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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to system response investigations.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. The work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and
large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements:

I Seismicity, Ground Motions I
and Seismic Hazards Estimates I

+
I Geotechnical Studies, Soils Iand Soil-Structure Interaction

~

I System Response: I
Testing and Analysis I, , ,

I Reliability Analysis I
and Risk Assessment I

~

Expert Systems

iii

Tasks:
Earthquake Hazards Estimates,
Ground Motion Estimates,
New Ground Motion Instrumentation,
Earthquake & Ground Motion nata Base.

Site Response Estimates,
Large Ground Deformation Estimates,
Soil-Structure Interaction.

Typical Structures and Critical Structural Components:
Testing and Analysis;
Modem Analytical Tools.

Vulnerability Analysis,
Reliability Analysis,
Risk Assessment,
Code Upgrading.

Architectural and Structural Design,
Evaluation of Existing Buildings.



System response investigations constitute one of the important areas of research in Existing and
New Structures. Current research activities include the following:

1. Testing and analysis oflightly reinforced concrete structures, and other structural compo­
nents common in the eastern United States such as semi-rigid connections and flexible
diaphragms.

2. Development of modern, dynamic analysis tools.
3. Investigation of innovative computing techniques that include the use of interactive

computer graphics, advanced engineering workstations and supercomputing.

The ultimate goal of projects in this area is to provide an estimate of the seismic hazard of
existing buildings which were not designed for earthquakes and to provide information on typical
weak structural systems, such as lightly reinforced concrete elements and steel frames with
semi-rigid connections. An additional goal of these projects is the development of modem
analytical tools for the nonlinear dynamic analysis of complex structures.

One important problem in the systems response area is the response ofbuildings containing in/ill
walls and moment-resisting frames. This report summarizes a preliminary study of the effects of
injill on response. The walls are degrading and the steel frames are analyzed in the nonlinear
range. This study revealed a lack of experimental data on the degradation of infill walls and, at
the same time, showed needed improvements in analytical capabilities. Thus the project has
provided a link between the experimental and analytical NCEER projects. After improvements
are made in modeling, the analysis of various types of frames and walls will lead to a much
needed understanding of the behavior of interacting walls and frames after the walls degrade,
and will provide information on the period shift and on recommended values for the response
modification factors.
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Abstract

The effects of infills on the nonlinear response of steel frames was studied. The

primary goals of this preliminary investigation were: (1) to incorporate degrading

infill wall models into a nonlinear steel frame analysis program, (2) to compare the

nonlinear response of a series of frames with and without infills, and (3) to utilize the

Capacity Spectrum method to estimate the demand for several earthquake spectra.

The equivalent strut model was adopted to represent degrading infill walls which did

not have any openings. A nonlinear static analysis program was used to calculate the

load-displacement curves of a variety of steel frames.

As expected, the walls increased the capacity of the frames and decreased their initial

periods. The number of hinges in the frame decreased significantly. Most of the peak

lateral displacement was caused by deformations in the first story if the frame had

infills at all levels.

The analysis performed in this study provided good preliminary estimates of the

effects of infills on frame response. Additional experimental data is needed to refine the

models and to extend their applicability to walls with openings and to evaluate the effects

of walls on local frame member behavior.
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SECTION 1

INTRODUCTION

1 . 1 Goals of the Study

Buildings consist of various types of elements. Some of them are called structural

elements, for example beams and columns, which resist the loads applied to the

structure and compose the structural system of a building. Others are called

nonstructural elements and are usually architectural features of a building, such as

partitions; these elements are not counted on carrying any loading.

A simple definition of an infill wall is a wall that occupies the space between two

columns and two floors. Infills mayor may not be connected to the surrounding frame

elements. Infill walls are sometimes classified as structural elements but in most cases

they are considered as nonstructural partitions. It was found experimentally [1], that

infill walls significantly strengthen and stiffen frames. This is one of the reasons why

the study of infill walls and infilled frames is important, especially for lateral dynamic

loading. However, they may increase the forces induced by earthquakes. Therefore,

whenever they are present and connected to the frame, it is advisable to take advantage of

their strength and stiffness and consider them as load resisting elements. A second

equally important reason for studying their effects is that infill walls may be used for

strengthening existing buildings which have low earthquake resistance.
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To be able to model and use infill walls effectively, their behavior should be first

understood. Since infill walls stiffen frames, the period of the frame decreases and the

seismic forces generally increase. When the wall fails during an earthquake under the

increased inertia forces, there will be a rapid force transfer from the degrading wall to

the frame. The frame may not be able to resist the larger forces induced by the stiff wall

and may fail. Not much is known about this force transfer from infill walls to boundary

frames, but studies of earthquake damage have indicated that frames have failed after the

loss of their infills. The precise failure sequence has not been studied extensively,

partly because the idealization of the frame-wall system is difficult. The amount of

reinforcement in the wall, if any, the connection of the wall to the frame, and the

properties of the frame all affect the interaction and behavior.

The purpose of this study was to gain an understanding of the behavior of infilled frames

under dynamic loading. This was achieved by performing a sensitivity study of infilled

steel frames using a material nonlinear model for steel and a degrading model for the

infill walls. Parameters, such as the relative stiffness between the frame members and

infill wall were studied and their effects on the behavior of infilled frames were

examined. The problem is complex and the number of factors is large; therefore only a

pilot study of this important problem is performed.

1 .2 Brief Description of the Approach

Since the purpose of the study is to shed some light on the effects of infill and the load

transfer during the degradation of the walls, approximate idealizations are used for the

walls and for the seismic loading. Subsequent studies will utilize more sophisticated

approaches.

1-2



The study consists of two distinct parts. The first part deals with the modelling and

idealization of infill walls. The second with the use of the Capacity Spectrum Method for

analyzing various infilled and non-infilled frames.

1 .2.1 Strut Model for Infill Wall.

The infill is idealized as an equivalent strut that can resist only compression. Using

empirical equations [13], an infill wall can be reduced to a strut which has the

appropriate properties. The strut follows a force displacement curve which consists of a

linear part until the wall crushes and then a decaying part, which idealizes the

degradation of the infill. Experimental evidence is so sparse that more accurate models

cannot yet be developed. The model used is described in Section 2.

1 .2.2 Capacity Spectrum Method

The basic idea of the method is to develop the capacity spectrum of a structure as shown

in figure 1-1. To achieve this, the period shift of the structure as it approaches

collapse and the corresponding acceleration levels are calculated. By comparing this

capacity spectrum with earthquake spectra, one can assess the response of the structure

as well as get a measure of the damage expected under a particular earthquake. The

advantage of this method is that no dynamic analysis is required. Also, once the capacity

spectrum for a particular structure has been obtained, various input spectra can be used

for testing the structure without doing any further analysis. The method only requires

the performance of nonlinear static analyses and a way for obtaining the change in the

fundamental period of the structure as it undergoes strength and stiffness degradation.

The method is summarized in Section 3.
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1 .2.3 STAND for nonlinear steel frames.

