separate shear walls when
modeled in a N-5 direction. The two segments are separated by a 4-in. flexible

expansion joint.

3.3 MODELING PROCEDURE

The walls, slabs, and columns for a typical bay in Segments Bl and
B2 were modeled using TRI/SAC code (AA, 1976). The two-dimensional finite
element mesh is shown in Figure 3-2. The reinforced concrete walls are
modeled as plane stress quadrilaterals. The weight of slabs and walls pér-

pendicular to the plane of the model is lumped at the nodal points.

The soil spring elements simulate soil/structure interaction effects.
Vertical springs included allow for both vertical and rocking motion of the
building. However, no horizontal springs are included in the finite element
model since both Buildings B! and B2 have basements (buried), and the two
buildings are assumed to have the same lateral motion at the base level.
Appendix A gives calculations of the spring stiffness and finite element

properties.

3-4



1 I
: [
g%\ © R=7933-5040

2
a
2
24

17
19
E
20

13
14

5
16

- o ~ . -

&
%\SOIL SPRING §

(a) Building 3B1

FIGURE 3-2. _TWO-DIMENSIONAL FINITE ELEMENTMMESH FOR TYPICAL
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3.4 MODAL RESPONSE

To ensure an adequate computation of the response, the first six
natural modes were included in the calculations. The first four significant
frequencies and modes are described in Table 3-1., The corresponding mode

shapes are shown in Figures 3~3 through 3-10.

It is Important to note that even the first mode frequency of 3.2 Hz
for Segment 3B2 is quite high compared to the first mode response of buildings
of steel construction with comparable height., The fundamental frequency of
Building 3B1 is higher than the fundamental frequency of Building 3B2 since
it is modeled along the stronger direction. Thus, the typical segments of
Building 3 are stiff and will experience much lower displacements than con-
ventional steel structures when subjected to the same strong earthquake ground

motion.

3.5 €OMPUTED DISPLACEMENTS

Critical displacements were computed using the 0.40 g scaled 1971
Orion ground meotions as input to the analysis. Since these calculations were
performed using a two-dimensional model for budget limitations, the response
was increased by a factor of 20%. This factor accounts, in an approximate
manner, for the effect of the third component of earthquake motion (AA, 1973),
which is not included in the two-dimensional model. The resulting displace-
ments are shown in Figure 3-11, in which the 4~in. gap at the top between the

two buildings has closed by an amount of 1.5 in.

3.6 OBSERVED DAMAGE TO BUILDING 3

Figure 3-12 shows typical wall cross sections at the roof of
Buildings 3B1 and 3B2. Figure 3-13 shows damage to the flexible expansion
joint at the corner of Building 3B1 adjacent to the machine room at the roof
of Building 3B2. Examination of the details of this corner and other parts

of Building 3 indicated the following:

a. The ATC coping (Wall Section 2-2) is offset by approximately
1.0 in. from the brick facing, resulting in a net expansion

"~ joint of only 3 in. at this corner.

3-7
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b. The heavy gage metal flashing, covering the expansion joint
at the roof, is embedded in the ATC cope at one end and in the
hrick facing at the other end. During the earthquake, this
flashing exerted a tremendous pull on the ATC coping shown in
Section 2-2, resulting in the cracks found in both the exterior

and interior faces of the ATC coping (Fig. 3-13).

\
c. The flashing at the expansion joint appears to have been
damaged by severe seismic cycles of tension and compression,

as illustrated in Figure 3-1k.

d. The permanent lateral displacement of the building was reported
to be 0 in. at ground level to 1 in. at the sixth floor level

(Brandow and Johnston, 1972{(, as illustrated in Figure 3-15.

3.7 DISCUSSION OF RESULTS

The calculated frequencies and displacements for Building 3 are
comparable to those obtained for similar buildings during past earthquakes.
The results of the analyses indicate that the 0.40 g scaled 1971 Orion record
provides a reasonable earthquake input for evaluating the response of the

Sepulveda Hospital bulldings during the 1971 San Fernando earthquake.

3-8
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TABLE 3-1. CALCULATED FREQUENCIES AND MODE SHAPES FOR BUILDING 3B
{a) Building 3B1
Frequency
Mode No. Hz Description
1 5.7 First shear mode with rocking of
foundation
2 20.0 Second shear mode of building
3 2k.9 Breathing mode
4 35.6 Combined shear and local
deformations
“(b) Building 3B2
Frequency
Mode No. Hz Description
1 3.2 First shear mode with rocking of
foundation
2 10.3 Second mode of building
3 16.6 Localized displacement
4 20,9 Vertical displacement mode

3-9
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FIGURE 3-13. DAMAGE TO FLEXIBLE EXPANSION JOINT AT ROOF LEVEL
(See Fig. 3~1a for location)

FIGURE 3-14, DAMAGE TO FLEXIBLE EXPANSION JOINT AT FIFTH FLOOR
LEVEL OF BUILDING 3B
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FIGURE 3-15. PERMANENT DISPLACEMENT OF APPROXIMATELY 1 INCH AT THE
SIXTH FLOOR LEVEL OF BUILDING 3B

FIGURE 3-16. WINDGW JAMB IN SIXTH FLOOR JOLTED OUT OF PLACE BY
STRONG SHAKING OF BUILDING 3
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SECTION 4

SE1SMIC ANALYSIS OF BOILER BUILDING

L1 INTRODUCTION

Seismic analyses of the boiler building (Building 40) were made to
estimate the stresses and response that the structure experienced during the
1971 San Fernando earthquake. The earthquake motion applied to this structure
is the scaled Orion record, the same motion used in the analysis of Building 3
(see Section 3). This exercise provides additional evidence that the cali-
brated input motion established in Section 3 and then applied to the
three-dimensional seismic analysis of Building 10 (in Section 5) reasonably
reflects the site response during the 1971 earthguake. The following procedure

was used:

1. Compute seismic stresses in the structure members where

cracks were observed.

