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ABSTRACT

This report provides a summary of a combined experimental and analytical research
project that investigated the loss of transverse (out—of—plane) strength for
unreinforced masonry infill panels as a result of in—plane cracking.

Large—scale test panels were constructed and subjected to repeated and reversed
horizontal forces applied parallel with their plane to a lateral drift equal to twice that
at initial cracking. Then, they were subjected to monotonically increasing transverse
pressures with an air bag until their ultimate strengths were developed. Selected test
panels were then repaired and retested.

Test specimens consisted of either clay—unit or concrete masonry infills placed in a
single—bay, single—story reinforced concrete frame. Parameters of the experimental
sequence were the masonry —unit type, the mortar type, and the height—to—thickness
ratio of the infill panel.

An analytical model was developed to predict the out—of—plane behavior and
strength of masonry panels with and without previous in—plane damage. The
analytical model was based on an arching action theory. Analytical model parameters
included the masonry compressive strength, the infill slendermness ratio, and the extent
of in—plane damage.

Based on the analytical model and on the supporting experimental results,
recommendations were developed for practical seismic evaluation and rehabilitation
of cracked unreinforced masonry infill panels loaded normal to their plane.
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CHAPTER 1

INTRODUCTION

Masonry is one of the oldest types of construction materials currently in use around the globe.
This material has been used for centuries, by various cultures, in typical constructions to satisfy the
demands of economics, accessibility, aesthetics and functionality.

Masonry has many uses in the construction industry. Often it is used for infill walls in frame
structures. In such cases, the masonry is not considered as a part of the lateral force resisting system.
For this reason masonry infill panels are considered as simply an environmental divider that forms
the envelope of a building.

Contrary to popular assumptions made in the design and analysis of frame structures, the
presence of infills influences the behavior of structures during large ground motions. Structural
interaction of the frame and the masonry infill walls cannot be predicted by simple means. If it is
considered that the infill and the frame act as a whole, the lateral stiffness and the lateral load capacity
largely increases. This being the case, the building may not have to be rehabilitated as would have to
be done if the elements were to act separately. On the other hand, because of element interaction, and
shifting of critical sections in the frame to weaker sections, the frame—infill system might become
brittle and behave in an undesirable manner; therefore, it might be required to rehabilitate the system
to make it behave in a ductile manner as assumed in design. In either case, the abundance of this type
of structure in earthquake prone zones, makes it important to increase the knowledge on how masonry
infills behave under repeated in—plane cyclic loadings. This enhances present earthquake hazard
mitigation practice by improving existing techniques and creating new methods for the evaluation of
existing buildings.

Masonry infills are stiff but brittle elements that often attract large lateral story shears when
loaded parallel to their plane. Following moderate or strong earthquakes, it is common to observe an
x pattern of cracks from each corner of an infill panel which is a result of large in—plane stiffness, but
small in—plane diagonal tensile strength. The probability of occurrence for a second earthquake with
equal intensity is small. However, it is probable that a lighter earthquake may occur and shake a
cracked infill panel loose from its surrounding frame with inertial forces applied normal to its plane.
The x pattern of cracks resulting from in —plane forces is similar to the crack pattern for a square panel
subjected to out—of—plane forces. This implies that the out—of—plane strength may be related to
the in—plane damage. The out—of—plane strength may be substantially weakened by in—plane
cracking of the panels. Because of this, evaluation of out—of—plane strength for a cracked infill is
often surmised to be quite small, and repair measures may be prescribed unnecessarily.

Past research on out—of—plane strength of unreinforced masonry infills has shown that
arching effects may be dominant for panels that are restrained at their edges by relatively stiff frames,
or for panels that have continuity with an adjacent infill. The ultimate limit state of an infill panel has



been found to be precipitated by the formation of fracture lines that form along the edges of four or
more segments. As the segments rotate about their boundaries, arching action develops until crushing
of the masonry along the segment edges occurs. This suggests that a yield—line analysis might be
applicable even for a brittle material such as unreinforced masonry. Both of these previous findings
suggest that an infill panel may possess significant transverse strength even though it is cracked. If an
evaluation procedure can be developed based on arching action, then the conservatism associated
with future strength assessments can be diminished. '

This research examines losses in out-—-of—plane strength resulting from in—plane shear
cracking for unreinforced masonry infills. A full—scale, single—story, single —bay reinforced concrete
frame was constructed, and filled with clay brick or concrete block masonry. Test specimens were first

‘subjected to in—plane lateral forces until the masonry infills cracked in shear. Then, the same panels
were subjected to normal pressures using an air bag. Finally, repair techniques to enhance the
out—of—plane performance of various cracked infills were developed and tested. Estimates of
transverse strength and behavior were determined using a variety of analytical models in an effort to
propose a suitable formulation for cracked infills. This report summarizes the experimental research
done, and presents correlations between measured and calculated behavior. In addition, an analytical
model based on arching action was developed to estimate the out—of—plane strength of uncracked,
cracked and repaired infill panels. Finally, an evaluation method to predict the out—of—plane
strength of the panels based on the analytical model was developed.

1.1 Objective and Scope

The overall goal of this research was to increase the knowledge and the understanding of how
masonry infills behave under strong seismic motions, and how the infill—frame system interacts
during an earthquake. The most important objective was to assess the out—of—plane capacity of infill
panels previously cracked with in—plane loads, and to postulate a repair technique to increase the
corresponding strength.

The scope of the research entailed: 1) design and construction of testing specimens, 2)
experimental testing of specimens in the in—plane and out—of—plane directions, 3) analysis of
in—plane and out—of—plane results, 4) development of an analytical model to predict the
out—of—plane strength of panels, and 5) development of a suggested evaluation procedure for
masonry infill panels.

The experimental program consisted of several full—-scale tests. Specimens consisted of a
one—story, single—bay reinforced concrete frame with different brick and concrete block masonry
infills. A reinforced concrete frame was built and tested with different widths of brick and concrete
block infills to consider different relative frame/infill strengths and different h/t ratios for infills. The
sequence followed for testing is as shown in Table 1.

The specimens were loaded in—plane, up to twice the cracking drift. The loading levels
required became apparent as the results of the experiment were available. This was done with the



Table 1  Experimental Testing Sequence

1 brick 34
2a brick 34 N Q

2b Q
2c Q
3a brick 34 lime Q
3b Q
3c Q
da block 18 N Q
4b Q
5a block 11 N Q
5b
5d Q
6a brick 17 lime Q
6b Q
6¢c Q
6d Q
7a brick 17 N Q
7b

8a brick 9 lime

8b Q

* Qut—of-plane test done with in—-plane forces

O

purpose of keeping a constant relative value of how much in—plane damage was “severe”. The
specimens were then tested out—of—plane by applying a monotonically increasing uniform load
across the surface of the infill with an airbag. Some of these specimens were then repaired in order
to increase the infill resistance to out—of—plane failure.

Results from the in—plane and out—-of—plane tests are presented. Experimental information
is given on panel damage and corresponding crack patterns, and their relation to the in—plane lateral
behavior and the out—of—plane strength of the panels. In addition, measurements were analyzed to
show tendencies between each of the specimens. Experimental static results were compared to
predictions calculated from existing analytical models, and to dynamic results obtained from similar
specimens tested on a Biaxial Shock Testing Machine (BSTM).



An analytical model is presented for determining the transverse uniform pressure that
cracked, uncracked, or repaired masonry infill panels can resist. The model was based on arching
action for a strip of infill that spans between two fully restrained supports. Expressions evaluating the
out—of—plane strength of panels were developed. The analytical model was modified to account for
existing in—plane damage and the corresponding effects on the out—of—plane strength of the panel.

Based on the developed analytical model, and on the experimental results, a suggested
evaluation procedure is proposed. The suggested evaluation procedure is a way to determined the
out—of—plane strength of panels based on geometrical and mechanical properties. In addition, the
evaluation procedure considers the extent of existing damage in the panel, and the effects of the
flexibility of the confining frame. A series of tables and figures are presented to aide in the evaluation
process.

1.2 Relevant Present Research

The National Science Foundation (NSF) presently sponsors a coordinated program entitled
“Repair and Rehabilitation Research for Seismic Resistance of Structures”. The research done at the
University of Illinois is part of this coordinated program. In addition to this coordinated program,
NSE NCEER, U.S. Department of Defense and the U.S. Department of Energy are currently
sponsoring a number of parallel research projects on infill behavior. The name and the corresponding
research areas of the institutions where the infill behavior research projects are underway are
presented in Table 2. Parameters of interest in these studies include: type of frames, type of infills,
scale factors, and testing mode. Research done at some of the institutions listed in Table 2 include the
development of repair methods.

Specimen configuration and testing methods used in the research projects varied to cover a
wide range of parameters. Specimens tested at the University of Illinois consisted of a reinforced
concrete frame with both clay brick and concrete block infills. Similar but half—-scale specimens were
tested at USACERL (United States Army Civil Engineering Research Laboratories) dynamically
using a shaking table. Correlation between results obtained from the University of Illinois and
USACERL showed effects relating static and dynamic testing. Testing laboratory specimens were also
compared to results obtained by James A. Hill & Associates from panels in buildings schedule to be
demolished. Martin—Marietta Corporation focused on the testing of hollow clay tile infills encased
within a steel frame and the interaction between out—of—plane cracking and effects on in—plane
strength reduction. Cornell University in conjunction with the State University of New York (SUNY)
undertook the analytical modeling of infills as the main objective for research to predict their
corresponding experimental results.

1.3 Uniqueness of Study

This research was unique in that full scale tests were done on the interaction of in—plane and
out—of—plane loading. Development of analytical models for out—of—plane strength of panels
damaged with in—plane forces had not been addressed in previous research. After reviewing previous



Table2  Research Projects on Infills in Progress in the United

University of Illinois Concrete Brick Q Q
Urbana, IL Block Q Q
University of Arizona Steel Brick QO Q
Tucson, AZ

ANA & University

of Colorado Concrete Block

Boulder, CO 172 scale o Q Q
James A. Hill & Assoc. . Out—of—Plane Test

Long Beach, CA Concrete | Brick | o Actyal Buildings Q
SUNY ick

Buffalo, NY Steel Bric Q

Cornell University Steel Block o

Ithaca, NY 1/4 scale

Martin—Marietta Corp. | Steel **HCT

| Oak Ridge, TN H Q Q

Martin—Marietta Corp. | Steel * %

Oak Ridge, TN HCT Q

USACERL Concrete )

Champaign, IL 1/2 scale Brick Q
Rice University .
Houston, TX Concrete Brick Q
Nabih Yousseff & Ass. | Concrete . In—Plane Ev%_llu'ation
Los Angeles, CA Steel Brick Q Of Actual Buildings

** Hollow Clay Tile

analytical models, a more accurate method of determining the strength of both undamaged and
damaged infill-frame structural systems resulted. Results from this study allowed better evaluation
of the structural behavior of existing masonry infill —frame structures under earthquake loadings, and
also aided in the determination of repair techniques for these types of structures when damaged by

earthquakes.




14 QOutline

The layout of this report has been arranged to include the most important information in the
first part of the text followed by all the supporting information and test results presented in the
appendices. A literature review has been performed on the experimental work previously done on
masonry infill panels and results are presented in Chapter 2, along with a description of the existing
analytical models used to analyze the out—of—plane behavior and strength of masonry infill panels.
A detailed description of features of the experimental program are presented in Chapter 3.
Experimental results and discussion of the observed response for the in—plane tests are presented in
Chapter 4 and for the out—of—plane tests in Chapter 5. Development of an analytical model to predict
the out—of—plane strength of the panel is presented in Chapter 6. Chapter 7 describes a suggested
evaluation procedure for the out—of—plane strength of the panels, and Chapter 8 provides a summary
of the experimental program, principal conclusions, and a selection of further studies to be made.




CHAPTER 2

LITERATURE REVIEW

The chapter is divided into two parts: previous experimental research, and existing analytical
models.

21 Previous Experimental Research

Studies on the behavior and strength of masonry infills, for both in—plane and out—of—plane
forces have been of interest to researchers and engineers for over four decades. This section
summarizes previous experimental research on masonry infills in order to understand the type of work
that has already been completed, and to visualize the gaps or locations where more experimental data
is required. The section is separated into two sections according to loading direction: in—plane and
out—of—plane.

2.1.1 Specimens Subjected to In—Plane Forces

Experimental evaluation of the behavior of masonry infills loaded within their plane is
extensive. Several parameters, including the number of bays and the number of stories in the test
specimen, are addressed in previous programs. A summary of test specimens found in the literature
is presented in Fig. 1 with respect to the number of bays and stories. Test specimens represent various

Fig. 1 General Overview of Data

construction configurations from low and wide systems to tall and slender multi—story specimens. The
most commonly used specimen consisted of a single—bay, single—story specimen. These studies
provided evaluations of the importance of infill confinement from adjacent infills, the types of failure
that can be observed in an inner or outer frame or infill, the effects of the system rigidity on strength,



and failure mechanisms for the specimen. Basic limitations of these studies consisted in the scale of
the specimens (smaller than full scale) and the capacities of the testing equipment.

Important parameters studied for the evaluation of masonry infills included the type of
confining frame, the type of masonry unit used for the infill, and the relative frame/infill strength. A
summary of the parameters studied is presented in Fig. 2. Two frequent types of confinement frames

teel 22
Frame type < Stee
Concrete 76
Clay Brick 23
Infill type
Concrete Block 75

Diagonal Cracking of Infill 50

Crushing of Masonry along 6
Failure type /" Diagonal

Column Shear 25
Column Hinging 17
Scale 1/8 to Full

Fig. 2 Range of Literature Survey for Specimens
Loaded in the In—Plane Direction

used for masonry infill testing are structural steel or reinforced concrete. The two common types of
masonry infills are clay brick or concrete block, with a few others using hollow clay tile (HCT). Infill
behavior and mode of failure are largely controlled by the strength and flexibility of the confining
frame and the interaction with the masonry infill. For strong and stiff frames coupled with weak infills,
the behavior of the system is controlled by the frame. For this case the infill deforms and cracks as it
adapts to the deformed shape of the frame. For weak and brittle frames coupled with strong infills,
the behavior of the system is controlled by the infill and the type of failure may be brittle. As the infill
tries to deform, it typically cracks in an X—type crack pattern under the applied cyclic lateral loading.
Once cracking occurs, the columns may fail in a brittle fashion from the continuing propagation of the
infill cracks through the columns critical sections. Possible types of failure encountered for these types
of specimens are summarized in Fig. 2.



The type of behavior that is observed in frame—infill specimens varies according to the
interaction of the frame and the infill as previously mentioned. The relative frame/infill shear strength
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vs. the observed maximum shear stress in the masonry infill is shown in Fig. 3. The frame strength was
calculated based on the steel and concrete components resisting shear forces. The infill shear strength
was estimated as the masonry shear strength multiplied by the shear area of the panel that resists
shear. The maximum shear stress in the masonry was estimated from test results and from mechanical
and physical properties of the specimens. For a typical infill size with masonry shear strength values
ranging from 100psi to 200psi, the relative frame/infill shear strength reached values as high as 2.0.
For the same type of infills with moderate to high shear strength values, the infill strength becomes
relatively large with the relative frame/infill shear strength ratio near 0.25.

The lateral drift observed at first cracking of the infill versus the shear stress in the masonry
is illustrated in Fig. 4. The lateral drift observed at ultimate load of the frame—infill specimen versus
the shear stress in the masonzry is illustrated in Fig. 5. Lateral drifts at initial cracking for infills with
moderate shear stresses (100 to 200 psi) were as large as 1.5%. Drifts at peak load were as large as
3%. These large lateral drifts were obtained for specimens where the frame —infill relative strength
ranged from 0.5 to 2.0. The ductile behavior of these specimens under the applied lateral loads was
due to the strong ductile frame that was used. Frame/infill specimens with relative strengths up to 0.5
reached lateral drifts of 0.5% at first cracking of the infill, and up to 1.0% at ultimate. The behavior
of these specimens was primarily controlled by the infill strength.

2.12 Specimens Subjected to Out—of—Plane Forces

Previous research done on the out-—-of—plane behavior of masonry infills is not as extensive
as the amount of research done for the in—plane direction. A summary of the most important
parameters studied is presented in Fig. 6.
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The most common specimen layout for evaluation of the behavioral response of infills when
loaded by uniform loads in the out—of—plane direction consists of a single —bay, single —story frame,
with a single —wythe masonry infill.

Out—of—plane testing of masonry infills has been performed in a series of different ways. In
1958, Monk [55] tested a series of infills by building them in an octagon shaped test fixture and
detonating a high explosive at the center. The magnitude of the blast was adjusted to reproduce
approximately the effects of the atomic blast experienced in Operation “Cue” at the 5 psi overpressure
level. This type of testing was done for the assessment of damage expected in an atomic blast. For this
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test, it was determined that the time—pressure effects of the high explosive could be approximately
equated to the impulse resulting from an atomic explosion. Following this, Gabrielsen [33] then tested
several full —scale masonry walls statically and dynamically. In addition, an extensive dynamic testing
program involving full—-scale walls was done for the Defense Civil Preparedness Agency and the
Veterans Administration. For these tests, a shock tunnel was used which enablied full —scale walls to
be subjected to air blast loadings over one entire face. These types of testing methods are not as
commonly used when compared to the following types of testing methods.

A new method for dynamic testing of infill specimens is done using shake tables. Shake tables
are able to represent and simulate the behavior of a structure when subjected to a specified recorded
earthquake. Currently, research using half scale infill specimens is being done at the United States
Army Civil Engineering Research Laboratories (USACERL). These specimens consist of a set of
reinforced concrete frames with a series of clay masonry infills that are subjected to the 1940 El Centro
earthquake, NS Component.

Static testing simulating dynamic inertial loads on structures has also been done. Panels have
been loaded with concentrated loads. Presently, a research project headed by James A. Hill [42] is
under way for testing of several infill specimens on actual buildings. These test specimens are loaded
by a pair of hydraulic actuators that apply concentrated loads to the central part of the infill following
a specified load or displacement sequence.
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One other method consists of applying a uniform lateral load to the specimens with an air bag
that covers the entire specimen surface area. This system has been used by many researchers including
Drysdale [24] for his tests on full—scaled concrete block walls, and Dawe [22] for his tests on
full-scaled concrete masonry infills.

Masonry infills are confined within frames that are an integral part of large steel or reinforced
concrete structures. Researchers have used the frame strengths, frame sizes and materials used to
build the test frames, as variables to understand their effect on the behavior of the infills. Monk [55]
used large reinforced concrete frames to represent rigid supports for the infill, as was also done by
Gabrielsen [33]. Those studies evaluated the behavior of the infill with no concern for the frame.
Others, including Drysdale [24] and Dawe [22] used steel frames to observe the effect of the frame
flexibility on the infill. The flexibility of these frames complicates the understanding of the observed
behavior of the infill, and the development of a realistic and accurate analytical model to predict its
behavior. A detailed description of the procedure used to account for the frame flexibility is presented
by Dawe [22].

For former out—of—plane tests, masonry infills were built with different types of masonry
units as illustrated in Fig. 6. The masonry units varied in physical properties (unit size, size and
number of openings), as well as in mechanical properties (initial rate of absorption, compressive
strength, modulus of elasticity). Different frame dimensions and different infill thicknesses were used
for these specimens. Two non—dimensional parameters were used to illustrate the range of main
physical properties of the tested infills: the aspect ratio of the frame (//4), and the slenderness ratio
of the infill (4/f). The aspect ratio of the frames ranged from 1 to 3, while the slenderness ratio ranged
from 8 to 31 for concrete masonry units and 8 to 24 for clay brick units.

2.13 Out—of—Plane Behavior of Repaired Infills

Structures damaged by earthquakes are not always safe and often require extensive repairs.
Existing structures may require rehabilitation in order to meet earthquake standards that are
periodically upgraded. Research on rehabilitation and repair methods for masonry infills is a topic of
interest in many countries; therefore, investigations are being made in several parts of the world.
Zarnic [88, 89, 90] and a number of Slovenian investigators [17, 63, 69, 91] have researched different
methods and have invested great effort into the pressure injection of cement grout to walls and infills
as well as attaching steel tie—bars in the diagonal direction. An alternative method tried in Slovenia
is a reinforced light—weight foam—concrete topping, connected to the surrounding wall by steel
anchors.

2.1.4 Summary

In—plane and out—of—plane behavior of test specimens has been studied within the realm of
uni—directional loading with no concemn for the interaction between the two loading directions.
Biaxial testing is an area of research that has not been addressed and should be extended to cover:
reduction of out—of—plane strength for a certain in—plane damage, reduction in the in—plane
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stiffness after cracking in the out—of—plane direction, and the effect of openings with both in—plane
and out—of—plane loading combinations. Based on these effects, effective rehabilitation and
repairing techniques must be developed.

Henderson [39] is presently examining the deterioration in in—plane strength due to
pre—existing out—of—plane damage for hollow clay tile infills. Although this is a new problem that
has not been extensively addressed, the in—plane strength of infills does not deteriorate greatly even
after cracking in the masonry. However, the amount of deterioration in the out—of—plane strength
given a known amount of in—plane damage may become significant. Also, research on the effect of
deterioration along the frame/infill boundaries due to in—plane cyclic motion of the specimen and the
reduction in the mechanical properties of cracked masonry on the out—of—plane strength of infills
has never been evaluated. Therefore, the present research on the out—of—plane behavior of infills
as affected by their in—plane damage is a unique extension of current work that should allow better
prediction of masonry behavior for combined loading directions.

2.2 Existing Analytical Models

2.2.1 In-Plane Direction

In—plane stiffness and strength predictions of masonry infill panels can be evaluated using a
number of different analytical procedures: shear beam method, finite element models and the most
commonly used equivalent strut methods.

Whitney, Anderson and Cohen [84] proposed a simple, approximate method for calculation
of stiffness and strength of infilled frames, using results from investigations done at MIT This
proposed method was later modified by Benjamin and Williams [16] after completing a series of tests
of different sizes and types of frames with infills.

Modelling the frame~infill specimen as a shear beam is one simple approach to estimate the
lateral stiffness. Lateral load causes lateral deflection due to shear and flexural deformations.

61014:1 = 6:hear + 6ﬂe}a4re Eq’ [ 1 ]
= [£L PL?
Cstm‘al - (A'G) -+ (12EI) Eq. [2]

Although this method is simple, the estimated predictions largely over estimate the stiffness of the
specimen at cracking of the panel (Eq. [ 3 ]).

= et Eq.[3
( 2% N é_{ ) q-[3]
where: L = height of the specimen
A’ = shear area of the specimen
I = moment of inertia of the specimen
E = modulus of elasticity.

Storm [76] used finite elements to represent bricks in the panel, but did not represent the
mortar joints or the boundary between frame and infill. Finite elements were also used by Franklin
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[32] who modeled masonry with brittle type material elements larger in dimension than bricks. Page
[58] focused on modeling each brick with an element, and the mortar with joint elements. Linear
analysis can only be used to analyze infill panels prior to initial major cracking. The effectiveness of
linear analysis is limited since the infilled frame still provides stiffness after cracking in the panel
occurs. Considering material non—linearity and the whole range of behavior of infill frames, requires
nonlinear finite element analysis as proposed by Mehrabi [54].

Replacing the infill panel with an equivalent strut permits a simplified static analysis of an
equivalent frame. The equivalent strut concept, the first practical attempt to predict infilled frame
behavior by theory, was proposed by Polyakov in 1960 and then by Holmes [44, 45] and Stafford Smith
[74, 75] later in the sixties. Since then, others have published methods for determining the equivalent
infill panel strut width, and consequently its lateral stiffness.

Holmes [44, 45] considered steel frames with non—structural concrete or clay brick infill
panels. The first model considered a single frame —infill specimen subjected to a horizontal force P.
Force P produces a compressive resultant and a vertical force in the infill as illustrated in Fig. 7. By

Fig. 7 Equivalent Strut Method

considering the forces in the frame and infill panel separately, the horizontal force causing failure may
be determined by evaluating the shortening on the equivalent strut. An expression proposed to
evaluate the horizontal stiffness of the specimen is presented in Eq. [ 4 ].

AE I, "
L o e e Eq.[4]
h’3[1 + icotﬁ] at
where: E. = elastic modulus of frame
I. = moment of inertia of the columns
I; = moment of inertia of the beam

h’ = height of frame
8 = angle between diagonal and horizontal
t = thickness of the panel
fm = masonry compressive strength
&y = masonry crushing strain.
This method could be applied to both concrete block and clay brick masonry infill panels. This
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expression in its original form was to be used for single—bay, single story frames, but it may be
modified to account for additional stories or bays. Eq. [ 4 ] suggests that the in—plane stiffness
depends primarily on the relative geometry of the frame and the infill along with the mechanical
properties of both the masonry panel and of the frame. The compressive area of the equivalent strut
was determined to be dependent primarily on the thickness and the aspect ratio of the panel. The
specimen behavior prediction assumes an idealized linear relationship for the force—deflection up
to crushing of the masonry at which point failure of the system occurs.

