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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 resisting

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 Ric
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 Ric 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" cOl)lponents mao' 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 objective 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

1



obtained in the experiments are also reported.

Experimental work was conducted on a 3 1/2-story x 1 1/2-bay

subassemblage 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 details concerning techniques and materials as well as results

are presented in the body of this report.

The effects of infills on the seismic resistant Ric 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 Ric
moment resisting frames, are formulated.

2



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 II-story reinforced concrete frame from this

series of hypothetical buildings.

2.2 General Description of PrototyPe Building

The prototype building selected consists of an II-story rein

forced concrete space frame, 60 x 200 ft (18.3 m x 61 m) in plan,

with uniform 9 ft (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 ~nd

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 to be 50 psf (1. 04MPa). Design was based on the provisions. of the 1970

UBC [3]. Using Sections 2615 and 2630 of the UBC, critical design

load combinations were given by:

1.5D+1.8L

1.40 (D + L ± E)

0.9 D ± 1.25 E

3



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 structural analysis [4J.

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 [5J using f ceQual to 4000 psi (27.58 MPa). The contribu

tion of the floor slabs to beam stiffness was included 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 40 percent of that of the uncracked section.

This ratio was subseQuently checked and found to be valid for the

final beam designs. The fundamental period of vibration of the 11

story frame structure was calculated to be 1.30 sees. Based on this

value, eQuivalent static lateral forces were calculated by Section

2314 of the 1970 VEC, 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 2314 of the 1970 UBC does not explicitly

specify a design response spectrum for calculating eQuivalent lateral

forces, 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 accelerations of 0.093 g, as 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

4



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 more realistic. 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. Therefore, 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-
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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 reinforcing 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 to 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 earthquake ground motions.

Lateral forces were calculated using the ground spectrum sug-

gested by Newmark: u = 0.50 g, u = 24 in./sec. (610 rom/sec.),g max g max

and u = 18 in. (457 rom). The building was assumed to be foundedg max
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 [7] 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. 4; 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
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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 f ~ = 4000 psi (27.58 MFa). 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 MFa), that value was used instead of the nominal 60 ksi (414 MFa).

Strain hardening was assumed to begin at a steel strain of 0.007 with

a strain-hardening modulus of 1500 ksi (10,343 MFa). A maximum (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 ~CCOLA [lOJ

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
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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 longitudinal 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 equal

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 RCCOLAprogram [10], moment-axial force interaction curves

were calculated for several trial column sections and compared with

the critical moment-axial force combinations calculated by the BADAS-2[8]

computer program. To obtain increased resistance to cyclic shear re

versals, it was decided to use spiral reinforcing instead of the rec

tangular hoops used in the revised bare ~rame 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). Spiral 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., column 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
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col= 1llidheight ('Fig. 7);

(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 assumen available overall displacement ductility ratio of 5.0 used in

constructing the reduced elasto-plastic design response spectrum.

2.6 Selection of Basic 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
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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 increased accuracy in the duplication

of boundary conditions in panels located away from points of load

application.

Maximum force levels in a typical building structure are gener

ally 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 geometric 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 beams.

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 above. 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 zero moment does not exactly satisfy the force

and displacement boundary conditions. To 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

ation 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 stud

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

blage are shown in Fig. 10.
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III. 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 Selection of Test Specimens: Model Scale

Many parameters are greatly influenced by model scale. For

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 geometric 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) local

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 various floor levels and interstory dis

placements between these floor levels. Lateral displacements were

measured using linear potentiometers attached to fixed reference

points. Interstory displacements were considered obtainabJe by sub

tracting lateral displacements at appropriate floor levels.

The primary contributions to different sources of deformation

of concern are shear distortion, flexural distortion, and rigid body

motion of the specimen. 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 around 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 to

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 tbeir

being subjected to strains well beyond tbeir capacity; and (3) con

crete gauges were used only on specimens 4 and 5 to measure the force

in tbe panel diagonal corresponding to tbe 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.

11 and 12 for details regarding instrument placement.)

Output from all instrumentation was read at discrete intervals
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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 nE,cessary 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-sold,ered 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 opening. 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. (4) 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 ratio between the lateral force and corresponding overturn

ing moment was calculated by an elastic 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 concr2te

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 repair 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 "inge 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 was 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 thick). Vertical steel was concentrated

at both sides of the bay, and was anchored at the top by being passed

through holes drilled in the second floor beam. Thus the steel formed

a continuous U-shape (no splices) with the curved portion of the U

passing through the second-floor beam, and both ends of the U termin

ating at the footing. Anchorage was achieved at the footing by weld

ing the reinforcement to ffilchorage 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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4.2

4.2.1

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

panel 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, 6, hysteresis loops (Fig. 17 to 34). 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 (EM-I) (See Fig. lOa) 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.

Failure Mode and General Observations Concerning Specimens

Test Specimen No.1 (Model No.1 - Fig. 17)

Model No.1 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-floor pan

els having 0.6 percent steel in both the vertical and horizontal 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. Some of

these pieces were relatively sizable and continued to carry load as

the panel continued 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. l8)

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 betwe0n 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 failure leaving the

first-story panel intact. The model was repaired for use in this

study by removing remnants of the second- and third-story panels and

casting a 2-in. thick panel of lightweight concrete (LWC) with a

steel percentage = 0.6% in both vertic:ol and hcrizontal 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 LWC (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 of 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 40).

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 [IJ. In the first of these tests, the model was tested as

a bare frame subjected to a 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 damagea 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. 41).

(3) Cracking occurred but no significant relative displacement

was observed at the frame panel interface.

(4) 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 proceedec. to enlarge somewhat (see Figs.

43 and 44).

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

panel material.

4.2.5 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 al~ng 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 monotonically 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 transmitting shear to 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. 45-47) Nearly vertical cracking was observed in

the same panel adjacent to the left column. Relative lateral displace

ment was observed across the horizontal crack previously mentioned.

(4) Crushing was observed at the top of the panel across the

horizontal crack previously observed 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 47).

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

crete (RIc) panel (p = 0.6%). Thus, for Test 6 the subassemblage had

a 6-in. RIc solid first story, clay brick (p = 0.6%) in the second

story and 2-in. RIc (p = 0.6%) in the third story. The specimen was

subjected to a cyclic 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) Cracking 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

prolel material in the lower corners of the panel.

(4) On continued displacement reversals panel material contin

ued to be spalled by interaction with the columns, the effect of which

is shown in Fig. 48.

(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 4 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 mentioned hori

zontal crack meeting this column, which introduced a significant

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

(4) 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 column 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 diaphragm, which was shored in position with

2 by 4 in. (50.8 rom x 101.6 rom) wood studs under the first-floor panel

to support the air mattress used to balance the dead load of the panel,

was interacting with frame due to the unexpected extreme vertical dis

placements encountered. An unknown but significant portion of the axial

load of the left column was now carried by this plywood 2 by 4 in. stud system.

4.2.8 Test Specimen No.8 (Model No.3, RI - Fig. 24)

For use in Test No.8, the failed concrete block first-story

panel from Test 3 was removed, ~~d the cover on the first-story

columns was recast. The first story waS then infilled with a new

concrete block panel (p = 0.6%). No repair was necessary to the

second- and third-story panels.

