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by the National Center for Earthquake Engineering Research (NCEER) through a
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a. makes any warranty, express or implied, with respect to the use of any infor­
mation, apparatus, method, or process disclosed in this report or that such use
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damage resulting from the use of, any information, apparatus, method, or pro­
cess disclosed in this report.

Any opinions, findings, and conclusions or recommendations expressed in this
publication are those of the author(s) and do not necessarily reflect the views of
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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established in 1986 to
develop and disseminate new knowledge about earthquakes, earthquake-resistant design and
seismic hazard mitigation procedures to minimize loss of life and property. The emphasis of the
Center is on eastern and central United States structures, and lifelines throughout the country
that may be exposed to any level of earthquake hazard.

NCEER's research is conducted under one of four Projects: the Building Project, the Nonstruc­
tural Components Project, and the Lifelines Project, all three of which are principally supported
by the National Science Foundation, and the Highway Project which is primarily sponsored by
the Federal Highway Administration.

The research and implementation plan in years six through ten (1991-1996) for the Building,
Nonstructural Components, and Lifelines Projects comprises four interdependent 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 for these three projects. Demonstration Projects under Element III have been
planned to support the Applied Research projects and include individual case studies and
regional studies. Element IV, Implementation, will result from activity in the Applied Research
projects, and from Demonstration Projects.

ELEMENT IV
IMPLEMENTATION
• ConferenceslWorkshops
• EducationfTraining courses
• Publications
• Public Awareness

ELEMENT III
DEMONSTRATION PROJECTS

Case Studies
• Active and hybrid control
• Hospital and data processing

facilities
• Short and medium span bridges
• Water supply systems in

Memphis and San Francisco
Regional Studies

• New York City
• Mississippi Valley
• San Francisco Bay Area
• City of Memphis and Shelby

County, Tennessee

• The Nonstructural
Components Project

• The Lifelines Project

• The Highway Project

ELEMENT II
APPLIED RESEARCH
• The Building Project

ELEMENT I
BASIC RESEARCH

• Seismic hazards and
ground motion

• Structures and systems

• Geotechnical
engineering

• Socioeconomic issues

• Intelligent and protective
systems

• Risk and reliability
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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 table
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.

Two of the short-term products of the Building Project will be a monograph on the evaluation
of lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The structures and systems program constitutes one of the important areas of research in the
Building Project. Current 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. Perform parametric studies of building response.
4. Retrofit oflightly 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, develop­

ment of analytical models and response simulation.
7. Investigate the torsional response of symmetrical buildings.

This work proposes a model of behavior of mortar joints including fracture after a peak of
nonlinear strength is achieved. The model is calibrated using informationfrom rigorous testing
ofmasonry subcomponents and materials. The model was used in afinite element analysis using
a complex computational platform, DIANA, to determine the contribution ofmasonry infills to
the behavior offramed structures. The analytical method ofsuper-convergent path recovery is
compared with a smeared crack model approach and with experiments (pseudo-dynamic and
.seismic simulation using the shaking table). The model was then used to generate fragility
curves for infill frames with various properties resulting from variability of materials and
modeling parameters. The work presents a comprehensive analytical and experimental ap­
proach which allows a complete picture ofadvanced analysis ofmasonry structures. The work
integrates the efforts ofNCEER in seismic loss assessment, providing reliable fragility curves
for the probabilistic cost analysis. The work was part of phase one of "Loss Assessment of
Memphis Buildings, " and provides a strong engineering basis for the evaluation.
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ABSTRACT

This report treats an experimental investigation of gravity load designed steel frames,
i. e. steel frames with semi-rigid connections, infilled with unreinforced masonry walls
and subjected to slowly applied cyclic lateral loads. An investigation of the mechanical
properties of the materials used in constructing the masonry infill walls is included. Various
geometrical configurations of the frame and the infill walls, and different material types of
the masonry walls, are considered. Based on the results, a hysteresis model for infilled
frames is formulated and discussed. All parameters in the model have physical meaning
and are calibrated with experimental data.

v





ACKNOWLEDGEMENTS

The financial support of the National Center for Earthquake Engineering Research, Buffalo,
New York is gratefully acknowledged. The experimental work of this study was conducted in
the George Winter Structural Laboratory at Cornell University. The assistance of Timothy
K. Bond, the laboratory manager, are acknowledged.

vii





TABLE OF CONTENTS

1 INTRODUCTION 1

2 PROPERTIES OF MATERIALS 5

2.1 Concrete Block Masonry . . 5

2.1.1 Block manufacturing 6

2.1.2 Physical and geometrical properties 7

2.1.3 Mechanical properties 7

2.2 Model Mortar . . . . . . . . . 9

2.2.1 Model mortar proportions 9

2.2.2 Mechanical properties 10

2.3 Masonry Assemblages. . . 12

2.3.1 Axial compression. 12

2.4 Mortar Joint Direct Shear 17

2.5 Diagonal Tensile (Shear) Test 19

2.6 Summary ........... 22

3 QUASI-STATIC EXPERIMENTS ON INFILLED FRAMES 25

3.1 Background ........ 25

3.1.1 Monotonic loading 26

3.1.2 Cyclic loading and harmonic excitation 27

3.2 Description of Experiments . 30

3.2.1 Loading system . . . 31

3.2.2 Load history protocol . 31

3.2.3 Design and construction 33

3.2.4 Instrumentation . . . . . 36

ix



TABLE OF CONTENTS (Cont'd)

3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 RESULTS AND MODELING OF INFILLED FRAMES 41

4.1 Global Response 41

4.1.1 Effect of number of bays and material group 44

4.1.2 Effect of openings on strength and ductility 46

4.1.3 Effect of openings on mode of failure . . . . 48

4.1.4 Identification of load-deformation parameters 51

4.2 Local Response . . . . . . . . . . . . . . . . . . . . . 55

4.2.1 Deformed shapes and straining actions of an exterior column. 55

4.2.2 Straining actions in the central column 57

4.2.3 Strains of the solid infills . 60

4.2.4 Infill wall deformations . . 62

4.3 Basis of Hysteresis Model Formulation 66

4.4 Summary . . . . . . . . . . . . . . . . 67

5 CONCLUDING REMARKS 69

6 REFERENCES 71

x



1-1

LIST OF ILLUSTRATIONS

Study program of infilled frames. . . . . . . . . . . . . 3

2-1 Typical geometry of the quarter scale concrete blocks. 6

2-2 Stress-strain relations of model concrete blocks. 8

2-3 Aggregate gradation curves for model mortar. . 10

2-4 Typical stress-strain relation for model mortar of type N. 11

2-5 Stress-strain relations in compression for different mortar types. 11

2-6 Deformation of different components of a masonry prism. ... 13

2-7 Comparison between stress-strain relations of masonry and its constituents. 14

2-8 Effect of the bond pattern and the slenderness ratio on the compressive
strength of masonry prisms; (a) Stress-strain relations for different bond
patterns; (b) Effect of slenderness ratio. . . . . . . . . . . . . . . . . . .. 15

2-9 Comparison between the stress-strain relations for grouted and ungrouted
masonry prisms. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16

2-10 Comparison between the stress-strain relations of masonry prisms for groups
Band C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16

2-11 Triplet specimen for mortar joint direct shear test; (a) Specimen in testing
position; (b) Specimen in the position for construction. . . . . . . . . . .. 18

2-12 Mortar joint direct shear test; (a) Applied shear stress versus shear slip
relation under certain normal stress; (b) Envelopes of shear stress versus
shear slip relations under different normal stresses. 20

2-13 Effect of pre-compression on joint shear capacity. 20

2-14 Typical results for diagonal tension (shear) test. . 21

2-15 Modes of failure in the diagonal tension (shear) test of masonry; (a) Group
A; (b) Groups Band C. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 22

3-1 Naming technique of the tested specimens.. 31

3-2 Schematic illustration of the quasi-static control and data acquisition system. 32

Xl



LIST OF ILLUSTRATIONS (Cont'd)

3-3 Displacement patterns applied quasi-statically; (a) Pattern for specimens
Q21SSB and Q21S0C; (b) Pattern for specimen Q21AOB.......... 34

3-4 Experimental setup of quasi-static experiments; (a) Specimen Q21SSB; (b)
Specimen Q21S0C; (c) Specimen Q21AOB...... 35

3-5 Detail of ASD-Type 2 (LRFD-Type PR) connection. 36

3-6 Common instruments to all quasi-static experiments. 38

3-7 Instruments for quasi-static experiments with solid infills. 39

3-8 Instruments for quasi-static experiments with infills including openings.. 39

3-9 Typical instruments for quasi-static experiments of cracked infills. . 40

4-1 Load-displacement relations obtained from set (A). 42

4-2 Lo~d-displacement relations obtained from set (B). 43

4-3 Effect of number of bays and material group on the hysteresis envelopes. 44

4-4 Modes of failure for infill walls; (a) Mortar cracking and joint slip for spec-
imen Q21SSB; (b) Corner crushing for specimen Q21SSA. 46

4-5 Effect of openings for set (A). . 47

4-6 Effect of openings for set (B). . 47

4-7 Sequence of crack patterns for specimen Q21SSB. . 49

4-8 Sequence of crack patterns for specimen Q21S0C. 49

4-9 Sequence of crack patterns for specimen Q21AOB. 50

4-10 Dilation of cracks in masonry infill walls. . . . . . . 51

4-11 A generic hysteresis loop and its physical parameters.. 52

4-12 Normalized envelopes of the hysteresis loops. ..... 53

4-13 Relations for the maximum slope of the unloading curve (K+). 53

4-14 Relations for the maximum slope of the reloading curve (K_). . 53

4-15 Relations for the slope at zero displacement (Ko).. 54

4-16 Relations for the residual story shear force (Po) . .. 54

4-17 Relations for the accumulated hysteretic energy (Eh ) .. 54

xii



LIST OF ILLUSTRATIONS (Cont'd)

4-18 Load-displacement relations along the height of the right column of speci-
men Q21SSB obtained from set (A). . . . . . . . . . . . . . 56

4-19 Deflected shapes of the right column of specimen Q21SSB. . 57

4-20 Variation of bending moment with applied lateral load at different locations
of the right column of specimen Q21SSB obtained from set (A). . . . . .. 58

4-21 Variation of straining actions with applied lateral displacement at different
locations of the central column of specimen Q21SSB obtained from set (A). 59

4-22 Variation of straining actions with applied lateral displacement at different
locations of the central column of specimen Q21SSB obtained from set (B). 60

4-23 Variation of strains along the diagonal of an infill wall with applied lateral
load of specimen Q21SSB obtained from set (A). . , 61

4-24 Possible variation of the cross-sectional area of the equivalent strut model
in infilled frames. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 62

4-25 Variation of the applied lateral load with different displacements of specimen
Q21SSB obtained from set (A); (a) Opening of gap at the top of the central
column with the right panel; (b) Sliding of the right panel with respect to
the center of the top beam; (c) Applied lateral displacement at the top of
the central column.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 64

4-26 Results obtained from specimen Q21AOB for set (B); (a) Applied lateral
displacement-load relation; (b) Deformation along diagonal (1); (c) Defor-
mation along diagonal (2).. . . . . . . . . . . . . . . . . . . . . . . . . .. 65

4-27 Bed joint dilatancy for a crack at the center of the right panel of specimen
Q21SSB obtained from set (B). . . . . . . . . . . . . . . . . . . . . . . .. 66

Xlll





LIST OF TABLES

2-1 Mechanical properties of concrete blocks. 8

2-II Mix proportions for the model mortar types. 9

2-II1 Mechanical properties of mortar specimens. 11

2-1V Mechanical properties of masonry prisms. 17

2-V Results of the diagonal tension (shear) test. 22

3-1 Experimental program. . 30

4-1 Effect of number of bays and material group on stiffness and strength of
infilled frames (dimensions in kips and inches). 45

4-II Effect of openings on post-cracking force and deformation ratios (dimensions
in kips and inches).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47

x.v





SECTION 1

INTRODUCTION

A common type of construction in urban centers is low-rise and mid-rise building frames
with unreinforced masonry walls filling the spaces bounded by their structural members.
The walls, usually referred to as infill walls, are built after the frame is constructed as
partitions or as cladding. Unreinforced masonry infill walls are usually classified as non­
structural components, i. e. their structural contribution is neglected during the design
process of the frames. Under this assumption, the bounding structural frame should be
designed to withstand all forces: vertical due to gravity loads and lateral due to wind
pressure and/or seismic ground motion.

Ignoring the contributions of infill walls during the design of the bounding frames may lead
to erroneous design as the frame/wall interaction under extreme loading conditions always
occurs. The effects of neglecting the infill walls are accentuated in high seismicity regions
where the frame/wall interaction may cause substantial increase of stiffness resulting in
possible changes in the seismic demand due to the significant reduction in the natural period
of the structural system. Also, the composite action of the frame/wall system changes
magnitude and distribution of straining actions in the frame members, i. e. critical sections
in the infilled frame differ from those of the bare frame, which may lead to unconservative or
poorly detailed designs. Moreover, these designs may be uneconomical since an important
source of structural strength (particularly beneficial in regions of moderate seismicity) is
wasted.

