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ABSTRACT

Although it is widely recognized that infills play an important
role in the seismic performance of buildings, particularly in build-
ings whose structural systems are based on the use of moment resisﬁing
frames alone, little reliable information is available regarding the
quantitative effects of infills. This report summarizes studies con-
ducted at Berkeley in which these effects have been studied experi-
mentally and analytically, and the implications of these effects
regarding the design of new buildings and retrofitting of existing R/C
frame structures have been evaluated. The report, therefore, has been

divided into two main parts.

The first, which covers the first five chapters, is concerned
with the infill problem and the experimental investigation conducted
to study the effects of infill panels on seismic response of rein-
forced concrete frames. This investigation consisted of a series of
quasi-static cyclic and monotonic load tests on 1/3-scale models of
the lower 3-1/2 stories of an 11 story-three bay reinforced concrete
frame infilled in the outer two bays. The reinforced concrete moment
frame was designed for high rotational ductility and resistance to
degradation under reversed cyclic shear loads. A number of different
panel material and reinforcement combinations were tested. For reasons
of economy, ease of construction, favorable mechanical properties, and
efficiency of different types-of masonry infill, it was concluded that
the most promising panel configuration consisted of solid brick laid
in mortar reinforced with two mats of welded wire fabric, one bonded

to each side of the wall in a layer of cement stucco (mortar).

The results of analytical studies are described in the second
portion of this report (Chapter Six). The implications of these ex-
perimentally obtained results are considered as to how the investigated
infills affect the dynamic response of R/C moment resisting frame build-
ings, as well as considering the effect of these implications on the

seismic resistant design and retrofitting of buildings.
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I. INTRODUCTION

1.1 Statement of Problem

While in the process of structural design it is necessary for
the designer to utilize a mathematical model of the structural sys-
tem, in practice the actual structure may be quite different from
the designer's idealization. Numerous parameters may influence this
occurrence, one of the most striking being a tendency to neglect
"nonstructural" components which are not envisioned by the designer
as necessary contributors to the response of the structure. An ex-
ample is the presence of infill elements which consist simply of a
panel, frequently masonry, placed in the plane of a structure frame,
partially or completely filling either the height or width. It is
of paramount importance to realize that the effect of such "non-
structural" components may be quite objectionable and may have a
significant impact upon the seismic resistance of the structure.
Hence there exists a real need for a rational design-oriented

approach which takes into consideration the effects of such elements.

Furthermore, the proper use of these infill elements can be of
great value in strengthened and stiffened existing frame structures.
For this reason, and due to the lack of reliable data concerning the
effects of such elements on structural response, it was decided to
conduct the studies reported herein. This investigation is a con-

tinuation of the research reported in Ref. 1.

1.2 Objectives and Scope

The ultimate objectivé of this research is to improve the be-
havior and, therefore, the seismic-resistance of buildings whose
structural systems consist of reinforced concrete frames infilled
with panels, i.e., infilled frames. To achieve this objective a

series of experimental and analytical work has been performed.

Although the studies reported herein are concerned particularly

with experimental work, analytical predictions based on the results



obtained in the experiments are also reported.

Experimental work was conducted on a 3 1/2-story x 1 1/2-bay
subagsemblage selected for study from the end frame of the prototype
structure. This subassemblage was built to 1/3 scale, infilled with
panels and instrumented as required, and then tested. A total of 18
tests were conducted to investigate the relative performance of vari-
ous types of infilling materials and construction techniques. Speci-
fic deteils concerning techniques and materials as well as resuits

are presented in the body of this report.

The effects of infills on the seismic resistant R/C construction
are studied analytically, after evaluation of the obtained experimental
results. Finally, recommendations for the design of seismic-resistant
infilled frame structural systems, as well as for retrofitting of R/C

moment resisting frames, are formulated.



II. SELECTION OF BUILDING TO BE STUDIED

. 2.1 General Remarks

To facilitate these studies it was decided to select a reason-
ably simple prototype building. The prototype building was the same
as that described in Ref. 1. Biggs and Grace [2] had a series of
five hypothetical buildings designed by a practicing structural
engineering firm using conventional design procedures. The buildings
were apartment house-type construction with intentionally simple and
symmetrical architecture and structure. Because many typical infilled
frame-type structures are in the 10- to 15-story range in height, it
was decided to use the ll-story reinforced concrete frame from this
series of hypothetical buildings.

2.2 General Description of Prototype Building

The prototype building selected consists of an ll-story rein-
forced concrete space frame, 60 x 200 £t (18.3 m x 61 m) in plan,
with uniform 9 £t (2.75 m) story heights and a one-way slab floor
system. Typical plan and end frame elevation views are shown in
Figs. 1 and 2. Some modifications have been made to the design by

Biggs and Grace [2], and will be discussed in subsequent sections.

2.3 Design and Analysis

In order to check the service condition design by Biggs and
Grace [2] to identify any possible modifications to the prototype,
a preliminary bare frame design was first carried out. Dead loads
were computed based on the data given in Ref. 2, and live loads were
taken tobe 50psf (1.04MPa). Design was based onthe provisions of the 1970
UBC [3]. Using Sections 2615 and 2630 of the UBC, critical design

load combinations were given by:

1.5 D+ 1.8 L
1.0 (D + L + E)
0.9 D+ 1.25 E



Equivalent static lateral loads representing the effects of
seismically induced inertial forces were computed according to two

procedures:

(1) The building was modeled using TABS, a computer program
specifically developed for static and dynamic sfructural analysis [L].
The model used the original member sizes, and considered the effects
of finite column widths and beam depths. Young's modulus for con-
crete was calculated in accordance with Section 8.3.1 of the 1971
ACI Code [5] using £} equal to 4000 psi (27.58 MPa). The contribu-
tion of the floor sliasbs to beam stiffness was ineluded in accordance
with Section 8.7.2 of the 1971 ACI Code. Reduction in beam flexural
stiffness due to cracking was considered by using an effective moment
of inertia equal to L0 percent of that of the uncracked seection.

This ratio was subseguently checked and found tc be valid for the
final beam designs. The fundamentzl period of vibration of the 11~
story frame structure was calculated to be 1.30 secs. Based on this
value, equivalent static lateral forces were calculated by Section
2314 of the 1970 UBC, using a value of Z equal to 1.0 (Zone iII),
and a value of K equal to 0.67, corresponding to a ductile moment-

resisting frame. This nomenclature is defined in Ref. 3.

(2) Although Section 231k of the 1970 UBC does not explicitly
specify a design response spectrum for calculsting equivalent lateral
forees, its base shear calculation formula implies the spectrum shown
in Fig. 3. In accordance with Section 2630(a) of the 1970 UBC, this
equivalent spectrum was scaled up by a factor of 1.40, resulting in
peak spectral response accelerastions of 0.093 g, a5 shown in this
same Fig. 3. Newmark's maximum spectral values for a standard basis
earthquake were scaled to produce the equivalent Zone 3 ground spec-—
trum which, when modified in accordance with Ref. 6, would also pro-
duce maximum spectral response accelerations of 0.093 g in buildings
with 3 percent critical damping, founded on firm soil. This amount
of damping was used because it is a realistic value for a clean, rein-

forced concrete frame responding in the elastic range. Assuming 3



percent damping in all modes, the root-mean-square (RMS) combination
of the first five modes, as computed by TABS [4], was used to calculate
an envelope of equivalent story shears. The base shear obtained by
this second method was within a few percent of the UBC base shear.
In the upper floors, however, the second method gave story shears
which were larger and considered morerealistic. Therefore, these
were used in combination with gravity loads to compute the forces
required for member design. For consistency, the story shears com-
puted by the second method were factored to give a base shear equal
to that of the UBC method. Load combinations were computed using
the TABS program. The members were designed to meet the 1971 ACI
Code and its Appendix A ("Special Provisions for Seismic Design"),
using Grade 60 steel and f& equal to 4000 psi (27.58 MPa).

2.4 Revised Design

The original columns of Ref. 2 measured 12 in. x 30 in. (305 mm
x 762 mm). The results of the preliminary design indicated that,
owing to their low shear-span ratio, such columns might have low
resistance to cyclic shear reversals. Therefcore, the preliminary
design was revised for columns measuring 18 in. (457 mm) square.
This revised service load design was carried out by the 1971 ACI Code

and its Appendix A, with the following exceptions:

(1) Beams were designed for the shear consistent with the
development of their maximum moments (¢ = 1.0) at sections located
at a distance of two-thirds the clear span apart. Such a hinge
placement could be developed under combined lateral and gravity loads.
The total shear was assumed to be carried by the transverse steel

alone.

(2) Columns were designed for the shears consistent with the
development of maximum balance point moments (¢ = 1.0) acting in
opposite senses at a distance d/2 from adjacent beam faces (double
curvature, with the inflection point at column mid-height). Again,

shear was assumed to be carried by steel only. This is a very con-



servative assumption for columns, where the axial force is assumed
to be the compressive force corresponding to the balance point of

the moment-axial force interaction diagram.

(3) Beam-column connections (joints) were designed with trans-
verse reinforceing sufficient to resist the shear produced by the
development of maximum moments {acting in the same sense) in the

framing beams at the column faces.

The final service condition design was similar tc that of

Ref. 2.

2.5 Design Modifications for Strong Ground Motions

Because the revised bare frame design indicated that the se-
lected prototype was basically satisfactory, it was decided to con-
tinue with this prototype. The previous design was now modified to

resist strong earthguake ground motions.

Lateral forces were calculated using the ground spectrum sug-

gested by Newmark: ug e 0.50 g, ug max 24 in./sec. (610 mm/sec.),
and u, = 18 in. (457 mm). The building was assumed to be founded

on rock or firm soil, with 5 percent critical damping in all modes,
and an available displacement ductility of 5.0. Then current pro-
cedures [T] were used to compute the reduced elasto-plastic design
response spectra (Fig. 4), which were much more severe than the ser-
vice condition spectra of Fig. 3. The critical load combination was

taken as the sum of:

(1) story shears from the RMS combination of the first five
modal responses to the reduced elasto-plastic design response spectra

shown in Fig. 43 plus

(2) Factored gravity loads (1.5 D + 1.8 L), with the live load
reduced for tributary area by Section 2306 of the 1970 UBC. These
factors were used instead of (0.9 D + 1.2 E) because the latter are

less critical for columns, such as those used here, whose moment



resistance does not decrease significantly for axial loads less
than the balance point axial load. It is recognized that the maxi-
mum gravity loads calculated using (1.5 D + 1.8 L) are conservative.
The factors were used to account in an approximate manner for the

potential effects of concurrent vertical accelerations.

This load combination and the building geometry were used as
input to BADAS-2, an elasto-plastic design program [8]. This pro-
gram found the required member resistance by storywise optimization.
The necessary beam and column resistances at each floor level were
very close to those obtained by hand calculation using a sidesway
collapse mechanism consisting of a one-story subassemblage. Member
design was carried out using realistic material properties.

Park and Kent's stress—strain curves for confined concrete [9] were
used with £} = 4000 psi (27.58 MPa). Spalling was assumed to take
place at a concrete strain of 0.0035. Because the actual average
yield stress for Grade 60 deformed reinforcing bars is about 68 ksi
(469 MPa), that value was used instead of the nominal 60 ksi (414 MPa).
Strain hardening was assumed to begin at a steel strain of 0.007 with
a strain-hardening modulus of 1500 ksi (10,343 MPa). A maximm (and
ultimate) stress of 95 ksi (655 MPa) was assumed to be reached at a
steel strain of 0.15.

Beam designs were checked using the computer program RCCOLA [10]
which calculated moment-curvature relationships using the section
geometry and material properties discussed above. No ¢ factors were
used. Sufficient closely-spaced transverse steel was provided for

the following purposes:

(1) To resist all the shear consistent with the development of
ultimate moments at hinge regions located at a distance of one-half
the clear span apart (Fig. 5). It was found that this hinge location
pattern might result from extreme combinations of vertical and later-
al loads. The hinge separation was reduced from that used in the

revised design of Section 2.4 because it was considered desirable to



design more conservatively against loss of ductility due to shear

failure produced by cycles of extreme reversal,

(2) To provide the rotational ductility (as calculated by the formu-
las of Mattock [11] and Corley [12])consistent with the assumed avail-
able overall displacement ductility of 5.0; and,

(3) To reduce the unsupported length of the leongitudinal steel
so that longitudinal steel buckling would be prevented or delayed

even after the onset of strain hardening.

To simplify design detailing and to improve hysteretic behavior
under full deformation reversals, the beams were designed with egqual
top and bottom longitudinal reinforcement. To allow for the forma-—
tion of hinge regions away from the column faces due to combinations
of lateral and vertical loads, all beams were designed with equal

reinforcement carried along their entire length.

Using the RCCOLA program [10], moment-axial force interaction curves
were calculated for several trial column sections and compared with
the critical moment-axial force combinations calculatedtw“théBADAS—E[B]
computer program. To obtain increaged resistance to cyclic shear re-
versals, it was decided to use spiral reinforeing instead of the rec-
tangular hoops used in the revised hare frame service load design.
Columns at each joint were designed to resist the combined action of
1.2 times the joint forces (moments and shears acting at the
interfaces of the beams and the joint) consistent with the develop-
ment at these interfaces of the ultimate moment capacities of the
framing beams, acting in the same sense (Fig. 6). &piral reinforce-

ment was designed to accomplish the following:

(1) Resist all the shear consistent with the development of
maximum column moments in opposite senses at a distance d/2 from the
beam faces limiting each clear story height, i.e., columm double
curvature over a height equal to the clear story height less two

lengths of d/2 each, with the inflection point located at the



column midheight (Fig. T);

(2) Protect the longitudinal steel against buckling, even in

the strain-hardening range; and

(3) Provide the necessary confinement as prescribed by A.6 of
Appendix A of the 1971 Code.

Figure 8 shows the moment-axial force interaction diagram calcu-
lated (using the RCCOLA program) for the final column design.
Because of the relatively high percentage of longitudinal steel, the
moment capacity is not sensitive to variations in axial force at or
below the balance point axial force. This figure also shows two
moment-axial force interaction curves which apply when shear capacity
controls. The first of these, calculated considering the shear resis-
tance of the concrete only, represents the internal force combina-
tions expected to produce shear cracking under monotonically increas-
ing loads. The second curve, calculated considering the shear re-
sistance of spirals only, represents the flexural capacity (governed

by shear) under full cycles of reversed loading.

Because it was anticipated that the model would be constructed
to one-third scale, the design of all members was carried out using
bar sizes which, when divided by three, would result in available
deformed bar sizes. A "strong column-weak girder" design philosophy
was used. The columns were assumed to remain elastic except at the

base of the building. They were designed for rotational capacities

corresponding to story drift indices of at least 0.02, even under maxi-
mum factored gravity loads. The critical regions of all members were
designed for rotational ductility ratios of at least 5.0, consistent with
the assumed available overall displacement ductility ratio of 5.0 used in

constructing the reduced elasto-plastic design response spectrum.

2.6 Selection of Basie Structural Subassemblage

If the subassemblage were of a configuration such that it could
be isolated from the prototype frame by separation only at sections

corresponding to inflection points in the beams and columns, then



the problem of reproducing boundary values during testing would be
considerably simplified. Inflection points will not necessarily
remain in a fixed position, and this movement may introduce some mo-—
deling error which must be tolerated. It was decided to use a multi-
panel subassemblage providing increassed accuracy in the duplication
of boundary conditions in panels located away from points of load

application.

Maximm force levels in a typical building structure are gener-
glly reached at or near the base of the structure due to the predom-
inance of the fundamental mode in the response. Therefore, it was
decided to locate the subassemblage in the lower three and one-half
stories of the end frame. Elastic symmetry considerations (neglect-
ing geometrie stiffness) imply that zero moment and zero vertical
displacement imposed at the frame center line satisfy the proper
force and displacement boundary conditions at this point for the beems.
However, the structure is not completely symmetric in the inelastic
range due to different axial load levels in the columns caused by
the overturning moment from floors shove. These different axial load
levels change the plastic hinge moments of the column sections and
hence cause a variation from symmetry. Thus, in the inelastic range,
constraining ends of the cantilever beams of the model to zero verti-
cal displacement and zerc moment does not exactly satisfy the force
and displacement boundary conditions. Teo satisfy these boundary

conditions would require modeling both halves of the frame (i.e., all

three bays). This was an unacceptable alternative due to limitations
of space, time and cost. In addition, the effects introduced by vari-
aticn from these boundary conditions are believed to be small. There-
fore, the prototype subassemblage shown in Fig. 9 {three and one-half
stories high by one and one-half bays wide), was selected for the

studies described in Ref. 1 and was also finally adopted for the gtud-

ies reported herein. Design details of frame elements of the subassem—

blage are shown in Fig. 10.
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ITI. EXPERIMENTAL STUDY

3.1 General Remarks

As discussed in Chapter II, it was decided to test a three and
one-half story by one and one-half bay subassemblage from the end
frame, as shown in Fig. 9, using to the extent possible a previously
developed shear wall testing facility at the structural engineering
laboratory where the tests were to be conducted. This placed a ser-
ies of constraints on the final details regarding the test specimen,

the results of which will be discussed subsequently.

3.2 BSelection of Test Specimens: Model Scale

Many parameters are greatly influenced by model scale. TFor
example, aggregate interlock plays an important role in the behavior
of cracked regions, having a potentially large effect on energy dis-
sipation characteristics. Also, the bond properties of reinforce-
ment vary with the bar size. Furthermore, effects of fabrication
errors increase as the scale is decreased. Hence gecmetric scaling
introduces modeling errors, some of which cannot be avoided. Thus
the subassemblage should be modeled to the largest scale which can
be accommodated, ideally full size. Given the number of stories in
the subassemblage and the dimensional and capacity limitations of the
testing facility, one-third scale was deemed to be the largest feas-
ible.

3.3 Instrumentation and Data Acquisition System

It is convenient to divide the required data into four primary
categories, namely, (1) all actions (loads) applied to the specimen;
(2) overall response parameters; (3) contributions of different
sources of deformation to overall and local response; and (4) loeal

behavior of critical regions of interest.

Loads were applied using hydraulic jacks and were monitored
using calibrated load cells connected in line with the actuator

shafts. Passive forces, i.e., forces developed in connecting struts
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used to maintain correct displacement boundary values which were
loaded by being acted upon by the specimen and hence capable of sup-
plying only resisting forces in a passive manner, were monitored

using force transducers consisting of four-arm strain gauge bridges.

Overall response parameters were considered to consist of the
lateral displacements at the variocus floor levels and interstory dis-—
placements between these fleoor levels. Lateral displacements were
measured using linear potentiometers attéched to fixed reference
points. Interstory displacements were considered obtainable by sub-

tracting lateral displacements at appropriate floor levels.

The primary contributions to different sources of deformation
of conecern are sheér distortion, flexural distortion, and rigid body
motion of the sgpecimen. Shear distortion was measured with the use of
two diagonal linear potentiometers between two successive floor levels
(Fig. 11). Rigid body motion was measured using three dial gauges
placed arcund the foundation of the specimen. Flexural deformation
was obtained by subtracting the shear displacement from the specimen

displacement.

The extent of instrumentation varied considerably from test %o
test for the following reasons: (1) the frames for specimens 1, 2,
and 3 were originally constructed and tested by Klingner [1], thus
limiting the extent of possible instrumentation on these specimens
to that which could be accommodated using existing provisions for
instrumentation; (2) weldable microdot gauges in critical regions
were frequently unsuitable for use in subsequent tests due to their
being subjected to strains well beyond their capacity; and (3) con-
crete gauges were used only on specimens 4 and 5 to measure the force
in the panel diagonal corresponding to the so-called equivalent strut.
These gauges provided limited information due to panel cracks pass-
ing through the gauge length relatively early in testing. ({See Figs.

i1l and 12 for details regarding instrument placement.)

Output from all ipnstrumentation was read at discrete intervals

12



using a high-speed data acquisition system with 128 channel capacity.

Some channels were also monitored continuously with X-Y-Y' recorders.

3.4 Fabrication of Specimens

Frame Construction. Frame construction details were identical
for all specimens with the following two exceptions: (1) details
necessary for attaching instruments; and (2) details necessary for

infill anchorage to the frame.

Typical frame construction proceeded as follows. The reinforc-
ing bars for frame construction were bent and tied. Threaded pins
for attaching instrumentation were silver-soldered to reinforcing
steel as required. Weldable strain gauges were spot-welded in their
appropriate locations. The entire steel cage was then placed in
formwork designed for horizontal casting, which was used because it
simplified formwork and specimen construction. Formwork was varied
as required according to the different arrangements of steel pro-
truding from the frame into the panel openings for infill anchorage.
Specimens were cast in a single pouring operation with concrete
batched and mixed at the laboratory. Twelve batches were nominally
required per specimen. After seven days the formwork was stripped

and specimens were placed in a vertical position for infilling.

For frames infilled with reinforced hollow unit masonry, work
proceeded as follows. Blocks were laid in running courses with hori-
zontal courses sawcut as required to permit placement of horizontal
steel which was lap spliced to column dowels. The first few courses
were generally laid prior to lap splicing vertical steel to dowels
projecting from the underside of the beam above. Remaining courses
were laid using units which were sawcut to permit being slipped side-
ways onto the vertical steel. All courses were fully grouted as
work proceeded. The gap between the top of the panel and the beam of

the floor above was filled with stiff mortar.

Construction of infill panels consisting of solid split bricks with

exterior welded wire fabric reinforcement proceeded as follows. Split
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bricks were laid in mortar infilling the frame copening. Cross ties
were left in the mortar bed as a provision for holding the welded
wire fabric mat flat for subsequent construction stages. After the
panel was allowed to sit undisturbed for at least 24 hours, two mats
of welded wire fabric were attached to it, one on each side, with
care taken to tie the wire mesh flat against the brick using the
cross ties already in position. A bonding agent was then applied

to both sides of the panel to assure good bonding between the mortar
cover and brick. A mortar cover 5/8 in. thick was applied to each
side (face) of the infill panels in two layers. It was difficult to
maintain uniform panel thickness using this method, and it is be-
lieved that better quality control could be attained easily in the

field, especially if pneumatically applied concrete is used.

3.5 Testing Procedure

The loading sequence for each test consisted of the following:
(1) The column jacks were connected to the specimen, and column
loads were applied to simulate unfactored dead plus live loads. The
cantilever beam struts were left free during this step. (2) The can-
tilever beam struts were connected and tightened only enough to re-
move any play in the strut pin connections corresponding to the direc-
tion in which the specimen was to be loaded. (3) The horizontal jack
was connected to the specimen. (L4) The desired loading program was
then applied. Overturning moment from stories above the subassem-
blage, as calculated from analysis, was applied automatically using
a preset transfer between the horizontal and column jacks through the
MTS servocontrol system. (5) Upon completion of the loading program
the horizontal jack was removed from the specimen and the cantilever
beam struts were disconnected. (6) Axial loads were removed and the

column jacks were disconnected from the specimen.

The ratic between the lateral force and corresponding overturn-

ing moment was calculated by an elastie analysis of the entire end
frame. Analyses were conducted on both the bare frame and the in-

filled frame. Transfer ratios as applied to these specimens are
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shown in Figs. 13 and 14 respectively.

During the course of testing, increasing panel degradation re-
sulted in the behavior of the infilled frame tending toward a bare
frame type of response, i.e., as the level of panel damage increased,
the panel contributed less and less to the lateral strength and stiff-
ness of the frame, and hence behavior at this point was dominated by
the frame response. Therefore, during infilled frame tests, the
associated overturning moment was modified to that of the bare frame
during the loading program at a point dependent upon the extent of

the transition toward a bare frame type of response.

3.6 Repair Methods

Typically, after completion of an infilled frame loading pro-
gram, panel replacement was required at only one level, as severe
panel damage was generally confined to one level only. The remainder
of the damaged panel was removed, with care taken to retain rein-
forcing steel (or WWF¥) protruding from the frame which was cast in
place for panel reinforcement anchorage. Spalled concrete was re-
moved from the columns leaving only sound concrete. In general, the
column cores were in good condition and showed no visible signs of
distress, a consequence of the excellent confinement provided by the
closely-spaced transverse spiral steel. Panel anchorage steel some-
times suffered some damage, and was repaired by chipping concrzte
away to allow the welding of a new piece of reinforcing steel to the
stub (No. 2 bar) or, for tests in which welded wire fabric reinforce-
ment was used, any necessary repalr to the anchorage fabric was per-
formed by brazing. The columns were then reformed and the cover was
recast in a horizontal position. After the column forms were strip-
ped, the specimen was lifted and placed in a vertical position for
infilling. Infilling proceeded using construction methods described
previously (Section 3.4) with new panel reinforcement lap spliced as

required to the frame anchorage steel.

Strengthening Methods. During tests 7 and 9 the spiral trans-

¥ WWF, i.e., Welded Wire Fabric.
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verse steel was observed to fracture in critical plastic hinge re-
gions of the columns in the first story, thus causing immediate
brittle shear failure at that location in the column. This made any
type of repair impossible and rendered this story level useless in
subsequent testing. Therefore it wasg decided to strengthen this floor

level so panels in other floor levels could be tested.

Strengthening was achieved by placing a rather substantial
amount of reinforcing steel in the panel‘opening and casting this
floor level solid (6-inch thieck). Vertical steel was concentrated
at both sgides of the bay, and was anchored at the top by being passed
through holes drilled in the second floor besm. Thus the steel formed
a continuous U-shape {no splices) with the curved portion of the U
passing through the second-floor heam, and béth ends of the U termin-
ating at the footing. Anchorage was achieved at the feooting by weld-
ing the reinforcement to anchorage angles {see Figs. 15 and 16) which
were secured under bearing plates used in prestressing the specimen

to the reaction blocks.
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IV. EXPERIMENTAL RESULTS

4.1 General Remarks Concerning Data Reduction and Data Presentation

A series of 18 tests has been performed on 5 models of the sub-
assemblage chosen for study. Tests were conducted using a variety of
pranel configurations to provide information regarding different panel
materials and reinforcing details. An overview of this testing series
may be seen in Table 1; the mechanical characteristics of materials
are summarized in Table 2.

Most of the experimental results are presented as load, H, vs.
interstory displacement, A, hysteresis loops (Fig. 17 to éh). The
horizontal force plotted in these hysteresis loops includes corrections
for the horizontal components of the force applied by the column jacks,
which may be a very significant correction at large values of specimen
displacement. For tests in which the panel failure occurred in the
first floor, the horizontal force in the hysteresis curves includes
a. correction which accounts for the horizontal component of force
from the first-floor beam strut (BM-1) (See Fig. 10a) which was part
of the system used to impose the correct boundary conditions on the
subassemblage.