Stiffness predicted by the Stafford Smith method [74, 75] is affected not only by the size,
thickness, proportions, and material properties, but also by the length and distribution of the applied
load on the comer. The equivalent strut method developed by Stafford Smith combined the effects
of the strain energies of the tension in the windward column, A, the compression in the equivalent
strut, B, and the bending of the frame, C. The expression proposed to evaluate the in—plane stiffness

is presented in Eq.[5 ], with expressions for the corresponding terms presented in Eq.[6] to
Eq.[8]:

w_A+B+C
K=&+ Ba-[5]

7’ tan 26
4 =12 Eq.[6]

d
" WeE,(cos26) Eq.[7]

_ mGLA + LL)
T DEIS6LE +1.L) Eq.[8]

where: E. = elastic modulus of frame

E,, = elastic modulus of masonry

I. = moment of inertia of the columns

I, = moment of inertia of the beam

A, = area of the columns

L’ = length of beam

h’ = height of frame

d = diagonal length of infill panel

w = width of equivalent strut (0.2 4 for L/h = 1.5)

8 = angle between diagonal and horizontal

t = thickness of the panel.
The effect of the stiffnesses of the frame members in flexure compared to that of the infill panel in
compression was considered in later studies by Stafford Smith. Results from these studies concluded
that the stiffer the frame compared to the infill panel, the greater the contact length, and consequently
the stiffer the infilled frame.
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2.22 Out—of—Plane Direction

In this section, a summary and discussion of analytical models developed by others to predict
the out—of—plane behavior and strength of infill panels is presented. A number of different methods
are used to estimate the out—of—plane forces and deflections of the test panels of this study for
comparison. Predictions by existing analytical models and experimental results are presented and
discussed in detail in Chapter 5. Numerical models vary from simple elastic plate analyses to more
refined models based on arching action and inelastic behavior. For each model, an expression for the
transverse load capacity is computed as a function of the A/t ratio of an infill panel.

2.2.2.1 Elastic and Inelastic Plate Theories

The simplest model to represent two—way bending of an infill is an elastic plate. Classical
solutions derived by Timoshenko [79] are available for determining deflections of rectangular plates
subjected to uniform pressures. Linearly elastic, isotropic, homogeneous material behavior is
assumed in this theory. An expression for the pressure, g,, for a given tensile stress, f;, is given in
Eq.[ 9] The term B, represents the aspect ratio of a panel, and is equal to 0.498 for the test panel

qa = ———fth—z Eq.[9] qa = 0.335% Eq.[10]
66.(%) (%)
(assuming pinned edges). Eq.[ 10] is based on this coefficient. Since the analysis is elastic, no

post—cracking behavior is considered. The solution does not model the flexibility of a cracked infill,
and is overly stiff when compared with other models as illustrated in Fig. 8. Failure is assumed to occur
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Drift (%), A/h
Fig. 8 Existing Analytical Model Predictions
once the maximum tensile stress reaches the tensile strength of the masonry.

Inelastic two—way action has been modeled through the use of modified yield—line analyses
by Drysdale [24], Haseltine [36, 37], and Hendry [40, 41]. Strength and behavior of unrestrained,
rectangular unreinforced masonry wall panels can be calculated with this type of model. Haseltine
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[36, 37] developed a design methodology and formulated the following equation for the
out—of—plane bending strength, g, of a rectangular panel.

_kaX_ Eq.[11] ge = ().42()f—]°‘2 Eq.[12]
6“(2;‘) YmY¢ (%)

The term, fi, is the flexural tensile strength normal to the bed joints; a is a bending moment

da =

coefficient based on the panel aspect ratio and the edge boundary condition (0.081 for test panels with
pinned edges); v, and yr are factors of safety included in the expression to obtain a conservative
expression for the allowable strength of the panel. y,, is a factor ranging from 2.5 to 3.5 based on quality
control of materials; and vy is a panel importance factor ranging from 1.1 to 1.4. As with the
Timoshenko approach, Eq.[11] limits strength to a critical flexural tension stress, and is thus
conservative for panels whose strength may be appreciable in the post—cracking range. If the largest
values for v,, and yr are considered, the coefficient term becomes 0.420 as noted in Eq. [ 12 ]. This
is close to the strength given by Eq. [ 10 ] and is therefore not represented on Fig. 8. The difference
in the coefficient term is attributed to the consideration of a different flexural tensile strength of the
masonry vertical to the joint (f), and parallel to the joint (fiy). The ratio fi/fiy is approximately 3
according to experimental data. If the vy,, and yr factors are taken to be 1.0 to exclude the factors of
safety, Eq. [ 11 ] reduces to Eq. [ 13 ].

2 fi
2
I3
(*
Hendry [40, 41] considered that the most useful and informative approach would be to
calculate coefficients which give the effective bending moment on a strip of panel of unit width.

qu = Eq.[13]

Following this criteria, expressions for simply supported panels with and without precompression,
Eq.[ 14 ] and Eq. [ 15 ] respectively, were developed in a similar format.

o,
qu = 8 hcz Eq [ 14] qu =

(¥
The term, o is the precompression stress applied to the panel; fi, is the flexural tensile
strength normal to the bed joints; a ratio fi,/fiy of 5; a is a bending moment coefficient based on the
panel aspect ratio and the edge boundary condition designed to fit the experimental data (0.025 for

test panels with pinned edges). If the corresponding value for a is considered for the expression
evaluating panels with no precompression, the new expression becomes Eq. [ 16 ].

Eq.[15]

The out—of—plane strength of a masonry panel can be evaluated based on Eq. [ 13 ] and
Eq.[ 16 ], and limited by fi, The difference between the coefficient terms in these two mentioned
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qu = 6.67———]-6""2 Eq.[16]

h

)

equations is attributed to the use of a different bending moment coefficient which in turn depends on

the corresponding estimated fi/fy ratio. This type of analysis produces out—of—plane strength
results an order of magnitude larger that results obtained using Timoshenko elastic plate theory.

2.2.2.2 Arching Action

McDowell, McKee and Sevin [50, 51] at the Armour Research Foundation (ARF) developed
a theory based on arching action for a one—way strip of unreinforced masonry confined by rigid
boundaries. Their theory showed that masonry walls with full end restraint could withstand much
larger lateral loads than predicted by means of conventional elastic or elasto—plastic bending
analyses. A paper published in 1959 by the second two authors [52] applied the ARF theory to a design
method for blast. Unlike the previous formulations which are limited by flexural tension, panel
strength per McDowell is limited by compressive stress. A strip is comprised of two equal segments
that rotate about their ends until masonry crushes, or the two segments snap through. Ultimate
capacity can be deduced from McDowell’s formulation to be equal to that given in Eq. [ 17 ],

u=

l’_f:ﬂz Eq.[17] qu = 0.504]0'—"’2 Eq.[18]

h h
2(%) &
where v is a variable that depends on the lateral deflection, thickness of element, and A/t ratio; and
o 1s the prism compressive strength. If an 4/¢ ratio of 10 is assumed, the coefficient term becomes
0.504 as given in Eq. [ 18 ] which is in the range of that for Eq. [ 10 ] and Eq. [ 12 ]. However, lateral

strength is a function of compressive strength, f7,, rather than tensile strength, f; or fi, which is an
order of magnitude larger.

Based on the ARF theory, Monk [55] developed procedures for blast design as part of a study
of blast resistance by the Structural Clay Products Research Foundation. The theory was used with
data from dynamic tests done at Coal City, Illinois. The tests revealed that effective designs in
unreinforced clay masonry infills could be achieved if arching effects were considered. Thomas [78]
demonstrated that arching could result in a considerable strength increase after initial cracking for
clay brick infills. West et. al. [82] stated that the interface conditions between an infill and a frame are
significant to transverse strength. Anderson [12, 13] proposed a more involved theory for one—way
wall panels subjected to transverse loads that included the effects of boundary stiffness, initial gaps
and infill shrinkage on the out—of—plane strength calculations.

Apart from arching action, one other perplexing concern when estimating transverse strength
of unreinforced infills is how to model two—way action. Lefter [49] and Dawe [22] developed strength
theories based on virtual work concepts and include both arching and two—way action. Both theories
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consider a thrust force acting through segments bounded by yield lines. The resisting moment along
a yield line is the product of the thrust force times its eccentricity about the centroid of the panel
thickness. Like McDowell [50, 51], transverse strength is limited by compressive stress along the edges
of a segment rather than a tensile stress as proposed by Haseltine [36. 37]. With Dawe’s method,
computer—aided techniques are used to predict the first crack and ultimate infill capacity. A
conventional yield—line method is modified to combine arching action within flexible frame
boundaries.

Lefter’s theory is based on a fixed eccentricity of the thrust force (1 inch from edge), and is
thus not sufficiently general to be used with the thin brick infill specimens. As shown in Fig. 8, Dawe’s
theory produces a stiffer and stronger response than McDowell’s theory because two—way action is
considered rather than one—way action. However, since edge flexibility is introduced with Dawe’s
theory, the differences between the two curves are minimized.

Though each of the theories described have formulated lateral strength in terms of different
coefficients, each has suggested that strength is proportional to the inverse of the square of the A/t
ratio. The influence of the #/f ratio on strength is shown in Fig. 9 where theoretical curves are plotted
based on the Timoshenko formulation as well as the two arching action models. Again, the Haseltine
theory is not plotted because it nearly duplicates the Timoshenko solution. A nominal masonry
compressive strength equal to 1000 psi has been used to plot curves based on the McDowell and Dawe

theories.
2000
L McDowell
AN et Dawe
1500 1 — — - Timoshenko
i ' = 1000 psi
fie = 100 psi

1000

Lateral Strength (psf)

500

h/t ratio

Fig. 9 Effect of 4/t on Lateral Strength

Lateral strength is proportional to masonry compressive strength rather than tensile strength.
According to the two arching theories, the test panels would have resisted pressures as high as 2000
psf which are two orders of magnitude larger than what would be expected during a seismic event.

One aspect of the out—of—plane infill problem that has not been studied to date is how to
estimate the transverse strength of infills that have been previously cracked when subjected to
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in—plane loads. If arching action is significant, then the transverse strength of a confined infill panel

may be appreciable even though it is cracked. The purpose of the study described herein is to validate

this concept through experimental and numerical analysis.

2.2.3 Conclusions

Analytical procedures were studied to predict the in—plane stiffness of the frame—infill
specimens. Analytical procedures vary from simple shear beam analysis, to finite element models and

equivalent strut methods.

Conclusions made based on the in—plane analysis were:

The compressive area of the equivalent strut depends primarily on the
thickness and the aspect ratio of the panel.

The in—plane capacity of the specimen reaches its limit when the compression
of the developed masonry strut is exceeded.

Specimen stiffness depends on the length and distribution of the applied load
on the corner of the frame.

A number of theories and analytical models have been studied to predict the out—of—plane

behavior of masonry infills. Theories studied included elastic and inelastic plate theory as well as one
and two way arching action. Analytical models varied from simple expressions and coefficients, to

elaborate computer programs.

Conclusions made based on the out—of—plane analysis were:

For slenderness ratios larger than 30, the arching action is small.

Out—of—plane strength depends on compressive strength of the masonry and
not on the tensile strength.

Out—of—plane strength decreases with the square of the slenderness ratio of
the panel.

The effects of in—plane damage on the out—of—plane strength of the panels
are not represented with any existing model.
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CHAPTER 3

DESCRIPTION OF EXPERIMENTAL PROGRAM

Description of the experimental phase of the program is presented in this chapter. This
chapter covers the overall design, construction, repairing and testing of several unreinforced masonry
infills within a reinforced concrete frame. Information on material properties, test setup and
instrumentation is provided in Appendices A and B.

3.1 Specimen Description

The experimental program consisted of testing eight full—scale specimens. The specimens
were unreinforced clay or concrete masonry infills placed within a single—story, single—bay
reinforced concrete frame as shown in Fig. 10 and Fig. 11.

12:__07: J
9'—0”

oo nosos wane wmsen ot stoess sy Shcess o WS NNt SO
0000 SRR SRS 0 PR 2

r()”
e

o
TR R RN RN VPR YRR GO0 R RS SRR YRR TR R
QR0 SRR 000 HXG08 K000 100000 SO0 GO0 SN K JAUC I000S:

RS SRR SO SR 000K 0K TUTOE SIS U ,—— 0.5, 1 or 2 wythes of
R RS clay brick

205005 RS IR, SRS SR SR TR PN SIS IS
3% SRR KRR SRS WRIRER R0 R A 000 YR 350 <

810"
52— 4”

1’—~6"

Fig. 10 Description of Clay Brick Specimen

3.1.1 Reinforced Concrete Frame

The confining reinforced concrete frame was built strong, ductile, and heavily reinforced for
both flexure and shear. The elevation of the frame and corresponding cross—sections of the members
are presented in Fig. 12. The frame was tested with a number of clay brick and concrete block infills,
providing data for a parametric evaluation of different relative frame/infill strengths, different infill
h/t ratios, and different mortar types.

The reinforced concrete frame represented typical concrete construction, particularly
structures built in accordance to currently used codes and standards (1989 or newer). These codes
include guidelines that require the placement of steel reinforcement within joints, continuous
longitudinal steel reinforcement, and a small spacing for shear reinforcement throughout the
members. Material and geometrical properties of the frame are summarized in Table 3.
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3.1.2 Masonry Infills

Masonzy infills were constructed with reclaimed Chicago common clay bricks or concrete
masonry units. Brick masonry units were tested according to several ASTM standards including the
initial rate of absorption test, the modulus of rupture test and the flat—wise compressive strength test.
Infill thickness was varied to examine a wide range of slenderness ratios. This was felt to be important
for both in—plane and out—of—plane behavior. The slenderness ratios ranged from 9 to 34. Brick
infill thickness ranged from double —wythe (73/g inches) for smaller slenderness ratios, to half—wythe
(13/g inches) for larger ratios. The half—wythe infill was built using bricks cut into two halves.
Dimensions and shapes of the bricks were even and constant. For the double —wythe infill, a header
course was included at every sixth course as is done in common U.S. practice.

Concrete blocks were also used for construction of two infills. Concrete masonry units were
obtained from a local supplier. This was done to obtain a representative sample of masonry units with
mechanical properties typical of newer construction. Material properties of the concrete blocks were
measured based on standard ASTM tests. The slenderness ratios for concrete block infills ranged
from 11 to 18 using standard 4 and 6 inch wide blocks. Mortar was placed on face shells only.

Block and brick courses were placed above the concrete slab to emulate stiffening of upper
story infills.

Arepresentative mortar mix was used for the two types of infills. The type of mortar was based
on the evaluation of properties of masonry prisms and quadlets constructed with various mortars.
Results of these tests are summarized in Appendix B. The two selected mortar types were: Type N and
a lime mortar. The former stronger mortar contained the proportions 1:1:6 (cement:lime:sand); while
the latter contained proportions of 1:3 (lime:sand), resulting in a mixture with low strength. A slight
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Table 3 ~ Frame Properties

Lateral Strength 68 kips
Concrete Compressive Strength 8000 psi
Vertical Stress on Columns 350 psi
Column Area 144 in?
Column Moment of Inertia (gross) 1728 in*
M, (k—in) 1407k—in
Vu (k) 87.5k
Column Ratio (%) ©; = ﬁi 3.33%
Beam Area 200 in?
Beam Moment of Inertia (gross) 2314 in*
M, top/bott.(k—in) 1230/864 k—in
Vi (k) 835k
Beam Reinforcement Anchorage Sufficient
SB;ZT‘IE;%%?‘“ 0= ‘% 1.45/0.38
Ties #3 @2.5”

modification of Type N mortar, namely Type S mortar, was also used. Type S mortar contained
proportions 1:1/5:41/, (cement:lime:sand) and produced mechanical properties similarly to Type N
mortar.

3.2 Considerations for Specimen Design

Criteria used for the design of the frame/infill test specimens was based on construction
currently found throughout the United States.

For in—plane lateral loadings the frame/infill test specimen represented the bottom story of
a multi—story building. When actual buildings are subjected to earthquakes, lateral story shears are
largest at the base level. These shears vary according to the story mass and to the local accelerations.
Bottom stories carry the largest sum of lateral forces, and also the largest sum of gravity loads. These
gravity loads apply a pre—compression on the affected stories. The magnitude of this
pre—compression is important when determining the lateral capacity of the building. To better
represent an actual building, a vertical compressive axial force was concentrically applied to both
columns. This vertical load was applied to the specimen for the purpose of simulating gravity loads
from upper levels. The axial compression force increased the cracking moment and the moment
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capacity of the columns. The column axial force also resulted in some compressive stresses applied
to the infill.~

For out—of—plane loads, the frame/infill test specimen represented the upper—story of a
multi—story building. When ground motions are applied to a structure, the maximum accelerations
are located at the upper stories of a building. The acceleration and mass of the masonry dictates the
amount of lateral inertial force that is applied to the infill. Gravity loads on an upper story from roof
loads, or other sources, were also accounted for during testing of the specimens in the out—of—plane
direction.

Consideration was given to the frame/infill relative lateral strength of the specimens. The
specimen behavior changes depending on the frame/infill relative lateral strength. For strong and stiff
frames with weak and brittle infills, the behavior of the specimen is governed by the frame. For a weak
and brittle frame with a strong infill, the behavior of the specimen is governed by the infill. Thus, the
study of a wide range of relative frame/infill lateral strengths would demonstrate the corresponding
effects on the in—plane behavior of the specimens.

The estimated behavior of various clay brick and CMU infills encased within the frame is
illustrated in Fig. 13. The depicted behavior is based on results obtained from elastic finite element
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Fig. 13 Relative Frame—Infill Strength for Brick and Block Infills

analyses done for the frame in combination with different infills. The behavior of the infills is assumed
to be linearly elastic up to cracking of the masonry at a shear strength of 100 psi. Once the infill cracks,
the load is redistributed until the frame is the only acting structural element in the specimen. This
analysis is highly qualitative and idealized. The capacity of the frame is the maximum lateral load that
the specimen is able to resist once the masonry deteriorates.
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The strength of the frame was required to be equal to or greater than the strength of the
strongest infill. The frame was designed to be strong, and ductile. Design requirements met the special
provisions for seismic design included in the 1989 ACI (American Concrete Institute) building code.
All steel reinforcement in the frame was sufficiently anchored to develop the maximum flexural
member capacity. Code provisions for the shear strength were met. Stirrups were placed within the
joint for an overall better cyclic performance of the system to meet ACI—318. The concrete mix used,
with large compressive strength and modulus of elasticity, generated the desired frame strength and
rigidity in conjunction with the geometric properties of the frame. The high concrete compressive
strength, as illustrated in Table 3, was reached by using a special concrete recipe mixed in—house. A
detailed description of the mix is presented in Appendix B.

Flexural strength of the columns was calculated for the geometrical properties of the members
including the effect of the vertical axial force applied at the top of the columns. The moment—thrust
interaction diagram for the columns of the frame is shown in Fig. 14. Frame lateral strength was
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Fig. 14 P—M Interaction Diagram

calculated from the flexural strength of the members in conjunction with the virtual work method. The
collapse mechanisms for the frame is presented in Fig. 15. M1 and My vary as the applied lateral force
increases. The moment capacity of the column in the windward direction decreases as the applied
lateral force increases. The moment capacity of the opposite column increases as the applied lateral
force increases. The axial force applied to the columns of 50 kips (Fig. 14) was considered to prevent
the columns from developing tension. The corresponding lateral load required to form the collapse
mechanism was considered to be the lateral strength of the frame.

Masonry properties were chosen in such a way as to couple with the frame properties and
closely represent actual construction. The chosen masonry units and mortar types were considered
to produce the desired ranges for the frame/infill lateral strength. The half —wythe clay brick panel

26



P =M, +M, + M, +M4)(%)

Fig. 15 Collapse Mechanism for R/C Frames

was considered to have a low lateral strength, while the double —wythe clay brick had a high strength
and stiffness in a magnitude comparable to that of the frame as illustrated in Fig. 13.

33 Specimen Construction

The frame included a heavily reinforced concrete base beam. Base beam geometry and
reinforcement layout is presented in Fig. 66 in Appendix A. The beam was post—tensioned to the
testing floor with eight 1.5 inch diameter Dywidag bars. Steel column cages were assembled. All
reinforcement steel used met the A615—Grade 60 steel standards. The sizes of bars used varied from
#3’s to #7’s as shown in Fig. 12. All bars were cut and bent in house to the exact design dimensions.
The cages were built by placing the longitudinal bars on a “horse” or horizontal hanger. Longitudinal
bars and stirrups were tied together by commonly used tie wire. Once the cages were assembled, they
were placed in the base beam. Post—tensioning cables were introduced through the center of the
column cages. The lower end of the cable was tightened and secured in place along with its
corresponding anchorage connection. The remaining part of the strand was prevented from
movement while the casting operation was in progress. The base beam was then cast with concrete
obtained from a local distributor. At the time the base beam was curing, the top beam cage was
assembled. It was built in a similar manner as the column cages. The two columns and the top beam
were cast monolithically. The frame was cast with a concrete mix made in-house. Cylinders and sample
beams were also cast for evaluation of material properties including the compressive strength, the
modulus of elasticity and the modulus of rupture. Results of these tests are presented in Appendix B.

Masonry construction was done by professional masons. The same crew of two craftsmen was
used to build all specimens. Mortar was retempered for a maximum period of 2 hours. All masonry
units were pre—wetted for a period of five minutes to decrease the rate of water absorption from the
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mortar joint. This resulted in better bond strength in the masonry unit/mortar interface. Masonry
infills consisting of either clay brick or concrete block masonry units were laid in running bond.

Vertical forces applied to the columns during the testing of the specimen were not present
during the construction of the masonry infill panel. The panel was constructed once the surrounding
frame had been built, and only at the time of testing of the specimen the vertical forces were applied.
The same vertical forces were applied to the columns during both the in—plane and the out—of—plane
tests.

34 Description of Infill Repairing Method

Specimens with out—of—plane strengths lower than desired were repaired and retested to
observe and quantify the improvement on the out—of—plane strength.

The repair method, similar to one studied by Prawel [61], consisted of parging a half—inch
thick ferrocement coating to one or both faces of the infill panel. The repairing method is illustrated
in Fig. 16. A single sheet wire mesh (0.5—in. mesh with No. 19—gage wire) was placed on each face.
The wire mesh was embedded in the coating. Multiple wire sheets were lapped spliced to cover the
entire infill surface area. The wire mesh was anchored to a damaged infill by steel bolts. 1/4—inch
diameter steel bolts spaced at 16 —inch centers were used. The plaster mix consisted of a cement—sand
material mix in a ratio of 1:2. This mix ratio yielded the desired plaster strength for the coating and
a good workable material for easy placement. The plaster mix was troweled on to each of the infill
faces to be treated, for a total coating thickness of 0.5—in. A flexible PVC sleeve was placed over the
bolts to provide relaxation to the system, and prevent premature cracking of the coating. Material
testing was done to determine the mechanical properties of the coating. Results for these tests are
presented in Appendix B.
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Fig. 16 Repairing Method
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35 General Testing Procedure

The_in—plane tests were run in displacement control, increasing the force until the prescribed
deformation was reached. Specimens were loaded up to a defined factor in terms of A, (deflection
at which initial cracking of the infill occurs) to assure a fully cracked condition. These forces were
applied using a twin pair of 110—kip capacity servohydraulic actuators that pushed or pulled against
a beam stub located at the center of the top beam (Fig.17). One actuator was operated in
displacement control, and was followed by its twin which was operated in force control. This way equal
forces were applied preventing torsional moments to develop in the specimen. The test specimens
were loaded parallel to their plane following the prescribed displacement histogram (adopted from
Shing [71]) presented in Fig. 18. In this manner the specimen stiffness dictated the amount of force
applied for a particular displacement. The general histogram shape represented a damaging
earthquake. Displacements were increased slowly up to cracking to observe elastic behavior in the
masonry. Once the infill cracked, two more cycles of the same magnitude were applied; the second
cycle defined the behavior of an infill after cracking, and the third cycle confirmed equality with the
second cycle. Decaying cycles were also included in the histogram with the purpose of illustrating the
deterioration and degradation of the elastic stiffness due to cyclic loading. The displacements of the
specimen were then increased until the desired maximum deformation was reached. An arbitrary
value of twice the displacement required for cracking in the infill was assigned as the peak
displacement.

Once an infill panel was substantially cracked with in—plane forces, it was tested in the
out—of—plane direction by applying a uniform pressure with an airbag. The purpose of the
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Fig. 17 Elevation of Overall In—Plane Test Setup

29



20

]XM L
w il \[\[__V_f\[ M

2 4 6 8 10 12 14 16 18

IIIIIII

|
=
(=3
TTTI]TT7T

[
=
i

|

N

(=}
SRR RARL

CYCLES
Fig. 18 Displacement Histogram

out—of—plane test was to determine the peak pressure or peak accelerations that a virgin, a damaged,
or a repaired infill could resist. The pressure of the airbag was increased monotonically at a given rate
until the peak pressure was reached. For some of the tested specimens, the air—bag was deflated to
a zero pressure and then inflated again up to its maximum pressure. This evaluated the deterioration
of the out—of—plane stiffness of the infill under repeated loading. The specimens tested for repeated
loadings corresponded to those infills with capacities exceeding the capacity of the available
equipment. The overall setup for the out—of—plane tests is presented in Fig. 19. The airbag applying
the uniform pressure was reacted by a reinforced concrete reaction slab. Connection details between
the airbag reaction frame and the frame/infill system are presented in Appendix A.

. Infill
Airbag Specimen
\ Instrumentation
Support
Load Cell
Airbag
Reaction
Slab LVDT’s

Test Fl
555 %

Fig. 19 Elevation of Overall Out—of—Plane Test Setup
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Tests with forces applied normal and parallel to the infill plane simultaneously were also
carried out for comparison. The worst possible loading case scenario that a building could ever see
in any direction was chosen. This was chosen to estimate an upper bound for structural damage, and
a lower bound for the expected resistance of the frame/infill system.