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

(p = 0.6%) in the first story, and lightweight concrete panels

(p = 0.6%) in the second and third floors.

The specimen was loaded with a cyclic loading program. (Fig. 24)

24



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

same horizontal mortar bed and ultimately becoming a continuous hori

zontal crack approximately 10 in. below the first-floor beam 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. Significant relative lateral displacement

was observed across this crack in addition to spalling of material

along the crack. Figures 53, 54 and 55 show this crack in initial,

intermediate and advanced stages.

Spalling of masonry continued along this horizontal crack, the

damage aggravated by displacement reversals. Spalled masonry began

to fall free from the panel producing a very large horizontal gap

completely across the panel, as well as a very large amount of debris

(see Figs. 56, 57 and 58).

(3) The spiral steel on the left colmnn fractured in the first

story, concentrating shear deformation in this region of the column

(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. Spalled 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 also re

cast on the right colmnn.
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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

fill panel in the first-story level. The specimen was subjected to

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

General observations:

(I) The first story was a soft story and most of the deforma

tion was concentrated at this level, even in the initial 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·.

{31. 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).

4.2.10 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, casting it as a solid 6-in. thick panel

with additional reinforcement (see S.ection. 3.6).

Thus the sUbassemblage for this test consisted of a 6-in. rein

forced concrete first floor, and lightweight concrete panels (p = 0.6%)

in the second- and third-floor levels.

The specimen was subjected to a cyclic loading program. (Fig. 26)

General observations:

(I) Failure occurred in the second-story panel forming a side

sway mechanism consisting of plastic hinges in the second-story col

umns 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 deformation 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 6-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 second-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 plast1c 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) Failure occurred involving only the second story, the frame

forming a single-story sidesway 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 column 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 which 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)

4.2.13 Test Specimen No. 13 (Model No.2, R2 - Fig. 29)

After the severe first-story column damage inflicted on this

specimen during Test 7, 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 first story and clay brick panels (p = 0.6%) in

the second- and third-story levels. The specimen was subjected to a

cyclic loading program. (Fig. 29)

General observations:

(1) Failure 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 and
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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 crack. (Figs.70-71)

(3) The positions of plastic hinges in both columns were affect

ed as these positions were constrained 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 latter 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 frame 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 a cyclic loading program. (Fig. 31)

General observations:

(1) The observed :failure mechanism was~ as expected and accord

ing to the design philosophy, strong column-weak 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 s~desway 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

wi~e fabric (identical to that used in the panel as reinforcement)

cast in place wi.th 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 fabrication 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 acrrns

this zone and, with increasingly large displacements, the welded wire

fabric began to have individual wires breaking in tension (see Figs.

72 and 73).

(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.

(4) The anchorage of the panel to the frame was excellent due

to the yery 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. In 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 ~re 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 surface and applying a layer of cement mortar over the now
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exposed wire fabric. The speci~en was subjected to a monotonic load

ing program. (Fig. 33)

General observations;

(ll The horizontal crack in the second-story panel, which oc

curred in Test 16 and was repaired for the present test, occurred

again at the same location, apparently due to inadequate repair of

this second-story panel following Test l6. This horizontal crack

should have been repaired by chipping away the damaged material com

pletely through the cracked region and replacing this material with

cement mortar, rather than by removing damaged material only at the

surface and applying a new cement mortar cover. This ultimately

proved to be of no major consequence as the second-story panel, even

in this semi-damaged condition, was capable of sustaining sufficient

lateral resistance to fail the first-story panel. Thus, the side

sway- mechanism attained was' a single.story mechaniS'lll with plastic

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

(2) Failure of the first-story panel 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. 74-75, note the damage 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 failure of good shear trans

fer at. these locat.ions.

(4) A relat.ively small amount. of debris was produced during t.his

test\

4.2.18 Test Specimen No. 18 (Model No.4, Rl - Fig. 34)

The bare frame from Test. 15 was repaired by epoxy inject.ion at. all

damaged sect.ions, i.e., at. beam-face of column connect.ions (nine loca

t.ions) and t.he base of bot.h colmnns. The members of t.he frame were then

drilled to attach an anchorage 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. a.c. and to the columns with bolts at 4 in.

a.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 (wwr) reinforcement anchorage (see

Figs. 77-81). The \~ 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. 76).

(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.
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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. cyclic

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:

1 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-sto~-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

unz>einforaed 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 (cyclic) 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 cyclic

loading program, but also 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 cyclic 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

in~orced 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 cyclic loading program, and in this test when the strut

mechanism began to develop, crushing occurred alternately in the

lower corners, with damage propagating 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. 54mm) 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 panel 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 stren~th 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 concentrate~ 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
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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 believed 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-floor bare frame mechanism.

It is realized that testing of the subassemblage horizontally

does subject the panel to having to support its own 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 infill 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, a reduc

tion of 36 percent. Consequently, tests of unreinforced masonry

infills under monotonically increasing load and/or deformation may

provide misleading results regarding its behavior under a more

generalized type of loading.

5.2.2 Test SpecDnans Nos. 3 and 8 (Figs. 19 and 24)

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 II] 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-·andthird-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 67.9 kips (302. KN), an interstory

yield displacement of 0.28 in. (7 .lmm), and interstory first-storv displace

ment ductility values 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 approximately 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 horizonts.l 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 panel of Specimen 8 failed prematurely due to

development of a horizontal crack which was incapable of transmitting

sufficient shear force 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 program, as

displacement reversals across this cracked region had a tendency to

quickly degrade the mechanisms earring 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) resulted in a lower yield displacement value at a lower

yield force than would be attained otherwise. The lower yield force

results in the subassemblage having a smaller percent strength re

duction necessary to attain the bare 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 Specimen 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 of71.0kips (316. KN), an interstory

yield displacement of 0.30 in. (7. 6mml, and interstory first-story displacement

ductility values of: 4.2 with a 14% 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

(3.26ksi, 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 not tend to degrade the

shear transfer mechanisms operating across 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

second-story panel did maintain sufficient strength under monotonic

loading 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 panel of this test was initiated by

shear crushing along a horizontal band approximately 8 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. 74 and 75).

Specimen 17 attained a peak lateral load of 61.3 kips (272.7KN), an

interstory yield displacement of 0.36 in. (9.lmm), and an interstory first

story displacement ductility value of 3.1 with a 6% strength 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 approximately 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 containment 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 dirp.~tion.

Both panels were part of the original Klingner test serieF. [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 monotonically.

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 80.0 kips (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% reduction, and 16.4 with a 56.2% reduction.

The failure of Specimen 14 was initiated by a sliding shear

failure occurring at the top left panel corner (see Fig. 70). 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

also occurred adjacent to the right column from midheight of the

second-story panel upward, caused by sidesway of the second-story

column moving into the p8nel (see 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 40% reduction, and 8.4 with a

45.1% reduction.

Concluding remarks:

Specimens 6 and 14 failed by very similar mechanisms, each deve~

oping a 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 at the boundary elements. The different loading programs in

these two tests did not produce a significant difference in the

failure of these specimens. Significantly more degradation 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 (cyclic program) had apeak load of 93 kips (414. KN), an

interstory second-floor yield displacement of 0.20 in. (5 .lmm), 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 54.4%

reduction, and 6.6 with a 54.8% reduction.