Both the modelling of the infill wall and the capacity spectrum method were implemented

in the previous version of the Static Analysis and Design program (STAND), developed at

Cornell University. The input to this program comes from the Preprocessor for Framed

structures (PREPF) which has also been developed at Cornell University. STAND is an

interactive program for analyzing and designing steel structures using the AISC Load and

Resistance Factor Design (LRFD) specification. The user can perform both linear elastic

and nonlinear analysis and use the results from either for designing a structure to meet

the requirements of the LRFD specification. The program STAND is described briefly in

Section 4.

1 .3 Description of Example Structures

The major problem in the study was the lack of sufficient experimental results for steel

infilled frames. Nearly all of the experimental results are for concrete infilled frames.

Therefore it was decided to perform a parametric study, and compare the overall

behavior of the frames with that observed in the experimental work.

Two sets of frames were used for the analysis. The first set is for evaluating the model

for the infill walls and the second for studying the effects of infill walls on the nonlinear

seismic response of steel frames using the Capacity Spectrum Method. For the first case

two frames were used:

1. A two-story structure loaded laterally. For this structure the wall is much stiffer

than the frame. The dimensions of the frame and the lateral loading, as well as the

properties of the concrete block wall are shown in figure 1-2.

2. A one-story structure loaded laterally. For this structure the frame is stiffer than
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the wall. Various wall thicknesses are used. All the relevant information is shown

in figure 1-3.

For the second case three steel frames were analyzed, both with and without concrete

infill walls; these were the so called Lehigh frames which are described in detail in [3].

A description of the dimensions, loading and member sizes of the buildings is given in

figure 1-4 and Tables 1-1, 1-11, and 1-111.

1 .4 Description of the Input Used.

Two design spectra were used for the analysis of the Lehigh frames.

1. NBKO.1

This input consists of two elastic Newmark spectra, obtained using an acceleration

of 0.1g, and damping ratios of 2% and 5%.

2. NBKO.2

This input consists of two elastic Newmark spectra, obtained using an acceleration

of 0.2g and damping ratios of 2% and 5%.
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----20' 0" ------.I

1.0 kip W12x22

(\J TC\I
x C\I
C\I C\I
..- x 10' 0"
3: C\I

..-

0.5 kip W12x22-.
C\I C\I
(\J C\I
x x 10' 0"(\J (\J....
3:

Wall properties:

A = 117.8 sq. inches

E' = 1000 ksi

fc "" 1.3 ksi

t = 4.5 inches

FIGURE 1-2

Dimensions, section Properties and Loading of Two-Story structure.
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30 kips W14x342

C\I C\I 1''It ''It
M M
x x 10' 0"''It ''It

.....

13:

~ 20' 0" ~

Wall properties:

A =394.8, 274.1, 211.6, 113.4 sq. inches

E' ... 1200 ksi

tc ... 3.4 ksi

t = 12, 8, 6, 3 inches

FIGURE 1-3

Dimensions, Section Properties and Loading of One-Story Structure.
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Frame 1 Frcme 4 Frcme 6

12030'1 L 5020'

30-2 10-5

30 ft 20 ft

30 pSf 30 pst
40 psf 40 pSf

75 pst 40 psf
50 pSf 55 pSf

18 kips 9.5 kips

. .. . ." " r .. I.

Story-Bay
10-3

Spacing
20 ft

Roof load
Lille 30 pSf
Dead 40 pSf

Floor load
Lille 40 pSf
Dead 55 pSf

Wall(Story)
9.5 kips

FIGURE 1-4

Dimensions and Loading of Lehigh Structures.
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SECTION 2

IDEALIZATION OF INFILL WALLS

The behavior of infill walls and their modes of failure is a very complex problem. The

reason for this is that their behavior depends on many parameters, some of which are:

type of material used as infill, and whether it is reinforced or unreinforced,

interface conditions between the infills and the surrounding frame,

relative strength and stiffness between the frame and the infill wall.

Having the above parameters in mind, many researchers developed experimental

procedures to study the behavior of infilled frames and then proposed analytical models

to simulate their behavior on computers.

2.1 Present knowledge of the behavior of infilled frames

One of the most important pieces of information required in dynamic analysis is the

load-displacement relationship on which an analytical model is based. This relationship

can be obtained by testing infilled frames under monotonic loading. The experimental

work of various researchers, who tested frames under monotonic loading, is presented

below.

The studies of the behavior of infilled frames goes back to the 1950's. One of the first to

do research in the subject was Wood [4], who investigated the effects of brick, clinker
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block, and hollow clay block infill on the lateral strength and stiffness of multistory

steel frames. He concluded that in all the tests the infill strengthened and stiffened the

frame and failed by sudden cracking along the compressional diagonal.

Benjamin and Williams [5,6] studied the behavior of one-story reinforced concrete and

brick masonry shear panels loaded through a distributing member at the top of the wall

(either a beam or a floor diaphragm). Two basic modes of failure were observed:

1. tension column failure; sudden failure by tension and shear originating at the

connection between the tension column and the foundation and propagating along the

base of the wall towards the compression column. This type of failure is associated

with walls surrounded by very weak frames;

2. diagonal cracking in the tensile stress region along the compression diagonal. For

unreinforced or lightly reinforced panels the cracking pattern depends on the

amount of column reinforcement, while for moderately reinforced walls it is a

function of the amount of panel reinforcement. This type of failure is associated

with walls surrounded by frames strong enough to withstand tension in the

windward column and shear in the leeward column.

The ultimate strength of an infilled frame was found to be a function of the extent to

which the panel exhibited distributed diagonal cracking and the ability of the

compression column to withstand combined shear, flexural, and compressive stresses.

Holmes [7] introduced the concept of the equivalent strut for idealizing infills. In his

method he assumed a constant area for the equivalent strut and developed a simple

procedure for calculating the ultimate load and the side-sway deflection of a steel frame

with brickwork or concrete infilling.

Stafford Smith [8] studied the behavior of model masonry walls bounded by structural
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steel frames and loaded in the vertical and lateral directions. It is reported that when

the infilled frame is subject to lateral shear, two modes of failure are possible:

1. compressive failure generating from a loaded corner of the infill;

2. tension cracking along the compression diagonal of the infi".

The introduction of vertical loading, in addition to the lateral one, provided two more

possible modes of infill failure:

3. vertical tension cracks from the beam to the foundation, and

4. a general compressive failure of the whole infill, roughly along a horizontal plane.

Along with his experimental investigations, Stafford Smith refined considerably the

equivalent strut approach [9,10,11,12,13]. Instead of assuming constant effective

width of the diagonal strut as it was the case with Holms, as mentioned above, he

suggested that the effective width of an infi" acting as a diagonal strut is influenced by

the following factors [13]:

a. the relative stiffness of the column and the infill;

b. the length to height proportions of the infi";

c. the stress-strain relationship of the infi" material

d. the value of the diagonal load acting on the infil!.

Assuming no bonding between the infill and the frame and using the beam on elastic

foundation approach, he derived an empirical equation for the contact length between the

infi" and the frame.

Mallick and Severn [14] tested a series of model steel frames infilled with plaster.

Their work seems to be supporting Stafford Smith's conclusions regarding failure
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criteria for plain infill panels. They concluded that the less frequent cause of failure

was due to diagonal cracking and that the most common one due to crashing of one of the

corners of the infill. They also noted that in prototype frames they would expect the

diagonal tension cracking to be the most frequent failure mode, since the tensile strength

of concrete is half that of plaster.