Although dynamic testing would have been preferred, it was not possible for the full —scale
specimen because loading equipment was not available. Dynamic testing, however, was done with 1/2
scale replicas of the test infills by the Army Corps of Engineers at their Civil Engineering Research
Laboratory [10] in Champaign, and the observed dynamic behavior is compared to static results in
Chapter 5.

3.6 Description of Nondestructive Evaluation Methods

Non—destructive evaluation tests (NDE) were done prior to experimental testing of the
specimen to determine corresponding mechanical properties. The flat—jack test and the in—place
shear (shove) test were used for this purpose. The flat—jack test determines the vertical stresses
present in the masonry panels. The in—place shear test (shove test) measures the shear strength along
a single brick in a masonry panel. These two masonry properties are important for evaluation of the
lateral strength of a structure. For this type of evaluation procedure, the combined use of both the
flat—jack and the in—place shear test methods provide unique insight to accurately estimate the
in—plane capacity of the structure. A detailed description of the non—destructive evaluation
techniques used in this report are presented in Appendix C. Correlation of the predicted in—plane
lateral capacity using the results obtained from the nondestructive tests are compared to experimental
results in Chapter 4.
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CHAPTER 4

RESPONSE RESULTING FROM IN-PLANE FORCES

Results from applying in—plane forces to the specimens are presented in this chapter.
Experimental information is given on panel damage and corresponding crack patterns, and their
relation to observed lateral behavior and stiffness characteristics. In addition, measurements are
analyzed to show tendencies between each of the specimens. Topics addressed in this chapter include:
(a) the relation between lateral strength and stiffness for the frame/infill specimens, (b) measured
behavior of frame and infill, (c) shear stress and strain distribution, and (d) how well nondestructive
estimates of masonry shear strength approach experimental results.

4.1 Cracking and Damage of Test Specimens

The crack patterns for the masonry infill specimens followed crack distributions as shown in
Appendix D (the crack patterns corresponding to the in—plane loading are designated as the infill
number, followed by the letter “a”). Properties of the infill test specimens are presented in Table 4.
The compressive strength of the masonry (f,) and the measured modulus of elasticity (Ep,) were
measured directly from a series of prism tests carried out for the different infill panels. The estimated
modulus of elasticity was obtained by multiplying 750 times the masonry compressive strength. The
general behavior explained here applies to every specimen unless otherwise specified. The first
occurrence of cracking was the separation of the infill from the frame. This occurred along the infill
boundaries where tensile stresses between the frame and the infill developed as illustrated in
Fig. 20(a). Because the specimen was symmetrical as was the loading, identical cyclic behavior was
expected. The separation between the frame and infill commenced at the top and developed down.
The separation at the beam —infill boundary increased with lateral drift. As the lateral load and drift
increased, small diagonal cracks in the center—upper part of the infill developed. The amount of
lateral drift required for the formation of theses cracks is defined as the cracking drift (Ag/h).
Fig. 20(b) illustrates the typical crack pattern obtained when A¢; was reached in one direction for the

Table4  Specimen Properties

2a | Brick Type N 17/ 34 1575 1181 1167
3a | Brick |Lime Mortar| 17/3 34 1470 1103 756
4a | Block Type N 3%/ 18 3321 2491 1804
5a | Block Type N 553 11 3113 2335 1686
6a | Brick |Lime Mortar| 37/ 17 665 499 310
7a | Brick Type N 373 17 1596 1197 424
8a | Brick |Lime Mortar| 7%/ 9 507 380 342
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Fig. 20 Frame/Infill Crack Development

first time. A similar set of cracks developed in the opposite direction when the cycle was reversed.
After cracking of the masonry, the stiffness of the infill was reduced, but the load carrying capacity
of the system continued to increase. A sequence of cycles of the same amplitude, and smaller, were
applied to the structure to determine the amount of strength deterioration. Following the detailed
histogram (Fig. 18), the specimens were then loaded to a maximum lateral drift of 2A.;. This higher
load caused the masonry to develop new cracks. The final crack patterns (Fig. 20(c)) included
extension of the previous cracks, and the creation of new diagonal cracks caused by the redistribution
of shear stress.

Infill crack patterns depended on variables such as the shear strength of the masonry, the
thickness of the infill, and the type of masonry unit. For clay brick infills, the cracks were created at
locations of maximum applied stress, with no concern for the masonry unit size. Crack patterns for
concrete masonry infills followed bed and head joints (Fig. 89 and Fig. 91). Even though the net
bedded area was similar for some clay and concrete masonry infills, the force needed to crack a
concrete masonry infill was larger because of the larger masonry unit size.

Damage was apparent at completion of the in—plane tests. Masonry panels were seen to
detach from the confining frame. Mortar at the frame —infill boundary was partially dislodged. Gaps
formed between the infill and the frame were large enough to see through. The in—plane lateral
stiffness decreased. After cracking of the infill, the stiffness decreased with every applied loading

33



cycle. As the damage to the infill increased, the redistribution of in—plane forces between the
frame —infill elements continued to occur.

<

4.2 Conventions

Electronic equipment used to monitor the in—plane behavior of the specimens is summarized
in Appendix A. The sign conventions used for this equipment is explained in this section. Lateral
forces were considered positive when the direction of the applied force was towards the east. Strain
gages were positive for tensile movements. Displacement transducers were positive when recording
extension. Sign conventions were adopted with the purpose of obtaining positive slopes for
force—deflection relations.

4.3 Measured Behavior of Reinforced Concrete Frame

Behavior of reinforced concrete frames is generally well understood. Once the concrete frame
is filled with a masonry infill or any other type of panel, its behavior is not as easily quantified.

Testing of the first specimen resulted in the second largest cyclic load and the second largest
lateral displacement that the frame—infill system would see. These upper limits for load and drift
applied to the specimens during the first test were not exceeded until the in—plane test for specimen
8a. No new damage occurred in the frame throughout the sequence of experiments.

Cracks developed in the frame after the first in—plane test are depicted in Fig. 21(a). No new
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T

(@) (b)

Fig. 21 Cracking of Reinforced Concrete Frame

cracks appeared after the first test. During testing of the last specimen, existing cracks propagated but
no new cracks were formed. Flexural cracks in the frame occurred at predicted critical locations. The
sequence for the development of these cracks followed the distribution of the applied moments to the
frame (Fig. 21(b)); that is, first cracks formed in the bottom part of the windward column where
moments were largest and axial compression was smallest, followed by cracking of the beam near the
column face. Rotation across gage lengths at the plastic hinge regions were monitored as presented
in Appendix E.
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The frame cracked in flexure. Cracking of the frame was symmetrical with respect to the center
line as expected from the applied cyclic loading pattern. The first bottom crack in the beam occurred
before the first top crack. The crack widths were larger on the bottom face than on the top face because
the neutral axis of the beam was farthest from the bottom face. Cracking in the columns occurred at
the critical sections as well. The cracks that developed on the outer face of the tension column were
anticipated; but the number of cracks and their size was smaller than expected from simple frame
analysis (no infill).

The post—cracking behavior of the frame was of interest; whether the frame reached its
capacity or not greatly influenced specimen behavior. Strain gages placed directly on the steel
reinforcing bars at the critical sections of the frame as illustrated by Fig. 67 indicated reinforcement
behavior. The measurements obtained from these strain gages were compared to measurements from
displacement transducers placed at similar locations on the face of the beam and columns (Fig. 68).
Their behavior during the course of the tests is presented by figures in Appendix E. The resisting
moment and axial forces that developed in the columns were estimated based on strain and rotation
measurements obtained during the tests. These quantities were evaluated following a procedure
described in Appendix E.

4.4 Measured Cracking Strength and Behavior of Masenry Infill

In—plane test results for the specimens are summarized in Table 5. In—plane specimen
behavior during the course of the tests was monitored and results are presented in Appendix E. A
typical load displacement hysteresis loop is presented in Fig. 22 for Specimen 2a. Lateral force
required to reach A (lateral displacement at which initial cracking in the infill occurs) was defined
as the cracking load for the masonry infill. The lateral force applied to the specimen to reach a lateral
displacement of 2A.; was defined as the maximum applied load. This is not the ultimate strength, but
simply the load needed to reach 2A.,. These values were recorded cyclically, and the average of both
positive and negative respective loads was obtained. These values were divided by the infill gross area
to give a nominal shear stress for fy; (at A¢r) and fy; (at 2A¢;) respectively, which are listed in Table 5.

Table 5  Specimen In—Plane Test Results

2a 0.11 0.172 189 271
3a 0.07 0.109 122 189
4a 0.03 0.047 75 135
Sa 0.02 0.031 161 196
6a 0.08 0.125 50 95
7a 0.08 0.125 117 169
8a 0.125 0.195 47 71
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Fig. 22 Load—Displacement Hysteresis

Specimens were subjected to a sequence of cycles as described by the histogram shown in
Fig. 18. The in—plane behavior of the specimens when loaded in one direction appeared not to be
influenced by damage previously done to the infill in the opposite direction. The observed lateral
force—displacement behavior as measured during the test was symmetrical for loading in both
directions. Due to the number of repeated cycles, stiffness of the specimens gradually decreased.

Maximum infill shear stress varied with mortar type. Infills built with Type N mortar reached,
on the average, 50% higher shear stress levels than infills with lime mortar. For specimens with similar
stiffnesses within the linearly elastic region, A.; was directly proportional to the maximum infill shear
stress. This is shown in Fig. 23 for Specimen 2a with a maximum shear stress of 1.5 times that of
Specimen 3a.
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Fig. 23 Shear Stress vs. Lateral Drift
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The lateral stiffness of the frame—infill system decreased gradually as the number of applied
loading cycles increased. As illustrated by Fig. 22, Fig. 28 and by figures in Appendix E (Lateral Force
vs. Deflection and Infill Shear Stress vs. Shear Distortion), the initial lateral stiffness was large for the
first few cycles and continued to decrease until cracking of the infill occurred. The stiffness decreased
at a larger rate after cracking of the specimen. Fig. 24 shows load —deflection curves for comparison
of the masonry stiffness at cracking for Specimens 6a and 7a. Stiffness was directly proportional to the
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Fig. 24 Shear Stress vs. Lateral Drift

masonry compressive strength. This is shown in Fig. 25 with experimental results. The masonry
stiffness was evaluated at cracking as the shear stress in the masonry (f,; ) over the lateral deformation
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Fig. 25 Masonzry Stiffness vs. Masonry Compressive Strength

The peak developed stress was on the average 1.5 times stress at initial cracking.
Post—cracking strength is developed because of the confinement offered by the frame. The
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confinement provided by the frame demonstrated that masonry does not behave in a brittle fashion
once it cracks for these types of frame/infill arrangements, contradicting the generally accepted
conception of brittle structural behavior for the masonry.

4.5 Specimen Lateral Stiffness

Specimen lateral stiffness at cracking of the panel was calculated based on the
load—deflection measurements recorded during the progress of the in—plane tests. Measured
specimen stiffnesses are reported in Table 6, and for Specimen 2a is also illustrated in Fig. 26. An

Table 6  Specimen In—Plane Stiffness

2a 34 17/ 268 513 547 312
3a 34 17/g 272 497 491 245
4a 18 3578 390 786 630 410
5a 11 55/s 1256 754 615 392
6a 17 37/g 218 482 475 229
7a 17 37k 509 783 508 267
8a 9 7s 257 579 570 342

W0E
= E
B E
€ pE
8 3
2 E
£ 0E
s 3 7 Estimated Stiffness
X —20F &=2
= TE
E | Measured Stiffness
—-40 | K=1
Fo i1 PN R S0 VRN OO T S HR U B T B
-03 -02 -0.1 0 0.1 0.2 0.3
Lateral Deflection (in)

Fig. 26 Measured/Predicted Specimen Stiffness

explanation of the analytical models by Holmes and Smith included in Table 6 is presented in Section
2.2.1.

Numerical predictions for the in—plane stiffness of the specimens are presented in Table 6.
The first two predictions are based on Holmes and Smith methods, and the third on results obtained
from a frame analysis of the specimens with an equivalent diagonal compression strut in place of the
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infill panel. Equivalent strut compressive area ranged from 0.2 (Smith) to 1/3 (Holmes) the diagonal
length of the infill panel times the thickness. The third prediction is based on the cracked properties
of the frame and on a strut compressive area of td/8. The factor of eight in the strut compressive area
was chosen to fit the experimental data. The predicted specimen stiffnesses are normalized with the
experimentally measured values, and results are presented in Table 7. Predicted and measured
stiffnesses for Specimen 2a are illustrated in Fig. 26. Observations from Table 7 and Fig. 26 showed
that the predicted specimen stiffness corresponded to roughly twice the values recorded during the
in—plane testing; this was attributed to deterioration and degradation of the specimen that occurred
during the applied cycles.

An expression based on Holmes equivalent strut method and modified to account for the
degradation of the specimen under cyclic loads is presented in Eq. { 19 ]. This expression was obtained

K= |— 12 On Eq.[19]

h’3[1 + f—;cote] 6z,

by modifying Eq. [ 4] by a factor of one—half. The one—half factor was obtained by comparing
predicted and measured specimen response (Fig. 26) and is purely empirical based on the tested
specimens. Measured specimen stiffnesses were well predicted by the modified Holmes model.
Normalized prediction values and statistical information for the modified Holmes model is presented

in Table 7.
4.6 Cracking Strength and Shear Strain Distribution

The nominal infill shear stress was obtained by dividing the applied lateral force by the gross
area of the infill. Lateral force required to reach A (lateral displacement at which initial cracking in

Table 7  Relative Predicted/Measured Specimen Stiffness

Gl i tacked Frante
2a 1.91 2.04 1.16 0.96
3a 1.83 1.81 090 0.91
4a 2.02 1.62 1.05 1.01
5a 0.60* 0.49* 0.31* 0.30*
6a 222 2.19 1.04 111
Ta 1.54 1.00 0.52 0.77
8a 2.25 2.22 1.33 113
Average = 1.96 1.81 1.00 0.98

Std. Deviation = 0.26 0.46 0.28 0.13

* — value not included in the statistical calculations
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the infill occurs) divided by the nominal area of the corresponding specimen was defined as the
cracking strength.

Infill shear deformations were monitored using displacement transducers placed diagonally
across the infill surface as shown in Fig. 68. The infill shear strain was evaluated using Eq.[20 }:
_ AT +.AC Eq.[20]
14 2h,cos6
where: y = shear strain

AT = measured diagonal extension
AC = measured diagonal contraction
hy = effective height
8 = angle formed by diagonal and horizontal base.

The variables used in Eq. [ 20 ] are illustrated in Fig. 27. Plots of the shear stress vs. shear strain

ho

Fig. 27 Shear Strain Monitoring System

calculated from records obtained during the testing of the specimens are presented in Fig. 28 for
Specimen 2a and in Appendix E for the remaining. Estimated shear modulus values (0.4 E,,) are
compared to values obtained from measured curves in Table § for the test specimens. From the
measured curves, the shear modulus was calculated by dividing the measured shear stress by the shear
strain, and compared to the commonly estimated value of 0.4 E,, producing good correlation results
as illustrated in Fig. 28.

4.7 Correlation between Measured Experimental Results and NDE Estimates

Nondestructive testing produced a general idea of the state of stress and the shear strength
of the masonry panels. NDE testing procedures with corresponding test result values are presented
in Appendix C.

4.7.1 Flat—Jack Test

It was concluded that when vertical forces were applied to the columns, the average vertical
stress in the infill had an upper bound of 40psi (Specimen 2a). This conclution was based on results
from flat—jack tests. The columns carried most (over 90%) of the vertical forces applied to the
specimens.
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Table 8 Shear Modulus

2a 467 459
3a 302 253
4a 721 152
5a 674 625
6a 124 125
7a 170 167
8a 137 80

Values in Table 9 correspond to an average compressive stress in the infill. Average
compressive stress in the infill corresponds to the mean value of results obtained from tests performed
at the different infill locations. The two test locations consisted of one in the upper section of the infill,
and the second in the lower part of the infill where the stresses were larger. Stresses measured in the
upper section of the infill were around 15% lower than the values presented in Table 9, while stresses
measured in the lower part of the infill were about 15% larger. The compressive stresses were a result
of applying vertical forces at the top of the columns. Vertical compressive stresses varied according
to the relative frame—infill stiffness (larger infill stiffness —larger attracted vertical load), and to the
corresponding panel compressive area (larger compressive area—smaller compressive stress).

4.7.2 In-—Place Shear Test (Shove Test)

The in—place shear test was done to estimate the shear strength of the masonry in situ. This
is an important material property used to estimate the lateral force capacity of masonry infills. Shove
test results performed on all clay brick infills (f pregicted) ar€ presented in Table 9. The presented results
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Table 9  Specimen In—Plane Test Results

2a 0.11 0172 40 189 125 1.51
3a 0.07 0.109 35 122 87 1.40
4a 0.03 0.047 *N.T 75 *N.T *N.T
Sa 0.02 0.031 *N.T 161 *N.T *N.T
6a 0.08 0.125 19 50 35 1.43
7a 0.08 0.125 28 117 70 1.67
8a | 0.125 0.195 13 47 30 1.57
* Not Tested /& = 151

considered the corresponding vertical stress in the infill. These values were not modified because the
in—place shear tests were performed directly in the panel that was tested; thus, any modification to
the obtained test values would had produced inaccurate estimates of the masonry shear strength. Test
results provided an estimate of the average expected infill shear strength. Shove tests were performed
at the locations and following the procedure as described in Appendix C.

Resuits of shove tests are compared to measured nominal shear stresses required to reach A;.
The shove tests produced lower, conservative values for the shear strength of the infills as measured
in—situ. Measured shear stresses during the in—plane loading tests are compared with the in—place
shear test results in Fig. 29 (f, included). Underestimation of the shear strength of the masonry by the
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Fig. 29 Shear Stress at Cracking vs. In—Place Shear Test Results

shove tests was attributed to the added confinement by the frame during lateral loading of the
specimen.
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4.8 Summary and Conclusions

Results of the in—plane tests are presented in Appendix E. A discussion of the observed
experimental results is presented in this chapter. Measurements are analyzed and tendencies between
specimens are shown. A series of topics affecting the in—plane behavior of the frame/infill specimens
are addressed; and a comparison between the tests results and results obtained from different types

of nondestructive tests performed on the masonry is done.

Conclusions made based on the obtained experimental results were:

The stiffness of the frame/infill specimen decreased greatly once cracking of
the infill occurred.

The masonry shear strength was affected by the type of mortar type used.

Stiffness of the frame/infill specimen was directly proportional to the masonry
compressive strength.

In—plane stiffness can be approximated using an equivalent strut with a width
equal to one eighth the diagonal dimension of the panel.

The lateral force required to reach displacements of 2A¢; (Acr =the lateral
displacement of the specimen to cause cracking of the panel), was
approximately 1.5P; (P¢; = the lateral load applied to the specimen to cause
cracking of the panel).

The in—place shear test estimated a lower bound for the actual lateral cracking
strength of the specimens.
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CHAPTER 5

MEASURED RESPONSE RESULTING FROM OUT—-OF-PLANE FORCES

Results of the out—of—plane tests are presented in this chapter. Experimental information
is given of panel damage and corresponding crack patterns, and their relation to the observed
out—of—plane strength. In addition, measurements are analyzed to show correlation between the
specimens. Topics addressed in this chapter are: (a) effect of in—plane damage on out—of—plane
strength of the infill, (b) effect of panel boundary conditions on the out—of—plane strength of the
infill, (¢) effect of gravity loads on the out—of —plane strength of the infill, (d) effect of masonry tensile
bond on the out—of —plane strength of the infill, (¢) effect of the repair method on the out—of—plane
strength of the infill, (f) effects of repetitive loads on the out—of—plane behavior, (g) effect of
in—plane shear on out—of—plane behavior, (h) out—of—plane strength and behavior predictions by
existing analytical model, (i) correlation of static results to dynamic results and (j) correlation of
experimental static results to static results from testing of existing structures.

5.1 Cracking and Damage of Test Specimens

Crack patterns for the masonry infill specimens followed similar crack distributions as shown
in Appendix D (crack patterns corresponding to the out—of—plane tests are designated as the infill
number, followed by letters b, ¢, d or t). General behavior of infill panels when loaded in the
out—of—plane direction is explained in this section.

5.1.1 Virgin Specimen (Test #1)

Specimen 1 was tested in the out—of—plane direction with no previous in—plane loading or
damage. This specimen was tested to determine the behavior of a virgin infill specimen and to
compare the experimental results with specimens that have been previously cracked with in—plane
forces. The first occurrence of cracking during the out—of—plane test was the simultaneous and
symmetrical development of small diagonal cracks in the upper part of the infill as illustrated in
Fig. 30(a). Cracks then continued forming in the diagonal direction expanding from both ends until
reaching the upper frame —infill boundaries and the mid—height of the panel. Cracking of the panel
then continued by forming a series of horizontal cracks in the center part of the panel as illustrated
in Fig. 30(b). A few more cracks continued forming in the horizontal direction along the mid—height
of the panel up to a certain amount of lateral drift of the panel at which point diagonal cracks began
developing from the mid —height of the panel, toward the bottom corners of the specimens. The cracks
developed according to the amount of lateral drift that the panel experienced but not totally reaching
the bottom corners as illustrated in Fig. 30(c).

The development of the upper diagonal cracks was the first indication of damage for an infill.
Location of these cracks was predictable in terms of the expected distribution of vertical compressive
stresses and the edge conditions. Compressive stresses within the infill resulting from compressive
forces applied to the columns were deduced from the difference between measured column forces and
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Fig. 30 Infill Crack Development

column compressive strains times the column modulus of elasticity. Instrumentation used to monitor
strain distributions is presented in Appendix A.2.3. Stresses were developed primarily as a result of
the force from the columns to the infill. A semi—triangular shaped stress distribution was formed
(Fig. 31 for Specimen 2a). The mortar bed joint on top of the highest course was not placed as well
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when compared to the bed joints along the other three infill boundaries. Therefofe, the top
frame—infill boundary did not provide the same amount of confinement to the infill during the
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primary part of the out—of—plane testing of the specimens. Lower compressive stress applied to the
upper part of the infill combined with a lower confinement by the frame on the upper portion of the
panel justifies why this portion developed cracks prior to anywhere else.

The final deflected shape of a typical infill along the vertical and horizontal center line sections
when loaded out—of—plane is shown in Fig. 32. This type of deformed shape is highly idealized,
although similarities with a typical infill crack pattern(Fig. 30(c)) are clear.

Fig. 32 Deflection Shape of Typical Infill During Out—of—Plane Test
5.1.2 In-Plane Cracked Specimens (Tests # 2b, 3b, 4b, 5b, 6b, 7b and 8b)

The cracking of previously cracked specimens was observed to follow a similar sequence as
the one observed for the virgin specimen with a few distinctions. The formation of the final crack
pattern observed less resistance by the previously cracked specimens. The resistance by the masonry
decreased because of the presence of existing cracks that just re—open during the test; only a few new
cracks were created as the out—of —plane loadings increased.

Brick masonry infills cracked in the in—plane and in the out—of—plane directions following
the path of least resistance including reopening of previously formed cracks as well as forming new
cracks as shown in figures in Appendix D (compare figures designated by letters “a”, and “b” for
Specimens 2, 3, 6, 7 and 8). In—plane and out—of~—plane cracks for each specimen compared
favorably. All of the cracks for specimens built with concrete block units that formed during the
in—plane test reopened during the out—of—plane test because of the low discretization in the infill.
Therefore, the path of least resistance was the same for the in—plane and the out—of—plane
directions. Once this path was formed and the out—of—plane test continued, these cracks extended
as the deformations increased to obtain the final out—of—plane crack patterns illustrated in Fig. 90
and Fig. 92 in appendix D.

5.1.3 Repaired Specimens (Tests # 2c, 3c, 6¢)

Crack patterns observed for the repaired specimens were formed in the same sequence as for
the virgin specimen (Section 5.1.1). Approaching the end of test 2c, the specimen developed a large
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vertical crack along the center line of the panel as illustrated in Fig. 85. This crack was a result of an
insufficient tap length for the steel wire mesh. The repaired specimen behaved in a ductile fashion
making it safe from brittle and unexpected failure. Specimens 3c and 6¢ responded similarly to
Specimen 2¢, however, vertical cracking did not occur because a sufficient lap length was provided for
the steel mesh.

5.1.4 In-Plane Cracked Specimen with In—Plane Shear (Tests #5d and 6d)

In—plane constant lateral forces were applied to Specimens 5d (196 psi) and 6d (95 psi) during
out—of—plane testing to evaluate the behavioral response of an infill when subjected to lateral forces
in both parallel and perpendicular directions to their plane. Crack patterns observed for these tests
were similar to the corresponding out—of—plane test with no in—plane force as observed by
comparing Fig. 92 for Specimen 5b and Fig. 93 for Specimen 5d. For Specimen 6d the crack pattern
was identical to the pattern obtained for Specimen 6b (Fig. 95), therefore a figure for Specimen 6d
was omitted.

