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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about earthquakes, improve earthquake-resistant design, and lmplt­
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in zones of low, modemte, and high seismicity.

NCEER's rLsearch and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years six through ten. Element III, Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studies. Element
IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENT I
BASIC RESEARCH

• seismic heard and
ground motion

• Solis and geotechnical
Wlgln..rlng

• Structures and svstems

• Risk and rel~bllnV

• Protective and
Intalligent systems

• Societal and economic
.tudles

ELEMENT II
APPUED RESEARCH

• The Building ProJect

• The Nonstructur.1
Compor.ents Project

• The LUelln.. ProJect

• The Bridge Project

ELEMENTAl
DEMONsTRAnON PROJECTS

c... StudIe.
• Actlv. and hybrid control
• Hospital and da" proce..lng

f.cllltles
• Short .nd medium ..,.n

brldg.s
• Watar supply syatams In

Memphis and San Francisco
Regional Studle.
• .... VorkCnV
• ""'lulppl Valley
• San Francleco Bay Ar••

ELlEMENT IV
....EMENTAnON

• ConferenceaIWorkahape
• Educ.tlonJTr.1n1ng cour.a
• Publication.
• Public Awerene..

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings. steel semi-rigid
frames, and masonry walls or infills. The research involves small- and medium-scale shake tahle
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of these

buildings to various types of ground motion.

iii

Preceding page blank



Two of tile short-tenn products of the Building Project will be a monograph on the evaluation of
light!y reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The structures and systems procram constitutes one of the important areas of research in the
Building Project. Cum:nt tasks include the following:

1. Continued testing of lightly reinforced concrete external joints.
2. Continued development of analytical tools, such as system identification, idealization,

and computer programs.
3. Perfonn parametric studies of building response.
4. Retrofit of lightly reinforced concrete frames, flat plates and unreinforced masonry.
5. Enhancement of the IDARC (inelastic damage analysis of reinforced concrete) computer

program.
6. Research infilled frames, including the development of an experimental program, devel­

opment of analytical models and response simulation.
7. Investigate the torsional response of symmettical buildings.

The purpose of tM experimenlal study described in this report was to uamine how an unrein­
forced brick mosonry infill panel interacts with a surrounding steel frame in resisting lateral
forces. and how its .'itrength and behavior may be enMnud by various strengthening schemes.
The study contrasts seismic perjomtlJllCe of conventional brick infill panels, and those that have
been either r~trofitted before aperiencing latualloads. or r~pairedafter having been damaged
by lateral loads. The report is limited only to infill panels that are suf;jected to lateral forces
applied within their plane, but serves as a basis for subsequent research on ouz-of·plane strength
of cracked walls.

The research reponed Mrein fits within NCEER's Buil4bt, Pro~c' untkr tM caugory of
ureinforced masonry cOfUtrUCrioft, ~cifically infill-frQIM strUCtures. Since tf~ focus 0/ tM
overall project is on evaluation and retrofit of aisting buildings, many of which may not have
been desig~d to resist slismic loads, the research project on ilffill frames is quite appropriate. A
large number ofbuilding strUCtures acrou 1M ruuion are of this type, and a number ofquestions
exist on how mtJSonry in/ilu should be c'1nsidered for (J seismic evallMJtioll, and how they should
~ retrofitted 10 resist fJIIIicipared eanhqUDUs, or repaind/olrowing a seismic event.
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ABSTRACf

Experimental results an: IRlCoted for three infill frame sub-assemblages. 1be specimens were

constructed from bolted s~l frames. infilled with clay brick masonry. and tested in-plane under

quasi-static cyclic loading. Each specimen wu either r=ofiued or. roDowing initial testing.

repaired with a thin fcrnx:euaent overlay. Results showed that all specimens performed weD up

to inLerstDry drifts of :t1.5%. The inclusion of ferrocement pve a marginal improvement in

energy dissipation. Conclusions are drawn on the efficacy of ordinlJ'y brick or rehabilitated

infills as seismic resisting elClDel1ts.
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SECTION 1

INTRODUCTION

1.1 Background on lnfiUed Frames

Masonry infills exist in many framed structures, but their role in strengthening and stiffening the

structure as a whole is conunonly ignored by the designer. As early as 1953, research had

conunenced on the behavior of willed frames~. Since thAt time. infilled frames have been

studied predominantly by perfonning static lateral load tests on models ranging from small scale

to near full-size sub-assemblages. 1lte frame materials were either steel or reinforced concrete

and the infills typically included bricks, concrete blocks (both reinforced and unreinforced), and

reinforced concrete. The major parameters found to be important affecting the behavior and

mode of failure of willed frames were: strength, stiffness, hysteretic energy absorption

characteristics, boundary conditions, distribution of strains and stresses within the infill panel,

induced forces on the frame. initial lack of fit. openings and types of construction. Only a few

studies have been concerned with simulating seismic response through cyclic load testing in the

inelastic range l
.5. Considering such a large number of interacting parameters. it is not surprising

that no consensus has emerged leading to a UIlifl.ed approach for the design of inf1lled frame

systems, despite four decades of research.

For seismic design. theIe BIe two approaches for <.onsidering the inclusion of an infi1l in a frame:

either the infill is isolated from the frame and its contribution to the snuctural behavior can be

neglected, or the infill is so placed that the interaction with the frame, and thus the strUctU1'e,

must be taken into account!. If the infill is not connected to the frame, there is a possibilily that

during an ear1hquake, the will could impact against the frame, inducing high moments and

shears in the colUIIU1 and lead to a short column snap-through shear failure. particularly in lightly

reinforced concrete frames. For infills integrally connected with frames, larae 1ateralloads can

cause either will and/or frame failure depending on the relative panel to frame strength. 1be

interstory drift capacity depends on the type of infJ1l. the frame material, and whether ductile

detailing has been included in the consuuetion.
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For gravity load design, infills are placed by the architect after the structural frame has been

designed. The composite behavior is thus ignored in the design process. The additional stiffness

and strength. resulting from placement of infills in frames, both significantly affect the behavior

of the structure under dynamic lateral loading. Under seismic excitations, stiffness affects the

natural period of vibration and attracts additional loads. while the strength capacity affects the

ductility demand on the elements.

Pseudo-static St:ismic design loads taken from design code loading spectra imply that structures

will not possess suffir:ient strength to respond elastically to lateral loads, thus requiring an

inelastic and preferably ductile structural response. Most seismic provisions in building codes

now days provide for this inelastic response of structures by reducing the site-<iependent elastic

response spectra either explicitly or implicitly to derive inelastic design spectra. The amount of

the force (acceleration) reduction depends on the ductility of the materials used in the structural

system. For example, low force reductions imply relatively brittle materials such as masolU)'

walls. whereas high force reductions imply ductile materials such as steel or reinforced concrete

frames with special detailing. It should be noted that force reduction (or performance) factors

are not normally given by design codes for unreinforced masonry-willed frames. However.

design codes generally now pennit non-linear time-history analysis to be carried out for design

and/or checking pwposes of complex or unusual struetures. Strictly. this is not currently possible

with infilled frames because methods for obtaining an appropriate hysteretic rule are not yet

readily available.

One of the pwposes of this study was to experimentally investigate the inelastic behavior of

;milled frames so that improved modelling can be done in conjunction with inelastic design

spectra. Such experimental results also provide a basis for developing hysteretic rules to be used

in dynamic time-history analysis computer programs. In this report. experimental results are

presented for three infill frame sub-assemblages constructed from bolted steel frames. infilled

with clay brick masonry. and tested in-plane under quasi-static cyclic loading. Specimen I was

tested. then repaired with ferracement and retested. Specimen 2 was initially retrofitted with

ferrocernent and retested. Specimen 3 was tested similar to Specimen 1. except a thicker

ferrocernent overlay was used which included diagonal rebars. Results showed that all specimens
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perfonned well with interstory drifts as large as ±l.S%. 1be inclusion of ferrocemcnt gave a

marginal improvement in energy dissipation. Conclusions are drawn on the efficacy of ordinary

brick or rehabilitated infills as seismic resisting elements.

1.2 Previous Experimental Research

Tbcre has been a considerable amount of experimental investigllions done on the behavior of

infilled frames in the past. These tests examined a varied number of parameters although few

of them actually have dealt with seismic design. Most tests have been concentrated on

monotonic loading. and little hysteretic behavior has been considered. 1bree of the types of

structures that have been tested recently are existing structures, sttuctures that have been repaired

and retrofined structures.

