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MASONRY INFILL PERFORMANCE DURING THE NORTHRIDGE
EARTHQUAKE
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ABSTRACT: The response of masonry infills during the 1994 Northridge, California
earthquake is described in terms of three categories; (1) lowrise and midrise structures
experiencing large near field seismic excitation, (2) lowrise and midrise structures
experiencing moderate far field excitation, and (3) highrise structures experiencing moderate
far field excitation. In general, the infills provided a positive beneficial effect on the
performance of the buildings, even those experiencing large peak accelerations near the
epicenter. Varying types of masonry infills, structural frames, design conditions, and
construction deficiencies were observed and their performance during the earthquake
indicated. A summary of observations of the performance of infills in other recent
earthquakes is given. Comparison with the Northridge earthquake is made and expected
response of infill structures in lower seismic regions of the central and eastern United States
is discussed.
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INTRODUCTION

A series of field observations were made of the performance of masonry infilled frame
structures in the January 17, 1994 Northridge, California earthquake. The earthquake -
originated in Northridge approximately 30 km west northwest of downtown Los Angeles.
The earthquake occurred in a concealed fault of the San Fernando valley at depths of 19 to
7 km. The moment magnitude for the earthquake was M,, 6.7 (Wald and Heaton, 1994).
Although the field observations were made well after the earthquake occurred, none of the
structures had undergone any significant structural alterations since the earthquake.

The performance of infill structures is described in terms of building height and relative
location to the earthquake epicenter. Varying types of masonry infills, structural frames,
design conditions, and construction deficiencies were investigated. A summary of
observations of the performance of infills in other recent earthquakes is given. Comparison
with the Northridge earthquake is made and expected response of infill structures in lower
seismic regions of the central and eastern United States is discussed.

NEAR FIELD EXCITATION: LOWRISE & MIDRISE STRUCTURES

Several notable examples of double wythe reinforced clay brick infills existed near the
epicenter of the Northridge Earthquake. Among these were the Cal State Northridge
Dormitory, and Buildings 3 and 40 at the Sepulveda Veterans Administration Hospital
(TMS, 1994). Typical construction was a 9%2" wall consisting of two 32" clay brick wythes,
and a 2%2" grout space containing the reinforcing. The exterior wythe was typically outside
the structural framing. Damage was observed in all these buildings. Part of the damage
appeared to be typical infill damage, consisting of diagonal cracking and corner crushing.
In several cases, the outer wythe appeared to have been inadequately tied to the interior
wythe.

Building 40 at the Sepulveda VA hospital is a one story steamn plant building with a
reinforced concrete frame, Figure 1. Records at the base showed peak accelerations of 0.75g
in the east-west direction, 0.94g in the north-south direction, and 0.45g in the vertical
direction. This building was constructed in 1955. It appeared well designed, but some
construction deficiencies were apparent. Concrete had spalled off of one concrete column
near the base revealing about 15" of vertical reinforcing, Figure 2. No ties were present in
this length, despite plans calling for #3 ties at 10". There was also a corner of the infill that
had been damaged revealing the grout core, Figure 3. One place was observed in which there
was a large void in the grout leaving some reinforcing with no grout around it. Nevertheless,
this building survived the large ground shaking to which it was subjected. The building had
visible damage at numerous locations but did not suffer collapse. Therefore, life safety was
achieved and the building still has limited use. However, it will eventually be replaced. The
infills had a positive beneficial effect on the performance of this structure.




FAR FIELD EXCITATION: LOWRISE & MIDRISE STRUCTURES

Several parking garages in the northern Los Angeles area were observed which had
reinforced concrete frames with concrete masonry infills. In one instance, these were
separated from the concrete frame by a 12"-1" joint filled with styrofoam, Figures 4-5.
Obviously the intent was to isolate the infill from the frame, so that there would be no
interaction. Isolating the infill leads to other problems. The infill must be adequately
anchored out-of-plane, as arching cannot develop. If the gap is not large enough, the
columns will engage the infill, and it will interact with the structure (Flanagan, 1994). Yanev
and McNiven (1985) observed in dynamic testing that the buffeting that occurs when the
frame engages the infill quickly destroys the infill. They tried using foam rubber as a filler
in the gap to minimize the impact effects, but it had minimal effect. Thus, in designing
isolated infills, the out-of-plane anchorage and the provision of a sufficient gap (*2" may be
inadequate since it only allows for approximately 0.5% drift) need to be considered.