Specimen 11 (monotonic program) has a peak load of 100. 0 kips,( 445 ..KN),

an interstory second-floor yield displacement of 0.20 in. (.5.lmm),



(i. e" practically the same stiffness as Speci:men 10), and inter~

story s€cond-floor displacement ductility values of 3.1 with a 20%

strength reduction, 3.7 with a 26.3% reduction, 6.0 with a 40% reduc

tion, and 7.95 with a 50% reduction.

Concluding remarks:

The cyclic loading program is seen not. to affect very much the

failure mechanism observed under monotonic loading. Speci:men 11

under a monotonic program of loading is seen to possess slightly

larger ductility values with less strength reduction, which is as

erpected. (See Fig. 85.) In this case, the lateral load-inter

story displacement curve of the critical story obtained under mono

tonic loading, can be considered as a good envelope of the hyster

etic behavior under cyclic loading.

5.2.6 Test Speci:mens Nos. 5 and 13 (Figs. 21 and 29)

The third-story panels for both Speci:mens 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. Speci:men

5 was loaded monotonically and Specimen 13 cyclically.

In Specimen 5 the third-story panel failed prematurely develop

ing a continuous horizontal crack in a mortar bed approxi:mately 2 in.

below the top of the panel. Large relative displacements occurred

across this crack evidencing poor shear transfer. Crushing occurred

at the top right corner of the panel due to the concentration of shear

at this location accountable to this crack. (See Figs. 45, 46 and 47.)

Specimen 5 had a peak load of 68.6 kips (305 . .KN), an interstory third

floor yield displacement of 0.38 in. (9. 7mm), and interstory third-floor

displacement ductility values of 2.0 with a 6.2% reduction, 2.6 with

a 19.9% reduction, 5.3 with a 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 along 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 to 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 76 kips (338. KN), an interstory

third-floor yield displacement of 0.44 in. (11.2mm), and interstorythird

floor yield displacement ductility values of 1.75 with a 19.3% strength

reduction, 2.26 with a 48% 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 s·ame 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 horizontal surface, in

the case of Specimen 5, a weak mortar bed between horizontal masonry

courses at the panel top, and in Test 13, between the beam 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 14, 10 and 11, 16 and 17, 5 and

13), the failure observed was controlled by the same basic mechanism,

irrespective of the difference in load program. In the remaining

two pairs (1 and 2, 3 and 8) the specimen loaded cyclically failed

prematurely, relative to the mechanism observed under monotonic 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 cyclic vs. monotonic load pro

gram is negligible. The cyclic load program is seen to aggravate any

potentially critical region which may be present in the panel due to

imperfections or stress concentrations from various sources. Possible

sources' include local variations in material properties (such as a

mortar joint), high stresses encountered due to lap splicing of steel

reinforcement, stress concentrations at panel-boundary interfaces,

and construction flaws such as poorly made construction joints be

tween successive horizontal courses of masonry, as may be required

due to a work stoppage. Additionally, the cyclic program has a

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 continuously across a panel from col

umn to column, which rarely occurred under monotonic load program.

Interconnecting shear cracking from the cyclic load program was more

severe than unidirectional cracking experienced under monotonic load

48



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 40 kip lateral force range, and for Specimen 5, it is be

fore full development of this horizontal crack.) In 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. 314.5 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 cyclic

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-story-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

sbear 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



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 included in this

figure for comparison. It should be noted that the curves shown in

Fig. 82 represent the interstory displacement, and not the total

displacement at the top of the specimen, with the exception of

Specimen 15, as shown in the figure.

Initially it would appear that there

the results obtained from these specimens.

is significant scatter in

This is not the case when

the results are examined in detail. First compare Specimens 1 and 4in

Fig. 82, not only are the initial stiffnesses* [187k/in.(32.7KN/mm)and

206k/in.(36.1KN/mm) for Specimens 1 and 4 respectively] and maximum

strength [55.2vs. 54.5kips(245.4 vs. 242.4KN)] 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 monotonic

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 cyclic load program, as occurred in the case of

Specimen 2 was previously discussed in Section 5.2.1. Specimen 4,

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

cyclic loading until gross panel deterioration from the cyclic dis

placement reversals spalled a continuous band of masonry horizontally

* The values of initial stiffness given herein were obtained by

post frame-panel bond separation as explained in miscellaneous stiff

ness evaluation 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. 44 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 4 (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. (914mm)

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.(4l.3KN/mm), as compared to Specimen 1

[206 k/in. (36.1KN/mm)], Specimen 4 [187k/in. (32.7KN/mm)], and Specimen
KN7[124k!in. (21. 7 --)]. Thus the initial contribution of the unreinforcedmm -

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 [35.3 vs. 54.5 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 cyclic 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 1 in. (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 7 is between the response of

Specimen 2 and Specimens 1 and 4. (See Fig. 82.) Specimen 7 failed

by a completely different mechanism than Specimen 2 (see Figs. 37,

38, 49, 50, 51, 52), evidencing that the light reinforcing used in

Specimen 7, p = .15% corresponding to 12 in. (J05mm) spacing to steel bars

each way in the panel, provided sufficient dowel action to main-

tain adeQuate continuity between the bounding frame and the panel,

but failed to provide sufficient continuity to significantly retard

breakup of the panel. Note that Specimen 7 consisted of the re_

paired subassemblage from Specimen 4, the left column of which was

previously 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

subj ected to an inters-tory drift of about 1.3 in. (33.0 mm), its spiral re

inforcing steel fractured; leading to a drop in its shear capacity

(See Figs. 44 and 52) to below that of the soft-story frame mech-

anism at the first-floor interstory drift index of 0.036.

Concluding remarks:

The addition of an infill of clay bricks to a bare-moment-
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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). In

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 just a first-floor soft story.

The increase is of 434% in initial stiffness and 336% in peak lateral

resistance when compared with that of a complete bare frame.

(6)

to be 368

The average panel nominal unit shear stress was estimated

psi (2.54 MPa) in Specimen 4.

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 14 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.lmm) (interstory drift index; 0.042), 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. (281KN, 29
KN

)J than either Specimen 6 [80. k, 238k/in. (355.8KN,
rum

41. 7 KN) J or Specimen 14 [83. k, 210 k/in. (369 KN, 37 KN)J. This low strength
rum rum

and stiffness of Specimen 12 is most likely attributable to a variation

in material properties, as the second-story panels of Specimens 6 and

14 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 Specimens 6 and 14 were from the original

Klingner test series Ill. In spite of the smaller contribution of

the infill in Specimen 12 to the lateral strength and stiffness

relative to Specimens 6 and 14, 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 [167k/in. vs. 35k/in. (29.2, 6.1KN )J
1'1I'l

and energy absorption and dissipation capacities of the complete bare

frame structural subassemblage. While Specimens 6 and 14 had an average

unit nominal shear stress in the panel at peak lateral resistance of

541 psi (3.73 MPa) and 561 psi (3.86 MFa) 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 (24.1 MP~

the observed average shear stress represents a strength of 7.2 If~

(psi) (.597 If' (MPa))
m

Jigure 88 compares the response envelopes of the two clay brick

specimens (5 and 13) which failed in a third-story sidesway mechan

ism. The response of these two specimens has been discussed pre-

viously with the constderation of effect of load program. It will

only be pointed out here that the initial stiffness and strength of

these two specimens compare favorably, having a maximum variation



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 aver~e panel 1.mit 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), 3.I1d that of the specimens failing in the third story,

having an average of 186 k/in. (32.6KN/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 increaEe in peak lateral re

sistance of 48%, 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 envelopes 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., a sliding shear failure vs. crushing of the diagonal

compression strut. Specimen 3 developed a maximum average panel

unit nominal shear stress of V = 459 psi (3.16 MPa), and Specimen
u

8 a V = 316 psi (2.18 MFa). The strength of Specimen 8 dropped
u

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 following points:

(1) The critical importance of workmanship with regard to

the peak lateral strength of the specimen, particularly when the

specimen is subjected to cyclic load, including de~ormati0n 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



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. (6.1KN/mm)

for the complete bare frame to 212 k/in. <37.1 KN/mm) in the case of

Specimen 3, or to 250k/in. (43.8KN/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

(55.6 KN) for the complete bare frame to 67.9 kips (302. KN) for Specimen

3 and 46.7kips (208. KN) for Specimen 8. This represents an increase

in lateral load capacity of 443% 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 70% 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 load-interstory displacement curve.

5.3.4 Lightweight Concrete Infills (Second-Story Failures)

Figure 85 compares the response envelopes of the only two

lightweight concrete specimens tested, Specimens 10 and 11. Both

of these specimens were observed 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 [lOOk, 409 k/in. (445. KN, 72. KN/mm)]than Specimen 10 [92.7k,

358k/in. (412. KN, 63. KN/mm)]. This represents a 14% difference in

initial stiffness and an 8% difference in peak lateral resistance.

Specimens 10 and 11 developed an estimated maximum average panel

unit nominal shear stress of V = 626 psi (4.32 MFa), and V = 676
u u

psi (4.66 MFa), respectively. The response envelopes begin to

diverge at an interstory displacement of approximately .9 in. (22.9mm)

due to the faster degradation occurring under cyclic loading.

This corressponds to an interstory drift index of .025.

Concluding remarks:

(1) The initial stiffness increased from 35 k/in. (6.1 KN/mm) for

the complete bare frame to 358k/in. (62.7KN/mm) in the case of Specimen

10 and to 409k/in. (71.6KN/mm) for Specimen 11. This is an increase of

922% and 1068% for Specimens 10 and 11 respectively. When compared to

the first-floor soft story frame (k = 60.5 k/in., 10.6 KN/mm), the respec

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

(2) The maximum lateral resistance increased from 12.5 k (55.6 KN)

for the complete bare frame to 92.7k (417. KN) and lOOk (445. KN) for

Specimens 10 and 11 respectively. This represents respective increases

of 642% and 700%. When compared to the first-floor soft story frame,

this represents increases of 238% and 264%, respectively.

(3) When the horizontal force-lateral displacement graphs

(Figs. 26 and 27) are examined, it is observed that the response

is almost perfectly elastic followed by a very rapid loss in
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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 elasticall~

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

hada2.0 in. (50.8 rom) 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 aftere first-floor

interstory displacement of 2in. (50.8mm) correspondin~ 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

crushing 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. (51.1KN/mm),

Specimen 17,118 k/in. (20.7KN/mm) and Specimen 18,203 k/in. !35.6KN/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 MFa) relative to Specimen 16 (5.29ksi) (36.5 MFa). This variation

in material properties affected greatly the elastic in-plane stiffness

of the panel, and hence the subassemblage.

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 tests.

Factored stiffness values (by 2.0/2.5) should also be used for

comparison to other tests. These stiffnesses are 234 k/in. (41.0 KN/mm) ,

94 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 MFa),
u

Specimen 17 v = 331 psi (2.28 MFa), and Specimen 18 v = 310 psi
u u

(2.14 MFa) 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 clay bricks, even

if the factored values 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 arid 7 (Figs. 18, 20, and 23),

clearly shows that the energy absorption and energy dissipation

capacity of the ~{F 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 economdcal construction potential of

the ~ infills when compared with all other types of infills

used in this investigation, it is concluded that ~ 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 ~ 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 Tl computed neglecting the contribution

of such infills. The problem is to determine the proper stiffness

that should be used. This depends on the problem at hand. I~ 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 modified by the

occurrence 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 be noted that most stiffness values presented in the text

of this report for infilled frame specimens have been estimated as a se

cant stiffnesses from a 30 to 40 kip range (133.4 to 1T7 .9 KN) . The stiff

nesses of some specimens have been calculated in the 20 to 30 kip range

(89.0to 133.4KN) when excessive panel degradation had already occurred

in the 30 to 40 kip range (133.4 to 177.9 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

Ric 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 the bare moment resisting

R/C frame is significantly increased by the addition of infill. In

case of virgin infilled specimens, the peak 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 strength of a frame with a soft

story corresponding to the story in which damage of the infill con

centrates. Excellent hysteretic behavior has been obtained with

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

(4) While the maximum lateral strength in cyclically loaded

andlor deformed specimens depends on several parameters (see Conclu

sions 2 and 3), the final mechanism of failure is what can be defined

as a somewhat strengthened soft story frame. Thus the energy dis

sipated by an infilled Ric 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 required or desired

deformation capacity of the frame.

(5) The hysteretic 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 dynamic 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 specimens the large inelastic

deformations were concentrated in one 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 design 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 capacity of the building structure, 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 viscous damping and

changes in the mechanisms of dissipation of energy by inelastic de

formation, make it difficult to arrive at definite conclusions 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 considering the two sides of the design e~uation, 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 dynamic response and, conse~uently,

on the seismic resistant design and retrofitting of buildings.

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

Structure

The evaluation is ~irst based on the results obtained in the

models that have been tested. Then they are extrapolated to the proto

type by just considering the scale effects, i.e., the stiffness in the

prototype, KP , is e~ual to the stiffness in the model, ~, multiplied

by the length scale L , i.e.,
s

Furthermore, the lateral stiffness that will be evaluated and

compared is the one 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, ~f was evaluated at 35 k/in.

(see Table 3). This value is shown in Fig. 90 where it is compared

with the values 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 K~ obtained for the specimens

tested varied from 118 k/in. to 409 k/in. (20.7 to 71.7KN/mm) with an

average of 221 k/in. (38.7KN/mm). When the values obtained for the same

type of infills are averaged, the ~ varied between 163 to 383 k/in.

(28.6 to 67.1KN/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. (40.470KN/mm). When the infill was made

of lightweight concrete cast in place, the K~ averaged 383 k/in.
s

(67.1KN/mm). The smallest KI 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 3
3
8
5
3 = 10.94 being the average about 2

3
2
5
1 = 6.31-

(4) Effect of K~ 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 Mchanges; see Table 4.

(al 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 just one infilled frame, Tif , with

that corresponding to one bare frame, T
bf

, we will have that On the

average

=
1

--T
Ib':3l bf

= 0.40 Tbf .