5.2 Measured Experimental Test Results

Physical and mechanical properties of the masonry infills are presented along with the
corresponding out—of—plane test results in Table 10. Test results for five specimens are presented in
Fig. 33. Results for the remaining specimens are presented in Appendix E. Values recorded for the
out—of—plane tests indicate the strength of the infill panel; or the maximum measured pressure that
was applied to the infill. The maximum pressure applied to the panels was recorded for cases where
the capacity of the infill exceeded the capacity of the loading rig. Maximum lateral deformations in
the infill were limited to 3% drift which was considered to be an upper bound for any loading
condition.

Air bag contact area was smaller than the panel surface area. Conversion of the measured
applied pressures to an equivalent uniform pressure consisted of equating the external virtual work
required for the panel to undergo a unit displacement under both loading conditions. An illustration
of the expression used in the pressure conversion is presented in Fig. 34. Because the difference
between the air bag contact area with the infill and the infill panel surface area was small, the
difference in the measured applied pressure and the equivalent uniform pressure was also small (5%
to 10%); but with this procedure the small pressure difference was considered for better comparison
of the measured experimental results.

5.2.1 Virgin Specimen (Test# 1)

The specimen was subjected to lateral pressures applied normal to the entire surface of the
infill. The monotonically increasing pressures were increased gradually up to reaching the strength
(171 psf) of the infill at which point the resisting capacity of the infill started to decay at a low rate.
The test was continued until the limiting drift of 3% was reached. Pressure in the air bag was then
released, and some elastic deformation was recovered with the larger part of the maximum
deformation remaining as plastic deformation of the masonry as illustrated in Fig. 247.
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Table 10 Specimen Out—of—Plane Test Results

1 brick 34 ) 1670 171

2a brick 34 N 1575 ( 0.344 271
2b 84
2c

417

3a brick 34 lime 14701 0218 | 189
3b 125
3c 437
4a block 18 N 3321 0.094 | 135
4b 622*
S5a block 1 N 3113 | 0.062 | 196
5b ' 673*
5d 675*
6a brick 17 lime 665 | 0.250 95
6b 259
6b2 221
6c 644*
6d 194
6t 637*
7a brick 17 N 1596 | 0250 | 169
7b 642*
8a brick 9 lime 507 | 0.390 71
8b 670*

* — Maximum pressure values recorded for the infill, not the strength of the infill.
** — Maximum pressure values recorded for the infill, with in—plane forces corresponding to 2A.

5.2.2 In-Plane Cracked Specimens Loaded to Ultimate Out—of—Plane Strengths

(Tests# 2b, 3b and 6b)

A series of specimens cracked in the in—plane direction were then tested in the out—of—plane
direction. Strengths, defined as the largest pressure carrying capacity, for Specimens 2b, 3b, and 6b
are illustrated in Fig. 248, Fig. 250 and Fig. 255, respectively. These specimens behaved in a ductile
manner by reaching their strengths at lateral drifts of approximately 1% (lateral drift was
approximately half the panel thickness) , and maintaining loading capacity up to the limiting
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deflection value of 3% drift. Removal of the applied pressure caused a recovery in the drift of the infill.
A recovery of elastic deformation of over 50% of the maximum applied deformation can be obtained
for these specimens as illustrated by Fig. 248.

Specimen 6b was tested for a second time in the out—of—plane direction to observe behavior
under repetitive cycles. This second out—of—plane test was designated as Specimen 6b2. Its
corresponding behavioral response is illustrated in Fig. 256. Comparison of results from Specimen 6b,
and 6b2 indicates that even though the infill stiffness is greatly reduced, once the maximum lateral drift
experienced by the infill was reached, the previously observed load capacity of the infill was again
resisted as if the infill had never been unloaded.
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523 In-—Plane Cracked Specimen Not Loaded to Ultimate Out—of—Plane Strength
(Tests# 4b, 5b, 7b and 8b)

A series of test specimens exceeded the capacity of the loading rig. For these specimens the
strength of the panels was not measured; instead, the maximum applied force dictated by the capacity
of the loading rig was recorded. Although it was not possible to determine the capacity of these panels,
a limit for the lower bound of the load carrying capacity was defined. Maximum pressures applied to
Specimens 4b, 5b, 7b and 8b, and their corresponding out —of —plane behavior is presented in Fig. 252,
Fig. 253, Fig. 259, and Fig. 260 respectively. As illustrated, the stiffness of these specimens was large,
and the observed behavior remained within the elastic range of the masonry. Test results for
Specimens 7b, and 8b (Fig. 259 and Fig. 260) indicated that repetitive applied loadings within the
elastic region did not affect the stiffness of the specimen. Small initial plastic deformations remaining
in the panels was attributed to cracking of the panels, which could not be restored. Also, a slight panel
rotation was needed so that the masonry could come in full contact with its surrounding frame. This
rotation was small and depended mostly on the amount of damage that had been done previously
during the in—plane test. Once the deformation required to close the cracks was reached, the
repetitive applied loadings did not cause any additional permanent deformation of the panels.

5.2.4 Repaired Specimen (Tests# 2c¢, 3¢ and 6¢)

Experimental results obtained for repaired Specimens 2c, 3c, and 6c¢ are presented in Fig. 249,
Fig. 251 and Fig. 257. Test Specimens 2c and 3c reached their corresponding strengths within the
allowable capacity of the testing rig, which Specimen 6¢ exceeded.

The behavior of these specimens can be divided into three stages. First, the specimens were
observed to possess a large stiffness up to cracking of the coating. Once the coating had cracked and
the lateral deformation continued to increase, the cracks expanded and increased in size. In the third
stage, the steel mesh started to debond from the repairing coating and the lateral load was resisted
by arching action. The strength remained constant with no serious sign of decay at the limiting
maximum lateral drift.

The large vertical crack dividing the infill into two equal halves (Specimen 2c) did not affect
the lateral strength or ductility of the infill. The principal load resisting moment was developed along
the short direction of the span (vertical direction).

The out—of—plane strength of Specimen 6c exceeded the capacity of the testing rig. Repetitive
loadings were applied to this specimen in the same manner as was done to Specimens 7b and 8b.
Out—of—plane response of Specimen 6c was similar to Specimens 7b and 8b, with a difference in
having a much smaller amount of initial plastic deformation.

5.2.5 In—Plane Cracked Specimen with In—Plane Shear

Tests of Specimens 5d and 6d were done to determine the behavior of an infill panel when
subjected to lateral loads in both parallel and horizontal directions. In—plane lateral forces during the
out—of—plane tests were of the same magnitude as the largest forces applied during the in—plane
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testing of the infills (196 psi and 95 psi respectively). On completion of the in—plane tests the infill
panels wereslightly “loose” from their confining frames. During tests 5d and 6d this “looseness” did
not appear because the infill was confined along one diagonal of the panel while the opposite diagonal
of the panel became detached from the frame as illustrated in Fig. 20(c). This confinement was an
important factor when observing the out—of—plane behavior of Specimens 5d and 6d. Specimen 5d
exceeded the capacity of the loading rig. When comparing results from Specimen 5d to a similar
specimen with no in—plane applied forces (Specimen 5b) the measured curves indicate that the extra
confinement applied by the lateral load on the infill produced a slightly stiffer response for the
out—of—plane test of the same panel. Specimen 6d produced an out—of—plane strength lower than
the capacity of the rig. Results for Specimen 6d can be compared to Specimen 6b2 which did not
include applied lateral in—plane forces. The behavior observed for Specimen 6d was stiffer during the
first part of the testing due to the development of compressive stresses in the infill resulting from the
applied in—plane force. It was observed that once compressive stresses caused by the confinement
provided by the in—plane lateral force were exceeded, panel stiffness reduced at a greater rate than
if no in—plane load had been applied. Therefore, the stiffness for Specimen 6d reduced when
compared with that of Specimen 6b2. Specimen 6d produced an out—of—plane strength close to the
strength reached by Specimen 6b2 at the limiting lateral drift of 3%.

53 Out-—of—Plane Tests — Discussion of Observed Response

In this section the effects of various parameters on out—of—plane strength of the panels are
discussed.

5.3.1 Effects of In—Plane Cracking

Comparison of experimental test results for Specimens 1, 2b and 3b (Fig. 247, Fig. 248 and
Fig. 250) indicates that in—plane damage decreases the out—of—plane strength. For infill panels with
large slenderness ratios, the in—plane cracking reduces the out—of-plane strength by as much as a
factor of 2 depending on the amount of in—plane damage. Specimen 2b resisted half the strength
observed for a similar infill with no previous in—plane damage. Comparing Specimen 2b and 3b
(Table 10), suggests that out—of—plane strengths of similar infills with different extents of in—plane
damage are different. Strength of Specimen 3b was 50% larger than Specimen 2b. The out—of—plane
strengths for panels with smaller slenderness ratios were influenced by in—plane cracking, but in a
smaller magnitude.

53.2 Effects of Deterioration in the Frame—Infill Boundary

Frame—infill boundary conditions varied according to the amount of in—plane damage
experienced by each specimen. These boundary conditions varied from almost fully restrained against
translation and rotation for the virgin specimen to more flexible supports for cracked specimens.
Although no specimens failed by punching out of the panel, some of the specimens were slightly
loosened from the confining frame, and therefore a larger lateral deflection of the panels, and also

51



a larger rotation of the panel segments, was required for a panel to reach its out—of—plane strength
(compare Fig. 247 and Fig. 248).

5.3.3 Effects of Gravity Loads

In order to better understand how the gravity loads affect the out—of—plane strength of infills,
a set of specimen tests were carried out: one with no vertical load (Specimen 6t) while the second
specimen had a vertical load producing a compressive stress of approximately 20 psi (Specimen 6c)
in the infill. Load—deflection curves for out—of—plane loading were almost identical for the two
specimens (figure for Specimen 6t was similar to Fig. 257 for Specimen 6c). No new cracks were
created during testing of Specimen 6t. Vertical stress caused the specimen to act in a slightly stiffer
manner until the vertical stress was overcome by the out—of—plane loading. Once this occurred, the
behavior of the two specimens could not be distinguished from each other.

5.3.4 Effects of Tensile Bond

Effects of the masonry tensile bond strength in virgin panels was evaluated by Dawe [22]. A
set of panels: one with mortar and one dry—stacked were constructed to evaluate these effects. It was
concluded that although the panel acted in a more flexible manner at the start of the testing, the
masonry deformed into a similar deflected dome shape. Once panels were cracked, both specimens
observed a similar type of behavior for the remaining part of the testing.

Experimental results for Specimens 1, 2b and 3b confirm the notion that the tensile strength
of the mortar affects the initial stiffness of the specimen. Specimen 1 (Fig. 247) tested in the virgin
state acted in a stiffer manner when compared to Specimens 2b (Fig. 248) and 3b (Fig. 250). With
Specimens 2b and 3b, the tensile bond strength of the panels was nonexistent since the masonry had
been previously cracked with in—plane loads.

5.3.5 Effects of Repair Method

Specimens that were tested to their ultimate strength were the only ones repaired (Specimens
2b, 3b, and 6b).

Specimens 2b and 3b were repaired and retested; these specimens (once repaired became 2¢
and 3c) when retested produced results illustrated in Fig. 249 and Fig. 251. Observations made from
these experimental results indicated that the repairing method increased the out—of —plane strength
of the panels by a factor of nearly 5. Also, Specimens 2¢ (Fig. 249) and 3c (Fig. 251) produced
comparable out—of—plane lateral strengths indicating that the strength developed by the repairing
method was not affected by the amount of previous damage done to the panel.

The repairing method was also used for repairing Specimen 6b. The repaired specimen
(Specimen 6¢) was then retested in the out—of—plane direction as the previous specimens. This
specimen resisted pressures of at least 2.5 times the original strength, and exceeded the capacity of
the rig.

The repair method was effective in terms of increasing the out—of—plane strength for two
different reasons: 1) repaired panels had a smaller slenderness ratio (h/t), and 2) compression
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strength of the repairing materials was higher. As discussed by McDowell [50, 51], Hendry [40, 41] and
other authors in Chapter 2, the lateral strength of the panel varies with the square of the slenderness
ratio of the panel, and linearly with the compressive strength of the masonry.

5.4 Existing Analytical Model Predictions

In this section, a number of different analytical models used to estimate the out—of—plane
strength and behavior of panels are compared to experimental results. An explanation of the existing
analytical models is presented in Section 2.2.2. The comparison between the existing analytical models
and the experimental results are presented to better understand model deficiencies. Presented
methods do not consider effects caused by existing in—plane damage in the panel. Numerical models
vary from elastic plate theory to models based on arching action and inelastic behavior. Behavior
based on three such theories is contrasted with experimental results (Specimen 6b) in Fig. 35.
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Fig. 35 Comparison of Various Theories with Experimental Results

The simplest model to represent two—way bending of an infill is an elastic plate. Classical
solutions derived by Timoshenko [79] are available for determining linearly elastic, isotropic,
homogeneous material behavior of rectangular plates. Since the analysis is elastic, no post—cracking
behavior is considered. Failure is assumed to occur once the maximum tensile stress reaches the stress
required for cracks to occur. The solution does not model the flexibility of a cracked infill; thus,
predictions by the model are overly stiff when compared with the test results as illustrated in Fig. 35.

McDowell, McKee and Sevin [50, 51] at the Armour Research Foundation (ARF) developed
a theory based on arching action for a one—way strip of unreinforced masonry confined by rigid
boundaries. Their theory showed that masonry walls with full end restraint could withstand much
larger lateral loads than predicted by means of conventional elastic or elasto—plastic bending
analyses. Unlike the previous formulations which are limited by flexural tension, panel strength per
McDowell is limited by compressive stress. McDowell theory results show a stiffer and stronger
response than the specimen experimental results as illustrated in Fig. 35. Though the test panel spans
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in two directions rather than one as assumed, measured behavior was still more flexible than that
predicted by the McDowell theory. This difference is attributed to the pre—cracked condition of the
infill specimen.

Dawe [22] developed a strength theory based on virtual work concepts and includes two—way
arching action. Like McDowell [50, 51], transverse strength is limited by compressive stress along the
edges of a segment rather than a tensile stress. With Dawe’s method, computer —aided techniques
were used to predict the first crack and ultimate infill capacity. The model was modified to predict
behavior based on arching action of a panel confined by within a flexible frame. As shown in Fig. 35,
Dawe’s theory produces a stiffer and stronger response than McDowell’s theory because two—way
action is considered rather than one—way action. However, since edge flexibility is introduced with
Dawe’s theory, the differences between the two curves are minimized.

Theories by both McDowell and Dawe give peak strengths that are larger than that of the test
panels. This difference is likely due to pre —existing, in—plane cracking. The test specimen required
a greater deflection to reach its ultimate capacity than that predicted by the two arching action models
as illustrated in Fig. 35.

Theories described suggested that strength is proportional to the inverse of the square of the
h/t ratio. The influence of the A/t ratio on strength is shown in Fig. 36 where theoretical curves based

2000

L McDowell
oy A\ IE LR Dawe
=9 — - Timoshenko
N’
gﬂ 1500 j . Specimens
5 i f’ = 1000 psi
= fix = 100 psi
#1000 =
s L
8 L
<
= 500

0 4: —x PR B ]
10 15 20 25 30 35

h/t ratio

Fig. 36 Effect of A/t on Lateral Strength
on the Timoshenko formulation as well as the two arching action models are plotted along with the
experimental results. A nominal masonry compressive strength equal to 1000 psi has been used to plot
curves based on the McDowell and Dawe theories. Analytical model predictions based on arching
action over estimates the out—of—plane strength of panels, while the elastic plate theory
underestimated it. This was concluded based from comparison of experimental results to model
predictions as illustrated in Fig. 36. The large overestimation by the arching action models was
attributed to the lack of consideration of the existing panel damage.
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5.5 Correlation with Dynamic Test of Half—-Scale Model

The US. Army Construction Engineering Research Laboratories (USACERL) have
performed a series of dynamic tests on similar but half—scaled R/C frames with masonry infills. A
typical testing specimen is illustrated in Fig. 37.

The tests were performed on the Biaxial Shock Testing Machine (BSTM) at USACERL to
evaluate the dynamic behavior of the masonry infill systems. Each model was constructed of two,
single—bay, single—story, reinforced concrete frames with a top concrete slab spanning between
them. The frames were infilled with masonry panels with a slenderness ratio (h/t) of 18. Masonry
panels were constructed using half—scale bricks and a Type N mortar.

Testing of the specimens consisted of first applying dynamic accelerations to the specimen in
the direction parallel to the plane of the infill. Secondly, specimens were rotated 90 degrees and
accelerations were then applied normal to the infill. Dynamic testing was performed by subjecting

=
Out—of—Plane
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Fig. 37 Directions of Applied Motions

each test specimen to a series of scaled El Centro earthquake records. Testing of the specimens was
stopped once the infill was relatively damaged. This point was arbitrarily chosen based on the
mechanical properties of the masonry, on its dynamic behavior observed during the tests, and on visual
inspection.

Out—of—plane dynamic results for virgin and previously cracked infills are presented in
Fig. 38. Lateral deflections and lateral accelerations plotted in the figures were recorded at the center
of the panel. Direct comparison of the behavioral response is reasonable for the virgin and the
pre—cracked infill specimens.

The out—of—-plane strength reduction resulting from in—plane cracking was obvious.
Specimens were loaded up to a pressure level such that similar amounts of out—of—plane damage
occurred to the panels; this relatively severe infill cracking was designated as the upper limit of loading
applied to the structure. This upper limit does not refer to the strength of the panel, rather the
maximum pressure applied to the specimen during the out—of —plane tests. The previously in—plane
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Fig. 38 Dynamic Out—of—Plane Test Results

cracked infill panel resisted smaller lateral than pressures resisted by a similar panel tested under
virgin conditions. This reduction in out—of—plane capacity directly correlates with observations
based on static testing as previously reported in this chapter.

Static results obtained for Specimen 6b are comparable to the specimens tested dynamically
at USACERL. The masonry for Specimen 6b had a compressive strength equal to 665 psi. This
corresponded to 14% the compressive strength of masonry used in the dynamic experiments. This is
an important difference because the out—of—plane strength should be directly proportional to the
masonry compressive strength (Section 2.2.2.2).

Static results for Specimen 6b represented the actual ultimate out—of—plane strength while
the dynamic results obtained from a similar type of infill panel with a much larger compressive
strength did not reach the strength of the panel. A comparison of the out—of—plane behavior
observed from dynamic results with static results is presented in Fig. 39 for a normalized compressive
strength of 4800 psi. In addition to being strong in the out—of —plane direction, these types of panels
were observed to be ductile. For comparison of results for pre —cracked specimens shown in Fig. 39
an important factor has to be considered: dynamic tests were loaded up to cracking of the panel while
static tests were tested to ultimate out—of—plane strength of the infills. Comparison of dynamic
experimental results and static experimental results (Fig. 39) both agree that a considerable amount
of strength and ductility remained in the panels after a severe degree of out—of—plane cracking
occurred. This reserve of strength and ductility for cracked panels was attributed to arching action.

An important difference in the out—of—plane behavior was observed between the dynamic
and the static tests. During dynamic out—of—plane testing displacement of the cracked panel
segments relative to the frame was observed. This was not the observed during static testing. Relative
displacements between each of the masonry segments caused the effective contact thickness between
the segments to become smaller than the panel thickness. Because the strength and the stiffness of
the panels should depend on the square of slendemess ratio (h/t), as discussed in Chapter 2, the
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Fig. 39 Static—Dynamic Out—of—Plane Test Results Comparison

decrease in effective thickness of the panel (increase in slenderness ratio) greatly decreases panel
strength and the stiffness as illustrated in Fig. 39.

Behavior observed during dynamic testing favorably compared to the behavior observed
statically in several ways: 1) existing in—plane cracking affected the out—of—plane strength and
stiffness of the panel, 2) the stiffness and the strength of the panels varied with the slenderness ratio
of the panel, and 3) large ductility was available in the panel after cracking had occurred.

5.6 Correlation with Existing Structures

The program under the direction of James A. Hill [42] included destructive testing of three
infill panels in an existing building scheduled for demolition. The program addressed the
out—of—plane response of unreinforced, unanchored infill panels to lateral loading. Loads were
applied by hydraulic jacks which were alternately loaded, unloaded, and reloaded in order to monitor
the cyclic behavior and stiffness deterioration of the masonry under a repeated loading sequence. The
test setup is illustrated in Fig. 40.

Testing was performed at the third level of a seven—story building which provided a relatively
stiff confinement for the infills. Three panels were selected for testing. The selection of the panels was
decided to cover a wide range of supporting conditions. The first testing panel consisted of a solid
rectangular panel supported along all four edges; the second configuration represented a solid panel
spanning only in the vertical direction; and the final panel was selected to represent panels with a
number of openings.

Experimental results obtained at the University of Illinois are compared only to the first type
of panels represented in the full scale testing program. Full scale specimens for these panels supported
along the four edges consisted of a rectangular solid 13” unreinforced clay brick infill panel with a
floor—to—{floor height of 10’—6” and an overall length of 20 ft. The specimen was subjected to a series
of loads which increased monotonically. The range of the applied loads increased as the number of
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Infill Specimen*

Bearing Points

Testing Rig

Fig. 40 Testing Rig For Testing of Existing Structure
*(not to scale)

cycles increased until reaching the limiting capacity of the loading rig. The maximum capacity of the
loading rig corresponded to an equivalent lateral pressure of about 120 psf with a maximum lateral
drift of about 0.6%. The behavior monitored during the testing of the specimen [42] (Fig. 41) showed
that the specimen was always in the elastic region. Alike specimens tested at the University of Illinois
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Fig. 41 Results for Full Scale Testing

with capacity exceeding the corresponding loading rig, the out—of—plane behavior of the panels was
observed to be linearly elastic and only minor plastic deformations remained in the panel after
removal of the lateral load. In addition, at the peak applied load there was no indication of strength
decay in the infill; therefore, as for panels tested at the University of Illinois, a large reserve in
out—of-—plane capacity remained after cracking of the panels.

58



Behavior observed during testing of a panel located in a building favorably compared to the
behavior observed statically in a couple of ways: 1) the stiffness of the panels remained linear within
the elastic region of the masonry, and 2) a large reserve in out—of—plane capacity remained after
cracking had occurred.

5.9 Conclusions

A series of experimental tests focusing on the out—of—plane strength and behavior of
unreinforced masonry panels were performed. Measurements of test results were analyzed to show
correlation between the specimens and to evaluate the effects of parameters on the out—of—plane
strength of the panels. Finally, static test results were compared to dynamic results obtained from
similar but half-scaled models, and to results from tests done on masonry panels located in an existing
building.

Conclusions regarding out—of—plane behavior were:

¢ The final crack pattern and deformed shape of the panels were similar to yield
line patterns observed in two—way slabs.

e Application of repetitive loadings within the elastic region did not affect the
stiffness of the specimen.

+ Application of in—plane shear stress slightly increased the initial
out—of—plane stiffness.

¢ For infill panels with large slenderness ratios, in—plane cracking reduced the
out—of—plane strength of the panels by a factor as high as two depending on
the amount of in—plane damage experienced by the specimen.

¢ Gravity loads slightly increased the initial stiffness of the panel, but the
out—of—plane strength of the panel was not affected.

+ The flexural tensile bond strength of the masonry slightly increased the initial
stiffness of the panel, but the out—of—plane strength of the panel was not
affected.

* Repairing infill panels increased the out—of—plane strength of damaged
panels by a factor as high as five.

¢ The out—of—plane strength of repaired infills did not depend on the amount
of initial damage experienced by the panels.

¢ Qut—of—plane strength and stiffness of the cracked test panels are
overestimated by existing analytical models.

*  Good comparison was found between the results obtained from the laboratory
tests and the testing of existing structures.
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Comparison between dynamic and the static tests agreed in that:
out—of—plane stiffness and strength depended on the compressive strength
and the slenderness ratio of the panels; existing in—plane damage reduced the
out—of—plane strength of the panels.
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CHAPTER 6

DESCRIPTION OF ANALYTICAL MODEL

A method is presented for determining the transverse uniform pressure that cracked or
uncracked masonry infill panels can resist. The method is based on arching action for a strip of infill
that spans between two rigid supports. If panels are located in adjacent bays or stories, then by
continuity, rotations at boundaries may be considered to be fully restrained. Two different types of
failure modes are distinguished: one being crushing along the edges for panels with a low A/t ratio,
and the other being snap through for panels with large A/t ratios. An expression for the critical
slenderness ratio is derived to differentiate between these two failure modes.

6.1 Analytical Derivation

An infill panel is idealized as a strip of unit width that spans between two supports fully
restrained against translation and rotation. A uniformly distributed lateral load is applied normal to
the plane of the panel. Because of a previous in—plane loading, the panel is considered cracked in
anx pattern. This is modeled with the worst case situation using a unit one —way strip that is cracked
at mid—span. Cracking separates the strip into two segments that rotate as rigid bodies about their
supported ends as shown in Fig. 42. Although the tensile strength of the panels is neglected and

Uniform Lateral
Load, w

Fig. 42 Idealized Loading and Behavior of Unit Strip of Infill Panel

formation of cracks is not important for estimation of the out—of—plane strength of the panels, the
deterioration in the infill caused by the repetitive in—plane cyclic loading varies the out—of—plane
behavior and strength of the panels as explained in Section 5.3.1. A factor to account for this effect
is developed in a later section.

For a particular lateral load, w, there is an associated rotation, 6, of the strip segments. This
results in a compressive strain in the masonry which is largest at the supports and the center of the
panel. Thus, the transverse strength of the strip is limited by crushing at the boundaries. Conversely,
a panel may snap through the bounding frame if the length of its diagonal strut is compressed to a
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length less than h/2. This suggests that the predominant mode of failure for panels with a low h/t ratio
is the former mode while for panels with a high h/t ratio is the latter mode.