2. Assess the allowable strength of the structural material

used.

3. Compare the allowables with the calculated stresses to
check 1f the calibrated input motions of Section 3 can
reproduce the damage pattern of the structure observed

as a result of the 1971 earthquake (Figure 4-2).
Two seismic analyses were performed to compute the stresses in the
structure: one using finite element approach and the other using simple

hand calculations.

4,2 DESCRIPTION OF STRUCTURE

The boiler house, as shown in Figure 4-1, is a reinforced concrete

structure with exterior brick walls on four sides. The main structural

-1
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FIGURE 4-2.
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CRACK IN THE REINFORCED CONCRETE FRAMES SUPPORTING
BO!ILER HOUSE ROOF (BUILDING 40)
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elements of the building are the three reinforced concrete single bent
frames which carry the roof load and seismic load in the north-scuth direc-
tion. The brick walls were designed to carry the seismic load in the
east-west direction. The roof slabs, made of reinforced concrete of waffle
construction, act as diaphragms under the earthquake motion. The concrete

used for the construction is classified as Type B, with a strength Fé = 2500 psi.

The building houses three large boilers which rest on their
foundation. These boilers do not therefore induce any type of load to the
building structure. A mezzanine and a platform, located on the west and south
sides of the building respectively, are considered as part of the building
structure. A building model that includes the mezzanine and platform was
constructed for each of the finite element and hand calculation methods. In
the following sections, the analytical model and results of each approach

are discussed.

4.3 FINITE ELEMENT APPROACH

ASiﬁce the main objective of this analysis is to examine the stress
lfevel in the reinforced concrete frame where the cracks were developed during
‘the 1971 San Fernando earthquake, the single bent frame, where the cracks
were observed, was analyzed using TR1/SAC computer code (AA, 1976). In
Figure 4-3, a two-dimensional finite element mesh for the frame is shown.

It contains 35 nodes and 34 beam elements. Each node has three degrees of
freedom, i.e., two translational and one rotational. The boundary condition
of the frame at foundations is idealized as a3 hinge. To reflect the rapid
change in cross-sectional depth at the joints, the finite element mesh was

carefully refined in these regions.

The particular frame bent for which the finite element model is
constructed is the one located at the center of the building (Figs. 4-1 and
4-3). The masses lumped at the nodes are calculated based on the tributary
area of the roof, mezzanine, and platform, plus the weight of the frame
itself. No live load was considered in the mass calculation since the boilers

and other equipment exert no force on the particular frame considered here.

k-6
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Mode extraction was performed for the frame model described above.
Eight mode shapes and corresponding frequencies were cbtained., The first
four significant ones are listed and described in Table L-1. The correspond-

ing mode shapes are also shown in Figure 4-4.

It is noted that the first mode, which has a frequency of about
0.67 Hz, is associated with motion in the horizontal direction, while the
second mode, about 3.3 Hz, is related to vertical motion. These two modes
are the major participants in the structure response under earthquake motion.

The other higher modes make only minor contributions to the responses.

The seismic-induced stresses were computed for the NO0°W horizontal
component and the vertical component of the scaled 1971 Orion ground motion.
They were calculated by normal mode technique where all 8 modes of the
structure were included. The length of the input motion used in the analysis
was 25 seconds. The critical internal forces at and around the joint area
are listed in Table 4-2, These are the maximum values in the entire 25 sec

time period.

4.4 SIMPLE HAND CALCULATION

The purpose of this exercise is (1) to estimate the critical
seismic stress in the frame structure by a simple approach and (2) to run
a check on the result of finite element analysis. To perform such calcula-

- tions, the same frame structure as described above was simplified intd a
single-degree-of-freedom system, A single mass was obtained by lumping all
the masses within its tributary area. The spring constant of the system was
calculated based on stiffness of the frame in the horizontal or verticatl
directions. The detailed computations of the mass and the spring constant are

attached in Appendix B.

Figure 4-5 shows the single-degree-of-freedom system model for the
structure and the-associated frequency formula. By substituting the spring

constant and mass of a specific type of motion intoc this equation, a frequency

4-8
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TABLE 4-1. CALCULATED FREQUENCIES AND MODE SHAPES
FOR BOILER HQUSE
Mode Frequency,
No. Hz Description
1 0.67 Horizontal shear displacement
YA 3.32 Vertical displacement, bending
of beam
3 6.95 Horizontal displacement,
bending of frame
4 8.95 Vertical displacement, bending
and extension of columns