Interstory displacements, corresponding to the stories that
failed, were obtained by subtracting readings from respective linear
potentiometers measuring lateral displacements of the specimen at
appropriate floor levels. Shear displacements were obtained from di-

agonally placed linear potentiometers in each story level.

4.2 Failure Mode and General Observations Concerning Specimens

L.2.1 Test Specimen No. 1 (Model No. 1 - Fig. 1T7)

Model No.l was originally built and tested once by Klingner [1],
who obtained a first-story failure leaving the second- and third-
story panels intact. The specimen was repaired for use in the pre-
sent study by recasting column cover as required in the first-story
level and re-infilling the same level with an unreinforced fully

grouted clay brick panel. Thus the specimen for this test consisted
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of fully grouted clay brick panels in all three stories, the first-
story panel being unreinforced, with the second- and third-flocr pan-
els having 0.6 percent steel in both the vertical and horizontel di-
rections. The specimen was subjected to several service load cycles,
and then loaded monotonically to failure. The specimen was then
given a displacement reversal sufficient to return it to zero dis-~

placement upon unloading.
General observations:

(1) The failure mode involved only the first-story panel.
After crushing of the panel at midspan of the diagonal compression
strut, the frame formed a sidesway mechanism with hinges at the top
and bottom of the first story in both columns.

(2) Panel damage in the first story was well distributed con-

sidering this panel was unreinforced.

(3) An air mattress supported on shored plywood was used to
balance the dead load of the first-story panel. This prevented loose
panel material from falling out of the plane of the panel. BSome of
these pieces were relatively sizable and continued to carry load as
the panel continwed to crush at increasing values of displacement.
Thus the air mattress appeared to have retarded break-up of the

panel.

{(4) The frame panel interface cracked, but no significant rela-
tive lateral displacement was observed between the frame and panel.
Large relative lateral displacements were apparent across horizontal

cracks within the panel.

(5) Plastic hinges in the columns did not form at their ideal-
ized locations for the obtained failure mechanism (top and bottom of
columns in first story}. Plastic hinges formed into the bay opening,
thus decreasing the distance between the hinges. This was caused by

panel material stiffening corners of the frame.

For an overview of panel damage, see Figs. 35 and 36.
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4.2.2 Test Specimen No. 2 (Model No. 1, Repair 1 (Rl) - Fig. 18)

Model 1 was repaired after Test 1 by removing all remaining
panel material and all spalled column cover from the first-story
level. The column cover was recast and a prefabricated unreinforced
clay brick panel was positioned and grouted in place in the first-
story level. Panels in the second and third story had sustained

only minor damage and required no repair.

The specimen was then loaded cyclically with full load reversals
and, after ductility one, with full displacement reversals until the
maximum displacement capacity of the horizontal jack was reached in
the negative displacement direction. At that point, full displace-
ment reversals were not possible and the specimen was cycled to the
maximum displacement that the jack could impose. (Fig. 18)

General observations:

(1) The failure mode involved only the first story, beginning
with crushing of the infill and finally with the frame forming a
single story sidesway mechanism with hinges at the top and bottom

of the first story in both columns.
(2) Interior panel damage was concentrated in very few diagon-

al cracks. Cracking within the panel was very poorly distributed.

(3) Separation between the bounding frame and the panel occur-
red very early in the test. Relative slip was observed betwecn the
panel and the frame and crushing of panel material occurred along
the entire first-story column height on the right side, as well as
adjacent to the left column extending up from the base approximately
one-third of the first-story column height. Crushing of panel materi-
al also occurred along the entire length of the base of the first-

floor panel (see Figs. 37 and 38).

(4) Virtually no crushing occurred within the panel, i.e., away

from panel boundaries.

4.2.3 Test Specimen No. 3 (Model No. 3 - Fig. 19)

Model No. 3 was originally built and tested once by Klingner [1]
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who obtained a combined second- and third-story fallure leaving the
first-story panel intact. The model was repaired for use in this
study by removing remnants of the second- and third-steory panels and
casting a 2-in. thick panel of lightweight conecrete (LWC) with a

steel percentage = 0.6% in both vertical and herizontal directions in
each of these two floor levels. Thus Test Specimen No. 3 had a first-
story panel of fully grouted concrete block (p = 0.6%) and second-

and third-story panels of 2-in. thick IWC (p = 0.6%). Specimen 3

was loaded monotonically. (Fig. 19)

General observations:

(1) The failure mode involved only the first story and was trig-
gered by crushing cof the infill acting as diagonal compression strut,
with the frame finally forming a sidesway mechanism with hinges at the
top and bottom of the first story in both columns.

(2) Cracking occurred but no significant relative lateral dis-

placement was observed between the frame panel interface.

(3) First-story panel damage was well distributed with the ex-
ception that relatively little cracking was observed in the lower
portion of the first-story panel below the point where the lap splice
of the vertical steel terminated. This portion of the panel had
more effective vertical steel as it consisted of both the dowel and
the reinforcement for which the dowel provided anchorage {see Figs.
39 and Lo).

4.2.4 Test Specimen No. 4  (Model No. 2 - Fig. 20)

Model No. 2 was originally built and subjected to two tests by
Klingner [1]. 1In the first of these tests, the model was tested as
a bare frame subjected to a2 monotonic loading program. In the second
test the same frame was infilled with fully grouted clay brick panels
(p = 0.6%) in all three floor levels and subjected to a cyclic load-
ing program. In this second test a combined first- and second-story
panel failure was observed by Klingner with a sidesway mechanism con-
sisting of plastic hinges at the base of the first story and at the

top of the second story in both columns, Three plastic hinges
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occurred in the first-floor beam, one at each of the three beam-to-
face-of-column connections. The repair of Model 2 for use in test
No. 4 of the present study consisted of recasting the concrete cover
on the columns as required, installing a new clay brick panel (p =
0.6%) in the first story, and repairing the second-story panel with
grout since it was not sufficiently damaged to warrant panel replace-
ment. The specimen was subjected to cyclic load inducing full dis-
placement reversals (Fig. 20).

General observations:

(1) The failure mode involved only the first story with the
frame forming a sidesway mechanism with hinges at the top and bottom
in both columns after the failure of the first floor panel.

(2) Horizontal cracks extending completely across the first-
floor panel developed early in the test. Locations of every major
horizontal crack coincided with a mortar bed containing horizontal

steel in the masonry (see Fig. b41).

(3) Cracking occurred but no significant relative displacement

was observed at the frame panel interface.

(k) First signs of panel crushing were observed at the right
hand side of the panel, see Fig. 42. This crushed zone spread com-

pletely across the panel and proceeded@ to enlarge somewhat (see Figs.
43 and LlL).

(5) A considerable amount of debris was produced by spalling

panel material.

L.2.5 Test Specimen No. 5 (Model No. 1, R2 - Fig. 21)

Model No. 1 was now repaired by removing the remaining first-
story panel (from Test 2) and strengthening this first-story level
by placement of special reinforcement and casting this level solid
with 6 in. of concrete as previously discussed in Section 3.6. This
strengthening was necessitated by the permanent residual deformation
remaining in the right column along with evidence of some core damage.

The resulting specimen for Test No. 5 was a 6-in. thick reinforced
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concrete strengthened first story, and clay brick panels (p = 0.6%)

in the second- and third-floor levels.

The specimen was loaded monctonically with one full displacement

reversal. (Fig. 21)
General observations:

(1) The failure mode involved only the third story, the frame
forming a single-story sidesway mechanism with hinges at the top and

bottom of the third story in both columns, after failure of the infill.

(2) A horizontal crack was observed to extend completely across
the third-floor panel approximately 2 in. from the top of the panel.
This crack was very significant as it evidenced poor shear transfer
across this crack leading to locally concentrated forces imposed by
the columns trensmitting shear tc each side of the panel adjacent to

this crack. (Fig. 45)

{3) Crushing was observed at the top right corner of the third-
floor panel. (Figs. 45-4T7) DBearly vertical cracking was observed in
the same penel adjacent to the left column. Relative lateral displace-

ment was observed across the horizontal crack previously mentiocned.

(4) Crushing was observed at the top of the panel across the
horizontal crack previously cobserved in this region. This was accom~
panied by further crushing and increasing crack widths on the south

and north sides of the column, respectively (Figs. 46 and 4T).

4.2.6 Test Specimen No. 6 (Model No. 1, R3 - Fig. 22)

After the failure of the third-story panel in Test 5, the remain-
ing panel material was removed, the column cover recast, and the
third floor infilled with a 2-in. thick cast in place reinforced con-
cerete {R/C) panel (p = 0.6%). Thus, for Test 6 the subassemblage had
a 6~in. R/C solid first story, clay brick (p = 0.6%) in the second
story and 2-in. R/C {p = 0.6%) in the third story. The specimen was
subjected to a eyclic loading program. (Fig. 22)
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General Observations:

(1) The failure mode was a single-story mechanism invol-
ving only the second story. This mechanism was triggered by
sliding shear of the infill followed by its crushing.

(2) Crackiné was uniformly distributed throughout the second-
story panel.

(3) Failure was initiated by crushing at the bottom of the
second-story panel at the beam panel interface. Panel material be-
gan to spall along this interface accompanied by some crushing of

panel material in the lower corners of the panel.

(L) On continued displacement reversals panel material contin-
ued to be spalled by interaction with the columns, the effect of which

is shown in Fig. L48.

(5) The effective reinforcement percentage in this panel was
greater than 0.6%, as dowels extended up from below approximately
12 in. and down from above approximately 12 in., leaving a 4-in.
strip in the midpanel region when the vertical steel percentage was

actually the design value.

4.2.7 Test Specimen No. 7 (Model No. 2, Rl - Fig. 23)

The previously failed first-story panel from Test U was removed,
and the column cover was recast in this first-story region. This bay
opening was now infilled with a fully grouted clay brick panel (p =
0.15%). Thus, for this test the infill panels in the subassemblage
consisted of three clay brick panels, first story p = 0.15%, second-
and third-stories p = 0.6%. The specimen was subjected to a cyclic

loading program. (Fig. 23)
General observations;

(1) Failure occurred involving only the first story, the frame
forming a sidesway mechanism with hinges at the top and bottom of the

first story in both columns.

(2) Very early in testing, a horizontal crack was observed to
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extend almost completely across the first-story panel. This crack
coincided with the location of the cut-off point of dowels splicing
vertical panel steel. Significant relative lateral displacements and
subsequent crushing was observed across this crack (see Figs., 49 and
50).

(3) A spiral steel fracture occurred on the left column, the
occurrence of which was aggravated by the previously menticned hori-
zontal crack meeting this column, which introduced a gignificant

shear force concentration at this point (see Figs. 51 and 52).

(L) As loading of the specimen was continued, shear deformation
in the left column concentrated in the spiral fracture area imposing
very large displacements across the zone of now essentially uncon-
fined concrete, causing the cclumn core in this region to degrade
quickly. The core of this column in the spiral fracture region was
observed to have crushed, with the longitudinal steel having buckled.
At this point, the plywood disphragm, which was shored in position with
2 by 4 in. (50.8 mmn x 101.6 mm) wood studs under the first-floor panel
to support the air mattress used to balance the dead lcad of the panel,
was interacting with frame due to the unexpected extreme vertical dis-
placements encountered. An unknown but significent portion of the axisal

load of the left column was now carried by thisplywood 2 by bin. stud system.

4,2.8 Test Specimen No. 8 (Model No. 3, Rl - Fig. 2k)

For use in Test No. 8, the failed concrete block first-story
panel from Test 3 was removed, and the cover on the first-story
columns was recast. The first story was then infilled with & new
concrete block panel (p = 0.6%). WNo repair was necessary to the

second- and third-story panels.

Thus the specimen for Test 8 had a virgin concrete block panel

il

0.6%) in the first story, and lightweight concrete panels
0.6%) in the second and third floors.

(p
(p

The specimen was loaded with a cyclic loading program. (Fig. 2L)
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General observations:

(1) Failure occurred involving only the first-story panel; this
was triggered by sliding shear and then crushing of the infill. Fin-
ally the frame formed a sidesway mechanism with hinges at the top and

bottom of the first story in both columns.

{2) A horizontal crack consisting of different segments in the
sgme horizontal mortar hed and ultimately becoming a continuous hori-
zontal crack approximately 10 in. below the first-floor hbeam began to
form and subsequently propagated completely across the first-story
panel. The location of this crack coincided with a mortar bed con-
taining horizontal steel. B8ignificant relative lateral displacement
was observed across this erack in addition to spalling of material
along the crack. Tigures 53, 54 and 55 show this crack in initial,
intermediate and advanced stages.

Spaliing of masonry continued along this horizontal crack, the
damage aggravated by displacement feversals. Spalled masonry began
to fall free from the panel preducing a very large horizontal gap
completely acrcoss the panel, as well as a very large amount of debris
{see Pigs. 56, 57 and 58).

(3) The spiral steel on the left column fractured in the first
story, concentrating shear deformation in this region of the colimn

(see Fig. 59). The specimen was then returned to a zero displace-

ment position and unloaded.

4.2.9 Test Specimen No. 9 (Model No. 3, R2 - Fig. 25)

After the first-story panel failure and the first-story spiral
steel fracture which occurred on the left column during Test 8, the
subassemblage was repaired as follows. B8Spalled cover along with the
core in the region of the spiral fracture of the left column was re-—
moved. Care was taken to straighten the longitudinal steel. New
spiral steel was lap spliced to the spiral in the region of the
spiral fracture. The column was then formed, and this section of the
core along with the column cover was recast. The cover was alsco re-

cast on the right column.
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Thus the specimen for Test 9 consisted of lightweight concrete
panels (p = 0.6%) in the second and third stories. There was no in-
£ill panel in the first-story level. The specimen was subjected to

cyclic loading with full displacement reversals (Fig. 25).

General observations:

(1) The first story was a soft story and most of the deforma-
tion was concentrated at this level, even in the initisl elastic

cycles,

(2) The sidesway mechanism observed was a single-story mech-
anism with plastic hinges at the top and bottom of the first story

in both columns,

(3) A spiral steel fracture occurred in the mid-portion of the
right column, followed by a spiral steel fracture on the left column,
(see Fig. 25).

L.2.10 Test Specimen No. 10 (Model No. 3, R3 - Fig. 26)

After spiral steel fractures in both first-story columns of
Model No. 3, R2, repair of this model was accomplished by strengthen-
ing the first-floor level, cesting it as a solid 6-in. thick panel

with additional reinforcement (see Section 3.6).

Thus the subsassemblage for this test consisted of a 6-in. rein-
forced concrete first floor, and lightweight concrete panels (p = 0.6%)

in the second- snd third-floor levels.
The specimen was subjected to a cyclie loading program. (Fig. 26)
General observations:

(1) Failure occurred in the second-story panel forming a side-
sway mechanism consisting of plastic hinges in the second-story col-

umng only. This mechanism was triggered by crushing of the infill.

(2) Failure was initiated by crushing at the bottom left cor-
ner of the second-story panel. From this initial area, crushing pro-
pagated along the lower beam panel interface and then up into the

mid-panel region and horizontally across to the right column (see
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Fig. 60).

(3) The top column hinge in both columns was formed at some
distance from the bottom level of beam. This was caused by interaction
of columns with still intact sections of the upper part of the panel,
thus decreasing the distance between column hinges and increasing the

shear force transferred through the columns.

(4) On continued deformastion reversals, crushing continued in
the panel and a zone developed across the panel in which no panel

material remained (see Fig. 61).

4.2.11 Test Specimen No. 11 (Model No. 3, R4 - Fig. 27)

After Test 10, a new lightweight concrete panel (p = 0.6%) was
installed in the second-floor level of Model 3. Thus the subassem-
blage had lightweight concrete panels (p = 0.6%) in the second- and
third-floor levels, and a strengthened -in. thick first story. The

specimen was subjected to a monotonic loading program. (Fig. 27)
General observations:

(1) After initial crushing of the infill at the second story, the
failure occurred in the second-story forming a side-sway mechanism con-

sisting of plastic hinges in the second-story columns only.

(2) The failure sequence was very similar to Test 10 with
crushing beginning in the lower left corner of the seccnd-story pan-
el, propagating up into the panel and horizontally across to the
right column (see Figs. 62, 63 and 64).

(3) The position of plastic hinges in the column was signifi-
cantly affected by panel presence, the hinge locations being almost

identical to the positions observed in Test 10.

4.5,12 Test Specimen No. 12 (Model No. 1, R4 - Fig. 28)

After Test 6, the cover of the second-floor columns was recast,
and this story level was then infilled with a clay brick panel,
(p = 0.15%). Thus the subassemblage for this test had a 6-in, thick
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reinforced concrete first story, a fully grouted clay brick (p =
0.15%) panel in the second story, and a 2-in. thick reinforced con-
crete panel (p= 0.6%) in the third-story level. The specimen was

subjected to a monotonic loading program. (Fig. 28)
General observations:

(1) fFailure occurred involving only the second story, the frame
forming a single-story sideswsy mechanism with hinges in the second-

story columns.

(2) crushing of the second~story panel began in the lower left cor-
ner adjacent to the first-floor beam. This crushing continued, reducing
the shear transferred from the second-story panel into the first-floor
beam. Therefore the left coliumn was subjected to severe shear and dis-
tortion due to the relative displacement between the beam and panel
occuring after the onset of crushing. This is evidenced by the shear
crack whieh subsequently developed at the base of the second-story col-
umn. (See Figs. 65 and 66, note particularly the relative displacement

of the vertical lines drawn on the panel in the last photograph.)

(3) The column spiral at the base of the left second-story
column fractured, causing an immediate decrease in lateral load

- capacity of approximately 11.2 kips. (Fig, 28)

h.2.13 Test Specimen No. 13 (Model No. 2, R2 - Fig. 29}

After the severe Tirst-story column damesge inflicted on this
specimen during Test T, it was necessary to strengthen the first-
story level as discussed in Section 3.6 to make the model suitable for
use in this test. "Thus, for Test 13 the specimen had a 6-in. thick
reinforced concrete Tirst story and clay brick panels (p = 0.6%) in
the second- and third-story levels. The specimen was subjected to &

cyclic loading program. (Fig. 29)
General observations:

(1) PFailure occurred in the third story. It was triggered by
shear sliding failure of the panel. This lead to the frame forming

a single-story sidesway mechanism consisting of hinges at the top end
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bottom of the third-story columns.

(2) Panel cracking was very well distributed in the second-
and third-story levels. Cracking at the frame-panel interface along
both panel sides and the panel bottom was observed in the third-story

level early in testing.

(3) Failure was initiated by sliding at the bottom of the third-
story panel at the beam panel interface. Crushing of both lower cor-
ners of the panel subsequently occurred along with spalling along the
beam panel interface and up both sides of the panel adjacent to the
columns. (See Figs. 67, 68 and 69.)

4.2.14 Test Specimen No. 14 (Model 2, R3 - Fig. 30)

Following the third-story failure of the panel in Test 13, Model
2 was repaired by recasting the cover on the third-story columns and
then casting a 2-in. reinforced concrete panel (p = 0.6%) in the
third-story level. Thus the subassemblage for this test had a 6-in.
thick reinforced concrete first story, a 2-in. thick reinforced con-
crete (p = 0.6%) third story, and clay brick panel (p = 0.6%), the
lower boundary of which was repaired with grout following the com-
bined first- and second-story failure obtained by Klingner in testing
this model with all virgin clay brick panels. The specimen was sub-
jected to a monotonic loading program. (Fig. 30)

General observations:

(1) After an initial sliding shear failure of the infill and its
crushing, the final failure occurred in the second story, forming a
side-sway mechanism consisting of plastic hinges in the second-story
columns only.

(2) Shear crushing occurred at the top left corner of the sec-
ond-story panel forming a zone 2 in. (5 cm) below the second-floor beam
which propagated across the panel and was met by a horizontal crack
forming in the same mortar bed, having originated at the other side
of the panel. This horizontal crushed zone subsequently extended com-

pletely across the panel, and crushing occurred at the right side of
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the panel caused by the concentration of shear force at this location

due to the poor transfer of shear across the horizontal erack. (Figs.T0-T1)

(3) The positions of plastic hinges in both columns were affect-
ed as these positiong were constrgined by the ability of the frame to
crush or pull away from the panel, the former being governed by the
compressive strength of the panel and the lstter by the panel rein-

forcement, an effect of the frame-panel anchorage.

4.2.15 Test Specimen No. 15 (Model No. 4, Virgin - Fig. 31)

This frame specimen was constructed as a bare freme with no
steel projecting into the bay openings. Thus the specimen for this
test is a completely bare frame with no infill panels at any floor

level. The specimen was loaded with & cyclic loading program, (Fig 31)
Genersl observations:

(1) The observed failure mechanism was, as expected and accord-
ing to the design philosophy, strong columm-wegk girder. Plastic
hinges occurred in the columns only at the base and in the beams at
every beam-face-of-column connection, a total of 11 locations. The

resulting sidesway mechanism involved all three floor levels.

4.2.16 Test Specimen No. 16 (Model No. 5, Virgin - Fig. 32)

This frame specimen incorporated two layers of welded
wire fabric (identical to that used in the panel as reinforcement)
cast in place with the frame to anchor the panel steel. The frame
was infilled with three panels consisting of split brick with a welded
wire fabric mat covered with a cement mortar (stucco} on each side of
the panel (p = 0.4%). Mesh orientation was 90° for both the panel
mesh and the anchorage mesh. (See Section 3.4 for fabriecation de-
tails.) The final panel thickness was 2-1/2 inches. The specimen

was loaded with a cyclic loading program. (Fig. 32)
General observations:

(1) The failure mechanism was a single-story mechanism with
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plastic hinges at the top and bottom of the first-story columns. The
failure was initiated by shear cracking of the infill followed by shear
crushing of this infill.

(2) Interconnecting shear cracks in two directions began to
form a shear crushing type failure resulting in a horizontal failure
surface approximately 12 in. below the first-story beam in the mid-
panel region. Significant relative displacements were observed acrass
this zone and, with increasingly large displacements, the welded wire
fabric began to have individual wires breaking in tension (see Figs.
72 and T3).

(3) A horizontal crack began to develop in the second-story
panel but, as damage worsened in the first-story panel, the strength
and stiffness of the subassemblage was reduced sufficiently in the
first story level so that damage did not worsen in the second floor

beyond the development of this initial failure plane.

(k) The anchorage of the panel to the frame was excellent due
to the very well distributed steel placement. However, upon panel
removal after this test, some of the mesh cast into the frame was ob-
served to have been sheared off by relative displacement (sliding) be-
tween the frame and panel. 1In addition, along the height of the col-

umns some of the anchorage steel failed in tension.

(5) A relatively small amount of debris was produced during
this test.

4.2.17 Test Specimen No. 17 (Model No. 5, RL - Fig. 33)

The first-story level, the panel of which was heavily damaged
from Test 16, was removed. The columns were recast as necessary and
anchorage wire fabric was mended as required by brazing. The first
story was then infilled with a panel consisting of split brick with
welded wire fabric reinforcement using the same construction details
and methods as were used for infilling the virgin frame in Test 16.
The horizontal crack which developed through the whole infill cross-section
in the second-floor panel from Test 16 was repaired by removing loose mater-

ial at the panel surfaceand applying a layer of cement mortar over the now
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exposed wire fabric. The specimen was subJected to a monotonic load-

ing program. (Fig. 33)
General observations:

(1} The horizontal crack in the second-story panel, which oc-
curred in Test 16 and was repaired for the presént test, ocecurred
again at the same location, apparently due to inadequate repair of
this second-story panel following Test 16. This horizontal crack
should have been repaired by chipping away the damaged material com-
pletely through the eracked region and replacing this material with
cement mortar, rather than by removing damaged material only at the
surface and epplying a new cement mortar cover. This ultimately
proved to be of no major consequence as the second-story panel, even
in this semi-~demaged condition, was capable of sustaining sufficient
latéral resistance to fail the first-story panel. Thus, the side-
sway mechanism attained was a single-story mechanism with plastie

hinges in the top and bottom of both first-story columns.

(2) Failure of the first-story penel was initiated by crushing along
a horizontal band approximately 8 inches below the first-floor beam.
Crushing along this horizontal band continued as the lateral displacement

was increased (see Figs. Th-T5, note the demage in the second-story panel).

(3) Relative slip between the frame and boundary was observed,
particularly at the bottom of the second-story panel and at the top
of the first-story panel, indicating a fallure of good shear trans-

fer at these locations.

{4L) A relatively small amount of debris was produced during this

test,

4,2,18 Test Specimen No. 18 (Medel No. I, Rl - Fig. 3k)

The bare frame from Test 15 was repaired by epoxy injection at all
damaged sections, i.e., at beam-face of column connections (nine locsa-
tions) and the base of both columms. The members of the frame were then

drilled to attach an anchorsage system for the panel reinforcement. This
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anchorage system consisted of steel plates attached to the beams

with anchor bolts at 8 in. 0.C. and to the columns with bolts at 4 in.
0.C. Wedge anchors were used in the column and the third-story beam.
The first- and second-story beams were drilled completely through, and
nuts were secured to plates on both sides of the beam to secure anchor-
age plates for welded wire fabric (WWF) reinforcement anchorage (see
Figs. 77-81). The WWF was placed with the reinforcement oriented at
45°. The specimen was loaded with a cyclic loading program. (Fig. 34)

General observations:

(1) The mode of failure was combined first-, second- and third-
story panel failure with plastic hinges forming in the first-, second-
and third floor beams at the beam-face of the column connections and

at the base of both columns.

(2) Separation between the panel and bounding frame occurred
very early in the test, initially in the first-story panel and then
in the second-story panel and finally in the third-story panel. Very
large relative lateral displacements were observed at the frame-panel

interfaces, particularly in the first and second stories (see Fig. T6).

(3) Failure was controlled by the integrity of the frame-panel
anchorage system. The welded wire fabric draped around the anchorage

plate fractured at numerous locations where the fold occurred.

33






V. EVALUATION OF RESULTS

5.1 Introductory Remarks

The effect of the loading program, the type of infill material,
and the type and arrangement of panel steel and anchorage system,
will be evaluated in this section. The evaluation of these para-
meters is necessary in order to provide an adequate basis on which
to make design recommendations. The significance of these para-
meters should become clear with the evaluation performed in the vari-

ous portions of this chapter.

5.2 Effect of Loading Program, Monotonic vs. Cyeclic

In order to obtain a good understanding of the effect the load-
ing program plays in the response of the test specimens, it is nec-
essary to compare tests in which this is the only parameter varied.
The following pairs of test specimens appear suitable for comparison:
1l and 2, 3 and 8, 16 and 17, 6 and 14, 10 and 11, and finally, 5 and
13. The first three of these pairs failed by a first-story-failure
mechanism, the next two pairs in a second-story mechanism, and the

last pair in a third-story mechanism.