As a matter of fact, there is no resemblance between the responses of the infilled frame
and the bare one, as the former is substantially stronger and stiffer than the latter. The
performance shown by infilled frames is advantageous especially when the capacity (and
ductility) of the frame itself is suspected to be inadequate. This is the case of frames mainly
designed for gravity loads without or with little attention to lateral loads (usually due to
wind effects) when subjected to moderate or severe lateral loads due to earthquakes.

Lessons from recent damaging earthquakes illustrate the consequence of ignoring the contri­
bution of infill walls. In some cases, the real structure (i. e. the infilled frame) is subjected
to demands smaller than those considered during design. Unfortunately, in other cases,
the contrary occurs, i. e. design forces may be significantly exceeded increasing the seis­
mic damage vulnerability of the structure. In all cases, the changes in the distribution of
straining actions may render the structural detailing ineffective.

The problem of considering infill walls in the design process is partly attributed to incom­
plete knowledge of the behavior of quasi-brittle materials· such as masonry and to a lack of
conclusive experimental and analytical results to substantiate a reliable design procedure
for this type of structure.
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A series of three reports addresses the definition and investigation of experimental and
computational strategies to evaluate the behavior of infilled frames subjected to earthquake
loading. These reports are based on a study at Cornell University which is divided into
three parts as schematically illustrated in Figure 1-1. In Part I, the static experiments
on infilled frames are presented together with an investigation of the properties of concrete
block masonry and its constituents. In Part II, the pseudo-dynamic experimentation and
the corresponding results for a two-story infilled frame are presented. Finally, in Part III,
different computational strategies are introduced and critically investigated.

This report, which is the first in the series, outlines the static experiments conducted on
masonry and on frames infilled with masonry walls. SECTION 2 describes the geomet­
rical, physical and mechanical properties of masonry constituents (i. e. concrete blocks
and mortar), masonry subassemblages (e.g. prisms) and the block/mortar joint behavior.
SECTION 3 is devoted to the description of the quasi-static experimental approach for
gravity load designed steel frames, i. e. steel frames with semi-rigid connections, infilled
with unreinforced masonry walls. In this investigation, various geometrical configurations
were treated where different shapes of openings were introduced in the wall panels. In
SECTION 4, the results of the quasi-static experiments on infilled frames are presented
and a hysteresis model for infilled frames is formulated and discussed. In this model, all
parameters have physical meaning and are calibrated by means of the experimental data.
Finally, concluding remarks are given in SECTION 5.
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SECTION 2

PROPERTIES OF MATERIALS

Several reduced scale frames with masonry infill walls were tested in the present study. This
section deals with the experimental investigation of the geometrical, physical and mechan­
ical properties of the materials used in constructing the model infilled frames. Properties
of masonry constituents (i. e. concrete block and mortar) and masonry assemblages are
emphasized.

From a theoretical point of view, the optimum modeling technique is the one leading
to "true" models l , i. e. models which can predict the elastic and the inelastic behavior
including failure.

The main objectives of testing the reduced scale structures were to understand how frames
interact with their infills and to obtain experimental data for calibrating analytical models
of the infill walls and/or the infilled frame. Complying with these objectives, it was decided
that the sophistication involved in arriving at true models was not necessary. Therefore,
the models and their material were intended for pragmatic manifestation of the structural
response of infilled frames from a qualitative point of view.

Three groups of masonry constituents were considered in the study of frames infilled with
masonry walls, namely,

• Group A: weak blocks/strong mortar joints

• Group B: weak blocks/moderate strength mortar joints

• Group C: moderate strength blocks/strong mortar joints

The present study emphasizes the experimental results obtained using the more typical ma­
terial combinations of groups Band C. Results of group A are documented in references [82]
[25] and [55].

2.1 Concrete Block Masonry

Masonry is normally laid of rectangular units of different materials, shapes and sizes. The
common types of units are clay bricks, clay tiles, concrete blocks, light weight cellular
concrete blocks, sand-lime bricks and natural building stones. Ungrouted (i.e. hollow)
concrete block units were used herein.

1For true models, all similitude requirements for geometry, materials and loading must be obeyed. For
that purpose, the theory of dimensional analysis is usually used. An extensive discussion of the similitude
requirements for masonry can be found in references [9], [30] and Section 2.5.2 of reference [62].
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FIGURE 2-1 Typical geometry of the quarter scale concrete blocks.

2.1.1 Block manufacturing

The concrete blocks are made up of mason sand, type I Portland cement and fly ash. The
following steps summarize the manufacturing process of the model concrete block masonry2.

1. The ingredients are mixed in a Hobart mixer and deposited into hand tamped machine
which contains the block mold.

2. The block molds are vibrated until the mixture becomes solid.

3. The blocks are put on pallets in a curing chamber where a trough of warm water is
placed on the floor to keep the area warm and moist.

4. After the blocks are cured for a specific amount of time (about 24 hours), they are
left to dry.

The blocks are one quarter scale models of an eight inch, two core stretcher with mortar
grooves. The face shell and the intermediate webs are tapered as shown in Figure 2-1. The
block height does not have a control factor and varies slightly.

2Information provided by BESSER company of Alpena, Michigan is acknowledged.
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2.1.2 Physical and geometrical properties

The physical and geometrical properties of the model concrete block units were obtained
according to the ASTM C-140 [2]. The determined properties include the average net and
gross areas, the unit weight, the moisture content3 and the water absorption4•

Six units were randomly chosen from a sample of 100 units. Width, height and length were
measured at mid points and end points of adjoining sides and the average was calculated.
Face shell thickness was measured along the perimeter of the upper and lower bearing
surfaces. From the measurements, the gross area was 7.4 in2 whereas the net area was
3.9 in2

, i. e. the percent of solids was 53%. The average face shell area was 2.3 in2 with
face shell percentage of 31% of the gross area. Based on the net volume of the block, the
unit weight was 128 pcf.

The same six units used for the geometrical measurements were also considered for the
determination of the physical material properties. The average properties for the absorption
and moisture content were calculated using the mean values of dimensions and weights. The
moisture content and water absorption were found to be 12% and 16 pcf, respectively.

2.1.3 Mechanical properties

Compressive strength is usually the most important characteristic of quasi-brittle materials
(e.g. concrete, mortar, masonry or ceramics). In determining the compressive strength of
the concrete block units, the requirements of the ASTM C-140 [2] were followed. Units were
capped with Hydrostone5 at top and bottom for the purpose of achieving uniform stress
on the bearing surfaces. The capped model unit was tested under axial compression using
a Baldwin universal testing machine (maximum capacity = 60 kips). The loading rate was
adjusted such that failure load was obtained within 2-3 minutes. Vertical displacement
was measured using 2 LVDT's6, one mounted at the center of each face shell of the block.
These two displacement measurements were converted into axial strains by dividing by the
gage lengths of the LVDT's and then the average strain was calculated. The corresponding
stress was determined based on the net area of the unit. The experimental scatter of
the stress-strain relations of the weak and moderate strength model blocks is shown in
Figure 2-2.

3Moisture content is the difference between the sampled weight and the dry weight density.
4Water absorption represents the difference between the wet weight density and the dry weight density.
5Hydrostone is a trade name of the U.S. Gypsum Corporation.
6LVDT = Linear Variable inductance Differential Transformer.
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FIGURE 2-2 Stress-strain relations of model concrete blocks.

TABLE 2-1 Mechanical properties of concrete blocks.

Type [E[] fb [ksi] I €1eak IEb [ksi] I
Moderate strength 10 4.2 ± 0.8 0.0017 3200

Weak strength 34 2.0 ± 0.9 0.0018 1600

The predominant failure mode of the concrete blocks was compression shear through the
thickness of the webs and face shells. Horizontal splitting of one end web was evident in
almost all specimens. This asymmetrical horizontal splitting can be attributed to load
eccentricity. Attempts to eliminate such eccentricity were not completely successfuL From
Figure 2-2, one may observe that there was little warning at ultimate load of impending
failure for the moderate strength blocks. This brittle behavior was accompanied by an
explosive release of energy. A summary of the compressive strength (fb), strain at the peak
stress (€1eak

) and stiffness7 (Eb) of the concrete blocks is presented in Table 2-1 together
with the number of tested specimens (NS) for each type of block. The material properties
listed in Table 2-1 are given as the mean values except fb which is listed as the mean ±
the standard deviation. One may clearly notice that the experimental scatter of the weak
blocks (Cays = 45%) is much higher than the scatter of the moderate strength blocks
(COY = 19%). This may be attributed to lower quality control in manufacturing the weak
blocks (e.g. less vibrations of the molds).

7The term stiffness is used rather than the elastic modulus to emphasize the fact that such quantity is
highly dependent upon the geometry of the block. Therefore, it is not solely a material parameter.

8COV = Coefficient Of Variation = standar:e~viation x 100%.
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TABLE 2-11 Mix proportions for the model mortar types.

I Type ~ Cement I Lime I Aggregate I
I s II LO I 0.21 I 3.83 I
. N ~ 1.0 . 0.50.. 4.50

2.2 Model Mortar

Historically, the original purpose of mortar in masonry structures was to fill the irregular­
ities between the masonry units. Architecturally, mortar joints provide resistance to the
penetration of light, wind and water. Structurally, mortar joints bond the masonry units
together and help add strength to the masonry structures. The infill walls of the tested
structures were constructed using the previously discussed concrete blocks bonded together
with cement-lime mortar.

2.2.1 Model mortar proportions

The model mortar materials included Portland cement type III (i.e. high early strength)
and hydrated lime. The aggregate was commercially obtained natural masonry sand having
the gradation curves shown in Figure 2-3. As shown in this figure, two gradation curves
were adopted for the two mortar types used in the present study. These mortar types,
namely, moderate strength and strong, are basically the respective replicas of types Nand
S indicated by ASTM C-270 [2]. The method used in scaling the size of the aggregate
was to remove the undesired coarse parts of the same aggregate. In the present study, the
geometrical scale factor (81) was selected to be 4. Accordingly, the particles retained on U.S.
sieve #16 (rather than #4) were removed. This modified gradation satisfied the similitude
requirements as well as the requirements of ASTM C-144 [2]. Also, these aggregate sizes
were appropriate for model joint thickness of 3/32 inch9 scaled down from the commonly
used 3/8 inch thickness.

Based on several trial batches and following the procedures given in ASTM C-270 [2], the
mix proportions (given by weight) shown in Table 2-II were used for the two mortar types.
Water was added to the dry mixes and a relatively high water/cement ratio (~ 1.2) was
needed to provide sufficie~t workability.

9Although all possible precautions were taken to obtain such small joint thickness, it was realized
that the obtained joint thickness was sometimes larger than the required thickness. In general, the joint
thickness in the constructed models varied from 3/32 inch to 5/32 inch.
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FIGURE 2-3 Aggregate gradation curves for model mortar.

2.2.2 Mechanical properties

For the quality control of the mortar, two types of specimens were cast: 2 inch mortar
cubes for compression tests and 2 inch diameter by 4 inch high cylinders for splitting
tension tests and also for compression tests. From each batch of the mortar used in the
construction of the models, at least 6 cylinders and 3 cubes were cast. Half of the cylinders
were tested in compression and the other half in splitting tension. Testing of the quality
control specimens was performed at approximately the same age as the corresponding infill
walls. All control specimens were air cured in the laboratory under the same conditions as
the infill walls. Figure 2-4 shows typical results of a cylinder made of mortar type N. To
obtain the complete stress-strain relation in compression, severalloadingjunloading cycles,
under load control experiments, were applied as shown in Figure 2-4. Assuming the same
modulus of elasticity in tension as in compression, the results of the splitting tension test
are also included in Figure 2-4.

A comparison between the envelopes of the stress-strain relations in compression for mortar
types Sand N is shown in Figure 2-5, which shows the superior stiffnesslO and strength of
the mortar type S. Table 2-III summarizes the mechanical results for both mortar types.
The listed properties are the compressive strengths obtained from the cylinders (fcyl) and
cubes (fcube) , the splitting tensile strength (fsp), the Young's modulus obtained from the
mortar cylinders (Emor ) and the ratios between fcyl and fcube and that between fsp and
.;feyl. In this table, the listed values are the mean of all the tested specimens.

l°It is suspected that for type N specimens, the measured strain was slightly overestimated because it was
based on the relative displacement of the testing machine cross heads which implies that the deformation
due to the flexibility of the loading frame was included in the measured displacements. This situation
was rectified for type S specimens where measurements were directly taken from the specimens using an
accurate extensometer.
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TABLE 2-II1 Mechanical properties of mortar specimens.