Cyclic tests on infilled frames have been conducted by quite a few researchers in the past.

a) Zamic and Tomazevic5 conducted a series of cyclic raking tests on masomy infilled concrete

frames. Four half scale models were tested by them and each had a distinct arrangement. 'The

four types of arrangements were: no infill, unreinforced infill, iniill with horizontal reinforcement

and infill with horizontal reinforcement anchored to the frame. 'The specimens were fixed onto

a constant venicalload acting on each column (22.48 kips) and a cyclic horlzontalload acting

on the bt'am. TIley detennined hysteresis curves, envelopes, and showed crack patterns, ultimare

loads, cracking loads and cracking displacements.

1bey also tested eight concrete block masonry milled frames under cyclic loading. Four types

of iniills were used - unreinforced, wills with horizontal reinforcement, wills with horizontal

reinforcement anchored to the columns and with additional beam anchorage. 1be mean

compressive sttengths of the frame, concrete, concrete blocks, monar and infill masonry were

2.22. 1.75, 1.54 and 0.79 ksi. FJastic modulus of frame concrete and infill masonry were 1600

and 414 ksi respectively.

Based on their experimental results, Zamic and Tomazevic stated that the degn:e of strength

deterioration increases with increased deformations and the process at each amplitude of

defonnllion tends to stabilize after the third cycle. It was observed that 70% of the deterioration

was during the 2nd cycle of loading and 30% between the second and third cycle. The strength
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deterioration was maximum just after the anainment of maximum lateral load and less severe as

the lateral deflection increases.

b) Parducci and Mezzi~ conducted cyclic loading tests on half-scale infilled reinforced concrete

frames under constant lateral displacement. Two types of frames • one with a stiff beam and

another with a soft beam were infilled by hollow and semi-solid blocks. They stated that strength

deterioration can be improved by making a gap between the infLll and one of the columns.

c) Lian et at conducted cyclic loading tests on brick infilled concrete frames. He stated that

repeated loading dido't cause any reduction of the strength reduction capacity.

d) Berrero and Brokkens conducted I g cyclic loading tests and concluded that hysteretic behavior

depends on type of infill, amount and arrangement of reinforcement, the way the panel is

anchored to the frame and loading history. They established that the peak strength under cyclic

loading was smaller than that under monotonic loading. They used an external wire mesh that

was welded to the frame anchors and indicated that this reinforcement type performed excellent

hysteretic behavior especially when used with solid infills.

e) MainstoneS conducted a few tests on model scale micro-<oncrete infilled frames at load levels

of 50% and 75% of peak load. He concluded that this cyclic loading didn'r impair either the

stiffness or strength.

f) Liauw~ carried out dynamic tests on small-scale model four story infilled frames. A harmonic

load of a maximum frequency of 8.3 Hz was applied to the top of the frame. The amplitude and

frequenc)' of the load, aspect ratio shear connectors and openings were the parameters that were

vari:d throughout the experiment.

g) Liau~ concluded that a small variation in structural response was obtained on varying the

frequency from 2 to 8 Hz.

h) Liauw and Kwans carried out model scale tests on 4 story steel frames infilled with micro­

concrete. They tested six specimens and employed three types of shear connectors by welding

them to the frame.

i) Dawe, Schriver and Sofocleous· compared experimentally dercnnined dynamic responses of
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ten scAle models of masonry infilled steel frames with the results of three simple analytical

methods. Effects investigated included stiffening and strenphening contribution of the masonry

inflll. degradation of the system. motion intensity, frame stiffness. and rotational joint rigidity at

slab-to-column intersections. They arrived at the conclusion that a simple single degree of

freedom model satisfactorily predicts the linear behavior of infilled frames with rotationally rigid

joint conditions. Reasonably successful predictions of the linear and initial stages of the

nonlinear response of flexible systems could be made with a braced frame model.

1.3 Scope of Present Study

In this repon, experimental results are presented for infilled frame sub-assemblages constructed

from bolted steel frames. inftlled with clay brick masonry, and tested in-plane under quasi-static

cyclic loading. The s~cirnens were either repaired or retrofitted with ferrocement overlays.

Section 2 describes the experimental system developed for investigating the in-plane seismic

perfonnance of infilled frames. Section 3 summarizes experimental results of steel frame

behavior without the presence of the inftll panel (details of the perfonnance of the steel frame

after removing the brick infill are reponed in Appendix A). Section 4 presents the experimental

results for each of the three infilled frame specimens. In Section 5. the experimental results are

analyzed to detennine net infill performance and the masonry contact stresses against the steel

frame. Finally, conclusions of this study are presented in Section 6.
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SECTION 2

THE SPECIMENS AND THE EXPERIMENTAL SYSTEM

2.1 Specimen Configuration and Testina Procedure

Fig. 2.1 shows a typical structural frame in which infill walls have been placed. It is generally

the first and/or second story iniill that is of concern under lateral earthquake loading as high story

shears may cause distress in those elements. To model such critical regions under lareral story

drifts (Fig. 2.1 (b» a synunetricalllubstructure has been abstracted from the frame (Fig. 2.1 (c».

Under lateral load the substructure is doubly antisymmetric as shown in Fig 2.1 (d). This

idealized Conn of behavior was the starting point in the physical modelling scheme adopted in

this study. The outer half-bays which also contain wills, were replaced with diagonal braces

whose stiffness was similar to the will itself. Thus under lateral loading the boundary conditions

within the test panel are similar to prototype construction, where plastic hinges Conn at beam end

(or joint connections) and a diagonal compression suut fonns in the infill.

Each test specimen consisted of a steel frame either with or without the central bay iniilled with

hricks as shown in Fig. 2.2. Beams were connected to the columns by bolted semi-rigid (top and

bottom angle seat) connections. TIle additional bracing placed between the columns and the top

and bottom beams to provide end half-bay stiffness similar to the infill panels consisted of double

angles (3.5" x 3" x 5/16"). 'These were bolted to WT sections which in tum were bolted to the

colUIlUlS above and below the brick infill. 1be additional bracing was also necessary to en""'e

that the colunm legs, above and below the infill, did not yield during IldCralload testing. 1be

semi-rigid connections were designed so thai their capacity was about S~ of the connecting

members. Thus, under lateral loading frame yielding was concentrated in the angles preserving

the principal members from being damaged. The diagonal pin-jointed braces in the lower and

upper bays were desilned such that the half-story stiffness was similar to the adjacent will panel.

Single wythe clay brick masonry wills were snug-fit in the central bay of each specimen.

Structurally engineered ferrocement overlays were used to either repair or retrofit each specimen.

TIle specimens were tested by applying laterallold at the top beam with a SO-kip actuator which

was connected to a stiff reaction frame. Each specimen was tested under cyclic load in drift
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control with a cyclic sine wave frequency of 0.01 Hz and a data recording frequency of 1 Hz.

2.2 Specimen Details

Specimen 1

Following the initial testing of rhe virgin brick infilled specimen. Specimen I was repaired using

a In inch thick ferrocement coaring as shown in Fig. 2.7 (a) to one of its sides. 1be mesh was

fixed to the bricks by 1/4 inch concrete anchors and covered by an inch diameter washer with

3/8 inch diameter hole. This was to provide some relative movement between rhe ferrocement.

anchor and wall. The mesh was laid in place using 1/4 inch anchors and then the monar was

plastered in. From each barch of mortar, several cylinders were made.

Specimen 2

Using a In inch coating of ferrocement. Specimen 2 was retrufmed with the same procedure

adopted for repairing Specimen 1.

Specimen 3

For Specimen 3. an enhanced ferrocement coating was used. This consisted of removing the

yielded rebars from the will and replacing with new diaBonal rebars. TIle ferrocement mesh was

placed in a new orientation with additional layers providing better reinforcement. Two layers

of mesh were provided: an inner diagonal and an outer horizontal layer TIle anchor bolt spacing

was varied and a closer spacing was adopted. A thicker ferrocement coating of 1". as shown in

Fig. 2.7 (b) was used in this enhanced overlay. TIle purpose of the two layers of mesh was two­

fold: (i) to provide a better reinforcement to the thicker coaling and (ii) to act along with the

diagonal rebus in providing direct resistance to the principal tension strains and hence improve

the disuibution of tension cracks. The diagonal rebars on the other hand had three specific

purposes: (i) to provide additional lateral load cap8':ity by cfuect tension; (ii) to provide some

confming action to the bricks as observed in Phase I; and (iii) to fmely di~bute the diagonal

tension cracks across the diagonal. Figs. 2.8 <a) and (b) shows the arrangement of the diagonal

rebus.
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Load and Displacement

The lareralload applied to the top WI4x257 beam was measured by a load cell attached directly

to the 250 kip servo controlled hydraulic actuator.

Temposonic displacement transducers. namely Pi, P2. P3 and P4 as shown in Fig. 2.3, were used

to measure used to measure the displacements at the top of the WI4x257 beam, at the upper and

lower W8x2l beams and at the bottom Wl4x257 beam. ar the upper and lower W8x2l beams

and at the bottom W 14x257 beam. 1be range of the displacement transducers was ±4 inches at

the base:, ±8 inches at the middle two beams and ±15 inches at the top.