5.2.1 Test Specimens Nos. 1 and 2 (Fig. 17 and 18)

The first-story panels tested for both Specimens 1 and 2 were
unreinforced but fully grouted, clay brick. These first story panels
were virgin panels at the time of testing. The only parameter inten-
tionally varied in these two tests was the loading program, Specimen

1 being loaded monotonically and Specimen 2 cyclically.

Specimen 1 failed by crushing of the first story panel at about
midspan of the diagonal corresponding to the compression strut. No
significant relative displacements (sliding) were observed between

the panel and bounding elements of the frame (see Fig. 35).

Specimen 1 attained a peak load of 55.2 kips (245.5KN), an inter-
story yield displacement of .15 in. (3.8mm), and an interstory first-
story displacement ductility of 19.5 with a strength reduction at the
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displacement corresponding to this ductility of 30 percent. (Fig. 17)

The first story panel of Specimen 2 (eyclic) separated from the
bounding elements of the frame very early in the test and the sub-
sequent failure was controlled by sliding and crushing of the panel
perimeter to accommodate the frame displacement around the panel.

This early panel separation was certainly aggravated by the cyclice
loading program, but alsoc by the presence of low strength boundary
grout (below desired strength) anchoring the panel of Test 2 in the
bay opening. However, given the relative ease with which panels in
subsequent tests were observed to separate from the bounding ele-
ments of the frame when subjected to cyclie loading programs, it is
likely that the presence of this low strength grout did not alter the
behavior exhibited by this panel. This is because when separation

of the panel occurs in a case such as this, where the panel is unre-
inforced and hence no dowel action is available, the only mechanisms
for transmitting lateral forces through the panel are friction and
aggregate interlock acting between the panel and frame, and by strut
action of the panel acting in compression through opposite corners.
The frictional and aggregate interlock mechanisms degrade quickly

with the cyelic loading program, and in this itest when the strut
mechanism began to develop, crushing occurred alternately in the

lower corners, with damage propsgating forming a crushed zone along
the entire panel bottom. The right side of the panel was also crushed
as the panel proceeded to slide along the frame boundaries (see Figs. 37
and 38). As the displacements through which the frame was cycled were

increased, crushing in these two zones propagated.

Specimen 2 attained a peak load of 35.3 kips (157.KN)., an inter-
story yield displacement of .10 in.(2.54%mm) and an interstory first-story
displacement ductility of 39.0 with a strength reduction at this ductility
of 10,0 percent. The reader is referred to Fig. 18 where it is ob-
served that the panel suffered a rather significant strength loss

initially, as the first cycle following the yield cycles exhibits a
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strength reduction of 35.0 percent. The strength subsequently in-
creases at successive displacement peaks. Inspection of Fig. 82

and comparing curves No. 2 (this specimen), and No. 9 (soft-first-
story frame mechanism), shows that the resistance being obtained for
this specimen is a few percent greater than that of the first-story
frame mechanism. This slightly greater strength is provided by the
panel compression strut which picks up some load as the shear dis-
tortion in the first-story level reaches a sufficiently large value.
The increase in strength is limited as pdnel material continues to
crush while the compression strut is loaded. Thus the ductility
values can be misleading if not correctly interpreted, as a small yield
displacement at low strength is attributable to the poor behavior of
this panel under cyclic loading, and the consequent strength and defor-

mation capacity are provided by the frame alone.

Comparison of Specimen 2 with the complete bare frame (Speci-
men 15) response envelope (Fig. 82) shows that Specimen 2 was afford-
ed a substantial increase in lateral load capacity on account of
forcing a soft-story mechanism to occur (similar to Specimen 9).
Note, however, that the displacement plotted for Specimen 15 is the
tip displacement at the top of the specimen (not the first-floor
interstory displacement). Since Specimens 2, 9, and 15 were cycled
to approximately the same tip specimen displacements, it is evident
that most of the deformation is concentratecd in the first-story
level of Specimens 2 and 9, thus requiring much larger inelastic
rotations in local regions to sustain comparable tip specimen dis-
placements relative to Specimen 15. The increase in strength pro-
vided by forming a soft-story frame sidesway mechanism is not neces-
sarily beneficial, as brittle failure of frame elements due to shear
failure may occur (particularly in the columns) if the frame ele-
ments are not adequately designed and constructed for sufficient

shear and inelastic rotation capacity.
Concluding remarks:

For Specimens 1 and 2 it is seen that the difference in the

37



loading program alters the basic mechanism by which the panel fails.
It is also important to note that an air mattress supported by a
shored plywood diaphragm was used under the first-story panels in
both tests to balance the panel dead load. The presence of this
out-of-plane support system is helieved to have retarded signifi-
cantly the degradation of both panels and hence the maximum computed
ductilities for each of the two tests are misleadingly high. With-
out this support system it is believed that both first-story panels,
or significant portions thereof, would have fallen out-of-plane al-
most immediately after yield of the specimens, the result being im-

mediate conversion to a soft-first-flcor bare frame mechanism.

It is realized that testing of the subassemblage horizontally
does subject the panel to having to support its cwn dead load out-
of-plane if an air mattress system is not used. However, it is be-
lieved that in the actual prototype structure, no significant in-
crease would be achieved in out-of-plane stability (due to the panel
being vertical) on account of concurrent out-of-plane accelerations
the panel would be subjected to, in the case of actual earthquake

ground motions.

The main point, therefore, is the change in type of mechanism
from a complete bare frame mechanism to a soft-first-story mechanism,
Note that when the 1nfill is not reinforced and not anchored to the
building frame, the cyclic loading program has a very great effect
in reducing the peak strength from 55.2 kips to 35.2 kips, a2 reduc-
tion of 36 percent. Consequently, tests of unreinforced masonry
infills under monotoniecally increasing load and/or deformstion may
provide misleading results regarding its behavior under a more

generalized type of loading.

5.2.2 Test Specimens Nos. 3 and 8 (Figs. 19 and 2L4)

The first story panels tested for both Specimens 3 and 8 were
fully grouted concrete block with 0.6% reinforcement. The first-
story panel of Specimen 3 was part of the original Klingner [1] test
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series and was subjected to one previous cyclic loading program hav-
ing a peak load of approximately 60 kips, the resulting failure mech-
anism involving the second- and third-floor levels. The first-floor
panel of Specimen 8 was a virgin panel at the time of testing. Speci-

men 3 was loaded monotonically and Specimen 8 cyclically.

Specimen 3 (monotonic) failed by crushing of the first-story
panel acting as a diagonal compression strut, horizontal cracking
occurred in several of the panel mortar bed joints, but none of these
cracks extended more than half the distance across the panel and hence
did not form a single weak section. Thus performance of Specimen 3
was governed principally by the crushing resistance of the first-floor

panel along its diagonal.

Specimen 3 attained a peak load of 67.9kips (302. KN), an interstory
yield displacement of 0.28 in. (7.1lmm), and interstory first-storv displace-
ment ductility wvalues of 6.7 with a strength reduction of 30% and 8.1

with a reduction of 35%.

In Specimen 8 (cyclic) a horizontal crack began to form segment-
ally in different portions of the same mortar bed in the first-floor
wall panel. These different segments connected forming a continuous
horizontal crack which extended completely across the first-story
panel approximetely 10 in. below the first-floor beam. This is sig-
nificant as shear across this section had to be carried by the bound-
ary elements (columns) and in the panel region by aggregate interlock,
friction and dowel action. After several cycles it was evident that
shear transfer across this horizontsl crack was poor, as large rela-
tive displacements (sliding) were observed across this crack. This
caused a shear concentration in the boundary columns at both sides of
the panel where they met this crack. Panel material began to spall
along the entire length of the crack and crushing of panel material
began to occur adjacent to both columns. A spiral steel fracture
occurred on the left column in line with the horizontal orientation
of the crack, thus, failure of Specimen 8 was governed by the shear

capacity of the first-floor panel across the weak section where this

39



horizontal crack formed, and the cyclic shear capacity of the columns.

Specimen 8 attained a peak load of 46.7 kips (207.7KN), an interstory
yield displacement of 0,14 in.(3.6mm)}, and interstory first-story displace-
ment ductility values of; 12.4 with a 19% strength reduction, 16.9
with a 21.5% reduction, 19.9 with a 39.9% reduction, and 24.3 with a

50% reduction.

Concluding remarks:

The first-story pasnel of Specimen 8 failed prematurely due to
development of a horizontal crack which was incapable of transmitting
sufficient shear forece to fully develop the compressive capacity of
the panel along its diagonal strut. The sliding shear failure of this
surface was certainly aggravated by the cyclic loading progrem, as
displacement reversals across this cracked region had a tendency to
quickly degrade the mechsnisms carring shear across this crack,

namely; friction, dowel action, and aggregate interlock.

The higher ductility values observed in Specimen 8 and lower re-
ductions in peak strength are easily explained by noting that the pre-
mature failure of the first-story panel of Specimen 8 (relative to
Specimen 3) resuited in a lower yield displacement value at a lower
yield force than would be atteined otherwise. The lower yileld force
results in the subassemblage Having & smaller percent strength re-
duction necessary to attain the bhare frame mechanism lateral cepacity,
and the low yield displacement results in higher ductility values at
given values of lateral displacement. See Fig. 83 for the response

envelopes of Speecimen 3 and 8.

5.2.3 Test Specimens Nos. 16 and 17 (Figs. 32 and 33)

Panels tested for Specimens 16 and 17 consisted of solid split
brick, both sides reinforced with welded wire fabric (WWF) in a
layer of cement stucco. Anchorage for the panel reinforcement for
both tests was provided by WWF cast in place in the beams and columns

as required. Test 16 was loaded cyclically and Test 17 monotonically.
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In Specimen 16 failure was initiated by interconnecting shear
cracks in two directions forming a shear crushing type failure re-
sulting in a horizontal failure surface approximately 12 in. below
the first story beam in the mid panel zone. (See Fig. 72 and 73.)
This region then propagated completely across the panel and formed a
continuous horizontal failure surface across which large displace-
ments were observed. Crushing of panel material occurred at both
sides of the panel adjacent to where this crack met the columns.

Thus failure of Specimen 16 was governed by the cyclic shear capacity

of the first-floor panel.

During test of Specimen 16, some horizontal cracking occurred in
the second-story level, but did not propagate and never actually ini-
tiated failure of this floor level. The second-story panel was only
repaired, but not replaced, following the test of Specimen 16. This
is important to note as the same model was used in Specimen 17 with
this repaired second-story panel being a component of the structural
subassemblage. The significance of this will be discussed below with

the consideration of Specimen 17.

Specimen 16 attained a peak load of T1.0kips (316. KN), an interstory
yield displacement of 0.30in. (7.6mm), and interstory first-story displacement
ductility values of : 4.2 with a 1L4% strength reduction, and 7.3 with

a 32% reduction.

In the test of Specimen 17, the repaired second-floor panel of
the subassemblage quickly recracked and showed visible distress early
in the test, evidencing inadequate repair of this second-story panel
following test of Specimen 16. However, sufficient shear was capable
of being transmitted across this zone in the second-floor level to
fail the first-story panel. The ability of the second-floor panel to
supply adequate resistance in its damaged condition is partially
explainable by the lower stucco strength present in the first-floor panel
(3.26 ksi, 22.5MPa ) relative to that in the second-floor panel (5.29 ksi,
36.5 MPa),and also explainable by the higher moment/shear ratio in the

first-floor panel due to its lower position in the subassemblage. In
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addition, the monotonic loading program did ncot tend to degrade the
shear transfer mechanisms operating ascross the damaged portion of the
second-floor panel (friction, aggregate interlock and dowel action).
A cyclic loading program with its resulting deformation reversals
would have degraded these mechanisms considerably. Thus, since the
gsecond~story panel did maintain sufficient strength under monotonic
leading to fail the first-floor level, no substantive difference
would be expected from the first-story panel response of this test if
a less damaged second-story panel had been present in the subassem-

blage.

Failure of the first-story psnel of this test was initiated by
shear crushing along a horizontal band approximately & inches below
the first-floor beam. This location coincided with the end of the
welded wire fabric (WWF) splice anchoring the WWF of the panel to
the WWF cast in place in the frame. Crushing continued along this
zone and then down at approximately 45° angle to the base of the left

column as the lateral displacement increased (see Figs. Tk and 75).

Specimen 17 attained a peak lateral load of 61.3 kips (272.TK¥), an
interstory yield displacement of 0.36 in. (9.1lmm}, and an interstory first-
story displacement ductility value of 3.1 with a 6% strengbth reduction
and a ductility of 6.3 with a 12.4% strength reduction.

Concluding remarks:

The failure of both Specimens 16 and 17 was controlled by a
shear crushing mechanism operating through approximstely the same
zone in the first-story panel of both specimens. Thus the different

loading programs did not alter the basic mechanism of panel failure.

Specimen 17 (monotonic) did have significantly less peak lateral re-
sistance than Specimen 16. This is an unexpected result when the failure
of both specimens is controlled by the same mechanism. This result is
explainable by noting that the cement stucco cover of the first-story
panel of Specimen 16 had a compressive strength of 5.39 ksi (37.2MPa)
and that of Specimen 17, 3.26ksi (22.5MPa). Although this variation
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in material properties caused Specimen 17 to attain a lower peak lat-
eral resistance than would otherwise be expected, it did have a bene-
ficial effect on the specimen's post yielding response. That is,
Specimen 17, after reaching its maximum resistance, exhibited a much
smaller strength reduction in lateral load capacity relative to Speci-
men 16 corresponding to interstory displacements at comparable duc-
tilities. This is accountable to both: (1) The usually smaller
strength reduction associated with lower strength materials; and

(2) the effect of loading history (less degradation occurs under
monotonic loading program). (See Fig. 86.)

The important point is that even with the low strength first-
floor stucco, the infill provided an increase in initial stiffness
of 169% and an increase in strength of 155%. Furthermore, even under
a cyclic loading program, the specimen offers considerable dissipation
of energy and excellent contaimment of debris (debris is contained
primarily within the panel so as not to cause a hazard by falling
debris or blockage of passageways required for emergency exit) as was
observed up to an interstory displacement of 2.4 in. (interstory
drift = .067).

5.2.4 Test Specimens Nos. 6 and 14 (Figs. 22 and 30)

The second-floor panels tested in Specimens 6 and 14 were fully
grouted clay brick panels with 0.6% reinforcement in each direction.
Both panels were part of the original Klingner test series [1], and
both panels were subjected to several loading programs each during
the current investigation as a component of the structural subassem-
blage. Thus neither is truly representative of a virgin specimen.

Specimen 6 was loaded cyclically and Specimen 14 monotcnically.

Test 6 failed by sliding shear occurring at the bottom of the
second-floor panel. As displacements increased, spalling at the beam
panel interface occurred and both sides of the panel began to crush
starting in the lower corners and working up the sides of the columns

alternately as the loading direction varied cyclically forming a
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second-story mechanism (see Fig. 48).

Specimen 6 attained a peak load of 80.0kips (356.KN}, an interstory
yield displacement of 0.27 in. (6.9mm) and interstory second-story dis-
placement ductiliy values of; 2.79 with a 3.26% strength reduction, 3.9
with a 19.8% reducticn, and 16.4 with a 56.2% reduction.

The failure of Specimen 14 was initiated by a sliding shear
failure oceurring at the top left panel corner (see Fig. T0). This
was followed by horizontal cracking forming a continuous zone approxi-
mately 2 inches below the top of the second-story panel across which
crushing and horizontal displacement was observed. Panel crushing
alsc occcurred adjacent to the right column from midheight of the
second-story panel upwerd, caused by sidesway of the second-story

column moving into the psnel {zee Fig. 71}.

Specimen 14 attained a peak load of 83 kips (369.KN), an interstory
yield displacement of 0.36 in. (9.1mm), and interstory second-story
displacement ductility values of 2.2 with a 1.4% strength reduction,

2.9 with a 28.9% reduction, 5.1 with a L0% reduction, and 8.L with a
15.1% reduction.

Concluding remarks:

Specimens 6 and 1L failed by very similar mechanisms, each devel-
oping & critical section along a beam framing the panel, in one case
at the top of the panel and in the other case at the bottom. Failure
of both specimens was controlled by the shear capacity of the panel,
the location of the failure surface being influenced by local imper-
fections present in the panels as well as by the high stresses pro-
duced gt the boundary elements. The different leoading programs in
these two tests did not produce a significant difference in the
failure of these specimens. Significantly more degradstion is evi-
dent in the cyclically loaded specimen at large displacements (see
Fig. 84).

The important point is the considerable increase in strength and
initial stiffness offered over that of the bare-frame specimens,

representing a 540% increase in interstory stiffness over the
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completely bare frame and an increase in peak strength of approximately
195%. The response of Specimens 6 and 14 were not significantly affected
by the different loading programs up to an interstory displacement of

1.8 inches (45.7mm).

5.2.5 Test Specimens Nos. 10 and 11 (Figs. 26 and 27)

The second-floor panels in both Specimens 10 and 11 were
lightweight concrete with 0.6% reinforcement in both vertical and
horizontal directions. The second-floor panel of Specimen 10 had
been previously subjected to two cyclic and one monotonic loading
programs as part of the structural subassemblage of Specimens 8, 9
and 3, respectively. The loads to which this panel were subjected
in the previous tests were significantly below the second-floor
panel's capacity and are not believed to have had a significant
effect on the results of Specimen 10. The second-story panel of
Specimen 11 was a virgin panel. Specimen 10 was loaded cyclically

and Specimen 11 monotonically.

Specimens 10 and 11 were observed to fail in a very similar
manner. (See Figs. 60, 61, 62, 63, and 64.) In both specimens
failure was initiated by crushing of the infill which occurred in
the bottom left corner of the second-story panel, followed by pro-
pagation of this crushing along the lower beam panel interface to
approximately the center line of the bay. This zone then propa-
gated up into the panel and then horizontally across the mid-panel

region to the right column.

Specimen 10 (eyclic program) had a peak load of 93 kips (414. W), an

interstory second-floor yield displacementof 0.20 in. (5.1mm), and inter-
story second-floor displacement ductilities of 3.1 with a 13.7%

strength reduction, 4.3 with a 24.5% reduction, 5.6 with a 54.L4%

reduction, and 6.6 with a 54.8% reduction.

Specimen 11 (monotonic program) has a peak load of 100.0 kips,(4l45. KN),
an interstory second-floor yield displacement of 0.20 in. (5.lmm),
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(i.e.,, practically the same stiffness as Specimen 10), and inter-
story second-floor displacement ductility wvalues of 3.1 with a 20%
strength reduction, 3.7 with a 26.3% reduction, 6.0 with a 40% reduc-
tion, and T7.95 with a 50% reduction.

Concluding remarks:

The ecyelic loading program is seen not, to affect very much the

failure mechanism observed under monotonic loading. Specimen 11
under & monotonic program of loading is seen to possess slightly
larger ductility values with less strength reduetion, which is as
expected. (See Fig. 85.) TIn this case, the lateral load -inter-
story displacement curve of the critical story obtained under mono-
tonie loading, can be considered as a good envelope of the hyster-

etic behavior under cyclic loading.

5.2.6 Test Specimens Nos. 5 and 13 (Figs. 21 and 29)

The third-story panels for both Specimens 5 and 13 were fully
grouted clay brick with 0.6% reinforcement in each direction. Both
panels were part of the original Klingner test series [1], and hence
neither specimen was representative of a virgin specimen. Specimen

5 was loaded monotonically and Specimen 13 cyclically.

In Specimen 5 the third-story panel failed prematurely develop-
ing a continuous horizontsl crack in a mortar bed approximately 2 in.
below the top of the panel. Large relative displacements occurred
across thls crack evidencing poor shear itransfer. Crushing occurréd
at the top right corner of the panel due to the concentration of shear

at this location accountable to this crack. (See Figs. L45, 46 and 47.)

Specimen 5 had a peakloadof 68.6 kips (305. XN), an interstory thira-
floor yield displacement of 0.38 in. (9.Tmm), and interstory third-floor
dlsplacement ductility values of 2.0 with a 6.2% reduction, 2.6 with
a 19.9% reduction, 5.3 with & 31.0% reduction, 6.6 with a 31.8%

reduction, and 8.0 with a 38.3% reduction.
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In Specimen 13 failure of the third-story panel was initiated by
sliding occurring at the lower beam panel interface. This sliding
caused the panel initially to be crushed beginning at the lower left
corner. The lower corners of the panel then proceeded to be crushed
alternately (depending upon the loading direction) and propagated
upwards slong the columns as the cyclic loading program continued.
Crushing also propagated along the entire lower beam panel interface,
and the panel began to crack and break up propagating from this lower
beam panel interface moving upward into the panel due tc interaction
with the steel dowels (No. 2 bars) originally cast in place in the
beams. (See Figs. 67, 68, and 69.)

Specimen 13 had a peak load of T6 kips (338. KN), an interstory
third-floor yield displacement of 0.44 in. (11.2mm), and interstory third-
floor yield displacement ductility values of 1.75 with a 19.3% strength
reduction, 2.26 with a LU8% reduction, 4.5 with a 49.5% reduction, 6.8
with a 56.6% reduction, and 9.0 with a 58.9% reduction.

It is interesting to note that the shear strength of these two
specimens was somewhat smaller than those obtained in Specimens 6
and 14, which were of the same construction. The differences in

overall behavior were not very large.
Concluding remarks:

The lower peak lateral resistance attained for Specimen 5 (versus
Specimen 13) is other than would generally be expected. That is, with
all other factors being equal, a monotonic loading program will gen-
erally result in higher peak lateral specimen resistance than cyclic
loading programs. The deviation from this normally expected result
may be explained as being due to the presence of a weak mortar joint
at the top of the third-floor panel in Specimen 5. This weak section
caused Specimen 5 to fail prematurely by a mechanism not controlled
by the compressive capacity of the panel along its compression diag-
onal. Specimen 13 also failed by a mechanism not controlled by the

diagonal compression strut, but by sliding occurring between beam
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and panel at the panel bottom. Thus the two failures are seen to be
very similar, both being controlled by a weak horizontsl surface, in
the case of Specimen 5, a weak mortar bed betwegn horizontel masonry
courses at the panel top, and in Test 13, between the heam below and
the first course of block in the third-floor panel. Even with the
premature failure of Specimen 5, it is seen to have better post-
yielding behavior than Specimen 13 (due to the greater degradation

occurring under cyclic loading). See Fig. 88.

5.2.7 Conclusions Regarding Effect of Loading Program

It has been seen that of the six pairs of specimens considered,
in four of these pairs, 6 and 1L, 10 and 11, 16 and 17, 5 =nd
13), the failure observed was controlled by the same basic mechanism,
irrespective of the difference in lead program. In the remaining
two pairs (1 and 2, 3 and 8) the specimen loaded cyclically failed
prematurely, relative to the mechanism observed under monctonic load
program. The observation that in four of the six pairs of specimens
considered here failure was controlled by the same basic mechanism,
does not imply that the effect of the cyelic vs. monotonic load pro-
gram is negligible. The cyclic load program is seen Lo aggravate any
potentially critical region which may be present in the panel due to
imperfections or stress concentrations from various scurces. Possible
sources include local variations in material properties (such as a
mortar joint), high stresses enhcountered due to lap splicing of steel
reinforcement, stress concentrations at panel-boundary interfaces,
and construction flaws such as poorly made construction joints be-
tween suceessive horizontal courses of masonry, as may be required
due to a work stoppage. Additionsally, the cyeclic program has s
greater tendency to follow preferred cracking orientations, particu-
larly in horizontal mortar courses, a single joint of which was fre-
quently observed to be cracked continucusly across a panel from col-
unn te column, which rarely occurred under monotonic load program.
Interconnecting shear cracking from the cyclie load program was more

severe than unidirectional cracking experienced under monotonic load
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program, as the cyclically loaded panels tended to break up faster and
the subsequent behavior was very dependent upon the ability of the
panel steel to hold pieces of the panel together. The specimens loaded
cyclically generally tended to yield at lower lateral force levels and
at smaller yield displacement values than their monotonically loaded
counterparts. Note that the reason for the variation of the two speci-
men pairs for which this generalization is not correct is easily
explainable,

In Specimen pair 5 and 13 this is explainable by the weak horizon-
tal mortar bed in Specimen 5, causing this specimen to yield at a lower
lateral displacement and lateral force than Specimen 13. Note that
the tangent stiffness of these two specimens is comparable, (Stiffness
values given for all specimens are tangent stiffnesses computed at the

positive 30 to 4O kip lateral force range, and for Specimen 5, it is be

fore full development of this horizontal crack.) 1In Specimen pair 16
and 17, the mortar cover on the first-floor infill panel of Specimen 17
had a too low compressive strength and thus a detrimental impact upon
the stiffness and strength (61.3k vs. 70.7k), (22.7 KN vs. 31L.5 KN) of

Specimen 17 relative to Specimen 16.

After a certain amount of interstory displacement, the lateral
resistance of the specimens, particularly those subjected to a cyeclic
load program, tends toward the resistance of the soft-story-frame
mechanism corresponding to the story in which panel failure has been
observed. The lateral resistance usually remains somewhat higher
than the corresponding soft—stbry;frame mechanism (unless severe
column degradation occurs) due to the reduction in distance between
plastic hinges occurring in the columns and the consequent increase in

shear force transmitted through these elements.

5.3 Effects of Type of Infill

5.3.1 Clay Brick Infills (First Story Failure)

First the response of clay brick specimens failing by a first
story mechanism will be considered. Figure 82 compares the response

envelopes of the appropriate clay brick specimens. The response
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envelopes of Specimen 9 (in which only the second- and third-floor
levels were infilled, producing a soft-first-story frame mechanism)
and of the complete bare frame specimen are also ineluded in this
figure for comparison. It should be noted that the curves shown in
Fig. B2 represent the interstory displacement, and not the total
digplacement at the top of the specimen, with the exception of

Specimen 15, as shown in the figure.