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

= _l_T
14.66 bf

= 0.46 T
bf

The largest decrease is in the use of lightweight concrete panels

cast in place

=_l_T
I:i:D.94 bf

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 periods also represent the change in period

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 be 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 ATe

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

Average V (llxl)
T~f = T

bf = 0.58 T
bfchange (7xl) + (4x6.3l)

Lowest y (llxl)
T
if = T

bf = 0.65 T
bfchange (7xl) + (4x4.66)

Highest y llxl
'Pif = Tbf = 0.47 T

bfchange (7xl) + (4ilO.94)
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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.lKN). The total mass of the building model is 23144 k/27g =
857 k/g (3814 KN) •

g

Case that 11

t 11 x 7.90
amoun s 857
follows:

Frames Are Infilled. The increase in reactive mass

= 0.10, i.e., 10%. The changes in the T
if

are as

Average
+

~857 + (llx7.90l] xl
T
if = T

bf
= 0.42 T

bfchange 857 x 6.31

Lowest
+ = ~I857 + (llx7.90l] x 1

change T
if 857 x 4.66

T
bf = 0.49 T

bf

Highest
+ ~[857 + (llx7.90)] x 1

T
if

=
10.94 Tbf =0.32Tbfchange 857 x

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

building is very small (smaller than 7 percent).

Case that Four Frames Are Infilled. Increase in reactive mass
4 x 7.90

amounts 857 = 0.04, i.e., 4%. The changes in Tif are as follows:

Average ~L857 + (4x7.90l]
"'
- = 857 x 0.58 Tbf = 0.59 T

bfchange ..I.

if

Lowest

T~f = 1.0183 x 0.65 T
bf

= 0.66 T
bfchange
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Highest

change 1.0183 x 0.47 T
bf

= 0.48 T
bf

6.2.2 Interpretation of Model Results Regarding Behavior of

PrototyPe BUilding

All the above results which were obtained considering a model of

3, can be translated to thethe building in the length scale L =
s

prototype by proper consideration of the effects of this scale.

Accordingly the periods of the prototype, TP , would be given by

period computed for the corresponding model, T m, multiplied by

the

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 is equal to 35 k/in. x 2 = 70 k/in. and considering that

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

is 857 k/g, the Tbf results to be

= 2rr"-' 857 K
'(70xll) K 386-.- x

ln

in
S;C2

= 0.338 sec.

and consequently

Tb~ = 3 x 0.338 sec. = 1.01 sec.

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, all the results obtained above for the periods

of the model infilled frame can be translated directly to the periods

of the corresponding prototype infilled frame by just multiplying them

by the length scale factor 3. The period values in seconds for the pro

to type infilled building are given in Table 4.
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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 V that the model of the building
n

could have resisted. This estimation in turn will be based on the

measured lateral resistance of the specimen tested,(V )s which is
n

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 = (V )s = 12.5 kips
n

(55.6KN). This means that a l/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 U224KN).

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 70.6 kips (3l4.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 V will be directly obtained from the results of the speci
n

mens tested (V )s, since
n

V = (V )m x L 2
n n s

= [(V )s x 2] L 2.
n s

When only 4 of the 11 frames are infilled, the determination of V
n

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 illustrated in Fig. 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 to 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 in filled frame

reached its peak "elastic" strength the bare frame has developed a

resistance equal to half of its maximum strength, i.e., that the

(1) (V) ~f for Unreinforced Infill. This type of infill re
n Ul

sulted in the lowest lateral resistance. According to the re-

sult obtained for Test Specimen 2 (Fig. 18), (V ) ~f becomes
n Ul

35.3 x 2 = 70.6 kips (314.KN). In spite of this low value, it still
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represents an increase of 182% with respect to the resistance of the

bare frame, i.e., (Vn)u~f = 2.82 (Vn)b~'

Then for the case of all 11 frames being infilled

In case that only 4 frames are infilled

7 (0.5) + 4 (2.82)= 11

(2) (Vn)r~f for Reinforced Hollow Masonry Infill. The smallest

lateral resistance measured during the experiments for this type of

infi11 was 39.2 kips (174.4KN) (Specimen 7, Fig. 23) which has only

0.15% of reinforcement. This means a (V ) ~f = 39.2 x 2 = 78.4n rl
kips (34&BKN) which represents an increase 214% 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 46.7 kips (207.8KN) (Specimen 8, reinforced concrete

blocks, Fig. 24), which means a (V ) ~f of 46.7 x 2 = 93.4 kips (415.6KN).
n rl

This in turn represents an increase in base shear strength of 274%

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

Smallest (Vn)r~f = 3.74 (Vn )b~

Average (Vn)r~f = 5.20 (Vn)b~

Largest (Vn)r~f = 6.64 (Vn)b~

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

p = 0.15% {Smallest
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+
(Vn )bfSmallest (Vn)rif = 3.74

0.60%
+

(vn )bfp = Average (Vn)rif = 5.20

+
(Vn)bfHighest (Vn)rif = 6.64

In case where only 4 of the 11 frames are infilled

p = 0.15% {Smallest (Vn)r~f = 7(0.5) + 4(3.14) = 1.46 (vn )bf11

Smallest (Vn)r~f = 7(0.5) + 4(3.74) = 1.68 (vn )bf11

P 0.60% Average (V ) ~ = 7(0:5) + 4(5.20) = 2.21 (Vn )bf= n rlf 11

Highest (V ) ~ = 7(0.5) + 4(6.64) = 2.73 (Vn )bfn rlf 11

(3) (V) ~f for Solid Split Brick Reinforced with Welded Wire
n rl

Fabric. The three specimens tested (16, 17, and 18, Figs. 32, 33,

and 34) resisted maximum lateral forces of 70.7, 57.3, and 61.3 kips

(314.6, 255.,

of 126.2 kips

272.8KN) respectively. This means an average (V ) ~f
n r1

(561.6KN), which in turn means a 405% increase in

Highest

Average

strength with respect to the bare frame.

For the case that all the 11 frames are infilled

+
Smallest (Vn)rif = 4.58 (Vn)bf

(Vn)r:f = 5. 05 (Vn)bf

+
(Vn)rif = 5.65 (Vn)bf

In case that only 4 of the 11 frames are infilled

Smallest

Average

Highest

(V ) - = 7(0.5) + 4(4.58) =
n rif 11

(V ) - =7(0.5) + 4(5.05) =
n rif 11

(V ) - = 7(0.5) + 4(5.65) = 2.37(V
n

)bf
n rif 11



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

+ 3.66 (Vn\fSmallest (Vn )rif(2") =

+ 4.04 (vn )bfAverage (Vn )rif(2") =

+ = 4.52 (Vn\fHighest (Vn )rif(2")

In case where only 4 of the 11 frames are infilled

Smallest (Vn)r~f(2") = 1.65 (Vn\f

Average (Vn)r~f(2") = 1. 79 (Vn)bf

Highest (Vn)r~f(2") = 1.96 (vn)bf

(4) (V) ~f for Reinforced Lightweight Concrete Infill.n rl
The two specimens tested (10 and 11, Figs. 26 and 27), resisted

maximum lateral forces of 93 and 100 kips (413.8 and 445.KN). Therefore, on

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

respect to bare frame, or (Vn)r~f = 7.72 (Vn)b~'
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If all the 11 frames of the building are infilled

+
Average (V ) 'f = 7.72n rl

In case that only 4 of the frames are infilled

A (V ) -. = 7x(O.5) + 4(7.72) = 3.12
verage n rlf 11

Minimum
/(Vn)bf
'Maximum 3.23 (V )

n bf

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

The dynamic response depends, of course, not only on the

dynamic characteristics of the building (T, ~, V ,and ~) but also on
n

the dynamic characteristics 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 earthquake ground motions. The easy way to obtain a

clear idea of what can be the effects of the changes in T over the

response is to analyze the response .3pectra;of ground motions. In

doing so we have to distinguish the following 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 ~.