All experiments were perfonned in drift control such that the control signal was based on the

displacement difference between upper and lower beams surrounding the infill panel. Thus drift

was defmed as:

in which 6.., and ~ are the displacements in inc~s of the sonic transducers P3 and P2

respectively. and 70.5 is the story height in inches.

Joint Rotations

Relarive joint rotarions between the beams and columns were measured by a pair of displacement

transducers. Linear potentiometers with a I in. stroke (type LCPl2A-25) were used. Due to

synunetry only two of the joints were insuumented • namely the lower and the upper right joints.

Potentiometers are indicated by P9 through Pl6 on Fig. 2.2. 'The two positions utilized at the

joints for the bare frame test for measuring joint rotations were kept the same for the infilled

frame rest.

Beam/Column Curvatures and Axial Forces

In order to measure the curvatures and axial forces in the beams and columns. 1/4 inch CEA·06-
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2SOUW-120 electrical resistanee sttain gag. ",ere used at specific locations along the bottom

and top beams. and the right and left columns. 1be gage factor was 2.04S to.SIIl with a

resistance of 120.0±0.3'f> Ohms. The transverse sensitivity factor was (+O.l±O.2)1Il. Bending

moments were found by differencing readings in snain gage pairs, and axial forces by averaging

strain readings, thus

(~)JZ Zb12 2)

where y =distance between strain gages.

2_' Material Properties

Steel Frame

AU steel members were in accordance with American Society of Testing and Materials (ASTM)

A36 requirements. The bolts used for the semi-rigid connections and the pinned bases were 718

inch diameter ASTM A325 (high strength).

Angles for Semi.rigid Connedions

Three samples were cut lengthwise from the left over piece of the angle (two from the six inch

leg and one from the four inc::h leg). The samples were machined into standard test specimen

shapes and tested using a 6O-kip capacity Riehle testing machine. A dial gage was clamped to

the specimen across the centtal two-inch gage length. Both load and displacement readings were

manually recorded during testing. A stress-strain curve for each of the three coupon specimens

and an average theoretical stress-strain curve together with values adopted for the conttol

parameters is shown in Fig. 2.4.
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Brick Infill

As each brick inful was constructed, mortar cylinders were cast when the brick infill was about

50% complete. This was done in order to have a representative sample of the mortar strength

at the middle of the infill when diagonal cracking was expected to cormnence. Four cylinders

were cast for each of the three walls.

One mortar cylinder from each of the three walls was tested for its compressive strength rwenty­

eight days after casting. The top end of each of the cylinders was dipped in a mixture of melted

basolite sulfur cement which later hardened and provided a level surface area for testing. The

cylinders were tested in a 250-kip capacity Soiltest, Inc. testing machine.

For each of the three brick infills, three different brick prism specimens were built. Two of the

prism types were vertical in orientation and the third one was horizontally onented. Two 1/4

inch threaded rods were cast into the mortar beds for the purpose of anaching dial gages.

Some prism specimens were tested in compression (Fig. 2.5) and others were tested in shear (Fig.

2.6). Normally the results were taken as the average of three specimens. A thin coating of

hydrostone gypsum cement was applied to each end of the prism specimen to ensure a level

testing surface. Either a 6O-<:apacity Riehle testing machine or a l20-kip capacity Tinius Olsen

testing machine were used to test the prism specimens.

Following compression te~ting of specimens I and 3, the angle of internal friction in a Mohr­

Coulomb failure criteria was established using the method suggested by Riddington7
, such that

where 'to is the shear strength (cohesion) at zero precompression and J.l=tanC1l is the coefficient

of intemal friction. To detennine the angle of friction C1l, these prism specimens were placed on

a board which was gradually lifted at one end until the bricks started to slide on one another.

The friction angles recorded were 44.4 and 41.0 degrees for the masonry in walls I and 3,

respectively. These parameters ('to and C1l) are useful in predicting sliding shear failure6
, and are

applied in Section 5 of this report.
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The plain bricks tested in compression (end-on-end) resulted in an average strength of 3.55 ksl.

Modulus of rupture tests were carried out to assess the tensile capacity of the materials. Three

tests were carried out on plain bncks with modulus of rupture values of 0.4, 0.63 and 0.9 ksi.

Modulus of rupture tests were also carried out on prism specimens with values of 0.085 and 0.12

ksi. 1be material propenies are shown in Table 2.1

Table 2.1 Material Propenies

Specimen I Specimen 2 Specimen 3
Ordinary/ Rerrofined OrdinarylEnha-
Repaired need Repair

MORTAR STRENGrn 1.22 ksi 1.07 ksi 1.44 ksi

PRISM STRENGTH

Stacked Prism (f.. ) 3.40 ksi 2.20 ksi 2.90 ksi

Parallel Test (£'..90) 2.15 ksi 1.22 ksi 1.65 ksi

Modulus of Rupture (f'I) 0.120 ksi 0.085 ksi

Shear Strength (cohesion) 0.115 ksi 0.09 ksi

Shear Angle 41.0 deg. 44.4 deg.

FERROCEMENT

Monar Compressive Str. 4.08 ksi I 4.15 ksi 3.70 ksi

Mesh: tensile yield str. 60.70 ksi 6070 ksi 60.04 ksi

Rebars: tensile yield str. 68.34 ksi

Ferr()(ement

Ferrocement may be regarded as a special type of reinforced concrete that is characterized by a

small thickness and reinforced with small scale weld wire mesh. It differs from conventional

reinforced concrete because of its closely packed reinforcement within the matrix. Ferrocement

behaves rather like a composite material that can act in out-of-plane bending, in plane shear, and

membrane action. Ferrocement is advantageous over sprayed reinforced concrete (shotcrete) as

small but strong thicknesses can be formed into complex shapes without the use of any
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formwork. Welded wire mesh with pitches varying between 0.25" to 2" may be used. However,

due to small cover, it is necessary that the mesh be galvanized. A spacing of OS' was used

for the mesh in the present study. The mesh was anchored onto the brick wall by concrete

anchor bolts. Specimen 2 used 1.2S"xO.2S" bolts whereas Specimen 3 used longer 2.25"x 0.25"

bolts to accommodate the thicker ferrocement measured. The anchor bolts had a tensile pull-out

strength of 1.0 kip. Mortar used for the experiment was prepared out of water, rapid hardening

Type III Portland Cement and sand that was passed through a '8 sieve. The ratio of the mix for

water:cemcnt:sand was 1:2:4. Compression tests were done on specimens of dimensions 3"x

6" prepared while coating the inti)) wall with the ferrocement mortar, the results being

summarized in Table 2.1.

2.4 Test Rig Construction

Fig. 2.2 shows the stabilizing frame that was designed and constructed to resist any accidental

out-of plane forces, ttansverse to the plane of the test specimens, of nOl less than tlO% of the

in-plane test load applied to the infilled-frame specimen.

A b'USS system composed of WT sections for the vertical members and Unisttut for the horizontal

and diagonal members. was chosen as the most economical solution for building the stabilizing

frame.

W8x1S members, cut in half lengthwise, were used in order to create the WT4x7.5 upright

members of the stabilizing frame. Holes were drilled into the web and flange of the WT section

to enable the Unisttut bracing memben to be bolted directly to the uprights.

Provisions had to be made to ensure that the test specimen remained plumb and square during

the test cycle. To accomplish this, guide wheels were designed to roU against the top beam of

the test specimen. Four of these wheels were fabricated. and two were attached to the stabilizing

frame, on each side of the test specimen.

Each specimen was put in turn into position between the stabilizing frame and connected to the

lower pin connections of the bonom W14x2S7 base beam. The base beam was anchored securely

to the strong floor and the bolts were torqued to 600 ft-Ib. For the second specimen, an

additional S5-kip MTS scrvo-conttolled actuator was used against the base beam to prevent slip.
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1be colunms of the specimen were also connected to the two pin connectors of the top W14x257

beam and all bolts were torqued. The four guide wheels were adjusted for each test so that there

was a one-eighth inch total clearance between the wheel and the web ofthe top Wl4x257 beam.

Plumb bobs were hung from each end of the test frame to ensure that the frame was venicaUy

oriented prior to testing.
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SECTION 3 STEEL FRAME BEHAVIOR

3.1 Introduction

This section presents only the results for fll'St frame that possessed (new) undamaged semi-rigid

angle connection. The specimen is shown in Fig. 3.1. Fully reversed cyclic loading was applied

to the upper and lower W8x21 beams at a frequency of 0.01 Hz. with a data sampling rate of I

Hz for each of the 36 channels. In this study it was considered necessary to firstly obtain an

understanding of the behavior of the steel frame prior to testing the infilled frames.