Initially it would appear that there is significant scatter in
the results obtained from these specimens. This is not the case when
the results are examined in detail. First compare Specimens 1 and kin
Fig. 82, not only are the initial stiffnesses* [187k/in.(32.7 KN/mn)} and
206 k/in.(35.1 XN/mn) for Specimens 1 and U4 respectively] and maximum
strength [55.2vs. 5L.5kips(245. 4 vs. 242,.LKN)] of these two specimens
very similar, but also the response envelopes up to approximately 1 in.
(25.4mm) lateral interstory first-floor displacement, are also very
similar. The response of these two specimens, however, diverges consid-
erably at displacements larger than 1 inch. This closely matched initial
response and consequent divergence is explainable as follows: Speci-
men 1, in which the bricks were unreinforced, was loaded monctonic-
ally and hence did not experience the fast-panel deterioration asso-
ciated with a cyclic load program acting on an unreinforced panel;
the effect of the cyelic load program, &s occurred in the case of
Specimen 2 was previously discussed in Section 5.2.1. Specimen L,
where the infill panel is broken up as a consequence of the cyclic
load program, had sufficient panel reinforcement (p = 0.6% for both
vertical and horizontal panel steel) to hold the various fragments
together. This resulted in very good response of the specimen under
eyelic loading until gross panel deterioration from the cyclic dis-

placement reversals spalled a continuous band of masonry horizomtally

¥ The values of initial stiffness given herein were obtained by
post freme-panel bond separation as explained in miscellaneous stiff-

ness evaluetion comments following Section 5.3.5.
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across the entire panel, thus causing divergence from the response
envelope of Specimen 1. That is, as this horizontal spalled zone
developed across the panel (Fig. 43), there was no longer panel
material available continuously along the compression diagonal, mak-
ing mobilization of strut resistance impossible at attainable values
of shear distortion. However, there was still a significant contri-
bution being afforded by the panel to the lateral resistance of the
frame, even with the panel in this severely damaged condition. This
contribution was from the still intact portions of the panel occupy-
ing the corner regions of the frame. This material (anchored to the
frame by the reinforcing steel acting as dowels) stiffened the cor-
ners of this first-floor bay opening and resulted in shortening the
effective, or unsupported, length of the columns working in flexure.
This behavior resulted in a decrease of the distance between plastic
hinges in each of the columns and, therefore, an increase of the
shear force transmitted by the columns, and thereby an increase in
the lateral resistance of the first-story collapse mechanism.

See Fig. 4k for a photograph of the column of Specimen 4, evidenc-
ing this stiffening type of behavior from interaction with the panel
material in the frame corners. The subsequent drop in strength of
Specimen 4 to below the envelope of the first-floor soft-story
mechanism (Specimen 9), which occurred at a displacement of about 2 in.
(50.8mm) is due to degradation in shear resistance of the columns,
particularly the left column, due to the shorter distance between
plastic hinges and the resulting greater curvature in that column.
Note that the final load cycle in the test of Specimen L4 (Fig. 20)
imposed an interstory first-floor displacement of + 2.87 in. (72.9mm),
which corresponds to an interstory drift of 0.080 for the 36 in. (91kmm)
story height of the model. This is a very large interstory drift,
demanding an even larger plastic hinge rotation in the concrete

columns, due to the shorter distance between plastic hinges.

The response envelope of Specimen 2, when compared to that of
Specimen 4, shows the significant function that panel reinforcement

and frame panel anchorage play in the specimen's response. Specimen
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2 had a stiffness of 236 k/in.(41.3KN/mm), as compared to Specimen 1

[206 k/in. (36.1KN/mn)], Specimen U [187k/in. (32.7KN/mm)], and Specimen
TﬁEhk/in.(Ql.ng}]. Thus the initial contributicn of the unreinforced
first-story panel of Specimen 2 (cyclically loaded) is even somewhat
larger than that of a heavily reinforced panel such as Specimen 4, How-
ever, the maximum strength was considerably lower [35.3vs. s5h.5 kips (157.
vs. 242,2 KN)] and the post-yield behavior is completely different. This is
as expected, as without adequate panel reinforcement, when the specimen is sub-
Jected to a cyeclic load input, the stiffness and strength degrade

very quickly, and in this case approximates very closely the bare-

frame response envelope at an interstory drift of about 1in. {25.4mm). How-
ever, Specimen 2 exhibits slightly more strength than the bare frame
envelope; this is due to that part of the panel remaining which

requires additional force to crush it.

The response envelope of Specimen T is between the response of
Specimen 2 and Specimens 1 and 4., (See Fig. 82.) Specimen T failed
by a completely different mechanism than Specimen 2 (see Figs. 37,
38, Lo, 50, 51, 52), evidencing that the light reinforcing used in
Specimen T, p = .15% corresponding to 12 in. {(305mm) spacing to steel bars
egch way in the panel, provided sufficient dowel action to main-
tain adequate continuiity between the bounding frame and the panel,
but failed to provide sufficient continuity to significantly retard
breakup of the panel. DNote that Specimen T consisted of the re-~
paired subassemblage from Specimen 4, the left column of which was
previcusly observed to experience severe degradation, causing the
lateral resistance of Specimen 4 to drop below that of the soft-
story frame mechanism. In Specimen 7 when this same column was
subjected to an interstory drift of about 1.3 in. (33.0mm), its spiral re-
inforcing steel fractured,; leading tc a drop in its shear capacity
(8ee Figs. 4l and 52} to below that of the soft-story frame mech-
anism at the Tirst-floor interstory drift index of 0.036.

Concluding remarks:

The addition of an infill of e¢lay bricks to a bare-moment-

52



resisting frame with very ductile and specially shear reinforced

members produced the following main effects:

(1) The reinforced infill increases significantly the initial
stiffness of the complete bare frame from 35 k/in.(6.1KN/mm) to 206 k/in.
(36.1KN/mm), which represents an increase of 488%. This increase is
reduced when the bare frame first-floor interstory stiffness (without
an infill panel) is taken as a basis of comparison (Specimen 9). 1In

this case the increase in initial stiffness is 240%.

(2) The use of reinforcement in the infill did not contribute

to a significant increase in the initial stiffness.

(3) The use of clay brick infill increased the maximum lateral re-
sistance in cases of monotonically increasing load from 12.5 k (55.6KN)
to 55.2 k (245.5KN) (342%) with respect to the complete bare frame and
from 27.4 k (121.9KN) to 55.2 kips (245.5KN) (101%) when compared with

the first-story bare frame.

(4) Due to the effect of cyclic loading in the case of an unrein-
forced infill, the strength increase was only from 12.5 to 35.3 kips
(55.6 to 157.0KN) (182%) with respect to the complete bare frame and
27.4 to 35.3 kips (121.9 to 157.0KN) (28%) with respect to the first-
floor soft-story frame (Specimen 9).

(5) Even in the case of cyclic loading with full reversal,
the properly reinforced infill (Specimen 4) gives an increase of
209% in initial stiffness and a 101% increase in peak lateral resis-

tance when compared to a frame with Jjust a first-floor soft story.

The increase is of U34% in initial stiffness and 336% in peak lateral

resistance when compared with that of a complete bare frame.

(6) The average panel nominal unit shear stress was estimated
to be 368 psi (2.54 MPa) in Specimen L.

5.3.2 Clay Brick Infills (Second- and Third-Story Failures)

Figure 84 compares the response envelopes of clay brick speci-

mens which failed in a second-story sidesway mechanism. Specimens
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6 and 1b are observed to have very little difference in their overall
behavior as shown by their response envelopes up to an interstory dis-
placement of 1.5 in. (38.1mm) (interstory drift index = 0.0k2), as was
previously concluded with the effect of the load program. Specimen 12
had significantly less peak lateral resistance and stiffnes [63.2k, 167
k/in. (281N, 29%)] than either Specimen 6[80. k, 238k/in. {355.8KWN,
41,750 or Specimen 14 [83. k, 210 k/in. (369 KN, 37 5N)]. mhis 1owstrength
and stiffness of Specimen 12 is most likely attributable to a variation
in material properties, as the second-story panels of Specimens 6 and

il were from the original Klingner test series and were approxi-~

mately three-years-old at the time of testing, having had a long

period of time to cure relative to the second-story panel of Speci-

men 12, which was newly constructed. No information regarding
mechanical characteristics of materials was available for Specimen

12, and data available for Spécimens 6 and 1L were from the original
Klingner test series [1]. 1In spite of the smaller contribution of

the infill in Specimen 12 to the lateral strength and stiffness

relative to Specimens 6 and 1k, it is still seen that this type of
infill offers a substantial increase to the strength[63.2 k vs. 12.5 k
(281.1KN, 55.6KN)], initial stiffness [167Tk/in. vs. 35k/in. (29.2, 6-1,%)]
and energy sbsorption and dissipation capacities of the complete bare
frame structural subassemblage. While Specimens 6 and 1L had an average
unit nominal shear stréss in the panel at peak lateral resistance of

541 psi (3.73 MPa) and 561 psi (3.86 MPa) respectively, this average
shear stress in Specimen 12 was 427 psi (2.94 MPa). Considering

that the £} found by Klingner for the infill was 3500 psi (2k.1 MPa)
the observed average shear stress represents a strength of T.2 /EE-
(psi) (.597 v£!{MPa))

Figure 88 compares the response envelopes of the two clay brick
specimens (5 and 13) which feiled in a third-story sidesway mechan-
ism. The response of these two specimens has been discussed pre-

viously with the consideration of effeect of load program. It will
only be pointed out here that the initial stiffness and strength of

these two specimens compare favorsbly, having a maximm variation
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of 10 percent to an interstory displacement of 1.25 in. (31.7 mm)
(interstory drift index = 0.035).

Specimens 5 and 13 had an average panel unit nominal shear
stress at the peak lateral resistance of 463 psi (3.19 MPa) and
514 psi (3.54 MPa). Although these values are somewhat smaller
than those obtained where failure occurs in the second story, they
are very close. This indicates that the main parameter in the
failure of the infill panel is the shear stress, and that the

effect of bending stress is small in the second- and third-story.
Concluding remarks:

(1) The interstory stiffness of the frames infilled with
clay brick panels failing in the second story, having an average of
205k/in. (35.9KN/mm), and that of the specimens failing in the third story,
having an average of 186 k/in. (32.6KNN/mm), compare favorably with the initial
stiffnesses observed with similar infilled frames failing in the first
story, which had an average of 206k/in. (36.1KN/mm). Thus the larger
M/V ratio occurring at successively lower levels in the subassem-
blage does not significantly alter the initial interstory stiff-
ness, or in other words, this stiffness is controlled by the

shear deformation rather than flexure.

(2) Higher peak lateral resistances were observed in the
second- and third-floor levels relative to the first, Of the
specimens failing in a second-story panel sidesway mechanism,
Specimens 6 and 14 had an average increase in peak lateral re-
sistance of U48%, and Specimen 12 an increase of 15% relative to
the first-floor panel failure (Specimen 4). The average increase
obtained in peak lateral resistance of the specimens failing in
a third-story panel sidesway mechanism was 31.5% relative to the
first-floor panel failure (Specimen 4). Therefore, it appears
that for the specimen failing in the second- and third-story,
the moment did not affect the failure, while in the case of those
specimens failing in the first story, the bending moment was high

enough to affect the lateral resistance of this first story.
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5.3.3 Concrete Block Infills

Figure 83 illustrates the response envelopes of the only two
concrete-block specimens tested, both failing in a first-story
panel mechanism. These two specimens have been compared previously
under consideration of the effect of the load program, and the di-
vergence of the response envelcopes was explained as being due to
the development of a horizontal crack in Specimen 8 precipitating
failure of this specimen by a different panel mechanism than Speci-
men 3, i.e., & sliding shear failure vs. crushing of the diagonal
compression strut. Specimen 3 developed a maximum average panel
unit nominal shear stress of vu = l59 psi (3.16 MPa), and Specimen
8 a v, T 316 psi {2.18 MPa). The strength of Specimen 8 dropped
to below the first floor bare frame (soft story) envelope due to
a spiral steel fracture on the left column in the first-story
level. This fracture occurred at an interstory drift index of
0.089 which can be considered as sufficiently high for infilled

frame buildings of up to 11 stories.

The results obtained from Specimen 8 are very significant

because they emphasize the fellowing points:

(1) The eritical importance of workmanship with regard to
the peak lateral strength of the specimen, particularly when the
specimen is subjected to cyeclic lead, including deformation re-
versals. The initial stiffness is not affected greatly by work-

manship.

(2) In spite of the considerable reduction in strength ob-
served in Specimen 8, the peak lateral resistance was still 70
percent higher than that offered by the bare frame soft first-

story specimen.

(3} The importance of very ductile frame elements (beams
and particularly columns). Brittle column behavior can lead to
very sudden and catastrophic collapse, once panel failure has

been initiated. In Specimen 8 column failure was observed (as a
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result of severe loading from first-story collapse mechanisms
sustained in this subassemblage during the test of Specimen 8,
and in the previous tests as part of Specimen 3), resulting in

a sudden drop of strength.
Concluding remarks:

Addition of an infill of concrete block produced the follow-

ing main effects:

(1) The initial stiffness increased from 35 k/in. (6.1 KN/mm)
for the complete bare frame to 212 k/in; (37.1KN/mm) in the case of
Specimen 3, or to 250k/in. (43.8 KN/mm) in the case of Specimen 8. This
represents an increase in stiffness of 506% to 614% for Specimens 3and

8 respectively, relative to the completely bare frame.

This increase is smaller when compared to the first-floor
soft story frame which had an initial stiffness of 60.5 k/in.
and represents an increase of 250% to 313% for Specimens 3 and

8 respectively.

(2) The maximum lateral resistance increased from 12.5 kips
(55.6KN) for the complete bare frame to 67.9kips (302. KN) for Specimen
3 and L6.T7kips (208. KN) for Specimen 8. This represents an increase
in lateral load capacity of LL3% for Specimen 3 and 273% for Specimen
8. With respect to the strength of the first soft story bare frame
whose peak strength was 27.4k (122. KN), this represents an increase
of 148% and T0% respectively.

(3) Specimen 8 was observed to develop an interstory drift
index of .089 before dropping below the capacity of the soft story

frame mechanism (Specimen 9).

Specimen 3 was observed to develop an interstory drift index of
.056, although it could have been loaded to a larger deformation,
while maintaining a 78% increase in strength over the response of
the soft first story frame envelope. At this interstory drift
there was no evidence of severe damage to the frame elements,

which means that the specimen could have sustained considerably
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more displacement without dropping below the Specimen 9

strength or lecad-interstory displacement curve.

5.3.4 Lightweight Concrete Infills (Second-Story Failures)

Figure 85 compares the respcnse envelopes of the only two
lightweight concrete specimens tested, Specimens 10 and 11. Both
of these specimens were ohserved to fail in a second-story mech-
anism. Specimens 9 and 15 are also included in Fig. 85 for comparison.
The overall behavior of the two specimens compares very favorably, with
Specimen 11 (monotonic) having slightly higher peak strength and stiff-
ness [100k, 409 k/in. (L45. KW, 72. KN/mm)]than Specimen 10 [92.7k,
358%/in. (412. KN, 63. XNf/mm)]. This represents a 14% difference in
initial stiffness and an 8% difference in peak lateral resistance.
Specimens 10 and 11 developed an estimated maximmm average panel
unit nominal shear stress of v = 626 psi (L.32 MPa), and v, = 676
psi (L4.66 MPa), respectively. The response envelopes begin to
diverge at an interstory displacement of approximately .9 in. (22.9m)
due to the faster degradation cccurring under cyclic loading.

This corressponds to an interstory drift index of .025.
Concluding remarks:

(1) The initial stiffness increased from 35k/in. (6.1 XN/mm) for
the complete bare frame to 358 k/in. (62.7KN/mm) in the case of Specimen
10 and to 409 k/in. (T1.6KN/mm) for Specimen 11. This is an increase of
922% and 1068% for Specimens 10 and 1l respectively. When compared to
the first-fioor soft story frame (k =60.5k/in., 10.6 KN/mn), the respec-

tive increases in initial stoffnesses are 492% and 576% respectively.

(2) The maximum lateral resistanée inecreased from 12.5k (55.6KN)
for the complete bare frame to 92.7k (L17. KN) and 100k (LL5. KN) for
Specimens 10 and 11 respectively. This represents respective increases
of 642% and TO0%. When compared.to the first-floor soft story frame,

this represents increases of 238% and 26L4%, respectively.

(3) Vhen the horizontal force-lateral displacement graphs
(Figs. 26 and 2T) are examined, it is observed that the response

is almost perfectly elastic followed by a very rapid loss in

58



lateral load capacity. The available ductility of these speci-
mens is suspect at large values of lateral displacement. However,
the strength increase afforded to the subassemblage is so great
that in practice it may be possible to place such infills in
buildings so that earthquake ground motion is resisted elastically.
It should be noted that the use of lightweight concrete infill
panels will have significant cost disadvantages in practice if
they are cast in place, and it would be preferable to use an
actual shear wall type of construction. If the lightweight con-
crete panels are precast, the cost savings would be significant,
but probably outweighed by the difficulty of obtaining good anch-

orage of the precast unit to the bounding frame.

5.3.5 Welded Wire Fabric Reinforced Infills

The welded wire fabric panels tested in Specimens 16, 17, and 18
were 2.5 in. (63.5mm) thick while panels tested in all other specimens
hada 2.0 in. (50.8 mm) thickness. This makes direct compari-
son of the response envelopes of Specimens 16, 17, and 18 with
those of other panel specimens misleading, because for a given
value of lateral force there is a lower level of average panel
shear. For this reason, two sets of response envelopes are given
for Specimens 16, 17, and 18; one set defined by the lateral
force-displacement relation (exacly as done for all other speci-
mens ), and the other is the first set of envelopes with the
ordinate (horizontal force) multiplied by 2.0/2.5 to account for
the difference in average panel shear in Specimens 16, 17, and 18.
These two sets of response envelopes are referred to as unfac-

tored and factored, respectively.

Figure 86 compares the unfactored response envelopes of
welded wire fabric specimens. Specimens 16 and 17 were compared
previously with the evaluation of the load program. The response
envelope of Specimen 18 is seen to correspond very closely to those of
Specimens 16 and 17, with some divergence occurring aftera first-floor

interstory displacement of 2in. (50.8mm) corresponding to a interstorv
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drift index = 0.056. This divergence is not a surprising result,
as in both Specimens 16 and 17 failure was initiated by shear
erushing in the first-story panel, whereas in the case of Specimen
18, failure was controlled by the deterioration of the frame panel
anchorage system, The close agreement of the response envelope

of Specimen 18 to that of Specimens 16 and 17 is thus not an ex-
pected result, but demonstrates that similar increases in strength
and deformation capacities are attainable with very different

types of panel behavior.

Specimen 16 had an initial stiffness of 292 k/in. (51L.1KN/mm),
Specimen 17, 118 k/in. (20.7KN/mm) and Specimen 18, 203 k/in. {35.6 KN/mm).
The difference in the initial stiffnesses of Specimens 16 and 17 (which
had the same two mat WWF cast in place anchorage system) is accountable
to the lower strength stucco on the first panel of Specimen 17 (3.26 ksi)
(22.5 MPa) relative to Specimen 16 (5.29ksi) (36.5 MPa). This variation
in material properties affected greatly the elastic in-plane stiffness

of the panel, and hence the subassenblage.

Figure 87 consists of the factored response envelopes of
Specimens 16, 17, and 18. These curves should be used for com-

parison with response envelopes of other panel tesis.

Factored stiffness values (by 2.0/2.5) should alsc be used for
comparison to other tests. These stiffnesses are 234 k/in. (L1.0 KN/mm),
9k k/in. (16.5 KN/mm), and 162 k/in. (28.4 KN/mm) respectively for
Specimens 16, 17, and 18.

Specimen 16 attained an average panel shear v, = 382 psi (2.63 MPa),
Specimen 17 v, = 331 psi (2.28 MPa), and Specimen 18 v, = 310 psi
(2.14 MPa) at peak lateral resistance.

Concluding remarks:
(1} In spite of the low stiffness and strength of the split
brick used in these infills, the initial stiffness of the infilled

frames was very similar to those obtained with elay bricks, even

if the factored wvalues are used.
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(2) The unfactored peak strengths were in all cases higher
than those obtained using clay bricks. The factored peak strengths
were practically the same as that obtained with the clay bricks in
which a higher percentage of panel reinforcement was used (p= 0.6% vs.
p=0.4%). This is also confirmed by comparing the values of the average

panel unit nominal shear stress [341 vs. 370 psi (2.35 vs. 2.55 MPa)].

(3) Analysis of the hysteretic behavior of Specimens 16 and
18 (Figs. 32 and 34) and comparison of such behavior with similar
behavior obtained from Specimens 2, 4 and 7 (Figs. 18, 20, and 23),
clearly shows that the energy absorption and energy dissipation
capacity of the WWF infilled frames were as good or better than

those obtained from reinforced clay brick infills.

(4) Considering the above observed mechanical behavior and
the easier, quicker and more economical construction potential of
the WWF infills when compared with all other types of infills
used in this investigation, it is concluded that WWF infills simi-
lar to those used in this investigation offers great potential
for seismic-resistant construction. This great potential is not
only for the cases of design and construction of new buildings,
but perhaps even more important, for cases of retrofitting exist-
ing buildings where bolted anchorage of the WWF seems to be an

ideal solution.

5.4 Effect of Infills on the Building Dynamic Characteristics

The use of infills that interact with the building frame de-

creases its fundamental period T, computed neglecting the contribution

of such infills. The problem islto determine the proper stiffness
that should be used. This depends on the problem at hand. Iif the
problem is to estimate the initial stiffness of the whole build-
ing when it will be subjected to just service excitations, the
results show that the stiffness values given in this report are
somewhat lower than the real initial tangent stiffness. If the

building had been subjected already to moderate lateral excitations
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then the contribution of the infilled frame system to the natural
period calculations should be based on the structural stiffness
of the subassemblage after bond separation between the panel and
frame occurs. This is because in the event of significant earth-
quake ground motion where the structural response of the infilled
frame system may enter the post yield region of the response en-
velope, the structural period will have been mecdified by the
oceurrence of this separation, and hence the use of this bond
separated stiffness in the calculation of the structures period
should result in a more accurate estimation of the actual dynamic
characteristics of the structure under a critical excitation.

It should he noted that most stiffness values presented in the text
of this report for infilled frame specimens have been estimated as a se-
cant stiffnesses froma 30to 4O kip range (133.4t0177.9KN). The stiff-
nesses of some specimens have been calculated in the 2010 30 kip range
{89.0t0 133.4 KIl) when excessive panel degradation had already occcurred
in the 30 to 40 kip range (133.4 t0177.9 KN), for example, Specimen 2. The
values of the measured initial tangent stiffness and of the estimated
effective stiffness are given in Table 3. The interstory stiffness of
the 1/3-scale model of the prototype is actually twice that measured
in the test of the corresponding specimen.

5.5 Conclusions from Experimental Studies

In summarizing the concluding remarks made in the evaluation of
each of the main parameters considered in this chapter, as well as
analyzing results obtained in Reference 1, it can be concluded that:

(1) The interstory lateral stiffness of bare moment resisting
R/C frames is significantly increased by the addition of infills. The
initial tangential interstory lateral stiffness of virgin infilled speci-
mens was more than 10 times the similar stiffness of the bare moment re-
sisting frame. Since this stiffness deteriorates very quickly at service
lateral load, an effective interstory stiffness at service load level
has been Introduced. This effective interstory lateral stiffness of
virgin infilled frames was 5.3 to 11.7 times the lateral stiffness of
the bare frame, depending on the type of infill, the smallest being for
clay brick infill and the largest for lightweight concrete infill.
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This lateral stiffness does not seem to depend upon how the panel
is reinforced, i.e., it is practically the same for unreinforced and
reinforced infills. It appears, however, to be sensitive to how well
the infill is made, particularly to the workmanship along the inter-
faces of the infills and the boundary frame elements. The minimum
observed service lateral stiffness was that of Specimen No. 17,
which consisted of a repaired specimen. For this case the service
lateral stiffness was 3.4 times that of the bare frame. The lateral
stiffness deteriorates with cyclic loading, particularly if it in-
cludes deformation reversals. The degree of deterioration depends
upon the type of reinforcement of the panel, and particularly in
the way that the infill is attached to the frame.

(2) The maximum lateral strength of thé bare moment resisting
R/C frame is significantly increased by the addition of infill. 1In
case of virgin infilled specimens, the péak lateral strength was
4.8 to 5.8'times that obtained for the bare frame. For cases of
repaired and/or retrofitted specimens, the peak strength was 2.8
to 8.0 times that of the bare frame, depending on the type of infill,
the way that infill is attached to the frame, and the loading pro-
gram to which it was subjected. The maximum lateral resistance has
been obtained with lightweight concrete infills, and the minimum
with clay brick. For cases of monotonically increasing lateral
load, the peak strength does not seem to be affected very much by

the amount of reinforcement used in the infill.

(3) Hysteretic behavior under cyclic loading depends upon the
type of infill, the amount and arrangement of reinforcement and the
way that the panel is attached (anchored) to the frame. The cyclic
loading of unreinforced infills leads to considerable deterioration
in stiffness and strength when compared with the values observed in

monotonic loading.

The peak strength under cyclic loading is in general somewhat

smaller than that obtained under monotonic loading, and deteriorates
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as the severity of deformation and number of cycles increases, but
remains somewhat larger than the sitrength of a frame with a soft
story corresponding to the story in which damage of thé infill con-
centrates. Excellent hysteretic behavior has been obtained with

the use of solid brick infills reinforced with welded wire fabrie.

(4) While the maximum lateral strength in cyclically loaded
and/or deformed specimens depends on several parameters (see Conclu-
sions 2 and 3), the final mechanism of failuré is what can be defined
as a somewhat strengthened soft story frgme. Thus the energy dig-
sipated by an infilled R/C frame would always be considerably larger
than a bare soft story frame, provided that the columns of the in-
filled frame have been properly designed against the story shear
corresponding to the infilled frame and for the requiréd or desired

deformation capacity of the frame.

(5) The nysteretic behavior of welded wire fabric reinforced in-
fills not only has been excellent but also has resulted in significantly
less production of debris. The debris produced was effectively con-
tained within the panel., This was not the case with unreinforced infills
in which considerable debris was produced, and since in these unrein-
forced infills there is nothing to protect against this debris falling,

it constitutes a hazard.

(6) The addition of infills to a moment reducing frame introduces
significant changes in the dynamiec characteristics of the frame and,
therefore, of the building. In the linear elastic range the periods and
mode of vibrations are significantly affected by the infills. In the
inelastic range the dissipation of energy takes place through mechanisms
completely different from that in which a ductile moment resisting
frame dissipates energy. In the infilled speciﬁens the large inelastic

deformations were concentrated in cne story.
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VI. EFFECTS OF INFILLS IN DESIGN AND RETROFITTING
OF SEISMIC RESISTANT BUILDINGS

6.1 Introductory Remarks

The results presented herein, as well as those obtained in the
previous investigation by Klingner and Bertero [1] and by other research-
ers, have shown clearly that the infill affects significantly the stiff-
ness, strength, and deformation capacity (i.e., ductility, and energy
absorption and dissipation capacities) of the bare frame. All these
effects result in changes in the dynamic characteristic of the building
in which the infill is used. From the practical viewpoint of seismic
resistant design of new buildings, as well as of proper retrofitting of
existing buildings, the question that should be answered is how the
infill will affect the seismic response of the buildings and how these
effects should be considered in the &esign and retrofitting procedures

of these buildings.

