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ABSTRACT

Observations were made of the behavior of masonsy infills in sttactural frames during the
Northridge carthquake, and an snafytical technicque was developed for analyzing infitled frame
structures. Infills near the epicenter suffered significant damage, but in several casss contributed to
the sejsmic resistance and life safety performance. Older infill beildings in downtown Los Angeles
experienced intensity of shaking similar to that expected in central/eastern United States earthruakes.
The infills experienced some cracking, but otherwise complemented the lateral resistance of the
weak building frames. This suggests infil]l frame buildings in moderate seismic zones may provide
at Jeast life safety functions without the need for expensive retrofit A developed analytical
techniqee was used to analyze two buildings for which the observed behavior and records from the
Northridge earthquake were available, The analytical technigue was based on using a piecewise
linear equivalent serut for the infill. Parameters for the strat were obtained by examining the resultg
of a wide varicty of expesimental infil} tests, The strut method is easy to incorporate in standard
linear analyses, &nd converges quite rapidly. The stroé methed was applied to two stractuges that had
records from the Northridge earthquake. Very favorable comparisons between the anatyticz] method
and observed response were obtained, Recommendations were made concerning evaluation of the
valnerability of infills to earthquakes, and the construction of infills.
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CHAPTER 1

INTRODUCTION

Several older buildings in the high seismic hazard areas of Califomia have unreinforced
masonry infills, with newer constmction having teinforced masonry infills. Masonry infill
construction remains very popular, particularly in the low to moderate seismic zones of the
eastern/central United States. Masonry infills have received much attention recently, as evidenced
by two recent workshops focusing oa masonry infill construction (MMES, 1993; Abrams, 1994),
Infill walls may have both beneficial and detrimerital affects on the building behavior under seizmic
loading, Enfill walls increase the stiffness of a building, shift the struchere’s center of stiffness, and
affect the forces in the framing possibly causing premature failure of frame members. Infilis can also
have a positive influence on the structural behavior, as evidenced by the 1985 Mexico City
carthquake and the 1992 Cairo, Egypt earthquake. The infills provided a redundant load path for
bath horizontal and verticat loads.

The performance of infills during earthquakes a5 described in the literature is sammarized
in Chapter 2. Observations of infill performance duzing the Northuidge earthaquake is also discussed
in Chapter 2. Several cases exist of buildings near the epicenter where the infills contributed to the
life safety fonctions of the building, Buildings in downtown Los Angeles sxperisnced ground
shaking sirmilar to a moderate earthquake, typical of the central/castern United States. Cracking and
damage were cbserved, but the bufldings remained functional.

A method for analyzing infill stroctares under earthquake loads is developed in Chapter 3,
The method is based on replacing the infill with an equivalent piecewise [inear strot. The strut
properties depend on the deformation of the infill, and the stiffness of the strut is related to vanous
lirnit states of the panel. Based on a comprehensive review of the literatwre, methods for predicting
diagonal cracking strength and corner crushing strength are developed. The cormer crushing strength
is a function of the thickness of the infill and the infill compressive strength, but only 2 very weak
function of other parameters.

In Chapter 4, 2 reinforced conceete building with clay masonry infills is analyzed. This
building was 7 km from the epicenter, and experienced peak herizontal ground motion of 0.94g.
Although damaged, the building did perform life safety functions. The analytical method was able
to predict location and magnitude of damage, and handle the nonkinearity and post-peak behavior
of the infiils. '

A 13 story steel frame building with exterior clay masonry infills in downtown Los Angeles
is analyzed in Chapter 5. This building experienced a peak horizontal rnotion of 0.18g, which js
typical of the intensity expected in the large moderate seismic regions of the central/eastern United
States. The building soffered only minor damage. The building was analyzed using oor best
judgement of material properties and modeling was based on the method developed in Chapter 3.
The response of this bujlding during the Northridge earthquaks was available from instrnmentation
of the Califoinia Division of Mines and Geology. The predicted analytical results were compared
to the recorded response. No attempt was made o "tuas" the model to the measured results, but
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rather the analysis was conducted besed on best estimates. Good agreement was obtained between
the analytical and recorded results, particalarly with respect o the natural frequencics.,

Conclusions are drawn in Chapéer 6 regarding construction of new masnory infills, seismic
walkdown guidelines for infill stractures, expected infill performance in moderate seismic zones,
analysis of infill struchrres, experitnental testing of infitls, and critical areas of research.
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CHAPTER 2
OBSERVED INFILL BEHAYIOR DURING EARTHQUAKES

General Behavior

Several patterns of infill behavior are apparent when examining their behavior vnder seismic
loading. Many aspects of infill behavior are beneficial. Jafarzadeh (1992) noted the reduction of
intensity of damages of infilled frarnes in the Richter magnitude 7.6 1990 Jran earihquake. Other
aspects of infill behavior may be detrinental. Two large infilled frame raotels, including one that
had been open only 18 days, suffered some of the most serious damags during the 1993 Guam
earthgualke (Swan and Harris, 1993). Recent observations of infill behavior are reviewed in the
following.

Infills serve to stiffen structural framing, thus tedocing the patural period of the stmcture,
Typically the shortered period results in higher seismic forces for fiem sites. The additional stiffness
and strength, though, can serve to limit seismic drift, keep the bnilding in the efastic range, and more
than compensate for the increased seismic forces (Bruneau and Saatcioglo, 19942). Miranda and
Bertero (1989) suggested that perheps the most important factor in the generally good performance
of low-rise reinforced concrete frame strmctures in the 1985 Mexico City earthquake was the
presence of masonry infills. The increased strength and stiffoess generally kept the buildings in the
elastic range. The shortened period also resolted in reduced inertial forces in the 1983 Mexico City
carthquake (Klingner et al., 1987), although this thay vary with different soil conditions at the site.,

Similar observations of the beneficia) performance of infills were made after the 1992
Egyptian earthquake (Adham, 1994; Elgamal et al., 1993). This earthquake generated maxizim
ground accelerations of approximately 0.20g. The intensity of shaking conld be considered similar
to what would be expected in moderate seistmic zones of the eastern and central United States, Dua
to the soft soil conditions, the stiffening effects of the infills proved beneficial in this carthquake.
Despite low-guality construction, and no consideration of seismic design, infilled frame buildings
performed quite well, Damage was mainly due to special circumstances. For example, the one
mfilled frame building that collapsed was a 14 story building designed for B stories.

Typical in-plane behavior of infilled masonry structures is cracking arcund the wfill
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 cormer crushing and diagonal tension failures of masenry 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 resvit in subetantial bnilding 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 snergy. This has in many cases prevented collapse of the
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building (Stomne ct al., 1987). A deteimental side effect of the infill damage and failure is that the
debris can block exits and create & hazard around the exterior of the building (Brunsau and
Saateioglu, 1994a).

Infills provide a redundant path for both lateral and gravity icads. The top stories of a
building in Guatn shifted nine inches, shattering the pround floor columns, and leaving them unable
to carry gravity loads.. Pant of the building was left supported by the masoney infills (Swan and
Harris, 1993). Sewveral buildings were chserved in the 1992 Egypt earthquake where there was
crushing of reinforced concrate comer columns. The masonry infill provided an aiternate system for
carrying part of the vertical loads after colnmn crushing (Adham, 1994).

Since intills are generally not designed as structural elemnsnes, 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 sofi first story. This problem has been noted in several
garthquakes. Thiravengadam and Wason {1992) and Mallick {1984) describe buildings whose first
flaoe 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 Jarge sway deflections in the first floor prior to collapse. Infills may also be asynmnetrically
placed, leading to considerable torsion in the structare {(Swan and Flards, 1993; Stone, et al., 1987;
Saatcioglu and Brunean, 1993).

Partial height infills can be guite detrimental to the performance of framed scructures. Partial
height infilis can result either from initial construction, such as a wall with windows at the top, or
can result from comer crushing, and loss of the top part of the infill. Partial height infills create short
effective column heights which atiract 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
steong motion earthquake (Malley of al., 1993). Most of the commercial buJIdmg stock was
einforced concrete frames with unreinforced masonry infills. Most of the masonry was hollow clay
tile, with a few buildings with clay brick and concrete masonry infills. The one strong motion
instrument recorded peak accelerations of 0.40z and 0.49g in the horizontal direction, and 0.25g in
the vertical direction, with a 5-6 second duration of strong sheaking (Malley, 1994). Typical
problems with inffils, such as sofi first stories, and short effective colemn lengths from partial hejght
infills were observed. In many cases, the infills were heavily damaged, but appeared to provide
encugh strength and ductility to perform life safety functions. Two hotels that collapsed were
reported to have few infills and tall, open first stovies,

The performance of hospitals during the 1992 Erzincan earthquake provides an interesting
basis for the stady of infills (Malley ef al., 1993). The first floor of one wing of the Military Hospital
which did not bave infills collapsed. The upper four floors, which had infills, remained intact. The
adjacent wing, which had infilis 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
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latecal resistance. At the Social Security hospital, a newer L-shaped wing completely collapsed.
Tarsion and foree eransfer problemns at wide shallow bearn connections contributed to the collapse.
The criginal hospital suffered severe cracking to the longitudmal infills, but remained standing. At
State Hospital, the newest building suffered little damage. The main building suffered severe
damags to infills on the first floor, bat remained standing. 1t was reported that this building suffered
similar, but less severe, damage daring the 1983 Erzuram carthquake and had been repaired. In
summary, the infills were veable to provide sufficient seismic registance for the hospitals to remain
nseable after the large earthquake. This seversly hampered emergency medical care. The infills
were able to prevent buildings from collapsing, thus providing life-safety fnctions and redecing the
mumber of casualties.

Some of the most severe infill damage was experienced during the 1993 Guam earthgnake
(EERI, 1995). Although there were no ground motion records from this earthquake, maximum
ground shaking was estimated to be batween 0.13g and (.25g, Two major motels (12 story and 4
story) congisting of reinforced concrete frames with reinforced concrete masonry infills wers
damaged to the point that they were subsequently demolished. Infill masonry damage consisted of
large diagonal cracking, spalling of inasonry face shells, and collapse of entire panels. In 2 smaller
two-story structure, the concrete masonry faceshells of am infill spalled off leaving grout plugs
hanging like icicles. Much of the damage is due to the infills, as they created poor seismic
configurations. Thege 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 ceater of
rigidity of the building., Infilis in this eathquake appearsd to do more harin than pood. After
creating problems due to their placement, the infilts did at least pesform life safety femctions. One
interesting aspect that was not diseussed in the reconnaissasice report was the behavior of infills with
openings. A photo from one of the motels appears to show an infill with a door openmg on one side.
Diagonalfshear cracking appeass to be presant consistent with that observed m laboratory tests (Daws
and Seah, 1989),

Experimental testing has indicated that most infills have significant out-of-plane capacity due
t0 arching (in-plane membrane forces) provided the boundary conditions are able 1o resist the in-
plane thrust. Bxcept for panels with high height to thickness ratios, infifls shouvld in general have
acceptable out-of-plane behavior during seisinic events. Very few out-of-plane infill failures have
been reported during seismic events. For example, Thimvengadam and Wason (1992) describe
several buildings where unreinforced infills experienced diagonal ¢racking and "separation”
{apparently cracking at the frame/infill interface) from the surrounding frame. Howsver, in the three
buildings deseribed, no mention was made of ont-of-planse damage or failores, and no restrictions
were made on the subseguent use of the buildings.