S 3070 3530 240 2000 0.87 4.3
N 1770 2020 190 600 0.88 4.5

IType ~ fcyl [psi] I fcube [psi] I fsp [psi] IEmqr [ksi] ~ feyd fcube I fspjJfcyl I
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2.3 Masonry Assemblages

From the previous sections, it is clear that the two materials, i. e. concrete block and
mortar, forming the masonry structure do not have identical mechanical characteristics.
Therefore, one should realize that masonry used in structural components form a system
of composite mechanical action. In masonry structures, the common modes of failure are:

• Debonding of the bed joints (i.e splitting tension failure).

• Crushing of masonry (i. e axial compression failure).

• Diagonal tension cracking (i. e. splitting tension and joint shear failure).

To understand the causes and effects of these failure mechanisms, it is essential to scrutinize
the behavior of masonry assemblages under axial compression, joint shear and diagonal
tension.

2.3.1 Axial compression

The most often studied property of masonry, by testing or by theory, is its strength under
load perpendicular to the bed joints [64]. The strength of a masonry prism is affected by
several factors, including workmanship, thickness of the mortar joints, height of the units
and age of the mortar. Sahlin [64] reports that the range of attainable prism strength is
very broad, ranging from 100 to 7000 psi. In the present study, the workmanship and the
dimensions of the units and mortar joints were kept constant in all the experiments. Most
of the following discussions pertain to the material group B because of its susceptibility to
crushing.

An attempt was made to experimentally measure the stiffness and strength of the masonry
and its constituents from the same specimen. Several 5 course prisms with running joints
were constructed and instrumented to measure the overall deformation of the prism (.~p),

the deformation of a single block (Llb) and the deformation of a single mortar joint (Llm )l1
as shown in the insert of Figure 2-6. Typical results which relate the deformation char­
acteristics of the masonry prism to the deformation characteristics of its constituents are
shown in Figure 2-6.

To verify the possibility of theoretically relating the properties of masonry to its con­
stituents, the following approximate relation is used

(2.1)

11Li.m includes deformations of parts of the upper and lower blocks and the mortar joint because it was
impossible to measure only the deformation of the small mortar joint.
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FIGURE 2-6 Deformation of different components of a masonry prism.

where all variables are defined in the insert of Figure 2-6. The previous relation is ap­
proximate because the actual relation involves modifying Llm to isolate the deformation of
the parts of the blocks included in the gage length. This may be performed using simple
geometrical arguments but the result can be reasonably approximated by Eq. (2.1). The
calculated results for Llp using Eq. (2.1) are in a very good agreement with the measure­
ments, as shown in Figure 2-6.

A comparison between the stress-strain relations obtained from a mortar cylinder, a con­
crete block and the standard masonry prism, i. e. 3 courses with stack joints, is illustrated
in Figure 2-7. The results shown in this figure are for mortar type N and weak blocks.
One notices that the prism strength and stiffness fall between those of the mortar and the
concrete block.

Although the ASTM E-447 [2] gives recommendations for determining the compressive
strength of masonry using prisms, there is no exact shape specified for the prism to be
tested. Therefore, two basic parameters affecting the shape of the prism and consequently
the obtained compressive strength were investigated. These two parameters were the type
of bond pattern (stack versus running) and the slenderness ratio (height/width) of the
prism. '

Similar capping and testing procedures used for the individual concrete blocks were followed
for the prisms. Figure 2-8(a) illustrates the stress-strain relations for 5 course prisms of
the stack and the running bond patterns (2 specimens are shown for each bond pattern).
The stiffness of the prism is not affected by the bond pattern whereas the strength differs
(about 25% reduction from stack pattern to running pattern). Figure 2-8(b) shows the
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FIGURE 2-7 Comparison between stress-strain relations of masonry and its
constituents.

variation of the compressive strength with the slenderness ratio of the prism. The variation
and degree of scatter are shown for both the stack and the running bond patterns. From
this figure, the higher the slenderness ratio, the lower the compressive strength for both
stack and running patterns. This may be attributed to the increase of the influence of
load eccentricity with the increase of the slenderness ratio. In the prisms of the running
pattern, the mode of failure was usually vertical splitting along the head joints whereas for
the prisms of the stack pattern, the failure was either crushing of the face shell or splitting
of the intermediate webs. The running pattern always leads to less strength than the stack
pattern. This reduction may be attributed to the weak vertical plane introduced by the
head joints. One may speculate that the effect of the bond pattern is more pronounced in
prism tests than in testing large walls because in the latter case, the number of head joints
is independent of the bond pattern.

In the tested infilled frames, window or door openings were introduced in some of the
infill panels. This required grouting some of the concrete block cells around the openings.
Therefore, 3 course grouted prisms of the stack pattern were prepared for testing under
axial compression. In this case, the compressive stress was calculated based on the gross
area rather than the face shell area. A comparison between the stress-strain relations of the
grouted and ungrouted prisms is given in Figure 2-9. No significant difference is noticed
in the response except slight increase of the strength and the initial stiffness followed by
decrease in the tangent stiffness for the grouted prism.

Figure 2-10 compares the stress-strain relations for the 5 course prisms of the stack bond
pattern made of material groups Band C. It should be noted that the strength of group C
is 50% higher than that of group B whereas the stiffness is about 60% higher. The results
for prisms of groups A and B were essentially identical. Table 2-IV lists the mean values
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TABLE 2-IV Mechanical properties of masonry prisms.

IGroup ~ fp [ksi] I IEp [ksi] I
A&B 2.0 0.0026 860

C 3.0 0.0023 1400

of the compressive strength Up), the strain corresponding to the peak stress (E~eak) and
the initial stiffness (Ep )12 obtained from the 5 course prisms of the stack bond pattern for
different material groups.

2.4 Mortar Joint Direct Shear

Mortar joints and the interface between the joint and the masonry unit represent planes of
weakness and potential sources for crack initiation and propagation in masonry structures.
The mortar cracking and mortar/unit debonding produced by slip along the interface under
shear loading lead to significant stiffness degradation and material damping. These issues
have been recognized by several researchers as documented in many references such as
[29] [70] [6] [28] and [26]. It is therefore essential to investigate the shear capacity of the
mortar/block interface under direct shear loading.

Masonry researchers have devised numerous shear test methods, including the racking test,
the centrifugal force test, the triplet shear test, the four unit assemblage shear test and the
couplet shear test. A complete review of literature and evaluation of each of these testing
methods can be found in Section 5.2.1 of reference [28]. In the present study the triplet
shear test (Figure 2-11(a)) originally proposed by Johnson and Thompson [34] is adopted
to mainly investigate the effect of the axial stress normal to the bed joint on the shear
capacity of the mortar joint/concrete block interface.

Several specimens were constructed by the same experienced mason who built the infill
walls. The delicate nature of these specimens required extreme care in constructing, han­
dling and loading the specimens. The construction position of the specimen is schematically
illustrated by Figure 2-11(b) and the procedure of construction is summarized in the fol­
lowing:

1. Two units were placed flush on a wooden plate, spaced 1/8 inch apart.

2. Steel spacers with 3/32 inch thickness were placed on top of one unit (used as a
temporary support) and mortar was placed on the face shells of the other unit.

12Because the stress conditions near failure of the masonry prisms were not the same as at lower load
levels, no strong correlation between prism compressive strength Up) and its initial stiffness (Ep) was
expected [20].
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FIGURE 2-11 Triplet specimen for mortar joint direct shear test; (a) Specimen
in testing position; (b) Specimen in the position for construction.

3. The central unit of the specimen was positioned in place as shown in Figure 2-1l(b).

4. Firm pressure was applied causing excess mortar to squeeze out of the joints.

5. Gentle tapping with the wooden end of the trowel was applied to further consolidate
the joints to the required 3/32 inch thickness and to assure horizontal laying of the
units with the help of the 3/32 inch steel spacers.

6. The central unit was leveled and plumbed.

7. Another temporary support was made of a half unit and positioned as shown in
Figure 2-11(b).

8. A mortar bed joint was placed on top of the central unit.

9. The top unit was placed in position on the mortar joint and plumbed vertically with
the lower unit and leveled horizontally to provide the necessary 3/32 inch thick mortar
bed joint.

10. The mortar joints were tooled on both sides of the specimen.

11. After 24 hours, when the mortar joints gained reasonable strength, the temporary
supports were removed.

Similar procedure to the one listed above was followed by Ghanem [26] for 1/3 scale four
unit assemblage shear specimens.

All specimens were made of materials of groups Band C. There were no significant differ­
ences between the results of the two groups; all results reported herein are those obtained
from group B. At the age of 35 days after fabrication, the top end of the central unit and
the bottom ends of the side units were capped using Hydrostone (see Figure 2-1l(a) or
the insert in Figure 2-12(a) for the specimen in its testing position). The pre-compression
normal to the mortar joints was controlled by calibrated springs and kept constant during
the shearing of the mortar joints. The force was applied through a spring mechanism where
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the spring stiffness was known and by controlling the shortening of the springs, the correct
normal compressive force was maintained.

The failure mode for all the specimens, regardless of the material group or the value of pre­
compression, was shear slip along one mortar joint. This failure initiated by a debonding
at the model concrete block and mortar interface. As noticed by Ghanem [26], in almost
all specimens, the failed joints were in one plane which was at the interface between the
mortar and the uppermost model block laid during fabrication. Obviously, this implies the
sensitivity of the mortar bond at early stages to any pressure normal to the bed joint even
if it was produced only by the self weight of the upper courses.

Figure 2-12(a) shows a typical shear stress versus shear slip relation for a particular value
of the applied pre-compression (61 psi). The insert in this figure explains how the specimen
was loaded and how the shear and normal stresses were calculated. The relation is charac­
terized by a peak (Tp ) and residual (Tr ) values for the shear strength as shown in the insert
of Figure 2-12(b). To be able to measure the residual shear strength, loading/unloading
cycles were applied in the manner shown in Figure 2-12(a). The envelopes of these cycles
are illustrated in Figure 2-12(b) for 5 different values of pre-compression. To illustrate the
repeatability of the results, two envelopes are shown at the same pre-compression value for
CJ = 0, 41 and 61 psi. The results become more scattered for no pre-compression because
of the increase of the sensitivity to any small value of load eccentricity.

From the envelopes shown in Figure 2-12(b), one can determine the relations between the
values of the peak and the residual shear strengths and the value of the pre-compression
normal to the bed joints. These relations are obtained using regression analysis of the test
data and the results are given in Figure 2-13. Linear regression was sufficient leading to
Mohr-Coulomb type relations as follows:

Tp = 0.04 + 1.3CJ & Tr = 0.01 + 0.9CJ [ksi] (2.2)

where Tp and Tr are the peak and residual shear strengths, respectively and CJ is the stress
normal to the bed joint. In the third report of this series, these relations are used to
formulate the post peak behavior of an interface finite element representing the lumped
effect of a mortar joint and the interface between the mortar joint and the concrete block.

2.5 Diagonal Tensile (Shear) Test

The diagonal tensile strength or shear strength of masonry is usually determined by apply­
ing compression along one of the diagonals of a small square wall. This loading arrangement
results in failure by diagonal tension as pointed out by Fattal and Cattaneo [22]. The stan­
dard test technique is based on the work by Fishburn [24] and the procedure is determined
by the ASTM E-519 [2]. The standard specimen is 4-ft by 4-ft which is scaled down in the
present study to 1-ft by 1-ft, i. e. 3 units long by 6 units high of the running bond pattern.
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FIGURE 2-14 Typical results for diagonal tension (shear) test.

At least 6 specimens were constructed during the construction of each infill wall model by
the same experienced mason who constructed the infill walls.

The specimens were cured under the same conditions as the infill walls. The specimens
were instrumented by 2 LVDT's, one on each side of the specimen to measure vertical
contraction along one diagonal and horizontal extension along the other diagonal. In lieu
of the loading shoes recommended by the ASTM E-519 specifications [2], exact 1/4 scale
replica shoes were manufactured and used in the tests. These shoes resulted in bearing
area encompassed within one unit height (2 inches). The shoes were placed on a leveled
surface and filled with a stiff mix of Hydrostone capping material. The insert of Figure 2-14
shows a specimen in the testing position. It should be noted that the gage lengths (g) for
the vertical and horizontal LVDT's were identical in compliance with the ASTM E-519
requirements.

The specimens were tested at almost the same age as the infill walls and typical relations
for diagonal load (P) versus vertical contraction (.6.c ) and horizontal extension (.6.t ) are
shown in Figure 2-14. The results shown in this figure are for material group B. The failure
mode for group A specimens shown in Figure 2-15(a) was mainly due to splitting in the
weak blocks whereas the mode of failure for groups Band C was caused by sliding along
the mortar joints as shown in Figure 2-15(b).

The load and displacement data in Figure 2-14 can be converted into shear stress (85 ) and
shear strain ('Y) according to the following equations:

where An = LtfJ (2.3)

where An is the net area, L is the length of the square specimen (for rectangular specimens,
taken as the average of the length and width), t is the total thickness of the specimen and
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FIGURE 2-15 Modes of failure in the diagonal tension (shear) test of masonry;
(a) Group A; (b) Groups B and C.

