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Fig. 6.1 is representative of the type of problem that was observed in several cast in place 
reinforced concrete parking structures which are discussed in detail in the following section. 

The 7-story moment resisting frame in Fig. 6.2 is located in Van Nuys approx. 7 krn east 
of the epicenter and represents the closest instrumented building. It was built in the mid sixties 
and suffered non-structural damage totaling $400,000 during the 1971 San Fernando earthquake 
under a peak horizontal acceleration of 0.27g. [1]. During the Northridge earthquake it 
experienced a peak horizontal acceleration of 0.47 g at the base and 0.59g at the roof. The strong 
ground motion lasted for about 15 sec and included a significant peak venical acceleration of 
0.30g which appears to precede the strong part of the horizontal ground motion by about 5 sec. 
The significant vertical component of the ground motion that preceded the horizontal component 
is evident in several records in the vicinity of the epicenter. The building suffered serious 
structural damage in all columns of the third floor with signs of shear-bond splitting type of 
failure. 

Fig. 6.3 shows a detail of the non-ductile reinforced concrete frame of the 5-story Kaiser 
Permanente office building that suffered partial collapse. The lack of any transverse steel in the 
beam-column joint region appears to be an important reason of its poor behavior. Most 
importantly, the poor proportioning and detailing of the beams and columns of the moment 
resisting frame led to a soft second story mechanism. 

Fig. 6.4 shows the six story moment-resisting frame of a commercial building at the comer 
of Olympic Blvd. and Barrington. It suffered very serious structural damage during the main 
shock and started showing signs of total collapse after major aftershocks that it had to be 
demolished. The exterior frame showed large X-shaped shear cracks in the columns of the second 
to the fifth story. These cracks coincided in height with the location of the window panes and 
suggest that the attachment of the cladding gave rise to the undesirable short column behavior. 

Fig. 6.5 belongs to a six story reinforced concrete building in Santa Monica and shows the 
observed structural damage to the shear wall system. The lateral load resisting system of this 
building is a dual frame-wall system in both directions. Longitudinally the lateral load system is 
made up of a six bay moment resisting frame and comer shear walls. In the transverse direction a 
two bay frame is coupled with a shear wall that extended over a length approximately equivalent 
to two bays. Above each frame window a non structural concrete window shade had been placed. 
Heavy spandrel beams connect the columns. The majority of the damage occurred in the shear 
walls and frame columns. Cracks in the columns ran from the lower portion of the story windows 
at a 45 degree angle indicating short column behavior. At the edge of the column the crack 
extended up vertically. Damage to the shear walls was concentrated between the second and third 
stories. Crushing of the concrete at the edge of the walls was prominent, exposing terminated 
longitudinal reinforcing bars. A horizontal crack projected from the point of concrete crushing 
along part of the wall width. 

Fig. 6.6 shows portion of a fifteen story apartment building in Santa Monica that was 
badly damaged. The longitudinal direction consisted of an eight bay non-ductile reinforced 
concrete frame. A coupled wall system provided lateral resistance in the transverse direction. 
Significant structural damage was observed in the lower half of the building in both directions. 
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The coupled wall system experienced significant shear damage in the coupling beams and no 
damage in the walls. The nonductile frame suffered damage in the columns, but not the beams. 

Other interesting cases of earthquake damage include a 13 story commercial building in 
Sherman Oaks at a distance of 10 km from the epicenter. The building had a shear wall system in 
the N-S and a moment resisting frame in the E-W direction. This building experienced a peak 
horizontal acceleration of 0.46g at the base and 0.90g at the roof. Since the predominant 
horizontal acceleration along Ventura Blvd. in Sherman Oaks appeared to be in the N-S direction 
structural damage occurred exclusively in the shear wall system with several shear and flexural 
cracks extending halfway up the wall. During a strong aftershock three days after the main shock 
additional cracks appeared in the wall and the building had to be temporarily evacuated. 'Illis 
building experienced a peak horizontal acceleration of 0.26g at the base and 0.32g at the roof 
during the 1971 San Fernando earthquake with no reported damage [2]. 

Finally, the collapse of the two upper floors of the Bullocks store in the Fashion Island 
Mall of Northridge provided an interesting case of apparent punching shear failure of the waftle 
slab floor system of the roof and floor under large horizontal and verric·al accelerations. 

Parking Structures 

Parking structures represent the category of modem engineered structures that appear to 
have suffered the largest incidence of partial or total collapse cases. These cases occurred, both, in 
the immediate vicinity of the epicenter with several spectacular failures in the Northridge Fashion 
Island Mall and on the campus of the California State University at Northridge (CSUN), but also 
at a distance from the epicenter, as the parking structures in the Glendale Civic Center (2), at the 
Kaiser Permanente in Culver City (2) and in Santa Monica demonstrate. Typical forms of the 
observed structural damage in parking structures are shown in Figs. 6.7-6.12. 