Widespread out-of-plane damage to "thin™ unreinforced masonry infills was noted in the
1930 Iran earthquake (Mehrain, 1990}, A building with light stesl sections that reduced the wall
span for out-of-plane bending performed betier, as well as stractures with *thick” infills. This
appears to confirm the importance of the height/thickness parameter in developing out-of-plane
strength through arching.
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The nesd for confinement of masonry infifl panels was apparent in the 1992 Erzincan
earthquake (Bruneau and Saatcioglu, 1994b; Malley, 1994). Widespread out-of-plane failures of
gabie end walls sbove 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 jofili and the bounding frame,
leading to out-of-plane movemerits, and possibly panel failures (Saatciogln and Brunean, 1993).
Hollow clay tiles orented with cells perpendicular to the wall at the penmeter formed a weak plane.
Upon in-plane faiture, the remaining panel failed oul-of-plane as a unit (Malley, 1994). In some
cases, in-plane failures would only canse partial ount-of-plane failures, and a portion of the infill
would remain intact (Bruncan and Sastcioglu, 1994b).

Northridge Earthguake Ohservations

Infill performance during the Northridge earthquake will be discussed in terms of thres
categories. First, near the epicenter, there were several buildings with double wyihe reinforced clay
brck infills. Second, also near the epicenter, several parking garages had infills, typically concrete
masonry. Third, a number of older baildings in downtown Los Angsles with unrefaforced infills
(brick and clay tile} experienced some damage.

Several notzble examples of double wythe reinforced clay brick infills existed near the
epicenter. These were the Cal State Northridge Dormitory, and Buildings 3 and 40 at the Sepulveda
Veterans Admanistration Hospital (TMS, 1994). Typical construction was a 9%:" wal] consisting of
two 332" clay brick wythes, and a 212" grout space containing the reinforcing. The exterior wythe
was typically owtside the structural framing. Damage was observed in all these buildings. Part of
the damage appeared to be typical infilt damage, consisting of diagenal 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 steam plant building with a
reinforced concrete frame, Figure 2.1. 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 direciion. This
building was constracted in 1955, It appeared well designed, but some construction deficiencies
were apparent. Concrete had spalled off of one conciete columa near the base revealing about 15¢
of vertical reintfercing, Figure 2.2. No ties were present in this length, despite plans calling for #3
ties ai 10", There was also a comer of the infill that had been damaged revealing the grout core,
Figure 2.3. One place was ebserved in which there was a large void in the giout leaving some
reinforcing with no grovt avound i. Nevertheless, this building survived the Jarge ground shaking
to which it was subjected. The building had visible damage at numerdus Iocations but did not suffer
collapse. Therefore, life safety was achieved and the building still has limited use. However, it will
eventuelly be replaced. The infills had a positive beneficial effect on the performance of this
structure.
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Several packing garages in the Northridge area were observed which had reinforced concrete
frames with concrete masonry infills. In one instance, these were separated from the concrete frame
by a half-inch to one-inch joint filled with styrofoam, Figures 2.4-2.5. Obviously the infent was to
isolate the infill from the frame, so that there would be no interaction. Isolating the infi} 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 {1933) observed in dynamic testing that the
buffeting that occurs when the frame engages the infill quickly destroys the infill. They tried nsing
foam rubber as a filler in the gap to minimize the impact effects, but it had minimal effect, Thas,
in designing isolated infills, the out-of-plane anchorage and the provision of a sufficient gap (14" may
be inadequate since it oaly allows for approximaiely 0.5% drift} need 1o be considered.

Other parking garages were observed which had concrete masonry infills tightly fitted against
the framing, Figure 2.6. These would then form part of the laieral load resisting systam, and may
have limitad damags, or in some caseg prevented collapse. Figure 2.7 shows an infill where there
was cracking around the infil] perimeter and soms cracking in the concrete frame. One parking
parage was observed which had out-of-plane supports at the top of a tightly fined infill consisting
of large stee] angles anchored to the infill and vaderside 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 walkjog of the infill, Cracking was noted arcund the anchors from
in-plane movements. Dawe and Seah (1989) observed in experimental tasting fhat ties between a
steel column and a concrete mesonry infill actally slightly reduced the in-plane capacity. The ties
resulted in extensive off-diagonal random <racking of the mfill, and prevenied the compression
diagonal from fully developing. Presumably, anchors at the top would have the same effect, and
possibly more drastic. If the angles cansed premature failure of the upper course of the infill, the
behavior would be sitnilar to an infill with a top gap. This leads to significantly lower capagitics,
and the increased likelihood of shear failures in the columns. It is thus believed that out-of-plane
anchors of tightly fired infills may do more harm than good, and are not necessary.

Several buildings in downtown Los Angeles had a primary lateral load resisting system of
unreinfoiced infills, These buildings wese constmacted 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 earthguake. This is typical of the level of excitation expectzd in many of the
large moderate sejsmic zones in the eastemn and central United States. Damage was noted in many
of the infills, primarily consisting of diagonal cracking or cracking along the infill bovndary. Figures
2.8-2.9 show damage near building comers. Diagonal cracks are shown in Figures 2.10-2.11.

Desgpit the damage, the buildings remained useable and stable after the earthqnake. Seismic

analyses of unrzinforced infill buildings in moderate eastem and central United States zones have
indicated diagonal cracking, and in some cases the initiztion of corner crushing, could be expected
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{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 significent impact on the
eastarn and central United Statss. A large building stock sxists which has not been designed for any
seismic load, but for which we krow there is a risk of seismic activity. Meny of these buildings only
have a minimal lateral force resisting systemn apart from the unreinforced masonry infills.
Adequately constmcted infills should be capable not oniy of providing life safety functions, but
should alse in most cases have enough strength so that the buildings are useable after 2 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 mederate
earthquakes can be economically repaired, Thus, many of the infill buildings in the lacge moderate
hazard seismic zones in the central and eastern United States need not be retrofitted. They have
sufficient seismnic strength as is. '
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CHAPTER 3
EQUIVALENT STRUT ANALYTICAL METHOD

Inirodociion

Building analysis technigues for infill structures need to be computationally efficient, and
readily intagrated into existing analysis techniqoes and methods. A piecewise linear strut is chosen,
for modeling the in-plane behavier. The material properties of the strut are kept constant while the
area of the strut is varied based on the lateral drift. The decrease in stmt area with increasing drift
is atso qualitatively related to expected damage levels of the infill, such as diagonal cracking, and
comer crushing, Several iterations of a linear analysis are required, but convergence is quite rapid
(Flanagan et al., 1994),

The replacing of the infill with the strut enables large, complex three-dimensional analyses
to be conducted. The sirut adequately capéures the global behavior of the structure, such as siiffness,
natural frequencies, and torsion. The method thus accommodates standard techniques for dynamic
analysis (either equivalent static forces or response spectra methods) while incorporating the
nonlingar behavior of masenry infills in an effective manner.

The stret formulation used is similar to that developed by Stafford-Smith and Carter (1969).
The width of the equivalent strut, w, is

w=—"_
o 4y

in which & is the length of colurmn bearing on the infill and 6 is the angle of the diagonal with
respect to the horizontal. The length of colemn bearing, &, is determined as
L

Y (@)

in which C is an indicator of the limit state of the infill and varies with the in-lz;lane drift
displacernent, and A is a pararoeter relating the infill stiffness and the frame stiffoess. The parametar

L is determined as
*| B, tsin28
T ®
AR

in which E_ is the gross £lastic modulus of the masonry, B 1, is the flexural rigidity of the columns,
t is the infill gross thickness, and b’ is the infill height.

The capacity of the infill is limnited by both by a displacement and a force based criterion.
For softer, more flexible frames, the displacement critaria will control, while the force criteria will
conirol for stiffer frames.
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Suggested values for the paranster C for various types of infill matenial and both concrete
and steel frames are given in the following sections. Varvious modeling issues are also discossed.

Stiffness Characteristics for Different Materfals/Frame Types

The development of the anslytical approach outlined in the previous section was initially
made for stee] frames with structural clay tile infills (Flanagan, 1994). It was the result of a large,
comprehensive testing program. The clay tile used for the tests were 12"x12" uanits with horizontal
coting. Both 8" and two-wythe 13" walls were tested. Tests were conducted with varying frame
stiffness, varying aspect ratios, varying sizes, with comner openings, and with the infills offset from
the framing. The criteria is currently being used by the U.5. Department of Energy for seismic
evaluation of their facilities. The criteria has undergone several peer reviews, and been refined as
a result of these reviews. Table 3.1 gives the value of C for varying in-plane daft displacements.

Table 3.1. Values of C for Steel Frames with Stroctural Clay Tile Infilkin
' ¢ | DisplwementGn) | TypicalIofillDaoage |
1 Nun — et —
Diagonal Mottar Joint Cracking

Off Diagonal Mortar Joint Cracking

Banded Diagonal Mortar Joint Cracking

Comer Mortar Crushing and Tile Cracking

Omne of the most comprebensive set of tests conducted o steel frames with concrete masonry
infills is surnmarized m Dawe and Seah (1989). A total of thirty-four tests were performed,
examining such aspects as openings, reinforceinent, (op gaps, and interface conditions. Of the thirty-
four tests, fifteen were snalyzed that wers considered 1o be basically “standard” frames. Most of
tests were Hinited by deflection to preserve the frame for futwre tests. Thas, the true nltimate
behavier, and the post-peak behavior was not always obtainable. However, the cne test that was
carried well past ultimate demonstrated a gradual reduction in load carrying capacity, indicating
significant ductility and energy absorption capability.

Valoes of C verses tiie in-plane displacement are shown in Figure 3.1 Figore 3.2 shows the
results of a piecewise linear regression. For ease of use in application to building analysis, suggested
values of C that would be applicable over a given displacement range are given in Table 3.2, Typical
expected damage for different displacements is also given in the table.
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None
0.1-0.3 Diagonal Mostar Joint Cracking

0.3-0.65 Off Diagonal Mortar Joint Cracking l
ing; Possiblo Comer Crushing

Extensive Random Cracl

Mehrabi 2t al. {1994) reporied on a series of half-scale tests of concret= masonry infills in
reinforced concrete frames. Both solid and holiow masoniy units were nsed, with all the masonry
being unreinforced. Twelve tests were conducted on single bay frames, and wo tests on fwo bay
frames. The tests showed significant post-peak strength, and a significant amount of ductility.

Figure 3.3 jlfustrates the dependence of C on the in-plane displacement for concrete frames
with concrete masonry infilling. Figure 3.4 is a summary of a piecewise linesr regression of C
versus the in-plane displacernent. There is a slight difference between solid and hollow concrate
masonry. However, the difference is small enough that for most practical analyses it can be
neglected, Table 3.3 gives recommended C values and corresponding expectad damage, This table
would be applicable for both solid and hollow concrete masonry.

Table 3.3, Values of C for Concrete Frames with Concrete Masonry Infilling

C Displacernent (in) Typical Infill Damage
2 | 0001 [Wee
4 0.1-0.25 Diagoral/Sliding Mortar Joint Cracking
8 0.25:0.45 Off Diagonal Mortar Joint Cracking; Bed Joint Sliding;
Corner Croshing _ _ _

Benjarnin and Williams {1958) tested concrete frames with clay brick infills. Most of the
tests were small scale, and appeared to fail primarily through diagenal cracking and sliding. Based
on the one fall scale test, approximate values of C wonld be 2 far a deflection of 0.1%, C=4 fora
deflection of .13", C=8 for a deflection of 0.25", and C=10 for a defiection of 0.35". Althongh care
neads to be exercised in extrapolating from one test, it appears that values of C are similar for
concrete masonry and clay brick masonry in concrete frames.
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Tests with Flexiblo Steel F

Several test rezults are available with quite flexible steel frames. Dawe and Sesh (1989)
tested a frame with true pins at the connections. The stiffness was considerably lower than frames
with moment connections. Benjamin and Williarns (1958) tested brick infills in a pinned stecl
frame. Values of C for these tests ranged from 10-100. These tests were disregarded in the
development of the stiffness formulation.