The latest work on the equivalent strut approach was done by Mainstone [2,15,16]. He

used the same approach as Stafford to calculate the length of contact between the infill

and the frame and, in addition, presents empirical equations for calculating the

equivalent strut area. These are the equations that have been used in this project and are

described in more detail in sections of the report to follow.

Liauw and Kwan [17,18] performed a series of experiments on scaled down models of

4-story steel frames with reinforced micro-concrete infills. They used three types of

models:

1. model A in which no connectors were provided at the structural interface,

2. model B in which connectors were provided along the infill/beam interface and

vertical slits of 4 mm width were provided at the infill/column interface. The

function of the vertical slits was to separate the columns from the high contact

pressure with the infilled panels so as to avoid premature shear failure of the

columns which are considered as the most important structural elements, and

3. model C in which connectors were provided along the entire infill/frame interface

to improve full structural interaction between the infilled panels and the frame.

The behavior of each of the models can be summarized as follows:

1. Models A: Separation at the tensile corners occurred almost immediately after the
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models were loaded so that the panels were in contact with the frame only at the

vicinity of compressive corners. However, at slightly higher loads the interface

configuration became stable after the frame had gained firm contact with the

panels. At greater loads, the stiffness of the models gradually decreased when the

compressive corners of the panels cracked. The models reached their peak strength

when the corners were crushed. Crushing of the infill appeared to occur

progressively outwards from the corners and during crushing of the infill obvious

signs of yielding at the steel columns were also observed. After the peak load, the

models continued to sustain substantial loading (more than 85% of peak load) for a

very large range of deflections.

2. Models B: These models behaved linearly at small deflection. Cracks at

approximately 45° to the beams started to develop at about 1/3 peak load.

Stiffness gradually decreased as the infill/beam connection was deteriorating. Peak

load was reached when the infill/beam connection failed and then the load dropped

rapidly. More deformation caused more contact between the infill and the columns

thus enabling the models to regain part of the strength at the expense of inducing

shear forces and bending moments in the columns. When the compressive corners

of the panels were crushed, the models collapsed with a failure mode similar to

those without connectors.

3. Models C: These models showed higher stiffness and strength. They also maintained

their strength up to very large deflections leading to tremendous energy absorption

before failure. Numerous cracks at 45° to the beams were developed continuously

from about 1/4 peak load. In general, more cracks occurred in models C than in A

or B. The stiffness dropped gradually as the compressive corners of the infilled

panels and the infill/beam connection yielded. The models finally failed in shear at

"the infill/beam connection and by crushing of the panels at the compressive

corners. Obvious yielding of the columns was observed.

Following their experimental work, Liauw and Kwan developed a plastic theory for non-
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integral and integral infilled frames [19,20]. In their work they derive equations by

which the collapse shear force can be calculated. The magnitude of this shear force

depends on the aspect ratio of the frame, and on the relative strength between the beams,

columns, and the infill wall. For the case of the non-integral frame, three modes of

failure are identified and equations are developed for each one of them:

corner crushing mode with failure in the columns(mode 1). This mode is likely to

take place when the frame is weak and the panel is strong and the columns are

weaker than the beams. Also in the case where the beams and the columns are of

equal strength and the span is greater than the height.

corner crushing mode with failure in the beams(mode 2). This mode is likely to

take place when the frame is weak and the panel is strong and the columns are

stronger than the beams, or in the case where the beams and the columns are of

equal strength and the height is greater than the span.

diagonal crushing mode(mode3). This mode is likely to take place when the infilled

panel is not strong enough to develop plastic hinges in the columns or beams.

For the case of integral infilled frames, four modes of failure are identified [20]:

corner crushing with failure in columns and infill/beam connections (mode 1),

corner crushing with failure in beams and infill/column connections (mode 2),

diagonal crushing with failure in infill/beam connections (mode3), and

diagonal crushing with failure in infill/column connections (mode4)

Similar behavior of the infilled frames was observed by Zarnic and Tomazevic [21], who

tested four types of specimens. All four specimens had reinforced concrete frames and

the first one was with no infill, the second with unreinforced infill, the third with

horizontally reinforced infill, and the fourth with horizontally reinforced infill

anchored into the frame. After performing their research they concluded that:
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1. "when masonry infilled reinforced concrete stiff frame is subjected to cyclic

lateral loading, it behaves as a unique structural system until diagonal cracks

occur in the infill. After cracking, the contribution of the infill to the lateral

resistance of the infilled frame system is not diminished. However, the frame

takes over a significant part of the lateral load, increasing the lateral resistance of

the system, until its columns fail in shear.

2. No significant effect of relatively small amount of horizontal infill reinforcement

on the lateral resistance and ductility of the infilled frame was observed. An

increase in lateral resistance only has been obtained by means of anchoring the

infill reinforcement into the frame".

Yorulmaz and Sozen [22] tested ten small scale frames, three of which were with no

infill walls. The frames were built with reinforced concrete and filled with brick

masonry. No connections were provided between the infills and the surrounding frames

and three different percentages of reinforcement were used. The sections of the beams

and columns were equal. They observed from their experiments that the frames with

infill walls had their first cracks in the wall, approximately all at the same load. After

cracking of the wall, load was transmitted to the frame and different types of mechanism

were obtained according to the strength of the frame components. In the frames with low

percentage of reinforcement, a tension failure (extension hinge) occurred in the beam,

and the compression column of the frame developed a mechanism in itself. Final failure

occurred in the extension hinge or as a "pure shear" failure in the tension column.

Frames with high percentages of reinforcement failed by "pure shear" failure of the

tension column.

Bertero and Klingner [23] also tested a series of reinforced concrete frames with

reinforced concrete block infill wall. Unlike other researchers, they took great care in

designing their test frames to provide adequate shear capacity of the columns, so as to
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avoid shear failure of the columns. They also provided connection between the infill and

the surrounding frame. From their experimental work they concluded that:

1. infilled walls increase significantly the stiffness of frames,

2. infilled walls increase the strength of frames,

3. infilled walls change the basic behavior from that of a bare frame, to that of a

braced frame,

4. concentration of inelastic deformations and consequently the formation of a

sidesway mechanism was observed in frame members bounding the panels

subjected to the greatest degradation, and finally that

5. the strength and load-deflection characteristics were asymptotically approaching

that of the corresponding bare frame.

It is apparent from the above that all the researchers come to similar conclusions. The

interface conditions as well as the relative strength between the infill and the frame are

the most important factors and control the mode of failure of the infilled frame.

Therefore on trying to model the behavior of infilled frames, these factors have to be

taken into account.

2 . 2 Modelling of infill walls in the present research

A large variety of models exist for idealizing infill walls. These vary from the simple

equivalent strut approach to very complex finite element formulations, in which the

infill wall is discretized into many elements and laws are defined for the interface

between the wall elements themselves and between the wall elements and the

surrounding frame elements. The latter models require knowledge about both the

constitutive relationships at the interface between wall elements and between the wall

and the frame. In addition, a fine discretization will allow the analysis of only

subassemblages due to the heavy computational requirements of such an idealization.
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Since the objective of this research is to study the behavior of large scale infilled frames

(macro modelling) under dynamic loading, it was decided to use the equivalent strut

approach. In the following section the theory of the equivalent strut approach is

presented.