3.2 Hysteretic Response 01 the Bare Frame Specimen

The force-drift response for the bare frame is shown in Fig. 3.2. As can be seen. the specimen

is elastic up to and including the :t1.00% drift sub-test. After that, degradation stans to be

evident as the slope of the curve decreases. 1be end of the test is clearly shown by the two

sharp breaks in the curve in the lower left-hand ponion of the graph. 1be theoretlcal moment vs.

joint rotation response of the bare frame test can be seen in Fig. 3.3. In order to conven the load

on the specimen to moments in the beams and columns. a computer model of the bare frame was

run for a lateral load of one kip. From all the four graphs. it can be seen that the joints are

elastic up to and including the %0.50% interstory drift test. Following this limit. significant

hysteresis within the cycles is apparent indicating that the angle cormections had yielded.

Continued strength increase beyond a moment of 300 kip-in is due to strain-hardening of the

plastic hinges that fonn in the angle.

From the raw test data, the moments at each strain gage locations were computed. Since the bare

frame specimen had no infl1l, the theoretical moments could be detennined based on statics. 1be

theoretical vs. measured moments for both the beam and the column, for the first cycle of both

the ±l.~ drift and the ±2.~ drift test are shown in Figs. 3.4 and 3.5. As can be seen. the

theoretical and measured moments match quite well. especially in the~. In the column. even

though the measured moments are slightly offset from the theoretical moments. they do form a

straight line in themselves, indicating that there is some further redistribution of moments

amongst the joints. It is considered that on the basis of the agreement between the theoretical
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moments calculated from statical equilibrium and the experimental moments inferred from beam

bending strains. that this approach can be used to determine beam moments and hence contact

stresses when the brick will pane) is present.
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SECTION 4

EXPERIMENTAL RESULTS FOR THE INFILLED FRAME SPECIMENS

4.1lntroduetioD

This section presents the results for each of the frames when tested with the presence of the brick

infill. The fU'St brick willed specimen (Specimen I) was initially tested, and then repaired with

fenocemem and retested. Following this, Specimen 2 was retrofined and tested. Specimen 3

was tested using diagonal rebars initially, tepaUed with an enhanced fenocement overlay which

contained the diagonal rebus and retested.

A 55-kip MTS scrvo-controlled hydraulic actuator, with a ±12 inch stroke, was used for

Specimen I and a 250 kip actuator us:d for Specimens 2 and 3. An externally mounted load cell

and internal displacement transducer automatically monitored the: readings for the applied aetU8tor

force and stroke. Universal swivels on each end of the actuator allowed it to pivot dwing the

test set-up and during the test itself. The actuator was controlled by an MrS 436 Control Unit

with a function generator in drift control.

All transducers were routed into an amplifier and into an OPTIM MEGADAC data acquisition

system, which had a 128 channel capacity. The raw data was then fed into a Compaq 386/20

microcomputer for analysis and reduction, using the OPTIM OPUS SOOO software.

Testing consisted of applying two completely reversed cycles between drift limits of ±O.25~,

±O.50'*', ±O.75~, ±l.{)()ff, and ±l.SO% using a sine wave input for intersIory drift control at a

cycling frequency of 0.01 Hz and a data sampling rate of 1.0& Between each sub-test of two

cycles, the infill was inspected for cracks in the morw/bricks and the cnK:b were IJ.i&b1i&htcd
by a white chalk marker for easy identification in photographs.

4.2 Experimental Results for Spedmen 1

4.2.1 Ordinary Iofill Test

During the first sub-test(±O.25~ drift), small microcr8cks could be observed in the monu beds.

During subsequent testing at larger drift amplitudes these CJ'Iclcs opened more widely md could
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easily be seen opening and closing along the compression diagonal during forward and reverse

motion of the test specimen. During later stages of testing, new cracks formed at a steeper angle

to the horizontal. These cracks appeared to be the beginnings of the fonnation of a secondary

strut mechanism. At the completion of the last sub-test, the brick infill was still intact although

the bond between the monar and the infill did break along the top beam and the upper left

ponion of the infill.

Load Interstory-drift Response

Fig. 4.1 shows the load versus interstory drift of the ordinary infilled frame test for Specimen 1.

It can be seen that there is a progressive increase in lateral load as the drift amplitude increased.

On the second cycle of load at each drift limit there is a small loss in strength due to narrowing

of the hysteresis loops. Less energy was also dissipated on the second cycles.

Joint Rotation Response

The load vs. joint rotation graphs of the top and bottom right joints shown in Fig. 4.2 (a) and (b)

indicates the panel peak drift percentages corresponding to the flI'St peak of each loading cycle.

Two graphs show a similar response as that of the load vs. interstory drift results. For the top

right joint, a noticeable shifting of the joint rotation is seen after the ±O.SO% drift test. This is

not seen in the bottom right joint most likely because of the fact that the willed specimen is

stronger in one direction and the joint response is greater for that particular direction. As in the

load vs. interstory drift graph. there is a slight irregularity in the second cycle of the last

(±1.50%) test, for each of the twO insuumented joints. It is apparent that when the entire

specimen shifted in the strong-floor holes, the load dropped temporarily and then reloaded to its

original loading path.

Distribution of Moments

For the infilled frame test, six more pairs of strain gages were added to both the lower beam and

right column. This was necessary because it was not known how the frame would react with an

infill placed inside of it. It was hoped that the strain readings could help detennine the response

of the beam/colunm knowing the response of the bare frame. Figs. 4.3 (a) and (b) indicates the
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moments for the bottom beam for positive mel negative loading. Fias. 4.4 <a) Ind (b) indicates

the moments for the column for positive negative lo.mng.

Central and Corner Strains

Strain is defmed as tension positive and equal to the change in lenglh with respect to the gage

lengths. Figs. 4.5 (a) and (b) indicates the strain hisrories of the infill panel as recorded by the

strain gages Pl2 and PIl. There is more activity on one side of the axes than on the other side

indicating that the cracks opened more widely when loldcd in the direction of positive drift.

4.2.2 Experimental Results for SpedmeD 1 after Repairioa with Ferrocemcnt

Visual Testinc ObservatiODl

Cocks along the diagonal from the previous teSt on the infilled steel frame tested were clearly

evident before teSting commenced. 1berefore. careful mention was paid to these crICks which

were transmitted to the ferroccment during the testin& of the tepaircd specimen. At the

completion of the final cycle II a drift of ±1.S~. a wide diagonal cmck could be seen in the

center of the ferrocemern coating. Tbi.s was largely due to out-of-plllle bucklins of the coatins
between the anchors. Two additional cracks formed through the coating; one was vertical;

another was horizontal. At the completion of the bare frame testin&. there appeared to be no sign

of fractUre occurrinB in the joint angles due to low cycle faripe.

Load-Intentor, Drift Response

The 1aterIlload-interstory drift response of the n:paired infill specimen tell is shown in Fie. 4.6.

The purpose of the ±O.25~ drift cycle was to examine the initial aiffDeu of the repaired infill.

For the ±l.S% drift cycle the strength can be compared with the results at the end of the testing.

This will be discussed later. Under the second cycle of loadina. there was a aipificant ItJeDItb
loss due to damage in 1he infill coatinI.

Joint llotatioD ReipoDIe

From the load VI. joint l'OIIrion respOIlIe (Pip. 4.7 <a> and (b» it can be IeeIlIbIt the top rotItion
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is relatively smaller than the bottom. The top joint appears to be moving less probably due to

some extra stiffeninB and strengthening in thlll comer of the infill However, it is evident dw

significant hysteresis can be seen tlw indicates the angle connections had yielded.

Distribution or Moments

From the raw test data, the moments III each gage location were computed when either maximum

positive loading or maximum negative loading was applied. 1bef~s indicate dw at high drift

limits the cwved shape of the bending moment diagram increases indicating an increase in the

secondary contaCt stresses. Figs. 4.8 (a) and (b) indicate the measured bending moments of the

bottom beam for negative and positive loading. Figs. 4.9 <a) and (b) indicates the measured

bending moment for the right column for negative and positive loading. This appears to be due

to the dilation of the masonry at large shear strains.

4.3 Experimental Results for Specimen 1

The retrofitted specimen (Specimen 2) was tested in a similar fashion to the repaired specimen

(Specimen 1). However a few imponant differences in the testing~s were carried out.

Sub-tests were run which consisted of one trial test (±C.2S% drift limit), one complete reversed

cycle of %0.25% drift limit test and two complete reversed cycles of ±C.50%, ±C.75%, ±1.00%

drift limit test. Finally, four complete reversed cycles II • ±1.5% drift limit test were run. This

loading history was the same as the combined effect on the bricks of the pre and post-repair

loading history used previously on Specimen I.