Hendry and Liauw (1994) and El-Ouali et al. (1991) tested steel frames with various types
of masonry infill. Instead of using 2 fairly stiff base, such as a laboratory strong floor, they vsed a
stec]l beam identical to the top beam. The rectangular frame was supported only at the bottom
corners. This resuited in a mach sofier response. Values of C obteined were again on the order 10
to akmost 100. Due to the flexibility, these tests are alzo not used in the development of stifiness
formulation.

Clearly, the fiexibility of the frame can drastically affect the stiffpess. 1t is falt that a traly
pinned frame is not representative of typicel construction. Some nominal moment capacity will be
present, even with shear connections.  appears that even a nominal amount of moraent will stiffen
the infitl-frame response (Flanagan, 1994). The stiffness of the supporting base for the infill also
apparently has a large affect on the system stiffness. It is Felt that a fudsly rigid base, such as a
Iaboratory strong floor is more representative of field conditions. Typically the critical infills are at
the base of the stmcture. For upper levels, the floor slab will add sorne additional stiffness, as well
as the infill on the floor below. Thus, the tests that showed quite flexible results, with large values
of C, are not included in the development of the stiffness formulation.

Ultimate Strength of Infill
There sre two primary faflure modes for infills, diagonal cracking and corner crushing. In

addition, there are several secondary limit states, as indicated in Tables 3.1-3.3. The load-deflection
behavior of a typical infill is shown in Figure 3.5

‘ Comar GGushing

L
Daftection

Figure 3.5 Typical Behavior of an Infill
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The behavior of an infill is analogons to a reinforced concrete beam. Prior to diagonal
cracking, the intact infill tends to be quite stiff. This corresponds to the uncracked behavior of a
reinforced concrete beam. Considerable stiffiness is lost after diagonal cracking, and there may be
a drop in load capacity immediately after diagonal cracking, analogous to cracking of the beam. Due
to the confinernent of the infill, it will continue to carry load until ither comer crushing occers, or
there is a failure in the boumding frame. Depending on the properties of the infill, the nitimate load
in comer crushing may be greater than or less than the diagonal cracking load. This comresponds
conceptually to the behavior of a reinforced concrete beam with greater than minimum reinforcing
and less than miniroum reinforcing, respectively.

Onee the infill has cracked, its behavior is much softer, foliowing the dashed line in Fignre
3.5. Cracking could occur from the ¢yclic load caused by a seismic event. Prior cracking can occar
from shrinkage or maoistore expansion movements, thermal movements, or ont-of-plane Ioads. For
most existing infills, particularly in older buildings, the infill may often have minor cracking prior
10 an earthquake. Thus, it is felt that the stiffness vsed for the infill should reflect the stiffness after
diagonal cracking. Methods for estimating the cracking load and corser crushing load for infills are
given in the following sections.

D | Crackine Load

Piagonal cracking appears to be related to the panel size, and potentizlly the sguare root of
the compressive strength, £, Table 3.4 lists disgonal cracking stresses for various types of infills.
The diagonal cracking stress is based on the net bedded area.

Value of £ used

Structural Clay Tile V! Paralle) to bed joint |
Concrete Masonry Perpendicular o bed joint

Stecl Frames i WL

Concrete Frames SV,
Clay Masonry Perpendicular to bed joine

Steel Frames 2.3V,

Concrete Frames 3.2/

Values for structural clay tile were determined from the tests by Flanagan (1994). Perhaps
these are lower than for other types of masonry since the bed joints were solid. Algo, there was
significant horizontaf coring and only face shell mortar in the head joints. The full bedded area
{gross area) was nsad in detennining the diagonal cracking strength. However, the value of £, for
loading paratlel 10 the bad joint was used to reflect the large horizontal coring of the clay file.

The value for concrete masonry in steel frames was determined from the tests by Dawe and
Seah (1989). The coefficient of variation for this resuft was 20%. Applying this to the tests of
Hendry and Lizuw (1994) gave an estimated cracking load of 52 kips. The actual racking load was
58-53 kips, or about 15% higher than predicted.
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A note is in order on the tests by Dawe and Seah (1989). The posm strengths reported
seemed to be high, being about twice that of Mehrabi et al. (1994), and about twice that foond n
much of the United States. Indeed Dawe and Seah’s (1989) prism strengthis were approximately
equal to the unit strength. The prism strength valass reported by Dawe and Seah {1989) were used
in all calcolations. However, if the prism strength were actually lower, the coefficient would tend
to be higher for dstermirning the cracking stress.

The value for concrete masonry in concree frapmes was determined from the fests by Mehrabi
(190d). The coefficient of variation was 35% for this valne. The net frame load (system load minus
bare frame load at samne deformation) was used since the concrete frame was canvying approxirnately
10% of the load. The value of 5vf is high compared to tests reported by Angel et al, {1954). For
their two frames with concrets magsonry infills, the cracking strength was 1.3+ and 2.9vf, Angel
et al. (1994) observed diagonal cracking at very low displacements (0.03" and 0.02",

For stee] frames with clay masonry infills, the test resolts of Hendry and Lianw (1994) were
usad, This was a series of eight tests, and the coefficient of variation was 46%. For concrete frames
with clay masonry, the results of Bepjamin and Williams (1958) were used. No reported value of
f! was given, so a value of 3000 psi was assumed. Note that the constant would increase to 3.5¢f/
is the prism strength were only 2500 psi. The cosfficient of variation was 22%.

El-Ouali et al. (1991) tested five steel frames, one with a clay brick masonry infill, two with
concrele brick infills, and two with sand and Lime brick infills. The diagonal cracking strezses were
considerably lower than what was seen in other tests. The average was 1.2V, with & coefficient of
vatiation of 30/%.

1t is difficult to draw many general conclusions given the variety of testing procedures and
conditions. It does appesr, though, that there is significant unceriasinty in diagopal cracking stresses
(coefficient of variation on the order of 30-40%). - It also appears that the cracking siress of clay
masoiry is slightly lower than concrete masonry, when related to v/, A general value of 3V}, for
the cracking stress of an infill appears to be reasonably appropriate. As indicaied in the discussion
on general behavior of an infill, diagonal cracking may not be as important a limit state as corner
crashing.

Comer Crushing

The ultimate lmit state of a masonry infill will be comner crushing. The term comer crushing
is used somewhat generically, to be consistent with much of the previous literature . Although
crushing of the masonty will often occur in one of the upper comers, it may occur elsewhere in the
panel. Cormer crushing will be nsed to describe the failure of the masonry throngh crushing, spalling
oi faceshells, or any failue shat resulis in loss of masonry.

Although many formulations have been proposed for determining the capacity of infills under
comer crushing, few sesm to consistently predict the resalts of experimentad data. Most seem fo
place an overemphasis on frame properties. A regression of structural clay tile infills tested under
a wide range of frame stiffnesses and sizes indicated the capacity being proportional to A™2,
Recalling that A is proportional to the fourth rogt of varicus infill properties (E,,, L, sin 28), the
strength would then be proportional to the 0.033 root of the infill property. In other words, an order
of magnitude changs of a stiffness property would only canse an 8% change in strength; two orders
of magnitude change of a stiffeess property would only canse a 16% change in the strength, The
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small effect of infill properties on the ultimate capacity was partially independently confirmed by
Mehrabi et al. (1994). Tests with different aspsct ratios showed little difference in ultimate strength.

Given the small effect of infill parameters on strength, it is perhaps reasonable to consider
the comer crushing strength of an infill to be a constant fimes #; and the infill thickress. Although
not entirely correct, this would significantdy simphify the ahalysis process. Due to the biaxial nature
of the infill stress state, the value of £ used showld be some composite of the strength paralle] and
perpendicular to the bed joint. One proposed suggestion is 1o use the geometric mean of the strength
paralle] and perpendicular to the bed joint (EQE, 1995). For many infills, the prisn strength will
only be known, or estimated, for loading perpendicular to the bed joint. Thaus, it is proposed that in
general the strength of an infill des to coraet crushing be taken a5 a constant times the prist strength
perpendicular to the bed joint. The constant would acconnt for the biaxial stress state. The infill
strength would be determined as

P, =Kf, @

in which P, i the ultimate comer crushing strength (kips), K is a constant, ang ' is the prism
strength (psi).

Although it would be degirable to have an analytical method for obtaining the constant K,
none appears to be available at present. Empirical values are given in the following Table 3.5 for

variou$ types of masonry.

Structural Clay Tile
3" wall
13" wall

| Concrets Masonry
Steel Frames
Concrete Frames

Clay Masonry
| Steel Frames

Values for stractural clay tile were obtained from the tests reported in Flanagan (1994). Due
to the anigue and targe coring of structural clay tile, as well as e construction of the two-wythe 13"
walls, the prism strength used is the gross prism strength for the load parallel to the bed joint.
Structural clay tile significantly different in geometric cheracteristics would require testing to
confirm these values. K is interesting o note that if the gross infill dhickness is used for t, for
structural clay tile (consistent with using the gross prism strength), then the constant K averages
0.010t,,, which is fairly consistent with the other types of masonry.

The value for concrete masenry in steel frames was obtained from analyzing the data in Dawe
and Seah (1989). There was ceefficient of variation of 18%. The prism strepgth used is the typical
prism strength, the net prism strength for the Joad perpendicular to the bed joints. The value of ¢,
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is the equivalent net thickness of the masonry, obtained by dividing the cross-section area of the unit
masonry by the length. Typicalfy, t,, is approximately 4" for standard hollow 8" block.

To venfy the results for concrete masonry in steel frames, the method was applied to the tests
of Hendry and Liauw (1994) and El-Ouali (1991). For Hendry and Liavw {1994), the method
predicted an ultimate load of 42 kips. Neglecting the tesis from Hendry and Liauw (1994) that had
concreted comers, and using 4% kips instead of 58 kips for the first test (49 kips appeared 10 be the
corier crushing load from the load-deflection curve), the average ultimate experimental load was 45
kips. Based on the two tests with concrete brick (different infill thicknesses) reparted by El-Ouali
(1991), the constant should be 0.010r,,. As noted eattier, the pristn strengths reposted by Dawe and
Sesh (1989) seern high, which indicates that perhaps the constant K detived from their tests is low.
It is interesting that the results of El-Quali et al. (1991) match those for conerete frames. Perhaps
there is little difference between concrete and steel frames. However, vsing K=0.0065t,, should give
a conservative estimate of the strength of steel frames with concrete masenry infills.

The value for concrete masonry in concrete frames was obtained from the tzses by Mehrabi
ot al. (1994}, Their tests incladed both hollow and solid block. The cosfficient of variation was
24%.

The value for clay masonry in steel frames was obtained from analyzing the resulis of the
tests by Hendry and Liavw (1994). Perhaps most significant about their tests is that coefficient of
variation of the ultimate load for eight tests was only 4.3%. Although slightly higher, this value is
reasonzbly consistent with that obtained for concrete masonry, For the infill with ¢lay masonry that
El-Ouali et al. {1991} wested, the constant K wonld be 0.0036¢,. The low value is perhaps due o not
Ioading the specimen until comer crushing really occumed. For the two tests with sand and lime
bricks, the constant K averaged 0.0080t,,, or reasonably consistent with Hendry and Liauw (1994),

The full size test of Benjamin and Williams {1958) with a concrete frame and brick infill
resalted in 2 constant K of 0.00581,,, based on an assumed £, of 3000 psi. Interestingly enough,
essentially the same constant, 0.0062¢,,, is obtained from their test with 2 steel frame. I the prism
strength were acmally 2300 psi, the constant would be approximately 0.0075t,,, or reasonably
consistent with Hendry and Lianw (1994).