TABLE 2-V Results of the diagonal tension (shear) test.

I G [ksi] I
A 140 0.00065 215
B 180 0.00045 400
C 250 0.00035 715

IGroup ~ Ss [psi] I -y

7} is the ratio of the net area to the gross area.

Llc + Llt
-y=

9
(2.4)

Parameters in Eqs. (2.3) and (2.4) are defined in the insert of Figure 2-14. The modulus
of rigidity (G) is then given by

G= Ss
-y

(2.5)

At the ultimate load, the average results obtained from the previous equations are summa­
rized in Table 2-V for all the material groups.

2.6· Summary

The geometrical, physical and mechanical properties of reduced scale masonry assemblages
and masonry constituents have been presented. Basic tests on concrete blocks and mor­
tar were carried out to determine the stress-strain characteristics. Shear strength of the
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mortar/ concrete block interface was evaluated under different values of pre-compression
normal to the bed joints. A Mohr-Coulomb failure surface was obtained by regression
analysis. Finally, diagonal tension (shear) tests were conducted for mortar/concrete block
combinations of different relative strengths.
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SECTION 3

QUASI-STATIC EXPERIMENTS ON INFILLED
FRAMES

The validation of numerical models for infill walls requires measured results obtained from
realistic experiments designed for accurate representation of the structural configuration
(i. e. geometrical and material properties and boundary conditions). Unfortunately, most
previous experiments on frames with infills have concentrated on static monotonic load
tests performed on the simplest structural configuration, i. e. single-bay, single-story infilled
frames. The infill walls in most of these frames were solid panels (no openings).

Quasi-static experimentation can be defined as a testing procedure where cyclic loading is
slowly applied to the tested structure. In this experimental approach, the definition of a
testing program and the associated load history protocol is an essential task. As reported
by Krawinkler [37], this definition depends on the purpose of the experiment (e.g. research
or seismic verification) and the type of anticipated failure mode (e.g. rapid or slow strength
deterioration). Suitable load history protocols for laboratory static and dynamic tests are
discussed by White [74]. The specification of loading histories has been extensively studied
by the Applied Technology Council (ATC) for cyclic load testing of steel structural elements
and configurations [5]. Testing is almost always performed on a deformation-controlled basis
to best facilitate interpretation of results in terms of ductility! and to permit continued
testing beyond the load carrying capacity.

In this section, several quasi-static experiments conducted on infilled frames are discussed.
The structures used in these experiments were reduced scale Semi-Rigidly Connected Steel
(SRCS) frames infilled with UnReinforced concrete block Masonry (URM). These frames
were Gravity Load Designed (OLD) to represent existing design philosophy in low and
sometimes moderate seismic risk regions2

•

3.1 Background

Infilled frames have been experimentally investigated by many researchers. Most of this
effort has been focused on single-bay, single-story frames infilled with various materials
and subjected to monotonic or cyclic (quasi-static) loading. The aim of such experiments
was to determine the change in stiffness for different levels of loading and the strength and

1From the point of view of earthquake-resistant design, ductility may be defined as the amount of
inelastic deformation the structure can sustain without significant loss of strength.

2Examples of these regions include the eastern part of North and South America, Australia, Great
Britain, ... etc. For discussions on seismically quiet continental areas, the reader is referred to Section 1.2
of The seismic design handbook [13].
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stiffness evolution upon load reversals. For seismic evaluation purposes, it is not clear how
to extrapolate the results of these experimental studies to multi-bay, multi-story infilled
frames subjected to realistic earthquake loading.

3.1.1 Monotonic loading

Dating back to the 1950's, the earliest attempt to perform static experiments on infilled
frames with monotonically increasing lateral load was conducted in 1952 by Thomas [71].
Since then, several researchers [10] [11] [12] [75] [63] [32] [33] [67] [68] [69] [58] [45] [78] per­
formed experiments on steel or reinforced concrete frames infilled with different materials
s:uch as plain or reinforced concrete, mortar, bricks, clinker blocks, hollow, grouted or rein­
forced concrete block masonry and clay blocks. Important information about the behavior
and modes of failure of infilled frames can be obtained from such static experiments. For
example, monotonic loading (push-over) experimentation provides the load-displacement
relationship, one of the essential pieces of information required in dynamic analysis. Also,
this information can be utilized in developing analytical models. Monotonic experiments
were aimed at the determination of the effect of infills on the lateral strength and stiffness
of the infilled frames.

In the 1970's and 1980's, more interest was directed to numerical modeling of infilled frames.
Accordingly, experimental efforts on monotonically loaded infilled frames were performed
to reveal the effect of specific parameters, such as,

• Openings [47].

• Shear connectors [47] [41] [43].

• Contact length between the wall and the frame members [44] [8].

• Initial gap arrangement and sizes between the infill walls and the bounding frames
[61].

The test program conducted at the University of New Brunswick may be considered as one
of the most intensive experimental programs on infilled frames tested monotonically. In this
program, McBride [51], Yong [77], Amos [3] and Richardson [60] examined the frame/infill
interface conditions, column to infill ties, initial gaps, frame connection types, infill open­
ings, reinforced bond beams and loading conditions. Their experimental program consisted
of 34 large-scale single-bay, single-story steel frames infilled with concrete masonry. The
results of this experimental program were further investigated by Pook and Dawe [59] and
by Dawe and Seah [17].

One of the rare studies on the behavior of GLD frames with URM infills was recently
conducted by Harris et al. [31]. Four 1/6-scale single-bay, three-story Lightly Reinforced
Concrete (LRC) frames were tested. One was tested as a bare frame and the other three
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were infilled with concrete block masonry (one with infill in the first story only, one with
infills in the first and second stories only and one with infills in all three stories). Inverted
triangular monotonically increasing loading pattern was applied to all frames. Details
of the testing program and results are given by Ballouz [7]. The major conclusions and
recommendations of this study include:

1. Retrofitting with non-integral (i. e. without shear connectors between the infill wall
and the frame members) masonry infills was an effective and economical method for
improving strength and reducing drift of LRC frames.

2. Substantial strengthening of LRC frames was achieved, but the relatively strong ma­
sonry infills used in these tests resulted in catastrophic failures of the tension columns.

3. By proper selection of the infill masonry strength, along with prevention of its pre­
mature separation from the columns, a more desirable failure mode may be achieved,
with yield hinges at the top and bottom of the columns and crushing of the masonry
infills.

4. Anchorage of the masonry infills to the bounding frame members may be a critical
factor in determining the overall performance. With proper anchorage, it could be
possible to force failure in the masonry and prevent a premature shear/flexure column
failure.

3.1.2 Cyclic loading and harmonic excitation

In this section, a brief literature review of selected experimental investigations of infilled
frames tested under cyclic loading or under harmonic excitation is presented. Cyclic loading
and harmonic excitation experiments allow the determination of strength and stiffness
evolution upon load-reversal. Esteva [21] conducted the first cyclic loading tests on infilled
frames in 1966. He subjected unreinforced masonry panels framed by reinforced concrete
members to alternating diagonal compression loads. There is an extensive international
literature on cyclic loading experiments conducted on reduced scale as well as full scale
frames of different material and infilled with variety of walls [46] [23] [15] [19] [38] [36] [40]
[14] [35] [39] [56] [79] [80] [81] [76] [66] [53] [4].

Liauw and Kwan [42] conducted experimental studies on cyclically loaded small-scale mod­
els of four-story infilled frames. They applied harmonic load at the top of the frames.
Three categories of models were tested, namely, non-integral (i.e. no connectors at the
interface), partially integral (i. e. connectors along the infill/beam interface only) and
integral (i.e. connectors along all infill/frame interfaces). They evaluated the hysteretic
characteristics, energy dissipation capacities and degradation properties under cyclic load­
ing. They concluded that the integral infilled frames are structurally superior because of
the following:
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1. They are stiffer and stronger.

2. They are more ductile and more reliable since they maintain a gradual and fairly slow
degradation rate.

3. Their energy dissipation capacities are much larger than those of the other types of
construction.

Dawe et al. (1989) [18] tested 10 portal steel frames with and without infills of solid clay
bricks to evaluate the dynamic stiffness and strength of the structure, the effect of ground
motion intensity on the wall degradation behavior, the role of the enclosing frame stiffness
and column-to-roof rotational rigidity. They subjected their specimens to a sinusoidal
ground motion. They compared their experimental results with those obtained from a
simple single-degree-of-freedom model and a braced frame model. They concluded that the
linear response of infilled frames can be predicted by the single-degree-of-freedom model
whereas the linear and the initial stages of the nonlinear response of these frames may be
predicted using the braced frame model.

Several loading techniques for reduced scale models of two-story reinforced concrete frames
infilled with solid clay bricks were investigated by Manos et ai. [49]. These loading tech­
niques included static tilt, low level impulse loading either on the first or the second story
level, sweep (i.e. controlled sinusoidal motions of fixed amplitude with a frequency vary­
ing within a certain range) and simulated earthquake excitations. They observed that the
placement of asymmetric masonry infills on the ground floor caused detrimental effects
to the structure. They also observed that wide door openings in the second story have
only little influence on the seismic behavior of the model for low to medium simulated
earthquake excitations.

Valiasis and Stylianidis [73] tested 24 specimens of 1/3-scale single-bay, single-story infilled
reinforced concrete ductile frame models under cyclic horizontal loading. The infills were
unreinforced brick masonry walls which were not connected to the bounding frames. Later,
Manos et ai. [50] tested similar structures to those of Valiasis and Stylianidis [73] but with
1/9-scale rather than 1/3-scale. Manos et ai. subjected their small-scale models to similar
cyclic loading pattern as the one used for the larger scale models of Valiasis and Stylianidis
[73]. The general conclusions indicated that despite some discrepancies, the overall cyclic
behavior of masonry infilled reinforced concrete frames was satisfactorily simulated using
small scale models.

Mander et ai. [48] conducted experimental study on three infilled frame subassemblages.
Bolted steel frames and clay brick masonry were used. Their specimens were tested in­
plane under cyclic loading. The first specimen had undamaged infills whereas the last two
specimens had retrofitted damaged walls using two different techniques of ferrocement3

coating: (a) 0.5 inch coating and (b) 2 layers of ferrocement with diagonal rebars in one

3Ferrocement is a special type of reinforced concrete characterized by a small thickness and reinforced
with small scale welded wire mesh.
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layer and horizontal rebars in the other. Their major conclusions are summarized in the
following:

1. If fallout of infill is not a problem, unreinforced clay brick masonry infills can act as
a ductile lateral load resisting elements in multi-story frames.

2. The enhanced ferrocement layer (i.e. technique (b)) provided an improved ductil­
ity capacity and distributed cracking along the diagonals. Also the diagonal rebars
prevented out-of-plane buckling of the ferrocement layer at the center of the panel.

3. The presence of infills greatly stiffened and strengthened the structural system com­
pared with the bare frame. The infilled specimens were about 20 times stiffer and 5
times stronger at an inter-story drift up to 1.5%.

Mehrabi et al. [52] tested 14 half-scale reinforced concrete frames infilled with concrete
block masonry. Their objectives were to evaluate the influence of the relative strength and
stiffness of an infill with respect to those of the bounding frame, the lateral load history,
the panel aspect ratio, the magnitude and distribution of vertical loads and the adjacent
infilled bays on the performance of these frames. The general conclusions of Mehrabi et al.
[52] are:

1. Infill panels can significantly enhance the load resistance capacities of reinforced con­
crete frames. Strong panels provided a better energy-dissipation capability, particu­
larly for strong frames.

2. Three different modes of failure have been observed.

• For weak panels, slip along the bed joints of the panels and plastic hinges in the
frame.

• For weak frame and strong panels, the interaction between the infill and the
frame resulted in a brittle shear failure of the columns.

• For strong frame and strong panels, the lateral strength was governed by crushing
of the infills.

3. Specimens subjected to cyclic loading showed lower resistance and faster strength
degradation than those subjected to monotonic loading.

4. Increasing the total vertical load resulted in a higher resistance but the influence of the
distribution of the vertical load between the columns and the beams was insignificant.

5. The panel aspect ratio (height/length) in the range of 0.48 to 0.67 had only a small
effect on the lateral stiffness and resistance.

6. Regarding the ultimate lateral load, the two-bay infilled frames were about 1.7 to
1.85 times stronger than similar one-bay infilled frames.
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TABLE 3-1 Experimental program.

Test ~ Openings ~ fb [psi] I f cyl [psi] I fbi f cyl ~ fp [psi] I Ep [ksi] I
Ql1SSB None 1900 1450 1.31 1800 800
Q21SSA None 1900 2150 0.88 2000 820
Q21SSB None 2800 1700 1.65 2400 880
Q21AOB Asymmetric 2800 1700 1.65 2400 880
Q21S0C Symmetric 4000 3100 1.29 3300 1500
P22S0C Symmetric 4000 3100 1.29 3300 1500

nd* wmdow and door • wmdows t m the 2 story only
o block compressive strength based on net area
t::. mortar cylinder compressive strength
o masonry prism strength Up) and stiffness (Ep) based on the face shell

areas

It should be noted that, in addition to the references mentioned above, several important
contributions in the filed of infilled frames can be found in the international literature. A
complete review of research activities on infilled frames through 1987 has been reported by
Moghaddam and Dowling [54].