This is not an easy question to answer because, as will be dis-
cussed herein, the degree in which the infill affects the above mechani-
cal characteristics of the structure depends on how the infill is con-
structed and particularly how it is integrated (anchored or connected)
to the bare structure of the building. The infills not only modify
the available (supplied) strength, stiffness, damping, hysteretic behavior
and deformation cepacity of the building struecture, but these changes also in-
troduce modifications in the demands of these same response parameters
to any given earthquake ground motion. The addition of infills brings
an increase in the building mass. This increase in mass has two main
effects: (1) the reactive mass is increased; and (2) the period, T, of
the structure is increased. While the increase in reactive mass brings
a direct increase in the inertia forces that will be developed‘for any
given acceleration to which this mass will be subjected, the effect of
a relative increase in the period T on the response of the structure
depends on the interacting final dynamic characteristics of the building

and ground motions. Furthermore, while the addition of the infills by
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virtue of its mass increases the period T, it also introduces an
increase in stiffness which decreases the T. These opposite inter-
acting effects as well as the change in the effective wviscous demping and
changes in the mechanisms of dissipation of energy by inelastic de-
formation, make it difficult to arrive at definite coneclusions regarding
the final effects of the infill. An evaluation of the effects of
infills on most of the above parameters is presented first. This is
done consldering the two sides of the design equation, i.e., consider-
ing the effects on the demand as well as on the supplies. From this
evaluation some final observations are made regarding the probable
effects of infills on the overall dynemic response and, consegquently,

on the seismic resistant design and retrofitiing of buildings.

6.2 Effects of Infill on the Lateral Stiffness, K, Supplied to the

Structure

The evaluatlon is first based on the results obtained in the
models thet have been tested. Then they are extrapolated to the proto-
type by Jjust considering the scale effects, i.e., the stiffness in the
prototype, K?, is equal to the stiffness in the model, Km, miltiplied
by the length scale Ls’ i.e.,

Kp=KmeS (1)

Furthermore, the lateral stiffness that will be evaluated and
compared is the cne based on the effective interstory lateral stiffness
at service load level rather than on the initial tangent lateral
stiffness and/or that based on total displacement of the specimen

tested.

6.2.1 Results on Models

(1} Bare Frame. The lateral stiffness of the subassemblage
tested based on the interstory drift, Kzf was evaluated at 35 k/in.
(see Table 3). This value is shown in Fig. 90 where it is compared
with the wvalues obtained for some of the infilled frame subassemblages

tested. As discussed in Sec. 5.4, the lateral stiffness of the model
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frames are twice those of the subassemblages tested.

(2) Infilled Frames. The values of Ki obtained for the specimens
tested varied from 118 k/in. to 409 k/in. (20.7 to T1.7KN/mm) with an
average of 221 k/in. (38.7KN/mm). When the values obtained for the same
type of infills are averaged, the K; varied between 163 to 383 k/in.
(28.6 to 6T7.1KN/mm). For clay brick the K; was very consistent and
averaged a value close to 200 k/in. (35.0KN/mm). For the concrete
block the K; averaged 231 k/in. (LO.4TOKN/mm). When the infill was made
of lightweight concrete cast in place, the K; averaged 383 k/in.
(67.1KN/mm) . The smallest K; was obtained with the solid brick panels
reinforced with wire fabric: K; averaged 163 k/in. (28.6KN/mm).

(3) Infilled vs. Bare Structure. Considering averages of the

values obtained for the same type of infills, the following main

relative increases in K; are obtained: minimum increase is l§$-= 4,66
and the largest %g? = 10.94 being the average sbout %%% = 6.31.

(4) Effect of Kf on Period, T, of Building. This effect depends

upon the interrelated effect induced by the associated mass and stiff-
ness of the infills, i.e., how the total mass of the building, M, changes
relative to the stiffness with the addition of infill. Different results

can be obtained depending on the assumption of how M changes; see Table L.

(a) Same M, i.e., it is assumed that the same infills also
exist in cases where the structure is considered as a bare frame, i.e.,
the infills are structurally isolated or, in the cases where they are
not structurally isolated they are not considered to act structurally.
In this case comparing the period of Jjust one infilled frame, Tif’ with

that corresponding to one bare frame, be, we will have that on the

average

+ d:
Py = — T .20 40T ..
ogE bt

The smallest decrease is for the use of exterior welded wire
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fabric. TIn this case

The largest decrease is in the use of lightweight concrete panels
cast 1in place

+ 1 _
T, = =0.30 T P

T
if m bt b

Regarding how these values would affect the period of the whole
building, it will depend on how many of the total number of frames in
one direction are infilled. If it is assumed that all the frames are
infilled, then the above pericds also represent the change in periocd
of the buildings. Therefore, any of the infill, even the most flexible

one, will produce a significant change in the period of the building.

Since the above case can he considered as an upper bound in the
change of T, a lower bound can be obtained considering the case that
only 4 (which is the smallest of shear walls recommended by ATC

recommendations [13]) of the 11 frames are infilled.

H
]

Average . 11x1
T T = 0.58 T,

change if Tx1) + (bx6.31)} bf f

Lowest _ Fﬁ)‘

change Tif = V(7x1Y + (bxk.66) be = 0.65 be
Highest _ J—m"

change i = Vo 7m0y Tor = OMT Toe
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As can be seen, for even this lower bound case, there is a significant

change in T, if the M does not change.

(b) M Increases with Addition of Infills. As an extreme case it

can be considered that no infill at all (i.e., no partitions) are
used in case of the bare frame structure. Then the changes in mass
for each infilled frame of the model will be approximately 7.90 k.
(35.1KN). The total mass of the building model is 231kk k/27g =
857 k/g (381&—?—).

Case that 11 Frames Are Infilled. The increase in reactive mass

11 x 7.90 _ . 5

amounts 857 0.10, i.e., 10%. The changes in the Tif are as
follows:

Average n 4[857 + (11x7.90)] x 1

change - Tie T 857 6.3 Tor - 02T

Lowest . - [857 + (11x7.90)] x 1

sharige Tip 857 x  B.66 Tbr = O Ty

i o = J[857 + (11x7.90)] x 1

change if 857 = 10.9% be— 0.32be

As can be seen, the effect of change in mass on the T for this particular

building is very small (smaller than T percen‘t).

Case that Four Frames Are Infilled. Increase in reactive mass

amounts E—-}ég,;ﬁ = 0.04, i.e., 4%. The changes in T., are as follovs:
Average JL85T + (Lx7.90)]
change Tie 857 % 050 Bp = 022 Tor
Lowest
— T, = 1.0183 x 0.65 be = 0.66 be
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Highest

T = 1.0183 x 0.47 Tb

change if = 0.43 be

il

6£.2.2 Interpretation of Model Results Regarding Behavior of

Prototype Building

A11 the above results which were obtained considering a model of
the building in the length scale LS = 3, can be translated to the
prototype by proper consideration of the effects of this scale.
Accordingly the periods of the prototype, Tp, would be given by the
period computed for the corresponding model, T m’ multiplied by the
length scale. The period of the prototype bare frame building,

therefore, would be

Considering that the effective interstory stiffness for the model
of the bare frame based on the measured stiffness of the tested
specimen ig equal to 35 k/fin. x 2 = 70 k/in. snd considering that

there are 11 frames in the building of Fig. 1 and its total mass
m

is 857 k/g, the be results to be
o= gﬁv 857 K = 0.338 sec.
bf (70x11) X_ _ 386 in_
in X gec?

and consequently

7.2 = 3 x 0.338 sec. = 1.01 sec.

bf

It is of interest to compare this value estimated from experimental
results, with the one estimated analytically in the design of the

prototype bare frame which was 1.30 sec.

In conclusion, sll the results obtained above for the periods
of the model infilled frame can be translated directly to the periocds
of the corresponding prototype infilled frame by just multiplying them
by the length scale factor 3. The peried values in seconds for the pro-

to type infilled building are given in Table k.
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6.3 Effects of Infill on the Supplied Strength to the Building

These effects are again evaluated on the basis of the results
obtained in the tests of the specimens (model subassemblages) making
different assumptions regarding the number of frames that are infilled
in the real building. The evaluation of the strength is based on the
estimation of the base shear strength Vh that the model of the building
could have resisted. This estimation in turn will be based on the
measured lateral resistance of the specimen tested,(Vn)s which is
equal to the maximum lateral force H plotted in the diagrams of Figs.
17 through 34 and summarized in Table 1.

6.3.1 Base Shear Strength of Bare Frame

As shown in Fig. 31, the bare frame specimen in Test 15 was
capable of resisting a maximum lateral force of H = (Vn)s = 12.5 kips
(55.6KN). This means that a 1/3-scale model of the complete frame
would have been capable of resisting a total base shear, (Vn)b?, of
25K (111.3KN). Therefore, the total lateral resistance of the model
of the complete building, if the only resisting structural element

were the 11 bare frames, would amount to 11 x 25 k = 275 kips (1224 KN).

6.3.2 Base Shear Strength of Infilled Frames

This varied considerably depending on the type of infills, as
well as on the loading program, that was used. As shown and dis-
cussed in Chapter V and summarized in Table 1, the measured lateral
resistance of the specimens tested varied from a minimum of 35.3
kips (157.KN) to a maximum of 100 kips (445.KN), which means a variation
on the total (Vn)b? from T70.6 kips (31L.KN) to 200 kips (890KN). As
discussed below, this variation was due to the different types of infill.
In evaluating the supplied strength to the prototype building
or its model from the results obtained in the test of the model sub-
assemblages, it is necessary to distinguish the two bounds -
considered previously, i.e., an upper bound based on the assumption

that all 11 frames are infilled, and a lower bound assuming that only
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4 of the 11 frames are infilled. The final results obtained from

this evaluation are summarized in Table 5. In the case that 11

frames are infilled, the supplied or available lateral strength of

the building Vn will be directly obtained from the results of the speci-

mens tested (Vn)s, since
_ m _ s 2
V.= (Vn) xL " = [(Vn) x 2] L.

When only % of the 11 frames are infilled, the determination of Vn
requires analysis of the load-deformation relationship of the infilled
frames, and that of the bare frame (Figs. 17-34), and an assumption
regarding the in plane flexibility of the floor system (diaphragm).

To simplify the discussion, it will be assumed that the diaphragm

is rigid and that no torsion is developed.

As il}lustrated in Pig. 91, the infilled frame reaches its peak
"elastic" strength at a displacement (interstory drift) somewhat
smaller than the one at which the bare frame reaches its maximum
lateral strength. Thus it is clear that tco obtain the elastic strength
of the building we cannot add the peak strength of the bare frame to
that of the infilled frame. For each different type of infill it
would be necessary to analyze the load-deformation of the infilled
frame together with that of the bare frame. From inspection of the
results obtained it has been concluded that a lower bound of the
strength can be obtained by considering that when the infilled ffame
reached its peak "elastic' strength the bare frame has developed a
resistance equal to half of its maximum strength, i.e., that the

[(v, ) p] (8..) =2x[1/2 (vn)bi’,] =2 x 6.25 kip = 12.5 kips (556KN).

{l) (Vn)u?f for Unreinforeed Infill. This type of 1nfill re-
sulted in the lowest lateral resistance. According to the re-
sult obtained for Test Specimen 2 (Fig. 18), (Vn)u?f becomes
35.3 x 2 = 70.6 kips (314.KN). 1In spite of this low value, it still

T2



represents an increase of 182% with respect to the resistance of the

: m m
bare frame, i.e., (Vn)ui = 5,82 (Vn)bf'

£

Then for the case of all 11 frames belng infillled

In case that only L4 frames are infilled

- _T7(0.5) +4 (2.82)
(Vn)uif - 11 (vn)hf

=1.34 (vn)bf.

for Reinforced Hollow Masonry Infill. The smallest

(2) (v) "
lateral resistance measured during the experiments for this type of
infill was 39.2 kips (17L.LUKN) (Specimen 7, Fig. 23) which has only
0.15% of reinforcement. This means a (Vn)rl;.lf = 39.2 x 2 = T8.4
kips (348.8KN) which represents an increase 21L4% with respect to the
similar strength of the bare frame. In the case of infills reinforced
with 0.6% of vertical and horizontal reinforcement the smallest
resistance measured was U46.7 kips (20T.8KN) (Specimen 8, reinforced concrete
blocks, Fig. 24), which means a (vn)r?f of 46.7 x 2 = 93.4 kips (415.6KN).
This in turn represents an increase in base shear strength of 2TL%
with respect to the similar strength of bare frame. As summarized
in Table 5 the observed increase for this type of infill, reinforced

with p = 0. 6% were

m m
m m
Average (Vn)rif = 5,20 (Vn)bf

m
Largest (Vn)rif

_ m
= 6.6k (anbf

Then for the case that all the 11 frames of the building are infilled

+
p=0.15% {Smallest (vn)rif # 2.9 (vn)bf
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+

Smallest (Vﬁ)rif = 3.74 (Vn)bf
+

p = 0.60% [Average (V'n)rif = 5.20 (Vn)bf
+

Highest (vn)rif = 6.64 (Vn)bf

In case where only 4 of the 11 frames are infilled

_ 700.5)_+ 1(3.11)

p = 0.15% {Smallest (v ).ie= T =1.46 (V). .
Smallest (V) 7. = 7(0'5)11 B(3.TH) _ 5 8 (V )i
o = 0.604 |Average (V)1 = 7(075)11 5(5.20) _ 5 5 (v ),
Bighest (v ) 7. = (OBl BBBY) _p qg ()

(3) (vn)r?f for Solid Split Brick Reinforced with Welded Wire
Fabrie. The three specimens tested (16, 17, and 18, Figs. 32, 33,
and 34) resisted maximum lateral forces of T70.7, 57.3, and 61.3 kips

(314.6, 255., 272.8KN) respectively. This means an average (Vn)rzlf
of 126.2 kips (561.6KN), which in turn means a L05% increase in
strength with respect to the bare frame.

For the case that all the 11 frames are infilled

+

Smallest (V) .. = k.58 (V) .
+
Average (Vn)rif = 5.05 (Vn)bf
. + —
Highest (Vn)rif = 5.65 (vn)bf

In case that only & of the 11 frames are infilled

Smallest (V. ) . = 7(0.5) + h(h.58) _ 1.98(Vn)

n'rif 11 bf
Average (Vn)rgf = 7(0'5)11 b(5.05) = 2.15(Vn)bf
Highest (Vn)r;f = T(O'S)li 4(5.63) _ 2.37(Vn)bf
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Considering that this is the simplest way of infilling frames
(either new or for retrofitting of already constructed moment re-
sisting frames) with reinforced masonry, and also more attractive
from an economical point of view, the increase in strength is very
significant, being on the average practically the same as that
obtained when using reinforced hollow masonry with a larger amount
of reinforcement (0.6% vs 0.4%). Even in the case where the measured
strength is reduced to consider that the models of the subassemblages
for this type of infill had a thickness of 2.5 in.(63.5mm) rather
than the 2.0 in. (50.8mm) of the other infills, the increase in
strength is still very significant, as shown by the following

values.

In case all the 11 frames are infilled
+

Smallest (vn)rif(E") = 3.66 (vn)bf

Average (vn)rzf(2") = 4.0k (Vn)bf
3 + —

Highest (V) p(om) = %-52 (V )y,

In case where only 4 of the 11 frames are infilled

Smallest (Vn) = 1.65 (vn)bf

r;f(E")

Average (vn)rif(2") =1.79 (vn)bf

Highest (Vn)rif(2") = 1.96 (vn)bf

(L) (Vn)r?f for Reinforced Lightweight Concrete Infill.
The two specimens tested (10 and 11, Figs. 26 and 27), resisted
maximum lateral forces of 93 and 100 kips(h13.8andhh5.KN). Therefore, on

the average these results represent an increase in V of 672% with

m m
respect to bare frame, or (Vn)rif = T.72 (vn)bf'
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If a1l the 11 frames of the building are infilled

Minimum 7.42 (Vn)bf

+
Average (Vn)

rif .72 {Vn)

bf

Maximum 8. 00 (Vn)bf‘

In case that only b of the frames are infilled

Average (V. ) = 7x(0.5) + L(7.72) . 3.12 (Vn)bf

n'rif 11
N\Maximum 3.23 (Vn)

Mini .
inimum 3.02 (Vn)bf

bf

6.4 Effects of Change in Period, T, on the Estimation of the Demands

The dynamic respouse depends, of course, not only on the
dynamic characteristics of the building (T, &, Vn,and u) but also on
the dynamic characteristies of the ground motions. Thus to draw
definite conclusions regarding the effects of infills on the dynamic
response, one needs to be able to predict the type of ground motions
that could be expected at the building site, and then find the crit-
ical ground motions for the problem at hand. Due to lack of infor-
mation regarding future earthquake ground motions, one way of get-
ting an idea of possible effects is to study the effects of a pos-~
sible suite of earthqueke ground motions. The easy way tc obtain a
clear idea of what can be the effects of the changes in T over the
response is to analyze the response spectraof ground motions. In
doing s¢ we have to distinguish the fellowing two cases: linear

elastic and inelastic response.

Before discussing these two cases, it is necessary to define
the mass of the building, the period of the building with bare

frame, and to adopt an effective viscous damping ration E£.

6.b.1 Mass M of the Building.

Because the numerical estimations conducted in section 6.2.1(h)
have shown that the two main effects of the change in mass are
small for this particular building, for the sake of simplicity it

will be assumed that the mass is the same, whether the structure
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of the building is considered as bare frame, or infilled frame.
Thus the lateral mass of the prototype building is assumed to be
231hhf1;- (102990%) "

6.4.2 Period of the Bare Frame Building

To illustrate how the initial stiffness of the bare frame can
affect the influence of infills, the two following periods of the
bare frame will be considered: the Tb? estimated from test results

equals 1.01 secs. and the one obtained analytically, i.e., 1.30 secs.

6.4.3 Damping Ratio of the Bare Frame Building

It has been assumed that for the service earthquake ground motion,
£ = 3% and for the extreme earthquake ground motion, £ = 5%. Although
the addition of infills may introduce considerable change in &, usually
"increasing it for large deformations (because of the friction along the
cracking that develops in the infills and between the boundaries of the
infill and the frame, values of £ = 12% have been measured), for simplic-
ity's sake, the § for the infilled frame building is assumed to be the

same as for the bare frame building under strong ground motions, i.e.. &= 5%.

6.4.4 Linear Elastic Response

Assuming a linear elastic response spectra as suggested by Newmark
and Hall [6] for a maximum effective peak acceleration of 0.5g (Fig. 92),
it iIs clear that because of variationinT, there will be significant changes

if force, as well as displacement demands, when the infills are considered.

6.4.5 Effect of Changes in T on Seismic Force Demands, Vig
As a consequence of the decrease in T induced by the effect

of the infills (from 1.30 sec to 0.52 sec on the average, ranging

from 0.60 sec in the lowest decrease, to 0.39 sec in the case of

the largest decrease) in the case that all the frames are infilled
the demands in design seismic forces increases about 141%, 1L41%,
and 141% for the average, lowest and largest decrease in T (see
Table 6). Figure 92 illustrates the increase in force demand for
the case of T changing from 1.30 secs to 0.39 seecs. It should be
noted that for the sake of simplicity it is assumed that the
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total seismic force demand is directly given by the first mode
response, i.e., the response of the structure is considered as that
of & single degree of freedom having the total mass M of the building
and the periods computed in Table 5. In the case that Tbg = 1.01
sec, the addition of infills changes this value to 0.40 sec, 0.46

and 0.30 secs for the averége, lowest and highest decreases. This
change causes the following corresponding approximaste Increases

in seismic force demands: B86%, 86% and 863%.

Table 6 shows also the estimated increases for the case
that only L4 of the 11 frames are infilled. The minimum increase is
56%. Increases in seismic forces of the order of 56% and, of course,
141%, are very significant and cannot be neglected. It is clear
that for the type of ground motions represented in the selected
elastic response spectra, the more flexible the bare frame the larger
the inecrease in the seismic forces attracted by the addition of the

infill.

6.4.6 Effect of Changes in T on Deformation Demands

As is shown in Table T, as a consequence of the increase in stiff-
ness (decrease in T), when all the frames are infilled, the deforma-—
tion response decreases 66%, 56%, and 82% for the cases of the aver-

Y
f be
Figure 92 illustrates the estimations of the maximum displacements

age, lowest and largest decrease in Ti considering = 1.30 secs.

for the case of Tb? = 1.30 secs and Tif = 0.39 secs., considering
the structures as single degree of freedom systems. For the case

of Tb? = 1.01 secs, the decreases are T6%, 66%, and 85% respectively.
For the case where only 4 of the 11 frames are infilled, the de-
creases are also shown in Table 7 and vary from 33% to 60%. These
decreases in deformaticn are very significant and have beneficial
effects. The smaller the deformation the smaller the damage, either

of the structural or nonstructural components, and the smaller
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the P-A effects, which are two of the main drawbacks in the use of
just a bare moment resisting frame. Even in the case of the more
flexible infill (the one based on use of wire fabric), and when
only 4 frames are infilled, the reduction is very significant, 33%.
There is no doubt that this reduction in elastic deformation demand

is a significant advantage in the use of infills.

6.5 Overall Effect of Infills on Strength Demand and Strength

Supply
In light of the results presented and discussed above in

Sections 6.3 and 6.4, it is now possible to reach some observations
regarding the overall effects of infills on seismic behavior of
infilled reinforced concrete frames when compared with behavior of

bare moment resisting frames as far as lateral strength is concerned.

6.5.1 Supplied Strength vs. Strength Demand Based on Linear Response

In Section 6.4 it has been seen that due to the increased
stiffness (decrease in T), there can be an increase in seismic
force demands that in the case of linear elastic response, and for
the case of Tb? = 1.30 secs, and assuming that all the frames of the
building are infilled amounts to 1L41% when compared with that corres-
ponding to the demands for a building with just bare frames. In
case of Tb? = 1.01 secs, the increase in seismic force demands is
about 86%. It has been shown in Sec. 6.3 and summarized in Table 5
that the addition of infills to all the bare frames of the building
results in an increase of the supplied (available) base shear strength
of 182% as a minimum and TO0% as a maximum. It can be concluded
that in case that all the frames are infilled the increase in
supplied strength exceeds considerably the increase in strength
demand and, therefore, it would appear advantageous to infill all
frames, in all cases, even with unreinforced masonry. However, this
will be only correct if it is possible to assume that the building
will be able to supply the elastic strength that is demanded. 1In

the case that only L of the 11 frames are infilled, similar comparison
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shows that the increase in demsnd for the case of Tb? = 1.30 sees
varies from 56 to 141% and when Tb? = 1.0l sec it varies from

57 to 86%. On the other hand the increase in the supplied strength
varies from 344 which is the minimum for unreinforced masonry, to

a maximum value of the lower bound of 223%. Comparison of the val-
ues obtained for the supplied and demanded strength for similar
specimens shows that except for the unreinforced masonry and the
reinforced masonry withp = 0.15%, =11 other infills result in a
supplied strength larger than the demanded strength. Thus from the
point of view of "elastic" strength it appears that the use of all
types of infills considered in this investigation, when properly
reinforced with p 2 0.4% are advantageous. Therefore, it remains
to find out what intensity of ground motion the supplied "elastic"
strength will be capable of resisting. This is evaluated below,
congidering that in the design of the building, the total weight
was estimated in 231Lh kips (102991.KN), i.e., W = M.g = 2314L kips
(102991 .KN).

Estimation of lateral Resistance and Intensity of Ground Motion

These estimations are summarized in Table 8.

(1) The 1) Frames are Infilled. Then the lateral strength of

the 11 prototype infilled frames, (Vn)if

Because the LS of the models is 3, then the strength scale factor
. 2
is (3) = 9.

A m 2
, Wwill be (vn)if x 11 x LS .

(2) Unreinforced Infills. Considering the lower value obtained
for this type of infill (Vn)uif = {70.6k x 11) x {9) = 6989 kips {(31103KN).

This shear represents an overall lateral seismic resistant coefficient, C,
of

6989

C = 2375y

= 0.30

Because this infilled frame building has a T = 0.52 secs (see Table 8),
it could resist "elastically” ground motions with an effective peak
acceleration of about 0.12g if this ground motion hes the dynamic char-
acteristics of the earthquake ground motions considered by Newmark

and Hall [6] in their smoothed elastic design response spectra and s
£ = 5% is assumed (Fig. 92).
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(b) Reinforced Hollow Masonry Infill. Considering an average strength

m -
(vn)rif = 130k (578.5KN), (vn)rif = 130k x 11 x 9 = 12870 kips (5T7272KN)

which results in a

_ 12870 _
o= 23144 ~ 0.56

Having T=0.52 sec, this type of infilled frame could resist "elas-

tically" earthquake ground motions with effective peak accelerationup to
approximately 0,22g if the motions have dynamic characteristics similar to that
considered by Newmark and Hall [6] anda £=5% is assumed (Fig. 92).

(e¢) Solid Split Bricks Reinforced with Welded Wire Fabric. Con-

sidering the average strength obtained fdr this type of infill
(V.).p=126.2 x 11 x 9 = 12U9k kips (5559TKN).
This results in a

_ 12kok _
C—m—ﬂ.ﬂl

Having T= 0.60 sec, this type of infilled frame building could re-

rif

sist "elastically" the effects of eérthquake ground motions having an
effective peak acceleration of about 0.21g if these motions have elastic

response spectra as that shown in Fig. 92.

(d) Reinforced Lightweight Concrete Infill. As shown in Section

6.3.2 (L), the averaged strength available for this type of infill

(vn)r:.Lf = 195" » 11 x 9 = 19107 kips (85026KN).
This yields a
_ 19107 _
T o2314L T 0.83

Having T = 0.39 sec, this type of infilled frame could resist "elas-
tically" the effects of ground motions having an effective peak accel-
eration of about 0.21g if the response spectra of these motions are
like the ones illustrated in Fig. 92.

(2) Only 4 of the 11 Frames Are Infilled. For this case, the

total base shear strength supplied to the building that can be ex-
pected, according to the results obtained in the tests of the models
and assuming a lower bound for the combined resistance of the seven bare

frames and the four infilled (See Sec. 6.3.2), and the intensity

of the ground motions, aep’ that the building can resist "elastically"
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if these motions have elastic response spectra like that illustrated

in Fig. 92 are as follows:

(a) Unreinforced Infills.

k
(V)= 7 x12.5% + 4 x 70.6) 9 = 3320 kips (1h81k.KN).
As shown in Table 5 this represents an increase of 34% over the

similar strength of the bare frame bullding.