Most cases of partial or complete collapse involve modem precast parking structures 
which either lack a lateral load resisting system in one direction or, otherwise, have a very flexible 
lateral load resisting system in one or both directions. Several such structures virtually "imploded" 
in the Northridge earthquake with Fig. 6. 7 providing a spectacular example of the parking 
structure in the CSUN campus. Possible causes of such total collapse might be the unseating of 
the precast girders due to large lateral movement at the short corbel seats or the shear­
compression failure of the columns. In all cases the prestressing tendons in the floor slab provided 
a catenary action that caused the spectacular "implosion" of part or of the entire structure. Other 
areas of weakness appear to be the connections of precast girders to the corbel seats at the 
columns. These connections commonly involve the welding of a plate at the bottom of the girder 
to an angle at the free corner of the corbel. Weld failures were observed in the post-earthquake 
survey of damage, as was the "chipping-of' of the corner of the corbel that reduced the seating 
area of the precast girder (Fig. 6.9). The latter cause could have precipitated the unseating of the 
precast girder particularly under the high vertical accelerations (e.g. 0.59g in the girder of a 
parking garage in downtown Los Angeles at a distance of 32 km from the epicenter). 
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Another area of weakness in modern precast parking structures is the flexibility of the thin 
cast-in-place topping slab that forms the horizontal floor and roof diaphragms. Significant 
compression crushing was evident in the roof diaphragm of City Hall Parking Structure, where the 
addition of another parking floor with insufficient lateral load resistance appears to be the cause of 
the partial roof collapse (Fig. 6.11 ). The falling debris from the supporting beam and a planter 
punched through two floors of the three story parking structure. 

In older cast-in-place concrete parking structures a short column behavior was observed in 
the columns of perimeter frames due to partial masonry infills, as shown in Fig. 6.8. Shear­
compression failure is evident in the interior column of the parking structure in Fig. 6.10. The 
large spacing of the transverse reinforcement could not prevent the bucking of longitudinal steel 
under the combined action of gravity with large lateral displacements. 

Fmally, the shear cracking in the columns of the parking structure in Fig. 6.12 can be 
attributed to inadequate detailing of the perimeter frame. Since shear walls were provided in both 
directions of the parking structure, it is not clear whether the participation of the frame in the 
lateral load resistance of the structure was intentional or not. Even so, the observed significant 
out-of-plane movement of the walls perpendicular to the direction of shear cracking offered 
further proof of the flexibility of lateral load systems in many parking structures. 

It is apparent from the earthquake damage survey of parking structures that was 
completed to date, that revisions of the earthquake resistant design of this type of structure are 
necessary in order to account for the combination of high horizontal and vertical accelerations 
that were recorded in the vicinity of the epicenter. 

Unreinforced Masonry (URM) Buildings 

Unreinforced masonry structures have long been identified as buildings prone to severe 
structural and nonstructural damage in moderate and strong ground motions. Extensive damage 
to this type of structure was also evident in this preliminary post-earthquake survey. What is of 
particular interest in connection with the Northridge earthquake is, that several buildings in the 
area of strong shaking were retrofit in accordance with the earthquake risk mitigation program for 
URM buildings that was adopted by the City of Los Angeles in 1981. While it was very difficult 
for this reconnaisance team to identify in this short period which buildings were retrofit and which 
were not, some instances of damage to retrofit URM buildings were observed. 

Fig. 6.13 shows a two story URM building in Culver City that was retrofit by tying the 
wall to the roof diaphragm with steel tendons. Since no such tie-back was provided at the floor 
level, the three wythe wall bowed out-of-plane and failed in flexure at the first floor level at mid­
height of the wall. 

In addition to the out-of-plane masonry wall behavior the other prevalent failure mode for 
URM buildings is the in-plane shear failure that is evident in the large X -shaped of the masonry 
pier in Fig. 6.14. 
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The combination of the in-plane and out-of-plane behavior was evident in the structures in 
Figs. 6.15 and 6.16. Fig. 6.15 shows the front of a four story apartment building located in Santa 
Monica. Brick bearing wall thickness was three wythes throughout. The roof was wood 
construction supported by a four foot wooden truss. The reconnaisance team could not identify 
the presence of a plywood diaphragm. Significant damage occurred at the top two stories of the 
structure. Out of plane failure of the walls was evident. In the portion of the front wall that vvas 
intact, in plane shear cracks existed at the height of the windows. Prominent shear cracking 
occurred in the masonry piers that were supporting the balconies. There was little evidence of 
damage to the side walls. Fig. 6.16 shows the typical failure of a two story nonretrofitted masonry 
building: significant damage of the front wall that has fallen out of plane with prominent in plane 
shear cracks clearly visible at the side wall. 