As with diagonal cracking, it is difficult to draw many general conclesions given the variety
of testing procedures and conditions. There does appear to be less variation in the corner cushing
strength than the diagonal cracking strength. A general value of 0.0080t,, for the comex crushing
strength of an infill appears to be reasonably appropriate, irrespective of the type of masonry and the
type of framing. Note that the constant of 0.008 corvesponds to an effective contact leagth of the
infill of 3". In other words, if the stress distribution betwesn the infill and the bounding column were
unjform (and no friction at the top), the stress bleck would have a depth of 8" at ultimats.

Effecis of Additional Parameters on Siiffness and Sérength
The strength and stifftiess of the infill obtained using the formulations described in the

preceding sections will be for a solid panel tightly fied against the bounding frame. The strength
and stiffness will need to be modified for other cases, as discussed in the following sections.
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The height of the of the infill appears to have litile effect on the behavior (Flanagan, 1994).
Thus, inter-story displacement levels are used in determining the parameter C. Non-dimensional
inter-story drift ratios (inter-story displacement/heighs) shorld not be used.

Masonry Moduelus of Elasticity

The development of the parameter 1 was based on beam on elastic foundation theory,
considering the colurnn ta be supporied by the infill. This suggests that the appropriate modulus of
elasticity to be used for the masonry should be that for loading paralle] to the bed joints. Typically,
otly the modulus of elasticity perpendicular to the bed joints is known.

For brickwoik, Dhanasekar et al. (1982) suggest that there is no significant difference in the
elastic modulus normal or parallel to the bed joints.

Tests by Hegemier et al. (1978} and Hamid and Drysdale (1980) suggest that for grouted
concrete masoiry, the modulus parallel co the bed joines is slighdy less than the modulus
perpendicular to the bed joints. However, the difference is small enongh, that grouted concrate
masonry can be considered to be isotropic. Harnid and Drysdale (1980) show a larger decrease in
the moduodes for ungrouted concraie masonry. At lower levels of stress, the mocdulus parallel to the
bed joints is approximately 70% of the moedulus perpendicular io the bed joints, However, at higher
stress levels, the secant modulus paraile) and perpendicalar to the bed joints becomes nearly equal.
For simplicity, it is suggestad thst the standard modulus, that parpendicular to the bed joint, be used.

For other masonry materials, such as structural clay tile; the difference can be quite
pronounced berween the two modulti. Insafficient information exists to provide any generalizations.

Offset Infills

Iniills may be offset from the colnmn centeilines, and a portion of the infill may be ontside
the boending frame. Only the portion of the infill enclosed by the bounding frame shocld be
included in determining the area of the equivalent strut and the capacity. Eccentiicity of the infill
from the colomn centerline does not appear to be a significant problem in terms of indacing oui-of-
plane forces in the mfill or twisting of the coluinns (Flanagan, 1994).

t
The stifftiess and steength of many infills will be different depending on the direction of
loading. This could be due to different column sizes, non-symtnetric openings, etc. This would
cause the behavior to be direction dependent, and thus nonlinear, For linear analyses, it is sugpested
that the stiffness apd strength of non-symunetric infills be taken as the average in each direction.
"Thus, for example, if an infill was enclosed by different column sizes, the average moment of inertia
woald be used in Equation 3.3 for determining the parameter .

2tiff Colnmng
For very stiff columms, the stiut formulation predicts significantly high contact lengths, It

is suggested that the contact length, &, be limited to 20% of the infill height, h’. This avoids
nnreasonably high stiffhesses of the infill.
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Concrete Frame Moment of Inertia

For concrete frames, it is sngeested that the moment of inertia for both beams and colurms
be taken as one-half the gross moment of inertia. This is based on several common approximations,
and tesulis of tests.

Stafford-Smith and Coull (F991) suggest using 50% of the gross motment of inertia for beams
and 80% of the gross moment of inertia of columns for frame analysis. It is felt that the column
mioment of inertia can aiso be decreased miﬂ%nfthegrossvaluefurinﬁﬂadfmnmsduem the infill
I:eanngﬂn the column. The colurn is similar to a beam, in that a distribated lnad is bemg applied
to it from the infill.

The commentary to the ACI 318 Code (1989) suggests several approximations for the
stiffness of concrete members depending on the analysis condition. These are surmmarized in table
3.6. Using the cormmentary suggﬁt:mn of section 10.10.1 with E/E. = 8, and p,=0.03, results in
0-SE 1, for the stiffness.

Tah]e 3.6 Ra:smnmendad Stiffness Values for Reinforced Concrete Frames

Gross El all members, or
¥ gxoss Bl for beams and full
gross BI colwmns

EJL(0.2+1.2pB/E) columns | Design of compression

0.5E 1, beams mernbers

0.51, flexural members Effective length of
comnpression mernbers co; ssion members
I, compres mpre

1 10.11.5.2 EL/25 Conservative value for Euler
' - buckling delermination

Possibly the best evidence for the use of 0.5, is the modeling of the bare frame reinforced
concrete tests conducted by Mehrabi et al. (1994),  Using 045, for the columans and 0.58L, for the
beam matched the stiffess of the bare frame at about one-half its capacity, or at a deflection of the
bare frame on the order of when the maxinum infill foree occurs. The use of (.51 thas seems to be
a reasanable sstimate for the concrete frame stiffness.

Hilasters

Infilled steel frames will often have pilasters built argund them, in many cases for
fireproofing. The pilaster will add some stiffness to the structure, bt it is difficnlt to determine the
actual amount. Estimates of the effective contribution of the pilaster have ranged from 0-10% of the
gross area. Tt is suggested that 10% of the gross area tighty fitted well constructed pilasters be used
in obtaining the initial stiffness of the column.
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Vertjcal Loads

Mehrabi (1994) indicated that vertical loads only have a slight effect on the stiffness and
strength of the infill. Vertical loads applied to the beam have more of an effect than veriical loads
in the columns, Stafford-Smith (1968), based on model tests with micro-concrete infilling,
suggested that vertical loads up to about half the vertical failore load will increase horizontal sirength
and stiffness. Vertical loads above half the vertical failure load will canse the failure mode to change
to that for vertical loads, and the horizontal strength will decrease,

The distribution of vertical loads in an infill is difficult to obtain, Flat-jack sesting of
structural clay tile infills has shown a wide variation in vertical load, even within 2 single infill panel.
The interaction of the infill with the fratme under vertical loads is quite complex, being influenced
by construction, creep, shrinkage, moisture expansion of ¢lay masonry, etc. Given the complexity
of vertical Joad distribution, and the small effect of vertical loads in the typical load range, it is
suggested that vertical loads not be considered when evaluating the lateral stiffness or strength of
an infill. :

Toint Reinf I

Many infills, particulacly those of concrete masonry, will have joint reinforcement. Dawe
and Seah (1989} has shown that the joint reinforcemnent has litfle effect on either the ultimate
strength o the stiffness of a concrete masonry infill. A similar chservation was made by Hendry and
Lianw (1994) for clay brick masonry infills. Joint reinforcement is beneficial in controlling the size
and distribution of the eracks,

Panel to Column Ties

Panel to column ties are often provided for out-of-plane anchorage of the infill. The ties do
not appear to efffect either the strength or the stiffness of an infill (Dawe and Seab, 1989; Hendry and
Liauw, 1994). The need for the ties for out-of-plane loads is questionable, since the primary resisting
mechanism is arching, Given that the panel to column ties do not effect in-plane behavios, and are
not necessary for tightly fitied infrlls vnder out-of-plane loading, it is reconumended that they be
, Related to columnn ties is the integrity of the infill at the colamn line, Dawe and Seah (1959)
tested concrete masonry infills against steel columns wader weak axis bending. There was no
difference between infills butted against the column web, and those that also had mortar packed
between the column flanges. The additional mortar did not increase stiffness or ultimates strength.

Bond Beams

Dawe and Seah (1989) tested an infill with bond beams at the third-points of the panel height,
The bond beams did not effect the ultimgate strength, or the initial stages of loading. In the mid-range
of loading, the panel was much stiffer, and the behavior approached elastic-perfectly plastic type
behavior. This covld be accovmted for by using the initial value of C unti] ultimate load is reached,
For concrete masonry in steel frames, a value of C=4 would be used unti] the ultimate load in the
infill {s reached, This load would be maintained until the maximem deflection given for the
particalar masonry {e.g., 0.8" for concrete masonry and steel frames).
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Dawe and Seah (1989) tested an infill with vestical bars grouted the entire length of the
compression diagonal. No effect was observed on either the stiffiess or ultimate strength.

Hendry and Liaew (1994) tested steel frames with concrete masonry infilling with no vertical
reinforcement, 0.4% vertical reinforcement, and 0.8% wvertical reinforcement. No substantial effact
in either stiffness or strength was observed. The faitore mode was comer crushing, which is not
affected by the seinforcement. Replacing the upper comer block(s) with concrete slightly improved
the strength of the infills.

Based on these results, it is suggested that vertical reinforcement not be considered in
determining the strength or stiffness of an infill. A potential secondary effect of vertical reinforcing
is the gronted cells. If all cells were grouted, this would change the net thickness of the infill.

Eif f Prior Loadi ifor Repai
Flanagan (1994} tested several infill specirnens under in-plane loading after they had been

subjected to etther imposed out-of-plane drift loading of uniform out-of-plane loading using an air
bag. He also tested a specimen that had been repaired after complete in-plane testing. Primarily, the
top two courses of masonry were replaced, and the rest of the infill was mek-pointed. In afl these
cases, the ultimaie load, znd the displacement at the ultimate [oad, was essentially the same as a
virgin infill. In the early stages of loading, the stiffness was less than that of a virgin infill. Thus,
the only change to the strut formulation for substantially cracked or repeired infills would be &
reduction in stiffness in the early stages of loading. Perhaps the initial C value should be doubled,
and other C values be increased using a linear interpolation, with the final C value remaining the
same. For example, for 2 damaged structural elay tile infill, the valaes of C in Table 3.1 may be
changed to 10, 12, 14, 15, 16, and 18 for the respective deformation levels.

Column Gaps
Based on a test with an approximately 1" gap between the colamn and infilt (Flanagan,

1994), there was no reduction in ultimate load, but it occumed at a higher level of deformation. The
mill was carrying sorne load before the gap closed due to transfer of forces through fiction at the
top interface, pariicularly 2t higher displacements. After closure of the gap, the infill did appear to
be stiffer than would be predicted based on snbiracting the gap distance from the deformation, and
compating to a tightly fitted frame. As a simple approximation, it is suggested that the following
deformation be nsed for column gaps when determining the parametar C.

&c=ﬁﬁw-ﬂ.?’5ﬁw ®

in which A is the deformation to be used in determining the parameter C, A, is the inter-story
deformation of the building frame, and ﬂw js the column gap.

A test with gaps only at the bottom of the colurnn showed no significant difference in
behavior from a test with no gaps. Thas, colurne gaps shonld only be considered i they occur in the
top part, perhaps the top third, of the column.

3-14

A . P P R pe e Ta et b e LEelbpl AT ey



Top Gap
A test with a 20min top gap between the infill and bounding frame was performed by Dawe

and Seah {1989). The top gap drastically reduced the vltimate load and stiffness, 1t is suggested that
an infill with a top gap have the stiffness reduced by 50%, and the ultimate strength redaced by 60%.
One also needs to be cantious of potential shear faitures in the columns when there ase top gaps. The
entire infll shear wil! be transferred thicugh the column, whereas a significant portion of the shear
is transferred through friction in the standard infill.

Similer to a top gap is the prevention of significant shear transfer at the top interface through
the use of a polyethylene shest. Dawe and Seah showed a slight decrease in stiffmess and strength
for this case. H the infill is tight, but there is a bond break between the infill and the frame (e.z.,
flashing material), it is suggested ¢hat the stiffness and strength be reduced by 20%.