The overall lateral seismic resistant coefficlent C corresponding

to this (V. ) .. is estimated ag
n"uif

_ 3329 _
C = 3L = 0.14

Since considering a T = 1.30 sec the Ti = 0.75 secs this structure

bf f
can resist a ground motion having an a = 0.07g. Note that for the
s _ 2475 . . -
bare frame building the C = FEsine 0.11, and considering a be = 1.30

secs the corresponding max aep = 0,10g

(b) Reinforced Hollow Masonry Infill.

=)
!

(7T x 12.5 + L x 130) x 9 = 5L68 Kips (24333.KW)

n'rif
= 2,21 (vn)bf
C = g%%%ﬂ'= 0.24

i il = . . = 0.13
considering Tif 0.75 secs aep g
(c) Solid Split Brick Reinforced with Welded Wire Fabric.

{v.)

n‘rif

= (7 x 12.55 = 4 x126.25)x 9 = 5330 kips (23705KY)

= 2,15 (vn)bf

5330
€= 5374 < 023

considering T, . = 0.84 secs: Bep = 0.1lkg
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(d) Reinforced Lightweight Concrete Infill

= k k
(Vn)rif =(7Tx12.5 +k4 x1937) x9
= 7735 kips (34h21.KN) = 3.13 (vn)bf
_ 1135 _
¢ = Z3hy - 033

considerin = . =
g T, 0.61 secs: 8ep 0.17g

As can be seen from analysis of the above results, even when only four
frames are infilled, the use of infill considerably increases the supplied
lateral shear strength to the building when compared with the bare frame.
The increase varies from 3U% to 234% depending on the type of infill.
However, only for infills reinforced with p 2 0.4% can the infilled frame

building resist a higher intensity ground motion than the bare frame building.

6.5.2 Comparison of Supplied Strength vs. Strength Demands Based

on Linear Elastic Response of Whole Buildings

Before comparing these two strengths, it should be noted that the
lateral force demands, as well as the maximum effective peak acceleration
aep’ have been estimated according to the response spectra illustrated in
Fig. 92. Keeping this in mind in the comparison,the following observations

may be made:

(1) Case Where All Frames Are Infilled. Unreinforced masonry

infills could be used advantageously (i.e., elastic strength supplied
larger than elastic strength demands) in seismic regions in which
the peak effective acceleration, aep is < 0.12g, which, according

to the ATC recommendations [13], is for most of the U.S. 1In the

case of reinforced lightweight concrete infills, these infills could
be used without the danger of any significant damage in seismic
regions in which aep < 0.32g, which means they could be used in
regions of very severe earthquake ground motions. The maximum value

specified by ATC [13] for aep is 0.40g. Similarly, the solid split
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bricks reinforced with wire fabric could be used in seismic regions
where aep < 0.21g., i.e., areas 1, 2, 3, 4, and 5 of ATC map ares

classification.

(2) Case Where Only 4 of the 11 Frames Are Infilled.

Unreinforced mascenry could be used in seismic regions
where the aep-g0.0Yg, i.e., in regions located in the U.S8. area
classified as 1 and 2 in the map area classification recommended by

ATC [23]. The s0lid split bricks reinforced with welded wire fabric

could be used advantageously with respect to bare frame in regions

where aep < 0.1bg {i.e., for all 1, 2, and 3 areas according tc ATC map
area classification), without danger of suffering sericus damage. Simi-
larly, reinforced lightweight concrete infill could be used in areas vhere

aep < 0.17g, i.e., ATC areas 1 through h.

It can be conecluded that infilling moment resisting frames with pro-
perly reinforced panels offers advantages when designed so that the frames
would remain in the elastic range during the most severe earthquake ground
motion that can occur in the region. The question that remains is, what
would happen if these infills were subjected to deformations larger than
those corresponding to its maximum "elastie" strength? Can the infilled
frame survive such deformations without severe damage? In attémpting to
answer it is necessary to analyze the inelastic behavier of infills in
the infilled frames, and how this behavior affects the performance of
the frames. 1In this analyses it is convenient to distinguish the fol-

lowing cases.
(1) Case of unreinforced masonry infill and properly designed

ductile moment resistant frame.

(2) Case of unreinforced masonry infill and moment-resisting
frame when details do not satisfy the recuirement of ductile moment

resisting frame.

(3) Reinforced infill and properly designed ductile moment

resistant frame.
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(4) Reinforced infilled and non-ductile moment resistant frame.

6.6 Effect of Infill on the Inelastic Response of the Building

6.6.1 Ductile Moment Resisting Frame Infilled with Unreinforced Masonry

According to results obtained in experiments conducted on Specimens
1 and 2, (Figs. 1T and 18) and observations made during the tests (Figs.
35 through 38), it becomes clear that under cyclic loading (Fig. 18)
as soon as the panel reaches its maximum strength, which occurs with
very small amounts of inelastic deformaticns (approximately 1.5
times that which will correspond to linear elastic behavior, i.e., given
a displacement ductility ratio of about 2.5), after this there is a
reduction in strength to a value that is close but somewhat higher
(10%) than that which was observed in the experiments conducted with
a first soft story frame (Specimen 9) about 23 kips (102KN),
(Vn)m = U6 kips (20LKNW), and then an increase up to a value of about
30 kips (vn)m = 60 kips (26TKN) up to a displacement ductility, Mg
of about 39. (See Section 5.2.1). It should be noted that after a ua

of 2.5, some portions of the unreinforced infill started to spall out.

The above observations indicates that if initial stiffness,
strength, and energy dissipation (ductility) were the only considerations
in selecting a building structural system, the use of properly designed
unreinforced masonry to infill properly designed ductile moment
resisting frame would be highly beneficial compared to bare ductile
moment resisting frame. Unreinforced masonry would be appropriate for
regions in which the seismic risk level of the site is such that the
amount of inelastic behavior required to dissipate energy imposed a
displacement ductility demand, o not larger than 2.5. This is so
if the ground motions of the building site have such dynamic character-
istics that they result in elastic and inelastic response spectra

similar to that shown in Figs. 92 and 93.

As shown in previous sections, while the addition of the unrein-
forced infill to the bare frame with a be = 1.30 secs resulted in an

increase in strength demand of about 141% in the elastic range, the

85



increase in supplied strength was about 182%. Now if an analysis
using an inelastic response spectra similar to those shown in Fig. 93,
but for ué = 2.5 is conducted, the increase in strength demand due to
the decrease in T from 1.30 secs to 0.52 secs is found to be 138%,
vhile the increase in the supplied strength is 182% for Mg Up to

2.5. Therefore, it appears that as far as strength is concerned,
ductile moment resistant frame with unreinforced infills, can be

used advantageously in regions where aep is € 0.26 g if all the 11
frames are infilled, or Zep € 0.22 g if only 4 of the 11 frames are
infilled. However, the real problem with this kind of infill is not
the initigl stiffness or the strength, but the fact that as socon as
maximum strength is reached, the masonry units can shatter and large
portions of the infill spall out. In the case of earthguake response
this is like an explosive failure with a large portion of unreinforced
mésonry scattering about. This type of explosive failure of unreinforced
masonry infilils has been typically observed after mcderate to severe
earthquake ground motion. In general it is inadvisable to use unrein-
forced masonry infills except in cases where the response demands will
not exceed the elastic range and where out-of-plane failure of the in-

fills can be restrained.

6.6.2 TNonductile Moment Resisting Frame Infilled with Unreinforced

Masonry

Except for cases where the building can resist elastically the effect
: of the most severe earthquake ground motion, this type of siructural system
should not be used. Its use should be limited to regions of very low
seismic risk level, i.e., regions where aep < 0.12 g if all the frames are
infilled or aep < 0.0Tg if only 4 of the 11 frames are infilled. The
reasons are: First, as soon as the maximum strength is reached a large
part of the infill fails and flies out. As soon as the infill fails

there can be a failure {collapse) of the nonductile frame. This

is because the expiosive type of failure of the infill leads the

infilled frame to behave like one soft story frame with very large

demands in shear and plastic rotations in the columns and/or the beams

or beam-column joints adjacent to the falled infilled panel. As these
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elements have not been designed to resist such demands, the explosive
failure of the unreinforced masonry usually will lead to the collapse

of the frame.

6.6.3 Properly Designed Ductile Moment Resistant Frame Infilled

with Reinforced Masonry or Concrete Panels

(1) Reinforced Masonry Infills. As noted in Section 6.5.1,

frames infilled with reinforced masonry can resist elastically the
effects of ground motions with an a, < 0.22 g if all the frames are
infilled or an aep < 0.13 g if only of the 11 frames are infilled,
while the bare frame system can resist elastically aep < 0.10 g.
Furthermore, the infilled frames offer the advantage that the result-
ing lateral deformations are considerably smaller than those that
occur if bare frames are used. Analysis of the inelastic behavior
obtained in the experiments conducted on these types of infills show
that the maximum strength is reached at a deformation of 0.28 in, which
can be considered as two times the deformation which would result if

a linear elastic behavior with the initial tangential stiffness occurs.

At the average peak strength of the reinforced masonry infill

m _ , = m " g 2
(Vn)rif-—130k1ps(578KN) 5.2 (vn)bf considering that it can develop
at u6 = 2 without any loss of strength means that the reinforced
masonry infilled frame building on the average can resist seismic
ground motions (of the types given a design response spectra as that

of Figs. 92 and 93) having the following effective peak accelerations.

Case Where All 11 Frames Are Infilled

0.40 g
0.38 g

For T = 0.52 secs: ae

T = 0.40 secs: a
ep

1

Case Where L4 of the 11 Frames Are Infilled

0.26 g
0.18 g

For T
n

I

0.75 secs: aep

0.5k4 secs: a
ep

In the case that the infill consisted of solid split bricks
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reinforced with two layers of WWF since the infilled frame can develop
a Ug = L.2 with a reduction of only 14% in strength, it becomes evi-
dent that this type of structural system can resist earthquake ground
motions having the following aep 1T the elastic and inelastic design
response spectra of these ground motions are like those shown in

Figs. 92 and 93.

Case Where All 11 Frames Are Tnfilled

For T = 0.60 secs: a, 0.77 g

0.59 g

7= 0,46 secs: a,

Case Where 4 of the 11 Frames Are Infilled

Por 7T
T

0.8L sec: a2 = 0.55 g
ep

0.66 sec: a 0. g
ep

In the case of a building with bare ductile frame--for a
Top = 1.30 sees it would require to develop a Me 2 6.1 to be able
to resist a ground motion with an aep = 0.55 g, and in case T =

1.01 secs it would require a Mg > 5.6 to resist a ground motigi with
0.4k g. Since the experiment has shown that the bare frame structure
can develop a “5 = 6.1 without any significant loss in strength,

it would appear that there is no advantage in using infills except
when the majority of the frames are infilled. However 1t should be
recognized that for a bare frame  structure ic develop a Hg = 6.1, it
would have to undergo lateral displacements considerably larger than
that needed for an infilled frame dbuilding to develop UG = 4,2, Fur-
thermore, in case of the infilled frame, most of the damage will be
develcped in just one or two stories where the inelastic deformations
concentrated.

Thus it appears that from strength and damage viewpoints, this type
of infilled frame can be used advantageously for buildings located in
the most severe seismic region of the U.8. Some cautions should be
considered before applying this observation in a general sense, It

can be applied only to cases similar to those assumed in this study,
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such as:

(a) Buildingsup to 11 stories when the frames are designed with
the same design criterion as the one used in the specimens tested.

(b) Ground motions have dynamic characteristics similar to those
for which the smoothed linear elastic design response spectra shown
in Fig. 92 has been derived.

(e) Ground motions and inelastic behavior of structures that
permit the use of Newmark-Hall [6] rules for deriving the inelastic
design response spectra firectly from the elastic one, through the

use of displacement ductility ratio.

Regarding assumption (a), this is necessary because the inelas-
tic deformation in this type of structure is usually concentrated
in one or two stories; the larger the number of stories of a build-

ing, the larger will be the demand in the story in which the inelas-

tic deformation is concentrated. Furthermore, the frame has to have

very ductile members because the inelastic demands at the story in

which the inelastic deformations concentrate, would be very large.

This problem has been discussed by Park and Paulay [1h], who show that

the required column curvature ductility factor, ¢uci/¢yci’ can be typi-
/¢

4 . = 12.54 r - 3.2 where r is the number of
uci’ "yei

the story to the top of which the deflections are to be measured.

cally expressed as ¢

In the case of so0lid split bricks reinforced with WWF, the speci-
mens were deflected, producing an interstory drift of 2.4 in. at the
story where inelastic deformation was concentrated. (See Figs. 32 and
33.) This drift, which means an interstory drift ratio of 0.07, was
achieved without any serious (significant) spalling of debris. This
interstory drift, when translated in ductility displacement means
Mg = 2.4 in./0.17 in. = 14 (see Fig. 91), which was attained with a
reduction of strength of 32%. Therefore, this specimen could resist
the following effective peak accelerations, aep, without danger of

failure (collapse).
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Case Where 1l Frames Are Infilled

For T
T

0.60 gecs: aep = 2.05 g
0.46 secs: a = 1.54 g
€p

Case Where 4 Frames Are Infilled

i}

For T
T

1.62 g
1.31 g

0.8k gsec: a
€p

0.66 sec: a
ep

]
1l

The interstory drift ratio of 0.07 is very large, demanding large
rotations in the colummns. The columns of the specimen were capable of
develcping these rotations because of their special design and detailing.
The columns were capable of inducing an interstory drift index of
4 in./32 in. = 0.12 without losing flexural strength. (See Figs. 18 and
22.) Nonductile R/C columns cannot develop the plastic rotations re~
quired to obtain such an interstory drift ratio. Note that if an 11
story frame develops a complete collapse mechanism through plastic
hinges at the beams, the interstory drift required to achieve the same
displacement as the one with a soft story requiring an interstory

drift index of 0.07 would be approximately 0.07/11 = 0.006.

Limitation (b), that the ground motion should have dynamic
characteristics resulting in an elastic response spectra as that
illustrated in Fig. 92. This is necessary because it may well be
that a ground motion can occur having the highest freguency content
agreeing with the fundamental period of the infilled building and
inducing a response larger than the one considered in the response

spectra adopted.

Limitation (c¢) is necessary in view of the possible occurrence

of ground motions with long severe acceleration pulses [15].

In conclusion it can he stated that the use of gpecially de-
signed ductile moment resistant frame infilled with reinforced
masonry, particularly solid split bricks with W.W.F., can be used
advantageously for even the most severe seismic regions of the U.5.,

provided the number of stories is limited, say to 11.
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A designer could be tempted to design as ductile only the members
of the bottom story of the infilled frame. In the case of infilled
frames, once inelastic deformations start to occur they concentrate in
a very few stories, usually the bottom ones, while all the others remain
in the elastic range of behavior. Although to design in this manner
appears logical and can lead to considerable economy, the designer must
be aware that the results obtained in these investigations, as well as
in others, clearly show that for such a design to work it must be assured
that the inelastic deformation will actually concentrate in the weakest
spot, i.e., the story that is designed as ductile. This is not an easy
task. The uncertainties involved in predicting the critical seismic
response of buildings are so large that conservative precautions should
always be taken. Furthermore, the strength, stiffness and deformation
capacity of masonry infills are very sensitive to quality control of the
materials and workmanship. To believe that it is possible to control
"exactly" where inelastic deformations can occur in a real building is

too optimistic.

(2) Reinforced Lightweight Concrete Infills. An analysis of

the results obtained with the reinforced lightweight concrete infills
(Figs. 26 and 27) clearly shows that it is possible to resist elas-
tically seismic ground motion up to aEP = 0.32 g. Furthermore, from
the results obtained it is also clear that the specimens tested show
that they are capable of dissipating energy with a ductility somewhat
larger than 2 without any loss in strength. However, for a Ug Just
larger than 3, there is a considerable reduction in strength, it
reduces rapidly to a strength somewhat higher than the strength cor-
responding to the soft story frame. Therefore, it has been estimated
that buildings with this type of infilled frames, and considering a
Mg = 2 can resist ground motions that have a smoothed response spectra
like the one shown in Fig. 92 with the following peak effective

acceleration a .
€p
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Case Where 11 Frames Are Infilled

2 . = s
For T = 0.39 secs: B, & 0.5L4 g

=: 0. . < 0.5k
T = 0.30 secs: aep < 0.54 g

Case Where I Frames are Infilled

For T
ik

0.61 secs: a < 0.3l g
ep -

- . < .
0.47 secs: aep <0.25 g

As indicated above and discussed in detail in Sections 4.2.10,
L.2.11, and 5.2.5, and illustrated in Figs. 26, 27, and 85, the
reinforced lightweight concrete infills reach maximum lateral resis-
tance [93 kips (41UKN) and 100 kips (L4US5KN) for Specimens 10 and 11
respectively] and at this load level, crushing of the infills starts
at a corner and propagates quickly throughout the infilled panel.
There is, consequently, a significant reduction in lateral strength
until it appears to stabilize to a value of about 42 kips (187TKN)
for Specimen 10. This value is considerably higher than the 27.4
kips (122KN) which is the maximum lateral resistance of a bare frame
soft story (Specimen 9). Although this is a significant reduction,
the failure is far from being sudden or brittle and, as pointed out
in Section 5.2.5, it occurs with an increase in lateral deformation.
For example, considering that for a reduction in strength of 2L.5%
the yg = 4.3 leads to the following estimated 8ep for the prototyvpe
buildings.

Case Where 11 Frames Are Infilled

For T
T

0.39 secs: a_ 2 0.68 g
: <
0.30 secs: By = 0.64 g

1]

Case Where 11 Frames Are Infilled

0.61 sec: a
ep

0.4L7 sec: a
€p

For T
For T

]
L}

0.53 g
0.41 g

Considering that for the reduced lateral strength the value at
which this strength appears to be stabilized, i.e., a 54.8% reduction

and that the inelastic deformation at this level gives a us = 6.6
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the following values of aep can be obtained:

Case Where 11 Frames Are Infilled

For T = 0.39 secs: aep < 0.6Lh g
For T = 0.30 secs: %ep < 0.48 g

Case Where L Frames Are Infilled

0.61 secs: aep 0.3T g

0.47 secs: aep < 0.28 g

From analysis of the above results it can be concluded that

For T
For T

IA

R/C bare frame buildings of the type investigated can be advantage-
ously infilled with reinforced lightweight concrete for even the
most severe seismic regions of the US if all the frames are in-
filled, and for the ATC map areas 1, 2, 3, 4 and 5 if only 4 of

the 11 frames are infilled. Again it should be emphasized that the
above conclusion is subjected to the same limitations (a) through
(e) noted in Section 6.6.3 (1).

6.7 Conecluding Remarks Regarding the Use of Infills in the Seismic
Resistant Design and Retrofitting of Buildings

After analyzing results obtained throught a series of numerical
computations based on experimental results and assumptions regarding
the dynamic characteristics of ground motions and structure of the
building, a series of main observations have been made. These are
summarized in relation to the seismic resistant design of new
buildings and retrofitting of existing ones. However, first it is
emphasized that the numerical analyses have been conducted to obtain
trends or guidelines and not to represent or to obtain accurate pre-
dictions of actual behavior. Therefore, while the specific values
may be questioned, it is believed that the trends and guidelines,
and subsequently the following observations, are valid. It should also
be noted that these observations are valid for the type of building (11

stories, 3 bay frame) and types of infills considered in this study.
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6.7.1 Seismic Resistant Design of New Buildings

(1) Infilling all frames up to 1l stories with unreinforced masonry
can be used advantageously with respect to the use of bare frame in
seismic regions in which the peak effective acceleration aep £ 0,12 g
if all frames are infilled. Under these ground motions the infil? will
behave "elastically" and no danger of shaittering of the masonry units
will exist. If out-of-plane failure can be restrained and/or the scat-
tering of masonry units contained, unreinforced infills can be used
advantageously in seismic regions with aep < 0.26 g if all frames are
infilled, and 0.22 g if only 4 of the 1l frames are infilled. This
conclusion is valid for seilsmic zones where the ground motions have
dynamic characteristics similar to those considered in the derivation

of the smoothed elastic response spectra of Fig. 92.

(2) Masonry infills properly reinforced with p > 0.4% can be
used advantageously for buildings located even in the most severe
seigsmic regions of the U.8. The most promising infill amongst all
those tested appears to be that of solid bricks reinforced with two
mats of wire welded fabric and covered with thin layers of a cement
mortar or concrete. For this type of Infill the infilled frames can
resist ground motions with an aep = 0,59 g if all the frames are infilled
and an Bep " 0.44 g if only 4 of the 11 frames are infilled. This con-
clusion is limited by the conditions discussed in detail in Sec. 6.6.3.
Because of the assumptions made in the numerical analysis, partilcularly
those regarding the idealization of the experimentally obtained lateral
loasd-deformation relationship, caution should be taken in applying this
conclusion to cases where the ground motions can contain severe (high aep)

acceleration pulses of long duration.

(3) Lightweight conecrete infills with p > 0.6% can be used advan-
tageously in seismic zones where the ground motions have aep < 0.54 g
if all the frames are infilled and aep < 0,25 g if only 4 of the l} frames
are infilled. It might even be used for seismic Zones with an aep < 0.6h g

if all frames are infilled and an aep < 0.41 g if only 4 frames are
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infilled, however, the effect that the significant drop in resistance
that has been observed to occur after a u6 = 2 can have on the actual
dynamic response of the building should be investigated before applying
to these later zones, particularly in case of ground motions that can
contain long duration acceleration pulses with these high aep’ where

it has been shown that any deformation softening can increase duetility

demands considerably [16].

6.7.2 Repair and Retrofitting of R/C Bare Frame in Existing Buildings

From the experience gained in repairing the bare frames using the
epoxy injection technique and then retrofitting them by means of dif-
ferent infills, it appears that the use of panels of masonry units
(solid brick, as well as hollow brick or even concrete blocks), rein-
forced externally with two mats of welded wire fabric (WWF) and then
basketed through the use of cross ties and finally covering each side
with a thin layer of cement mortar or concrete, offers great potential
to retrofit energy dissipation capacity in existing buildings, provided
that the anchorage to the frame is done according to a technique simi-
lar to that illustrated in Figs. T7-8l. Again it should be emphasized
that this conclusion is valid for buildings having a height similar to
one considered in this investigation, i.e., up to 11 stories. Appli-
cation to taller buildings requires further investigation. This type
of infill not only increases the stiffness and strength in about 480%
and 358% respectively if all the frames are infilled, and in more than
175% and 98% if only L frames are infilled, but also allows excellent
hysteretic behavior with peak ductility displacement, ua, up to 4.2

with a maximum reduction in strength of only 1L%.

The importance in the observed behavior of close quality control
of the materials, good workmanship, particularly in the attachment

(anchorage) of the panel to the frame, should be emphasized.
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VII. SUMMARY: CONCLUSIONS AND RECOMMENDATIONS

Several observations and conclusions have been formulated in
evaluating the experimental results and the effects of infills in
the design and retrofitting of seismic resistant buildings whose
structural systems are based on moment resisting space frames.
These observations and conclusions have been grouped and the main ones
are presented in this chapter. In view of the relatively small amount
of experimental data on which these conclusions are based, and the
idealizations, simplifications, and assumptions made in the numerical
analysis conducted, it is convenient to clearly recognize the con-
straints surrounding the validity of the conclusions that have been
drawn so that they will not be misused. For clarity these limitations

are summarized regarding the following parameters:

1. Type of Frame. A specially designed R/C moment resisting

space frame of 3 bays and 11 stories.

2. Type of Infills. Unreinforced and reinforced masonry units

(hollow and solid bricks, and concrete blocks) and lightweight rein-
forced concrete.
3. Quality Control of Materials. In spite of fact that the

masonry units used in construction were carefully selected and that

the grout, mortar, and concrete were carefully designed, mixed,
placed, and cured, considerable variations in the mechanical char-
acteristics of these materials were observed, particularly in the
masonry infill materials. The results indicated that the behavior of
the infill is very sensitive to variations in the quality of material
and therefore good quality control of all material is a must for
certain types of infills.

L, Workmanship. Although good workmanship was used throughout
construction of the infills, some weaker, stiffer, and premature types
of inelastic behavior and pattern of cracking and/or crushing were

attributed to lack of uniform workmanship in laying the masonry units
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and in the anchorage of the infill to the frame; thus good workman-—
ship is required.

5. Infill Panel Arrangement. The two external bays of the

3 bay frames were fully infilled, i.e., without any opening, and
forming what can be called a "coupled infilled frame."
6. Type of Building Considered in the Assessment of the

Implications of Results Obtained. Buildings having a rectangular plan

consisting of 11 frames of 3 bays and of 11 stories high where the
frames are fully infilled as described in item 5, and the locations of
these infilled frames are such that no significant torsional forces

are induced during the seismic response of the building. The importance

of this limitation cannot be overemphasized.

T. Idealization of the Actual Lateral Load-Deformation Rela-

tionships of the Bare and Infilled Frames. The anaslytical assess-

ment of the implications of the experimental resulis regarding
behavior of the building have been made idealizing the actual ex-
perinental relationship by a linear elastic-perfectly plastic model
using different yielding strengtls and ductility levels.

8. Dynamic Characteristics of Building Site and Ground

Motions. It has been assumed that: the building is on firm ground
and a "rigid foundation" can be constructed; and that all the ground
motions that can occur have dynamic characteristics similar to those
included in the derivation of the smocthed linear elastic and inelas~
tic design response spectra suggested by Newmark and Hall [6] ana
iilustrated in Figs. 92 and 93. The importance cof the limitations
imposed by these assumpiions in conjunction with the idealization
pointed cut in item 7, should be emphasized, particularly for the case
where significant inelastic behavior is involved in the response.

The effects of ground motions containing severe acceleration pulses
{high aep) of long duration should be investigated before the con-
clusions to be presented herein are applied to the design of new
buildings and/or to retrofitting of existing buildings. The inter-

acting ef'fects of the observed significant deformation softening
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after reaching peak lateral resistance with long acceleration pulses
input can lead to deformation demands considerably higher than those
predicted by a linear elastic—perfectly plastic idealization.

9. Reliability of the Analytical Results. 1In view of all the

assumptions, idealizations, and uncertainties involved in the conducted
analysis, the numerical values obtained should be considered as approxi-

mate and indicating trends, rather than an exact representation of

what can be expected in specific cases.
T.1 Conclusions

The main conclusions are presented below, grouped in the four

following categories.

7.1.1 Conclusions Regarding Overall Behavior of the Infilled Specimen

Tested

(1) The addition of either unreinforced or reinforced infill to
moment resisting frame increases significantly the lateral stiffness

and lateral resistance of the frame.