3.2 Description of Experiments

In the present study, several experiments have been carried out to investigate the perfor­
mance of reduced-scale infilled GLD frames under earthquake type loading. The parameters
varied in these experiments included:

1. Relative strength between the concrete blocks and the mortar joints.

2. Number of bays and stories of the tested frames.

3. Opening configurations (door versus window and symmetric versus asymmetric ar­
rangements) in the infills.

The characteristics of the tested specimens are summarized in Table 3-1. All specimens
consisted of SRCS frames infilled with URM non-integral walls. The specimen names used
in Table 3-I were selected according to the notations shown in the example of Figure 3­
1. The two-story infilled frame was tested pseudo-dynamically as discussed in the second
report of this series.
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Material group:
A, B or C (see SECTION 2 )

Panel type:
Solid == S
with Openings == 0

Geometrical configuration:
Symmetric == S
Asymmetric == A

# of stories

# of bays
Testing method:

Quasi-static == Q
Pseudo-dynamic == P

FIGURE 3-1 Naming technique of the tested specimens.

3.2.1 Loading system

The single-story specimens were subjected to quasi-static lateral displacements of increasing
amplitude. The load application point was selected in such a way to preserve symmetry in
the loading. Therefore, for the two-bay specimens, the load was applied at the top of the
central column whereas for the single-bay specimen, the load was applied at the midpoint
of the top beam [82]. The corresponding lateral loads simulated the effects of in-plane shear
caused by lateral inertial forces at the floor level produced by earthquake loading.

A displacement feedback servo-hydraulic actuator of 55 kips capacity and a stroke of ±3
inches was used. A closed-loop MTS servo control system, shown schematically in Figure 3­
2, was used to control the actuator displacement. The LVDT located in the MTS actuator
provided the necessary displacement feedback to the MTS controller. The displacement at
the loaded point of the structure and the corresponding load were monitored and displayed
using the graphical interface of the control software. The end of the actuator attached to
the tested specimen allowed in-plane free rotation of the actuator axis with respect to the
specimen. Therefore, shear forces were the only applied external action to the specimen
(i. e. there was no action applied due to rotational restraint from the actuator assembly).

3.2.2 Load history protocol

To investigate the effect of repeated load on strength and stiffness degradation, three cycles
of the same displacement amplitude were applied. The applied displacement patterns con­
sisted of two sets of displacement histories as illustrated in Figure 3-3(a) for the specimens
with panels of symmetrical geometric configuration (Q21SSB and Q21S0C), and Figure 3-
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LVDT: Linear Variable inductance
Differential Transformer

DCDT: DC input / DC output LVDT
SGC: Strain Gage Conditioner
AID: Analog to Digital converter
D/A: Digital to Analog converter

GPffi: General Purpose Interface Bus

Switch

Valve
drive

MTS servo controller
rControl hardware'-------CommandI
f----------.J I
I ; I
I Set ; I
I Valve : I
I point ; I
I control ~ II :........................ : I 1---------------,
: Span ~ I Control I D/A

Error Sum [%] signal I ~
. . I ..9........................ I U

Feedback i~ rtL ~
conditioning Q I r'~IT' ~

::s I Data acquisition, ~
to I storage, display & ~

------------ ...J I control software
rtn~~-=:.=:===.:::.;---------..J

r;----
I Servo-
I valve
1 ,I;//illiI.....~......,

I
I LVDT ILoad
I 'Cell1----------1
IMT~55kip actuatofl

FIGURE 3-2 Schematic illustration of the quasi-static control and data acqui-
sition system. '
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3(b) for the specimens with panels of asymmetrical geometric configuration (Q21AOB).
The loading pattern of specimens QllSSB and Q21SSA included only set (A) of displace­
ment cycles as reported in references [25] and [82]. The second set of displacement cycles
(set (B)) was used to study the performance of the structure with previously cracked walls.
This situation was not possible in specimens QllSSB and Q21SSA because the infill walls
in these experiments failed by corner crushing.

Displacements were applied in small increments (0.006 inch) as long as the corresponding
load changes were relatively large (2=: 300 lb). These increments were increased to 0.012
inch and sometimes 0.018 inch when load changes were relatively small « 100 lb). The
application of the small displacement increments was very important for Set (A) where
small changes of applied displacement led to large changes of load, i.e. stiff behavior.
Another objective of this dual control4 technique was to accurately capture the abrupt
changes of behavior produced by the opening and closing of frame/wall interface gaps and
wall cracks without the need to apply an excessive number of small displacement increments
when such small values were not needed.

3.2.3 Design and construction

The experimental layouts including loading system and dimensions of the specimen for the
three experiments designated Q21SSB, Q21S0C and Q21AOB (see Table (3-1)) are shown
in Figures 3-4(a), 3-4(b) and 3-4(c), respectively. The frame members were designed and
constructed according to the specifications of the American Institute of Steel Construction
(AISC) [1] and connected using bolted framed beam connections. These connections are
those designated as "Type 2" according to Allowable Stress Design (ASD) or as "Type PR"
(for Partial Restrained) according to Load & Resistance Factor Design (LRFD) [65]. An
excellent review of LRFD of these connections is given by Thornton [72]. Two clip angles
L2 x 11

3
6 x i with clearance setback of 1

3
6 inch were used as shown in Figure 3-5. All

specimens were pinned jointed to the support structure which consisted of a heavy steel
beam supported by the floor anchors.

The out-of-plane instability was prevented by supports perpendicular to the plane ofloading
using steel channel sections. These supports enclosed layers of grease at the interface
between the column and the channel so as to mitigate any in-plane friction and allow free
lateral displacements of the specimen. The out-of-plane movements of the tested structures
were found to be minimal.

After the complete erection of the steel frame, the infill walls were constructed by an expe­
rienced mason using the miniature concrete blocks and the model mortar types described in
the previous section. The construction of the masonry infill walls followed common practice
of ungrouted masonry where mortar on only the face shell of the block was used (i. e. face

4The duality is attributed to the monitoring of both the applied load and displacement and consequently
making the necessary adjustments.
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FIGURE 3-3 Displacement patterns applied quasi-statically; (a) Pattern for
specimens Q21SSB and Q21S0C; (b) Pattern for specimen Q21AOB.
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FIGURE 3-4 Experimental setup of quasi-static experiments; (a) Specimen
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- 10.19"

FIGURE 3-5 Detail of ASD-Type 2 (LRFD-Type PR) connection.

shell bedding). No shear connectors were used between the walls and the surrounding frame
members (i.e. non-integral walls). The concrete block masonry cells around the openings
were grouted. Bond beams on top of the openings were reinforced using 2 threaded rods of
! inch diameter and 20 threads per inch. The width of the supports of these bond beams
was about 4 inches (i.e. one block).

3.2.4 Instrumentation

The specimens were instrumented to provide key quantities to characterize the structural
response of the frame, the infill walls and the frame/wall interface. These key quantities
included:

• The hysteresis loops and the corresponding strength deterioration and stiffness degra­
dation.

• The straining actions (bending moment, shearing force and normal force) at different
sections of the frame members.

• The principal strain directions in the infill wall panels.

• Deformation of the panels along the diagonals and off-diagonal struts as idealized by
the compression-only six strut model of Chrysostomou [16].

• The deformation (distortion) of the openings in the infill walls.
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• The frame/wall interface conditions in the form of gap opening and closing and wall
sliding along the interface.

• Crack initiation and propagation upon the increase of loading.

• Crack opening and closing upon load reversals.

Strain gages at different sections of the frame members were used to determine the straining
actions at these sections. At each section, three gages were bonded to the web. Two gages
designated as 1 and 2 (one close to each flange) measured the strains along the axial
direction of the member (El' E2)' From these gages, the curvature (\l1) and the average
strain (l) at that section are as follows:

& (3.1)

where d is the distance between the strain gages. The chosen sign convention implies that
positive curvature means tension in the fibers close to gage 1 and positive l implies axial
tensile strains. The strains and the corresponding stresses in the frame members for all the
conducted experiments remained below the elastic limit. Therefore, the bending moment
(M) and axial force (N) at any section are linearly proportional to the curvature (\l1) and
average strain (l) at that section, respectively. From Eqs. (3.1), one can write

M= Es/w & (3.2)

where Es is Young's modulus for the steel and I and A are the moment of inertia and the
area of the considered section, respectively.

The third gage (designated as gage 3) is bonded at the Center Line (CL) of the web and
oriented at 45° from the axial direction of the member to measure the strain E3. Therefore,
shear stress (7) and consequently shearing force (Q) can be calculated as follows [57]

& (3.3)

where Vs is Poisson's ratio for the steel and tw and dw are the web thickness and depth,
respectively.

The locations of the strain gages are shown in Figure 3-6 together with the locations of the
displacement transducers used to measure the relative displacement along or orthogonal to
the frame/wall interface and the absolute lateral displacement of the right column of the
frame. It should be noted that the absolute displacements also included the deformation
of the top and bottom ends of the central column measured using DCDT0 and DCDT1

as indicated in Figure 3-2. Although Figure 3-6 shows a specimen with solid panels, the
shown instruments were used for all the quasi-static experiments of the two-bay, single-story
infilled frames.
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FIGURE 3-6 Common instruments to all quasi-static experiments.

Special instrumentation was used for each individual test depending on the geometrical con­
figuration of the infill walls. For specimens QllSSB, Q21SSA and Q21SSB, displacements
along the wall diagonals and off-diagonals were measured to verify the compression-only
six strut model [16] for solid infills. Also, rectangular rosettes [57] of strain gages and
individual gages were bonded at the center of the panels and at the corners along the main
diagonals of the walls. These strain measurements were intended to determine the direc­
tion of the principal strains of the infills and to investigate the concentration of strains
at the wall corners. Typical locations of the displacement transducers and strain gages in
specimens with solid walls are shown in Figure 3-7. For specimen Q21SSB, another set
of displacement instruments were used to determine complete displacement fields of the
panels for the purpose of parameter estimation of the material properties of the masonry
infills. These measurements as well as the parameter estimation technique will be discussed
in the third report of this series.

For the specimens with openings (i.e. Q21AOB and Q21S0C), special measurements were
taken to quantify the distortion of the openings. Figure 3-8 shows the typical displacement
instrumentation for infill walls with openings.

Most of the previously discussed displacement and strain measurements of the infill panels
were found to be useful only before the infill walls experienced corner crushing as in speci­
mens QllSSB and Q21SSA, or cracking as in specimens Q21SSB, Q21AOB and Q21S0C.
Therefore, after cracking, a new set of displacement transducers was aligned along and
normal to the crack direction. These new measurements facilitated the determination of
crack opening and closing upon load reversal. Useful information such as mortar joint
dilatancy was also obtained from the new measurements. Typical locations of such trans­
ducers along and normal to the mortar cracks are shown in Figure 3-9. The switch from
the general instruments described in the previous paragraphs to the new ones placed after
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cracking coincide with the switch from set (A) to set (B) of the loading protocols shown in
Figures 3-3(a) and 3-3(b).
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FIGURE 3-9 Typical instruments for quasi-static experiments of cracked infills.

3.3 Summary

The quasi-static experimentation technique was the focus of this section. First, review of
literature of static experiments on infilled frames was given. Selected references of direct
relevance to the present study were discussed in detail and the major conclusions were
pointed out. The features of the conducted experimental program were presented and
the main parameters of this experimental program were identified. Aspects related to the
tested specimens such as loading, design, construction and instrumentation were described.
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SECTION 4

RESULTS AND MODELING OF INFILLED
FRAMES

In the present section, results from the quasi-static experiments will be presented and dis­
cussed. A modeling technique for SRCS frames infilled with URM walls will be formulated
and calibrated using the results of some of the quasi-static experiments.

The global performance measures obtained from the quasi-static experiments are presented
first. These measures include the hysteretic load-displacement relations and their corre­
sponding envelopes and the crack patterns associated with different levels of the applied
lateral displacements. Based on the experimental results of the global response, several key
parameters are identified and calibrated. These parameters provide the physical meaning
of a hysteretic force-displacement model for the infilled frames.

The second set of quasi-static results focuses on the local performance of infilled frames.
The considered local measures include the straining actions at different locations of the
frame members and the infill walls and the frame/wall interface conditions. For the sake of
brevity, selected representative results from the measurements shown in Figures 3-6, 3-7,
3-8 and 3-9 are presented and discussed in the following sections.