2.2.1 Theory of the equivalent strut approach.

According to Mainstone [2], a basic factor that affects the behavior of infills is the

distribution of the reactions on the infill-frame interface. The interface distribution of

forces is in turn affected by

a. the bonding between the infill and the frame along the interface,

b. whether cracking precedes crashing of the infill, and

c. initial lack of fit.

The above three cases are illustrated in figure 2-1. Figures 2-1 a to 2-1 d show the case

when the infill fits the frame perfectly. In such a case, if there is uniform shear

transfer along the interface (figure 2-1 a), the infill will achieve its maximum possible

contribution to resisting the load. To achieve this uniform shear transfer, the infill

should be bonded to the surrounding frame. Considered as a diagonal strut, the infill may

then be said to have an effective width w' (figure 2-2). On the other extreme, if the

shear transfer takes place only at the diagonally opposite corners (figure 2-1 b), then

the infill behaves as a diagonal strut with an effective width, w'e (figure 2-2), much

smaller than in the previous case. In the case when diagonal cracking precedes crushing

of the infill, the initial behavior described above is modified. In effect, two or more

struts in place of the original one are formed (figure 2-1c and 2-1d). If on the other

hand the infill does not fit perfectly the frame, then the alignment of the effective strut

is somewhat different initially (figure 2-1 e) and there is a

2-9



(1a)
-­""':-t-----~

Ca)

(e)

......L.p-------or'
t

(eI)

el)

-t-'"- ....

t t <0

FIGURE 2·1

Behavior of Infilled Frames.
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FIGURE 2-2

Definition of Parameters for Equivalent Strut.
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tendency for the infill to slip and rotate until it bears on all frame members at the loaded

corners.

2.2.2 Assumptions for the equivalent strut method and empirical

equations for calculating equivalent strut areas.

For the equivalent strut method, as developed by Mainstone [2], the following

assumptions should ideally be satisfied:

a. the infill should not be built integrally with the frame, nor should there be bonding

between the two,

b. the infill should fit the frame perfectly,

c. there should be no openings in the infill (e.g. windows, doors, e.t.c.),and

d. all frame members and joints must have enough strength to develop the required

infill strengths without appreciable opening of the joints.

In the same reference, the length of contact between the frame and the wall was derived

using the beam on elastic foundation approach and a quantity A was defined, which is
h

given by the formula below:

E' t sin 28
4 E I h'

(2. 1 )

The definition of the parameters in the above equation is given in figure 2-3. As it can

be observed from the above equation, the length of contact between the infill and the

frame depends on the flexural rigidity of the surrounding columns, and the dimensions,

material properties and thickness of the infill.
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From his experimental work Mainstone developed empirical equations for calculating

the equivalent strut area. These equations should be used only in the case when the above

mentioned assumptions are satisfied.

The equations are for two different materials, brickwork and concrete. For each of the

materials there are two equations. Which one to use depends on the value of the product

A h.
h

If 4$; A h $; 5 then
h

for brickwork

for concrete

If A h > 5 then
h

for brickwork

for concrete

vv' -0.4
_8 = 0.175 (A

h
h)

vv'

vv' -0.4
_8 = 0.115 (A h)
vv' h

vv' -0.3
_8 = 0.16 (A

h
h)

vv'

vv' -0.3
_8 = 0.11 (A

h
h)

vv'

(2.2)

(2.3)

(2.4 )

(2.5)

After calculating W' from the appropriate equation, the area of the equivalent strut cane

be obtained by multiplying W' by the thickness of the infill, t.e
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A =w't
eq e

(2.6)

This area can be used as the area of a diagonal strut in a frame and it represents the

infill material. The variation of W' / W' as a function of A h is shown in figure 2-4.
e h
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SECTION 3

REVIEW OF THE CAPACITY SPECTRUM METHOD

3.1 Description of the capacity spectrum method

To assess the dynamic characteristics of a building, one should, ideally, perform a second

order inelastic dynamic analysis. By doing this, damage and force levels, as well as

period shifts can be obtained for a particular building and a given earthquake input. But

to perform such an analysis for a fairly large building, one has to pay a high

computational toll. An alternative has been developed by Sigmund A. Freeman [24],

called the Capacity Spectrum method. This is a method by which damage levels and

dynamic characteristics of a structure can be obtained using a static nonlinear analysis.

The capacity spectrum is a property of the structure and has nothing to do with the

input. Therefore, once the capacity spectrum of a structure is obtained, it can be

compared with various inputs without requiring any further analysis. One of the

drawbacks of the method is that it ignores cyclic effects which can cause deterioration of

the strength and stiffness of the structure. Nevertheless, it is a method by which a good

estimate of the dynamic characteristics of a structure can be obtained in a relatively

simple way.

To obtain the Capacity Spectrum, the base shear (V) and the roof displacement (dR) of a

structure are converted into spectral acceleration, and spectral displacement,

respectively. In addition, the fundamental period and mode shape of the structure are

obtained. Using the base shear and the total weight of the structure, the base shear
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coefficient CB can be calculated as

vC=­
B W

(3. 1 )

W is the total weight of the structure. Using the fundamental mode shape, the modal roof

participation factor is

and the effective modal weight is

(3.2)

C
B

S
a

(3.3)

In the above equations m is the story mass and <D is the story mode shape coefficient. Sa

and Sd are the spectral acceleration and spectral displacement respectively. From the

equations for the modal roof participation factor and the effective modal weight, the

spectral acceleration and the spectral displacement can be calculated. Then the period of

the structure is

1$T = 21t d
(8) (g)
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where g is the acceleration of gravity. The derivations for (3.2), (3.3) and (3.4) are

given in Appendix A.

After calculating T and Sa for various force levels, the Capacity Spectrum of a structure

can be plotted.

3.2 Implementation of the Capacity Spectrum Method

In the present research the above method was slightly modified. Instead of calculating

the period of the structure using (3.4), the fundamental period and the mode shape were

obtained using an eigensolver routine. Therefore there was no need to calculate the

modal roof participation factor using (3.2), which is a means for obtaining the spectral

displacement to be used in calculating the period of the structure. There are seven steps

in the analysis which are presented below:

1. The first task is to distribute the equivalent static earthquake load over the height

of the building. This is done using the SEAOC equations shown below. The base

shear, V, is given by

The concentrated force, Ft, at the top, which is in addition to Fn' is given by

F = 0.07 TV
t

(3.5)

(3.6)

where Ft~0.25V and Ft=O.O if T ~ 0.7 sec.
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In the above equations, T is the fundamental period of the structure and was

obtained here using an eigenvalue routine. The magnitude of the shear force, V, was

not important in this analysis, therefore an arbitrary value can be used.