6.1.1 Parameters

The uniform lateral load, w, can be estimated based on statics. The free body diagram for the
lateral load resisting mechanism is presented in Fig. 43. As shown in Fig. 43, the direction of the thrust
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Fig. 43 Masonry Deformed Shape

force with respect to an undisturbed vertical reference line, v, is dependent on the rotation of the half

span, 8, and on the location of the thrust resultant. The centroid of the force is dependent on the

bearing width, b, and on the compressive stress distribution along this width. Therefore, the primary
variables for panel strength are v, b, and 6.

These variables are functions of the compressive edge strain at the support, and the
distribution of strain along the height.

6.1.2 Lateral Force Capacity

The transverse load that is applied uniformly to a strip can be related to the thrust force by
summing horizontal forces that act at the mid—span hinge (Fig. 44). If the thrust force is equated to
the internal compressive force, then expressions Eq. [ 21 ] through Eq. [ 24 ] can be obtained relating
the load, w, to the maximum compressive stress at the support. Eq. [ 21 ] is valid only for small angles.
The expressions considers only the component of the forces developed by thrust in the arch, excluding
the minimal contribution by flexure as a beam. Any developed flexural stresses in the segments of the
beam are at most an order of magnitude smaller than the developed axial stresses forming the thrust
in the arch. The term f; is the maximum compressive stress at the support, and may be determined
from the corresponding strain if the stress—strain relation for the masonry in compression is known
(k; represents the ratio of peak stress to average stress in the masonry). The strain, €max, can be
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T=k b f cosyﬁ Eq.[22]
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b cosy 3
w = 4 k (T) 1o g Sy Eq.[24]

)

expressed in terms of the total shortening along the outside face which is the variable that is used to
determine the angles, ¥ and 0, and the compressed width, b.

6.1.3 Axial Shortening of Extreme Fiber

It is assumed that compressive strains at the outside fiber vary linearly along the length of the
half—strip segment (Fig. 44). At the support, strains are maximum while at mid—span they are
relieved entirely because of the open crack. The opposite strain distribution exists along the inside
fiber. The total shortening of the outside fiber over the length of the half strip, A, is then found by
integrating these strains along the half length as shown (Eq. [ 25 ]). This shortening is used as the basis
for determining the rotation of the half—strip segment, and thus the angle of the thrust force. For
convenience, a dimensionless parameter c is introduced in the format presented in Eq. [ 26 ].
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2 2

A=fe(x)dx = I[‘*%] xdx=%e,mh Eq.[25]
0 0 2

4
c =2 =%amx Eq.[26]

6.1.4 Location of Thrust Centroid

As a secondary concern, the angle of the thrust force (T) is dependent on the location of the
centroid of the compressive stress distribution at the support. This location is a function of the shape
of the stress—strain curve for masonry in compression which is dependent on the strain level. It is
possible to express the shape of the constitutive relation in terms of two variables: k; which represents
the ratio of peak stress to average stress, and k, which represents the location of the centroid of the
stress distribution. Since these values vary with the strain level, the location of the stress resultant
changes with the angle of thrust. For the analytical model to be complete, it should include k1 and ky
factors; however, since there are no commonly accepted relations of these parameters with strain level
and it would complicate the analysis unjustifiably, a simple triangular distribution of stress is assumed
which remains constant for all levels of strain.

For a triangular distribution of compressive stress, the average stress across the stressed area
is equal to 0.5 times the peak stress, and the centroid is located at a distance equal to 0.33 times the
depth of the compressed zone from the extreme compressive fiber. Thus, k; and k; are taken to be
0.50 and 0.33 respectively. A detailed discussion of the development of k1 and ky and the sensitivity
analysis for the different distributions is presented in Appendix G.

6.1.5 Bearing Width at Support

The deflected shape of a half strip segment is shown in Fig. 45. From simple geometric
relations, the dimensions d and a can be derived as follows:

—h{_ 1 _
5 ‘Z(cose 1) Eq.[27]
__ 0 _ h{l-—cosB\cosf
= tne 4( cosf )sine Eq.[28]
hi{l- 6
a =Z(”§ﬁ%‘) Eq.[29]

The compression width, b, is then determined from #/2 and a. A dimensionless factor
representing the compression width in the panel in terms of the panel thickness is developed and
presented in Eq. [ 31] to Eq. [ 34 ]. The derivation starts with the equation for the compression width

(Eq.[30)).

Squaring both sides of the equation and substituting c for A/h:
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- 1) - L L AN -
(- - o -] -] - o0 B (32)
b _ 1| (-4 1 _ ¢ (nY
T E[ 2(1 - 2¢) * 4(1 = 2¢)? 2(1—2c)(T) Eq.[33]

Since the term c is only a fraction of the strain, it is on the order of 0.001 and can be neglected when
being subtracted from unity. With this simplification, Eq. [ 33 ] reduces to:

b 0.25[1 + J1- k(%)z] | Eq.[34]
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6.1.6 Derivation of Angles

The angles, 6,y and f, as illustrated in Fig. 45, can be derived based on trigonometric relations
as shown below. Expressions for the tangents of these angles are given in terms of the b/t and h/t ratios.

tane=%=%=f(%) Eq.[35]
anf = ! - i"i)wl Eq.[36]
= 2] 21 - 2Aqf] E
ng = = q-[37]
W ek B
y=8-0 Eq.[38]

6.1.7 Lateral Deflection

In view of the rotation of the half panel, the lateral deflection at mid—span of the panel can
be evaluated by Eq.[39]:

d=<%+5)sin9=%(1+cos@)tan6 Eq.[39]

Because the values for maximum 6 are relatively small, Eq. [ 39 | can be simplified into Eq. [ 40 ].

= 0h
~5 Eq.[40]

6.2 Critical Slenderness Ratio (h/f)

The arching action theory is applicable only for a range of slenderness ratios (h/t) less than
a limit at which snap—through of a panel occurs. The (h/t) ratio at which this occurs is termed the
critical slenderness ratio. Based on Eq.[ 33 ], Eq. [ 41] and Eq. [ 42] are developed. The critical

value for the slenderness ratio (’l) of the panel is calculated using Eq. [ 41 ], and the corresponding

maxl

(%) ratio is estimated using Eq. [42 ].
minl

h = /1 .1
(t>,w1 V2 -20" J Eq.[41]
B _1[1-4c]_1
If the limiting value obtained in Eq. [ 41 ]is exceeded, Eq. [ 33 ] has no real roots. The physical
interpretation of these limits occurs when the angle 6 (angle of rotation of the panel) exceeds the angle
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P (angle of rotation between the longitudinal fiber of the panels and the thrust force). Thus, the angle
of rotation between the vertical axis and the thrust force (y) becomes negative (refer to Fig. 45 for

illustration of angles). Therefore, forvalues (£} = {2} the segments of the panel are then separated
g 7 : g P p
max1

form each other, and the obtained results of the derived equations are not longer valid.

Further study shows that for slenderness ratio less than (ft_‘.) , it is still possible for the angle

maxl

y to be equal to or less than zero as illustrated in Fig. 46. Once the angle y reaches a zero or negative

Edge Support
Center of
Trust Force
6=
y=0
_Mid-Span

Fig. 46 Arching Action Vanishing

value, the arching action vanishes. The limiting value (f‘t.) and the corresponding (é) are

max2 min2

estimated according to the following derivation:
y=20
B =0 —tanp = tanf Eq.[43]

2[1 - 2k2(%),,,,~,,2] _ C<7)max/l
(}‘;)mm[l - 4(1 = ky)c] - (%)minz o

Eq.[45]

. 2[1 - 2k2(%),,,,-,,2](%)mm2
(7)™ /e e

- \/ 21 - 208,10, Eq.[46]

c
Similarly, from Eq. [ 33 ]:

By squaring both sides of the equation the result becomes:
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(7). " %[2((11_—42?) ¥ \/ a1 - o -5 *)... Eq-[47]

[2(§)m2 _ 2((11‘_ 4200))]2 SPNE S a—- 1 - Zkz(f)mz](?)mz Eq.[48]
(?);z 7T c 2_c)8c—) %] (%)m,-,.z Tat- 2?5 —2%) " Ba (%]
(g)mz - % 20 (%__2:)_ k2] * 201 (%_—2:)_2 K - [2a1 - 4zcc) - k) Eq.[50]
@mz o :2(2 - %) " \/ a2 - PAR? i kz)] Eq.[51]
Estimation of (g_)mzwas done for a number of different values of c. The value for (é)mm was found

to remain relatively constant at 0.30 for €y,x ranging from 0.001 to 0.004. Substituting the obtained

value for (%) into Eq. [ 46 ] a simplified expression for (%) is obtained (Eq. [ 52 ]). Comparison
max2

min2

(l})w = 9]9—2%1 Eq.[52]

of both upper limits of slenderness ratios (&) and (Q) for developing arching action, evaluated

maxl max2

by Eq. [ 41 ] and Eq. [ 52 ] respectively, shows that (%) produces a slightly smaller slenderness ratio

max2
for the limit of arching action vanishing. Therefore, it is necessary to evaluate only this second upper
limit since it is the predominant for any range of ¢ values (c is defined by Eq. [ 26 ]).

6.3 Failure Modes

The predominant failure modes for infills loaded normal to their plane vary according to a
series of parameters in which the slenderness ratio (A/¢) is one of the most important. The observed
modes of failure of the masonry panels varied between two distinct mechanisms ranging from snap
through, to crushing of the arch.

Loss of arching action occurs in slender members that form a small arch during the
out—of—plane loading of the panel. The strain in the masonry needed for the strength of the panel
to be reached is much smaller than the ultimate crushing strain of the masonry. Once the strength of
the panel is reached, the capacity of the panel reduces rapidly until reaching zero. The lateral strength
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of the panels become zero because of the excessive lateral deflection causing the arch to vanish. At
this point of maximum lateral deflection, the strain observed in the edge fiber of the masonry remains
less than the limit for crushing of masonry. An example of this type of behavior is shown in Fig. 47.
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Fig. 47 Lateral Strength vs. Masonry Strain For Snap —Through

The example corresponds to an infill with a slenderness ratio (%/f) of 30. The crushing strain of the
masonry (&) is varied between 0.003 and 0.004 (the effect of the crushing strain on the out—of —plane
strength of the panel is explained in a later section). The strength of the panel occurs at a masonry
strain (g) of 0.001. Once the strength of the panel is reached, the capacity of the panel decreases with
increasing lateral deformation.

The failure mode governed by excessive crushing of the masonry in the developed arch occurs
in panels with low slenderness ratios. For this type of panel, the strength is developed at a masonry
strain equal to the crushing strain. After the peak load is reached, the strength reduces slowly until
the crushing strain is reached. An example illustrating this type of behavior is shown in Fig. 48. The
example corresponds to the behavior of an infill with a slenderness ratio (%/¢) of 10. The crushing strain
of the masonry is varied for this example between the range of 0.003 and 0.004. As predicted, once
the strength of the panel is reached, the capacity of the panel decreases with increasing lateral
deformations up to the upper limit of the masonry crushing strain. At this point the strength is
conservatively assumed to disappear, and the infill fails in crushing. '

Critical values for slenderness ratios separating between arching and snap through
mechanisms can be estimated with Eq. [ 52 ]. Critical slenderness ratios are presented in Table 11 for
various crushing strains. Infills with a slenderness ratio larger than the value given in Table 11 will fail
by snap through (i.e. for g =0.002, infills h/t > 30.6); otherwise, the failure mode will be attributable
to crushing of the arch mechanism.
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Table 11 Critical Slenderness Ratios

0.002 30.6
0.003 250
0.004 219
0.005 19.6

6.4 In—Plane Cracking Effects

A decreased in the out—of—plane capacity occurred in panels with existing in—plane
damaged as observed from the experimental results presented in Appendix F. Based on the
experimental results, the theory was modified to account for the in—plane damage done to the panels
(in—plane damage effects on out—of—plane strength of panels are discussed in Chapter 5). The
theory was modified to account for in—plane damage by adjusting the factor ¢ as shown in Eq. [ 53 ].

c =24 =%e,m Eq.[53]

The factor of 2 in Eq. [ 53 ] was chosen to modify the theory based on the available experimental data.
The adjustment made to the theory considers in—plane drifts reaching twice the drift required for
cracking of the panels. For other magnitudes of in—plane damage, a different change should be
applied to the constant c. The variation of the factor ¢ corresponds physically to a larger lateral drift
of the panel with a reduction in the out—of—plane stiffness and strength.

The out—of—plane strength of the panels is reduced according to the magnitude of existing
in—plane damage. For the same amount of in—plane damage, the out—of—plane strength reduction
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varies with the slendemness ratio of the panels. The out—of—plane strength reduction factor is
illustrated in Fig. 49 for a range of slendemess ratios. The reduction factor was obtained using the
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Fig. 49 In—Plane Damage Reduction Factor
of the Panel vs. Slenderness Ratio (£, = 1000psi.)

analytical model modified in accordance to Eq.[53] for in—plane damaged infill panels. The
reduction factor was evaluated as the panel strengths calculated based on the modified model for
in—plane cracked panels normalized to the strength of the panel in a virgin state. Slender infills are
greatly affected by in—plane damage. The strength for these slender panels can be reduced by a factor
of two as shown in Fig. 49. Experimental results support this observation.

6.5 Slenderness Ratio and Crushing Strain Effects

As discussed in Section 2.2.2, the strength of the panels varies with the square of the
slenderness ratio of the panel. This is demonstrated with Fig. 50 and Fig. 51. As the slenderness ratios
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Fig. 50 Lateral Strength of Walls vs. Slenderness Ratio
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of the panels decrease, the out—of—plane strength of the panels becomes very large. For a panel with
a masonry compressive strength (f7,,) of 1000 psi with a slenderness ratio equal to 5, its strength
reaches 7000 psf. For panels with larger slenderness ratios, the change in strength with a varying
slenderness ratio becomes less accentuated, as presented in Fig. 51.
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Fig. 51 Lateral Strength of Walls vs. Slenderness Ratio

The limit on masonry compressive crushing strain is another parameter in the evaluation of
panel behavior. Variation in the crushing strain of the masonry affects the stiffness and the strength
of the panels as illustrated by Fig. 47 and Fig. 48. The strength is slightly reduced along with the
stiffness of the panels. The change in the out—of—plane strength given a change in the compressive
crushing strain of the masonry for a certain range of slenderness ratios is illustrated in Fig. 50 and,
Fig. 51. When the crushing strain of the masonry is varied between values of 0.003 and 0.005, the
out—of—plane strength of the panels is not greatly affected. This statement is true for low values of
slenderness ratios. For small values of slenderness ratios (Fig. 51) the difference in the out—of~plane
strength given a change in the compressive crushing strain is more significant. Based on the
illustrations presented, a maximum strength reduction of 14% was observed for slender infills by
varying the crushing strain of the masonry between the range of 0.003, and 0.005. Thus, for an accurate
estimation of the out—of—plane strength of the panels, an adequate value for the crushing strain of
the masonry should be provided. Values used for the analytical estimation of the out—of—plane
strength of the panels in this project were obtained from experiments done in this and other projects

[14, 20, 35]. A nominal ultimate crashing strain value equals to 0.004 was determined for the masonry
infill panels.

6.6 Correlation Between Analytical and Experimental Data

In this section experimental data is compared to results using the analytical model described
in Section 6.1. In addition, the arching action model of McDowell is also contrasted with the
experimental data.
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compared well to the measured panel behavior. Evaluation of the panel also included the
deterioration in the out—of—plane strength caused by the existing in—plane damage.

Specimen 7b (slenderness ratio of 17) was expected to follow a similar type of behavior as that
observed for Specimen 6b, with a larger out—of—plane strength since its masonry compressive
strength was much higher. The analytical results increased by a factor of the same magnitude as the
increase in the prism compressive strength. The measured experimental data for this specimen did
not agree with this relationship. The out—of—plane strength of the panel increased by such a
magnitude that its capacity exceeded the capacity of the loading rig as illustrated by Fig. 259. Although
the initial stiffness of the panel was relatively well predicted, the strength of the panel was not. The
estimated strength of the panel under estimated the actual measured strength. This difference may
be attributed to a conservative estimation of the compressive strength of the masonry from prism tests,
due to variable workmanship.

6.6.1.2 Observed Behavior and Predicted Strength (Specimen 4b, 5b, 6¢, 8b)

A series of panels tested out—of—plane obtained lateral strengths exceeding the capacity of
the loading rig (Specimens 4b, 5b, 6¢c, and 8b). The behavioral response observed during the testing
of the specimens is compared to their corresponding analytical predictions as evaluated from the
analytical method, and results are presented in Fig. 52(a), Fig. 52(b), Fig. 52(d), and Fig. 52(e).
Comparing the experimental results to the estimated analytical results shown in these figures
indicates that the initial behavior and stiffness of the panels was well predicted. Based on initial panel
behavior, and on the type of behavior observed throughout the loading sequence of the panel as
observed for Specimen 6b (Fig. 255), it is reasonable to assume that the actual strength of the panel
was well predicted by the method. Analytical evaluation of Specimens 4b, 5b, and 8b included the
reduction factor for the out—of—plane strength of the panel when existing in—plane damage was

present. For Specimen 6¢, no in—plane damage reduction factor was consider as for Specimens 2¢ and
3c.

6.6.2 Correlation of Arching Theory and McDowell Theory

The arching action theory by McDowell produced larger results than predictions obtained
using the developed analytical model. This difference was attributed to two different factors. First, the
stress—strain relationship for the McDowell theory was different to that developed in this project.
McDowell assumed a linearly elastic—plastic relationship for the stress—strain behavior of the
masonry. This assumption does not represent experimental data. Secondly, and most importantly, the
McDowell theory did not include a deterioration factor for existing damage. The amount of
out—of—plane deterioration observed in the panels varied non—linearly with the slenderness ratio
of the infill panel as explained in Section 6.4. Comparison between experimental behavior and
analytical results is presented in Fig. 52(c). The expected behavior predicted by McDowell
overestimated the actual strength and stiffness of the panel. This was also the case for Specimen 8b
as illustrated in Fig. 52(e). The difference between the two analytical models was more pronounced
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6.6.1 Correlation Between Experimental Data and Developed Arching Action Theory

A computer program evaluating the developed arching action theory was written and used to
estimate analytically the predicted behavior of the experimentally tested masonry panels. The tested
masonry panels were divided into two different categories: 1) those where the strength of the panel
was reached, and 2) those where the strength of the panels exceeded the capacity of the loading rig
and therefore the strength of the panel was not actually recorded. Because there were two different
categories of experimental results, each category was discussed separately in the following sections.

6.6.1.1 Observed Behavior and Strength (Specimen 1, 2b, 2¢, 3b, 3¢, 6b, 7b)

Results obtained from the analytical procedure are compared to experimental results in the
figures presented in Appendix F. Figures include behavior and strength estimates for panels with
capacities not exceeding the strength of the loading rig (Specimens 1, 2b, 2c, 3b, 3¢, 6b, and 7b), as well
as for infills with out—of—plane strengths exceeding the capacity of the loading rig, (Specimens 4b,
5b, 6¢, and 8b).

Infill panels with slenderness ratios equal to 34 (Specimens 1, 2b, and 3b) were observed to
lay close to the maximum slenderness ratio limit where snap—through occurs. The analytical behavior
for Specimen 1 did not include any in—plane damage done to the infill since it was tested in its virgin
(uncracked) state. Behavior observed for Specimen 1 is presented in Fig. 247 along with its analytical
prediction. The analytical behavioral prediction for Specimens 2b, and 3b includes a factor for
reduction of strength and stiffness in the panel due to existing in—plane damage. These results are
presented with the corresponding experimental data in Fig. 248 and Fig. 250. Analysis of the behavior
observed for these three specimens indicate that the predicted stiffness and strength for slender panels
are on the average half the actual stiffness and strength as measured experimentally. These indicate
that at this range of slenderness ratios, the magnitude of out—of—plane strength resisted by arching
action is measurable, but its effectiveness is decreasing.

The same analytical procedure developed for URM infill panels was used for repaired
specimens (Specimens 2c, and 3¢ with a slenderness ratio of 22). This was done for two reasons: 1)
the coating was in full contact with the infill and thus it acted as one continuous unit, and 2) steel
anchors were provided for the coating to ensure that in case of bonding failure between the coating
and the infill panel the stresses between both elements were fully transferable between each other
allowing both elements to act as a continuous member. A compressive strength for the brick
masonry—repaired coating system was used. This value was estimated based on the compressive
strengths of the masonry and of the coating and calculated as a section composed of two different
materials. Analytical predictions and experimental results for Specimens 2¢ and 3c are presented in
Fig. 249, and Fig. 251 respectively. Prediction of stiffness and strength of panels are reasonable.
Strength values for the panels were estimated to within 7% the measured data.

Measured data for Specimen 6b (slenderness ratio of 17) is compared to its corresponding
analytical behavior in Fig. 255. As illustrated, both the predicted stiffness and strength of the panels

73



N 1000} T
Qi r - ..,
173 L /
£ 750 C 7 \\.\_
2 L /f e
3 o0 Ef \\ McDo.well
= L '\\ Experiment
§ L B I New Method
= 250 -
0xnnllxxu:LLxuxIJ_Lx:llnlnlvllclnl
00 05 10 15 20 25 30 35
Lateral Drift at Center of Infill (%)
(a) — Specimen 4b
700E
[ron) E
) —— % 600F
& d ™S = 500EF
] / ™. 2 3
S N é 400 F
3 ) = 300 77T~ S~
s £ b S
3 3 200 £ T~
100E 7, B
)
er e g e a sl oaar gl 0 Poa b lassa i Talaa
00 05 10 15 20 25 30 35 00 05 1.0 15 20 25 30 35

Lateral Drift at Center of Infill (%)

(b) — Specimen 5b

Lateral Drift at Center of Infill (%)

(c) — Specimen 6b

2000 o
o Y AN &
& 15000 / *, R
= i 3 ko]
) F N s
S ok / :
= 1000[ / -
g C/ &
= | e
5 300 l 3
l‘.
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35

Lateral Drift at Center of Infill (%)

(d) — Specimen 6¢c

Fig. 52 Predicted Behavior

Lateral Drift at Center of Infill (%)

(e) — Specimen 8b

for Specimen 8b. This is attributed to a more severe amount of existing in—plane damage in the infill.

For this panel, the analytical model produces an agreeable failure envelop.
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6.7 Concluding Remarks

An ;1na1ytica1 model based on arching action has been developed to evaluate the
out—of—plane capacity of virgin, or previously damaged infill panels. Results obtained from the
analytical model were correlated with experimental results.

Conclusions made based on the analytical model, and on the comparison between the
experimental and analytical results are:

* Analytical results obtained from the model compared favorably to the
experimental results.

¢ Analytical results obtained from the model represented well the deterioration
in the out—of —plane strength caused by the existing in—plane damage.

» The analytical model accurately represented the initial stiffness of the panels.

¢ The analytical model accurately estimated the out—of—plane strength of the
panels.

* The strain—stress curve correlated well with experimental results obtained
from this and other projects.

¢ The out—of—plane strength and behavior of the panels greatly depend on the
slendernessratio of the panel, and on the compressive strength of the masonry.

* The out—of—plane strength and behavior was slightly dependent on the
crushing strain of the masonry.

¢ The reduction in out—of—plane strength as a result of in—plane damage
varied nonlinearly with the slendemess ratio of the panel.
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CHAPTER 7

SUGGESTED EVALUATION PROCEDURE

Based on the analytical model presented in Chapter 6, an evaluation procedure is developed
to estimate the out—of—plane strength of cracked or uncracked panels. The evaluation procedure
approximates the out—of—plane strength by considering a unit strip of an infill that spans between
two fully restrained supports. A series of parameters affecting the out—of—plane strength of the
panels are studied including: (a) effects of masonry crushing strain, (b) effects of in—plane damage,
(c) effects of the flexibility of the confining frame, and (d) effects of panel slenderness ratio.

7.1 Effects of Masonry Strain and Stress

The state of strain in the masonry is an important parameter to consider for the evaluation
of out—of—plane strength. The strain in the masonry can be calculated from geometrical properties
as presented in Section 6.1 A sensitivity analysis for masonry strain at peak load was done for a series
of slenderness ratios.

The masonry strain when the out—of—plane strength is reached (emax1) varies with the
slenderness ratio of the panel and crushing strain of the masonry. The change in masonry strain for
a large range of slenderness ratios is presented in Fig. 53. The masonry strain (gpax1) corresponding
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Fig. 53 Masonry Strain vs. Slenderness Ratio of the Panel

to the out—of—plane strength of the panel has been normalized in terms of the masonry crushing
strain (g¢;). The curves presented in Fig. 53 correspond to a nonlinear relationship between the two
parameters represented at the axis. Nevertheless, a regression study of the data can be performed to

estimate an equivalent linear relationship between 82%“1 and (%) as illustrated by Fig. 54. The data
cr

used to plot the relationship was calculated based on an expression obtained from the regression
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analysis (Eq. [ 54 ]). The obtained expression used to predict the relationship between Emaxl and

Eer

foy = Eo (0.73 - 0.016(%)) Eq.[54]
(%)produces satisfactory results for the out—of—plane strength of the panel as explained in Sec.7.4.