I
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TABLE 4-2. SEISMIC FORCES AT JOINTS
Cross
: Sectional Axial
Element Node Area Force, Shear V Moment, M
No. No in.é kips kips kip=in.
4 4 512 85.52 37.75 16,970
5 512 85.52 37.75 19,540
5 5 Shh 84.99 32.81 19,540
-6 5hi; 84.99 32.81 20,270
6 6 672 84,97 30.47 20,270
7 672 84.97 30.47 20,610
7 7 832 84,96 28,7k 20,610
8 832 84,96 28.74 20,920
8 8 1248 84.94 26.89 20,920
9 1248 84,94 26.89 21,230
9 9 1920 84,92 25.12 21,230
10 1920 84. 92 25.12 21,430
10 10 2278 30. 30 82.23 32,430
. 11 2278 30.30 82.23 20,790
11 11 1606 28.88 82.39 20,790
' 12 1606 28,88 82.39 19,840
12 12 1158 27.56 82,46 19,800
i3 1158 27.56 82.46 18,880
13 13 902 27.08 82,32 18,880
14 902 27.08 82.32 17,920
14 14 838 24.75 82.57 17,920
15 838 24,75 82.57 15,990
15 15 774 21.17 82.57 15,999
16 774 21.17 82.57 11,140
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of 0.64 Hz and 3.1 Hz, corresponding to the horizontal and vertical displace-
ment of the frame respectively, were obtained from the simple system, as
compared with 0.67 Hz and 3.3 Hz from the finite element method. Having
determined the two lowest frequencies of the structure, the spectrum method
(Clough and Penzien, 1975) was applied to calculate the shear stresses, The
input spectra used here are the scaled NOO°W component of the 1971 Orion
record shown in Figures 2-16 and 2-17. it should be pointed out here that
this type of simple calculation ignores coupling effects and the resulting
shear force is due to one component of motion only. The detailed calcula-
tion of the shear stress at the joint is presented in Appendix B. The results
show a shear stress of 125 psi and 130 psi in the column and beam adjacent

to the corner region respectively,

4.5 ALLOWABLE SHEAR STRESS OF CONCRETE

By examining the crack patterns as shown in Figures L-6 and L4-7,
it is evident that these cfacks were caused by the diagonal tension. Since
the diagonal tension is related to shear stress, the shear capacity of
reinforced concrete in resisting diagonal tension was assessed based on the
approach given by AC! Standard 318-71. Section 11.4.4 of tHis standard
provides a formulalto compute allowable shear stresses, Voo for members sub-

jected to significant axial tension:

N .
= o ' -

v, 2{1 + 0.002 A ) fc (4-1)

g
where

Nu = negative for tension

fé = compressive strength of concrete

Ag = gross area of the section
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TABLE 4-3. CRITICAL SHEAR STRESSES IN FRAME STRUCTURE

Location Hand Allowable
Where Stress is Finite Element Method, Calculations, Stresses,
Calculated” psi psi psi
Column 84 125 82

Section
Beam 160 130 9l
Section

als '
See figure below.

CRITICAL -
BEAM SECTION

CRITICAL
COLUMN
SECTION

FIGURE 4-7. CRITICAL BEAM AND COLUMN SECT!ONS
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Using this eguation, the allowable concrete shear can be computed.
This shear does not take into account tension from diagonal cracks in the rein-
forced concrete. Detailed calculations to estimate the allowable stresses
in the column and beam sections near the joint are given in Appendix B. The
selection of this particular section was based on (1) the observation of
crack locations in the frame and (2) the stress pattern computed by the
finite element method. The allowable shear stress of concrete was found
to be 82 psi and 94 psi for the column énd beam sections respectively (Fig. 4-7).
In Table 4-3, the critical shear stresses in the framed structure, obtained
by both finite element analysis and hand calculations, are compared to the

allowable stresses.

4,6 CONCLUSIONS

The analyses results indicate that the maximum shear stresses
obtained by both finite element method and hand calculations at the critical
beam and column sections did exceed the allowable stresses (Table 4-3).

This result confirms the overstressed condition of the structure observed
during the 1971 San Fernando earthquake. Such ffndingé indicate that the
calibrated input earthquake motions provided in Section 3 are a2 reasonable
representation of the intensity of ground motion at the hospital site during

the 1971 San Fernando earthguake.

4-16
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SECTION 5

THREE-DIMENSIONAL SEISMIC ANALYSIS OF A
TWO~STORY, REINFORCED, GROUTED BRICK MASONRY BUI!ILDING

5.1 INTRODUCTION

The structure considered in this section is a two=story, reinforced,
grouted brick masonry building with a reinforced coﬁcrete basement (Bldg. 10).
The earthquake input motions, estimated in Section 2 and calibrated in
Section 3 and' 4, are applied as input to the analyses of Building 10.
The middle segment {Unit A) of the building was analyzed first.by a
three-dimensional model. Critical response of shear wall elements was
evaluated. A second analysis was conducted in which the building model was
expanded to include the other two segments of the building, The second
analysis assessed the effect of eliminating the expansion joints in the

response of this building as a total unit.

5.2 DESCRIPTION OF THE STRUCTURE

Figure 5-1 provides an elévation of the building, while Figure 5-2
shows the second floor plan of Unit A of Building 10. All floor slabs are
cast-in-place reinforced concrete. Basement walls are 12-in. reinforced
concrete, while all walls constructed above basement level are of 13-1/2-in.
reinforced grouted brick., All perimeter shear walls are wall-bearing, while

interior columns are supported on isolated footings.

A characteristic feature of Segment A of Building 10 is that it is
not symmetrical about the x-axis. Also, the central portion has additional
rooms at the roof together with a pipe chase below the basement. Therefore,

this segment has five levels in some portions.

Building 10A is 100 ft long and 97 ft wide. Buildings 10B and 10C
are identical and are each divided into two parts; the first part is 176 ft
5-1/2 in. long by 76 ft 6 in. wide, while the second part is 43 ft 9 in. long
and 82 ft 9 in. wide. Therefore, the total length of the three units when
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+

tied together is 452 ft 11 in. Flexible expansion joints separating various
portions of Segments A, B, and C.are 3 in. wide, in contrast to the &4 in. used

in the six-story Building 3.