The remaining portion of the base shear, Le. (V - Ft), is distributed over the

height of the building in accordance to the formula:

F
x =

(V - F) w h
t x x (3.7)

where

i=1

w. h.
I I

Fx force at level x of the structure

hx height of level x from the base of the structure

W x = weight of floor at level x

hi height of level i from the base of the structure

wi weight of floor at level i

2. After applying the load on the structure, a static first order inelastic (material

nonlinear) analysis using a simple step incremental solution scheme, is

performed. This is the main loop of the program. The load is increased

proportionally until the stiffness matrix of the structure changes due to either

yielding of an element of the frame, or deterioration of the wall stiffness. When a

change in the stiffness matrix is detected, an eigenvalue analysis is performed to

obtain the fundamental period, T, as well as the mode shape, {<I>}, corresponding to

this stiffness matrix. For the eigenvalue analysis, a lumped mass diagonal mass

matrix is used. The mass at each floor is calculated using the full dead design load

and 20% of the design live load.
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3. The total base shear (V) and the total drift (dR) of the roof of the structure is

recorded.

4. Using the base shear obtained in 3, the base shear coefficient, CB, is calculated

(3.1). CB is equivalent to the quantity

of the SEAOC code.

ZIG
R

w

(3.8)

5. Using the eigenvector obtained for this load step, the effective modal weight CB/Sa

is calculated (3.3)

6. Using the ratio CB/Sa and CB, the spectral acceleration, Sa' corresponding to the

response level (capacity) of the structure can be calculated.

7. The load is then incremented until a change in the stiffness is detected. Steps 2-6

are repeated until the stiffness of the structure deteriorates significantly, in

which case the analysis is stopped.

After the analysis is stopped, the information shown in table 3-1 is assembled for each

case that a change in the stiffness of the structure is detected, and the capacity spectrum

of the structure can be constructed, as shown in figure 3-1, by plotting Sa Vs T. At first

the period of the structure is constant because the structure is elastic, but as the

structure becomes inelastic its period increases due to the fact that its stiffness

decreases. Each point on the capacity spectrum curve represents a certain damage level.

The most important piece of information that results from a Capacity Spectrum analysis

is the expected damage level of the structure under a given earthquake. To obtain this

information, the "inelastic" period of the structure has to first be obtained. The

procedure for obtaining the expected "inelastic" period and the expected damage level are

described below.
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ftltltlt P'R6-wALL ftftltlt

HING£ SHEAR dR CB CB/Sa Sa or

1 8.9008£+01 3.6207£+00 5.9369£-02 7.8513£-01 7.5617£-02 1.7935£+00
2 9.4829£+01 3.8769£+00 6.3252£-02 7. 9804E-D1 7.9259£-02 1.9194£+00
3 9.7747£+01 4.0444£+00 6.5198£-02 8.1841£-01 7.9664£-02 2.3436£+00
4 9.8920£+01 4.1321£+00 6. 5980E-D2 8.2132£-01 8.0335£-02 2.4871£+00
5 1.1124£+02 5.0799£+00 7.4195£-02 8.2101£-01 9.0371£-02 2.5051£+00
6 1.3516£+02 6.9255£+00 9.0156£-02 8.2098E-D1 1.0981£-01 2.5081£+00
7 1.3776£+02 7.1269£+00 9.1887£-02 8.2000£-01 1.1206£-01 2.5147£+00
8 1.4128£+02 7.4061£+00 9.4234£-02 8.2059B-01 1.1484Z-01 2.5442£+00
9 1.4222£+02 7.4834£+00 9.48608-02 8.23148-01 1.1524Z-01 2.5965£+00

10 1.4280E+02 7. 5321E+00 9.5251B-02 8.2340B-01 1.1568Z-01 2.6088E+OO
11 1.4632£+02 7.82508+00 9.7598£-02 8.2340Z-01 1.1853Z-01 2.6104£+00
12 1.4691£+02 7.8758£+00 9.7989£-02 8.2146£-01 1.1929£-01 2.6587£+00
13 1.4732£+02 7.9128£+00 9.8263£-02 8.20038-01 1.19838-01 2.7097£+00
14 1.48498+02 8.01958+00 9.9046£-02 8.2062£-01 1.20708-01 2.7232£+00
16 1.4967£+02 8.1311£+00 9.9828£-02 8.1980£-01 1.21771:-01 2.7845£+00
17 1.5007£+02 8.1743Z+00 1.0010£-01 8.14868-01 1.2284£-01 2.9276£+00
18 1.5183£+02 8.3742£+00 1.0127£-01 8.1234Z-01 1.2467Z-01 3.0052£+00
19 1.5234£+02 8.4323E+OO 1.0161B-01 8.1200B-01 1.25148-01 3.00938+00
20 1.5328£+02 8.54398+00 1.0224£-01 8.12118-01 1.2589B-01 3.0771£+00
22 1.5442£+02 8.6862£+00 1.0300B-01 8.1460£-01 1.2644£-01 3.1579£+00
23 1.5473£+02 8.7265£+00 1.0321£-01 8.15428-01 1.2657£-01 3.2302£+00
23 1. 5582E+02 8.8727£+00 1.0393£-01 8.1439£-01 1.2762£-01 3.2722£+00
24 1.5640E+02 8.9536£+00 1.0432£-01 8.1375£-01 1.2820£-01 3.30858+00
25 1.5699£+02 9.0370£+00 1.0471£-01 8.12698-01 1.2885E-01 3.3523E+00
27 1.5753E+02 9.1161B+OO 1.0507£-01 8.1542£-01 1. 2886B-01 3.4003£+00
28 1.5812£+02 9.2061£+00 1.0547E-01 8. 1406B-01 1.2956£-01 3.4829£+00
29 1.5979£+02 9.4675£+00 1.0658£-01 8.1397B-01 1.3094£-01 3.5127£+00
30 1.6116£+02 9.6876£+00 1.0750£-01 8.1477E-D1 1.3194£-01 3.5670£+00
31 1.6218£+02 9.8546£+00 1.0818£-01 8.1593£-01 1.3258£-01 3.6051£+00
33 1.6277£+02 9.95841:+00 1.0857£-01 8.13911:-01 1. 3339B-01 3;7306E+00
34 1. 6394E+02 1.0168£+01 1.0935£-01 8.1401£-01 1.3434£-01 3.7504£+00
35 1. 6531E+02 1.0415£+01 1.1026£-01 8.1425£-01 1.3541£-01 3.7721E+OO
36 1.6641E+02 1.0619£+01 1.1099£-01 8.1521E-01 1.3615£-01 3.8255£+00
38 1. 6934E+02 1.1175£+01 1.1295£-01 8.1494£-01 1.3860£-01 3.8655£+00
39 1.7202E+02 1.1737E+01 1.1474£-01 8.1727B-01 1.4039£-01 4.0894£+00
40 1.7421E+02 1.2216£+01 1.1620£-01 8.1662B-01 1. 4229E-01 4.1565E+00

TABLE 3-1

Typical Output from the Capacity Spectrum Analysis.
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FIGURE 3-1

Capacity Spectrum.
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Having obtained the capacity spectrum of a structure, design spectra can be

superimposed on the same graph, which represent the demand for a particular

earthquake and for a given value of damping. The intersection of the demand (design

spectrum) and the capacity (capacity spectrum) gives a rough estimate of the "inelastic"

period of the structure under that particular input (figure 3-2). Since damping

increases with cumulative damage, one may use an elastic damping of 2% and an inelastic

damping of 5% for obtaining the design spectra. In this wayan upper and lower bound

response spectra are obtained. These spectra are again superimposed on the capacity

curve as before (figure 3-3). Since there are two spectra, a range of periods for the

structure is obtained. An approximate way for obtaining the "inelastic" period of the

structure in this case is as follows: extend the elastic part (vertical straight line) of

the capacity spectrum until it intersects the 2% damping design spectrum (point 1).