(2) As soon as cracking occurs, which happens very early, at
service lateral load level, the initial tangential lateral stiffness
decreases significantly, up to 80 percent, to a value that remains prac-
tically constant for a long range of lateral load. To represent this
behavior an effective interstory stiffness at lateral service load has

been defined.

(3) The lateral stiffness and strength depends on the history of

loading. Under monotonically increasing load these two characteristics

depend on the type of infill, the highest being for the lightweight
concrete and the lowest for the brick. They do not depend upon how the
panel is reinforced but they are sensitive to the quality control of
the materials and to how well the infill is made, particularly to the
workmanship along the interfaces of the infills and the boundary frame

elements.
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Under cycelic load the lateral strength and stiffness deteriorates,

particularly if deformation reversals are included. The degree of
deterioration depends upon the amount and type of reinforcement of the
infill panel, and particularly the way that this panel is attached

{anchored) to the frame.

(L) Hysteretic behavior depends upon the type of infill, the amount
and arrangement of reinforcement and the way that the panel is attached
(anchored) to the frame. The cyclic loading of unreinforced infills leads
to considerable deterioration in stiffness and strength when compared with
the vaglues observed under monotonic loading. The peak strength under cyclic
loading, which is somewhat smaller than that obtained under monotonically
inereasing load, deteriorates as the severity of deformation and number
of cycles increases bﬁt remains somewhat larger than the strength of a
frame with a soft story corresponding to the story in which damage of
the infill concentrates. Excellent hysteretic behavior has been obtained
with the use of solid brick masonry infills externally reinforced with

welded wire fabric covered with cement mortar.

(5) A though the interstory displacemeht ductility under peak strength
is small, about 2, large values are obtained under reduced strength. In
the case of solid brick externally reinforced with welded wire fabric,
this ductility was 4.2 under 86% of the peak strength, and reached the
value of 14 under 68% of peak strength. '

{6) Except for one specimen (reported in Ref. 1) whose Pfailure mech-
anisms involved two stories, in all other specimens the damage concentrates
in one story, consequently the final mechanism of failure is what can be

defined as "a somewhat strengthened soft story frame."

Thus the energy
dissipated by an infilled R/C frame should be larger than a bare soft

story frame.

(T) TFailure of wreinforced masonry infills was accompanied by pro-

duction of substantial debris containing hazardously large pieces of masonry.
The amount of debris in reinforced infills was smaller and most was

contained in the plane of the infill, particularly in solid brick
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masonry reinforced externally with welded wire fabric.

(8) The effective viscous damping coefficient of the virgin
specimens is smaller than 2 percent. As soon as cracking develops

the value of this damping coefficient increases up to 12 percent.

T.1.2 Conclusions from Comparison of Behaviors of Infilled Frames

and Bare Frame

(1) The initial tangential interstory lateral stiffness of the
virgin infilled frames was more than 10 times the similar stiffness

of the bare frame.

(2) The effective interstory lateral stiffness of virgin infilled
frames was 5.3 to 11.7 times the lateral stiffness of the bare frame
depending on the type of infill, the smallest being for the clay brick
and the largest for the lightweight'concrete infill.

(3) 1In case of repaired infills and retrofitting of repaired
frames, the effective interstory lateral stiffness of the infilled frame

was at least 3.4 times that of the virgin bare frame.

(4) The maximum lateral resistance of virgin infilled frames
was 4.8 to 5.8 times that obtained for the bare frame. For cases or
repaired infills and retrofitting of repaired frames the maximum lat-
eral resistance was 2.8 to 8.0 times that of the bare frame. The maxi-
mum increase has been obtained with lightweight concrete infills and

the minimum with clay bricks.

(5) The interstory displacement- ductility ratio of the infilled
frame is smaller than that of a bare frame but larger than that of
a bare soft story frame. For what can be considered a maximum accep-
table interstory drift index, say 0.02 or even for values of this index
up to 0.07, the hysteretic behavior of the solid brick masonry extern-
ally reinforced with welded wire fabric was superior (large energy

absorption and energy dissipation capacities) to that of the bare frame.

(6) The addition of infills introduces significant changes in
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the dynamic characteristic of the bare moment resisting frame. It
modifies significantly the periods, modes of vibration, as well as the
damping of the specimens. In the linear elastic range the fundamental
period is decreased more than 54%, while the mass is increased in not
more than 10%. The effective viscous damping coefficient is increased
considerably up to 500%. In the inelastic range the pattern of lateral
deformations changed fundamentally because most of the significant in-

elastic deformations concentrate in one, or at the most, in two stories.

T.1.3 Conclusions Drawn from Assessment of the Implication of Experi-

mental Results Obtained Regarding the Seismic Resistant Design of

Buildings

(1} The addition of infill into the moment resisting frames of a
building introduces significant changes in the dynamic characteristics
of the building which should be considered in its design. These changes
depend upcon the number of frames that are infilled as well as the loca-

tion of these frames.

(2) The mass is increased, however, even when all the transverse
frames of the building under consideration (Fig. 1) are infilled, the
inerease with respect to a bare frame building is only about 10%. This
increase in mass has two main effects, TFirst, it induces a change in
the period of the building which is about 5%, therefore it can be
considered negligible in front of the uncertainties which exist in esti-
mating the values of other main parameters. Secondly, the increase in
mass increases directly, i.e., in 10% at the most, the reactive mass,
thus it increases the inertia forces that are developed during the sedis-

mic response.

(3) The stiffness of the building is increased significantly.
Considering average values obtained for each of the different types of
infill, in the case where all the frames are infilled the increase varies
from 366% to 994%. If only four of the frames are infilled the increase
varies from 136% to 353%.
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(4) Because of the relatively large increase in stiffness with
respect to mass, the fundamental period of the structure is decreased
significantly. If the 11 frames are infilled the decreases in the
fundamental period varies from 54% to TO%. If only four frames are

infilled the decrease varies from 35% to 53%.

(5) As consequence of the measured increase inthe effective viscous
damping ratio, &, obtained by the addition of the infills, the value of
this ratio for the whole building has to increase when compared with a
bare frame structure and, therefore, will result in a decrease in its
seismic response (a value of £ = 5% was assumed for the whole building

in the analyses conducted).

(6) Strength Supply. The addition of the infills to the frames

of the building can increase the available (supplied) strength signifi-
cantly. If all the 11 frames are infilled the lateral strength in the
transverse direction of the building is increased with respect to the
strength of the bare frame building in 182% up to T00%, depending upon
the type of infills. In the case where only 4 of the 11 frames are
infilled, the increase varies from 34% to 255%. The smallest increase
corresponds to the unreinforced masonry infills and the largest one is

produced by the reinforced lightweight concrete.

(7T) Strength Demands. As a consequence of the changes introduced

by the addition of infills in the dynamic characteristics of the bare
frame building, the demands in strengths for linear elastic behavior

when subjected to ground motions similar to those considered in the
derivation of the response spectra of Fig. 92 increases in 86% up to 141%
when all the frames are infilled, and in 56% to 141% when only 4 of

the 11 frames are infilled.

(8) Supplied Strength vs. Demanded Strength in the Case of

Elastic Behavior. From comparison of values given in (6) and (7), it

can be concluded that, except for cases of unreinforced infills in which

only 4 of the 11 frames are infilled, the increase in supplied strength
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is larger than the increase in the demanded strength, thus from the view-

point of strength it is beneficial to add infills.

{9) Deformation Demands in the Case of Elastic Behavior. The

addition of the infills decreases the demands on maximum displacement
with respect to that corresponding to the bare frame building. The de-
creases vary from 56% to 85% in cases where all the frames are infilled,
and 33% to 60% in cases where only 4 of the 11 frames are infilled.

This decrease in displacement demand is a significant advantage in the

use of infills.

(10) From conclusions (8) and (9) it is obvious that if it is pos-
sible to design the building to remain in the "elastie" range, then it
is advantageous to add any of the types of infills reinforced with
p > 0.4% that have been considered in this study. While a bare frame
building ean resist elastically ground mctions similar to those con-
gsidered in the derivation of the response spectra of Fig. 92 with an
effective peak acceleration of a.eP =.0.10 g, the addition of infills
of solid bricks reinforced externally with wire welded fabric allows
the buildingto resist an aep = 0,22 g, i.e., an increase in 120% in
intensity of ground motions if all the frames are infilled. If only
b of the 11 frames are infilled it can resist an 8op = 0.1% g, i.e.,
an increase in intensity of L0%. By infilling all the frames with
reinforced lightweight concrete it is possible to reszist elastically
ground motions with an aep < 0.32 g, which means that they can be used
in all the seismic regions of the U.S. except those classified as area 7T

in the ATC map area classification.

(11} For buildings which can resist the extreme ground motiom ex-
pected at the site through large inelastic deformations, the use of
infills 1ike that of sclid bricks reinforced externally with welded wire
fabric cffers considerable advantage over the use of just bare frame.
Because these infilled frames can develop an interstory displacement
ductility g = 4.2 with a reduction in strength of only 14%, the

building can resist ground motions with an aep < 0.kh g even if only
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4 of the 11 frames are infilled. To be able to resist a similar ground
motion the bare frame building will need to develop a u6 > 5.6 with
significantly larger displacement, and consequently more damage through-
out the whole structure. In the case of infilled frame the damage will

concentrate in just one or two stories.

T.1.4 Conclusions Drawn from Assessment of the Implication of

Experimental Results Obtained Regarding the Repair and Retrofitting

of Existing Buildings

1. For bare frames that have been damaged (cracking and spalling
of unconfined concrete) due to considerable yielding, developing inter-
story displacement ductility of four, the following repair technique
gives good result: removal of any crushed and loose concrete and re-

casting of it, and injection of cracks with epoxy.

2. Undamaged, or damaged bare frameé after their repair, can
be effectively retrofitted for seismic resistant purposes by the addi-
tion of reinforced infills that are properly attached (anchored) to the
frame. Of all the infills studied, the best was the one based on use
of solid bricks reinforced externally with welded wire fabric covered
with cement mortar and anchored to the frame, as illustrated in Figs.
77 through 81.

T.2 Recommendations for Future Research

(1) To investigate further the behavior of masonry infills which
are externally reinforced with welded wire fabric and then covered with
cement mortar or concrete. The use of soft hollow bricks or concrete
blocks and of the shotcrete technique for applying the cover, should be
studied.

(2) New methods for attaching (anchoring) the infill panels to
the frame in the case of retrofitting these panels to existing bare

frames, should be investigated.

(3) The values of the effective viscous damping ratio in bare

frame and infilled frame building should be studied. The variation of
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this ratio as damage increases in the infills should also be investi-

gated further.

(4) Review the reliability of present analytical methods to pre-
dict strength, stiffness, and deformation capacity (energy abscrption
and energy dissipation capacities) of infilled frames and to develop new,

simpler, and more reliable methods.

(5) To conduct integrated analytical and experimental studies
(using earthquake simulators) on the seismic response of buildings with
infilled frames when they are subjected to different types of ground
motions, particularly those ineluding severe acceleration pulses of long

duration.

(6} To study effects of partial infilling as well as infill with

openings.

(7) To investigate the feasibility of using infills for taller
buildings by studying ways of infilling that will permit the spread of

significant inelastic deformations to more than one story.
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TABLE 1

SUMMARY OF SPECIMENS TESTED AND THEIR MAXIMUM RESISTANCE

TEST LOADING FIRST-STORY SECOND~-STORY | THIRD-STORY MAX LOAD | LOCATION
SPECIMEN (| MODEL | PROGRAM PANEL PANEL PANEL (KIPS)* | OF FAILURE
NO. NO.
1 1 Monotonie | Clay Brick Clay Brick Clay Brick 55.2 First Story
p=0% p=0.6% p=0.6%
2 1,R1 Cyclic Clay Brick Clay Brick Clay Brick 3543 First Story
p=0% 0=0.6% 0=0.6%
3 3 Monotonic |Concrete Brick LWC LWC 67.9 First Story
P=0.6% P=0.6% p=0.6%
N 2 Cyclic Cley Brick Clay Brick Clay Brick 54.5 First Story
p=0.6% 0=0.6% p=0.6%
5 1,R2 |Monotonic 6in. R/C Clay Brick Clay Brick 68.6 Third Story
p=0.6% p=0.6%
6 1,R3 Cyeclic 6in. R/C Cley Brick RC p=0.6% 80.0 Second Story
0=0.6% i
T 2,Rl Cyeclic Cley Brick Clay Brick Clay Brick 39.2 First Story
0=0.15% p=0.6% p=0.6%
8 3,R1 Cyclic |[Concrete Brick LWC We 46.7 First Story
p=0.6% p=0.6% p=0.6%
9 3,R2 Cyclic No Panel Lwe e 27.% First Story
p=0.6% p=0.6%
10 3,R3 Cyclic 6in. R/C LWC LWC g92.7 Second Story
p=0.6% 0=0.63
T 3,R4 |Monotonic 6in. R/C We LWC 100.0 Second Story
p=0.6% p=0.6%
12 1,R4 |Monotonic 6in. R/C Clay Brick RC p=0.6% 63.2 Second Story
: p=.15%
13 2,R2 Cyclic 6in. R/C Clay Brick Clay Brick 76.0 Third Story
p=0.6% p=0.6%
1k 2,R3 |Monotonic 6in. R/C Clay Brick RC p=0.6% 83.0 Second Story
p=0.6%
15 L Cyelic No Panel No Panel No Panel 12.6 Total
Mechanism
16 5 Cyclic Split Brick Split Brick | Split Brick [T70.T 56.6%%*| First Story
90° =0.4% 90° =0.L% 90° =0.4%
17 5,Rl Monotonic | Split Brick Split Brick | Split Brick [61.3 L9.0**¥| First Story
90° =0.L% 90° =0.4% 90° =0.4%
18 4,R1 Cyelic Split Brick Split Brick | Split Brick |57.3 L5.8#%% Combined
Lse =0, L% L5° =0, 4% 45° =0 4% Mechanism
#1 Kip = L.45 KN
2.0 in
e S
Factored by 2.5 in
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172" ASTEEL TYPE A SPIRALS € 0.8"
L (AT USS 25 GAGE WIRE
= TIIZ (d-o.IEO'r")
STEEL :
- 1044
. TYPE B - BARS
|| sTeeL 6"
jjoe=a
V| %I WIRE Aeire
—a (d=0M21") g FIG. 10(b) DESIGN DETAILS
BEAM COLUMN OF FRAME MEMBERS
STEEL TYPE
BEAM TYPE®| & B TRANSVERSE REINFORCEMENT
8l #3 |#2 DEFORMED|  HOOPS AND CROSSTES
P
B2 u3 uss &1l USS %Il GAGE WIRE
GAGE WIRE (d=0.a21")
' GRADE 60 STEEL
*REFER TO FIG. (0a NOMINAL !,= 60 KSiI

FIG. 10(c) DETAIL OF
FIRST-STORY EXTERIOR
BEAM COLUMN CONNECTION

HORIZONTAL
SECTION

FIG. 10 TEST SPECIMEN AND DESIGN DETAILS
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Q (=3¢

\L—REACTION
BLOCK

6 PRESTRESSING
RCDS EACH SIDE
OF SPECIMEN

FIG. 15 SPECIMEN WITH STRENGTHENED FIRST-

STORY PANEL
It
|Q. 6" PANEL i
: REBAR WELDED
TO ANCHORAGE 15T FLOOR PANEL
ANGLE
6"

- - PRESTRESSING ::gEERASﬁTH

E@l ?l?l?fa"a ¢~U;on) WELDED REBAR

i E SPACER

| [

@ BASE OF MODEL
- . SPACER

ANCHORAGE v PR TRESSING
ANGLE
SECTION (@& SECTION
{ ROT TO SCALE } { NODT TOQ SCALE )
{a) (b)

FIG. 14 DRETAILS OF SPECIMEN FIG. 16 DETATLS OF SPECIMEN
OF STRENGTHED PIRST-STORY OF STRENGTHENED FIRST-STORY
PANEL (SEE FIG. 15) PANEL (SEE FIG. 15)
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FIG. 35 TEST SPECIMEN 1, CRUSHING AND SLIDING SHEAR
OCCURRING IN FIRST-STORY PANEL

FIG. 36 TEST SPECIMEN 1, OVERVIEW OF FIRST-STORY
PANEL DAMAGE AT TEST COMPLETION

138



FIG. 37 TEST SPECIMEN 2, PANEL CRUSHING AND SLIDING
TO ACCOMMODATE FRAME DISPLACEMENT

FIG. 38 TEST SPECIMEN 2, PANEL CRUSHING AND SLIDING
TO ACCOMMODATE FRAME DISPLACEMENT

139



FIG. 39 TEST SPECIMEN 3, BEFORE DISPLACEMENT REVERSAL

FIG. 40 TEST SPECIMEN 3, AFTER PARTIAL DISPLACEMENT
REVERSAL

1ko



FIG. 41 TEST SPECIMEN 4, HORIZONTAL CRACKING IN MORTAR
BEDS, BOTTOM STORY PANEL

FIG. 42 TEST SPECIMEN L4, INITTAL CRUSHING AT RIGHT

141



FIG. 43 TEST SPECIMEN 4, CRUSHED ZONE PROPAGATING
THROUGH FIRST-STORY PANEL

FIC. 4k TEST SPECIMEN 4, AFTER SPALLING OF MASONRY
MATERIAL IN CRUSHED ZONE

1ho



FIG. L5 TEST SPECIMEN 5,
HORIZONTAL CRACK COM-
PLETELY ACROSS TOP OF
THIRD-STORY PANEL

FIG. L6 TEST SPECIMEN 5
CRUSHING AND SLIDING
SHEAR AT TOP OF THIRD-
STORY PANEL

2

FIG. 47 TEST SPECIMEN 5,
DETAIL OF CORNER FROM
FIG. L6



FIG. 48 TEST SPECIMEN 6,
CONTINUOUS SPALLED PANEL
BONE EXPANDS DUE TO

INTERACTION WITH COLUMNS

FIG. 49 TEST SPECIMEN 7,
HORTIZONTAL CRACK FIRST-
STORY PANEL

FIG. 50 TEST SPECIMEN 7,
RELATIVE DISPLACEMENTS
ACROSS HORIZONTAL CRACK
IN THE FIRST-STORY PANEL



FIG. 51 TEST SPECIMEN 7, COLUMN SPIRAL FRACTURE

FIG. 52 TEST SPECIMEN 7, COLUMN SPIRAL FRACTURE

1hs



FIG. 53 TEST SPECIMEN 8, HORIZONTAL CRACK BEGINS
TO FORM

FIG. 54 TEST SPECIMEN 8, HORIZONTAL CRACK COMPLETELY
ACROSS PANEL

1k6



FIG. 55 TEST SPECIMEN 8, LARGE RELATIVE DISPLACEMENT
ACROSS HORIZONTAL CRACK

FIG. 56 TEST SPECIMEN 8, SIGNIFICANT SPALLING ALONG
CRACK, MATERTAL BEGINS TO FALL OUT OF PANEL

1L7



FIG. 5T TEST SPECIMEN 8,
SPALLING CONTINUES

FIG. 58 TEST SPECIMEN 8,
VERY LARGE HORIZONTAL
GAP COMPLETELY ACROSS
PANEL

FIG. 59 TEST SPECIMEN 8,
SPIRAL STEEL FAILS,
LEFT COLUMN




FIG. 60 TEST SPECIMEN 10, DAMAGE PROPAGATES HORIZON-
TALLY ACROSS TO THE RIGHT COLUMN

FIG. 61 TEST SPECIMEN 10, REMAINING PORTION OF SECOND-
STORY PANEL AFFECTS LOCATION OF COLUMN PLASTIC HINGES

149



FIG. 62 TEST SPECIMEN 11,
INITIAL CRUSHING IN LOWER
LEFT PORTION OF SECOND-
STORY PANEL

FIG. 63 TEST SPECIMEN 11,
DAMAGE PROPAGATING
CROSS PANEL

FIG. 64 TEST SPECIMEN 11,
FOLLOWING DISPLACEMENT
REVERSAL




FIG. 65 TEST SPECIMEN 12, CRUSHING OF SECOND-STORY
PANEL BEGINS IN LOWER LEFT CORNER A

FIG. 66 TEST SPECIMEN 12, COLUMN SUBJECTED TO SEVERE
SHEAR AND SHEAR DISTORTION

151



FIG. 67 TEST SPECIMEN 13,
CRUSHING BEGINS ON THIRD-
STORY PANEL ADJACENT

TO COLUMNS

FIG. 68 TEST SPECIMEN 13,
DAMAGE CONTINUES, SHEAR
CRACK IN LEFT COLUMN

FIG. 69 TEST SPECIMEN 13,
PANEL MATERIAL ADJACENT
TO COLUMNS COMPLETELY
SPALLED
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FIG. T4 TEST SPECIMEN 17,
HORIZONTAL FATLURE SURFACE
IN SECOND-STORY PANEL,
SHEAR CRUSHING FAILURE
BEGINNING IN THE FIRST-
STORY PANEL

FIG. 75 TEST SPECIMEN 17,
SHEAR CRUSHING, FIRST-
STORY PANEL

FIG. 76 TEST SPECIMEN 18,
BOUNDARY SEPARATION,
PANEL DAMAGE MINIMAL
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"Earthguake InduceZ Deformations of Zarth Dams,” by X. SerfZ, H.E. Seed, T.I. Makdisi & C.-¥Y. Chang - 1976
{?3 292 265)AcC3
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EERC 76-5 "analysis and Dasign of Tube-Tvpe Tall Building Structures,” by H. de Clercqg and GC.H. Powell - 1975 (P2 252 220}
alo

EERS 76-~6 "Time and Treguency Domain Analysis of Three-Dimensional Ground Motions., San Fernando Earthouake,” bv T. Kuso
' and J. Penzien (PB 260 556)All

EERC T76-7 "Iyoecred Perfortiance of Uniform Building Code Design dasonry Strucrures,™ by R.L. Mayes, Y, Omote, 5.W. Chen
and R.W. Clough - 1976 (PB 270 098)A05

EZRC 76-8 "Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results,” by R.L. Mayes, Y. Cmote, R.¥.
Clough - 1976 (PB 264 424)2a06

EERC 76-9 “A Substructure Method for Earthguake Analysis of Structure - Soll Interaction,” by J.A. Gutierrez and
A.¥X. Choora-1976 (PB 257 783)A08

EERC 76-10 "Stabilization of Potentially Liquefia.ble Sand Deposits using Gravel Drain Systems,”™ by H.B. Seed and
J.R. Booker~- 1976 (PB 258 820)A04

"EERC 76~11 "Influence of Design and Analvsis Assumptions on Computed Inelastic Response of Moderately Tall Frawmas,” hy
G.H2. Powell and D.G. Row- 1976 (PB 271 409)a086

EERC 76-12 T"Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, ®.S. Pister and
E. Polak - 1975 (¥B 262 859)A04 .

EERC 76-13 "Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L. Kan and A.K. Chopra -
1976 (8 257 907)A09

EERC 76-14 Unaasigned

EERC 76-15 "Reinforced Concrete Frame 2: Selpmic Testing and. Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08 :

EERC 76-16 "Cyclic Shear Tests of Masenry Piers, Volume 2 - Analysis of Test Results,™ by R.L. Mayes, Y. Onote
and R.W. Cloygh - 1976 (PB 297 158)A05

EERC 76-17 “Structural Steel Bracing Systems: Behavior Under Cyclic Loading,” by E.P. Popov, X. Takanashl and
. C.W. Roeder - 1976 (PB 260 715)A05

EERC 76-18 “Experimental Model Studies on Selsmic Response of High Cuxved Overcrossings,™ by D. Williams and
. W.G. Godden ~ 1976 (PR 269 548)308

EERC 76-19 “Effects of Non-Uniform Seismlie Disturbances on the Dumbarton Bridge Replacement Structure," by
?. Baron and R.E. Hamati - 1976 (FB 282 981)Al6

EERC 76-20 “Investigation of the Inelastic Characteristiecs of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments,” by V.C. Matzen and H.D. McNiven - 1976 (PB 258 453)A07

EERC 76-21 "Capacity of Coluwms with Splice Imperfections,” by E.P. Popov, R.M. Stephen and R. Philbrick - 1975
(PB 260 378}a04

EERC 75-22 "Rasponse of the Olive View Hospital Main Building during the San Fernando Earthguake,” by S. A. Mahin,
V.¥. Bertero, A.X. Chopra and R. Collins -~ 1976 (PB 271 425)al4

EERC 76=23 "A study on the Major Factors Influencing the Strength of Masonxy Prisms,” by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and 5.W. Chen - 1976 (Not published)

EZRC 76=24 "GADFLEA - A Computer Program for the Analysis of Pore Pressure Ganeration and Dissipation during
. Cyclic or Earthquake Loading," by J.R. Booker, M.S5. Rahman and H.3. Sead - 1976 (P39 263 947)A04

EERC 76~25 “Seismic Safery Tvaluation of a R/C School Building,” by 3. Bresler and J. axley - 1976

EERC 76-26 "Correlative Investigations on Theorstical and Experimental pynamic Behavior of a Model Bridge
Structure,” by K. Xawashima and J. Penzien - 1976 (PB 263 388)all

EERC 76-27 “Earthquake Respcnse of Coupled Shear Wall Buildings,” by T. Srichatrapimuk - 1976 (PB 265 137)A07
EERC 76-23 . "Tensile Capacity of Partial Penetration Welds,"™ by E.P. Popov and R.M. Stephen - 1976 (PB 2562 899):J3

EERC 76-29 “Analysis and Design of Numerical Integration Methods in Structural Dynamics,™ by H.M. Hilber - 1375
(2B 264 410)A06

EERC 76-30 "Contribution of a Floor System to the Dynamic Characteristics of Reinforsed Concrete Buitldings," by

L.E. Malik and V.V. Bertero - 1976 {(PB 272 247)al3

EERC 76-31 “The Zffects of Seismic Disturbances on the Golden Gate Bridge,” by F. Baron, M. Arikan and R.E. Hamati =

1976 (2B 272 272)a09

EERC 76-32 "Infilled Frames in Earthquake Resistant Con

structicn,” by R.E. Klingner and V.V. Bert - 137
(PB 265 392)a13 : ’ e : Briere - 1978
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“PLUSH - A Computer Program for Probabilistic Finite Element Analysis of Seisnic Soil-Structure Inter-
action,” by M.P. Romo Organista, J. Lysmer and £.3. Seed - 1977 (2381 177 651) A0S

Bay Power Plant in the Ferndale Earthquake of June
Lysmer - 1977 (P3 265 795)A04

"Soil-Structure Interaction Effects at the Humbold:t
7, 1975," by J.E. Valera, H.B. Seed, C.F. Tsai and J.