Cotmer Qpenings

A test with a 2%2° opening {25% of infill height, 20% of infill length) in one corner was
conducted by Flanagan {1994). This is typical of mechanical openings that might be found in
industrial plants. The capacity when the strut was intersected by the opening was about 35% of a
solid infill, with the stiffness being about one-half that of a solid infill. In the other direction, the
capacity was about 75% that of a solid iofill, with the stiffness about that of a solid infili,

Any opening in the leaded comer will be critical, even if it is just one masonry unit. Fora
non-syminesric case (Opening on only one side), an average sirength and stifiness can be used. It is
suggested that 73% of the solid infill stiffness be used, and 50% of the solid infill sirength, For the
symmetric case (openings on both sides), a large reduction in stifiness and capacity would occue.
It is suggested that 50% of the solid infill stiffness be used, and 35% of the solid infill strength be.
used.

No experimental resulis are available for openings in the lower corners. Based on fact that
gaps at the bottom of the column do not have any significant effect on the behavior suggests that
openings in the bottom corners may not be as critical. For openings in the bottom comers, it is
suggested that average between a solid infill and one with openings at the top be vsed.

Dawe and Seah (1989) tested several infills with doorway openings that were 79% of the
height of the infill and 20% of the length of the infill. Somes of the openings were centered, and
some offset to the side. The openiags reduced the stiffness by 50% and the strength by 40%.
Althongh the offset opening had a greater effect in one direction of loading than the other, the
average effect was similar to a central opening. The inclusion of jamb steel on either side of the
opening did not alter the stiffness or strength.

Wood (1958) reporied that a 444" infill with a doorway opening (no further description given)
had a net infill shrength of 55% of a solid infill. It would appear conservative to take the strength of
an infill with a doorway opening as 50% of the strength of a solid infill, and to take the stiffness as
50% of the sclid panel stiffness.
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Window Openi
Benjamin and Williams (1958) tested an infill with a central window opening that was

approximately one-ninth the area of the infill, The stiffness was about half that of the sclid panel

stiffess, and the strength was abont 55% of that of the solid panel. Similar to a doorway opening,

a 50% retuction in strength and stiffness appears to be reasonable, and slightly conservative fora

large centsal window opening. -

Dynamic Properties

Demnping

Infilled frames are generally pot specifically mentioned in tables of recommended damping
values for various types of structaral systems. Damping valees can be inferred from simnilasr types
of construction. Some of the damping values that have been suggested in the literature are given in
Tabile 3.7.

Several damping values have been teported from testing. Benedetti and Benzoni (1984)
measured datnping of 4% before cracking of the infill, and 12% after cracking. Bertero and Brokken
(1984} reported similar values, with 2% damping before cracking and 12% damping after cracking.

For typical seismic analyses, a damping value of 10% is sopgestad for infilled frames. This
agsumes that the infill has cracked, and there is some damage. Prior to cracking, the damping will
be less, with a value of 4% being suggested.

Table 3.7 Recommended Damping Values

Damping Value
Form of Construction Reference
Service | Ultimate
Concrets frames with concrate of masorry 10 Dowrick (1987)
shear walls

Concrete and masonry shear wall buildings 10
Reinforced Concrete 5 10 Army (1986)
Masonry Shear Walls 7
RC frame, some= intemal walls 4 12 Srafford-Smith and
RC all forms, many internal walls 3 16 Coull (1991}
Steel frame, many internal walls 4 15

Naturel Fregquency Evaluation

As the stioe formulation iniplies, the stiffness decreases with increasing deformation. This
¢an have an effect on the behavior of the stracmire, as well as dynamic testing, This was apparent
in a shake table test of a steel frame with a stroctaral clay tile infill (Fowler, 1994). After subjecting
the specimen to several seismic time histories, the namral frequency was measured using a Jow-level
white noise excitation, and was determined to be between 13 and 14 Hz. A caleulated frequency
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using C=5 was 12.3 Hz, while for C=4 the calculated frequency was 13.7 He. Thus, the structure
was quite stiff at low levels of excitation, even afier experiencing some cracking. Under the last
seismic excitation of the specimen, there was approximately a 0.3" displacement, which would
indicate a value of C=11. Using C=11 resulted in a calculated frequency of 3.4 Hz, while the
measured frequency under the seismic excitation was 8.8 Hz.

This nonlinear phenomenon has several implications. The first concems low level vibration
tests to determine the natural frequency of an isfill buitding. Due to the nonlinear nature of infilled
frames, the frequency determined during a low level test will be significantly higher than the
frequency at which the structre responds during an actwal earthquake. Using the frequency
caleulated or measured from low level vibrations will, however, in general be conservative, For
mast seismic response spectra, the response decreases with increase in ramral period, or decrease
in nataral frequency, The secord implication is that for a true determination of the behavior, it is
necessary to consider the frequency at the approptiate level of displacement, that is, the reduced
natral frequency at higher levels of relative displacement. The developed analyticel method with
the increasing C, ard hence softeaing of the system, will caplure this behavior,

Post-Peak Behavior

Postpeak testing of infills indicates significant capacity well beyond the displacement at
which the peak Ioad occurs. Figure 3.6 shows load-deflection curves for two straciural clay tile
infilis. Flanagan {1994) recommended that the in-plane strength be reduced to 75% of the peak
strength at an in-plane drift of 1.5 times the displacement at peak. This is perhaps appropriate for
structural clay tile, which tends to be mare brittle than other masonry materials, and is more difficnle
to confine after cracking dus to the largs coring.

Figure 3.7 shows the load-deflection curve for a steel frame with concrete masonry., A
significant amount of ductility is ohsarved, with approximately S0% of the capacity still remaining
at a displacement of eight times the displacement at peak.

Load-deflection corves for concrate rasonry in concrete frames are shown in Figure 3.8,
Curves for both hotlow masonry and solid masoncy are shown. Average displacements at pegk load
for the concrete frames were 0.45™.

Infills clearly have a significant capacity beyond peak, and a significant amount of ductility
and energy absorption capability. Forlarge earthquakes, the additional capacity beyond peak needs
to be accounted for. Displacements at 1.5-2 times the dispiacement at peak may serve as a practical
Iinnit in predicting repairable damage levels of the masonry. For life safety fanctions, displacerments
even up te ten times the displacement at peak may be tolerable,
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CHAFTER 4
SEPULVEDA BOSFITAL BUILDING 40
Bailding Description

The Scpulveda Veterans Administration Hospital complex is located approximately 7 km
from the epicenter of the Northridge carthquake. Building 40 is a boiler house building built in
1955, The structure is approximately 47 in the North/South direction by 82° in the East/West
direction, and approximately 33" tall. The structural system consists of a reinforced concrete frame
with ruiti-wythe clay masonry infills. Being a mechanical buflding, there is little structural framing
in the intedor. There is a platform and mezzanne at two differcat levels that covers part of the floor,
but did not provide any significant lateral load resistance. Thus, the primary lateral resistance is the
exterior infills. The totat weight of the building is just winder 1700 Kips.

A plan view of the building is shown in Figure 4.1, with elevations in Figure 4.2. Note that
significant openings exist in all the sides, excep for the west side.
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Figere 4.1 Plan View of Building 40

The exterior of Building 40 is reinforced three-wytha 13" clay masonry walls. Part of the
walls extend beyond the perimeter of the colnmn, with part of the walls being within the columns,
and acting as iafills. The typical cross-section of & wall is shown in Figure 4.3,
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Building Model

A three-dimensional model of the structure was constructed using ABAQUS, version 5.4,
No sail-structore interaction affects were considered, end the colutins were assimned to be fixed at
their base. Soil-structure interaction effects will affect total displacements more than relative
displacements. Since infill behavior is govemned by relative displacements, soil-structure interaction
was neglected.

One-half of the gross moment of inertia was used for the concrete frame members to account
for cracking. The full area end moment of inertia were used for the concrete roof, which was
modeled using horizontal plate elements. Concrete strength was assened to be 2500 psi, with 2
modulus of elasticity of 3030 ksi. .

A masonry prism strength, f,,, of 4000 psi was assomed. This was based on data shown in
SCPI (1969), which indicated that an average prism compression sirength is at least 4000 psi. A
modulus of elasticity of 2000 ksi was assumed. This was based on a mean value of the modulus of
elasticity of 1960 ksi for solid bricks (Atkinson and Yan, [990). The mean value was rounded to
2000 ksi, which is also the cods valus (MSJIC, 1992} for 8000 psi bricks with Type N moriar.
Poisson's ratio was assinned to be 0.23.

An equivalent strut, as proposed in Chapter 3, was used to model the infill. Only the portion
of the wall within the column boundazies (7.5") was considered as being effective. For Jocations
where there were openings, the equivalent strut was assumed to have half the stiffness and half the
strength of a solid infill. Unfortmately, there is little expetimnental data for obtaining values of C,
the parameter governing the stiffness of the equivalent strut, for concrets framing with clay masonry
infills. Thersfore, parameters of C that were used were those for concrets framing with concrete
masonry infills (Table 3.3).

Even though the building was primarily open (there was 2 small platform and mezzanine
which were included in the model), there were two spandrel beams in all except the west side.
Equivalent struts were used between the spandre] bearns. Thus, in elevation, there were in general
three equivalent struts in the vertical dirsction.

Ultimate strength of the infill was detexmined using Equation 3.4, with E=0.008. This
resulied in a horizontal cornponent of the capacicy of 0.008(7.5)(40000=240 kips for each infill. Due
to the ductility of infills, and in particular the ductility of reinforced infills, an elastic-plastic behavior
for the infill was assumed. That is, after the horizontal force in an infill exceeded 240 kips, the infill
was assumed to be able to continue to carry this load with increasing deflection.

A response spectra modal aralysis of the structure was conducted using base motions
recorded at the site. The two horizontal components of the earthquake were considersd, but got the
vertical component. The response from different modes and different directions were combined
usimg square-root-of-the-sum-of-the-squares.

Due to the stiffness change and possible failure of the infills, an iterative analysis was
conducted. Whenever a foree exceeded the semt capacity, the area of the st was reduced in the
next iteration so as to lower the force being taken by that panel, The reduction in area was
determined by a ratio of the allowable force in the strut divided by the force from the analysis.
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Ground Motion

A strong-mwotion instrument was located in the north-cast comer at the base of the building,
Peak accelerations were ().75g in the east-west direction, 0.94g in the north-sonth direction, and
0.45g in the vertical direction. For analysis purpose only the two horizontal components were
constdered. Response spectra for 10% damping, as developed from the sarthguake records, are
shown in Figure 4.4. Ten percent damping was used since the vltimate strength of the building was
approached. The significant damage would act to absorb much energy. The specira is soveloped
and broadened to obizair a “design spectra” for use in the analysis of Building 40.

Results

Due eo the nonlinear nature of the equivalent strais for the infills, an iterative analysis was
required. The initial on set C=8 for all strets. Struts whose capacities were exceeded then had their
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Figure 4.4 Response Specira for Building 40 :

areas reduced, as discussed in the section on building modeling, The iterative process was continued
until the strot stiffness and forces converged. This required eight iterations for the present problern.
Two of the iterations will be discussed, the first and the 1ast.

The first analysis was conducted with C=8 for all struts. Primary natural frequencies were
3.7 Hz in the North-South direction and 4.1 Hz in the East-West direction. The maximurm strut
forces were in the lower stmits on the east side, and were about three times as great as the infill
capacity. By scaling the results, this building would have been able to withstand an earthquake of
about 0.32g without exceedmyg the capacity of any mfill. Some minor cracking woeld be expected
at this level, bat it would be easily repairable. Torsion was evident in the building as the
deformations on the east side were about 40% greater than on the west side. The infills were
creating an unsymmetrical strocture.



Ata0.32g level earthquake, the displacement at the top of the east side would be about (.58,

A value of C=8 wonld have heen appropriate for the lower stories, but not the upper stories. An

iterative analysis was not conducted with different values of C, since the results would aot change

deastically. It thus appears that this building could withstand a mederate earthquake with little
damage.