Other parking garages were observed which had concrete masonry infills tightly fitted against
the framing, Figure 6. These would then form part of the lateral load resisting system, and
may have limited damage, or in some cases prevented collapse. Figure 7 shows an infill
where there was cracking around the infill perimeter and some cracking in the concrete
frame. One parking garage was observed which had out-of-plane supports at the top of a
tightly fitted infill consisting of large steel angles anchored to the infill and underside of the
beam. In terms of resisting out-of-plane motions, the angles were superfluous, as the arching
capacity would greatly exceed the capacity of the angles. At most, only a nominal
connection would be needed to insure the initiation of arching, and the prevention of walking
of the infill. Cracking was noted around the anchors from in-plane movements. Dawe and
Seah (1989) observed in experimental testing that ties between a steel column and a concrete
masonry infill actually slightly reduced the in-plane capacity. The ties resulted in extensive
off-diagonal random cracking of the infill, and prevented the compression diagonal from
fully developing. Presumably, anchors at the top would have the same effect, and possibly
more drastic. If the angles caused premature failure of the upper course of the infill, the
behavior would be similar to a infill with a top gap. This leads to significantly lower
capacities, and the increased likelihood of shear failures in the columns. It is thus believed
that out-of-plane anchors of tightly fitted infills may do more harm than good, and are not
necessary.

FAR FIELD EXCITATION: HIGHRISE STRUCTURES

Several buildings in downtown Los Angeles had a primary lateral load resisting system of
unreinforced infills. These buildings were constructed early in the 1900s and typically had
clay brick or clay tile infills.. One notable example is the City Hall building which has steel
framing with unreinforced clay tile infills. Ground motions in the downtown area were in
the range of 0.15-0.20g during the Northridge earthquake. This is typical of the level of
excitation expected in many of the large moderate seismic zones in the eastern and central
United States. Damage was noted in many of the infills, primarily consisting of diagonal
cracking or cracking along the infill boundary. Figures 8-9 show damage near building
corners. Diagonal cracks are shown in Figures 10-11.




Despite the damage, the buildings remained useable and stable after the earthquake. Seismic
analyses of unreinforced infill buildings in moderate eastern and central United States zones
have indicated diagonal cracking, and in some cases the initiation of corner crushing, could
be expected (Flanagan et al., 1994). Thus, in a general qualitative sense, the behavior of the
unreinforced infills was similar to that predicted by analyses.

The behavior of the infill buildings in downtown Los Angeles has significant impact on the
eastern and central United States. A large building stock exists which has not been designed
for any seismic load, but for which we know there is a risk of seismic activity. Many of these
buildings only have a minimal lateral force resisting system apart from the unreinforced
masonry infills. Adequately constructed infills should be capable not only of providing life
safety functions, but should also in most cases have enough strength so that the buildings are
useable after a moderate earthquake. Laboratory investigations have shown that repaired
infills have close to the same strength as virgin infills (Flanagan, 1994), implying that infill
buildings damaged during moderate earthquakes can be economically repaired. Thus, many
of the infill buildings in the large moderate hazard seismic zones in the central and eastern
United States need not be retrofitted. They have sufficient seismic strength as is.

OTHER RECENT OBSERVATIONS OF INFILL BEHAVIOR

Several patterns of infill behavior are apparent when examining their behavior under seismic
loading. Many aspects of infill behavior are quite beneficial. Jafarzadeh (1992) noted the
reduction of intensity of damages of infilled frames in the Richter magnitude 7.6 1990 Iran
earthquake. Other aspects of infill behavior may be detrimental. Two large infilled frame
motels, including one that had been open only 18 days, suffered some of the most serious
damage during the 1993 Guam earthquake (Swan and Harris, 1993). Recent observations
of infill behavior in seismic events is reviewed in the following.

Infills serve to stiffen structural framing, thus reducing the natural period of the structure.

Typically the shortened period results in higher seismic forces. The additional stiffness and
strength, though, can serve to limit seismic drift, keep the building in the elastic range, and
more than compensate for the increased seismic forces (Bruneau and Saatcioglu, 1994a).
Miranda and Bertero (1989) suggested that perhaps the most important factor in the generally
good performance of low-rise reinforced concrete frame structures in the 1985 Mexico City
earthquake was the presence of masonry infills. The increased strength and stiffness
generally kept the buildings in the elastic range. The shortened period also resulted in
reduced inertial forces in the 1985 Mexico City earthquake (Klingner et al., 1987), although
this is not necessarily typical.