In the construction of the reinforced brick masonry walls of this
hospital, steel reinforcement was tied in place, after which the brick in the
outer tier, or wythe, was laid up Tor not more than three courses, In a 12-in,
wall, the inher wythe was laid up one course, and the space between the wythes
filled with grout in which the bricks in the center wythe are floated. Speci-
fications provided that all bricks be laid with full head and bed joints
(Guard, 1954), Figures 5-3 and 5-4 show details of piers and wall-to-beam
connections. Basement walls are 12-in. reinforced concrete, while all walls
constructed above basement are constructed of 13-1/2-in. reinforced moderate

weathering brick of mortar type M with the following properties:

Compressive strength. of brick 2500 psi
Compressive strength of masonry prism 1500 psi
Minimum steel ratio 0.0024

Designed according to 1951 Los Angeles City code

5.3 MODBELING PROCEDURE

This structure was modeled using TRI/SAC code (AA, 1976). Shear

~walls and floor slabs were modeled by plate elements, while columns were

" modeled by beam elements. In all, the model utilized 225 plate elements and

159 beam elements and has 202 nodal points (Fig. 5-5).

The most critical stresses due to earthquake motions should occur
near the ground floor level, Therefore, the reinforced brick shear wall
elements of the first floor, which is located directly above the reinforced
concrete basement, are expected to experience the highest stresses in masonry

in this building. Additicnal data on the model are given in Appendix B.

5-4
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A second model of Building 10 is shown in Figure 5-6. This model
includes Segment A, which is shown in Figure 5-5, in addition to Segments B
and C, which are assumed to be tied to Segment A. This model represents the
condition of Building 10 without expansion joints. Segment A is represented
by the same refined mesh shown in Figure 5-5. However, Segments B and C are
presented by a smaller number of elements and nodal points. This simplifica-
tion was dictated by the need to stay within storage capacity of the computer
and to reduce the cost of running a three~dimensional finite-element model,
while preserving the same refinement for Segment A to .compare responses under .
both conditions. The combined model of Building 10 comprises 353 plate ele-

ments, 183 beam elements, and 314 nodal points.

5.4 MODAL RESPONSE

The first 10 natural mode shapes and freguencies of response of
Buildings 10A and 10 were included in the calculations. The first three
significant frequencies and modes are described in Table 5-1. The correspond-

ing mode shapes are shown in Figures 5-7 through 5-12.

It is significant to note that the first natural mode of Segment A
was In the x-~direction, A frequency of 9.0 Hz is associated with this mode,
However, when Segments A, B, and C were tied together, the overall weaker
direction switched to the y-axis direction. Since the three segments, when
tied together, comprise a very long building in the x-direction, the average
stiffness of the assemblage in the direction of the x-axis was tower than the
stiffness of Unit A in the direction of the y-axis. Therefore, the fundamental
frequency of the assemblage was 7.3 Hz as compared to the 9 Hz calculated for

Segment A.

5.5 COMPUTED STRESSES

Critical stress conditions were computed for the three components
of the scaled 1971 Orion ground motions., High stresses were calculated for

some elements of Building 10A model. However, as illustrated in Section 7,
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these stresses were not great enough to cause major cracks in the structure
(Table 5~2). The stresses resulting from analysis using the second model of
Buitding 10, where Segments A, B, and C are tied together, indicate a con=
siderable stress increase in some elements (Table 5-2). These results are

evaluated in more detail in Section 7.

5-9
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TABLE 5-1. CALCULATED FREQUENCIES AND MODE SHAPES FOR BUILDING 10

Frequency, ,
Mode No. Hz : Description
1 5.0 First mode in X direction
2 - 12.0 Displacements in N-S and E-W
directions; complex deformation
pattern
3 14.0 First mode in Y direction

(a) Frequency of Building 10A {with Expansion Joints — segment A only)

Frequency,
Mode No. Hz Description
1 7.3 First mode in Y direction
2 8.3 " Twisting mode of building
3 10.5 First mode in X direction

(b) Frequency of Building 10 (segments A, B and C tied together)

5-10
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FIGURE 5-7, BUILDING 10A: MODE 1
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SECTION 6

BEHAVIOR OF BRICK MASONRY WALLS UNDER SEISMIC LOADING

6.1 INTRODUCT{ON

Brick masonry walls considered in this report are of multistory
construction and must function in both shear and bending. One of the impor-
tant requirements of the study is to provide a failure criteria for such walis

when subjected to seismic loads.

In contrast to the large number of tests on the compressive strength
and behavior of concrete masonry walls and prisms, little is presently known
about the behavior of joints under combined shear and compressive normal stress
distribution. Available experimental data are restricted entirely to initial
joint failure (first cracking, or load decreasé) in unreinforced, ungrouted,
hollow concrete masonry. Most data concern compressive normal stress distri=-
butions rather than tensile. Little is known about postcracking or postelastic

behavior of joints.

A representative cross section of the current literature on joint
behavior is given by Young et al. (1972}, Self (1974), Balachandra (1974),
Hedstrom {1966). In an effort to supplement the existing literature on joint
behavior, wall panels, and piers, two major experimental studies were initiated
(Hegemier, 1975; Mayes and Clough, 1975) in conjunction with the masonry pro-
gram at the University of California, San Diego (UCSD) and -University of
California, Berkeley (UCB) campuses. In these studies, joint planes were
subjected to constant levels of (average) normal stress and either static or
dynamic (average) shear stress. Behavior of concrete masonry under biaxial
stresses was also studied at UCSD, while piers were studied at UCB. Selected
portions of these studies are presented herein. This section is concluded
by providing recommendations for shear and biaxial failure criteria for evalua-

tion of the earthquake response of the Sepulveda Hospital.
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6.2 STRENGTH OF BRICK JOINTS UNDER COMBINED
COMPRESS1ON AND SHEAR

In the case of brick, the classical joint tests are the couplet
tests of Benjamin and Williams (1958). Their test setup and findings are
iltustrated in Figures 6-1 and 6-2, The tests showed little or no influence
of brick and mortar compressive strengths on the couplet bond strengths in

tension and shear.