After eight ilerations, the results converged for the actual earthquake. The three primary
modes of the structure are listed in Table 4.1, A tota] of 200 modes were included in the analysis,
which resulted in accounting for at least 93% of the mass in both the North-South direction and Eagt-
West direction.

Table 4,1 Primary Frequencies of Building 40

Moda Frequency Participating Mass (Percentags) Description
Hz) North- | East-West | Rotational
South
1 2.0 52 0.4 4 North-South translational
2 23 0.3 82 12 East-West translational
4 3.9 25 0 56 Torsional

The displaced shape of the struceure under the earthquaks loading is shown in Figure £.5.
The maximicm roof displacements ity the North-Soath direction are 5.0" on the cast side, and 1.3"
on the west side. The torsion is even more evident nader this higher loading. In the Bast-West
direction, the roof maximmn displacements are 3.3" on the south side, and 3.4" on the north side.

The highest accelerations were in the noriheast comer of the building. The analysis indicated
an cast=west acceleration of 1.9g (2.5 amplification) and a north-south acceleration of 2.1g (2.2
amplification). At the opposite, or southweast comer, the accelerations were 1.8¢ in the sast-west
direction, and 1.8g in the notth-south direction.

The resnits can also be viewed in terms of stroifinfill behavior, These is a band of solid
infil]s around the top of the structure, which adds a significant amount of stiffness. The drift in these
mfils was on the order of 0,1-0.2", with C generally heing 4. Possibly some minor cracking woald
exist in these infills. Drifts at the middle level varied between 0.4-0.8". Thns, these infills were
reaching their capacity, and cormer crushing was starting to occur.  As expected, the largest drifts
were in the lowest level, with the drift on the east side being approximately 4.1", Ali of the lower
level infills had reached their capadity, and with the large drifts that some experienced, quite visible
darnage wonld be expecied.
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Figure 4.5 Deformed Shape of Building 40

1

Critical Discussion

Unfortunately, there was no instrumentation other than at the base. Thus, comparisons with
field performeance can only be made in a qualitative sense. The maximom horizortal displacerent
of 5" on the east side appears 1o be of the right magnitude. The displacement decrsases to 1.3" on
the west side. EERI {1995) describes mechanical damage which indicated about 4" of movement
near the top of the structure. There was about 4* of relative axial motion between pipe hangers and
the supported chilled water lines. A 127 steam line moved about 4" Jaterally st a roller support.
Thus, the calculated displacements are of the order of what can be inferred from field observations.

The structeral damage to the building was described in Chapter 2. Probably the worst
damage was at the northeast corner, Figures 2.1, 2.3. This corresponds to the location of highest
displacenients and accelerations from the analysis. The damage was indicative of high infill corner
forces, which was afso predicted by the analysis, Little damage was apparent in the higher levels of
the bujlding. Thus, the analysis predicted the type of damage, as well as locations of high damage.
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The equivalent strot methodology provided a computationally tractable means for analyzing
this infilled frame structare to displacements well past the infil) capacities. A response specira
analysis was sufficient to captare the actual behavior and damage to the structare, The equivalent
strut proceduge can be used for the efficient analysis of buildings subjected to large earthquakes.

The results can also be gualitatively verified on the basis of the 1971 San Femando
carthquake. The Sepulvada VA Hospital was approximately 14 km from the epicenter of the San
Fernando earthquake. No ground records were available, but peak ground accelerations were
estimated to be 0.4g (Agbabjan Associates, 1971). Some minor cracking of the reinforced concrete
frame was evident in this carthquake, but there was no significant damage to the clay masonry infills.
As noted above, the equivalent sirut methodology predicted comer crushing would commence at
approximately (.32g. Although difficult to draw a rigorous comparison (for example, the response
spectra of the San Femnando and Northridge earthquake are not identical), the proposed equivalent
strut method gave a reasonable prediction of the behavios during the Sen Fernando carthquake, and
perhaps was slightly conservative.
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CHAPTER 5

DOWNTOWN LOS ANGELES BUILDING

Building Description

A 13 story office building located in downtown Los Angeles which was 32 km (20 miles)
from the epicenter of the Northridge carthquake was analyzed. The structure was built in the 1913
tim¢ frame. Itis a steel frame with clay brick and clay tile infills. In the 1969 time frame, there was
a major renovation. Practically all of the interfor masonry partitions wers removed, and these were
teplaced by steel stud/gypsuem board partitions. Although this reduced the mass of the structure, it
also significantly reduced the lateral capacity of the structure. Several ysars later, there were further
modifications to the building. The exterior was restored to the original condition, with several large
precast cladding panels installed in 1969 being removed.

A plen view of the building is shown in Figure 5.1. The building is located on a steeet comner,
and the basement extends under the sidewalk on'the north and east sides. On the second through the
thirteenth floor there is a sethack on the west side, creating a U-shaped building. The framing of the
building is quite imegular The framing shown in Figurs 5.1 is typical of the third through the
thirteenth floor. Thers are some changes in colemnn locations and frasning in the lower floors. There
is also & small penthouse on the south side of the struchie,

Elevations of the structure are shown in Figure 5.2. The first two floors on the East face (the
front of the building) are essentially open. The top floors have large window openings, which
comprise about 36% of the infill panel area. Floors three thecugh thisteen will be considered to be
infills with openings. The north face, which is a side of the building the faces a street, is similar to
the front face. The bottoin two floors are open, with floors three through thirteen having infills with
large openings (approximately 35% of the area). The south face of the building has solid infills on

- the Yower two floors, The third and fourth floor have some solid infTlis; sbove the fourth floor, all
infills have openings. However, the openings are smaller than on the north and east face, averaging
about 16% of the infill panel area. The west face, or back of the building, has solid infills up through
the seventh floor. Originally it appears that this building abutted and was built against another
buoilding on the west side. Appareatly the abutting building was of height equal to seven stories of
this building, The abutting building has since been demolished. Above the seventh floor, there are
some openings. A few of the openings were filled in during the 1969 removation, and these are
treated as solid infills. As with the south face, the openings are smaller in size, approximately 23%
of the infill panel area on the south wing and 28% on the norik wing. The north, east, and south
faces in the alcove, or setback, all have large openirgs, being approximately 50% of the infill area
on the east and south faces, and 40% of the infill area on the north face,

The floors of the bwilding arc similar to a one-way concrete joist system, with the "pans”
being formed with structural clay tiles. The totzl weight of the structure is 27500 kips, which
amonnts to an approxitate average floos weight of 220 psf. Much of the mass is due to the heavy
exterior cladding.
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Figure 5.1 Plan View of Los Angeles Building

Qualitative Observed Response

The investigators 4id not have access to the interior of the building to observe any damage
as the resalt of the Northridge earthquake. The exterior of the building showed some minor damage.
Primarily this was vertical cracking on the back side at the southwest side. Some minor diagonal
cracking was also observed in these infills. Figures 2.3 and 3.3 show some of the damage to the
structure. Note the cracking in the lower infills in Figure 5.3.

3-2

. a o e = peme e L omen o=l - P — et e ——————— A Tl



-

- : I [ : BN
N RISl S S SEESES
s R R R a1 ] a1 S]] ] e ]
S B Il o Bl D0l Tod g Sl Bt ] [ ] ] o ]
Do o] Tl T Bl B [ d 34 B 3 Wiijrji[ilm}ﬂ
BN N NN Y NS :
R I A S S R N R g mrg.iuu:gam
t E{EEEEEEEEIEEEiEi £ ) ] ] ) N 5
EHEN RS B R E R EEY ] [] F] a a
XN R R BN M e B RN Y ;lt?ﬂﬁluﬁilg
N B R B [ R R BN Y 25 ] ] o T 1
] b
B =
{‘, Fi
E jjf,-’ff//fff,'.ﬁ'f.a."ffﬂ'.!/// j" ;L'J"ff/.é‘fflf)'f.f//;
h T A ‘h -2
EAET ELEVATICH HORTH ELEVATION
: INRNEN T + NS NN
AN N ] Y RN k] A
e [N 6 B ‘W“!-..iiﬁﬂll"l
2 NS o 8
. LIS [0 A1) : !
$ SN S GETE £ i!.lgs-_i!._“l_ii.‘.ﬂl_i._
. Y N * kA g
W T [ N R B H
R A L ]
e ] ]
¥ NN .
SENTIAN e
E | | o
WEST ELEVATION SO0UTH BELEVATION
Figure 5.2 Building Elevations
Recorded Response

This building was nstramented by the California Division of Mines and Geology under the
California Strong Motion: Instrumentation Program (CSMIP). Locations of the sensors are shown

in Figure 5.4. Figures 5.5-3.7 show response spectra for the horizonta] motion as recorded m the
basement (CDMG, 1995). Strong motion shaking lasted for about §-10 seconds. Maximuim eotal
accelerations and displacements recorded by the instnumentation are given in Table 5.1,
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Figure 5.3 Damage to Los Angeles Building

Table 5.1 Maxinmm Total Accelerations and Displacements from Recorded Response

Channe] | Location | Direction ] Max. Acc. (g) | Max. Disp. (in) Comments
[ 1 | NBasement Up 0.062 0.60
2 |NBesement | N/ | 0.8 1.07
3  |NBasemem | EBW 0.174 133
4 | S Basernent E/W 0.156 1.33
5 |(wadFeor | NS 0.255 1.06 Lacge spike in ace.
0 E 2nd Floor N/s 0.166 1.17
7 |N2ndFweor | EW 0.174 2.07
g S 2nd Floor EW 0.175 1.39
9 | E8&th Floor N/S 0.220 1.90
10 | N 8th Floor E/W 0222 3.61
11 | S 8thFloor E/W 0.196 2.10
12 | W Roof N/S 0.249 4072
13 |EBRoof " N/S 0.268 2,70
14  jNRoof EW 0.372 5.35
15 S Roof E/W 0.222 3,19
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Figare 5.4 Strong Motion Instrumentaion Locations (CDMG, 1995)

To obtain the nateral frequency of the building, a transform analysis was conduacied on the
tecorded accelerations. Essentially, the energy at a given frequency in the response was divided by
the energy at the same frequency in the excitation. Fo maintain sccuracy in the transform function,
a rather coarse frequency interval of approximately 0.1 Hz had to be used. Since the building had
a rather low natural frequency, only an approximate value could be obtained from the transform
analysis.

The transform functions are shown in Figeres 5.8-5.1(, the N/S transform function in Fagure
5.8, the E/'W transform fanction in Figure 5.9, and the torsional transform function in Figare 5.10.
The range of the first natural frequency is shown in Table 3.2 for various transforms.

The primary natural frequency appears to be in the 0.4-0.5Hz range in both directions. There
appears to be significant torsional response as base rotion in the E/W direction induces response
in the N/S dicection and vice versa. The torsional response was anticipated since the south and west
sides are stiffer than the other sides.
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Table 5.2 First Natural Frequency from Transfortn Fanctions

Transform Function | Input Acceleration | Ouwtput Acceleration First Namral
Location Location Frequency (Heriz)
North-South 2 9 (.3-0.4
2 12 0.4-0.5
2 13 04-0.5
East-West 3 I0 04
3 14 (.4-0.5
4 13 0.4-0.6
4 15 0.4-0.7
Cross East-West 3 15 0.4-0.7
4 14 0.4-0.5
Torsion 2 14 0.4-0.6
2 15 0.4-0.6
3 12 04-0.5
3 13 0.4
4 12 04-0.6
4 I3 0.4
8
56
E |
g4
4 1
g2

FRECLENCY - HERTZ

wme 25 e 2B =20 PR e 213

Figure 3.8 North-South Transfer Fanction
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The measured namral frequency can be compared to that which might be estirnated using
empirical formulas in the ASCE 7 code. Estimating s natural period as 0.1N, where N is the
ntvmber of stories results in 2 predicted natural frequency of 0.77 Hz, The natural period can also
be estimated as: '

T = Chy .

in which T is the natural period, C; is a coefficient, and b, is the building height in feet. Usinga
value of C; of 0,02 (that recommended for all other buildiags, which infills appear to fall into)
resalts in an estimated frequency of 1.2 He. A value of C; of 0050 results in an estimated natural
frequency of 0.47 Hz, close to that cbserved.