4.1 Global Response

The load-displacement relations obtained from the quasi-static experiments of the three
specimens designated Q21SSB, Q21S0C and Q21AOB are compared in Figures 4-1 and
4-2 for sets (A) and (B) of the displacement cycles, respectively. From the relations in
Figure 4-1, the following three distinctive zones can be observed:

1. Zone of non-active walls represents the behavior of the frame without the inter­
action of the infills. Its extent is defined by the pre-existing gaps between the frame
members and the walls. Based on the shrinkage strains of mortar and blocks which
are reported by Grimm [27], the calculated shortening of the infill wall due to shrink­
age is almost equivalent to the initial gap size between the wall and the bounding
frame.

2. Zone of walls with non-degrading strength where walls interact with the bound­
ing frame showing some stiffness degradation and small energy dissipation due to
hysteresis.

3. Zone of walls with degrading strength initiates immediately after wall cracking
when the response starts to show degradation of both stiffness and strength with
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FIGURE 4-3 Effect of number of bays and material group on the hysteresis
envelopes.

large energy dissipation through hysteresis.

For set (B) of the imposed displacement pattern, similar zones to those of set (A) can also
be identified in Figure 4-2. In this case, however, the first zone is larger due to sliding along
the pre-existing cracks especially those along the mortar bed joints. As initial cracking of
the walls (due to set (A)) was stable, the second and third zones showed large stiffness
degradation without further strength deterioration.

4.1.1 Effect of number of bays and material group

In Figure 4-3, the hysteresis envelope obtained from the single-bay specimen QllSSB is
compared with'those of the two-bay specimens Q21SSA and Q21SSB (sets (A) and (B))
to show the effect of number of bays and the effect of infill wall material group. It should
be noted that the deformation reported for specimens QllSSB and Q21SSA were obtained
from the LVDT inside the actuator without correction of possible deformation of the load­
ing mechanism1 and possible lateral motion of the supporting beam. This situation was
rectified in specimen Q21SSB and all other specimens by reporting the deformation as
the difference between the measurements of DCDT1 and DCDTo shown in Figure 3-2.
Therefore, it is speculated that the hysteretic envelopes of specimens QllSSB and Q21SSA
underestimate the lateral stiffnesses of the infilled frames because the relatively small de­
formation of the load transfer mechanism and the possible slight motion of the supporting

lThe loading mechanism in all the experiments consisted of two channel sections 04 x 5.4 which con­
nected the loaded point(s) on the specimen to the actuator(s).
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TABLE 4-1 Effect of number of bays and material group on stiffness and
.strength of infilled frames (dimensions in kips and inches).

ISpecimen~~t I ~u ~ KO•5Pu IK pu ~ Mode of failure
Q21SSB 9.6 9.5 0.32 0.30 51.0 30.8 Mortar cracking
Q21SSB 8.6 9.9 0.92 0.73 24.5 11.2 Joint slip & crushing
Q21SSA 8.1 8.7 0.90 0.95 10.9 9.1 Corner crushing
QllSSB 4.1 4.1 1.07 0.78 6.4 4.4 Corner crushing

• From set (A) of the dIsplacement cycles.
t From set (B) of the displacement cycles.

beam were included in the displacement measurements. Table 4-1 summarizes key values
for stiffness and strength parameters of these specimens and their corresponding modes of
failure. In this table the superscripts + and - refer to the positive and negative excur­
sions, respectively, Pu and ~u are the ultimate lateral force and the corresponding lateral
displacement. The secant stiffnesses at 0.5Pu (i.e. KO•5PJ and at Pu (i.e. K pu ) are given
by Eqs. (4.1) and (4.2), respectively.

J(, _ ! [0.5P': 0.5Pu-]
O.5Pu - 2 ~+ _ + + ~- --

O.5Pu 9 O.5Pu 9
(4.1)

where g+ and g- are the initial gap values at the positive and negative excursions, respec­
tively.

(4.2)

All terms in Eqs. (4.1) and (4.2) are positive values. The modes of failure listed in Table 4-1
are illustrated in Figures 4-4(a) and 4-4(b).

From the results shown in Figures 4-3 and 4-4 and Table 4-1, the following conclusions may
be drawn:

1. The relative strength between the mortar joints and the concrete blocks comprising
the infill walls has a significant influence on determining the mode of failure of infill
panels. Weak blocks and moderate mortar joints (i.e. group B) lead to mortar
cracking whereas weak blocks and strong mortar joints (i.e. group A) lead to corner
crushing.

2. The capacity of the infilled frames is slightly dependent on the mode of failure. Ul­
timate load is only about 10% higher for mortar cracking mode of failure (specimen
Q21SSB) than for corner crushing mode of failure (specimen Q21SSA) for similar
specimens.
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(a)

•

I
(b)

FIGURE 4-4 Modes of failure for infill walls; (a) Mortar cracking and joint
slip for specimen Q21SSB; (b) Corner crushing for specimen Q21SSA.

3. Although the capacity (ultimate load) for the two bay specimen is about double the
capacity of the single bay specimen, the stiffness is only 1.7 times higher (refer to
specimens Q21SSA and QllSSB).

4. From sets (A) and (B) of specimen Q21SSB, the initial stiffness (approximated by
KO.5P,J of an infilled frame is reduced by about 50% after wall cracking.

4.1.2 Effect of openings on strength and ductility

The hysteresis envelopes shown in Figures 4-5 and 4-6 illustrate the effect of openings on
the global performance of two-bay, single-story infilled frames for the two sets of applied
displacement cycles (A) and (B), respectively. Two dimensionless parameters (Hu and Du )

are defined in Table 4-II to give a representation of the post-cracking force and deformation
ratios, respectively. It should be noted that the cracking load and the 'associated defor­
mation correspond to the point at which the load suddenly drops, specimen Q21SSB, or
the point at which a major (e.g. complete diagonal) crack in the infill wall occurs as in
specimens Q21AOB and Q21S0C. From Figures 4-5 and 4-6 and Table 4-II and for the
considered opening types, one may conclude the following:

1. Solid infills cause the behavior of infilled frames to be brittle (i. e. sudden drop of
load upon crack initiation).
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TABLE 4-11 Effect of openings on post-cracking force and deformation ratios
(dimensions in kips and inches).

o Excludmg InItIal gaps.
• Excluding sliding along pre-existing cracks.
t Post-cracking force ratio (Hu = ~).

:j: Post-cracking deformation ratio (hu = 4k-).
<.leT

Q21SSB 9.6 0.26 9.9 0.69 1.03 2.65
Q21S0C 6.6 0.30 9.5 0.94 1.44 3.13
Q21AOB 4.5 0.22 7.8 1.21 1.73 5.50. . .
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2. Openings in infill walls lead to a more ductile behavior and larger post-cracking force
ratio (i.e. ultimate load becomes significantly higher than cracking load).

3. The larger the opening size, even for asymmetric arrangement of openings, the larger
the post-cracking force and deformation ratios.

4. The ultimate load corresponding to set (A) of applied displacement cycles decreases
with the increase of the opening size.

5. The application of a second set of displacement cycles resembling the effect of a second
earthquake on a previously cracked infilled frames showed more flexible and ductile
behavior with large energy dissipation for all the tested infilled frames.

4.1.3 Effect of openings on mode of failure

Close to the end of displacement cycles of set (A), all the two-bay, single-story specimens of
material groups Band C experienced several cracks along the mortar bed and head joints.
The sequences of crack initiation, propagation and closure upon load reversal for specimens
QS21SSB, Q21S0C and Q21AOB are shown in Figures 4-7, 4-8 and 4-9, respectively. In
all these figures the loading increases from left to right and from top to bottom. Therefore,
empty spots indicate stages of unrecorded patterns where no significant changes occurred.
In the figures, thick lines indicate fully open cracks while thinner lines indicate pre-existing
closed cracks.

Cracks in masonry infill walls tend to dilate, i.e. cracks widen due to shear along crack
surfaces. This phenomenon is illustrated in Figure 4-10, where shearing in the X-direction
along the mortar bed joint crack, marked H, causes the crack to widen in the V-direction.
Therefore, the wall tends to swell and push towards the frame beams leading to contact
in the middle region of the beam and loss of contact at the side regions. This frame/wall
interaction leads to the formation of the vertical cracks, marked V in Figure 4-10. This
observation explains the tight fit of the infill wall inside the frame after the completion of
set (A). On the contrary, in specimens QllSSB and Q21SSA, because of the absence of
mortar cracking, after set (A), the wall became loose and set (B) could not be applied.

Horizontal cracks appeared first in the center of the solid infill walls, subsequently, propa­
gating diagonally towards the loaded corners as shown in Figure 4-7. The crack patterns
were affected by the presence of openings, whether door or window. Openings forced the
cracks to initiate at their corners and subsequently, these cracks propagated towards the
loaded corners, as shown in Figures 4-8 and 4-9.
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FIGURE 4-7 Sequence of crack patterns for specimen Q21SSB.
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FIGURE 4-8 Sequence of crack patterns for specimen Q21S0C.
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FIGURE 4-9 Sequence of crack patterns for specimen Q21AOB.
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FIGURE 4-10 Dilation of cracks in masonry infill walls.

4.1.4 Identification of load-deformation parameters

From the hysteretic relations shown in Figures 4-1 and 4-2, a generic hysteresis loop for
an infilled frame may be depicted as shown in Figure 4-11. The coordinates of the loop
are normalized such that the loop ends are the points (1, 1) and (-1, -1). Considering the
inter-story drift Ds and the story shear Ss, normalized equivalent quantities are given by

Ss
P = Smax

s
& (4.3)

where superscript (max) implies that the quantity is the maximum during a particular
loop. To fully describe the loop, five physical quantities may be identified in Figure 4-11,
namely,

1. The maximum slope of the unloading curve (K+).

2. The maximum slope of the reloading curve (K_).

3. The slope at zero displacement (Ko).

4. The residual story shear force at zero displacement (Po).

5. The area of the loop (A).

All these parameters are defined in the normalized plane of the loop.

The experimental data obtained from specimen Q21SSB with sets (A) and (B) of applied
displacement cycles are used, as an example, to study the behavior of the five parameters
governing the shape of the loop. Also, the experimental data is used to obtain the envelopes
of the hysteretic loops. These envelopes are necessary to characterize the evolution of the
shape of the hysteretic loops under general loading history, e.g. earthquake excitation.
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FIGURE 4-11 A generic hysteresis loop and its physical parameters.

The hysteresis envelopes are normalized with respect to the ultimate story shear and the
corresponding inter-story drift (S:lt, D:lt) as shown in Figure 4-12. In the same figure the
response of the bare frame is also plotted. The axes in this figure are given by

& (4.4)

The first four parameters (K+, K_, Ko, and Po) are reasonably correlated with the max­
imum inter-story drift Dr:ax applied for each loop through simple polynomial functions.
This maximum applied inter-story drift is normalized with respect to the inter-story drift
corresponding to the ultimate story shear, i. e.

Dmax
DRmax = _8_

8 Dult
8

(4.5)

Figures 4-13, 4-14, 4-15 and 4-16 show these relations.

The fifth parameter namely the area of the hysteresis loop (A) is indirectly related to the
amount of input energy (Er). This indirect relation, shown in Figure 4-17, is established

. between the accumulated amounts of energy dissipated (Eh ) and Er. These quantities are
defined for the nth loop as follows,

n

Ehln = L (Ai DRr:axli SRr:axli)
i=l
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n

E1ln = L (DR~axli SR~axu
i=l

where:

(4.7)

(4.8)

It should be noted that the obtained linear relations between Eh and EI, shown in Figure 4­
17, allow for a simple estimation of damage as a function of Eh for higher values of E1 .

4.2 Local Response

The structural responses of specific sections and components of the infilled frames are
presented in the current section. These responses are in the form of deformed shapes,
straining actions, interface conditions and opening distortions.

4.2.1 Deformed shapes and straining actions of an exterior
column

From the measurements discussed in the previous section, the variations of lateral defor­
mation along the height of the exterior column of the infilled frames are obtained. From
the measurements of specimen Q21SSB, Figure 4-18 is obtained. In this figure, plots for
the load-deformation hysteresis loops given at 4 different locations along the height of the
right exterior column are shown. Before any visible damage of the infills, the deformed
shapes along the height of the right exterior column of specimen Q21SSB are shown in Fig­
ure 4-19 where the shape corresponding to each loading direction at the same load level is
indicated. It should be noted that because of the orientation of the DCDT's in Figure 3-6,
negative displacement measurements in Figure 4-18 correspond to positive displacements
in Figure 4-19. Based on the equivalent strut analogy, arrows indicating the directions of
forces transmitted from the infill walls to the column are indicated in Figure 4-19. It is
obvious that the locations of these forces coincide with the locations where an increase of
the curvatures occur.

The variations of the bending moment with the applied lateral load obtained at locations
10, 12 and 14 shown in Figure 3-6 are plotted in Figure 4-20. In this figure, positive bending
moment implies tension in the outer fibers of the section and positive load correspond to
positive displacement in Figure 4-19. From Figures 4-19 and 4-20, the following points may
be concluded:
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FIGURE 4-19 Deflected shapes of the right column of specimen Q21SSB.