Visual Testi.. Observations

During the testing of the retrofitted specimen, observations were made of both the brick masonry

and ferrocement coating. As the tests progressed and the interItory drift limit increued, the

cracks in the ferrocement coating side clearly came into view. Initially mi~

commenced in the compressed comers. At the ±O.7S% drift limit, an obvious CDlCk couid be

seen at the bottom left comer of the ferrocemem coating. During later tests, the cracks could be

easily seen openins and closins during the forward and reverse motion of the test specimen and

maximum opening was lIbout 1/4 inch. For the cycles with the ±1.00'Il drift limit, cDlCb in the
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Fia. 4.6 LIIenl load~ 1'eIpOD8e of repaired infiJJed frlme (Spccimco 1)
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Fig. 4.7 Joint rotation raponIe of Iep&ired infill (Specimen 1)
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Fig.4.8 Implied momentS on the boaom beam of the repaired infill (Specimen 1)
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center of the ferrocement panel appeared and some monar chips and dust staned to fall from the

edges of the coating. The whole infill panel Slaned to offset laterally in the out-of-plane

direction. During the fU'St cycle with the ±1.5% drift amplitude, the cracks in the center of the

infill panel coating grew very wide with a large diagonal opening resulting in exposure of the

wire mesh. More cracks appeared and more monar feU from the coating side during the next

3 cycles during the ±1.5% drift limit test. At completion of the infill testing, the whole infill

panel had "walked" out-of-plane by I.S inches and 1.0 inch at the right hand column side and

one inch on the left hand column side, respectively. As the infill panel moved laterally out of

plane, the lateral load could not be transmined directly into the ferrocement. By the

commencement of the fmal four cycles at the drift of ±1.S%, only the bricks were in direct

contact with the upper and lower beams.

On the brick side of the panel, only fme cracks could be seen at the completion of testing. It was

evident that the presence of the ferrocement distributed the cracking throughout the masonry in

contrast to th': one or two diagonal cracks that opened in the repaired infill specimen.

At the completion of the fInal bare frame test, the areas around the beam and column connections

appeared to be undamaged and in ~ood condition. Clearly, all damage in the bare frame tests

was concentrated in the semi-rigid bolted connections.

Load-Interstory Drift Response

The load-interstory drift response of the retrofitted specimen test is shown in Fig. 4.10. It is

evident that there is a consistent amount of degradation in strength which is of the order of ­

15%, -10% and -5% for each cycle at a given drift amplitude. However. the overall response

shows an increase in strength as the drift amplitude was increased.

Joint Rotation Response

Fig. 4.11 <a> and (b> shows the load V5. joint rotation response for the top and bottom joints of

the retrofItted will test. The panel peak drift percentages for both these graphs are shown

corresponding to the fllSt peak of each loading cycle. 1bese two graphs show that a similar

response as that of the load vs. interstory drift results. It should be noted that the reduction of
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joint rowions occurs when the joint is closing in on the panel. whereas in the reverse direction

the diqonal strut helps to open the joint more than the drift angle.

Distribution or Moments

For the retrofitted willed frame test. seven pairs of main gages were added to the upper beam.

nus was considered necessary because it was not known how the top beam of the frame would

behave. The strain gages of both the lower beam and right column were kept the same as the

previous tests. The measured bending moments for the top and bottom belllll for negative loading

is shown in Figs. 4.12 (a) and (b); and for positive loading is shown in Figs. 4.13 <a) and (b).

The bending moments for the right column for negative and positive loading Ire shown in Fig.

4.14 <a) and (b).

Diqonal ..... Vertical Strains in the Corner of the InftU Panel

The strain vs. drift graphs for the comer portion of the coated infill lie shown in Fig. 4.15 U1d

Fig. 4.16. As expected from F'II. 4.1S it can be seen rhal under positive drift. the top right mel

lower left joints are under tension and compression, respectively. Comer crushing was visually

observed when the drift was increased from :t1.()CI, to :t1.5'1>. Here the comer strains have

increased from about -0.003 to either -0.006 or -0.010 for the top risht and bottom right joints,

respectively. Such a strain magnitude would normally indicate crusbina in the muonry.

4.4 Experimental Results for Specimen 3

The experimental set-up was the same as that for the previous two specimens except that • sliIht
modification was made near the beam-column joints It the lDIle seat. A cut dwmcl section was

f ..llet welded onto the horizontal leg of the lIlgle connections. Two 318" holes It a distance of

3" apart were drilled on the outer flqe of each chmnelleCtion. Two'3 rebus, with their ends

threaded over a len,th of 6", wUb I 5/16" duead were passed duough the two holes in the

channel section. 1bese rebus were let up diqooally across the infill panel. The yield force of

the threaded portion of the rebars was meuun:d as 7.3 kips. This implies a IU'eSS of 66 ksi. in

the umnachined portion of the defonned bar. 'The ends were connec1led in such a way that the

rebars acted only in tension. In compression, the rebus were designed to move freely into the
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Fig. 4.10 Lateral load~ response of Ielrofitted infill (Specimen 2)
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Fig. 4.11 Joint rotation response of retrofitted will (Specimen 2)
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fabricated cut cham1el sectlOn and not take any load.

An instrumentation check was done on Specimen 3 prior to the fust test. by subjecting the frame

to a complete reversed cycle of ±O.25% drift. Following this, testing was performed in three

distinct phases as follows:

PJwSt /: One pair of rebars (from the top left to bonom right comer) were tightened a little to

test for rebar action under negative (push) actuator forces. 'The frame was loaded with two

complete reversed cycles at a drift amplitude of :1:15%.

PJwSt Jl: All the rebars were tightened up at their ends and the frame was then subjected to one

complete reversed loading cycle at a drift amplitude of :t1.5%.

PJwSt ll/: The enhanced ferrocement coating was applied to the infill. As described in Section

2.4. the previously yielded diagonal rebars were replaced with a new set of rebars which were

sandwiched between an inner and outer layer of wire mesh. as shown in Fig. 2.3 (b). Following

an initial ±O.2S% drift subtcst. six completely reversed cycles of loading were applied to a drift

amplitude of :1:1.5%.

4.4.1 Results for Phues I and D

Fig. 4.17 (a) and (b) shows the experimentalload-drift results for Phase I and D testing. It can

be seen dw in Phase I. under reverse loading the tensile conuibution from the diagonal rebus

added 18 kips to the apparent shear strength c..,aeity of the panel system. If the component of

lateral load conuibuted by the diasonal rebars at yield is equal to about 12.56 kips, then it is

evident that the diagonal tension in these ban also provided some confUlinl action to the

diagonal compression saut. thus enhancing the strength capacity of the muonry infill.

Following the initial stage of testing, the yielded diagonal reinforcement was tiahtencd IDd new

bars placed along the other diagonal. It is evident from the results thai some additional suength

(abou! 9 kips) wa:; provided under positive lolding. but IS expected,llrtle difference was noted

under reverse loading due to fracture of one of the bars. At the completion of the Phase D

testing, there was a considerable amount of compression crackin8 ncar the infi1l comers.

However, outside these ZQIleS, there was only minimal evidence of crackina with • few fine

micro-aac:ks dctcctablc along the tension diagonals.
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4.4.2 Phase m Results

The load-interstory drift response of Specimen 3 for the ordinary infill and the repaired infill are

shown in Figs. 4.17 (a) and (b). The hysteresis curves show relatively more energy absorption

when compared to Specimens 1 and 2.

Figs. 4.18 (a) and (b) shows the load vs. joint rotation response for the top and bottom joint of

the repaired infilled frame test. The panel peak drift percentages for both these graphs are shown

corresponding to the first peak of each loading cycle.

The measured bending moments of the top and bottom beams: for the ordinary infill plus rebar

are shown in Figs. 4.19 and 4.20 and for the repaired will in Phase m are shown in Figs. 4.21

and 4.22.

Figs. 4.23 to 4.24 shows the strain histories of the left end right columns for the inner and outer

face of the columns in the case of the ordinary infill plus rebar's and Figs. 4.25 to 4.26 shows

the same in the case of the repaired infill.

Figs. 4.27 to 4.28 shows the strain histories of the reb81'S for the ordinary infill plus reb81'S. Figs.

4.29 to 4.30 shows the strain histories of the rebar's for the repaired infill. It is clear from these

graphs that the reb81'S have yielded.

4.4.3 Disc:ussion or Visual Observations in Pbue m

The photographs show the different stages involved in the testing of Specimen 3 with the

enhanced fetroeemcrtt overlay.

Fig. 4.31 shows the lower comer of the beam-column joint (connected by a semi-rigid

connection) on the side of load application. The photograph shows the stage during the second

±l.S% drift cycle durin,g which put of the rebar connector (the fabricated channel) broke aput

from the semi-rigid connection. This could be due to improper application of the fillet weld to

anach the section to the connection. As seen, the bars are slack and the frame is being pulled

away by the actuator, which indicates a positive loading cycle.