The building ¢ms appears to be quite flexible. Using standard code equations would
significantly nnderestimate the trae natural period of the building. This wonld in general lead to
lower seigmnic forces in an earthquake load analysis. Probably much of the flexibility is due to the
removal of the interior paetitions in the 1969 renovation, Although the removal of the clay tile
partitions decreased the mass, it eliminated much of the seismic resisiance of the building.

Building Model

A three-dimensional model of the strecture was constiucted ustng GTSTRUDL, which is
shown in Figure 5.11. No soil-structure interaction affecis were considered, and the columns were
assmed fixed against translation, but free to rotate, at their base. Soil-structure interaction effects
will affect total displacements more than relative displacernents. Since infill behavior is govemed
by relative displacements, soil-sttwcture interaction was neglected.

The basic model also considered the building to be fixed against translation at the ground
level. Due to the presence of large concrete walls aroumd most of the peximeter of the basement, the
basemant was ezsentially considered to be rigid. The effect of this support condition was to make
the columns 2t the ground floor level to be fixed against displacement, but have some rotationsl
restraint dus to the basement columns. The effect of fixing the groned floor against displacemment
was ascertained through a parametric study, to be discussed later.

Most of the stes] columns were encased by masonry, particularly at the exterior. The
masonry would form a pilaster around the column. Although testing has shown that this masonry
pilaster probably contributes zonie to the stiffness, it was ot included in the calenlations. The
moment of inertiz used was that of the steel column.

The floor diaphragm was considered to be flexible. This was based on a relatively thin
section (3 in) throwghout most of the floor. The penthouse on the south side was not included in the
analysis in terms of the member framing, but the mass was included.

AR equivalent strut, as proposed in Chapter 3, was used to model the infill. Only the portion
of the wall within the cojumn boundaries (6 in} was considered as being effective. The only location
of the infills was on the exterior faces of the building. For locations where there were openings, the
squivalent strut was assumed to have half the stiffness and helf the strength of a solid infill.
DUnfortemately, there is little experimental data for obtaining velues of C, the parameter goverming
the stiffiness of the equivalent strut, for steel framing with clay masonry infills. Although most of
the exterior was brick, the parameters of C that wete used were those for steel framing with stractural

5-11



clay tile masonry infills (Table 3.1). Values of C for concrete masonty in steel frames {Table 3.2)
were also tried in the parametric study.

A masonry prisin strength, £, of 2000 psi and a modulus of elasticity of 1600 ksi was
assuroed Tor the clay masonry, These valwes are slightly lower than that used for Sepulveda Building
40 due 10 age of the structure. Ukimate strength of the infil! was determined using Equation 3.4,
with K=0.008, This resulted in a horizontal component of the capacity of (.008(8)(2000)=96 kips
for each infill.

A response spectra modal analysis of the structre was condicted using the base motions
recorded in the basement. The two horizortal components (N/S and E/W) of the earthquake wers
considered, bat not the vertical component. The response specira generaied from the reconied
motion on the aorth side of the structure (station 3) was used for the E'W direction. The spectra used
in the analyses were smoothed and are shown m Figere 5,12, with station 2 being the N/S direction,
and station 3 the BfW direction.  Damping was assumed to be 10%. The response from different
modes and different directions were combined usiag square-root-of-the-sum-of-the-squares.

T
i FIRE FTHTAL TF K0T FI. KON
MT, TU5 VIRTRGL DM DNIEC SOR IME
Apizhig: 3 L) ¥ HF X TI0LD

Figore 5.11 Bailding Model
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Resulis

Due to the nonlinear nature of the equivalent struts for the nfills, an iterative analysis linear
was required. However, there was rapid convergence, within only one iteration being required.

Table 5.3 lists the first ten natral frequencies and the mass pasticipation. A totaj of 80
frequencies were calculated, which resulied in 92.1% mass in the EFW direction, and 90.9% mass
in the N/S direction. The first two mode shapes are shown in Figure 5.13 and 5.14. These figures
show the displaced shape of the roof and the east and south side,

The two primary natural frequencies of the building hed significant mass participation in each
of the directions. These frequencies agree quite well with what was obtainad from the analysis of
the recorded response, which showed a primary frequency in each direction of 0.4-0.6 Hz. From the
1nass participation, it is also evident that there is significant conpling in the different directions, and
a three-dimensional model is required. The analytical model, as well as the observed response,
shows a secondary freqeency at approximately 1.3 Hz in each of the orthogonal directions. Based
on the calculated verses observed frequencies, the model appears to be reasonably accurate,
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Table 5.3 Natoral Frequencies and Mass Participation

Mode Natural Freguency % Mass N/S % Mass E/'W
(Hz) Diraction Direction

1 048 491 Z1.9
2 0.50 255 477
3 0.66 1.1% 5.33
4 0.97 0.11 0

5 1.04 0.71 1.14
6 1.28 0.01 735
7 1.30 6.86 0.2
3 149 0.14 0.06
9 .54 0.002 0.58
10 1.64 0.09 0.26

The calculated and recorded total accelerations at the top of the structure are shown in Figure
3.15. The calculated and recorded displacements at the top of the structure are shown in Figure 5.16.
Jt should be noted that the calcalated displacements are relative displacements, while the measured
displacements are total displacements, and thus the two are not directly coinparable. Although of
the comrect magnitude, both the calculated accelerations and calculated displacements are slightly
lower than the measured values,

Thers are several possible explanations for differences between the calenlated frequencies
and measueed frequencies. The value of the modulus of elasticity used for the masonry could have
baen in error. No data on the actual masonry properties was available, 1t iz also possible that the
values of C used were not correct. The effect of using C values for concrets masonry in stee] frames
instead of structural clay tile in steel frames is examined in a jater parametric study, Another
explanation for any differences is the sopport conditions. These were difficult to determine. The
effect of sapport condition at the base, and a discussion on the modeting of the support condition,
is given in conjunction with the parametric study. Finally, almaost all the infills had some sort of
openings. The effect of openings on infill behavior is ot well understood, particularly for the large
openitgs on many faces of the uildieg.

For most of the structure, the value of C was 7. At a few places near the top of the structure,
a C value of 5 was used. At several places near the base of the stmicture, a C value of 11 was used.
Places where C=11 was used were the second floor on the south side, the first through fourth floors
on the back west side, the second through fourth floors on the porth side of the alcovs, and the
second floor of the east side of the alcove. This is reasonably consistent with the observed damage.
For values of C=7, diagenal mortar joini cracking is expected. The small amount of cracking at this
level would be difficult to see after an earthquake. Also, for a building this age, the cracking had
pro®rably already occurred from shrinkage, thermnal movements, and other loadings. For C=11, off
diagoral mortar joint cracking was observed in Iaboratory tests. This is consistent with the cracking
observed on the back face (west side) of the structure, No displacements were of sufficient
magritude to cause the initiation of comer crushing.
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With the exception of a few struts on the lower floors of the north and east side of the alcove,
no strut force exceeded the expected capacity. This is again consistent with theé observed response,
Given the uacertainty in obtaining both the ultmate Joad of 2n infill, and the uncertainty in the
masonry strength, no modificatons were made to the model whers the strot capacity was exceaded.

To examine the offict of various assumptions, a paramedric stady was condacted, Table 5.4,
Only the natural frequencies were extracted in the parametric study,

Table 5.4 Natursl Frequencies from Parametric Study

Masonry Supports Openings Mode | Frequency | % E/W | % N/5
Propesties | (Hertz) Mass Mass
Clay Tile | In a2t Grownd | 50% everywhere | 0.48 22 49

Level 2 0.50 48 26
Concrete | In ot Groawnd | 5086 everywhere i 0.51 28 41
Masonry | Level 2 0.54 40 33
Clay Tile | Noneat 50% everywhere 1 037 5 64
Ground Level 2 044 74 8
Clay Tile [ InatGround | 50% S and E faces; 1 0.45 21 46
Level 25% all others 2+ 047 46 26
Clay Tile | Inat Grouwnd | 506% 8 and E faces; 1 0.32 13 39
Level none af all others 2 0.40 43 23
No Stuts [ Inat Groand | N/A | 0.29 0.3 50
Level 2 0.34 36 12
3 036 36 3

The first valees listed in Table 5.4 are those that were obtained from the base run, ag
discussed above. As indicated in Chapter 3, there is some evidence that concrete masonry and clay
masonry have similar stiffness (in terms of C values) when wsed as infill material. Thus, C values
of concrete masonry were tried. For imost of the infiils, this C changed the € value from 7 to 5,
almost a 30% decrease. The added stiffness did increase the natural fraquency slightly, bot less than
10%. The basic behavior remained the same, as evidenced by the percentage mass participation in
the modes. Tt thos appears that any reasonabie value of C will be sufficient o obtain the behavior
and a plansible estimate of the response of the structure. Of perhaps particolar note is that, as
indicated in Chapter 3, the C values used were developed from tests in which the base of the infill
was quite rigid. Tests in which the base of the infill was quite flexible indicated C values of 10 up
to 100. From the building analysis conducted herein, it does not appear that these large C values are
appropriate for use in actual bujlding evaiuation.

The next analysis examined the effect of the support conditions at the base. The restrainis
against displacement at the ground floor were removed. This did have a significant effect on the
response. It shows the need to properly ascertain the actual suppost conditions. Unformnately, this
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is often difficult to do. In the present struciure, the column baseplates were at several different
elevations. On the west side, the columns were supported by a concrete wall, and the baseplates
were almost at the groend level. E was unclear from the plans to what extent the structure was tied
to walls under the sidewalks. From the instrurnented response, it appears that there was little relative
motion andfor amplification of respomse between the basement level and the second floor. The
transfer function also showed that thers was little change in the frequency response between the
basement and the second level. This gives a basis for the supports at the ground level. Instead of
supporis against displacement at the grouad level, springs could be used. This springs could be
mned to match the recorded response. Since it was desired to analyze stractuxe as if the recorded
response were not available, the use and tuning of springs was not done.

The openings on the rorth side, east side, and in the alcove were quite large. No infili testing
has reafly been performed with openings of this size. The extent to which these infills pasticipate
in the lateral behavior is unknown. It could well be argued that their participation is less than the
50% that normally seems to be the case for openings. Therefore, two other reductions of the infill
stiffness were used, In the first, a2 75% reduction (or 25% of the solid infill stiffness) was used for
the large openings. In the second, no infills were considered except on the north and west side.
Based on comparing the calculated frequencies to the measured frequencies, it appears that even with
the large openings, there is still some participation from the infills. The frequencies obtained from
only considsring infilis on the north and west side appear to be too low, or the stiffness is too soft.
Although it iz diffieuit to t2il whether 50% or 25% stiffness should be used for the large openings,
it is erronecus to ignore the contribution of the infills with lage openings.

Finally, the stmcture was analyzed as just a frame structare with no infills, The frequencies
were quite low, significantly lower than those measured. This shows the effect of infills, even infills
with large openings, on the structural behavior. To properly analyze a structure under seismic
loading, infiils need to be considered.

Critical Discussion

The analyzed building was quite complicated in tetms of geometry, the alcove setback in the
second through thirteenth floor, and the stiffaess irregularities in both plan and elevation.
Nonetheless, the use of the proposed equivalent strut model ¢nabled nataral frequencies to be
obtained which were in agreement with those recorded during the Northridge carthcuake., For the
moderate level of shaking that this building experienced, the piecewise linear equivatent serut
method was quite efficient, requiring only one iteration.