1. For both loading directions, all sections of the right column are always under positive
bending moment. This agrees with the observed single curvature of this column as
shown in Figure 4-19.

2. Larger bending moment occurs at the bottom location of the column while loading
in the positive direction whereas larger bending moment occurs at the top location of
the column while loading in the negative direction. This observation is in agreement
with the increase of curvatures at these locations due to the compression-only strut
actions provided by the infill walls in both loading directions.

3. In general, the variation of bending moment in the infilled frame members with
applied lateral loading is highly nonlinear because of the continuous variation of the
contact length between the frame members and the infills. This nonlinearity becomes
more severe when wall cracks causing the distribution of forces between the frame
and the wall to become highly indeterminate.

4.2.2 Straining actions in the central column

Figures 4-21 and 4-22 illustrate the variation of the normal force and the bending moment
at different locations of the central column with the variation of the applied lateral dis­
placement at the top of the central column. In these figures, the direction of the positive
lateral displacement (~) is indicated in the insert of each figure. The positive normal force
indicates tension whereas the positive bending moment indicates tension in the left fibers
of the section. From Figures 4-21 and 4-22, the following points may be concluded:

1. The normal force in the central column is always tension indicating a significant effect
of the infill walls, particularly in the case of reinforced concrete frames where tension
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FIGURE 4-21 Variation of straining actions with applied lateral displacement
at different locations of the central column of specimen Q21SSB obtained from
set (A).
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FIGURE 4-22 Variation of straining actions with applied lateral displacement
at different locations of the central column of specimen Q21SSB obtained from
set (B).

failure due to concrete cracking may lead to a catastrophic mode of failure.

2. The normal force in the central column significantly varies along the height of the
column upon cracking of the infill walls.

3. Contrary to the single curvature of the exterior column, the central (interior) column
experiences double curvature as evident by the reversed signs of the bending moments
between locations 1 and 5.

4. Upon load reversal, the bending moment changes in sign indicating the reversed
curvature which again is not the case for the exterior column.

5. Cracking in the infills significantly complicates the determination of the bending
moment in the frame members because of the highly random distribution of cracks
leading to difficulty in determining the contact length and contact pressure between
the wall and the frame members.

4.2.3 Strains of the solid infills

The variations of the strain measurements at different locations on the diagonal of one of
the infill walls of specimen Q21SSB with the applied lateral load for set (A) are illustrated
in Figure 4-23. The positive value of the applied lateral load implies compression along
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applied lateral load of specimen Q21SSB obtained from set (A).
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FIGURE 4-24 Possible variation of the cross-sectional area of the equivalent
strut model in infilled frames.

the diagonal and negative value of the strain implies compression. Accordingly, the results
given by Figure 4-23 can be interpreted as follows:

1. Only compressive stresses are transmitted along the diagonals (i. e. infills may be
idealized using compression-only struts).

2. Strains and consequently stresses are highly concentrated at the compressed corners
of the infill walls. These strains and stresses decay rapidly towards the center of the
infill panel.

3. Up to the cracking load of the infill walls, the relation between the strains along the
diagonals of the infill walls and the applied stresses are almost linear indicating the
validity of the equivalent strut analogy for that stage of loading.

From the previous list one may conclude that an equivalent strut acting in compression only
can be used to represent the effect of the infill wall on the bounding frame members. This
strut tends to be wider towards the center of the infill wall as shown in Figure 4-24. With
this gradual increase of the cross sectional area, the concentration of strains and stresses
at the corners may be captured.

4.2.4 Infill wall deformations

The relative displacement measurements between two points in the infilled frames will be
discussed in this section. These measurements give indications of the deformation field of
the infill walls at locations of displacement discontinuities due to change of material (e.g.
frame/wall interface), absence of material (e.g. openings) or cracking.

Deformations along the diagonals and off-diagonals of the solid infill walls were measured
as indicated in Figure 3-7. Results from these measurements were reported in references
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[82], [25] and [55] and will not be repeated here. In general, these results verified the
compression-only six strut model for an infill wall [16].

The variation of the applied lateral load with the lateral displacement at the top of the
central column shown in Figure 4-25(c) is compared with the variation of this load with
the gap opening and closing at the top of the central column with respect to the right infill
wall (Figure 4-25(a)) and the sliding of the right infill wall with respect to the center of the
top beam (Figure 4-25(b)). The following points may be inferred from these relations:

1. Full contact without elastic deformation is obtained in the direction of gap closure.

2. Sliding response between the center of the top beam and the infill wall is almost
symmetric.

3. The flat region in the gap response (Figure 4-25(a)) corresponds to one side of the
flat region in the load-displacement relation of Figure 4-25(c).

4. In the gap opening direction, the sliding is about twice the gap opening indicating
the equal distribution of the gap formation for both the infill/central column and the
infill/ exterior column.

The deformations along the two diagonals of the window opening in specimen Q12AOB for
set (B) are illustrated in Figure 4-26. These two diagonals are designated (1) and (2) in the
insert of Figure 4-26(a). The deformation along these diagonals are mainly due to crack
opening and closing which explains the asymmetric variation of the displacement with the
loading in Figures 4-26(b) and (c). From such measurements monitoring of crack opening
and closing was achieved.

The mortar joint dilatancy was determined by special instruments (DCDT's) mounted on
the walls after crack initiated. These instruments were depicted in Figure 3-9. A sample of
the obtained measurements is illustrated in Figure 4-27 for a crack along the bed joint at
the center of the right infill wall of specimen Q21SSB obtained for loading set (B). Defining
the angle of dilatancy 'Ij; as follows

(4.9)

where v and u are the displacements normal to and tangential along the bed joint crack,
respectively. From Figure 4-27, at the maximum applied displacement, a small angle of
dilatancy may be obtained. This angle ranges from 10° to 30° which is much lower than the
angle of internal friction 4> which may be obtained from Figure 2-13 (4) = tan-1(1.3) = 52°).
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4.3 Basis of Hysteresis Model Formulation

To represent the force-displacement response of infilled frames, the upper (upper sign) and
lower (lower sign) curves of any hysteresis loop (see Figure 4-11) may be represented by

(4.10)

where the coefficients ao, ... , a6 can be reduced to five by enforcing the conditions,

pl 4J=±l.o = ±1.0 (4.11)

Accordingly,

& (4.12)

The resulting independent coefficients can be related to the previously discussed five phys­
ical quantities, defined in Figure 4-11, as follows:

Po = pl¢=o.o = =fao (4.13)

8p
Ko = - =al

8cjJ ¢=O.o
(4.14)
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The slopes at the ends of the lower curve of any loop (K+ and K_) are given by,

BPiK - = B¢ = 5 + 6ao - 4al + 4a2 - 2as + 2a4
4>=-1.0

(4.15)

(4.16)

From Eq. (4.10), the area of the hysteresis loop (representing the amount of energy dissi­
pated during a cycle) can be calculated by subtracting the integral of the upper curve of
the loop from that corresponding to the lower curve. Therefore, the area of the loop (A) is
given by,

(4.17)

Eqs. (4.13), (4.14), (4.15), (4.16) and (4.17) can be simultaneously solved to give,

ao 00 032 00 00 00 000 Po
al 1 00 1 000 32 00 00 000 K o
a2 - 00 + 32 -288 00 06 -06 -105 K+ (4.18)

32
as 80 000 -64 -08 -08 000 K_

a4 00 576 00 -20 20 210 A

Estimating the physical quantities Po, K o, K+, K_, and A through experimentation,
Eq. (4.18) directly allow for the determination of the coefficients of Eq. 4.10. Having
the envelopes of the hysteresis loops shown in Figure 4-12 and the hysteresis curves shown
in Figure 4-11, it is possible to simulate the force-displacement relationship of an infilled
frame for a given displacement protocol.

4.4 Summary

The results of the. quasi-static experiments were presented in this section. These results
reflected important points regarding the. global as well as the local responses of the tested
infilled frames. The effects of the number of bays, material group and openings on the
hysteresis curves and the mode of failure were investigated. The hysteresis relations were
investigated and key parameters were identified which were used at the end of this section to
formulate a model for the hysteresis loop where all its parameters are physically meaningful.
Deformation and straining actions of the exterior and the interior columns were presented.
Also, the strains and deformations of the infill walls were illustrated and some conclusions
regarding the equivalent strut model were drawn.
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SECTION 5

CONCLUDING REMARKS

Unreinforced masonry infill walls can play an important role in the strength and ductility
of framed structures, and should be considered in both analysis and design. Accounting for
masonry infill walls in the design process mandates knowledge of complicated interaction
mechanisms and failure modes. The nature of the problem requires experimental data which
are easy to interpret and utilize, such as those obtained from quasi-static experiments.

This report started with the identification of the composite nature of masonry through
static experimentation of basic specimens of masonry and its constituents. The results
of this identification task led to a set of parameters for the geometrical, physical and
mechanical properties of the materials.

The study proceeded through the adoption of quasi-static experimentation methodology
where information regarding the structural capacity of infilled frames under cyclic loading
was assessed. Major parameters were the material group, the number of bays and the
openings. Effect of these parameters on the deformation and the load capacities and oil the
mode of failure were established. Observations on the local level of behavior indicated that
infill walls significantly alter the distribution of the straining actions in the frame members.

The obtained experimental results provide the necessary data base to develop improved
simple models for infilled frames such as the equivalent strut .models. Although these
models were explored in the present study, further refinements are still needed. Such
models can be used for the evaluation of existing infilled structures and the design of new
ones.
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Frames," by C.Z. Chrysostomou, P. Gergely and I.F. Abel, 12/19/88, (pB89.208383, A05, MF-A01).

NCEER-88-0047 "Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation," by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (pB89-174478, A04,
MF-A01).

NCEER-89-000l "Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically
Excited Building," by J.A. HoLung, 2/16/89, (pB89-207179, A04, MF-A01).

NCEER-89-0002 "Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures," by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (pB89-207l87, A05, MF-A01).

NCEER-89-0003 "Hysteretic Columns Under Random Excitation," by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-l965l3, A03,
MF-A01).

NCEER-89-0004 "Experimental Study of 'Elephant Foot Bulge' Instability of Thin-Walled Metal Tanks," by Z-H. Jia and R.L.
Ketter, 2/22/89, (pB89-207195, A03, MF-A01).

NCEER-89-0005 "Experiment on Performance of Buried Pipelines Across San Andreas Fault," by J. Isenberg, E. Richardson
and T.D. O'Rourke, 3/10/89, (pB89-2l8440, A04, MF-A01). This report is available only through NTIS (see
address given above).

NCEER-89-0006 "A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M. Subramani,
P. Gergely, C.H. Conley, J.F. Abel and AH. Zaghw, 1/15/89, (pB89-218465, A06, MF-A01).

NCEER-89-0007 "Liquefaction Hazards and Their Effects on Buried Pipelines," by T.D. O'Rourke and P.A Lane, 2/1/89,
(pB89-2l848l, A09, MF-A01).

NCEER-89-0008 "Fundamentals of System Identification in Structural Dynamics," by H. Imai, CoB. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-2072ll, A04, MF-A01).
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NCEER-89-0009 "Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico," by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (pB89-207229, A06, MF-A01).

NCEER-89-R010 "NCEER Bibliography of Earthquake Education Materials," by K.E.K. Ross, Second Revision, 9/1/89,
(pB90-125352, A05, MF-A01). This report is replaced by NCEER-92-0018.

NCEER-89-0011 "Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (lOARC-3D),
Part I - Modeling," by S.K Kunnath and AM. Reinhorn, 4/17/89, (PB90-114612, A07, MF-A01).

NCEER-89-0012 "Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648, A15,
MF-AOl).

NCEER-89-0013 "Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and AJ. Durrani, 2/28/89, (PB90-109885, A06, MF-A01).

NCEER-89-0014 "Program EXKAL2 for Identification of Structural Dynamic Systems," by O. Maruyama, CoB. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877, A09, MF-A01).

NCEER-89-0015 "Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions," by PJ. DiCorso, AM. Reinhorn, J.R. Dickerson, lB. Radziminski and W.L. Harper, 6/1/89, to
be published.

NCEER-89-0016 "ARMA Monte Carlo Simulation in Probabilistic Structural Analysis," by P.D. Spanos and M.P. Mignolet,
7/10/89, (pB90-109893, A03, MF-A01).

NCEER-89-P017 "Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Schools," Edited by KE.K Ross, 6/23/89, (PB90-108606, A03, MF-A01).

NCEER-89-0017 "Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by KE.K. Ross, 12/31/89, (pB90-207895, A012, MF-A02). This report is available only
through NTIS (see address given above).

NCEER-89-0018 "Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by EJ. Graesser and FA Cozzarelli, 6/7/89, (pB90-164146, A04, MF-A01).

NCEER-89-0019 "Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, AM. Reinhom and M.C. Constantinou, 8/3/89, (PB90-161936, A06, MF-A01). This report has
been replaced by NCEER-93-0011.