Similar observations of the beneficial performance of infills were made after the 1992
Egyptian earthquake (Adham, 1994; Elgamal et al., 1993). This earthquake generated
maximum ground accelerations of approximately 0.20g. The intensity of shaking could be
considered similar to what would be expected in moderate seismic zones of the eastern and
central United States. Due to the soft soil conditions, the stiffening effects of the infills
proved beneficial in this earthquake. Despite low-quality construction, and no consideration
of seismic design, infilled frame buildings performed quite well. Damage was mainly due




to special circumstances. For example, the one infilled frame building that collapsed was a
14 story building designed for 8 stories.

Typical in-plane behavior of infilled masonry structures is cracking around the infill
perimeter, diagonal cracking of the infill, and finally compression failures along the diagonal.
Often the compression failure will be in the loaded corners, and result in face shell spalling,
and loss of masonry. Both in-plane corner crushing and diagonal tension failures of masonry
infills have been observed after earthquakes (Malley, 1994). The failure of infills causes the
lateral forces and energy to be shifted to the frame, and may result in substantial building
damage or collapse (Amrhein et al., 1973; Adham, 1994). In the process of being damaged,
the infills, even if unreinforced, dissipate a significant amount of seismic input energy. This
has in many cases prevented collapse of the building (Stone et al., 1987). A detrimental side
effect of the infill damage and failure is that the debris can block exits and create a hazard
around the exterior of the building (Bruneau and Saatcioglu, 1994a).

Infills provide a redundant path for both lateral and gravity loads. The top stories of a
building in Guam shifted nine inches, shattering the ground floor columns, and leaving them
unable to carry gravity loads. Part of the building was left supported by the masonry infills
(Swan and Harris, 1993). Several buildings were observed in the 1992 Egypt earthquake
where there was crushing of reinforced concrete corner columns. The masonry infill
provided an alternate system for carrying part of the vertical loads after column crushing
(Adham, 1994).

Since infills are generally not designed as structural elements, their effect is often ignored
in the design phase. The placement of infills can lead to poor seismic configurations. Often
infills are terminated at the lower level, causing a soft first story. This problem has been
noted in several earthquakes. Thiruvengadam and Wason (1992) and Mallick (1984)
describe buildings whose first floor completely collapsed due to the absence of infills or
other lateral bracing, while the upper stories remained intact and fell as a rigid body, with no
member overstressed. There was evidence of large sway deflections in the first floor prior
to collapse. Infills may also be asymmetrically placed, leading to considerable torsion in the
structure (Swan and Harris, 1993; Stone, et al., 1987; Saatcioglu and Bruneau, 1993).

Partial height infills can be quite detrimental to the performance of framed structures. Partial
height infills can result either from initial construction, such as a wall with windows at the
top, or can result from corner crushing, and loss of the top part of the infill. Partial height
infills create short effective column heights which attract a high proportion of the load. The
short columns often fail in shear, particularly if constructed of reinforced concrete (Berg and
Hanson, 1973).

The 1992 Erzincan earthquake provided a good basis for observing infill behavior during a
strong motion earthquake (Malley et al., 1993). Most of the commercial building stock was
reinforced concrete frames with unreinforced masonry infills. Most of the masonry was
hollow clay tile, with a few building with clay brick and concrete masonry infills. The one
strong motion instrument recorded peak accelerations of 0.40g and 0.49g in the horizontal
direction, and 0.25g in the vertical direction, with a 5-6 second duration of strong shaking
(Malley, 1994). Typical problems with infills, such as soft first stories, and short effective




column lengths from partial height infills were observed. In many cases, the infills were
heavily damaged, but appeared to provide enough strength and ductility to perform life safety
functions. Two hotels that collapsed were reported to have few infills and tall, open first
stories.

The performance of hospitals during the 1992 Erzincan earthquake provides an interesting
basis for the study of infills (Malley et al., 1993). The first floor of one wing of the Military
Hospital which did not have infills collapsed. The upper four floors, which had infills,
remaining intact. The adjacent wing, which had infills on the first floor as well as the other
floors, remained standing. Shear failures were observed in columns, indicating a significant
contribution of the infills to the lateral resistance. At the Social Security hospital, a newer
L-shaped wing completely collapsed. Torsion and force transfer problems at wide shallow
beam connections contributed to the collapse. The original hospital suffered sever cracking
to the longitudinal infills, but remained standing. At State Hospital, the newest building
suffered little damage. The main building suffered severe damage to infills on the first floor,
but remained standing. It was reported that this building suffered similar, but less severe,
damage during the 1983 Erzurum earthquake and had been repaired. In summary, the infills
were unable to provide sufficient seismic resistance for the hospitals to remain useable after
the large earthquake. This severely hampered emergency medical care. The infills were able
to prevent buildings from collapsing, thus providing life-safety functions and reducing the
number of casualties.