Shear strength of mortar joints is greatly affected by the normal
stress acting on the joint. Tests indicate that a nearily Coulomb type of
behavior occurs at failure in mortar and concrete materials. The curves in
Figure 6-2 were compiled from the results of tests using these loading arrange-~
ments. An average Coulomb relationship for the strength of the mortar joint

is given in Figure 6~2 as follows:

S = R+ 1,10 (6-1)
Xy ¥
where
Sxy = Shearing resistance of the mortar joint (psi)
R = Shearing resistance of the mortar joint for zero
normal stress (psi)
Oy = Normal stress acting on the joint; compressive

stress taken as positive (psi)

An average value for R of about 230 is indicated in Figure $-2, In this
equation, Sky is the maximum shearing stress developed on the section and

should be multiplied by two-thirds to obtain the average stress on the joint,

Test results shown in Figure 6-2, as well as other tests on concrete
and mortar materials, indicate that the failure envelope is nonlinear, particu-
larly in the low normal stress range. Therefore, careful examination of data
plotted indicates that Equatfén 6-1 with R = 230 is only applicable when

the normal stress is compressive and is greater than about 60 psi.

6-2
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Haller (1969), adopting the test setup shown in Figure 6-3, arrived
at an empirical relation for normal quality masonry consisting of cored brick
and cement~-1ime-sand and mortar. The Haller formula, when approximated to

a linear relation, results in the following formuta:

S = 50 +0.88 ¢ for o < 200 psi compression 6-2
Xy 5 y y psi compre (6-2)
where oy and Sxy are in psi. For special quality brick, Haller's rela-

tionship can be approximated to the following formula:

sxy = 160 + 1.0 o, (6-3)

Equations 6-1, 6-2, and 6~3 are plotted to the same scale in Figure 6-4,

Yorulmaz and Sozen (1967) tested masonry specimens of model bricks
of the type shown in Figure 6-5. A line fitting these tests would follow the

equation

Sxy = 150 + 0,46 a, (6-14)

This equation is plotted in Figure 6-4.

Experimental studies at the University of California, San Diego on
concrete block.masonry included joint planes that were subjected to constant
levels of (average) normal stress and (average) shear stress (Hegemier et al.,
1978). Test specimens in the joint test series consisted of triplets, i.e.,
three blocks and two interfaces. Typical specimens are illustrated schemati-
cally in Figures 6-6 and 6-7. The complete test series included: (1) ungrouted
bed joints, (2) grouted bed joints, (3} grouted bed joints with steel,

(4) head joints, and (5) combination of head and bed joints with and without

steel.
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Figures 6-8 and 6-9 exemplify typical behavior of head joints and
grouted and ungrouted bed joints. The following basic characteristic of
such joints is noted: joint fracture strength increased monotonically with
precompression up to a block-failure transition (the maximum shear stress
vs. normal stress as shown in Figs. 6-8 and 6-9). For grouted bed joints,
the solid curve shown in Figure 6-8 represents a parabolic,l]east-square fit
of the data for Uy > 0 and linear fit for o < 0. Data on grouted joints
were selected for comparison with data on brick and are replotted in Figure 6-4

for comparison.

6.3 RECOMMENDED FRACTURE CRITERION BASED ON INTERACTION
OF SHEAR AND NORMAL STRESSES

Figure 6-4 provides comparison of data provided by different
ihvestigators. It is of interest to note that the AC! 318-71 formula for
average critical shear stress as a function of normal stress can be extended
to masonry by substituting compressive strength of masonry at 28 days, f; .
for specified compression strength of concrete, fé . This formula was plotted
in Figure 6-4 for fé of 1600 psi, which is the value assigned to brick

masonry construction at the Sepulveda Hospital.

Analysis of data plotted in Figure 6-4 indicates that an average
relationship can be derived from the above results., This relationship can

be simplified to a piece~wise linear formula as follows:

80 + Zoy for o < 50 | {6-5a)

S
Xy Y

it

S 120 + 0.9 ¢ for ¢ > 50 6-5b
<y g9, , > 5 (6-5b)
The factor 0.9 in Equation 6-5b was recommended by Hegemier et al. (1978).
This formula will be used in this study to check the performance of brick

masonry shear walls of Building 10 during the 1371 San Fernando earthquake.
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6.4 FAJLURE CRITERION FOR BRICK MASONRY UNDER
BIAXTAL STRESSES

Biaxial panel tests conducted by Hegemier et al. (1978) represent
a critical step in the continuum modeling process. A schematic of the biaxial
test procedure is shown in Figure 6~10. Experimental data revealed weak
dependence of strength on the layup angle 6, 1i.e., the masonry under con-
sideration is approximately isotropic. Initial macrocracking stress surface
was not significantly influenced by steel/masonry area ratios of 0.00176 ‘
or less, The VYon Mises yield criterion is used for failure in compression,
and the maximum tensile stress theory is adopted for cracking due to tension,
Hegemier et al. (1978) assumed the failure criteria shown in Figure 6-10.
This curve results from the intersection of the Von Mises cylinder in princi-

pal stress space with (01, G principal stress plane. The material is

5)
assumed elastic and isotropic hefore the vield curve is reached.