NCEER-89-0020 "Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints," by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445, A04, MF-A01).

NCEER-89-0021 "Subsurface Conditions of Memphis and Shelby County," by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (pB90-120437, A03, MF-A01).

NCEER-89-0022 "Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and MJ. O'Rourke,
8/24/89, (pB90-162322, AIO, MF-A02).

NCEER-89-0023 "Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (pB90­
127424, A03, MF-AOI).

NCEER-89-0024 "Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (pB90-160169, A04, MF-A01).

NCEER-89-0025 "DYNA1D: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation," by Jean H. Prevost, 9/14/89, (pB90-161944, A07, MF-A01). This report is available only
through NTIS (see address given above).
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NCEER-89-0026 "1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection," by
AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (pB90-173246,
AIO, MF-A02).

NCEER-89-0027 "Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods," by P.K. Hadley, A Askar and AS. Cakmak, 6/15/89, (PB90-145699, A07, MF-AOl).

NCEER-89-0028 "Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures," by H.H.M.
Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633, A05, MF-A01).

NCEER-89-0029 "Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.H.M. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330, A04, MF-A01).

NCEER-89-0030 "Seismic Behavior and Response Sensitivity of Secondary Structural Systems," by Y.Q. Chen and T.T.
Soong, 10/23/89, (pB90-164658, A08, MF-A01).

NCEER-89-0031 "Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951, A04, MF-A01).

NCEER-89-0032 "Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and Their
Effects on Lifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Hamada, 12/1/89, (PB90­
209388, A22, MF-A03).

NCEER-89-0033 "Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures," by J.M. Bracci,
AM. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89, (PB91-108803, A06, MF-A01).

NCEER-89-0034 "On the Relation Between Local and Global Damage Indices," by E. DiPasquale and AS. Cakmak, 8/15/89,
(pB90-173865, A05, MF-A01).

NCEER-89-0035 "Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts," by AJ. Walker and H.E. Stewart,
7/26/89, (PB90-183518, A10, MF-A01).

NCEER-89-0036 "Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89, (pB90-208455, A04, MF-A01).

NCEER-89-0037 "A Deterministic Assessment of Effects of Ground Motion Incoherence," by AS. Veletsos and Y. Tang,
7/15/89, (pB90-164294, A03, MF-A01).

NCEER-89-0038 "Workshop on Ground Motion Parameters for Seismic Hazard Mapping," July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923, A04, MF-AOl).

NCEER-89-0039 "Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by CJ. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (pB90-207887, A06, MF-A01).

NCEER-89-0040 "Centrifugal Modeling of Dynarnic Soil-Structure Interaction," by K. Weissman, Supervised by J.H. Prevost,
5/10/89, (pB90-207879, A07, MF-A01).

NCEER-89-0041 "Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho and
AE. Aktan, 11/1/89, (PB90-251943, A07, MF-A01).

NCEER-90-0001 "Geotechnical and Lifeline Aspects of the October 17, 1989 Lorna Prieta Earthquake in San Francisco," by
T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (pB90-208596, A05, MF-A01).

NCEER-90-0002 "Nonnormal Secondary Response Due to Yielding in a Primary Structure," by D.C.K. Chen and L.D. Lutes,
2/28/90, (pB90-251976, A07, MF-A01).
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NCEER-90-0003 "Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (pB9l-25l984, A05, MF­
A05). This report has been replaced by NCEER-92-00l8.

NCEER-90-0004 "Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (pB90-25l984, A05,
MF-A01).

NCEER-90-0005 "NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3)," by
P. Friberg and K. Jacob, 3/3l/90 (PB90-258062, A04, MF-AOI).

NCEER-90-0006 "Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"
by H.H.M. Hwang and C-H.S. Chen, 4/16/90, (PB90-258054, A04, MF-A01).

NCEER-90-0007 "Site-Specific Response Spectra for Memphis Sheahan Pumping Station," by H.H.M. Hwang and C.S. Lee,
5/15/90, (pB91-108811, A05, MF-A01).

NCEER-90-0008 "Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O'Rourke and M. Shinozuka, 5/25/90, (PB91-108837, A06, MF-A01).

NCEER-90-0009 "A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and AS.
Cakmak, l/30/90, (pB9l-108829, A04, MF-A01).

NCEER-90-001O "Active Isolation for Seismic Protection of Operating Rooms," by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205, A05, MF-A01).

NCEER-90-0011 "Program LINEARID for Identification of Linear Structural Dynamic Systems," by CoB. Yun and M.
Shinozuka, 6/25/90, (PB91-110312, A08, MF-AOl).

NCEER-90-0012 "Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams," by AN. Yiagos, Supervised
by J.H. Prevost, 6/20/90, (PB91-110l97, A13, MF-A02).

NCEER-90-0013 "Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis, G. Juhn, M.C. Constantinou and AM. Reinhorn, 7/l/90, (pB91­
110320, A08, MF-AOl).

NCEER-90-0014 "Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-l08795, All, MF-A02).

NCEER-90-0015 "Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by J.N. Yang and A
Danielians, 6/29/90, (pB9l-125393, A04, MF-A01).

NCEER-90-00l6 "Instantaneous Optimal Control with Acceleration and Velocity Feedback," by IN. Yang and Z. Li, 6/29/90,
(pB9l-l25401, A03, MF-A01).

NCEER-90-0017 "Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(pB9l-125377, A03, MF-A01).

NCEER-90-00l8 "Evaluation of Liquefaction Potential in Memphis and Shelby County," by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8110/90, (PB91-125427, A09, MF-AOl).

NCEER-90-0019 "Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System," by M.C. Constantinou, AS. Mokha and AM. Reinhorn, 10/4/90, (pB91-125385, A06, MF-A01).
This report is available only through NTIS (see address given above).

NCEER-90-0020 "Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with a
Spherical Surface," by AS. Mokha, M.C. Constantinou and AM. Reinhorn, 10/11/90, (pB91-125419, A05,
MF-AOl).
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NCEER-90-0021 "Dynamic Interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A Kaynia and E. Kausel,
9/10/90, (PB91-170381, A05, MF-A01).

NCEER-90-0022 "Evaluation of Seismic Damage Indices for Reinforced Concrete Structures," by S. Rodriguez-Gomez and
AS. Cakmak, 9/30/90, PB91-171322, A06, MF-A01).

NCEER-90-0023 "Study of Site Response at a Selected Memphis Site," by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857, A03, MF-A01).

NCEER-90-0024 "A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals," by PA Friberg and CAT. Susch, 11/15/90, (PB91-171272, A03, MF-A01).

NCEER-90-0025 "A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and AH.-S. Ang, 10/30/90, (PB91-170399, A09, MF-A01).

NCEER-90-0026 "MUMOID User's Guide - A Program for the Identification of Modal Parameters," by S. Rodriguez-Gomez
and E. DiPasquale, 9/30/90, (PB91-171298, A04, MF-A01).

NCEER-90-0027 "SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodriguez-Gomez, Y.S.
Chung and C. Meyer, 9/30/90, (PB91-171280, A05, MF-A01).

NCEER-90-0028 "Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation," by N. Makris
and M.C. Constantinou, 12120/90 (PB91-190561, A06, MF-A01).

NCEER-90-0029 "Soil Effects on Earthquake Ground Motions in the Memphis Area," by H. Hwang, C.S. Lee, K.W. Ng and
T.S. Chang, 8/2190, (pB91-190751, A05, MF-A01).

NCEER-91-0001 "Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O'Rourke and M. Hamada,
2/1/91, (pB91-179259, A99, MF-A04).

NCEER-91-0002 "Physical Space Solutions of Non-Proportionally Damped Systems," by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (pB91-179242, A04, MF-A01).

NCEER-91-0003 "Seismic Response of Single Piles and Pile Groups," by K. Fan and G. Gazetas, 1/10/91, (PB92-174994,
A04, MF-A01).

NCEER-91-0004 "Damping of Structures: Part 1 - Theory of Complex Damping," by Z. Liang and G. Lee, 10/10/91, (pB92­
197235, A12, MF-A03).

NCEER-91-0005 "3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part II," by S.
Nagarajaiah, AM. Reinhorn and M.C. Constantinou, 2128/91, (PB91-190553, A07, MF-A01). This report
has been replaced by NCEER-93-0011.

NCEER-91-0006 "A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices," by
EJ. Graesser and FA Cozzarelli, 4/9/91, (PB92-108364, A04, MF-A01).

NCEER-91-0007 "A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-21 0930, AO&, MF-A01).

NCEER-91-0008 "Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, SoH. Hsieh, Y-J. Shen and J.F. Abel, 7/2191, (PB92-113828, A05, MF-A01).

NCEER-91-0009 "Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (pB91-212142, A06, MF­
A01). This report has been replaced by NCEER-92-0018.
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NCEER-9l-00l0 "Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-l08356, A04, MF-AOl).

NCEER-9l-00l1 "Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 712/91, (PB93-116648, A06, MF-A02).

NCEER-91-0012 "Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers," by K.c. Chang, T.T.
Soong, SoT. Oh and M.L. Lai, 5/17/91, (PB92-110816, A05, MF-A01).

NCEER-91-0013 "Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling," by S.
Alampalli and A-W.M. Elgamal, 6/20/91, to be published.

NCEER-91-0014 "3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures," by P.C.
Tsopelas, S. Nagarajaiah, M.e. Constantinou and A.M. Reinhom, 5/28/91, (PB92-113885, A09, MF-A02).

NCEER-91-0015 "Evaluation of SEAOC Design Requirements for Sliding Isolated Structures," by D. Theodossiou and M.C.
Constantinou, 6/10/91, (pB92-114602, All, MF-A03).

NCEER-91-0016 "Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and AE. Aktan, 7/15/91, (pB92-129980, A07, MF-A02).

NCEER-91-0017 "Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by AG. EI-Attar, R.N.
White and P. Gergely, 2/28/91, (pB92-222447, A06, MF-A02).

NCEER-91-0018 "Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by AG. El-Attar, R.N.
White and P. Gergely, 2/28/91, (PB93-116630, A08, MF-A02).

NCEER-91-0019 "Transfer Functions for Rigid Rectangular Foundations," by AS. Veletsos, A.M. Prasad and W.H. Wu,
7/31/91, to be published.

NCEER-91-0020 "Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems," by J.N. Yang, Z. Li and A
Danielians, 8/1/91, (PB92-l43171, A06, MF-A02).

NCEER-91-002l "The NCEER-9l Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid," by L. Seeber and J.G. Armbruster, 8/28/91, (pB92-l76742, A06,
MF-A02).

NCEER-9l-0022 "Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers," by K.E.K. Ross and F. Winslow, 7/23/91, (pB92-129998, A12,
MF-A03).

NCEER-9l-0023 "A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (pB92-140235, A09, MF-A02).

NCEER-91-0024 "Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577, A18, MF-A04).

NCEER-9l-0025 "Probabilistic Evaluation of Liquefaction Potential," by H.H.M. Hwang and C.S. Lee," 11/25/91, (pB92­
143429, A05, MF-AOl).

NCEER-91-0026 "Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers," by J.N.
Yang and Z. Li, 11115/91, (PB92-163807, A04, MF-A01).

NCEER-91-0027 "Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou, A
Kartoum, A.M. Reinhom and P. Bradford, 11/15/91, (pB92-176973, AlO, MF-A03).

NCEER-92-0001 "Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case
Studies," Edited by M. Hamada and T. O'Rourke, 2/17/92, (pB92-197243, A18, MF-A04).
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NCEER-92-0002 "Case Studies of Liquefaction and Lifeline Perfonnance During Past Earthquakes, Volume 2: United States
Case Studies," Edited by T. O'Rourke and M. Hamada, 2/17/92, (PB92-197250, A20, MF-A04).

NCEER-92-0003 "Issues in Earthquake Education," Edited by KRoss, 2/3/92, (PB92-222389, A07, MF-A02).

NCEER-92-0004 "Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by I.G. Buckle, 2/4/92, (PB94-142239, A99, MF-A06).

NCEER-92-0005 "Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space," AP. Theoharis, G.
Deodatis and M. Shinozuka, 1/2/92, to be published.

NCEER-92-0006 "Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201, A04, MF­
AOl).

NCEER-92-0007 "Engineering Evaluation of Pennanent Ground Defonnations Due to Seismically-Induced Liquefaction," by
M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421, Al3, MF-A03).

NCEER-92-0008 "A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States," by C.D.
Poland and lO. Malley, 4/2/92, (PB92-222439, A20, MF-A04).

NCEER-92-0009 "Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282, A06, MF-A02).

NCEER-92-0010 "Seismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by Al
Durrani and Y. Du, 5/18/92, (PB93-116812, A06, MF-A02).

NCEER-92-0011 "The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading arid Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be published.

NCEER-92-0012 "Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings," by G.F. Demetriades, M.C.
Constantinou and AM. Reinhorn, 5/20/92, (pB93-116655, A08, MF-A02).

NCEER-92-0013 "Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing," by P.R. Witting and
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