6.4.1 Mass Mof the Building.

Because the numerical estimations conducted in section 6.2.1(4)

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

23l44!. (l0299~).
g g

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 sees. and the one obtained analytically, i.e., 1.30 sees.

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 is clear that because of variation in T, 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, Vi~

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%, 141%,

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 sees to 0.39 sees. 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 a single degree of freedom having the total mass M of the building

and the periods computed in Table 5. In the case that Tb~ = 1.01

sec, the addition of infills changes this value to 0.40 sec, 0.46

and 0.30 sees for the average, lowest and highest decreases. This

change causes the following corresponding approximate increases

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

Table 6 shows also the estimated increases for the case

that only 4 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 increase 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 7, 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

age, lowest and largest decrease in Tif considering Tb~ = 1.30 sees.

Figure 92 illustrates the estimations of the maximum displacements

for the case of Tb~ = 1.30 sees and Tif = 0.39 sees., considering

the structures as single degree of freedom systems. For the case

of Tb~ = 1.01 sees, the decreases are 76%, 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 deformation are very significant and have beneficial

effects. The smaller the deformation the smaller the damage, either

of the structural or nonstructura1 components, and the smaller
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the p-~ 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

S~pq

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 sees, and assuming that all the frames of the

building are infilled amounts to 141% when compared with that corres

ponding to the demands for a building with just bare frames. In

case of Tb~ ; 1.01 sees, 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 700% 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. In

the case that only 4 of the 11 frames are infilled, similar comparison
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shows that the increase in demand for the case of T p = 1.30 seesbf
varies from 56 to 141% and when Tb~ = 1. 01 sec it varies from

57 to 86%. On the other hand the increase in the supplied strength

varies from 34~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 with p = 0.15%, all 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 ~ 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,

considering that in the design of the building, the total weight

was estimated in 23144 kips (102991.KN), i.e., W = M.g = 23144 kips

(102991. KN) .

Estimation of Lateral Resistance and Intensity of Ground Motion

These estimations are summarized in Table 8.

(1) The 11 Frames are Infilled. Then the lateral strength of

the 11 prototype infilled frames, (V )of' will be (V )~f x 11 xL 2.
nl ill S

Because the L of the models is 3, then the strength scale factor
s

is (3)2 = 9.

(a) Unreinforced Infills. Considering the lower value obtained

for this type of infill (V ) 'f = (70.6k x 11) x (9) = 6989 kips (31103KN).n Ul

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

of

6989
C = 23144 = 0.30

Because this infilled frame building has aT = 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 has the dynamic char

acteristics of the earthquake ground motions considered by Newmark

and Hall [6J in their smoothed elastic design response spectra and a

~ = 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 (57272KN)

which results in a

12870
C = 23144 = 0.56

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

tically" earthquake ground motions with effective peak acceleration up to

approximately 0.22g if the motions have dynamic characteristics similar to that

considered by Newmark and Hall [6] anda E; = 5% is assumed (Fig. 92).

(c) Solid Split Bricks Reinforced with Welded Wire Fabric. Con

sidering the average strength obtained for this type of infill

(V ) 'f = 126.2 x 11 x 9 = 12494 kips (55597KN).n rl
This results in a

C = 12494 = 0 542"3l'!llI .

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

sist "elastically" the effects of earthquake 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 (4), the averaged strength available for this type of infill
k

(V ) 'f = 193 x 11 x 9 = 19107 kips (85026KN).n rl
This yields a

19107
C = 23144 = 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 respcnse spectra of these motions are

like the ones illustrated in Fi~. 92.

(2) O~lY 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, a , that the building can resist "elastically"
ep
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if these motions have elastic response spectra like that illustrated

in Fig. 92 are as follows:

(a) Unreinforced Infills.

k k
(Vn)uif = (7 x 12.5 + 4 x 70.6 ) 9 = 3329 kips (14814.KN).

As shown in Table 5 this represents an increase of 34% over the

similar strength of the bare frame building.

The overall lateral seismic resistant coefficient C corresponding

to this (Vn)Uif is estimated as

3329
C = 23144 = 0.14

Since considering a Tbf = 1. 30 sec the Tif = 0.75 secs this structure

can resist a ground motion having an a = 0.07g. Note that for the

bare frame building the C = ~~iti4 = o.~i, and considering a Tbf = 1.30

secs the corresponding max a = O.lOg
ep

(b) Reinforced Hollow Masonry Infill.

(Vn)rif = (7 x 12.5 + 4 x 130) x 9 = 5468 Kips (24333.KN)

= 2.21 (Vn\f

5468
C = 23144 = 0.24

considering T
if

= 0.75 secs: a
ep

= 0.13g

(c) Solid Split Brick Reinforced with Welded Wire Fabric.

(V ) of = (7 x 12.5
k = 4 x126.2

k
)x 9 = 5330 kips (23705KN)n rl

= 2.15 (Vn)bf

5330
C = 23144 = 0.23

considering T
if

= 0.84 secs:
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(d) Reinforced Lightweight Concrete Infill

k k
(Vn)rif = (7 x 12.5 + 4 x 193 ) x 9

7735
C = 23i44 = O. 33

considering T
if

= 0.61 secs: a = 0.17g
ep

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 34% to 234% depending on the type of infill.

However, only for infills reinforced with P ~ 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

a , have been estimated according to the response spectra illustrated in
ep

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. In the

case of reinforced lightweight concrete infills, these infills could

be used without the danger of any significant damage in seismic

regions in which a
ep

~ 0.32g, which means they could be used in

regions of very severe earthquake ground motions. The maximum value

specified by ATC [13] for a is 0.40g. Similarly, the solid split
ep
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bricks reinforced with wire fabric could be used in seismic regions

where a S O.21g., i.e., areas 1,2,3,4, and 5 of ATC map areaep
classification.

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

Unreinforced masonry could be used in seismic regions

where the aep s.O.07g, Le., in regions located in the U.S. area

classified as 1 and 2 in the map area classification recommended by

ATC [13]. The solid split bricks reinforced with welded wire fabric

Simi-

bare frame in regions

areas according to ATC

could be used advantageously with respect to

where a < O.14g (i.e., for '1111,2, and 3ep -
area classification), without danger of suffering serious damage.

map

larly, reinforced lightweight concrete infill could be used in areas where

a 5. O.17g, i.e., ATe areas 1 through 4.
ep

It can be concluded 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 "elastic" strength? Can the infilled

frame survive such deformations without severe damage? In attempting to

answer it is necessary to analyze the inelastic behavior of infills in

the infilled frames, and how this behavior affects the performance of

the frames. In 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 requirement 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. 17 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 deformations (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),

(V)m = 46 kips (204KN),and then a~ increase up to a value of about
n

30 kips (Vn)m = 60 kips (267KN) up to a displacement ductility, ~6

of about 39. (See Section 5.2.1). It should be noted that after a V6
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, ~6' 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 Tbf = 1.30 secs resulted in an