Then find the intersection of the inelastic part of the capacity spectrum with the 2%

damping design spectrum. From that intersection draw a vertical line until the 5%

damping design spectrum is intersected (point 2). Assuming that the effective damping

varies linearly between the elastic and inelastic conditions (i.e 2% and 5% design

spectra), connect points 1 and 2 with a straight line to obtain the transition from 2% to

5% damping. The point where this line intersects the capacity spectrum is the expected

"inelastic" period of the structure. To this inelastic period corresponds an acceleration

(Sa)inel' From the information obtained in the analysis, a plot of Sa as a function of the

shear force, V, can be obtained as shown in figure 3-4. In addition, the shear force, V,

can be plotted as a function of the roof displacement, dR (figure 3-5). From figure 3-4,

the shear, Vinel , that corresponds to (Sa)inel can be obtained. Then using this value of

the shear, the expected top story drift, (dR)inel' as well as the expected number of

hinges, which gives an indication of the level of damage that the structure is expected to

suffer under a particular earthquake, are obtained from figure 3-5.
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SECTION 4

DESCRIPTION OF THE PROGRAM "STAND"

The method for idealizing infill walls using the equivalent strut approach, described in

section 2, and the capacity spectrum method, described in section 3, were implemented

in a computer program. Another program was also used as a preprocessor; the two

programs are

1. The PREprocessor for Frames (PREPF), and

2. The STatic ANalysis and Design program (STAND).

Both programs are available in the Computer Aided Design Instructional Facility

(CADIF) of Cornell University. These programs have been developed by a series of

graduate students in a period of about ten years. In this section a brief description of

STAND is presented. This includes a description of the main parts of STAND and some

details about the material nonlinear model used to idealize steel members as well as the

method for tracing post peak strength behavior. Finally, the changes made for modelling

the infill walls will be described.

4.1 Brief description of STAND

STAND is an interactive graphics computer program for analyzing and designing steel

frames. There are three main parts in this program:
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1. Analysis

Four types of analysis can be performed:

a. Linear elastic or first order elastic,

b. Material nonlinear or first order inelastic,

c. Geometrically nonlinear or second order elastic, and

d. Full nonlinear or second order inelastic.

The above types of analysis can be used with anyone of the following solution

methods:

a. Simple step incremental

b. Predictor- corrector

c. Newton-Raphson iteration

2. Strength design. A structure can be analyzed and designed according to the new

LRFD specification for steel structures. The program evaluates the LRFD design

equations, and in the event that any of the design equations is violated or any of the

members are overdesigned, it makes suggestions as to what other members can be

used. After a few iterations a set of members can be obtained which satisfy the

LRFD requirements.

3. Stiffness design. In this part of the program the structure is designed to meet

stiffness requirements, for example top story lateral drift limitation. An

optimization algorithm is available to find the lightest structure that will satisfy

lateral drift requirements.

The material nonlinear and the simple step incremental methods were employed in

implementing the equivalent strut method. For the sake of completeness, a brief

description of the material nonlinear model will be presented in the next subsection.
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4.1 .1 Material nonlinear model

The Porter and Powell model [25] is implemented in this program. The assumptions for

the model are the following:

1. Linear elastic perfectly plastic material

2 Concentrated plasticity at the member ends

3. 3-D yield surface

4. Small plastic and elastic deformations.

Joint displacements may be large.

5. Drucker's normality criterion which states that the increment in member end

forces is orthogonal to the increment in plastic deformations, from which the

incremental plastic deformations can be expressed as

where

{dr } = {<I>k } A
kP ,5

(4. 1 )

k = member end (i or j)

{drp} = incremental plastic deformations

<I> = equation of the yield surface

{<I> k,s} = vector of partial derivatives of <I>k with respect to the forces, i.e GRADIENT

VECTOR

Ak = proportionality factor, termed the plastic deformation magnitude

> a loading

< a unloading
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After some manipulations of equation (4.1), the tangent stiffness matrix for an

elastic-perfectly plastic element becomes [25]

(4.2)

where

[Ke ] elastic stiffness matrix

[<1> ]= matrix containing the partial derivatives of the yield surface equation with
,5

respect to the forces. In the case that none of the member ends have yielded,

this matrix is equal to zero and the tangent stiffness matrix is equal to the

elastic stiffness matrix.

Therefore at each load step, A
k

and [<1> ] are calculated and the tangent stiffness matrix
,5

is updated.

4.1 .2. Method for tracing post peak strength behavior.

The stiffness coefficients of the geometric stiffness matrix used in STAND are a function

of the axial load in a member. When a member is subjected to compressive forces, the

coefficients become negative, and negative stiffness is being added to the global stiffness

matrix. If these forces are large enough, the stiffness matrix may become singular or

indefinite. A structure is characterized as unstable if a negative or zero term is present

on the diagonal of the decomposed matrix.

In STAND [26], the diagonal terms of the decomposed matrix are checked at each load

step. If a zero diagonal element is detected, the analysis is terminated with the message

that collapse load has been reached. If, on the other hand, one or more negative diagonal
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elements are detected, the structure is said to be in the post peak strength region. A

method for tracing the post peak strength behavior of structures was proposed by Porter

and Powell [25]. Referring to figure 4-1, suppose that the analysis has proceeded to

point A and a negative term has been detected on the diagonal of the decomposed stiffness

matrix. The equations are solved without making any changes. This will bring the

solution to point B. If the sign of the calculated displacements is reversed and the

increment is changed to a decrement, the solution will correctly move to point C.

Following this method the post peak strength behavior of the structure can be traced.

In modelling infills, strength deterioration is taken into account which has the same

effects as the geometric stiffness matrix (Le. adds negative stiffness). Therefore the

method described above is used to trace the behavior of the structure when a wall is in

the region that its strength deteriorates.

A more detailed description of STAND can be obtained in [26] and [27].

4.2. Additions in STAND.

The major change that had to be made was to introduce a load-displacement curve that

represented the behavior of the infilled wall. In the literature there are many such

curves. Because of the large variety of materials that can be used as infills and the high

variability in their properties, there are no results that can be considered as standard.

Most of the experimental results, though, show the same trend. There is a more or less

linear elastic part, and after a peak force is reached, deterioration of the strength of the

material takes place (figure 4-2). Therefore, one way of representing these

load-displacement curves is by choosing appropriate mathematical expressions that

follow that behavior. Bertero and Klingner [23] suggested that the behavior of an infill
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can be represented by a combination of a straight line, for the linear elastic part, and a

decaying exponential for the reduction in strength with increase in displacement

(figure 4-3). The equation for the linear elastic part is

where

F = axial force in the strut

EAF=-u
L

(4.3)

E = Young's modulus of the wall

A = Equivalent area for the strut as calculated using the equations described before.