Hospitals 

Much as was the case in the 1971 San Fernando earthquake several hospitals in the area of 
strong shaking suffered structural and very serious non-structural damage. The Indian Hills 
Hospital suffered structural damage in the shear walls with concrete crushing and apparent lap 
splice failure at the construction joint at the fourth floor level (Fig. 6.17). The Veterans Hill 
Hospital in the immediate vicinity of the epicenter suffered very serious damage to contents and 
equipment. Water from the ruptured sprinkler system ran for several hours and flooded a good 
portion of the building according to preliminary reports. Fig. 6.18 shows the state of a typical 
ground floor office at the Veterans Hospital. Severe structural damage at the St. John's Hospital 
in Santa Monica caused its immediate evacuation. 

Of particular interest to earthquake engineers is the fact that the Olive View Hospital 
which was rebuilt after its collapse following the 1971 San Fernando earthquake recorded a peak 
horizontal acceleration of 2.3g in the mechanical penthouse at the roof level, but did not suffer 
serious damage. 

Residential Structures 

Most residential structures in the vicinity of the epicenter were one story wood houses and 
two to three story wood apartment buildings. One story houses seem at this stage to have suffered 
little structural damage. Several chimneys broke at the roof line and fell, while quite a few 
buildings displaced horizontally from the foundation due to inadequate anchorage. 

By contrast, two to three story apartment buildings in the vicinity of the epicenter suffered 
extensive structural damage and several first floor partial or total collapses were responsible for 
the majority of deaths in the Northridge earthquake. Most apartment buildings in the area were 
poorly engineered wood frame buildings covered with stucco walls only and lacked a lateral load 
resisting system due to the absence of plywood shear walls. Most of these buildings feat:ure 
carports in the ground floor with the apartments located in the floors above. This led to a large 
incidence of soft first story collapse mechanisms (Figs. 6.19 and 6.20). In one instance part of the 
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ground floor was also filled with apartments and gave rise to the highest single incidence of deaths 
(Figs. 6.19 and 6.20). 

Base Isolated Structures 

Three seismically-isolated structures in the Los Angeles area were subjected to strong 
ground shaking during the Northridge earthquake. Two of these are supported on elastomeric 
isolators - the University of Southern California Teaching Hospital(USC) and the Los Angeles 
County Fire Command and Control Facility (FCCF) -while the third is supported on a helical steel 
spring and viscous dashpot system (GERB). Preliminary accelerograms have been released by the 
California Strong Motion Instrumentation Program (SMIP) from the USC and FCCF buildings. 
The USGS has recently recovered accelerograms from the GERB structure, but these were not 
available at the time of this report. 

The USC hospital is an 8-story braced steel frame supported on 68 lead-rubber isolators 
and 81 elastomeric isolators. It is located east of downtown Los Angeles, approximately 36 km 
from the earthquake epicenter. The strongest motions recorded at the site were in the north-south 
direction. The peak free-field acceleration was 0.49 g, and the peak foundation acceleration was 
0.37 g. The peak structure accelerations were 0.13 g and 0.21 gat the base and roof, respectively, 
implying amplification ratios of 0.32 and 0.57 relative to the input motion at the foundation level. 
These ratios are in the expected range for a seismically-isolated structure under this level of 
ground acceleration. For comparison, the amplification factors in the east-west direction were 1.0 
and 1.2 at the base and roof, respectively; the peak foundation acceleration in this direction was 
only 0.16 g. The hospital remained completely functional during and after the earthquake, and 
there were no reports of damage to equipment inside the building. This event has been the most 
significant test to date of a full-size seismically-isolated building and provides a valuable data set 
for further study of this type of structures. 