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

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 ~o = 2.5 is conducted, the increase in strength demand due

the decrease in T from 1.30 sees to 0.52 sees is found to be 138%,

while the increase in the supplied strength is 182% for ~o 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 a is ~ 0.26 g if all the 11
ep

frames are infilled, or aep ~ 0.22 g if only 4 of the 11 frames are

infilled. However, the real problem with this kind of infill is not

the initial stiffness or the strength, but the fact that as soon as

maximum strength is reached, the masonry units can shatter and large

portions of the infill spall out. In the case of earthQuake response

this is like an explosive failure with a large portion of unreinforced

masonry scattering about. This type of explosive failure of unreinforced

masonry infills has been typically observed after moderate 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 Nonductile 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 structural system

should not be used. Its use should be limited to regions of very low

seismic risk level, i.e., regions where a < 0.12 g if all the frames are
ep -

infilled or a < 0.07 g if only 4 of the 11 frames are infilled. The
ep -

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 explosive 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 failed 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 a ~ 0.13 g if onlye~ of the 11 frames are infilled,
ep

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 i~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

(V ) ~f=130kips (578KN) = 5.2 (V )bmf considering that it can developn rJ. n
at Vo = 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

Case

For T = 0.52 secs: a
ep

T = 0.40 sees: a
ep

Where 4 of the 11 Frames Are Infilled

For T = 0.75 sees: a = 0.26 g
ep

T = 0.54 sees: a = 0.18 g
ep

In the case that the infill consisted of solid split bricks

87



reinforced with two layers of WWF since the infilled frame can develop

a ]18 = 4.2 ,rith 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 a if the elastic and inelastic design
ep

response spectra of these ground motions are like those shown in

Figs. 92 and 93.

Case ~fuere All 11 Frames Are Infilled

For T = 0.60 sees: a = 0.77 gep
T = 0.46 sees: a = 0.59 gep

Case ~ere 4 of the 11 Frames Are Infilled

For T = 0.84 sec: a = 0.55 g
ep

T = 0.66 sec: a = 0.44 g
ep

In the case of a building with bare ductile frame--for a

T
bf

= 1·30 sees it would require to develop a ]18 > 6.1 to be able

to resist a ground motion with an a
ep

= 0.55 g, and in case T
bf

=

1.01 secs it would require a]18 ~ 5.6 to resist a ground motion with

0.44 g. Since the experiment has shown that the bare frame structure

can develop a ]18 = 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 it should be

recognized that for a bare frame'structure to develop a]18 = 6.1, it

would have to undergo lateral displacements considerably larger than

that needed for an infilled frame building to develop ]18 = 4.2. Fur

thermore, in case of the infilled frame, most of the damage will be

developed 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.S. 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) Buildings up 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.

(c) 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 [14], who show that

the required column curvature ductility factor, ~ ./~ ., can be typi-
UC1 YC1

cally expressed as ~ ./~ . = 12.54 r - 3.2 where r is the number of
UCl yCl .

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

In the case of solid 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

Un = 2.4 in.10.17 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, a ,without danger of
ep

failure (collapse).
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Case Where 11 Frames Are Infilled

For T = 0.60 sees: a = 2.05 gep
T = 0.46 sees: a = 1. 54 g

ep

Case Where 4 Frames Are Infilled

For T = 0.84 sec: a = 1.62 g
ep

T = 0.66 sec: a = 1.31 g
ep

The interstory drift

rotations in the columns.

ratio of 0.07 is very large, demanding large

The columns of the specimen were capable of

developing 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 frequency 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 [15J.

In conclusion it can be stated that the use of specially 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.S.,

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 a = 0.32 g. Furthermore, from·ep
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 ~o 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

~o = 2 can resist ground motions that have a smoothed response spectra

like the one shown in Fig. 92 with the following peak effective

acceleration aep
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Case Where 11 Frames Are Infi11ed

For T = 0.39 sees: a :; 0.54 gep
T = 0.30 sees: a $ 0.54 g

ep

Case Where 4 Frames are Infi11ed

For T = 0.61 sees: a < 0.31 g
ep

T = 0.47 sees: a < 0.25 g
ep -

As indicated above and discussed in detail in Sections 4.2.10,

4.2.11, and 5.2.5, and illustrated in Figs. 26, 27, and 85, the

reinforced lightweight concrete infills reach maximum lateral resis

tance [93 kips (414KN) and 100 kips (445KN) 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 (187KN)

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 24.5%

the \10 = 4.3

buildings.

leads to the following estimated a for the prototype
ep

For T = 0.61 sec:

For T = 0.47 sec:

Case Where 11 Frames Are Infilled-----------

For T = 0.39 sees: a < 0.68 g
ep -

T = 0.30 sees: a < 0.64 g
ep

Case Where 11 Frames Are Infilled

a = 0.53 gep
a = 0.41 g

ep

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 \1
0

=6.6,
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For T = 0.61 sees:

For T = 0.47 sees;

the following values of a can be obtained:ep

Case Where 11 Frames Are Infilled

For T = 0.39 sees: a ~ 0.64 gep
For T = 0.30 sees: a ~ 0.48 gep

Case Where 4 Frames Are Infilled

a < 0.37 gep
a < 0.28 g

ep

From analysis of the above results it can be concluded that

Ric 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 ATe 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 (al through

ec) noted in Section 6.6.3 (1).

6.7 Concluding 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

s·ummarized 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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and an a
ep

cluB'ion is

6.7.1 Seismic Resistant Design of New Buildings

(1) Infilling all frames up to 11 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 a ~ 0.12 g. ep
if all frames are infilled. Under these ground motions the infill will

behave "elastically" and no danger of shattering 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 a
ep

~ 0.26 g if all frames are

infilled, and" 0.22 g if only 4 of the 11 frames are infilled. This

conclusion is valid for seismic 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) Mason~y infills properly reinforced with p ? 0.4% can be

used advantageously for buildings located even in the most severe

seismic regions of the U.S. 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 a = 0.59 g if all the frames are infilled
ep

= 0.44 g if only 4 of the 11 f~ames are infilled. This con-

limited by the conditions discussed in detail in Sec. 6.6.3.

Because of the assumptions made in the numerical analysis, particularly

those regarding the idealization of the experimentally obtained lateral

load-deformation relationship, caution should be

conclusion to cases where the ground motions can

acceleration pulses of long duration.

taken in applying this

contain severe (high a )
ep

(3) Lightweight concrete infills with p ? 0.6% can be used advan

tageously in seismic zones where the ground motions have a $ 0.54 gep
if all the frames are infilled and a

ep
~ 0.25 g if only 4 of the 11 frames

are infilled. It might even be used for seismic zones with an aep ~ 0.64 g

if all frames are infilled and an a
ep

~ 0.41 g if only 4 frames are



infilled, however, the effect that the significant drop in resistance

that has been observed to occur after a ~o = 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

it has been shown that any deformation softening can

demands considerably [16J.

high a ,where
ep

increase ductility

6.7.2 Repair and Retrofitting of Ric 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. 77-81. 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 4 frames are infilled, but also allows excellent

hysteretic behavior with peak ductility displacement, ~o' up to 4.2

with a maximum reduction in strength of only 14%.

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.

4. 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.