Fig. 4.32 shows the fanher end of the coated side. The rebar's 1 and 2 are in tension and hence
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Fig. 4.23 Strain history of left column of Specimen 3 (Pbue I 4 U)
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Fig. 4.24 Strain history of n,ht column of Specimen 3 (Pbue I A: D)
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Pia. 4.25 Strain histOl)' of ri8bt column of Specimen 3 (Pbue DI)

4-33



I) LEFT COLUMN (INNER)

-o.OllGl O.G005 0
MEASUFED STRAINS

b) lDT COLlMt (OUTER)

Fig. 4.26 Strain history of left column of Specimen 3 (Phue m)
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they are taut It their ends. At the tension face. there is boundary separation. whereas It the

compression face. there is minimal croshina as this is only the second cycle in the whole series

of tests.

Fig. 4.33 shows the beginning of the next compression cycle. The rebars 1 and 2 are slack and

move into the rebar connectors freely.

Fig. 4.34 shows the final stage of the compression cycle on rebus 1 and 2. They are moved as

much as an inch into the outer area of the rebar connectors on opposite ends of the compression

diagonal.

Fig. 4.35 shows the pattern of cracks fonned on the fenocement after the test was complete.

Evidendy they have been more intense on the side away from the point of load application.

There are little cracks distinctly visible on the diagonals indicating that the rebars were successful

in limiting cracks.

Fig. 4.36 shows the side of the brick infiU that had no coating applied to it. Oearly there are

very few visible cncks 00 the masomy bricks. 1l1e comers show the mortar was used in

repairing the crushed portion of the bricks It the comers.

During the tim cycle to ±l.S/f, drift a significant number of hairline cradcs spread 1100g the

coatins. mainly on the side farther away from the flCe of application of the load. 1bere was also

movement of the coatina away from the panel by a fnctioo of an inch around the comers. It was

evidem that the diaaoaal rebars behaved as intended by design during bach the tension IUd

compression cycles. 1bere was also no observed buckling It the center of the will panel as in

the case of earlier tests on Specimens 1 IUd 2.

Ouring the fourth cycle of loading. lipIlling of the cover concrete off the feuoc:ement coating at

the comers commenced. This was restricted to a snl11 uea dOle to the channelleCtions. The

top layer of mesh was exposed and the rebus were visible It theIe comers.

During the fifth cycle of 10lding. bendina of the diagoaal reban when under tension It their

anchorages was observed. The bendinI was towards the brick face mel this caued the~

at the junction of the channel section (where they were connec::tcd). This bclped the bric::b to

4-39



-. , ..
~ .•~

•

Fig. 4.31

,
~,-'

l ' .. •

Fig. 4.32

4-40



- ,
I

._-

~

)ft*_ .-
••••

fig. 4.14

4-41



\\

4-42

I

, .
~,',.,
.~ /

\
\

./

t



"walk" out of the frame by 718ths inch at the end of testing. The bricks however were still

connected to the ferrocement overlay, and the out-of plane integrity was not jeopardized. Testing

was terminated on completion of the sixth cycle at the 1.5% drift amplitude as a result of a

fraetW'e in a pair of the diagonal rebars near the anchor nut. At the completion of testing. there

was considerable compression crushing at the infill comers. However, outside ttKses zones there

was only minimal evidence of cracking with a few fme micro-cracks detectable along the tension

diagonals.

4.5 Discussion or Results

Comer crushing and diagonal cracking due to shear appeared to be the major form of failure in

the testing of the first specimen using ordinary infill prior to repairlretrofitting. The inclusion

of ferrocement proved that the ductility capacity of the masonry can be further inlproved

marginally but inuoduced some lateral "walking out" of the frame under repetitive cycles of

loading as observed in the repaired and retrofitted Specimens 1 and 2. The inclusioo of an

additional layer of reinforcing mesh and diagooal rebars in Specimen 3 demonstrated that the

ductility capacity of the stnleture can be funher improved as a whole. This has been further

exemplified by the test results. A comparative hysteretic energy absorption of the three

specimens will clearly distinguish the advantages of using an enhanced ferrocement overlay. 1bis

has been further dealt with in Section S.
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SECTION 5

AN EVALUATION OF THE TEST RESULTS

5.1 Introduction

In this section the experimental results are evaluated. Force-drift relationships are derived for

the net inflll perfonnance. and based on that component of resistance. the hysteretic energy

observed during each cycle of the tests are compared. The contact stresses induced on the will

frame are also evaluated. These stresses demonstrate that a complex inelastic stress field exists

within the infill panel that changes throughout testing. Due to this complexity, analytical

modeling is outside the scope of this experimental study. and is left for a future investigation.

However, this section concludes with a comparison of the observed strengths with simple

engineering code-based assessments.

5.2 Net Iofill Contribution to the Frame Resistance

When the infill was presenl, a diagonal strut action fonned and the truss action of the system as

a whole was mobilized. Therefore, the net response of the will was thus obtained by subtracting

the bare frame load for a given drift from the gross infill frame response. It is, therefore,

assumed that

F1N1'lLL • F7f1TAL - FnDL-1'JAIa
(5-1)

where FS1'U.L-nAMZ .. the force resisted hy the steel frame after the bricks had been removed

including the effects of the end diagonal braces.

Figs. 5.1 to 5.6, respectively, show the net performance of the infills at the :tI.S" drift

amplitude for Specimens 1, 2 and 3. It should be noted that the net hysaeresis loops for drift

...nplitudes less than I.S" could not be derived as the Sleel frame peIformance It these lesser

amplitudes was not known precisely due to the absence of appropriate base fnme test results.

The pinched appearance of the loops between drifts of :t1" is due to damaae inflicted on the

infill during previous loading cycles. Nevertheless. is evident when comparing the overall
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performanc~. as well as th~ net infill performanc~ betw~n 1" and I.S" drifts. the behavior

is mostly ~lasto-plastic However, on successive loading cycles at the :t I.S" drift amplitude.

th~ pinched appearance becomes more exacerbated du~ to additional sliding shear that takes

place. The peak strength at th~ end of each cycle also drops off with an apparent logarithmic

type of decrement.

By comparing the perforrnanc~ of Specimens I and 2, it is possible to obtain some insights into

the effects of the application of the ferrocement overlays. Both of these overlays were similar,

one being applied to the damaged Specimen I (the repair). th~ other as a retrofit to Specimen 2.

When comparing Figs 5.1 arod 5.2. it is evident that the ferrocement repair has had only a

marginal benefit m the form of delaying strength deterioration of the infill. It is of mterest to

sobserv~ that due to th~ weaker masonry, Specimen 2 is still not as strong as Specimen I prior

to repairing.

Figs. 5.4 10 5.6 show the net infill response for th~ three phases of testing Specimen 3. It is

~vident that the monOlonic curve for Phase I is essentially elasto-plastic in nature for th~ ordinary

brick infill under forward loading, while under reverse loading strain-hardening of the engaged

diagonal rebars led to a hi-linear response. A similar hi-linear response is evident for P~ ill

which includes the enhanced f~rrocement overlay. Under reversed cyclic loadings. it can be

observed that there is a Steady drop off in the peak strength with each cycle of loading.

However. the hysteretic loops appear 10 have stabilized after five cycles of loading in Phase ill.

Th~ hysteretic performanc~ of the infill shows evidenc~ of a sliding shear mechanism.

S.3 Energy Absorption Capacit~·

The hysteretic energy absorption for Specimens I, 2 and 3 are shown in Fig. 5.7. It is evident

from the results that Specimen 3 with the enhanced ferrocemem overlay (phase m) absorbed the

most energy during the flfSt cycle of loading. Specimens 1 and 2 .uso absorbed similar amounts

of energy on their first loading cycles. The effect of a sliding shear mechanism on the response

can be better understood by considering hysteretic energy in each loop for the three phases of

testing Specimen 3. Phase I and II are essentially the same testing situation. the only different

is that in Phase II the diagonal rebars were also engaged under forward <positive) loadings. For
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both~ ordmary infill (phase I) and the enhanced felTocement repait (Phase m) it is evident thai

for the first cycle of loadmg. a considerable amount of energy was dissipated. FoUowing a

sudden drop off in energy dissipation capacit)' after these ftrSt cycles. subsequent cycles of

lOOOmg show only a gradual decay m energy dissipation.