Some of the most severe infill damage was experienced during the 1993 Guam earthquake
(EERI, 1995). Although there were no ground motion records from this earthquake,
maximum ground shaking was estimated to be between 0.15g and 0.25g. Two major motels
(12 story and 4 story) consisting of reinforced concrete frames with reinforced concrete
masonry infills were damaged to the point that they were subsequently demolished. Infill
masonry damage consisted of large diagonal cracking, spalling of masonry face shells, and
collapse of entire panels. In a smaller two-story structure, the concrete masonry faceshells
of an infill spalled off leaving grout plugs hanging like icicles. Much of the damage is due
to the infills, as they created poor seismic configurations. These include soft-stories where
the infills are terminated, short effective column lengths from partial height infills, and
torsion from the infill frame stiffness shifting the center of rigidity of the building. Infills in
this earthquake appeared to do more harm than good. After creating problems due to their
placement, the infills did at least perform life safety functions. One interesting aspect that
was not discussed in the reconnaissance report was the behavior of infills with openings. A
photo from one of the motels appears to show an infill with a door opening on one side.
Diagonal/shear cracking appears to be present consistent with that observed in laboratory
tests (Dawe and Seah, 1989).

Experimental testing has indicated that most infills have significant out-of-plane capacity due
to arching (in-plane membrane forces) provided the boundary conditions are able to resist
the in-plane thrust. Except for panels with high height to thickness ratios, infills should in
general have acceptable out-of-plane behavior during seismic events. Very few out-of-plane
infill failures have been reported during seismic events. For example, Thiruvengadam and
Wason (1992) describe several buildings where unreinforced infills experienced diagonal
cracking and "separation” (apparently cracking at the frame/infill interface) from the




surrounding frame. However, in the three buildings described, no mention was made of out-
of-plane damage or failures, and no restrictions were made on the subsequent use of the
buildings.

Widespread out-of-plane damage to "thin" unreinforced masonry infills was noted in the
1990 Iran earthquake (Mehrain, 1990). A building with light steel sections that reduced the
wall span for out-of-plane bending performed better, as well as structures with "thick” infills.
This appears to confirm the importance of the height/thickness parameter in developing out-
of-plane strength through arching.

The need for confinement of masonry infill panels was apparent in the 1992 Erzincan
earthquake (Bruneau and Saatcioglu, 1994b; Malley, 1994). Widespread out-of-plane
failures of gable end walls above the main roof slab were observed, while the infilled
masonry panels below would remain stable. Most of the out-of-plane failures were due to
prior in-plane damage. Damage around the periphery of the infill would cause gaps between
the infill and the bounding frame, leading to out-of-plane movements, and possibly panel
failures (Saatciogiu and Bruneau, 1993). Hollow clay tiles oriented with cells perpendicular
to the wall at the perimeter formed a weak plane. Upon in-plane failure, the remaining panel
failed out-of-plane as a unit (Malley, 1994). In some cases, in-plane failures would only
cause partial out-of-plane failures, and a portion of the infill would remain intact (Bruneau
and Saatcioglu, 1994b).

CONCLUSIONS

The response of masonry infills during the Northridge earthquake was described. Several
lowrise and midrise buildings near the epicenter experienced extreme ground shaking, but
did not collapse, primarily due to the beneficial aspects of infilled frames. Near downtown
Los Angeles, several highrise buildings were subjected to base excitation similar to that
expected in moderate seismic zones of the central and eastern United States. These infill
structures performed well, experiencing little damage, and are expected to remain in use.

Infill performance in a variety of recent earthquakes was reviewed. In general, the positive
attributes of infilled frame construction was demonstrated. Observations of infill
performance in the Northridge earthquake are consistent with those of other earthquakes and
various experimental and analytical programs designed to determine the seismic response of
infills.
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Figure 1: Sepulveda VA Hospital
Building 40

Figure 2: Column Reinforcement Figure 3: Infill Gt Core




: Figure S: Isolated Panel
Figure 4: Parking Garage

Figure 7: Infill Contact

Figure 6: Parking Garage

Fre " el ilding Figure 9: Pasadena Building




Figure 10: Pomona Building

Figure 11: Paaena Building
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