7. Idealization of the Actual Lateral Load-Deformation Rela

tion~of the Bare and Infilled Frames. The analytical assess

ment of the implications of the experimental results regarding

behavior of the building have been made idealizing the actual ex

perimental relationship by a linear elastic-perfectly plastic model

using different yielding strengtrs 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 lf can be constructed; and that all the ground

motions that can occur have dynamic characteristics similar to those

included in the derivation of the smoothed linear elastic and inelas

tic design response spectra suggested by Newmark and Hall [6] and

illustrated in Figs. 92 and 93. The importance of the limitations

imposed by these assumptions in conjunction with the idealization

pointed out 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 a ) of long duration should be investigated before the con-ep
elusions to be presented herein are applied to the design of new

buildings and/or to retrofitting of existing buildings. The inter

acting effects 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. In 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.

7.1 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 cyclic 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.

(4) 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 values observed under monotonic loading. The peak strength under cyclic

loading, which is somewhat smaller than that obtained under monotonically

increasing load, deteriorates as the severity of deformation and number

of cycles increases but 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) Although the interstory displacement 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 failure 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 Ric frame should be larger than a bare soft

story frame.

(7) Failure of unreinforced 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.

7.1.2 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) In 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.

7.1.3 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.upon 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

increase with respect to a bare frame building is only about 10%. This

increase in mass has two main effects. First, it induces a change in

the period· of the building which is about 5%, therefore it can be

cons·idered 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 seis

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 70%. 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 700%, 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.

(7) 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

Elastic Behavior.

Strength vs. Demanded Strength in the Case of

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'll frames are infilled.

Thisdecrease in displacement demand is a significant advantage in the

us e 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 "elastic" 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 can resist elastically ground motions similar to those con

sidered in the derivation of the response spectra of Fig. 92 with an

effective peak acceleration of a =0.10 g, the addition of infills
ep

of solid bricks reinforced externally with wire welded fabric allows

the building to resist an a = 0.22 g, Le., an increase in 120% in, ep
intensity of ground motions if all the frames are infilled. If only

4 of the 11 frames are infilled it can resist an a = 0.14 g, i.e.,ep
an increase in intensity of 40%. By infilling all the frames with

reinforced lightweight concrete it is possible to resist elastically

ground motions with an a < 0.32 g, which means that they can be usedep -
in all the seismic regions of the U.S. except those classified as area 7

in the ATC map area classification.

(11) For buildings which can resist the extreme ground motion ex

pected at the site through large inelastic d~formations, the use of

infills like that of solid bricks reinforced externally with welded wire

fabric offers considerable advantage over the use of just bare frame.

Because these infilled frames can develop an interstory displacement

ductility ~o = 4.2 with a reduction in strength of only 14%, the

building can resist ground motions with an a ~ 0.44 g even if only
ep
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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'~o ~ 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.

7.1.4 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 frames 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.

7.2 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 absorption

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 including 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 Honotonic Clay Brick Clay Brick Clay Brick 55.2 First Story
0=0% 0=0.6% 0=0.6%

2 I,Rl Cyclic Clay Brick Clay Brick Clay Brick 35.3 First Story
0=0% 0=0.6% 0=0.6%

3 3 Monotonic Concrete Brick LWe Lwe 67.9 First Story
p=o.6% 0=0.6% 0=0.6%

4 2 Cyclic Clay Brick Clay Brick Clay Brick 54.5 First Story
0=0.6% 0=0.6% 0=0.6%

5 l,R2 !-1onotonic 6in. R!e Clay Brick Clay Brick 68.6 Third Story
0=0.6% 0=0.6% .

6 I,R3 Cyclic 6in. R!e Clay Brick Re 0-0.6% 80.0 Second Story
0=0.6%

7 2,Rl Cyclic Clay Brick Clay Brick Clay Brick 39.2 First Story
0=0.15% 0=0.6% 0=0.6%

8 3,Rl Cyclic Concrete Brick LWe Lwe 46.7 First Story
0=0.6% 0=0.6% 0=0.6%

9 3,R2 Cyclic No Panel Lwe Lwe 27.4 First Story
0=0.6% 0=0.6%

10 3.H3 Cyclic 61n, R!e LWe Lwe 92.7 Second Story
0=0.6% 0=0.6%

11 3.R4 Monotonic 6in. R!e LWe LWe 100,0 Second Story
0=0.6% 0=0.6%

12 1.R4 Monotonic 6in. R!e Clay Brick Re 0 0.6% 63.2 Second Story
0=.15%

13 2,R2 Cyclic 6in. R!e Clay Brick Clay Brick 76.0 Third Story
p=0.6% 0=0.6%

14 2.R3 Monotonic 6in. R!e Clay Brick Re 0 0.6% 83.0 Second Story
0=0.6%

15 4 Cyclic No Panel No Panel No Panel 12.6 Tota.l
MechluUsm.

16 5 Cyclic Split Brick Split Brick Split Brick 70.7 56.6** First Story
90' =0.4% 90' =0.4% 90' =0.4%

17 5.Rl Monotonic Split Brick Split Brick Split Brick 61.3 49.0** First Story
90 0 =0.4% 90 0 =0.4% 90 0 =0.4%

18 4.Rl Cyclic Split Brick Split Brick Split Brick 57.3 45.8** Combined
115 0 =0.4% 45' =0.4% 45 0 =0.4% Mechnnl!1l1l

*1 Kip = 4.45 KN
** d b 2.0 inFactore y 2.5 in
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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
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FIG. 39 TEST SPECIMEN 3, BEFORE DISPLACEMENT REVERSAL

FIG. 40 TEST SPECIMEN 3, AFTER PARTIAL DISPLACEMENT
REVERSAL
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FIG. 41 TEST SPECIMEN 4, HORIZONTAL CRACKING IN MORTAR
BEDS, BOTTOM STORY PANEL

FIG. 42 TEST SPECIMEN 4, INITIAL CRUSHING AT RIGHT
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FIG. 43 TEST SPECIMEN 4, CRUSHED ZONE PROPAGATING
rHROUGH FIRST-STORY PANEL

FIG. 44 TEST SPECIMEN 4, AFTER SPALLING OF MASONRY
MATERIAL IN CRUSHED ZONE
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FIG. 45 TEST SPECIMEN 5,
HORIZONTAL CRACK COM
PLETELY ACROSS TOP OF
THIRD-STORY PANEL

FIG. 46 TEST SPECIMEN 5,
CRUSHING AND SLIDING
SHEAR AT TOP OF THIRD
STORY PANEL

FIG. 47 TEST SPECIMEN 5,
DETAIL OF CORNER FROM
FIG. 46
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FIG. 48 TEST SPECIMEN 6,
CONTINUOUS SPALLED PANEL
BONE EXPANDS DUE TO
INTERACTION WITH COLUMNS

FIG. 49 TEST SPECIMEN 7,
HORIZONTAL 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



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

FIG. 54 TEST SPECIMEN 8, HORIZONTAL CRACK COMPLETELY
ACROSS PANEL
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FIG. 55 TEST SPECIMEN 8, LARGE RELATIVE DISPLACEMENT
ACROSS HORIZONTAL CRACK

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



FIG. 57 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



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
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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. 74 TEST SPECIMEN 17,
HORIZONTAL FAILURE 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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NEWMARK AND RALL [6]
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