"Influence oZ Sample Disturbance on Sand Response to Cyclic Loading,”™ by K. Mori, H.B. Seed and C.X.
Chan - 1977 (PB 2567 352)A04

"Seismological Studies of Strong Motion Records," by J. Shoja-Taheri - 1977 (eB 269 655)Al0
Cnassigned

"Developing Methodologies for Evaluating the Earthquake Safety oI Existing Buildiags,“.b? No. 1 -

B. Bresler; No. 2 - B, Bresler, T. Okada and D. Zisling; No. 3 - T. Ckada and 3. Bresler; No. 4 - V.V,

Bertero and B. Bresler - 1977 (PB 267 354)A08

"A Literature Survey - Transverse Strength of Masonry Walls,™ by Y. Cmote, R.L. Mayes, 5.W. Chen and
R.W. Clough - 1977 (PB 277 933)A07

"DPAIN-TABS:
R. Guendelman-Israel and G.H.

A Computer Program for Inelastic Earthquake Response of Three Dimensional Buildings," by
Powell = 1977 (PB 270 693)A07

"SUBWALL: A Special Purpose Finite Flement Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option,” by D.Q. Le, H. Peterson and E.P. Popov = 1977
(PB 270 567)A05

"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks,”™ by D.P. Clough
(PB 272 280)Al3

"Earthquake Engineering Research at Berkeley - 1976," - 1977 (PB 273 507)A09

“Automated Design of Earthquake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. - 1977
(PB 276 526)A09

"Concrete Confined by Rectangular Hoops SubjecteZ2 to Axial Loads,"™ by J. Vallenas, V.V. Bertero and
E.P. Popov = 1977 (PB 275 165)A06

"Seismic Strain Induced in the Ground During Earthquakes,” by Y. Sugimura - 1977 (PB 284 201)A04

Unassigned

"Computer Aided Optimum Design of Ductile Reinforzed Concrete Moment Resisting Frames,” by S.W.
Zagajeski and V.V. Bertero - 1977 (PB 280 137)AQ7

"Earthquake Simulation Testing of a Stepping Frame with Energy-Absorbing Devices,” by J.M. Kelly and
D.F. Tsztoo - 1977 (PB 273 506)a04

"Inelastic Behavior of Eccentrically Braced Steel TFrames under Cyclic Loadings,”™ by C.W. Roeder and
E.P. Popov - 1977 (PB 275 526)Al5

"A SinmpliZied Proceducre for Estimating Earthquake-Induced Deformations in Dams and Embankments,™ by F.I.
Makdisi and H.B. Seed - 1977 (PB 276 3820)A04

"The Performance of Earth Dams during Earthquakes,” by H.B. Seed, F.I. Makdisi and P. de Alba - 1977
(PB 276 821)A04

"Dynamic Plastic Analysis Using Stress Fesultant Finite Element Formulation,” by P. Lukkunapvasit and
J.M. Kelly - 1977 (PB 275 453)a04

"Preliminary Experimental Study of Seismic Uplift of a Steel Frame," by R.W. Clough and A.A. Huckelbridze
1977 (pPB 278 769)A08 .

"Earthguake Simulator Tests of a Nine-Story Steel Trame with Colucmns Allowed to Uplift,” by A.A.

* Huckelbridge - 1977 (PB 277 944)A09

“vonlinear Soil-Structure Interaction of Skew Highway Bridges,” by M.-Z. Chen and J. Penzien - 1377

(P8 276 176)A07

"Seismic Analysis of an Offshora Structure Suppor=ed on Pile Foundations,™ by D.D.-N. Licu and J. Penzisn
1977 (PB 283 180)A06

"Dvnamic Stiffness Matrices for Homogeneous Viscoelastiz Half-Flanes," by G. Dasgupta and A.X. Chopra -
1977 (PB 279 654)2a06

"A Practical Soft Story Earthquake Isclation Systzm,” by J.M. Xelly, 5.M. Eidi:ger and €.J. Derham -
1977 (P8 276 814)A07
"Seismic Safety of Existing Buildings and Incentives for Hazard Mitigation .a San Francisco: Aan

Exploratory Study,” by A.J. Meltsner - 1977 (PB 281 970)A0S

“Dynamic Analysis of Zlectrohydraulic Shaking Tabias,™ by D. Rea, 5. adedi-Hayati and Y. Takanashi
1977 (PB 232 569)A04

"An Apoproach ncrete Interior Joints,” ay
3. Gaiunic,
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V.V. Berteros and E.P. Pocov - 1277 (2 23C 373)A%%
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D,F. Tszico - 1978 (F3 284 973)a04
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"Effect of Tensile Prestrain on kthe Cyclic Pesponse of Structural Stzel Tonnections, by J.5.
and A, Mukhopadhyay - 1978

BouwWLanp
"Experimental Pesults of an Earshguake Isolation System using Matural Rubber Bearings,”™ by .M.
Eidinger and J.M. Kelly - 1373 (P2 281 6€86) A0S

"Sejsmic Behavior of Tall Lizuid Storage Tanks,™ by A. Niwa - 1973 (=3 284 0L7)Al4

"Hysteretic Behavisr of Reinfarced Concrete Columns Subjected to Hich Axial and Cyclic Shear Forces,”™
by $.W. Zagajeski, V.V, Bertero and J.G. Bouwkamp - 1978 (pB 283 353)aAl3

"Three Dimensional Inelastic Frame Elements for the ANSR-I Program,” by A. Riahi, D.G. Row and
G.H. Powell - 1978 (PB 295 735)A04

*Studies of Structural Response to Earthquake Ground Hotion,™ by O.A. Lopez and A.X. Choora - 1378
{PB 282 790)A05

"A Laboratory Study of the Fluid-Structure Interaction of Submexged Tanks and Caissons in Earthguaxes,”
by R.C. Byrd -~ 1978 (PB 284 957)A08

“Model for Evaluating Damageability of Structures," by I. Sakamoto and B. Bresler -~ 1978

"Seismic Performance of Monstructura) and Secondary Structural Elements,” by I. Sakamoto - 1978
(PEB1 154 593)A05 . _ .

"Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Coplumns,” by 5. Wakata, T. Sgroul
and J. Penzien - 1978 (pPB 298 274)ADS

"Damageability in Existing Buildings," by T. Blejwas and B. Bresler - 1972 (PR 80 166 978)A0S

"Oynamic Behavior of a Pedestal Base Multistory Building,” by R.M. Stephen, E.L. Wilson, J.G. Bouwkanp
and M. Button - 1978 (PB 286 650)}R08

"Seismic Response of Bridges - Case Studies,™ by R.A. Imbsen, V. Nutt and J, Penzien -~ 1978
{PR 286 503)Al0

"A Substructure Technigque for Monlinear Static and Dynamic Analysis,” by D.G. Row and G.H. Powell -
1978 (pPB 288 077)Al0 '

"Seismic Risk Studies for San Francisco and for the Greatey San Francisco Bay Area,* by C.5. Oliveira -
1978 (PB 81 120 115)A07

"Strength of Timber Roof Connections Subjected to Cyelic Loads,” by P. Gulkan, R.L. Mayes ard R.W.
Clough -~ 1978 (HUD-0QQ0 1491)A07

"Response of K-Braced Steel Frame Models to Lateral Loads," by J.G. Souwkamp,
E.P. Popov - 1978

R.M. Stephen and
“"Rational Design Methods for Light Equipment in Structures Subjected to Graund Motion,"” by
J.L. Sackman and J.M. Kelly - 1978 {(pPB 292 357)a04

"Testing of a wind Restraint Ior Aseismic Base Isolation,” by J.M. X2lly and D.E. Chitty - 1978
(P3 292 833)A03

"APQLLO ~ A Computer Program for the Analysis of Pore Pressure Genecsation and Dissipation in Horizontal
Sand Layers During Cyclic or Earthguake Loading," by P_P. Martin and H.B. Seed - 1978 (PB 292 835)Aa04

"Cptimal Design of an Earthquake Isolation Systam,” by M.A. Bhatti, X.5. Pister and E. Polak ~ 1978
{PB 294 735)A06

"MASH - a Computer Program for the Non-Linear hnalysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits,"” by P.P. Martin and H.3. Seed - 1978 {28 293 101)A05

"Investigation of the Elastic Characteristics of a Three Story Steel Frave Using System Identification,’
by I. Kaya and H4.D. McMiven - 1378 (PB 296 225)}:06

“Investigarion of the Noniinear Characteristics @f a Three-Story Ste2l Frame Using System
Tdentification," by I. Kaya and H.D. ¥cNiven - 19738 (FB 301 3631A05

"Studies of Strong Ground Motion ia Taiwan," by Y.M

¥.M. Hsiung, B.A. Boit and Jj. Penzien - 1973
{PB 298 436)Aa06 :

"Cyclic Loading 72sts of Masenry Single Piers: Volume 1 - Height to Sidth Ratio of 2,” by P.A. Hidalgo,
R.L. Maves, H.D. McMiven and R,W. Claugh - 1978 (PB 296 211)A07

"Cyclic Loading T2sts of Masonry Single Piers: Yolume 2 - Heighe to Width Ratio of 1," by 5.~¥.J. Chen,
P.A. Hidaleo, R.L. Mayes, F.¥W. Clough and H.D. McNiven - 1978 (PB 295 2121A09

"Analytical Precedures in Zo:il Dynamics,™ by J. Lysmer - 1973 (pg 292 413)a0%%
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"Hysteretic Behavior of Lightweight Peinfozzed Concrete Beam-Column Subassemblages,”™ by B. Forzani,
E.P. Popov and V.V. Bertero - April 1973(75 233 257)A06

"The Development of a Mathematical Modal %tz Predict the Flexural 2asponse of Rainforced Concreta Beams
to Cyclic loads, Using System Identifizatisza,™ by J. Stanton § H. McNiven - Jan. 1979(PB 295 875)Al0

"Lizear and Nonlinear Earthquake Response 2f Simple Torsiczally Coupled Systems,” by C.L. Kan and
A.X. Chopra - Feb. 1979(PB 298 262) A6

"A Mathematical Model of Masonry for Predicting its Linear Seismic Response Charactezistics,” by
Y. Mengi and H.D. McNiven - Feb. 1979(P3 233 266) AJ6

"Mechanical Behavior of Lightwaight Concrezs Confined by Cifferent Types of Lateral Reianforcezxenc,”
by M.A. Manrique, V.V. Bertero and E.P. Pogov - May 1979(F3 301 114)A06

"Static Tilt Tests of a Tall Cylindrical Lizuid Storage Tank,” by R.W. Clough and A. Niwa = Feb. 1979
(P3 301 157) A06

"The Design of Steel Energy Absorbing Restrainers and Their Incorporation into Nuclear Power Plants
for Enhanced Safety: Volume 1 - Summary Rezort,™ by P.N. Spencer, V.F. Zackay, and E.R. Parker =
Feb. 1979(UCA/EERC-79/07) A0S

"The Design of Steel Energy Absorbing Restrainers and Their Incorroration lnto Nuclear Power Plants
for Enhanced Safety: Volume 2- The Develogment of Analyses for Reactor Systex Piping,""Simple Systecs”
by M.C. Lee, J. Penzien, A.X. Chopra and X, Suzuki “Complex Systems™ by G.H. Powell, E.L. Wilson,
R.W. Clough and D.G. Pow - Feb. 1979(UCB/Z22C-79/08) Al0

"The Design of Steel Energy Absorbing Restrainers and Their Incorporation inte Nuclear Power Plants
for Enhanced Safety: Volume 3 - Evaluation of Commercial Steels,” by W.S. Owen, R.M.N. Pelloux,

R.0. Ritchie, M. Faral, T. Ohhashi, J. Toplesky, S.J. Hartmaa, V.F. Zackay and E.R. Parker -

Feb. 1979 (UCB/EERC-79/09) AO4 <

"The Design of Steel Energy Absorbing Restrainers and Their Incorporation into Nuclear Power Plants
for Enhanced Safety: Volume 4 - A Review of Energy-Absorbing Devices," by J.M. Kelly and

M.S. Skinner - Feb. 1379 (UC3/EERC-79/10) A0S

"Conservatism In Summation Rules for Closely Spaced Modes," by J.M. Kelly and J.L. Sackman - May
1979(PB 301 328)A03

“Cyclic Loading Tests of Masonry Single Piers; Volume 3 - Height to Width Ratio of 0.5," by
P.A. Hidalgo, R.L. Mayes, H.D. McNiven and 2.W. Clough - May 1979(PB 301 321)A08

“Cyclic Behavior of Densa Course-Grained Mazerials in Relation to the Seismic Stability of Dams,” by
N.G. Banerjees, H.B. Seed and C.K. Chan - Ju=e 1979(P8 301 373)Al3l

"Seismic Behavior of Reinforced Concrete Interior Beam-Column Subassemblages,” by S. Viwathanatepa,
E.P. Popov and V.V. Bertero - June 1979(PB 301 326)Al0

"Optimal Design of Localized Nonlinear Systems with Dual Performance Criteria Under Earthquake
Excitations,” by M.A. Bhatti - July 1979(P3 30 167 109)AC6

"OPTDYN - A General Purpose Optimization Program for Problems with or without Dynamic Constraints,”
by M.A. Bhatti, E. Polak and K.S5. Pister - July 1979(PB 80 167 031)A05

“ANSR-II, Analysis of Nonlinear Structural Fesponse, Users Manual,” by D.P. Mondkar and G.H. Powell -
July 1979(PB 80 113 3J01)A05

"Soil Structure Interaction in Different Seismic Environments,”
and H.B. Sead - August 1979{PB B0 10l 520)A34

“ARMA Models for Earthquake Ground Moticns,® by M.X. Chang, J.W. Kwlatkowski, R.F. Nau, R.M. Oliver
and K.S. Pister - July 1979(PB 301 166) A0S

“"Hysteretic Behavior of Peinforced Concrete Structural Walls,™ by J.l.. Vallenas, V.V. Bertero and
E.P. Popov - August 1979(PB 80 165 905)Al2

“Studies on High-Frequency Vibrations of Buildings - 1: The Column Effect,” by J. Lubliner - August 1973
(PB 80 158 553)A03

"Effects of Generalized Loadings on Bond Reinforcing Bars Embedded in Confined Concrete Blocks,” by
S. Viwathanatepa, E.P. Popov and V.V, Pertero - August 1979

"Shaking Table Study of Single-Story Masonry Eouses, Volume l: Test Structures l and 2," by P. Gilkan,
R.L. Mayes and R.W. Clough - Sept. 1979

"Shaking Table Study of Single-Story Mason:?
R.L. Mayes and R.W. Clough - Sept. 1979

"Shaking Table Study of Single-Story Masonry Fouses, Volume 3: Summary, Conclusions and Recormendations,”
by R.W. Clough, R.L. Mayes and P. Gulkan - Szpt. 1379

"Pecommendations for a U.S5.-Japan Cooperatiwe rFesearch Program Ctilizing Large-Scale Testing Facilities,”
by U.S.-Japan Planning Group - Sept. 1979(75 301 407)A06

"Earthquake-Induced Liquefaction Near Lake Anatitlan, Guatemala,"” by H.B. Seed, I. Arango, C.X. Chan,
A. Gomaz-Masso and R. Grant de Ascoll - Sezt. 1979 (NUREG-CRL341)A03

"Infill Panels: Their Influence on Seismic Pssponse of Buildings,” by J.4. Axley and V.V. Bertero -
Sept. 1979(PB 80 163 371)AlO

"3D Truss Bar Element (Type 1) for the ANSR-II Program," by D.P. Mondkar and G.H. Powell - Nov. 1979
(FB 80 169 7C9)A02

“2D Beam-Col:rrn Element (Type 5 - Parallel Zlenent Theory)
G.H. Powell and D.P. Mondkar - Dec. 1979(P2 20 167 224)A02

"3D BeamColumn Element (Type 2 - Parallel Zlament Theory)
G.H, Powell and D.P. Mondkar - Dec. 1973(?3 30 167 216)A03

"On Resgonse of Structures to Stationary Exsitation,™ by A. Cer Kiureghlan - Dac. 1973(PB 80166 929) 03

A. Gomez-Masso, J. Lysmer, J.-C. Chen

Houses, Volume 2: Test Structures 3 and 4,” by P. Gllkan,

£5r the ANSR-II Program,” by D.G. Pow,

for the ANSR-II Program,” by A. Riahi,

"Undisturbed Sampling and Cyclic Load Testing of Sands,” by S. Singh, H.B. Seed and C.X. Chan -
Dec. 1979(

"Interaction Effects of Simultaneous Torsiccal and Compressional Cyclic Loading of Sand," by
P.M. Griffin and W.N. Houston - Dec. 1979

EERC-9 -



UCB/EERC-30/0D1
UCB/EERC-8G/02
UCE/EZERC-80/03
UCB/EERC~3Q/04
oca/EERC-80/05
UCB/EERC-30/06
UCB/EERC-80/07
UCB/EERC-80/08
UCB/EERC-80/09
UCB/EERC-80/10
UCB/EERC-30/11

UCB/EERC-8Q/12
UCB/EERC~80/13

UCB/EERC-30/14

UCB/EERC~90/15
UCB/EERC-~30/16

UCB/EERC-80/17
UCB/EERC-80/18

UCB/EEFC-80/19
UCB/EERC-20/20
OCB/EERC-80/21

UCB/EERC-30/22
UCB/EERC-30/23
UCB/EERC-80/24
OCB/EERC-80/25

UCB/EERC-30/26
UCB/EERC-80/27

UCB/EERC-80/28
UCB/EERC-80/29
UCB/EERC-3C/30
UCB/EERC-30/3%

UCB/EZRC-B0/32

"Earthauake Response of Concrete Gravity Dams Including Hydzodynamic and Foundation Interaction
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"Rocking Response of Rigid 8locks to Earthquakes," by €.S. Yim, A.K. Chogpra and J. Perzien - Jan. 1480
(PBBO 166 C02) A4

"Optizmun Inelastic Design of Seismic-Resistant Reinforced Concrete Trame Structures,” by 5,W. Zagajeski

and V.V. Berterc - Jan, 1930(PBSC 164 635)A06

“Effects of Amount and Arrangement of Wall-Panel Reinforcemeat on Hysteratic Behavior of Reinforced
Concrete Walls,” by R, Iliya and V.V. Bartero - Feh. 1980(Pn31 122 325)A09

"Shaking Table Research on Concrete Dam Models,” by A. Niwa and R.%. Clough - Sept., 1980(7381 122 363)a06

“The Cesign of Steel Enargy-aAbsorbing Restrainers and their Incorporation into Nuclear Power Plants Ior
Enhanced 3afety (Vol 1A): Piping with Znergy Absorbing Restrainers: Jarameter Study on Small Systems,”
by G.H. Powell. C. Oughourlian and J. Simons ~ June 1330

"Inelastic Torsional Response of Structures Subjected to Earthquake Sround Motions,"” by ¥. Yamazaki
April 1980(pB8L 122 327)a08

"Study of X-Braged Steel Frame Structuras Under Earthquake Simulation,™ by ¥. Ghanaat - april 1980
(PB81 122 335) ALl

"Hybrid Medelling of Soil-Structure Interaction,” by S$. Gupta, T.W. Lin, J. Fenrien and C.5. Yeh
May 1980(PB31l 122 319}A07

"Ganeral Applicability of a Nonlinear Model of a One Story Steel Frame,“ by B.I. Svainsson and
H.D. McNiven - May 1980(p33l 124 877)A06

"A Grean-Function Method for Wave Interaction with a Submerged Bady,” by W. Kioka - April 1980
{PBBL 122 269)A07

"Hydrodynamic Prassure and Added Mass for Axisymmetric Bodies,” by r. Mllrat - May 1980(P331 122 343)A08
"Treatment of Non-Linear Drag Porces Acting on Offshore Platforms,” by B.V. Dao and J. Penzien
May 1980{(PBB1l 153 413)A07

*2D Plane/Axisymstric Solid Element {Type 3 - Elastic or Elastic-Perfectly Plastic) for the ANSR-II
Program,” by D.P. Mondkar and G.H. Powell - July 1980(PB81 122 350)AQ)

"A Response Spectrum Method for Randem Vibrations,™ by A. Der Kiureghian - June 1980(P281 122 301)A03
*Cyclic Inelastic Buckling of Tubular Steel Braces,™ by V.A. 2Zayas, Z.P. Popov and 5.A. Hahin

June 1980(PBAL1 124 885)Al0

"Dynamic Response of Simpla Arcn Dams Including Hydrodynamic Interaction.” by C.S. Porter and

A.K. Chopra - July 198Q(P381 124 0Q0)Al3

"Experimental Testing of a Friction Damped Aseismic Base Isolation System with Fail-Safe
Characteristics,” by J.M. Xelly, X.E. Beucke and 4.5. Skinner - July 1380({PRBL 148 595)A04

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants for
Enhanced Safety (Vol 13): Stochastic Seismic Analyses of Nuclear Power Plant Structures and Piping
Systems Subjacted to Multiple Support Excitations,” by M.C., Lee and J, Penzien - June 1380

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants

for Enhanced Safety (Vol 1C): Numerical Method for Dynamic Substructure Analysis,™ by J.M. Dickens

and E.L. Wilgan - June 1980

"Tha Design of Steel Energy-pbsorbing Restrainers and their Incorporation inte Nuclear Power Plants
for Enharced Safety (Vol 2}: Development and Testing of Rastraints for Nuclear Piping Systema," by
J.M, Kelly and M.S. Skinne» - June 1980

"3D Solid Element (Type 4-Zlastic or Elastic-Perfectly-Plastic) for the ANSR-II Program,” by
D.P. Mondkar and G.H. Powell ~ July 1980(PBS1 123 242)A03

"Gap-Friction Element [Type 5) for the ANSR-II Program,”™ by D.P. Mondkar and G.H. Powell -~ July 1980
(PRS) 122 285)A03

"U-Bar Restraint Element {Type 11} for the ANSR-II Program,” by C. Sughourlian and G.H. Powall
July 1980(PBB1 122 293)A03

"Tasting of a Natural Aubcer Base Izolation System by an Explosively simulated Earthgquake,“ by
J.M. Kelly - August 1980

"Input Identification frxon Structural Vibratisnal Response,™ by ¥. ¥u - August 1980(PBSL 152 308)AQS
"Cyeclic Inelastic Behavior of Steel Offshore Structures,™ by V.A., Zayas, S-A, Mahin and S.P, Popov
August 1980

"Shaking Table Testing of a Reinforced Concrete Frame with Biaxial Response,™ by M.G. Oliva

October 1980{PB81 154 304)a10

Propexties of a Twelve-Story Prefabricated Panel 3uvilding.” by J.G. Bouwkamp, J.7.
3tephen - October 1980 .

"Dynamic ¥ollegger

and R.M.
"Dynanic
and B.M.

"Predictive Dynamic Response of Panel Type Structures Under Earthguakes,™ by J.P. Xallegger
J.G. Bouwkamp - October 1930{PBBl 152 116)A04

Properties of an Zight-Story Prefabricared Panel Building,” by J.G. Bouwkamp, J.P.
Stephen - October 1980

Kol legger
and

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants
for Znhanced Safety (Vol 3}: Testing of Commercial Stesls in Low-Cycle Torsional Fatigue,” by
P. Spencer, E.R. Parker, E. Jongewaard and M. Drory :
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UCB/EERC-80/33

UCB/EERC-30/34

UCB/EZRC-80/35

UCB/EERC-80/36

UCB/EERC-80/37
UCB/EERC-B80/38

UCB/EERC-80/39

UCB/EERC-30/40

UCB/EERC-30/41

UCB/EERC-80/42

UCB/EERC-80/43

"The Design of S5teel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants
for Enhanced Safety (Yol 4): Shaking Table Tests of Piping Svstems with Energy-Absorbing Restrainers,"
by S.F. Stiemer and W.5. Godden - Sept. 1980

"The Design of Steel Energy-Absorbing Restrainers and their

Incorporation into Nuclear Power 2lants
for Enhanced Safety (Vol 5): Summary Report," by P. Spencer

"Experimental Testing of an Energy-Absorbing Base Isolation

System,"” by J.M. Kelly, M.5. Skinner and
K.E. Beucke - October 1980(PB81 154 072)A04

"Simulating and Analyzing Artificial Non-Stationary Earchguake Ground Mocions,” by R.F. ¥au, R.M. Oliver
and K.S. Pister - October 1980(PB81 153 397)A04
"Earthquake Engineering at Berkeley - 1980," - Sept. 1980

"Inelastic Seismic Analysis of Large Panel Buildings.” by V. Schricker and G.H. Powell - Sept. 1380
(PBB1 154 338)All

"Dynamic Response of Embankment, Concrete-Gravity and Arch Dams Including Hydrodynamic Interaction,™
by J.F. Hall and A.K. Chopra - October 1980(PB81 152 324)All

"Inelastic Buckling of Steel Struts Under Cyclic Load Reversal,” by R.G. Black, W.A. Wenger and
E.P. Popov - Octcber 1380(PB8L 154 312)A08

"Influence of Site Characteristics on Building Damage During the October 3, 1974 Lima Earthquake," by
P. Repetto, I. Arango and H.B. Seed - Sept. 1980(PS8l 161 739)A05

"Evaluation of a Shaking Table Test Program on Response Behavior of a Two Story Reinforced Concrete
Frame,"” by J.M. Blondetr, R.W. Clough and S.A. Mahin

"Mcdelling of Soil-Structure Intaraction by Finite and Infinite Elements,” by F. Medina

UCB/EERC-81/01 "Control of Seismicz Response of Piping Systems and .
Other Structures by Base Isolation," edited by
J.M. Kelly - 1981

UCB/EERC-81/02 "OPTNSR - An Interactive Software System for Optimal

: Design of Statically and Dynamically Loaded Structures

with Nonlinear Response," by M.A. Bhatti, V. Ciampi and
K.S. Pister - 1981

UCB/EERC-81/03 "Analysis of Local Variations in Free Field Seismic
Ground Motion,"” by J.-C. Chen, J. Lysmer and H.B. Seed
1981

UCB/EERC-81/04 "Tnelastic Offshore Platforms for Seismic loading,” by
V.A. Zayas, P. Shum, B. Shing, S.A. Mahin and E.P. Popov
1981

UCB/EERC-81/05 "Dynamic Response of Light Equipment in Structures,” by
A. Der Kiureghian, J.L. Sackman and B. Nour-Omid - 1981

UCB/EERC-81/06  "Preliminary Experimental Investigation of a Broad Base

Liquid Storage Tanrk,"” by J.G. Bouwkamp, J.P. Kollegger and
‘R.M. Stephen - 1981
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