5.4 Contad Stresses

Contact stresses between ~ brick intill panel and the steel beams are calculated from the

implied moments for each sub-test of the specimens for the final I.S~ drift cycle. 1be fmite

difference method was used which employed forward. central and backward differences at the

appropriate nodes of the heam,,' strain gage pairs to obtain inferred contaCt stresses. From first

principles. the load intensity (w) acting on a beam is related to its bending moment (M) by

• -w (5-2)

Using fmite difference relations (\f the second orOer. the beam can be divided into (PI) nodes and

(n-!) equal segments of lengths (dx). At the left end of the beam. the follOWing forward

difference was used:

(5-3)

where i represmts the node numbet'. Backward differences were employed at the right end

of the beam given by:

(5-4)

Along the other nodes. the following central difference relation was used;

(5-5)
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Figs. 5.8 to 5.14 show a plots of implied moment and the corresponding contact s::resses, 11

should ~ noted that the stresses are tension positive (in psi), and the bending moments (in kip­

in) are plotted on the tension side of the beam.

The stresses induced in the mid."Pan vicinity of the beam are due to the formation of a secondary

strut mechanism. The initial primary strut mechanism leads to high stress concentrations at the

comers of the will as shown in Fig. 5.16 (a). Following a few loading cycles at low drift

amplitudes (see Figs, 4.3(a). 4.12, 4.13 and 4.19 - 4.22), it is evident that the infilllooses its

tension strength at the interior of the panel and is unable to sustain the co~r-1o<omer diagond

strut. Thus, secondaty struts form as shown in Fig. 5.16 (b), which ~ primarily governed by

Coulomb shear friCtion across the mortar interfaces. These secondary struts lead to the

application of contact stress distributions such as those shown in Figs. 5.8 to 5.14. The formation

of these secondary stlUts and subsec;uent additional crackins is due to the formation of a SR

(shear rotation) mode of failure',

5.5 InfiU Strength Assessment

From the foregoing discussion, it is evident that a somewhaI complex form of resistance cvclves

during the course of cyclic testing. It is not within the scope of this report to model suc-.h

behavior. This is me subject of ongoing research. However, it is of interest to determine the

strength of the infills by applying commonly used engineering strength assessment teehniques.

Paulay and Priestley6 have summarized the in.plane fail~ modes for masonry infilled frames.

These include:

1. Tensile failure of the tension (windwud) column resulting from applied

ovenuming moments.

2. Flexural or shear failure of the columns.

3. Compression failure of the diagonal smn.

4. Diagonal tension cracking of the panel.

5. Sliding shear failure of the masonry along horizontal monar beds, generally near

the mid-height of the infill panel.

Fn:urae FGilart:

TIle ftrst two failure modes are concerned with frame failure. In this srudy frlme failure was

5-19



avoided by deliberately designing the beam and column members to be significllll1y stronger than

the will pa'-lei. This resulted in lateral load capacities of 204 and 337 kips for failure modes

1 and 2, respectively.

DiDrolUll Compressio" Faibln:

For a compression failure of the diagonal strut, the method suggested by Stafford-Smith and

Caner can be used, such that

2 I

V • - ex rlll..-
e J -

(5-6)

where 1-'0 - masonry strength from the parallel prism test, It • height of the: masonry (62.2"),

I • thickness of the bricks (3.5") and ex· the ratio of the panel height under compression

which is given by

(5-7)

in which 8 • Wl-1ltlb being the angle between the infill diagonal and the beam, E. • elastic

modulus of masonry (see Fig. 2.6), E. • elastic modulus of the steel column (29,000 ksi) and

I e411 - second moment of area of the steel column (82.8 in'). Using the above equations,

DilJrolUll T~rt.rioll FtIilllrt:

The lateral inf1llload (F
ll

) at which diagonal tension cracking is induced can be determined by

considering Mohr's cycle of stress at the center of the panel. 'The lateral infl11load must be kept

in equilibrium by a venical force such that

The respective horizontal (0Jl)' venical (G,) and shear ( 't ) stress at the center of the infill panel

are
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From Mohr's circle shown in Pia. '.16

(5·8)

(5·9)

(5-10)

(5-11)

tan2e • (S-12)

e • .!_-1(_3]
2 b It---

" b

(5-13)

(5·14)

For the dimensions of the praem problem e· 31.334-. The a:miIe stteSI can be computed

from

Rio 5.16
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SoIvinl for cncDnl shear when Vcr = F. usinl Eqs. 5.9 10 Eq. 5-11 in Eq. 5-14 pva

a,1by • ---.;;.....---

~ 1.5 taD 8 - (:)

For the dimensions of the present student, the cnckin~ shear is

Vcr • F" • 685 a,

SIidl", Sitar FtIilun:

A Mohr-Coulomb failure criteria can be used to IsseSS the sUdioS shear capacity

where 't•• cohesion sbenJlh Jiven in Table 2.1.

(5-15)

(5-16)

(5-17)

,. 217.7 t.

1 - 0.67 till. (5-18)

Appllctllioll:

The fWaR Sbengths for modes 3 to S are Jiven in Table 5.1 for brick infllls only. From the

results listed in Table S.1 it is evident that the slidinl shear is critical, but closely associated with

diqonal tension failure. However, each of these capacities are approltimalely ~ hip than

the observed results in the present tesb. This difference is perluIps due to the early 0DICt of

diqonaI cnckinl associated with cyclic loading. In any cue, e.ch of the above analytical

methods provide • poor assessment of sbength. One improvement in Ihe analysis may be to

reduce the anpe of internal friction to rdlcet the effects of cyclic 10IMtin,. Usinl the value of

II • taDt· 0.5 as recommended in Paulay and Priestley, then Y... 3rt t •. This pves shear

suenJlhs of 37.6 and 29.5 kips for Specimens] and 3, which indicate a predicted sD'eI1Ilh

within ~.5" and +5. of observed results for Specimens 1 and 3, respectively.
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TABLE 5.1 saslc Inflll Panel Failure Model capabilities

Specimen

1 3

Mode 3: Compression Failure

of Diagonal Strut
I

E. ksi 1130 I 800

I ilalD ksi 2.15 1.65

« • 2.89 E",-o·15 0.50 0.54

V, • 14S «lrtIIO kips 156 130

Mode 4: Diagonal Tension Failure

0, ksi 0.120 0.085

Vcr· 68S a, kips 82 58

Mode 5: Sliding Shear Failure

~o ksi 0.115 0.090

• (deg) 41 44.4

V, kips 60 57

V. 37.8 34.9

~ 0.63 0.61v..."
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Bmplriclll S"'.II~h Assess"..",:

The empirical code-based design principles used for determining the shear strength of

concrete/masonry beams/walls can also be applied to the assessment of infill panels, such that

the ultimate shear strength is given by

yay +y..-y
• • C ,

in which ...... v.t.b is the contribution of the brick masonry to the shear strength where v...

nom:.•al masonry shear capacity (quantified below). '. '"' brick wall thickness (3.5"). and h ..

width of the masonry infill panel; Ve .. vetch is the shear carried by the ferrocement overlay

where vc " nominal concrete shear capacity, and 'e = thickness of femx:ement.

Y, = p f, b te '"' shear carried by the mesh in the ferrocement; whrre p :: volumeuic ratio of the

mesh (0.004) and f,. yield suength of the mesh (listed in Table 2.1). Based on the

recommendations of Paulay and Priestley, the contribution of shear carried by the masonry can

be considered to have initial and final capacities respectively based on monotonic and cyclic

loading effects as follows:

(5-19)

Similarly, for the ferrocement monaro

(5-20)

These strength capacities are summarized for each of the stages of loading for the inf1lls in Table

5.2. The upper and lower bounds of shear capacity based on the aforementioned initial and final

quantities are shown for all tests in Fig. 5.17. From these graphs it is evident that a rasonably

reliable prediction of the bounds of strength can be obtained by using this modified ACI code
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approach to the assessment of shear sb"ength. It should be noted that in~ stt'C;ngth assessment

strength of the fcrrocemcnt coated infills that after about the second n:versc:d cycle of loading.

the shear carried by the bricks tends to vanish with only the steel curying the shear.
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Tlble 5.2 Summary of Strength Properties

Specimen: 1 2 3

Phase: o· Rb RC I II III

Material paramet....: Masonry thickness '. In 3.5 3.5 3.5 35 35 3.5

FerrocemenI lhlckness 't In 0.5 0.5 0.5

Masonry .rength l- ps! 3400 3400 2200 2900 2900 2900

ConcnKe .rength I, psi 4080 4150 3700

Mesh yield strength I, ksl 60.7 60.7 60.04

S"'r c..-cltln:
Inllallhear C8pecIty of muotVY

1'.. - 2I1.t,. kips 37.6 11.3 30.3 34.8 10.4 104
I

FInBl sheer capecly of masonry '~-O.H·.. kips 11.3 0 9.1 10.4 0 0

Sheer~ of ferrocemenl monar '. -2./J..'. kips 5.9 5.9 11.2

Sheer canted by IteeI mesh and rebars r. - ..I,t,. +(I'.J kips 12.5 12.5 (6.9)d (6.9) 31.7

Initial ultimate thear ca.-city ".. -"..+v.,+Y, kips 37.1 21.7 48.' "'.7 17.3 53."