L = Length of the strut

u = axial deformation of the strut.

The equation for the strength degradation part is

-u
F = f A e

c

where the symbols are as described before.

(4.4 )

The next change was to introduce an element stiffness matrix that would represent the

strut. The element stiffness matrix used is that of an axial member

(4.5)
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Let ucr be the displacement at which the wall cracks.

If u < ucr then k = EAlL.

If u ~ ucr then k = -fc A e-u.

The change in stiffness is displacement controlled. After ucr is reached, the stiffness and

strength of the infilled wall starts degrading. As it was explained before, the addition of

negative stiffness causes negative diagonal terms to appear on the diagonal of the

decomposed matrix. This situation is treated in the same way as the post peak strength

behavior of a frame. The details of this method were described in a previous section and

will not be repeated here.

To avoid having an infilled wall fail within a load step, a check is made to find the load

increment required for the wall just to reach ucr ' Similar checks already exist in

STAND to avoid other undesirable situations (e.g. hinge formation within a load step).

All the reduced load steps are compared and the smallest one is selected and used to

decrease the already calculated forces and displacements.
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SECTION 5

RESULTS OF ANALYSIS

The results are presented in two parts. In the first part the equivalent strut method for

idealizing infifl walls is evaluated, and in the second the results of the frame-wall

system analyses that were performed using the Capacity Spectrum method are presented.

5 . 1 Evaluation of the Equivalent Strut Model.

The major difficulty was to find experimental results that provided complete data of all

the structural members of the structures tested, so as to be able to input them in the

computer and compare the experimental results with the ones obtained by the model

under consideration. Another difficulty was that most of the experimental data referred

to reinforced concrete frames, which could not be modelled by the steel material

nonlinear model in STAND.

As noted by Klingner [28], the behavior of elements whose basic models of structural

resistance are well known and which can be designed to respond in a stable manner, can

be successfully idealized using macroscopic model; one such macroscopic model is the

equivalent strut approach. A macroscopic model is expected to be capable of predicting

the essential aspects of experimentally observed behavior, unlike the microscopic

models (e.g. sophisticated 2-D or 3-D finite element analyses) which are required to

duplicate actual behavior. In view of the above, it was decided to obtain from the

literature the expected behavior of infilled frames and compare it to the behavior
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obtained from the model implemented in STAND.

Bertero and Klingner [23], based on experimental observations, summarize the

expected behavior of infilled frames, as it was described in Section 2.1. Those

behavioral characteristics of infilled frames were used to test the model implemented in

STAND. The results of the analysis for the buildings described in Section 1.3 are

presented in the following sections.

5.1 .1 Two-story structure loaded laterally.

The load-displacement curve obtained for this structure is shown in figure 5-1. As it

can be observed, the infill increased considerably the strength and stiffness of the bare

frame, as expected. Since the frame was flexible, the behavior of the infill wall

dominated the response and the shape of the load-displacement curve. The strength

degradation of the structure was traced successfully, and finally the load-displacement

characteristics of the bare frame was approached asymptotically. Whether the bare

frame behavior will be approached or not, depends on the load step used. As shown in

figure 5-2, if for the same structure a larger load step is used, the response of the

infilled frame during the deterioration of the wall goes below the elastoplastic response

of the frame acting alone. This is one of the shortcomings of the simple step incremental

method and the load step should be selected appropriately so as to avoid excessive drift

from the actual response.

The deflected shapes of the infilled frame and the bare frame are shown in figures 5-3

and 5-4 respectively. The deflected shape of the infilled frame is similar to that of a

braced frame as it is expected from experimental observations. The wall in the first

story is in the strength deterioration part of the load-displacement curve while the wall

in the second story is still elastic. Hinges have formed in the columns bounding the wall,

confirming the experimental observation that the location of the panels, the strength of
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which has degraded, determines the position of plastic deformations and member

failures. Most of the deformations are taking place in the lower story while the top

story remains practically rectangular. Comparing this behavior to that of the bare

frame, it is observed that both the location of the hinges and the deflected shape are

different. It should be noted that the deformations are shown to an exaggerated scale.

The axial forces, shear forces, and bending moments in the members of the structure

corresponding to the deflected shape in figure 5-3 are shown in figures 5-5, 5-6, and

5-7 respectively. In figure 5-5 it can be observed that the force in the lower diagonal

is small because the wall has already cracked. There is no compression force in the

leeward column o,f the upper level because all of the compression is being transferred

through the diagonal strut to the leeward column of the lower level. Both the windward

and leeward columns of the lower level experience high axial forces because of the

overturning moment due to the lateral load. In figure 5-6 the shear forces in the

columns of the upper level are small because of the presence of the infilled wall. In the

lower level, since the strength of the wall has already deteriorated, the shear in the

columns is high. The moments in the members of the upper level are small, while the

ones in the lower level, where the wall has deteriorated, have reached the plastic

moments in the columns (figure 5-7).

Thus all experimental observations are well approximated by the results obtained by the

equivalent strut method. All five points observed by Bertero and Klingner have been

obtained and in addition the force distribution in the members seems to be reasonable.

5.1 .2 One-story structure loaded laterally.

The only difference in the behavior of this structure compared to the previously

described one, is that now, since the frame is stiffer, its overall behavior dominates the
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FIGURE 5-5

Axial Forces in the Members of the Two-Story Infilled Frame.
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FIGURE 5-6

Shear Forces in the Members of the Two-Story Infilled Frame.
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FIGURE 5-7

Bending Moments in the Members of the Two-Story Infilled Frame.
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response of the infilled frame (figure 5-8). In the same figure several curves appear

which correspond to walls with different thicknesses. Curve 5 is the one for the bare

frame. Instead of getting the shape of the load-displacement curve of the infilled wall as

before, a shape which is closer to the one for the bare frame is obtained. The changes in

the slope of the curve correspond to formation of hinges and occur at the same

displacements as for the bare frame.

5.2 Results from capacity spectrum analysis.

Three steel structures were analyzed, each with and without concrete infill walls. The

description of these structures and of the inputs used, is given in sections 1.3 and 1.4

respectively.

5. 2 . 1 Frame 1

This is a 10-story 3-bay steel frame. The deflected shape of the structure, with and

without walls, corresponding to the formation of a mechanism, is shown in figure 5-9.

The small triangles show the positions of the hinges formed in the steel members. The

capacity and design spectra (NBKO.l) for Frame 1 are shown in figure 5-10. The

elastic period of the structure without walls is 3.04 sec while the one for the structure

with walls is 1.43 sec. The infilled structure (both the wall and the frame) has the

capacity to remain elastic for larger accelerations; 0.04g for the bare frame and 0.11 g

for the structure with infill walls. The period of the bare frame shifts from 3.04 sec to

about 6 sec near collapse. The period of the infilled frame shifts from 1.43 sec to 2.3

sec. In both cases the period of the structure almost doubled as the structure was

undergoing collapse.