The masonry strain related to the out—of—plane strength of the panels also affects the
masonry stress. Based on the stress—strain relationship for masonry (Appendix H) Eq.[55] is
obtained. This expression evaluates the stress developed in the panel, corresponding to the strain at
which the out—of—plane strength is reached (enax1). This calculated stress is always smaller than the
masonry compressive strength (7).

o 2250, — D) 5

27£,(1 — 3333¢.)
fb 482, maxl 48%

€2 + T50F 8 pan Eq.[55]

7.2 Effects of In—Plane Damage

The out—of—plane strength decreases according to the magnitude of in—plane damage
experienced by the panel. Experimental results proving this statement are presented in Chapter 5. The
reduction observed in the panel strength, by varying the slenderness ratio of the panel and the
maximum existing in—plane drift, is illustrated in Fig.55. This curves were obtained from the
analytical model modified to consider in—plane damage on the out—of—plane strength calculations
as explained in Section 6.4. A represents the maximum lateral deflection that the panel has
experienced, while A; is the lateral deflection required for cracking of the panel. As shown in Fig. 55,
the out—of—plane strength is not linearly related to either the magnitude of the in—plane damage nor
the slenderness ratio. The behavior observed in the panels was similar for both magnitudes of
in—plane damage but at different scales (Fig.55(a) and Fig.55(b)). The deterioration in
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vs. the Slenderness Ratio of the panel

out—of—plane strength associated with a maximum in—plane drift of twice the lateral drift at cracking
was taken as the bases for determining a damage relation factor. The reduction resulting from a
displacement equal to 2A.; was chosen because it could be checked against the obtained experimental
results. Based on the type of behavior observed in Fig. 55(a), it was considered that a third degree
polynomial with a total of four constants would be able to represent well this observed behavior. Based
on the slope and reduction values for the strength of the panels at slenderness ratios of 5 and 40,
Eqg. [ 56 ] was developed. This expression has been evaluated for a series of slenderness ratios and

R =108 + (é)(— 0.015 + (?)(- 0.00049 + 0.000013(%))) Eq.[56]
results are presented in Fig. 56. Comparing Fig. 55(2) and Fig. 56 when z-f— = 2, shows very good

correlation between the measured and the approximate reduction in the out—of—plane strength of
the panels. For more severe in—plane damage, a general expression has been developed to evaluate
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the corresponding out—of—plane strength reduction, as presented in Eq. [ 58 ]. The variation in

Ry = lfor 2210 <05 Eq. [57]
4
24¢r

R, = [1.08 + (%)(— 0015 + (£)( - 0.00049 + 0.000013(%)))] for ;4= 05 Bq.[58]

reduction factor has been considered by adding an exponential function in terms of both the maximum
in—plane drift experienced by the infills and the in—plane drift related to the cracking of the panel.

The curve obtained for :‘ = 4 is simply the square of the curve obtained for 2‘% . This value is

or cr

obtained when the value for24- = 4is substituted into the exponent of Eq. [ 58 ], _Zj_ . The analytical

[~4

model predictions and the approximate curves favorably compare.
73 Effects of Confining Frame Stiffness

The type of out—of—plane behavior predicted by the analytical model also depends on the
stiffness of the confining frame. The analytical model is based on a fully restrained support. Panels
located in the exterior bays, or the uppermost story, include one side of the confining frame that is not
continuous. A reduction factor (Rz) has been included to account for the flexibility of the confining
frame for panels at these edge locations. The reduction factor has been determined based on the
flexibility of the frame for a number of different slenderness ratios. Based on a computer program
developed by Dawe [22], a number of simulations of out—of—plane loadings on uncracked infill
panels was carried out. The different panels in combination with a number of different frame
properties produced a curve representing the influence of the confining frame on the out—of—plane
strength of the panel. Based on the obtained curve, for simplification purposes, a simple double linear
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relationship has been developed to account for the flexibility of the confining frame on the
out—of—plane strength of the panels. The expressions assumed eccentric placement of the panel.
Expressions for the reduction factor (R,) are presented in Eq. [ 59 ], and Eq. [ 60 ] for two different
ranges of frame stiffness. The flexural stiffness properties used in these equations should correspond

R, = 0357 + 7.14X10°EI for 2.0E6 k — in < EI < 9.0E6 k — in Eq.[59]

R, =1 for EI > 9.0E6 k —in Eq.[60]

to the smallest member of the confining frame at the panel edge with no continuity. These values were
conservatively designed to account for the worst possible case scenario encountered.

7.4 QOut—of—Plane Strength

The out—of—plane strength of a masonry panel can be evaluated with an analytical model
based on arching action as presented in Chapter 6. A general expression was developed in Section
6.1 and is again presented in Eq. [ 61 ].

4k () f, 2 siny
) ()

A number of simplifications have been done on the parameters influencing the strength of the
panel (Eq.[61]) as illustrated in Eq. [ 62] through Eq.[70]. In addition, reduction factors to

account for in—plane cracking (R; Eq. [ 58 ]) and frame stiffness (R, Eq. [ 59 ]) are considered to
produce a simpler expression (Eq. [ 71]).

Eq.[61]

cosy

cos9~1 Eq.[62]
k, =05, k,=033 Eq.[63]
6 = Yoo = Lo, (0.73 ~ 0.016 (%)) Eq. [ 64]
2
b~ 0.25[1 + . J1- 2cl(§) ] Eq.[65]
[
tang = Cé)‘) Eq.[66]
21 — 28| 2-4¢
tanf = [ - a )] = hs(‘) Eq.[67]
) J
g =tanf, 6 = tanf Eq.[68]
siny = sin( — 6) Eq.[69]
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> Eq.[70]

(A
w = 2 f,,—(;—) R, R, siny Eq.[71]

()

7.5 Correlation With Experimental Results

Results obtained using Eq. [ 71 ] estimates out—of—plane strengths similar to the analytical
model developed in Chapter 6. Comparison between out—of—plane strengths calculated by the
analytical model and the expression for the evaluation method (Eq. [ 71 ]) are illustrated in Fig. 57(a)
and Fig. 57(b). These results are also compared to the experimental results. Measured strengths have
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Fig. 57 Lateral Strength of Panels vs. Slenderness Ratio

been normalized to a compressive strength of 1000 psi for comparison with strength curves. Notice
that some panels were not tested to failure since their strength exceeded the capacity of the loading
rig. For these panels, the maximum applied pressure was recorded rather than their strength.
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Predicted strengths for panels with no existing in—plane damage are illustrated in Fig. 57(a), while
strengths for panels damaged in the in—plane direction corresponding to a maximum in—plane drift
of twice the required for cracking of the panel are illustrated in Fig. 57(b). The out—of—plane strength
reduction obtained from the applied in—plane damage along with all the experimental results are
presented in Fig. 57(c). The pattern observed for the reduction of the out—of—plane strength of the
panels for a series of different existing in—plane damage is illustrated in Fig. 57(d). As shown in
Fig. 57(d), the strength of the panels varies with the slenderness ratio of the panel and with the
magnitude of in—plane damage experienced by the panel.

7.6 Suggested Evaluation Procedure

7.6.1 Simplifications

Expression developed in section 7.4 for the out—of—plane strength of panels (Eq. [ 71 ]) are
simplified by considering a constant masonry crushing strain. The crushing strain of the masonry was
considered to be equal to 0.004. Parameters b/t, f, and sin (y), depend on the crushing strain and on
the slenderness ratio of the panel. These parameters are combined to obtain a dimensionless
parameter A (Eq.[72]). This dimensionless parameter was evaluated for a range of panel

P [(]{—:)@) siny] Eq.[72]

thicknesses, and results are presented in Table 12. Substituting A into Eq. [ 71 ] produces expression
Eq.[73]

2
W =-—(h_])0—”‘R1 R, 1 Eq.[73]
- According to the NEHRP Handbook for the Seismic Evaluation of Existing Buildings [56], a
typical ten story building was analyzed under the worst possible conditions, and the maximum lateral

Table 12 Parameter Approximation

5 0.129 0.997 0.994
10 0.060 0.946 0.894
15 0.034 0.888 0.789
20 0.021 0.829 0.688
25 0.013 0.776 0.602
30 0.008 0.735 0.540
35 0.005 0.716 0.512
40 0.003 0.727 0.528
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acceleration that an infill panel would experience is approximately equal to 2.0 g’s (Equivalent to a
range of X to XII in the Modified Mercalli Intensity Scale). Based on the maximum expected
acceleration, and considering the allowable masonry stresses and related factors of safety, panels with
slenderness ratios smaller than 9 are considered safe (masonry compressive strength larger than 500
psi) and no further analysis is required.

7.6.2 The Evaluation Process

The evaluation process presented here follows, with a few exceptions, the same steps as
procedures presented by the Federal Emergency Management Agency (FEMA)—178, National
Earthquake Hazards Reduction Program (NEHRP) Handbook for the Seismic Evaluation of Existing
Buildings [56].

This section presents a method for evaluation of the out—of—plane strength of an infill
masonry panel that may be cracked or uncracked. The steps involved with a strength evaluation of a
damaged URM infill should consist of the following steps:

1.) A visit to the site and data collection.

Field measurements should be made. Overall dimensions of the structure should be
measured, and the structural damage should be assessed.

2.) Selection and review of evaluation statements.
Identify the exact problem to be evaluated.
3.) Tests of Materials.

Material mechanical properties of the element under evaluation should be obtained from
compression tests in accordance to FEMA~178. The modulus of elasticity for the confining frame
should be estimated based on the design compressive strength of the concrete or simply 30,000 ksi for
steel. The quality of the mortar in all masonry infills should be determined by performing in—place
shear tests in accordance with C.4.2.3. in FEMA —178. Masonry compressive strength and modulus
of elasticity can be estimated from unit compressive strength and mortar type in accordance to UBC
or ACI—530 codes. Masonry unit compressive strength tests should be performed in accordance to
ASTM~—C216. Masonry compressive strength may also be determined from tests done on samples in
accordance with ASTM—E447. State of vertical stress of the infills may be (not necessary) evaluated
using the flat—jack test as explained in Appendix C, or from a detailed estimate of the gravity loads
that the infill carries. After completion of the field measurements and testing of the material
properties, the parameters presented in Table 13 will be known.

4.) Analysis required for the evaluation of infill.

1) In—plane damage assessment.

There are two methods for quantifying the magnitude of damage for cracked panels: 1) visual
inspection, and 2) analysis of the maximum deflection experienced by the element in terms of the
displacement observed at cracking of the infill panel.
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Table 13 Frame—Infill Specimen Properties

I (in%) E, (ksi) t(in) f.. (psi)
I, (in%) h(in) E, (ksi)
h(in) L (in) fa (psi)
L’ (in) fv (psi)

Based on the visit to the site, and on assessments of building performance following past
earthquakes, determine the state of maximum drift that the element has experienced (4) and the
existing in—plane damage in the masonry infill panel. The maximum lateral displacement observed
by the structure (4) may be obtained from different sources: 1) instrumentation in the building such
as accelerographs or older seismographs, or 2) numerical analysis of the expected behavior of the
building under the applied earthquake.

Determination of the lateral load required for cracking of the panel is based on results
obtained from in—place shear tests. Results obtained from in—place shear tests are evaluated
following the procedure presented in FEMA—178 C.4.2.3. Based on an estimated axial stress in the
masonry and a coefficient of friction of unity, the mortar shear stress is calculated at a desired section
using the following equations.

— VIESI —
fV - bed — joints fa Eq' [ 74]
where: J, = masonry shear strength at in—place shear test location.
(20 percent of the calculated value)
Ap = mortar bed joint area resisting the pushing force.
fz = measured or estimated compressive stress at location
of in—place shear test.
5P
fim = 0.56f, + 2C2 Eq.[75]
where: fim = masonry shear strength at any desired location.

A = area of unreinforced masonry.
P; = measured or estimated compressive stress at desired
location.

Load required for cracking of the panel is calculated as:

Po=fm A = fim (L0) Eq.[76]
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Determine the stiffness of the frame—infill element in question based on expression Eq. [ 77 ]. The
expression estimates the stiffness of single frame—infill element. Determine the lateral displacement

K= | 12Ed. g Eq.[77]
h’3[1 + ;IfcotO] er

corresponding to cracking of the panel (Eq. [ 78 ]).

4, ="Fe Eq.[78]

Based on the ratio 4/24,, a reduction factor for the out—of—plane strength of the panel is
calculated based on the simplified linear expressions Eq. [ 79 ] and Eq. [ 80 ]. Expressions Eq. [ 79 ]
and Eq.[80] have been obtained from simplifications of Eq.[57] and Eq.[58]. These
simplifications have been developed for the engineer to use a linear function in terms of the
slenderness ratio of the panel. The reduction factor is considered to account for the magnitude of
existing in—plane damage in the panel being evaluated.

R, = 1for 52-‘-;< 0.5 Eq.[79]

4
R, = [0.958 - O.lM(%)]Ma for 2‘% = 0.5 Eq.[80]

A simpler method used to evaluate the damage of a panel is visual inspection. Visual
inspection of the panel can classify the magnitude of existing panel damage into three different
categories as illustrated in Fig. 58. Reduction factors for a range of panel slenderness ratios have been
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Fig. 58 Physical Infill Cracking Damage
tabulated (based on Eq. [ 57 ] and Eq. [ 58 |) and results are presented in Table 12.

2.) Flexibility of confining frame.

Infill panels confined within frames with all sides continuous (neighboring panel in every
direction) may assume to have fully restrained boundary conditions (R, = I). For infill panels
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confined within frames with at least one side not continuous (neighboring panel missing on any panel
direction) a reduction factor for the out—of—plane strength is applied (R, ). Evaluation of the stiffness
of the smallest frame member on the non—continuous panel side should be performed, and results
are to be used in conjunction with Eq. [ 81 ] and Eq. [ 82 ].

R, = 0.357 + 7.14X107°EI for 2.0E6 k — in < EI < 9.0E6 k — in Eq.[81]
R, =1 for EI > 9.0E6 k —in Eq.[82]

3.) Out—of—plane strength of the panel.

The out—of—plane strength of previously cracked, or uncracked infill panels within confining
frames at any location of a structure may be evaluated by Eq. [ 83 ]. Allowable compressive stresses

_ i
)

are limited to 1/; the compressive strength of the masonry (f,,). Values for A for a range of slenderness

w Rl Rzl Eq.[83]

ratio are given in Table 12.
4.) Retrofit or rehabilitation techniques.

Infill masonry panels may require rehabilitation due to lack of available out—of—plane
strength. A rehabilitation technique to improve the out—of—plane strength of the panels is presented
in Chapter 3, and is also discussed by Prawel [61] along with other useful rehabilitation techniques.

The repairing method recommended to increase the out—of—plane strength of the panel
consists of parging a ferrocement coating to one or both faces of the infill panel. Application of the
coating decreases the slenderness ratio of the panel, and also increases the compressive strength of
the panel. The out—of—plane strength of the panel is then largely increased by the repair method
since the strength depends: 1)linearly on the compressive strength of the material, and 2) on the
square of the slendemess ratio of the panel.

The out—of—plane strength of repaired infill panels may be evaluated by Eq. [ 84 ] (R; is not
considered because once the panel is repaired the existing in—plane damage does not affect the
strength of the panel). The value for the slenderness ratio should consider the thickness of the panel

2 i m—repaire:

W =;‘%Rzl Eq.[84]
once repairing has been completed. The compressive strength for the panel should the lesser of the
masonry or of the repair coating. Values for A for a range of slenderness ratios are presented in
Table 12.

7.7 Example

In this section an illustrative example is presented to show the sequence of calculations
required for the use of the evaluation procedure.
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A reinforced concrete building was subjected to lateral accelerations produced by a nearby
earthquake,and damage to some of its elements occurred. A view of the building under observation
is presented in Fig. 59. Although the lateral accelerations did not cause serious damage to the frame
elements, they caused damage to a number of the masonry infills. Because of the in—plane damage
to some of the infills, questions regarding the safety of the out—of—plane strength of the panels have

been raised.

In—Plane
Direction

<=

Out—of—Plane

Evaluation Panel Direction

Fig. 59 Example Problem

The typical dimensions of the panels in the building were 12’x20’x73/g” (height, width,
thickness). The panels consisted of older brick masonry built in double—wythe with a medium strength
Type N mortar. In addition to the physical properties of the panels, evaluation of the corresponding
mechanical properties are required. For this purpose, a series of masonry unit compression tests, and
shove tests were carried out. The masonry unit compression tests provided that together with the
mortar type produced the compressive strength of the masonry (f},,), and the modulus of elasticity
(En) inaccordance to ACI—-530 (masonry £.,= 0.004). The shove tests provided values corresponding
to the shear strength of the masonry (f;). Results for these masonry properties are presented in
Table 14.

The building had not been instrumented during the earthquake, therefore the damaged in the
panels must be evaluated by visual inspection of the infill panels. Existing panel damage was
considered to be severe as illustrated in Fig. 59. The building experienced a maximum lateral drift of

approximately twice the required for cracking of the panel (AA = 2). This factor of two becomes
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Table 14  Frame—Infill Properties

I, =13824(inY | E, = 3600 (ksi) t = 7% in fo = 1400 (psi)
I, = 15625 (in9) k= 144 in E, = 750 (ksi)
I’ = 269( in) L =240 in fa = 40 (psi)
L'= 264 (in) (?) =20 f, = 200 (psi)

important for the estimation of the reduction in the out—of—plane strength of the panel caused by
in—plane damage (R;). Using Table 15 for a slenderness ratio of 20, R; becomes 0.688.

The frame being evaluated is surrounded by continuous panels in all directions. This type of
location provides full restraint for the panel; thus factor R, becomes 1.

The process used to evaluate the out—of—plane strength of a cracked or an uncracked panel
is similar with the only difference being that the reduction factor for in—plane damage on the panel
(Ry) becomes unity for uncracked panels. The procedure consists of substituting the required
information that has been obtained for the panel into Eq. [ 85 ]. Given the physical and mechanical

2 if
w =23 R R, Eq.[85]

)

1 1 ;
w = 2—(—3}—& R, 1 = 3_4%(8&1”2 (1) (0.021) = 105 psf ( uncracked panel YEQ.[ 86 ]

21
w=__d'.filz1 Rzl=

®

2 1(1400psi)

20) (0.688)(1)(0.021) = 73 psf ( cracked panel Y Eq. [ 87 ]

Table 15 Example —Parameter Approximation

5 0.129 0.994
10 0.060 0.894
15 0.034 0.789
20 0.021 0.688
25 0.013 0.602
30 0.008 0.540
35 0.005 0.512
40 0.003 0.528
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properties of the panel (Table 15), the expression has been evaluated and the results are presented.
The estimated out—of—plane strength of 105 psf (1.37 g’s) for an uncracked panel and 73 psf (0.94
g’s) for the cracked panel show that the panels should be repaired to reach a higher strength (larger
than 2.0 g’s).

The panel rehabilitation technique to increase the out—of—plane strength consisted of a
one—inch thick ferrocement coating parged to both faces of the infill panel. This operation was
conducted after totally cleaning the wall obtaining a smooth surface. A single sheet wire mesh was
placed on each face. The new thickness of the panel became approximately 9%/g” (slenderness ratio
equal to 15). Plaster compressive strength obtained from cylinder testing reached 2800 psi. Thus for
the strength evaluation of the panel, the lesser compressive strength of the material was used (1400
psi for existing masonry). Strength of the repaired panel was estimated to be 228 psf (2.34 g’s) as given
in Eq. [ 88 ]. The lateral strength of the repaired infill was satisfactory exceeding the lower limit of 2.0

2 ifn 1(1400psi
w = ifn R21=24(l40psz)

B @

g’s, and the evaluation of the panels was successfully completed.

(1)(0.034) = 228 psf( repaired panel ) Eq.[88]

7.8 Summary and Conclusions

An evaluation procedure based on the analytical model presented in Chapter 6 to estimate
the out—of—plane strength of masonry infills was developed. Comparisons were made between
experimental results and results calculated using the evaluation procedure and the analytical model.
A linear regression curve to account for the strain in the masonry at which the strength of the panel
is reached was described. Expressions were also developed to account for reduction in the
out—of—plane strength of the panel caused by the existing in—plane damage, and the flexibility of the
confining frame. These parameters are plotted against the slenderness ratio to illustrate their
relationship.

Conclusions made based on the analytical model, and on comparison between the evaluation
procedure, the analytical model and the experimental results are:

* Out—of—plane strength estimates based on the evaluation procedure as well
as on the analytical model compared well with the experimental results.

e The reduction observed in out—of—plane strength resulting from different
magnitudes of in—plane damage varied for the same slendemness ratio.

¢ The reduction observed in out—of—plane strength resulting from in—plane
damage varied with the slenderness ratio.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

This chapter summarizes the content of the report and presents the most important
conclusions observed on the behavior and strength of masonry infills. A brief description of the
experimental part of the project is presented including the panel repairing technique and the use of
non—destructive evaluation methods. In—plane and out—of—plane test results are presented in
addition to the major conclusions observed in their behavior as observed from the experimental
results. Finally an analytical model and a suggested evaluation procedure for the prediction of the
behavior and the strength of masonry infill panels are presented.

8.1 Experimental Program Overview

A series of eight unreinforced masonry infill panels confined within a reinforced concrete
frame were constructed and tested to failure in the Newmark Civil Engineering Laboratory. The
uniqueness of this study lies in the evaluation of the panel out—of—plane strength reduction due to
a constant existing lateral in—plane damage. The masonry infill panels were tested by subjecting them
to a monotonically increasing out—of—plane pressure using an air bag. Prior to the out—of plane
testing, all but one of the specimens were subjected to a series of static reversed in—plane shear forces
that followed a predetermined displacement sequence. The same sequence was applied to the
specimens with a maximum range equal to twice the lateral displacement required to crack a panel.

The infill specimens were confined by a reinforced concrete frame. Masonry units consisted
of reclaimed clay brick or concrete block. The reclaimed brick was obtained from a demolished
building, and the concrete masonry block was obtained from a local supplier. The type of mortars
varied between a Type N mortar, and a lime type mortar.

The masonry infill panels were confined within the same reinforced concrete frame to obtain
the same type of confinement for all the specimens. The slenderness ratio of the panels was a
parameter that was considered important to evaluate. The slenderness ratios corresponding to the
tested panels ranged from 9 to 34 for clay brick infills, and from 11 to 18 for concrete masonry infills.

For panels where the out—of—plane strength was low, a repairing method was used. The
repairing method consisted of parging a ferrocement coating to one or both sides of the masonry
panel. The same method may be utilized for rehabilitation of structures that have not been previously
damaged.

Finally, two non —destructive testing techniques were used to obtain information required for
the evaluation of specimen strength. The flat—jack test and the in —place shear test (shove test) were
used. The flat—jack test evaluated the vertical stress acting on the panel, while the in—place shear test
evaluated the shear strength of the masonry. These techniques provided unique insight on the type
of behavior expected for the specimens.
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8.2 In-Plane Tests

Results from the in—plane tests are presented in Appendix E. A discussion of the
measurements is presented in Chapter 4. A series of topics affecting the in—plane behavior of the
frame/infill specimens were addressed. Comparisons between the tests results, and results obtained
from existing analytical models and different types of nondestructive tests, were done.

The most important conclusions made regarding in—plane behavior of masonry infill panels
were:

+ The lateral stiffness greatly decreased once the cracking of the infill occurred.
* Masonry shear strength was affected by the type of mortar type used.

¢ The lateral stiffness was directly proportional to the masonry compressive
strength.

¢ The lateral stiffness was well predicted up to cracking of the masonry based on
equivalent strut theories.

+ The shove test estimated a lower conservative bound for the actual lateral
strength of the specimens.

8.3 Out—of—Plane Tests

A series of experiments focusing on the out—of—plane strength and behavior of unreinforced
masonry panels were performed. The masonry infill panels varied from uncracked specimens, cracked
specimens and repaired specimens, to specimens tested with loads applied in both the in—plane and
the out—of—plane directions. Finally, static test results were compared to dynamic results obtained
from similar but half—scale models, and to results from tests carried out in masonry panels located
in an existing building scheduled for demolition.

Conclusions regarding out—of—plane behavior of masonry infill panels were:
* Out—of-plane strength greatly depends on the slenderness ratio.

¢ QOut—of—plane strength depends on compressive strength of the masonry and
not on the tensile strength.

* Repetitive loadings within the elastic region did not affect the stiffness of the
specimen.

* In—plane shear stress and panel gravity loads slightly increased the initial
out—of—plane stiffness, but the out—of—plane strength of the panel was not
affected.

* In—plane cracking reduced the out—of—plane strength of the slender panels
by a factor as high as two.
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¢ Repairing technique increased the out—of—plane strength of damaged infills
by a factor as high as five, with no concern for the magnitude of existing panel
damage.

¢ Out—of—plane strength and stiffness of the cracked test panels are
overestimated by existing analytical models.

8.4 Development of a New Analytical Model and a Suggested Evaluation Procedure

An analytical model based on arching action was developed to evaluate the out—of—plane
capacity of virgin, or previously damaged infill panels. The model was based on the prediction of a unit
wide strip of the panel that spans between two fully restrained supports. The model was used to
evaluate the behavior and strength of the test panels. Results from the analytical model were
compared with experimental results. Parameters studied with the analytical model included the type
of failure mode, the slenderness ratio of the panel, and the reduction of the out—of—plane strength
of the panel due to existing in—plane damage.

Conclusions made based on the correlation of experimental and analytical results were:

¢ The analytical model estimated accurately the measured out—of—plane
strength of the panels.