The maximum tensile stress Fé was found by Hegemier et al. (1978)
to be approximately 0.095 f&. However,‘for simplicity, a factor of 0.10 was
used. A similar factor was used by Adham et al. (1975) to study biaxial
behavior of concrete. The criterion illustrated in Figure 6-10 will be used

to assess the biaxial state of stress of shear walls of Building 10.

6,5 DAMAGE MODEL FOR QUALITATIVE ANALYSIS OF MASONRY BUILDINGS

Failure patterns of unreinforced masonry buildings that were damaged
severely by the San Fernando earthquake are quite repetitive, with variations
mainly in degree (Abel, 1973). These patterns are similar to those observed
in all past moderate to severe earthquakes affecting this kind of construction
and are valuable tools for qualitative estimates of performance of reinforced

masonry buildings., These following patterns are used in Section 7 to provide
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qualitative assessment of the response of the Sepulveda Hospital buildings

during the San Fernando earthquake:

a. Typically, the wall moved in both the transverse (perpendicular
to wall) and the longitudinal directions, with the former indi-
cated by movement away from the building and the latter by
diagonal cracks emanating from corners of window and wall open-
ings. These cracks, which indicate diagonal tension failure,
were not consistent in orientation, indicating reversals in

direction of the inertial forces.

b. In some cases where openings were localized in one portion of
the wall, more severe cracks were located in the more solid
portion of the wall, indicating that prior to failure, shear
was distributed to the resisting elements in proportion to their
stiffness. However, where cracking was at all severe, it was

general and throughout the wall area.

c. In the direction perpendicular to the wall, the wall was
usually left with a residual movement away from the building,
in some cases as much as 2 to 3 in. In those cases of great
movement, portions of wall fell out completely, while in other

cases, only portions of parapet fell.

d. Typically, there were vertical or inclined tension cracks at
the ends where the side wall abutted the end wall, and it is
presumed that these cracks were induced by movement of the end

wall away from the building.

e. There is some occasional small movement .of the side wall away
from the floor. Such movement at the roof was concealed and
could not be verified, except where major movement and fatlure

had occurred.

,15
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In several buildings a vertical crack appeared at midiength
of the side wall, originating below the ceiling and extending
up through the parapet. The extreme result of this type of
failure was loss of a portion4of parapet or parapet plus wall.
It is difficult to ascertain if principal movement in these
instances was due to inertial force of the wall itself or to
the loads that the deflected roof and floor imposed on the -
wall. The vertical crack could have been a tension chord
failure in which the roof sheathing and walls act as a horizon-

tal load due to the inertial force of the side walls and roof.

It is, perhaps, more likely that the parapet was buffeted
inward and outward and, by being stopped short by the roof
framing on an inward swing, cracked on this line and subse-
quently fell. Probably the effects of tension flange cracking
and bending failure supplemented each other to produce the

more severe failures of side walls.

" Transverse movement caused pier cracks. The patterns of

these cracks are used in Section 7 to provide qualitative
assessment of the response of the Sepulveda Hospital buildings

during the San Fernando earthquake.
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SECTION 7

EVALUATION OF PERFORMANCE OF BRICK MASONRY BUILDINGS
AT THE SEPULVEDA HOSPITAL DURING THE 1971 SAN FERNANDO EARTHQUAKE

7.1 INTRODUCTION

Evaluation of the performance of a masonry structure during an earth-
quake is one of the difficult tasks that a structural engineer faces today.
The problem is compounded by lack of data on the performance of masonry
structural components during an earthgquake, This performance may vary
greatly depending on workmanship, damping characteristics, anisotropy of
reinforced brick masonry elements, and interaction with other structural
components, Therefore, a simplified performance criteria is used to‘provide
a quantitative assessment of huilding components, In addition, a damage
model is used to provide a qualitative assessment of building behavior

including flexural connections and construction details.

The performance criteria for assessment of hospital buildings

requires. examining strength characteristics as follows:

a. Shear strength of shear wall elements
b, Tensile strength
c. Flexural strength

d. Strength of wall-to-floor connections

7.2 SHEAR STRENGTH

7.2.1 PERFORMANCE CRITERIA

Fracture is assumed to depend on maximum shear stress developed in
the shear wall panel. Critical shear stress is evaluated based on available
information on material properties. Figure 6-4 illustrates the fracture

criterion for normal guality brick developed for this study in Section 6.
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The expected performance of Building 10 is expressed by the ratio B, which

is defined as follows:

critical shear stress
calculated shear stress

A value of B greater than 1.0 indicates that the panel would perform
adequately, while a value significantly less than 1.0 would postulate

failure of that particular panel,

.7.2.2 ASSESSMENT OF STRESSES BASED ON CRITICAL SHEAR STQESS
CRITERIA

Tabie 7-1 lists elements that have critical stresses in Segment A
of Building 10. The critical shear stresses are calculated from the state
of stress for each element by Equations 6-5 (a,b) and are given in Table 7-1,
Performance factors for critical Elements 71, 81, and 90 are 1.8, 1.85, and
1.87, respectively. These factors are larger than 1, indicating that the
building had a considerable resistance against failure by this mode from forces

generated by the San Fernando earthquake.