There are two areas where the analysis is perhaps slightly suspect. The first area is the
support conditions at the base. For this structure they were quite complicatedd. The support
conditions are an area of uncertainty for all buildings, not just infill buildings, and thus is outside the
scope of this research. The second area is the behavior of infills with large openings. Only a limited
arnowit of testing has been done on infills with openings, and many of the tests are not representative
of actual buildings. There is the need for additional information on infill behavior with large
openings typical of mid-rise commercial construction.

This building was subjected to a level of shaking typical of the large moderats ssismic zones
in the central/eastern United States. Despite having several very poor seismic detsils, it performed
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quite weil. The perfonmance was typical of that of many of the older buildings in downtown Los
Angeles. Infills can be quite beneficial in moderate seismic zones. In this case, they provided
sofficient lateral stability to the structure so that only minor, repairable damage occured. The
building remained open and usable after the Northridge earthquake.

References

ASCE 7 (1993). Minjnmm Design Loads for Buildings and Other Structures. Awmerican Society of
Civil Engineers Standard 7-93.

CDMG (1995). Processed CSMIP Strong-Motion Records from the Northridge, California
Barthquake of Yanuary 17, 1994, California Division of Mines and Geology Strong Motion
Instrumeatatior Program, Report OSMS 95-01T.

-y == e . mam e - - [P s i o . - — =
At ey Ty . it L Lo TS T . ik



CHAPTER 6
CONCLUSIONS

Conclusions from this research are drawn in several areas, incleding construction of new
infills, seismic walkdown guidelines for infill shuctures, expected infill performance, analysis of
infill structures, experimental testing of infills, and critical arzas of research. Detailed conclusions
and recommendations concerming infills are provided in the following.

Constraction of New Infill=

New infills are either isolated from the bounding frame, or snugly confined in the bounding
frame. There are certain problems with both types of construction, Recormmendations for both types
of construction are given in the following,

Isolated Infills. Esolated infills nesd to have a sufficient gap so that seisinic drifts can take
place without the frame contacting the infill. In the instance of a seisinic hazard exposure group I
building, the gap required might be as mmch as 0.0235 times the story height (ASCE, 1993). Fora
story height of 10°, this would be 2 3" gap. Thus, a typical gap of 1 inch may not be sufficient.
Unforeseen damage and load distribution may occur if the infill is allowed to come in contact with
the frame during an sarthqraks,

Isolated infills need to have out-of-plane anchorage. This detail is quite difficult, as there
needs to be fres in-plane movement. Any restraiat against in-plane movernent will canse significant
force transfer. This can lead to premature connection and locatized masonry failure, which may
result in loss of out-of-plane sopport. Thus, isolated infifls require careful detailing o allow for in-
plane slip.

Given the difficulty of detailing and constructing isolated infills, tightly fitted infill
construction may be more practical. In moderats seismic zones tightly fitted infills may enhance the
lateral foree resistance of building structues, Thus, tightly fisted infills have the beneficial aspects
of improved seismic behavior and economic construction.

Tightly Fitted Infills. Tightly fitted infills can greatly enhance the lateral stiffness and
capacity of the structure, The infifl behavior needs to be considered in the design and analysis of the
structure so that poor seismic detafls, such as torsional irregularitics and partial height infills, 2re not
inadvertently designed into the structure. With infills generally not included in building codes, most
consulting engineers are not familiar with infill behavier, analysis and design. For inclusion of
infills in routine building analysis, a tractable analytical mathods is necessary. This research hag led
to the development of such a method.

The researchers have observed the construciion of Gghtly fitted infills that used some details
that added to the expense of the structere without adding any beneficial behavior, and in some cases
detrimental behavior, Figure 6.1 shows a typtcal infill construction. The infill was anchored to the
columns using dovetail anchors. Presumably this is done to anchor the panel against cot-of-plane
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motions. The prirnary out-of-plane resisting mechanism is arching, for which the anchors do not
contribute. The anchors can lead to premature in-plane cracking, which can reduce the panel
capacity. It is therefore recommended that these anchoes be eliminated. A similar shuation exists
at the topof the infill. For example, Figure 6.1 illustrates a steel plate embedded into the underside
of the concrete floor slab, an angle field welded te the plate after completion of the masonry wall,
and an anchor installed to anchor the wall to the frame. As with the side anchors, this does little 1o
enhance the out-of-plane stability of the wall. The anchors czn also lead to localized failures of the
infill under in-plane loading, which can canse 2 premature out-of-plane failure, or a partial height
infill and premamre shear failures of the columns. Again, it is recommended that these anchors be
eliminated. A tightly constrncted infill has in general a large factor of safety against out-of-plane
loads due to arching, and can add to the in-plane stiffress and swength.

\ memwan
= Concrate Colum

Figure 6.1 Typical Infill Construction
Seismic Walkdown Guidelines for Inftll Structures
The primary focns regerding infills during 2 selsmic walkdown of an existing facility should

be the interface bexween the infill and the bounding frame. I the interface is tight, then arching can
develop and the infill will have out-of-plane stability except in cases of extremely large height to
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thickness ratios. If the infill is tight against the frame, particnlarly in the upper loaded cormers, then
it can be expected to have significant in-plane seismic resistance.

Partial height infills often lead to premature shear failure in the columns. Thus, partial height
infills shouid be carefully noted, and steps taken to guard against column failure. Options include
removing the infill, isolating the infill (with out-of-plane restraint), filling in the opening, or
strengthening the colurn against shear failure.

Other aspects of the infill construction that should be noted in a seismic walkdown include
the amount of infill thickness enclosed by the bounding frame, the type and construction of the
masonry, the size and location of openings, any structoral cracking or damege of the infill, and any
significant deterioration of the mortar or the units. .

Expected Inflll Performance

Many indill structures exist in the large moderate seismic zones of the central/eastem United
States, and infill strucrures contipue to be built on 2 regular basis. Although high magnitude
earthqaakes are rare in these regions, lfe safety fonctions must be considered. Based on observed
and calculated behavior, it is expected that the infills will be very beneficial to the seismic
performance. Tightly fitted infills should have sufficient strength to provide the life safety functions,
and in many cases should limit damage to the extent that boilding remazins open and wseable after
amoderate earthqoakce. Only minimel repairs would be expected. Infills may protect much of the
building stock against moderate earthquakes withont any further retrofit or seismic rehabilitation.

Although infills have at times proven to be benpeficial in high seismic zones, detrmnental
behavior has also been observed. The initiation of comer crushing may canse parts of the masonry
inffll to fall out, creating a hazard t0 occupants and those outside the building, Cbner crushing may
also lead to high shear forces in the colvmns, and thas column failure. Torsional irregularities due
to arbitrarily placed infills wifl be more detrimental in high seismic zones.

Analysis of ¥nfill Structures

The equivalent sérut methodology is a tractable means of incorporating infill response into
large three-dimensional models of structares. The piecewise linear equivalent strut methodology
adequately captures the nonlinear global, or macro, behavior of the infill. The method developed
herein provides rapid convergence, and gives an indication of the expected infill damage based on
the amcunt of drift

In-plane capacity of the infill is dominated by a cormer crushing limit state and is primarily
a function of the thickness and compressive strength of the confined infifl. A simple method was
developed for predicting the capacity. The method was surptisingly consistent for very diverse infill
tests. It is noted that there are other failure modes of infilled frames with the most critical being a
shear failure of a column, Additional work is needed o define the shear loads in colurnas and the
other forces in the bounding frame.
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Experimental Testing of Infills

Infilled frames have been tesied it a wide vatiety of ways, incinding concrete and steel
irames, different types of masonry, differing support configurations, and many ather differsnt details.
Although this leads to data on many different cases, it does make it difficalt to synthesize the tesults,
and develop a general understanding of tofill behavior, As a result of this research, the following
recommendations are made concemning the in-plane testing of infills.

Adeguacy of Single Bay - Single Story Frame Testing. Most of the infill testing has been on
single bay, single story fremes. Although testing of multi-bay and multi-story frames is appealing,
it appears that the resulis of single bay, single story frames can be extrapolated to large, complex
steacures, Thus, the continued testing of single bay, single story frames is encouraged for economic
reasons. The coordination of single-bay, single-story testing with larger size specimens might be
important for system integration. Care needs to exercised in the application of loads to multi-bay,
roulti-story struchires so that they are truly representative of the load distribution in actnal infill
stuchires.

Base Support Conditions. Much of the infill testing has been performed with the base of the
nfill bearing on strong, stiff reaction floors or beams. Other infill testing has been perfonmead where
& rectangudar frame was constructed, and only sapported at the comers. This allows for bending of
the base beam. These tests have resulted in much lower values of stiffness than for festing on a
stroag floor. From the analysis of actual struetuzal performance, it appears that stiffresses from
frames supported only st the corners are too Jow. It is recomumended that infill testing continue to
be conducted on strong, stiff floors or beams. The stiffness obtained from: these tests does appear
to be appropriate for general structures. Due to diaphragm floor action, and in many cases infills
continucas thronghout the height of the structure, it appears testing on a strong, stiff floor resnlts in
realistic values of stiffness.

Definition of Failure. Some of the infil] testing that has been performed has beer at low
displacement levels. The test is stopped after cracking. Infills have significant duetility and Joad
carmying capacity well beyond cracking, and even beyond comer crushiag and Toss of some masonry.
The ductility of the infill can greaily enhance the seismic performance. Tt is impexative that infill
testing capiure the post-cracking and post-peak behavior of the infill frame systern. Thus, infills
need to be tested to high displacement levels. Tt is also desirable that cyclic testing be conducted as
opposed 10 monatomic esting.

Critical Areas of Research

There are still many aspects of masonry infill bebhavior that are not well understood,
However, the regearch needs st be prioritized. It is recomunsided that future infitl research focus
on several critical areas, as outlined in the following,

Test Series of Clay and Concrete Masonry in Both Steel and Concrete Frames. Researchers
performning infill frame testing have almost exclusively used one frame material (steel or coneretsa),
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and one type of masonry (clay brick, concrete masonry, siructurzl clay tile). Due to differences and
idiosynerasies of testing, it is difficnlt to compare the results of the differsnt tests. An expetimental
prozram that would perform identical testing of different types of masonry in both steel and concrete
frames would be extremely valuable in developing general infill analytical methads.

Testing of Infills with Typical Openings. Most of the infill testing has been performed on
solid infills. Only a lirnited amount of infill testing with openings has been performed, and much
of this has not captured some of the typical configurations. K is recommended that an infill test
series be conducted that focnses on typical openings.

Openings in commercial struchires can be quite large (35-50% of the infill ares). The
opening is often centrally located in the panel. There may bs two openings, with 2 masonry pier
between the openings. Often the opening will extend almost to the column. Many older structures
of this type exist in both high and moderate seismic zones, and infill constraction with large
openings continues in moderate seismic zones.

The openings in industial facilities are typically of two types. One type is a smaller opening
for mechanical equipment, piping, aed ductework. These openings will often be in very critical areag
of the infill panel, such as the upper loaded comers. Another type of opening in indusirial settings
is ground floor infills with large overhead door openings for loading docks.

Significant testing of infills with openings s needed, but with openings that are typical of
actual constaction.

Analysis Methods for Infilled Frames. Regearch needs to be continned in the refinement of
the piecewise equivalent linear strut model for global analysis of infilied frame structures.
Additional research nesds to be conduecied with regard to the individual panel behavior, and in
particular the transfer of forces between the frame and the infill panel. Tractable methods need to
be obtained for determiming the force distribution within the frame members as a sesult of the infill.
The development of nonlinsar finite element methods needs to continue. The methods need to be
validated with actual teses and comparison to performance of actual stractures.
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