¢ The reduction in out—of—plane strength resulting from in—plane damage
varied non—linearly with the slenderness ratio of the panel.

Based on the analytical model and on observations from experimental results, an evaluation
procedure was developed to predict the out—of—plane strength of masonry infills. The procedure
considered the effects of existing in—plane damage and frame flexibility on the out—of—plane
strength evaluation of panels.

8.5 Further Studies

General directions for further study are recommended based on the experiments, and on the
analysis. Additional experimental results would be helpful as supporting data for the analytical model.
Out—of—plane tests of speciniens previously loaded in the in—plane direction to different damage
levels would support the empirical results obtained from the developed analytical model and also the
suggested evaluation procedure.

Experiments using different structural configurations would provide further insight into the
behavior of masonry panels. Configuration variables may include the number of stories, the number
of bays, the type of confining frame, the flexibility of the frame, the type of boundary conditions
between the frame and the infill panel, the type of masonry unit used for construction of the infill, the
number and size of openings in the infill, and the magnitude of existing in—plane damage in the infill.

Finally, research on development of different repairing and rehabilitation techniques for
panels that obtained a lower than desirable out—of—plane strength should be done. These repairing
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techniques would be useful in the mitigation of earthquake hazards on prone zones for these types of
structures. -

8.6 Summary

An analytical model based on arching action was developed to predict the out—of—plane
strength and behavior of masonry infill panels. Experimental testing of a series of specimens was done
to verify predictions by the analytical model. Based on the analytical model and on the supporting
experimental results, this research resulted in the development of a seismic evaluation and
rehabilitation procedure for unreinforced masonry infill panels loaded normal to their plane. The
procedure outlines the steps to follow during an evaluation, and an example is presented.
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APPENDIX A

DESCRIPTION OF TESTING EQUIPMENT

A.l1  Loading Apparatus

This appendix describes the testing equipment, and the test setup that was used for the
in—plane and out—of—plane tests. In addition, a description of the instrumentation used is presented
in the latter part of this appendix.

A.1l.1 In-Plane Test Set—Up

The specimens were loaded in—plane by a pair of servo—hydraulic actuators. The load
applied by the actuators was resisted by a prestressed concrete masonry reaction wall built specifically
for testing this type of specimens. The overall testing setup for during the in—plane testing of the
frame —infill specimens is illustrated in Fig. 60. A detailed description of the design, properties and
behavior of the reaction frame used for the in—plane tests is presented by Shah and Abrams [68]. The
hydraulic actuators were directly connected to the specimen at a connection stub built at the
mid—-span of the top beam. This connection stub was especially designed for the set of available
actuators to prevent them from sliding during the test. The lateral load was applied to the top beam
along its center of gravity to prevent creation of unnecessary moments on the frame. The lateral load

Servo—Hydraulic Hydraulic Jack

Prestressed Concrete Actuator . bp and Load Cell

Masonry Reaction Wall

A

Frame/Infill
test specimen
7’__6”
A
— \;:% NS ~
i ! P e
W J 5’», Test Floor -0
: kN : Y
L 30" 3—0” 3 —(0” 6—0” J‘ 3 —0” J‘ 3 —(0” L 3 —(0” J
I T - T i 1 i

Fig. 60 Elevation of Overall In—Plane Test Setup

95



was applied at the mid—span of the top beam to obtain symmetrical behavior of the specimen under
the predefined cyclic histogram as illustrated in Fig. 18.

A.12 Out—of~—Plane Test Set—Up

A uniform load applied throughout the surface area of the infill was used to test the infills in
the out—of—plane direction. A commercial GoodYear rubber pneumatic airbag, with a deflated
surface area approximately equal to that of the infill was used. The relative location and size of the
air bag with respect to the infill is illustrated in Fig. 61. The air bag was confined in place by the air
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7_2]71 7 -8” (it

3/4” Diam. Bolt
il through Column
(top support)

Deflated Air Bag
L —— -8 by7T-8”

5°—1”

| Airbag Reaction
] Slab

| Bearing Plates
(bottom suppport)

Fig. 61 Air Bag Location

bag reaction slab which was supported at four points on the reinforced concrete frame. The air bag
reaction slab was designed as a one way slab spanning between two beams under the influence of a
uniform load. A detailed description of the air bag reaction slab design is presented in Fig. 62. The
top beam was designed to resist the applied pressures as a simply supported beam spanning 9 feet
between supports. The applied loads consisted of the maximum expected pressure applied by the air
bag, times its tributary area. The bottom beam was designed in the same fashion with a different span
length and tributary area. Cross—sections for both top and bottom beams are also presented in
Fig. 62. An elevation view of the out—of—plane testing set—up is presented in Fig. 63. A layer of half
inch thick foam rubber covering the entire infill surface area was placed against the infill to generate
a smooth bearing surface for the air bag and protect the air bag from surface roughness. Also, a thin
layer of greased plastic was placed on both sides of the air bag to prevent any type of movement
restriction on the air bag during inflation. The air bag reaction slab was supported at four points: two
on the base beam and two on the columns. A detailed illustration of the connection is presented in
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Fig. 63. The supports on the base beam transferred the horizontal load through bearing of the air bag
reaction slab against the supporting plates as illustrated. The top supports were directly connected to
the columns by a pair of bolts. The input pressure in the airbag was controlled by a hand operated air
pressure regulator that increased the pressure at an uniform rate. For small pressures, the air bag
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pressure was also monitored with a water manometer as a check for the readings recorded by the
pressure transducer. The airbag reaction frame was designed for a maximum pressure capacity of 720
psf applied over the entire surface area of the infill.

A.13 Gravity Loading

The simulation of gravity loads is important for the representation of real structures. Typical
values of compressive stress on the concrete columns were estimated and corresponding vertical loads
calculated. The vertical loads applied to obtain the desired column stresses were 50 kips per column.
These loads were chosen to simulate typical gravity loads transferred from upper levels to the bottom
story. The vertical load was applied by tensioning a pair of 0.5” diameter strands at the top of the
column with hydraulic jacks. The top and bottom connections used during the tests for the application
of the vertical load to the columns is presented in Fig. 64 and Fig. 65 respectively. Two 270 ksi

Reversible
Chucks
Hydraulic Jack
Load Cell

Steel Plate

0.5” Diameter Post—
Tensioning Strand

Fig. 64 Elevation of Vertical Loading
System (Top—Beam Column Joint)

stress—relieve strands were placed concentrically in the column. The strands were isolated from the
concrete by encasing them in 1 inch diameter plastic conduit fully greased to minimize friction. The

bottom connection for the strands consisted of a steel plate designed to distribute uniformly the |
applied loads to the concrete, and a pair of 0.5 inch re—useable high—strength chucks that restrain
the strand to generate the desired loads. The connection was attached to the base—beam steel cage
to prevent any movement during the casting operation. Intensive vibration around the bottom
connection was executed during casting of the base beam to prevent honeycomb pocket development.
The top gravity loading connection was placed once the concrete frame had been completed. The top
connection entails a more cdmplex arrangement. A steel plate was mounted on top of the column after
spreading a layer of hydrocal to assure a smooth bearing area. This was done to insure a uniform stress
distribution. A 60—Kips capacity load cell connected directly to the computer was placed on top of the
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steel plate to monitor the vertical load applied to the column during the course of the tests. A set of
hydraulic jacks were located on top of the load cell asillustrated in Fig. 64. The jacks were pressurized
up to a predefined pressure by using a hand controlled electric power hydraulic pump. The pressure
in the jacks was held constant throughout the tests. A pair of adjustable reusable chucks were placed
above a small beam that distributed the load applied by the jacks to the two strands inserted in the
concrete. The chucks used on the upper strand connection were adjustable to assure an equal load
distribution between both strands.

A.14 Base—Beam

A detailed design for the base —beam in presented in Fig. 66. The large and massive base beam
design simulates a rigid foundation. Heavily reinforced steel cages were assembled to resist the large
compression forces obtained from post—tensioning of the anchoring bolts. After securing the base
beam cage in place, both column cages were dropped in their corresponding locations and tightened
to restrain them from movement. The base —~beam was then cast in—place with a concrete mix ordered
from a local supplier. Once the base beam had cured and the frame was completed, eight Dywidag
13/g”¢ bars, with a force of 160 kips each, were used to post—tension the base—beam to the laboratory
testing floor to prevent any sliding or slippage of the frame.

A.2  Instrumentation and Data Acquisition

A combination of instrumentation was used to monitor the behavior of the frame and the infill
during the in—plane and the out—of—plane tests. The electronic data acquisition equipment
consisted of an IBM PC—AT based 32 channel acquisition system capable of individually programmed
sampling. The IBM personal computer was equipped with two 16—channel analog—to—digital
conversion boards that were controlled by a program written in Quick—Basic for this purpose. The
Quick—Basic program used board—specific subroutines provided by the manufacturing company
(Metrabyte DASH16 analog—to—digital board). The instrumentation consisted of LVDT’s (linear
variable displacement transducers), conventional strain gages and different types of load cells.
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A.2.1 In-—Plane Test

A total of thirty two channels were read by the data acquisition computer system for the
in—plane tests. The information obtained during the tests by the computer was viewed directly on the
screen and then saved on magnetic media for further processing. Two different monitoring windows
were established on the computer screen. One of the windows plotted the relative rotation of both of
the columns at the base. The second window plotted the total lateral force applied to the frame vs. the
average deflection of the frame measured from the center of the top beam to a stationary station. The
second window with the force vs. deflection plot was used as the controlling device for the
displacement controlled in—plane tests.

The instrumentation consisted of a total of sixteen strain gages, twelve displacement
transducers and four load cells. Location of all instrumentation used during the in—plane tests is
presented in Fig. 67 and Fig. 68. The sixteen strain gages monitored directly the behavior of the
reinforcement steel during the tests. These strain gages were placed on the center steel bars of the
members at their critical sections as illustrated. A total of eight strain gages were placed at the bottom
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of the critical sections in the column/base beam connection. For the concrete frame, the weakest
member in the column/top beam connection was the beam, and therefore, the eight remaining strain
gages were placed in the critical sections of the beam as illustrated in Fig. 67.

The remaining number of channels open for instrumentation equipment were distributed
among twelve LVDT’s (Linear Voltage Displacement Transducer), and four load cells as illustrated
in Fig. 68. Eight LVDT’s were place at the critical sections of the frame to estimate the relative
rotation of the members. In addition, two LVDT’s were placed in a X—shape pattern on the infill. The
purpose of these LVDT’s was to measure the global shear strain that developed on the infill during
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loading. The last two LVDT’s measured the lateral drift of the frame. This lateral drift was measured
as the lateral displacement of the center stub of the top beam. The final four available channels were
used to record two different sets of load cells. A set of load cells was placed on top of the columns to
record the axial load resisted by the columns during the testing of the specimen. Finally, and most
importantly, a set of internal load cells controlling the system mechanisms of the hydraulic actuators
were recorded.

A2.2 Out—of—Plane Test

A total of ten channels were recorded by the computer during the out—of—plane tests. There
were a total of seven displacement transducers placed at various locations across the infill as
illustrated in Fig. 69; these displacement transducers monitored the overall deflection shape of the
infill under the applied uniform load. In addition, there were two load cells placed at the top
connections of the airbag reaction frame and the columns of the concrete frame. The purpose for these
load cells was to verify the contact area of the airbag on the infill. Determination of an equivalent
pressure acting on the entire infill surface area is possible from these load cells. The procedure used
for the determination of the equivalent pressure is as follows: the air—bag pressure measured by the
pressure transducer is converted to an equivalent uniform pressure by equating the external work
done by the air—bag across the known contact area to that of the work done by equivalent pressures
applied uniformly across the entire surface of the infill panel. Finally, the last recorded channel was
used to monitor the pressure transducer for the ai{—bag.

The monotonic test was run in pressure control up to a maximum allowable capacity in the
system of 720 psf. Test specimens with capacities larger than the capacity of the loading rig were tested
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cyclically several times (by alternatively deflating and inflating the bag) to observe the elastic behavior
of the frame/infill system even after out—of—plane cracking in the infill had occurred.

The type of instrumentation used during the in—plane and the out—of—plane tests is
summarized in Table 16 and Table 17.

Table 16 In—Plane Test Instrumentation

Strain Gages ggisgéixgggg g_r_%g% INC. | 0.0017 Reinforcement Steel

LVDT TRANS—TEK 0350-000 0050 | Base Beam—Column Connections,
Column—Top Beam Connections

LVDT TRANS—TEK 0243—000 0.500” Center part of Infill, Relative Max.
Frame Displacements

Load—Cells MTS 661.22 serie No. 516 110 kips | Inserted in the actuators

Load—Cells Home Made 60 kips Top of Columns

A23 Masonry Strain Distribution

» Gravity loads in frame —infill structures often apply a compressive stress to the masonry infill.
The vertical stress distribution across the infill varies with the geometrical and mechanical properties
of both the frame and the infill in the specimen. A number of displacement transducers (range of
0.050” LVDT) and displacement gages (0.010” gage) were placed across the frame—infill specimen
to monitor the strain distribution as the vertical forces were applied to the columns. The monitoring
instrumentation was placed on the specimen as shown in Fig. 70. This strain monitoring sequence was
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Table 17 Out—of—Plane Test Instrumentation

LVDT TRANS-TEK 0244000 1.000” Center Part of Infill

_ : Reinforced Frame—Air Bag Reaction
Load—Cells Home Made 8 kips Frame Connections

Pressure Transd. | ASHCROFT M1 5 psi Air Bag

performed solely for Specimen 2a. Based on the strain distribution experienced by the infill panel,
and muitiplied by the corresponding elastic modulus, the vertical compressive stress distribution was
determined. Results from readings observed using this approach estimated a vertical stress in the
panel similar to values from the flat jack test for Specimen 2a (40 psi). The forces applied to the
columns were mostly carried by the columns with a minimal portion distributed to the infill. The
vertical stress distribution was triangularly—shaped with largest values at the base of the specimen.
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APPENDIX B

CONSTRUCTION MATERIALS

This section summarizes the properties of the construction materials used to build the frame
as well as properties of the various clay brick and concrete block masonry infills. Materials tested
included masonry units, masonry prisms, mortar samples, concrete cylinders and beams, and steel
bars. All of these test samples were built or cast during the construction of the specimen. All test
samples were tested at the same time as the frame/infill specimen.

B.1 Frame Properties

Mechanical properties for the frame were chosen to properly model current design practices.
A brief description of the materials used for construction of the reinforced concrete frame is presented
in this section.

B.1.1 Base Beam

The base —beam for the frame was designed to represent a rigid support. The beam was strong
and heavily reinforced as shown in Fig. 66. The behavioral aspects of this beam was not of primary
concern. The concrete mixed used for the base beam was a common concrete mix ordered from the
local supplier to meet a compressive strength of 4000 psi.

B.1.2 Concrete

The concrete was mixed using in—house mixing equipment. The equipment is a state of the
art automatic concrete mixer. The desired mix was inputted into the mixer, and the exact amounts
of materials were automatically mixed. This method of mixing was preferred when a high quality
control material mix was required.

Two mechanical properties were obtained from standard testing methods for the concrete
used in the frame: the compressive strength (ASTM C—39), and the modulus of rupture (ASTM
C-178). Concrete samples for these tests are shown in Fig. 71 and Fig. 72 respectively.

Py
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Fig. 71 Cylinder Test (ASTM C—39)
The concrete mix used for the frame was mixed in—house with a recipe obtained from the PCI
handbook [57]. The concrete mix is presented in Table 18. Results for the compressive strength, and
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the modulus of rupture are presented at the end of this appendix in Table 19. The average concrete
compressive strength of the frame was 8000psi with a coefficient of variation of 3.5%. These values

were obtained from 15 cylinder tests carried out at the same time as the specimen testing. The average
modulus of rupture for the frame was 700 psi with 9% coefficient of variation.

B.1.3 Steel

The yield stress and the tensile strength of the reinforcing steel bars used in the frame are
summarized at the end of this section in Table 20. The type of steel used in the specimens had a yield
stress of 60 ksi and complied with ASTM Standard A615—Grade 60. The tests were carried out in
accordance with the ASTM Standard. The tensile force in the bar was measured by a load cell in the
testing machine; and the steel deformations were measured by a four—inch extensometer. From the
extensometor measurements, the strain in the bars was calculated. From the load cells, the stress was
calculated. Based on the measured stress—strain curve for the steel the values for the modulus of
elasticity was estimated, and it compared well with the generally used value of 29,000 ksi.

B.2 Masonry Unit

The two masonry unit types used in this research were clay brick and concrete block. Rationale
for the selection of these specific units are discussed in the following section, and a summary of their
material properties is provided at this end of the appendix.

B.2.1 Brick Type (ASTM C-62, ASTM C-67)

Representation of existing construction was of prime interest. Accomplishment of this task
was done by obtaining reclaimed brick and using them in conjunction with a specific mortar type to
obtain the desired strength. The mortar types are discussed in the following section.

Reclaimed bricks were the main masonry unit used as a typical unit for existing construction.
The purchasing of 8000 bricks was completed with the cooperation of a distributor of reclaimed bricks
located in Chicago. Various ASTM standard tests were used to evaluate basic mechanical properties
of the bricks including the initial rate of absorption, the modulus of rupture and the flat—wise
compressive strength (ASTM C67). The average compressive strength of the bricks was 3480 psi with
a coefficient of variation of 6%.
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B22 Block Type (ASTM C—90)

Concrete masonry consists of units molded in different sizes that contain a mix of cement and
aggregate. The concrete masonry units were obtained from a local material supplier. Common 4” and
6” wide blocks were chosen to represent the required h/t slenderness ratio. The ASTM C90
designation for the units is hollow load—bearing concrete masonry unit Grade N, Type 1. Grade N
specifies that the unit may be used in walls above and below grade which may or may not be exposed
to moisture or weather. Type 1 specifies that the unit meets the requirement to be considered as a
moisture—controlled unit. Several ASTM standard tests were used to evaluate basic mechanical
properties of these concrete units including the initial rate of absorption, and the flat—wise
compressive strength over the gross area.

B3  Mortar (ASTM C-109)

Two mortar types were chosen to represent older and recent construction. Representing older
construction was lime type mortar. Lime mortar contained proportions 1:3 (lime:sand). This mixture
yielded poor mechanical properties. The mortar type chosen to represent recent construction was
Type N mortar. This mortar type contained a mixture in the ratio 1:1:6 (cement:lime:sand). Type N
mortar yielded a higher compressive strength as well as better overall mechanical properties. Type S
mortar was used for the first specimen. Type S mortar, with a mixture ratio 1:1/2:41/2
(cement:lime:sand), observed similar mechanical properties as Type N mortar. Several two—inch
cubes were made during different stages of construction of the infills. These cubes were then tested
to failure in uniaxial compression following ASTM C109 in an universal MTS compression machine.
An average compressive strength of 900 psi for lime mortar and 1200 psi for Type N mortar were
obtained from tests in accordance to the ASTM standard.

B.4 Prism Test (ASTM E447—-84)

An average of four prisms were built during the construction of every infill in accordance to
ASTM E447—84. The prisms were tested at the same time as the frame/infill specimen for consistency.
The tests were carried out in a MTS universal 50—kip capacity machine. The rate of loading was
controlled according to ASTM test standards. Fig. 73 shows the prism test setup used for the
compression tests. Prism compressive strengths were based on the maximum required applied load
divided by the measured cross—sectional area of the prism. The modulus of elasticity was estimated
from load—deflection plots recorded during the prism tests. The load was recorded directly by the
computer from the internal load—cell in the MTS machine. The displacements were measured by two
LVDTs attached directly to the masonry for accurate results. An LVDT was placed on each face of
the prism to estimate the average deformation through the center of the prism. Results from prism
tests are presented in Table 21 at the end of this appendix.

B.5  Diagonal Tension Test (ASTM E519—81)

The diagonal tension test determines the shear strength of the masonry. The tests were
performed by loading in compression, at a 45 degree angle, a single wythe 4’x4’ masonry panel. These
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Fig. 73 Prism Compression Test
panels were loaded to the failure load of the specimen as described in the ASTM E519 standard. In
addition to estimating the shear capacity of the infill, the test also permits the evaluation of the shear
modulus of the masonry. The shear modulus was calculated from readings recorded by displacement
transducers during the testing of the specimens. The placement of the displacement transducers as
well as the overall test setup utilized is illustrated in Fig. 74. Three 4x4’ panels were built by the

‘ Vertical Compressive Force

Single Wythe
Brick

Displacement
Transducer

Steel Supporting
Shoe

'

Fig. 74 Diagonal Compression Test

masons at the same time as the specimen was constructed. These tests were performed prior to testing
of the specimen to better predict the strength for that specific frame/infill specimen. Measurements
and calculations were done in accordance to ASTM E519—81 standards. Complications during the
tests prevented the testing of two of the specimens. The specimens failed prematurely due to lack of
a strong masonry bond strength. The tested specimen yielded a strength of 60 psi at cracking. The
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common failure mode observed for these tests consisted of a vertical crack pattern extending from
support to support. The cracks occurred mostly through the mortar joints with a couple of split bricks
at the center of the specimen.

B.6 Quadlet Test

The quadlet test estimates the shear strength in the masonry. As shown in Fig. 75, a simple
arrangement of four bricks was built. Quadlet samples were cured for the same period of time and
under the same atmospheric conditions as the actual infill specimen. The testing of these quadlets was
done at the same time as the testing of the infill/frame specimen. A typical quadlet and the overall
testing setup used is shown in Fig. 75. Lime mortar type specimens did not perform as desired, and

Vertical Compressive Force

Mortar Joint

Quadlet
Specimen

gap

Fig. 75 Quadlet Test Specimen

broke prematurely due to lack of tensile strength. Type N mortar, was used in the remainder of the
tests. The average shear strength for these specimens was found to be 56 psi with a coefficient of
variation of 49%. The data scatter was too large for meaningful interpretation of results.

B.7  Test for Flexural Tensile Strength

The flexural tensile strength of the masonry is important when evaluating masonry
construction for cracking strength. The flexural tensile strength of the masonry depends on factors
such as the direction of the bed mortar joint with respect to the direction of the applied load, the type
of mortar, and the bond strength. Evaluation of these properties is outlined in this section.

B.7.1 Perpendicular to bed joint (ASTM E518-80)

Flexural tensile strength perpendicular to the bed joint is an important mechanical property
of the masonry. Evaluation of this property was performed according to ASTM E518—80. A typical
specimen used in this testing procedure consists of a total of 10 bricks laid on top of each otherin a
stack bond pattern. The overall testing setup used to determine the flexural tensile strength
perpendicular to the bed joint is illustrated in Fig. 76. The specimen was tested by applying two point
loads placed at equidistant locations. The load was applied by a hydraulic jack controlled by a manual
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Fig. 76 Flexural Bond Strength of Masonry Perpendicular to Bed Joints

hand pump. This load was recorded by a load—cell that kept track of the highest load applied. The
flexural tensile strength was then calculated as the moment applied by the two point loads divided by
the section modulus at the failure section. The average value of 32 psi (c.o.v. of 32%) was obtained
from testing of specimens built with Type N mortar.

B.7.2 Parallel to bed joint

The flexural tensile strength parallel to the bed joints for masonry is also an important
parameter. This type of testing was executed in accordance to ASTM E518—80. The construction of
the test specimen is not standard. The chosen configuration consisting of ten bricks long by 4 courses
high was decided to be the most representative sample of actual construction. The placement of the
loads, and the equipment utilized to acquire the data were similar to the ones used for the evaluation
of the tensile strength of the masonry perpendicular to the bed joint. The testing setup for this test is
presented schematically in Fig. 77. The calculated flexural tensile strength was based on the moment

/—— Running Bond

75

Plan View

Vertical Load

Elevation view

Fig. 77 Flexural Bond Strength of
Masonry Parallel to Bed Joints

applied divided by the section modulus at the failure section. The average value of over 220 psi (c.o.v.
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of 28%) was obtained from these tests for specimens build with type N mortar, and reclaimed clay
Masonry umits.

Table 18 Concrete Mix for Concrete Frame

Cement (type I) 331 1Ibs 0.215 352 bags
Water 173 Ibs 20.8 gallons
Fine Aggregate 693 Ibs 0.450 5.81t3
(coarse sand)

Coarse Aggregate 518 Ibs 0.340 4.3 ft3
(pea gravel)

Typical Batch size = 0.45 cy = 1640 Ibs. Slump (average of 3) = 4”
Water/Cement Ratio = 0.52

Table 19  Concrete Properties for Frame*

1 7.825 0.652 228.8 8.09
2 7.577 0.632 218.5 7.73
3 8.630 0.719 2354 8.32
4 9.512 0.792 226.3 8.00
Average Values = 0.699 8.04

* Each entry represents the average of three tests

Table 20  Steel Properties for Frame*

3 722 65.6 11.7 106.1
4 13.33 66.3 19.3 96.7
5 21.97 70.9 342 110.3
7 39.20 66.4 59.9 101.6

* Each entry represents the average of three tests
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Table 21  Results for Prism Tests in Concrete Frame*

1 1670 1138
2 1575 1167
3 1470 756
4 3321 1804
5 3113 1686
6 665 310
7 1596 424
8 507 342

* Each entry represents the average of four tests
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APPENDIX C

NDE TESTING

Non—destructive tests were done prior to testing to determine mechanical properties. The
flat—jack test and the in—place shear (shove) test were done. A detailed description of the
non—destructive evaluation techniques used in this report are presented by Epperson and Abrams
[26].