FlMI ullimete ....r ca.-city r",-'.+1'./+'. kips 11.3 14.3 23.5 17.3 1.9 35.1

0beMwd .........: reversed direction Y' kips -37.8 -26.5 -31.8 -34.9 ·25.4 -46.0..
forward direction 1'• kips 33.1 18.5 26.7 19.0 17.5 41.8..

8trengthratloe 1.00 0.89 0.65 0.84 1.47 0.88Y;"/I'"

"':"/1'., 2.93 1.31 1.14 1.10 2.54 1.18

-ordinary 1nfII. bRep8Ired 1nIII. ~Ib'oflned 1nfII. dDIBgonaI rebar engaged on negallve levels 00y.
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SECfION'

SUMMARY AND CONCLUSIONS

The following conclusions can be made from this study:

I. Unreinforced clay brick masonry infills. within steel frames. behave in a ductile

fashion uooer in-plane lateral loadings. However, bricks arc loosened within the frame during

load cyC'ling such that this may leave the infiU vulnerable to fall-out from out-of-plane loads.

Nevertheless. if fallout of the infiU is not a prvblem, unreinforced clay brick masonry infdls can

act as a ductile lateral load resisting elements in multi-story frames.

2. Although the experiments on ordinary brick infills demonslnlted a reasonable ductility

capability. by the end of testing the panels were quite loose within their frames. It is liIcely that

the out-of-plane integrity of infills with fcnocement overlays is improved due to tensile

membrane action. However, it is considered that some IeSting should be canied out to assess the

out-of-plane integrity of ordinary and repaired/relrofitted brick infills.

3. Using an enhanced ferrocement overlay on the inrtll panel. which also contains

diagonal rebars as reinforcement. provides an improved ductility capacity for the infill panel. An

enhanced overlay should improve the general seismic performance of such an infilled wall

system. The diagonal reinforcement adds strength and energy dissipation capability through a

confinement action. Tension cracks are dispersed along each diagonal with this class of

ferrocement overlay. The diagonal rebars also help to prevent out-of-pIane buckling of the

ferroccmcnt at the center of the panel. Such rehabilitated infills could be used in the lower 5101')'

of a multi-story frame where plastic hinging would normally be expected to occur in stroetural

walls undC! eanhquake loading.

4. Shear strength assessments of the infill panels based on first principles to determine

failure modes due to the most critical of (i) diagonal compression. (ii) diagonalcension. and (iii)

sliding shear overpredicted that lateral load capacities by some 60" . However. improved

predictions were made by using the classical code-based empirical approICh usin, Y•• V~ + V,.

To allow for cyclic loadinp effects. shear stren&ths can be bounded by initial and final shear
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APPENDIX A RESULTS FROM BARE FRAME TESTS

Following each infilled frame test the masonry was removed and the frame tested; frrstly with

the diagonal braces present. and finally without the braces. These post-infill tests are presented

here in Appendix A. For these post-infill tests. the drift amplitude was kept the same as the fInal

subtest used for the infill. i.e. 1.5%. Sub·tests which included two complete reversed cycles of

at drift amplitudes of ±O.25%. 11.0%. ±2.0% and 13.0% were run. Between each sub·test. the

specimen was inspected for visible damage. Careful attention was paid to the behavi.Jr of the

semi-rigid connections in order to ascenain the yield line panern.

A.I Results of Bare Frame Test on Specimen I after the Repaired Infill Test

The force-drift response of the bare frame test after the brick ilJill was tested and removed is

shown in Fig. A.I. The difference in area between the repaired infill test and the bare frame test

clearly indicate that the coated brick will is the primary energy dissipating mechanism.

However. it is evident that the energy dissipation capacity diminishes rapidly with cycling.

The joint rotation response of the bare frame tcst is shown in Fig. A.2 (a) and (b). Significant

hysteresis can be seen and it indicates that the angle connections had yielded.

The bending moment of the right column and bottom beam for the first cycle of positive and

negative loading are shown in Fig. A.3 (a) and (b). As expected. the moments show straight

lines with the point of contraflexure at midspan of the beams. From Fig. A.3 (a) it is interesting

to note that the column moments are not synunetrical about the mid-height of the column. lltis

indicates that different loads are being provided by the upper and lower bracing. respectively.

Also note that the column moments are slightly curved in a "S" shape over their height. The

depanure from a straight line distribution is due (0 secondary moments arising from P-delta

effects in the column.

A.2 Results of the Bare Frame Test on Specimen 2

Fig. A.4 (a) shows the force-drift response of the bare frame with bracing. From these hysteresis

loops, it can be clearly seen that the semi-rigid bolted cormections of the bare frame absorb a
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minimal amount of energy in contrast to the complete infill frame.

Fig. A.4 (b) shows the force-drift response of the bare frame without bracing to the ±1.5% drift

amplitudes. The results from both bare frame tests show insignificant degradation in strength

with cyclic loading.

For comparison with the Bare Frame Specimen two additional cycles were performed at a ±2.0%

drift amplitude with the result planed in Fig. A4 (c). This can be compared with the relevant

two cycles at the 2% amplitude taken from Fig. 3.2 (Fig. A.4 (d» for the Bare Frame Specimen.

The load vs. joint rotation response of the bare frame with bracing test is shown in Figs. A5 (a)

and (b). Differences in joint rotation for a given load level appears to be due to the previous

asymmetric yielding when the in!ill panel was present. The difference in joint rotation and drift

is due to elastic defonnations of the frame.

The load vs. joint rotation response of the bare frame without bracing test is shown in Figs. A.6

(a) and (b).

Figs. A7 to AIO respectively show the implied bending moments measured from the Strain

gages for: the top and bottom beam when the bracing was present; a column with bracing; and

the column when the frame was retested without bracing.

A.3 Results of the Bare Frame Test on Specimen 3

Figs. A.II to Al3 show: the force-drift response of the bare frame with and without bracing; the

lateral load-joint rotation response for an upper and lower semi-rigid bolted connection and the

bending moments for the upper and lower beams.

A.4 Discussion of Results

This section has presented the lateral load-drift response of bare frames with and without the

diagonal bracing in the end half-bays.

TIle results from this ~ion are used to obtain the response of the steel frame which can be

subtracted from the gross willed frame response to obtain the net effect of the infill on the

overall performance. This is discussed previously in Section 5.
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1be distributions of moments in all cases agree well with theoretical expeetuions. 'This gives

confidence to the results obtained when the bricks are present where disuibution of moments are

significantly altered due to the presence of local contact stresses.
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IO/1~/88. (p81l9-17444~/AS)

NCEER-IllI-H143 "NOOslallOnary Models of SeISmic Ground Accelerabon," by M. GnlOnu. S.E. RUlz and E. Rosenblueth.
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Hwang and J-W. Jaw. 2117/89. (PB1l9·207I 87/AS).
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StruelUJes (IDARC-3D). Part I
1146121AS).

Responae Analysis of Reinfon;ed Concrele Buildtnl
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NCEER·IN.(X\17 ··Proac<hngs from the Conferenu: on l>rsaslel Preparednes•. 11lc Pla<:e of ElUtlK(uale Ed""auon in Our
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7(26/89, (PBlJO-183518/AS).

NCEER·89-0036 "Llquefa.:uon Potenllal of SurfICial Deposilli m the elly of Buffalo, New York," IJ)' M. Budhu. R. Giese and
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Wlutman, 12/1/81}. iPBl}()-173923/AS).

NCEER-89-0039 "SeISmiC Effects on Elevded Tnuml Lmes of the New York City Transll ."uloonty,' I,y CJ. Costantino. C.A.
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NCEER-'Kl-O:JOY "A P!ngram lo Generate Site Dependenl Tmle Hlslories: EQGEN," by G.W. Ellis, M. Snruvasan and A.S.
Cakmak. 1/30t'Xl. (PB91-108829/AS).

NCEER-'Kl-OOIU "Acllve [solauon for Sellim.c ProlecUOn ofOperalmg Rooms," by M.E. Talbolt, SupervISed by M SlunozuU.
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S. Nacarajaiah, M,e. ConltantinoU and A.M Reinhom, 5/21191, (PB92·113885/AS).
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7/J1m

NCEER-I/1-0l20 "Hyhnd Contwl of SeiSmlc·ExCited Nonlmear and lnelastl(; Struetural Sy.tem'...·by l,N, Yang. Z, L. anJ A.
Uamchans. 8/119 I. (I'Rn-14~ I7I/AS).
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