7.3 TENSILE STRENGTH

7.3.1 PERFORMANCE CRITERIA

Fracture is assumed to initiate when tensile stresses exceed
maximum allowable tensile stresses in a biaxial state of stress. The criteria
for interaction between principal tensile stresses o, and the principal
compressive stress ¢, are given in Figure 6-9. The maximum tensile stress
is assumed to occur at the center of the panel and is calculated by means of

Mohr's circle to be

°y Iy 2
g = Lrgl) v s (7-2)
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where 9,y is the maximum tensile principal stress and Oy and 1.5 § y

X
represent the normal and shear stress on a horizontal section at the middle
of the plate. The critical factor x is calculated from the interaction

formula

g g
1 2 '
X = FTtEygT (7-3)
m m

The performance factor B is calculated from the relationship

(7-k)

X|—=

7.3.2 ASSESSMENT OF RESPONSE BASED ON BIAXIAL FAILURE CRITERION

Table 7-1 gives performance factors in Segment A of Building 10,
using biaxial failure criteria. These factors range from 1.2 to 1.35 indicat=
ing that the shear panels have performed adequately during the 1971 San Fernando
earthquake. However, the range of these factors is considerably less than the
range of 1.8 to 1.87 obtained from the critical shear stress failure criteria.
In addition, the lowest performance factor of 1.2 given for Element 81 indi-
cates only a 20% safety margin over the factor of 1.0 that would postulate

fatlure of that particular panel,

7.4 FLEXURAL STRENGTH

Failure Is assumed when the flexural capacity of an element is
exceeded, Flexural capacity of an element in this study is determined by
using concrete fallure criteria, except that fé is replaced by Fé for

masonry.

Analysis results of Building 10A indicate that flexural moments
Mxx and Myy’ shown in Figure 7-1, are very small and would not create
significant stresses.

7-4
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7.5 STRENGTH OF WALL-TO-FLOOR CONNECTIONS

Connections are usually the most important structural consideration
with regard to seismic forces. |If connections hold together and make the
structure perform as a total system, there is an excellent chance for the

structure to survive even great earthquakes.

Details of reinforcing bar size and spacing are dependent on
engineering requirements and must be satisfactory to transmit the forces due
to lateral and vertical loads. The elements must be sufficiently tied

together to cause them to act as a unit.

7.5.1 PERFORMANCE CRITERION

Wall-to-floor connection must transmit the following forces
(Figure 7-2):

a. Vertical load {including vertical resultants of lateral load)
b. Horizontal shear due to lateral load

C. Shear in the plane of the floors

d, Bending stress in the plane of the floors

e. Tie forces ,

f. Transverse bending due to floor loadings

g. Shear due to floor loadings

Because all these stress actions can act concurrently, the state of stress
within the joint Is most complex. Thus, it is not raticnal to treat the
stresses resulting from the different loadings separately. However, very
little pubtished information is available on wall-floor connections, and there
is no design procedure available that will account for the interaction of
these force actions. Horizontal connections are designed mainly on the
empirical basis. Therefore, a qualitative assessment of connections of

Building 10 will be given,

7-6
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FIGURE 7-2. EXPLODED VIEW OF HORIZONTAL CONNECTION
SHOWING FORCE ACTIONS
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7.5.2 ASSESSMENT OF CONNECTIONS OF BUILDING 10

A qualitative assessment was made of connections and construction
details by reviewing the available drawings. Some selected details are
shown in Figures 7~3 through 7-10, Figures 7-3 and 7-4 il1lustrate interior
and exterior wall-to-beam connections as built (1954), These figures show
continuity of wall reinforcement in the beams. Figure 7-3b illustrates the
current code of practice and indicates that connections of Figure 7-3a and 7-4

satisfy the current code of practice,

Figures 7-5 and 7-6 provide a comparison of wall-to-wall connections

for the 1954 hospital construction and the present code of practice, The

requirements of current practice are satisfied.

Figure 7~7 indicates adequate detail of parapets. Figure 7-8 shows
wall reinforcement details, which illustrate adequate reinforcement around
openings and the 45-bar diameter embedment for dowels. Minimum steel reinforce-
ment ratio to gross area of section in shear walls was found to be 0.0007 in
the horizontal direction and 0.0017 in the vertical direction. These two
ratios add up to a total of 0.0024, which is ]érger than the 0.002 required
by the 1979 Uniform Building Code. Figure 7-9 shows pier reinforcement

including- additional reinforcement at edge of pier.

Reinforcing steel in columns contributes to the load-carrying
capacity of the member because the ties prevent it from buckling. The code
requires that the minimum steel shall not be less than four No. 3 bars in a
cotumn. The maximum steel ratio shall be no more than 0.04 (4%) and the
maximum size bars shall be No. 10. For these cases, steel ratio is the area
of steel divided by the gross area of column. Figure 7-10 shows adequate

detailing for a typical interior brick wall column as built in 13854,

The overall qualitative assessment indicates that connections were

adequately designéd and detailed.
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7.6 EFFECT OF EXPANSION JOINTS

Maximum stresses in shear wall elements 71, 81, and 90 resulting
from the analysis are given in Table 7-2 for Building 10 with and without
expansion joints., All columns numbered (:) provide results for Building 10
with expansion joints. These results were obtained from the analysis of
Segment 10A only and represent the as-built configuration of Building 10. Al
columns numbered C) provfde results of Building 10 without expansion joints,

i.e., all Segments A, B, and € were tied together in the model.

The results of the analysis indicate that stresses were increased
by 28% for Element 71, 75% for Element 81, and 42% for Element 90 when
Segments A, B, and C were tied together. However, Element 81 has a perfor-
mance factor as low as 1.20 for the case when Building 10A is not tied to 10B
or 10C as shown in Table 7-1. Performance factors of 1.30 and 1.35 were shown
in this table for the same case for Elements 71 and 90, respectively., There-
fore, the analyses results indicate that if Segments A, B, and C of Building 10
had been tied together {i.e., no expansion joints), this building would have
suffered numerous cracks and probably considerable damage during the 1971

San Fernando earthquake.