C.1  Effect of Column Axial Compression and Infill Compression Stress

Compressive forces were applied to the columns simulating the state of stress of actual
structures. The vertical force transfers partly through the infill and mostly directly to the columns. The
state of stress is of interest for the evaluation of the panel; for that purpose, the flat jack test is used.
The corresponding testing procedure is described in this section.

The flat—jack test determines the vertical compressive stresses present in masonry walls. A
cut is made in the mortar bed joint. The locations for performing the flat jack test are presented in
Fig. 78. A diagram of the hydraulic jack is shown in Fig. 79. The hydraulic flat jack utilized in this
project was designed to be used for infills with thicknesses as small as 2 inches. When placing the flat
jack, the void in the masonry joint was filled with a wet hydrocal mix used to obtain a continuous bearing
surface between the surface of the flat jack and the surface of the exposed masonry.

The distance between two fixed points on adjacent sides of the cut bed joint was measured
before and after cutting the mortar joint. The setup used for this procedure is presented in Fig. 80.
The state of stress in the infill before and after cutting is illustrated in Fig. 80. The masonry initially
had a relative distance between the two selected fixed points that reduced when the removal of the
joint occurred. Once the flat jack was placed within the removed joint and the hydrocal mix had cured,
the jack was pressurized. Then, the pressure in the jack was increased with the use of a manual
hydraulic pump at a constant rate until the displacement of the undisturbed masonry (Dy) was

= Flat—Jack Test Locations

®  Shove Test Locations

Fig. 78 Locations for Flat—Jack tests, and Shove Tests
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reached. The pressure in the hydraulic jack and the relative distance between the fixed points were
recorded.

The flat jack applied stress on the masonry was computed as:
0r=KjK; Pt

where : o; = applied stress by flat jack on masonry
K; = jack constant
K, = area constant
P; = hydraulic pressure in flat jack
Due to a small amount of pressure required to initially deform the flat jack, the hydraulic pressure
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within the jack is higher than the stress applied to the masonry by the jack. The factor K is the jack
stiffness constant and was determined by pressurizing the flat jack against the platens of an uniaxial
testing machine. A factor of 0.96 was determined for K;.

The surface area on which the flat jack acted was not of the same magnitude as the surface area
of the removed mortar joint. A correction factor that considered the effective area on which the
flat—jack bears against the masonry was then applied to the recorded flat jack pressures. K, is the
factor that considers the flat—jack bearing area on the masonry and is defined as the ratio of the flat
jack area to the area of the removed mortar bed joint. The area of the flat—jack was smaller than the
area of the cut joint, and an average value of 0.76 was determined for K,.

Once the flat—jack test was completed, repair of the masonry was done by injection of mortar
into the open joints, until the gap was totally full. The mortar was the same kind as previously used.
It was left to cure until its strength was comparable to the rest of the masonry.

The vertical stress distribution was monitored using several dial gages located throughout the
infill and the frame as illustrated in Fig. 70. Relative strains recorded from the dial gages were then
multiplied by the corresponding masonry modulus of elasticity. The modulus of elasticity used for this
purpose were obtained from previously tested masonry prisms. The vertical stress distribution
measured using the dial gages was triangularly shaped. Monitoring of stress distribution in the infill
by dial gages was done only for Specimen 2a.

Results from the flat jack test and the reading obtained from the dial gages placed throughout
the infill agreed with the presence and magnitude of the vertical stress for Specimen 2a. Flat jack test
results are presented in Table 9. The vertical stress corresponded to a typical vertical load of 50k on
each column of the frame. From flat jack test results it was concluded that the infill carried
approximately 7% of the vertical forces applied to the columns.

C.2  Masonry Shear Strength

The shear strength is one of the most important properties of masonry. A shear strength
estimate is vital for evaluation of the lateral load capacity of existing masonry structures. Shear
strength of existing masonry depends on the types of materials used and on the quality of the
workmanship during construction. In situ tests can therefore provide unique information about the
strength of existing construction. Although this type of testing has been used for various types of
masonry members, its use for masonry infills is scant.

The shove test measures the shear strength along the brick/mortar interface of a single brick
in a masonry panel. A brick is removed to allow placement of a small hydraulic jack and a low range
load cell. The mortar head joint on the opposite end of the single brick to be tested is also removed
to allow movement of the brick and to better estimate the effective mortar area resisting the applied
force. The overall test setup is illustrated in Fig. 81. The relative movement was monitored at all times
by a displacement transducer. The general load—deflection behavior of the brick was monitored
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Fig. 81 Shove Test Setup

during testing. The shear strength of the masonry was estimated as the maximum pushing force read
by the load cell divided by the effective area of the mortar joints resisting this force. Typical locations
for performing the shove test are illustrated in Fig. 78. Results for the shove —tests are presented in
Table 22. By measuring the shear strengths under a range of different vertical stresses, an expression
for the shear strength based on the amount of vertical stress was developed. The expression is in the

same format as presented in FEMA—178:

0.75P
Vm = 0.56v, + 7 2
where:
V ove
Vio = —Shwgb—tg't — Pp+L
where:

Eq.[89]

vim = masonry shear strength

Pp = superimposed dead load at the top of the pier
under consideration

A = area of unreinforced masonry

v, = 20% of v, and

Eq.[90]

Vshove—test = shove test results

P(p+r)= stress resulting from actual dead load plus live load
in place at the time of testing (psi)

Ap = total area of bed joints above and below the
test specimen for each in—place shear test.

Results obtained for the shear strength using the expression from FEMA—178 are presented in

Table 22 for comparison with the shove test results.

The hydraulic jack used in this study was an Enerpac Model RSM—200, with a capacity of
50,000 pounds. A load cell model Sensoted 53 with a range of operation of 0—50,000 pounds was used
to record the applied load. Movement of the test brick was monitored by a Trans—Tek Series 351
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displacement transducer (working range of plus or minus 0.100 inches). The load and displacement
channels were recorded with an IBM —AT computer with a MetraByte DASH—16F high speed A/D
board, and with modified software from utility subroutines supplied with the A/D board.

Table 22 Shear Test Results*

2 3200 25.6 125 40
3 2225 25.6 87 32
6 1975 57.6 35 16
7 3933 56.0 70 26
8 1675 55.3 30 12

* Each entry represents the average of two tests
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APPENDIX D

CRACK PATTERNS

Cracking patterns, recorded following each in—plane and out—of—plane test, are presented
in this appendix.
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APPENDIX E

IN-PLANE TEST RESULTS

A list of all plots obtained for the in—plane tests is presented in Table 23. These plots include
plots for measured data and plots of calculated quantities for infill and frame as derived from the
measured data.

Table 23  Summary of In—Plane Data

Figure Description

Lateral Load vs. Lateral Deflection

Lateral Load vs. Lateral Drift

Lateral Load vs. Shear Strain

Shear Stress vs. Shear Strain

Lateral Load vs. East Column Rotation
Lateral Load vs. West Column Rotation
Lateral Load vs. Rotation at East Side of Beam

Lateral Load vs. Rotation at West Side of Beam
LVDT vs. Strain Gage at East Column East Face
LVDT vs. Strain Gage at East Column West Face
LVDT vs. Strain Gage at West Column East Face
LVDT vs. Strain Gage at West Column West Face
LVDT vs. Strain Gage at East of Beam on Bottom

LVDT vs. Strain Gage at East of Beam on Top

LVDT vs. Strain Gage at West of Beam on Bottom
LVDT vs. Strain Gage at West of Beam on Top

Lateral Load vs. Thrust Developed on East Column

Lateral Load vs. Moment Developed on East Column

Lateral Load vs. Thrust Developed on West Column

Lateral Load vs. Moment Developed on West Column

E.1 Lateral Force vs. Shear Strain Relations

Lateral force vs. shear strain and shear stress vs. shear strain plots were developed based on
acquired data from the test specimens. Equipment used to calculate the required data is presented
in Fig. 102. Procedures for calculating the corresponding shear stresses and shears strains is illustrated
and explained in Chapter 4.
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and Load Cells in the Hydraulic Actuators

E.2  Frame Monitoring Instrumentation

Reinforced concrete frame behavior was monitored at its critical sections by strain gages
placed directly on reinforcing bars, and by displacement transducers placed on the surface of the
frame members. The instrumentation used to monitor the behavior of the frame is illustrated in
Fig. 103. Relative hinge rotation at the ends of the beams and the columns were calculated as

illustrated by Fig. 104. Applied lateral force vs. the calculated rotations were plotted and are
presented at the end of this appendix.

E.3 Derivation of Frame Axial Loads and Resisting Moments
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Fig. 103 Reinforcing Strain Gage and LVDT Locations For Frame
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Lateral forces applied to the specimens during the in—plane tests created moments resisted
by the specimen. Based on the recorded behavioral response of the frame during the tests, and by using
several expressions developed in the next section, the applied moments and axial forces were
evaluated.

Based on strain gage readings and on geometry, several expressions were developed for
evaluation of axial forces resisted by the reinforcement and by the concrete in the columns. Axial
forces in the reinforcement were simply evaluated as the strain recorded (always smaller than yielding
strain) multiplied by the modulus of elasticity and by the corresponding layer steel area. Forces acting
on the concrete were more complicated. Two different cases were considered depending on the
location of the neutral axis based on the strain distribution in the column. The neutral axis laid within

4 4%
J/ b ;lh\, b CASE 1: Neutral axis within
: cross—section
[
dq | dy CASE 2: Neutral axis outside
MM dy Mg of cross—section
c n.a. n.a
Qi P
4 tT ? fil th3 fst
fsl s3
CASE 1 CASE 2

Fig. 105 Stress—Strain Distributions
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the column or outside the column as illustrated in Fig. 105. Based on the maximum compressive strain
in the colunms and on the stress—strain distribution for concrete in compression, several equations
were developed to evaluate the axial force in the columns as illustrated in Fig. 106. In the case where
the neutral axis laid outside the column, superposition was used to subtract the force acting on the area
outside the column.

CASE1 CASE 2
h | . h
(TL. dL.
n.a. n.a.

l

— . /}L |
a2 <2l il
fo T o ]_T;\_{_%./i Tio

F Fei Fo

Assume stress—strain distribution for concrete in compression is best represented by
Todeschini continuous curve (MacGergor PP. 56—60)

F o= Bf Fo= ' In(1 + x2) Emax
fc 131fC fca ﬂZlﬂ? ﬂZl =~TL xl =8_0
- 2

In(1 + x2) e = Boofs _Dhd+x) — Emn
B X 1=, e Ba X2 2= %,
Fcl =f_ch Fcl =f¢oCb Fcz =f_01(c - h)b

2(x; — tan~lx;) Fe=F,—F,
a=11- ——"c
xﬂl

Distances from concentrated force to centerline of
the columns is found in the same way as in case 1

Fig. 106 Development of Concrete Forces

Once axial forces were evaluated, the moment was determined by summing the calculated
forces times their corresponding eccentricities with respect to the center line of the column.
Eccentricities for the steel layers were constant and they were considered to be the distance from the
center line of the column to the center line of the steel layer. The center steel layer did not contribute
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to the moment resisting mechanism of the column. Expressions for the eccentricities of the developed
concrete compressive axial forces are presented in Fig. 106. The values for these eccentricities
depended on the geometry of the column and on the strain distribution as illustrated. Superposition
of concrete and steel forces and moments was used in the evaluation of the total axial forces and
moments. These evaluated axial forces and moments are plotted against the applied lateral force and
results are presented at the end of this appendix for the test specimens.

EA4 Test Results

Test results are presented in ascending specimen number. A total of 5 sheets per test are
presented and corresponding order is presented in Table 24.

Table 24  Summary of In—Plane Data

Spec. #

[\S}
[
W
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A
[
wn
9
N
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~
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[

Figure Description

Lateral Load vs. Lateral Deflection
Lateral Load vs. Lateral Drift

Lateral Load vs. Shear Strain

Shear Stress vs. Shear Strain

Lateral Load vs. East Column Rotation

Lateral Load vs. West Column Rotation

Bilo oo |0 |0 |0

Lateral Load vs. Rotation at East Side of Beam

Lateral Load vs. Rotation at West Side of Beam

LVDT vs. Strain Gage at East Column East Face
LVDT vs. Strain Gage at East Column West Face
LVDT vs. Strain Gage at West Column East Face
LVDT vs. Strain Gage at West Column West Face
LVDT vs. Strain Gage at East of Beam on Bottom

B |O|O |0 |0 |00 |0 |0 (O |O

B|Oo |0 |00 |0

Blojlo|ojo|o|jo|ofjo|ojo |Oo O |O
Bijojojo|ojo (o |o|o oo (o |0 (O

LVDT vs. Strain Gage at East of Beam on Top

LVDT vs. Strain Gage at West of Beam on Bottom
LVDT vs. Strain Gage at West of Beam on Top

Lateral Load vs. Thrust Developed on East Column
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APPENDIX F

OUT-OF-PLANE TEST RESULTS

Out—of—plane test results for the test specimens are presented in this appendix. Discussion
and analysis of the results are presented in Chapter 5. Detail description of the specimens and
important chronological data is presented in Table 25.

Table 25  Specimen Chronological Information

Specimen# | # of Courses| Mortar Date Built Date Tested

1 22 Type S 7/16/91 10/31/92
2a 22 Type N 11/15/91 4/2/92
2b 22 Type N 11/15/91 4/10/92
2c 22 Repaired 4/30/92 5/8/92
3a 24 Lime Mortar 5/14/92 6/3/92
3b 24 Lime Mortar 5/14/92 6/4/92
3c 24 Repaired 6/12/92 6/18/92
4a 8 Type N 6/24/92 7/10/92
4b 8 Type N 6/24/92 7/14/92
Sa 8 Type N 7/21/92 7/28/92
5b 8 Type N 7/21/92 7/29/92
5d 8 Type N 7/21/92 7/30/92
6a 23 Lime Mortar 8/6/92 8/31/92
6b 23 Lime Mortar 8/6/92 9/1/92
6b2 23 Lime Mortar 8/6/92 9/3/92
6¢ 23 Repaired 9/10/92 9/24/92
7a 23 Type N 10/2/92 12/7/92
7b 23 Tpe N 10/2/92 12/17/92
8a 23 Lime Mortar 1/11/93 2/3/93
8b 23 Lime Mortar 1/11/93 2/5/93
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crushing strain (&) of 0.003 the values for k1 and k; are 0.62 and 0.36, while for a crushing strain (&)
of 0.004 thevalues for kq and k, are 0.67 and 0.37 respectively.

The influence of k1 and k on the out—of —plane strength of the panel are discussed separately.
For a range of values for k; it was found that the out—of—plane strength of the panel increases with
ki. The strength of a panel for a range of k; values are presented in Fig. 262. Panel strength has been

1.40
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w
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W 1.20
w 0.5
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1.00

L O LI TIrTrT

090 Lo v v 4 o 0 by by b 1
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Fig. 262 Panel Strength Reduction vs. k7

~

normalized with respect to the panel strength corresponding to a kj value of 0.5. The value of wy 5
corresponds to the out—of—plane strength of the panel for the case where k; is the lowest value of
0.5. The value of w1 corresponds to the out—of—plane strength of the panel where kg ranges from
0.5 to 0.7. Based on Fig. 262 and assuming in the calculations that k; equals to 0.5, the strength
estimated for the panel based on Eq. [ 24 | may be underestimated by up to 26%. The calculated
estimate is on the conservative side. A series of increasing values for k, decreases linearly the
out—of—plane strength of the panel. The panel strength for a range of values corresponding to k; are
normalized to the strength of the panel corresponding to k; equal to 0.33 and results are presented
in Fig. 263. Based on Fig. 263 and assuming in the calculations that kj equals to 0.33, the strength
estimated for the panel based on Eq.[ 24 ] may be overestimated by up to 12%. The calculated
estimate is on the unconservative side.

Analysis of the effects of kj and k; on the out—of —plane strength of the panels were observed
to cause opposite reactions; that is, while for increasing values for kj the strength of the panel
increased, for increasing values of k; the strength of the panel decreased. The effects on panel strength
caused by the change in k; and kp depend on the type of stress—strain distribution assumed for the
masonry. Therefore, the values of k; and k; are related and must be selected in pairs. The probable
combinations for a number of different masonry stress—strain distributions are k;=0.50, k;=0.33;
k;=0.63, k,=0.40; k;=0.63, ky=0.43 and k;=0.68, k,=0.43. The obtained out—of—plane strengths
of the panels with any kj and kj combinations are computed based on results presented in Fig. 262 and
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APPENDIX G

SENSITIVITY ANALYSIS FOR K; AND K;

In this appendix a sensitivity analysis for the effect of k; and k; on the out—of—plane strength
of the panel is presented. The values of k; and k; are compared to a series of values corresponding
to different stress—strain distributions and a relative accuracy range is presented.

Out—of—plane strength of masonry panels can be evaluated by using the analytical model
developed in Chapter 7. An expression to evaluate the out—of—plane strength of the panels in terms
of all the influencing parameters is presented in Eq. [ 24 ]. This expression contains two parameters
that have been considered constant. These are k;, and ky which are concealed in y (Eq. [ 38]). ky is
defined as the ratio of the average stress on the bearing area in compression to the maximum
compressive stress at the support. k; is defined as the ratio of the distance from the extreme
compressive fiber to the resultant compressive force to the bearing width.

A stress—strain relationship for the masonry has been developed as explained in Appendix H,
and an Ullustration of this relationship is presented in Fig. 261.

12fmE
L0fm / \
~ 08f,F
g : ) N\
a 0-6fm C
g C /
“ 04fmF /
02fmE
O y Lo L 1 1 1 1 1 L I 1 L i 1 1 1 1
0 Ec €er

Strain (in/in)
Fig. 261 Idealized Stress—Strain Relation in Compression

During the out—of—plane testing of the panels, the strain in the extreme fiber of the panels
increases and the lateral displacement of the panel increases. Thus, during the course of the test, the
strain in the extreme fiber of the panel varies up to its corresponding crushing limit. The corresponding
stress distribution in the masonry varies between an almost triangular shape for low strain values, to
a parabolic shape for strain values reaching the crushing limit. The value that the two parameters in
question take varies according to the stress—strain distribution as follows: for a triangular
distribution, k; = 0.5, ky = 0.33; for a parabolic distribution diagram k; = 0.67, k; = 0.40 and for a
curve with partial descending branch, k; ranges between 0.63 and 0.68, while k; is equal to 0.43. For
the stress—strain curves the k; and kj change according to the crushing strain of the masonry. For a

169



1.05

1.00

0.95 \

rrrryrrri

Wia N
Wo33 0.90 |
0.85 |
0.80 C 1 1 ] 1 L [ | o} 1 L
0.30 0.35 0.40 045

Fig. 263 Panel Strength Reduction vs. k;
Fig. 263 and are normalized to the strength of the panel calculated for the case when kj and k; are 0.5

and 0.33 respectively. The obtained ratios for (VJV_W‘Z_) versus k; are shown in Fig. 264.
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For assumed values of k; = 0.50 and kp = 033, Eq.[24] produces a maximum
underestimation value for the out—of—plane lateral strength of 14%. This 14% strength
underestimation is the upper limit on the conservative side. Thus, the values of kg = 0.50 and k; =
0.33 are suggested to be adopted in Eq. [ 24 ]. This assumption is simple, conservative, and the error
is acceptable.
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APPENDIX H

THE MAXIMUM COMPRESSIVE STRESS f; AT THE SUPPORT
The stress—strain relation for both concrete block and clay brick masonry units is of interest
for the determination of its corresponding behavior when subjected to axial or bending stresses. A
number of proposed curves describing this behavior are available, but no standard model has been
adopted for general use.

Stress—strain relationships including those presented by G. C. Hart et. al. [38] and by Priestley
and Elder [62] were studied and compared to different experimental results obtained for both clay
brick and concrete block masonry. Experimental stress—strain results were obtained from a number
of reports presented as part of a U.S.~Japan Coordinated Program For Masonry Building Research
[14, 20, 35]. A curve for the stress—strain behavior of the masonry was developed, based on
experimental results obtained from the U.S.—Japan Coordinated Program. The shape of the
stress—strain relationship is presented in Fig. 265. This proposed curve was developed to represent

12fm
1.0fm
08fm
0.6 fim

N

Stress (psi)

04fm //
02fm

O | S T . | S I S T W | S S N

0 g Ecr

Strain (in/in)

AN
v

Fig. 265 Idealized Stress—Strain Relation in Compression
Zone for Flexural Compressive Masonry Member

the behavior observed for both concrete block and clay brick masonry during the bending of the
masonry.

The equation for the stress—strain relationship (Fig. 265) was designed to meet a number of
four different available parameters in the masonry. The four parameters included the location of the
origin of the curve with both coordinates at zero. A second parameter defined the compressive strain
(&) in the masonry at which the strength of the masonry (f,,) was achieved in terms of the crushing
strain of the masonry (g.,). The last two parameters consisted of the initial slope of the curve to equal
the corresponding modulus of elasticity of the masonry (750 f7,,), and the slope observed at ¢, to equal
zero. The four parameters are illustrated in Fig. 266. Based on these four parameters, it is observed
that the developed equation must contain four different constants; therefore, this relation must follow
a third degree polynomial distribution as shown in Eq. [ 91 ]. Evaluating the equation (Eq. [ 91 ]) with
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fr=ag® +be*+ce+d Eq.[91]

the four different parameters allow the constants in the equation to be solved. Corresponding
constant values are given in Eq. [ 92 ] through Eq. [ 95 ].

750fm%8a’ - zfm 27fm(2508cr - 1) Eq [ 92]

2= e )3 B 4¢3, ‘ .
3er

— 2*750f,2¢., + 3f,, 277, (1 — 333.3¢.,) Eq.[93]

T ey = |
3Cer

¢ = E = 750f, Eq.[94]
40 Eq.[95]

After solving for the four equation constants, and substituting the corresponding values,
Eq. [ 91 ] produces the final expression for the masonry stress—strain relationship (Eq. [ 96 ]).

5, = 27fm(2i<z§, =D, 2060 Zs -:’33'38”)82 + Ee Eq.[96]
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APPENDIX 1

NOTATION

This appendix concentrates in the definition of nomenclature used during the entire course

of the project. They are organized in alphabetical order.

distance from the center line to the point no longer in contact with the support
steel cross sectional area in the concrete members

gross concrete cross sectional area

is the shear area of the wall

bearing width of the panel on the confining frame

ratio of masonry bearing width to thickness of the panel corresponding to (%)

maxl

ratio of masonry bearing width to thickness of the panel corresponding to (%)
max2

factor equal to % orl

48max

deflection at mid span of panels
modulus of elasticity of concrete frame
modulus of elasticity of masonry
axial compressive stress in the masonry

compressive stress of the masonry corresponding to the compressive strain observed
by the panels at their extreme fiber

specified compressive strength of concrete

flexural tensile strength of the masonry in the direction perpendicular to the bed joint
flexural tensile strength of the masonry in the direction parallel to the bed joint
specified compressive strength of masonry

masonry shear stress at cracking of the panel

masonry shear stress at twice the lateral displacement required for cracking of the
panel

masonry shear modulus = 0.4 E,,

height of the masonry infill panels
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b’ height of the confining frame

hit  slendemess ratio of the panel

(ﬁ) critical slenderness ratio (for the case when (?) does not have a real number solution)
max1

(ﬁ) critical slenderness ratio (for the case of arching action vanishing, i. €. y = 0)
max2

I gross moment of inertia of the beams

I gross moment of inertia of the columns

I gross moment of inertia of the panel

k1 ratio of the average stress on the bearing area in compression to the maximum

compressive stress at the support

ky ratio of the distance from the extreme compressive fiber to the resultant compressive
force to the bearing width

K in—plane stiffness of the specimen
L infill iength
L’ frame width

M, ultimate moment capacity of the reinforced concrete frame (k—in)

P applied horizontal force

9z allowable out—of—plane lateral pressure resisted by the panel

9 ultimate out—of—plane lateral pressure resisted by the panel

Ry out—of—plane strength reduction factor to account for existing in—plane damage
R out—of—plane strength reduction factor to account for confining frame flexibility
t masonry infill panel thickness

T developed thrust forces in the panels due to arching action

Vy ultimate shear capacity of the reinforced concrete frame (k)

w uniform lateral load

wos lateral strength of the panels corresponding to k; = 0.5
wg1  lateral strength of panels corresponding to a certain kg value

wo33 lateral strength of panels corresponding to ky = 0.33
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wky  lateral strength of panels corresponding to a certain k; value

w0_56,0,33 lateral strength of panels corresponding to k; = 0.50 and k; = 0.33

Wi1 k2 lateral strength of panels corresponding to certain k; and kp values

B angle between the longitudinal fiber of panels and the thrust force of arches

) displacement of the center line of the panel

A maximum in—plane lateral displacement observed by the specimen

Aq axial shortening of extreme fiber

Ag  in—plane lateral displacement of the specimen required for the infill panel to crack
€m masonry compressive strain

Emax  Strain of extreme fiber

€maxl Strain of extreme fiber corresponding to the out—of—plane strength of the panel
€or ultimate crushing strain of masonry

£c strain corresponding to fp,

A parameter used to combine several terms in the out—of—plane strength expfession
Y angle between the thrust force and the vertical line

o) beam steel ratio (%)

Qg columns steel ratio (%)

6 rotation of the half panel
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