The FCCF is a 2-story braced steel frame supported on 32 high-damping rubber isolators 
and serves as the headquarters from which frre equipment is dispatched throughout Los Angeles 
county. It is located east of downtown, approximately 39 km from the epicenter of the Northridge 
earthquake. The recorded response of the FCCF in this event was unusual for a base-isolated 
structure because several high-frequency spikes were apparent in the east-west acceleration 
records. Although the peak foundation accelerations in this direction were between 0.19 and 0.22 
g, the first floor accelerations were between 0.21 and 0.35 g, and the roof accelerations were 
between 0.24 and 0.32 g. The corresponding amplification ratios are therefore substantially 
greater than 1.0. In the north-south direction the building performed as expected, with 
amplification ratios of approximately 0.4 and 0.5 at the 1st floor and roof, respectively. The peak 
foundation acceleration in this direction was approximately 0.18 g. The FCCF remained fully 
functional during and after the earthquake. An inspection of the site after the earthquake revealed 
that architectural details at an east-facing tile entryway near the north wall of the building may 
have compromised the isolation gap in the east-west direction. The tiles are not part of the 
isolated portion of the building and were designed as sacrificial elements that would be dislodged 
by the steel grillwork that overhangs the isolation gap from the main structure. The tiles had last 

6-6 



been replaced after being damaged in the 1992 Landers earthquake. However, it appears that the 
newly installed tiles provided more lateral restraint than expected to the overhanging grill, 
imparting an impulsive force at the first floor of the structure as the grill pounded on the tiles. 
This mechanism is consistent with the observation that the high-frequency acceleration spikes are 
larger at the north side of the building near the entryway than at the south wall, and the fact that 
the spikes indicate amplified accelerations only toward the west. No high-frequency response is 
seen in the north-south acceleration time histories. 

The last isolated structures were two identical 3-story braced steel frame residences in 
Santa Monica, each supported at its corners by GERB helical springs and viscous dashpots. 
Additional springs are distributed around the building perimeter. The site is approximately 24 km 
from the epicenter, and although the accelerograms recorded here have not yet been processed by 
USGS, SMIP records from the Santa Monica City Hall Grounds nearby show peak horizontal and 
vertical accelerations of 0.93 g and 0.25 g, respectively. It appears from a survey of th.ese 
buildings that the isolation system is more effective vertically than horizontally since several 
details limit horizontal movement. For example, slight damage was observed at locations where 
steel girders from the isolated portion of the structure framed into a concrete footing and a 
masonry block wall that was attached to the ground. However, a series of square glass blocks 
distributed around the perimeter of the structures indicated that the building experienced a vertical 
displacement of 3/4" to 1 ". 

Conclusions 

These preliminary observations of the post-earthquake damage from the 1994 Northridge 
earthquake indicate that a wide range of structural types suffered significant structural damage. 
While it is premature to draw any conclusions, it is safe to say that the wealth of recorded data 
from the main shock and several strong aftershocks will help engineers further their understanding 
of the seismic performance of old and new structures. Of particular interest to the designers is the 
fact that high horizontal accelerations were combined with significant vertical accelerations in 
many areas of strong ground shaking. The relatively poor performance of several parking 
structures requires special attention for improving the design of new and devising effective retrofit 
measures for existing structures. Finally, a set of very interesting records were obtained for base­
isolated structures. The records from the USC hospital are particularly encouraging in that they 
represent the most severe test of an isolated building structure to date. The results from the FCCF 
and GERB structures are also worthy of further study, and illustrate the importance of careful 
maintenance of the seismic gap around isolated structures. 
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Fig. 6.1 Cast-In-Place Parking Garage With 
Joint Shear Failure 

Fig. 6.3 Nonductile Reinforce Concrete (RC) 
Frame with Soft Story Mechanism 

Fig. 6.2 Shear-Bond Failure in Columns of 
7 -Story Moment Resisting Frame 

Fig. 6.4 Short Column Behavior in 6-story 
RC Moment Resisting Frame 
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Fig. 6.5 Damage to Shear Wall of Dual Frame-Wall System Fig. 6.6 Shear Failure of Coupling Beams in 15-story Coupled 
Shear Wall 
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Fig. 6. 7 Characteristic "Implosion" of Precast Parking Structure Fig. 6.8 Short Column Effect due to Partial Infill 
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Fig. 6.9 Typical Corbel Damage in Precast 
Frame of Parking Garage . 

Fig. 6.11 Partial Roof Collapse with Sub­
sequent Punching of Floors Below 

Fig. 6.10 Shear-Compression Failure of Cast­
in-Place Interior Column 

Fig. 6.12 Shear Cracking in Columns 



Fig. 6.13 Out of Plane Bending Failure of Retrofit URM Building Fig. 6.14 Shear Cracking in Non-Bearing Masonry Wall 

Fig. 6.15 Typical Shear and Out-of-Plane URM Failure Fig. 6.16 Typical Shear and Out-of-Plane URM Failure 
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Fig. 6.17 Shear Wall Damage at Indian Hills Hospital Fig. 6.18 Toppled Bookcases, Ground Floor of Veterans Hospital 

Fig. 6.19 Soft Story Collapse of Wood Apartment Building Fig. 6.20 Soft Story Collapse of Wood Apartment Building 
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