7.7 COMPARISON OF HOSPITAL BUILDINGS SEISMIC REQUIREMENTS
DURING THE 1971 SAN FERNANDO EARTHQUAKE AND ORIGINAL
AND CURRENT SEISMIC DESIGN REQUIREMENTS

The variation of the equivalent static lateral force coef%fcient
‘with building period for a structural system in which the required lateral
forces are resisted by shear walls or moment resisting frames is shown in
Figure 7-11 for several design criteria. These include VA (1973) earth-
guake resistant requirements and the requirements of the USC (1979).
ATC (1978) spectra for Los Angeles Area are given for 5 and 10 percent

damping. These spectra are compared to the spectrum for the 0.40 g scaled
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N-5 1971 Orion record used for seismic input to the analyses performed in
this study. This spectrum was adjusted by ductility factor for masonry
shear walls and compared to the VA and UBC criteria. Culver et al. (1975)
provided a ductility factor (Table 3-21 of this reference) of 5 for average
masonry construction. However, this factor is associated.with extreme
damage to the shear walls and should be reduced to 3 at the Sepulveda
hospital because of life safety and function considerations, Based on the
empirical equations recommended by Newmark (1970), a ductility modification
factor of 1/Y2u-1 would be used. The resulting modified spectrum_is
compared in Figure 7-11 to the VA seismic criteria for reinforced masonry

structural walls.

It is noted that the UBC represents a lower-bound loading condition,
in contrast to the VA criteria. This is consistent with the philosophy
of the UBC which is to provide minimum requirements for life safety. Also,
the allowable UBC stresses are increased by a factor of 33% for seismic
conditions as compared to the VA citeria which is based on ultimate strength
considerations. The 0,4 g scaled 1971 Orion, adjusted by a ductility factor

of 3, provides a good correlation with the VA criteria.

The uniform code of the Pacific Coast Building Official's Conference
(UBC, 1946) was used for earthquake design requirements in determining the
horizontal static forces which the hospital buildings were designed to
resist {Guard, 1954). The hospital was designed in 1952 for requirements

of seismic Zone 3, Forces were obtained from the formula;
F = CW (7-5)
in which F is the horizontal force in pounds; W, the total dead load

tributary to the point under consideration; and C, a numerical constant..

This constant € is obtained from the formula:

c = NFTLT {7-6)
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where N is the number of stories above the story under consideration.

For bearing walls:

C = 0.20 (7-7)

According to Equation 7-7, reinforced masonry bearing walls were designed
for 0.20 g lateral force. This can be visualized as a horizontal line
going through 20% in Figure 7~11. These design requirements were associated
with a 33% increase in allowable stresses, The hospital desiagn criteria
(1952) is lower than the current design requirements particularly in range
of periods below 1.0 second. However, it is evident that the quality of
construction, connections, and detailing allowed the hospital buildings to

resist the 1971 earthquake forces with only minor damage.

7=21
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SECTION 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

Conclusions are summarized as follows:

1.

Based on analysis results, performance factors ranging from

1.2 to 1.8 were experienced during the San Fernando earthquake.

Calculated stresses were increased by a factor ranging from
28% to 67% when expansion joints were eliminated from
Bullding 10, and various parts of the building tied together.

No liquefaction potential was noted for the site at the time

of the 1971 earthquake.

Expansion joints have been effective in reducing stresses

below damaging levels and contributed to the survival of the

hospital buildings.,

Excellent connections and detailing resulted in adequate

resistance to the 1971 San Fernando earthquake.

The deep alluvium in the San Fernando Valley provided a soft
cushion that absorbed part of the high frequency energy of

the earthquake. Therefore, higher stresses may have resulted
if the same buildings were subjected to earthquake motions
with higher frequency content, such as the scaled 1971 Castaic

record.

The use of adequate grout in shear walls between the outer
and inner wythes of brick provided adequate bond for the
outer wythe. This bond resulted in mobilization of the full

thickness of the brick shear wall to resist earthquake forces
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and prevented the spalling and instability of the outer wythe
which was observed in some masonry buildings during past

earthquakes,

8, The inclusion of soil spring in the analytical model of
shear wall buildings s necessary to provide a more realistic

model of the soil-building system,

g. The use of more refined shear and biaxial failure criteria
provides a more refined tool for evaluating state of stress
in the building.

8.2 RECOMMENDATIONS

The following recommendations are given as a guide to improve

earthquake resistance of masonry structures:

1, »Adequafe bond should be provided between outer and inner
wythes of a 13-in., brick wall to mobilize all shear wall

resistance during an earthquake.

2, Continuity of wall reinforcement through the beams should

be provided for beam-wall connections,

3. Adequate anchoring of parapets and careful detailing of

connections are needed to mobilize an Integral structure

during an earthquake.

L, Brick should be laid with full head and bed joints to

achieve higher shear resistance during earthquakes.

5. Use of expansion joints is advantageous under similar soil

and building configurations.

6. Detailed subsurface soil and shear wall test data are
needed for refining analysis results such as relative

displacements at the expansion joints.

8-2
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Use of other types of earthguake input would provide informa-
tion on the resistance of this type of construction to other

possible earthguake environments.

Survey of effect of expansion joints on response of buildings
during earthquakes can be combined with the results of this

study to provide guidelines for their use,

Survey of'other masonry bulldings that survived other
damaging earthquakes would generate a data base for providing
specific recommendations for the design and construction of

such buildings.

Compilation of results of current and past research programs
on connections should be combined with the results of this
research to provide a manual for preferred earthquake resistant

connections and details,

3-3
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