Using the method described in section 3.2, it was found that for the bare frame the
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period at the intersection of the capacity spectrum with the transition curve from the

2% to the 5% damping, was Tinel=4.17 sec and the corresponding acceleration,

(Sa)inel=O.048g, while for the infilled frame Tinel=1.6 sec and (Sa)inel= 0.12g. These

results show that the infill caused a decrease of the inelastic period of the structure and

at the same time the level of forces on the structure increased. Using these values in the

corresponding graphs in figure 5-11, the expected shear force, Vinel , is obtained as 41

kips for the bare frame and 98 kips for the infilled frame. Finally from figure 5-12,

using the expected shear forces, it is determined that if the bare frame is subjected to

NBKO.1, it will suffer substantial damage, about 14 hinges will form, and the roof­

displacement is expected to be about 6.7 inches. On the other hand the infilled frame

will suffer only minor damage, about two hinges will form, and the expected roof

displacement will be 3.7 inches. Therefore, although the infill increased the level of

forces on the structure, the damage of the structure for this particular earthquake will

be smaller for the infilled frame than for the bare frame.

Both structures were also subjected to the NBKO.2 input. No further analysis was

required except to obtain the NBKO.2 spectrum for two damping ratios and superimpose

them on the capacity spectra obtained for Frame 1, with and without walls

(figure 5-13). In this case, both the infilled and bare frames do not intersect the 2%

damping ratio curve. This means that these structures do not have the capacity to

withstand this level of forces and will fail.

5.2.2 Frame 4

Frame 4 is a 30-story 2-bay steel structure. This structure was analyzed only without

infill walls and for the NBKO.1 input. The deflected shape of this structure is shown in

figure 5-14. It can be observed that the first story of this structure is a "soft" one and

takes all the deformation. The rest of the structure moves nearly as a rigid body.
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Plots of Acceleration versus Shear for Frame 1.
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Figure 5-15, shows the capacity spectrum superimposed on the NBKO.1 input. The

elastic period for this structure is 6.6 sec. and it shifts to 12 sec at the formation of a

mechanism. The inelastic period is 6.8 sec and the expected inelastic acceleration is

0.018 sec. Using these values and figures 5-16 and 5-17, it was determined that the

expected inelastic base shear is 68 kips and the expected drift 12 inches. For this

earthquake the structure would not suffer considerable damage since only three hinges

are expected to form. The reason for this is that the structure is very flexible and the

level of forces created during this level of earthquake is very small.

5.2.3 Frame 6

Frame 6 is a 10-story 5-bay structure. The deflected shape of the structure with and

without walls is shown in figure 5-18. As in the case of Frame 4, the lower stories

suffer most of the damage in the case of the frame without walls, while the top stories

suffer no damage. The capacity spectrum superimposed on the NBKO.1 input is shown in

figure 5-19. The elastic period of the structure without walls is 3.3 sec while the one

with walls it is 1.79 sec. The period shifts to 13.5 sec for the structure without walls

and to 4.16 sec for the structure with walls. This shows that the frame wiihout walls is

very flexible. :The addition of walls makes the structure stiffer and the period is

considerably reduced. The inelastic period of the structure without walls, for this

demand spectrum, is 4.3 sec and of the one with walls 2.35 sec. This corresponds to an

inelastic acceleration of 0.045 and 0.08 for the structure without and with walls

respectively. Using these values and figures 5-20 and 5-21, it was found that the base;:

shear for the structure without wails is 57.2 kips and the top story drift 7.2 inches,

while for the one with walls 97.5 kips and 4 inches. In the case of the frame without

walls, 11 hinges form while in the case of the one with walls three hinges form.



NBKO.t; 2%1 &5% DAMPING

0.06~--------------'-----------.,

zo
~
a:
w
..I
W
(J
(J
4(

0.05

0.04

0.03

0.02

0.01

2% damping

5% damping

FR4 w/o walls

121 1109876543

0.00 +---...---,r--"'T'"""'~--r-~-'---'--~""--r'-r-....--,-......,r--'---T""--,-~-t

2

PERIOD (sec)

FIGURE 5-15

Capacity Spectrum for Frame 4 Without Walls with the NBKO.1 Input

Spectrum.

5-21



LEHIGH FR4; WITHOUT WALLS

0.0200 ..,.....-----------------------,

0.0195

0.0190

0.0185

0.0180

0.0175

79777573716967

0.0170 .....................,....,....,...,....-........,....,....,...,....-.........,....,....,...,.......,...,..~...,...,r_r_,.....,..............,...,~
65

SHEAR (kips)

FIGURE 5-16

Plot of Acceleration versus Shear for Frame 4.

5-22



LEHIGH FR4; WITHOUT WALLS

80 ~---------------------..,

70

60

50

-l/I
Co
:i1

40-ex:
<w
::E:
(J)

30

20

10

3 hinges

16 18 2010 12 148642

o ~'~~r--....-~~..,.._-..--r"""-'--+-""'-"""""",.............,.--r.....,--1
o

dR (Inches)

FIGURE 5-17

Plot of Shear versus Roof Displacement for Frame 4.

5-23



WJIIQI. r!tAll&. i Ot5IQI rv

".Anll:.c. ~t.::1EUlI'::tI :.toT

:.~ S':'tJI 2t

~1l:~ S-:'tP 11U C.:SO ~lO. no 0.0)0

':O':'~:..:AD ."....tu S.S4'

AlllUSIS

AlW.U%

GJ rJillOIlGll sm >llUD

I I

~-- --:-~-~---t--'t---if---I

~ - - - -If---l-j~.....t---I+--~--I
I- - - - ~---"1f--lf--4---4--I, ,
~ - - - -If--+--'t-......f--4--~
I- -- - -t---+--+---;"--I---4
1 7
1----+--+--+-~--i~--I

~ - - -f-J_",,'..." _,",~J_~111

_-;/1-'-04'
~ __ -j/....'_-.;/I-"'""'"'-fI.'_~J,..'_-;JI-<''""'"'-l.1
~_L_' /. /1 /' /' /

-y Y V y Y

a. Frame 6 without walls

s::m:tss :?nr.:~

OUGlWlS OISPI.Car

PLOT MOlIIlm

< ROT"'X >

< PAlt > « ROT-" >

« JItOT-Z )0

HE'" I WOIt I nlU.

?!:St':' I SH.Af t ~~IN

:.£JUGa I'lUoICt WI':X WAu.a s·~....

:V .-:talA;,. lICan.U'&AIU::U :aLI

~STI:P ".
~r.u..-:u .:11. 3.Zot ........... 0.116

~~~ •.......ua u .•u

---- -- ... ,.~1lS":' H,u-::e .01 I-= '.S"
ANA:.1~:S

AlIAt~I%

;':.:.1.. PAIl. ?Z-,;"Z:.z:,

:N !UC~;G4 s=~1
"4l'"---

I -r?'. BACIStllIS• I, 1 ~ , I, I ~
j

+---
I , , ~

~

~"" , • , BAte! lI.tCCVD.

+-- -- J'.... SlfITCI
I I , . ~

~ I •+-- -- ~, I I s::rm.ss PIlI:mtn. / , , •
. , •+- I ~.~, I I ow;uaa OISPtcaT

1 I I I I I

fo-
J ·L~J I I PLOt llCllI!1llI

I / I • I

+; I IJ -i'1~ I · 1 ' I A « IU)T-J: >

;/ .J -r-'T-~II •r I I < ... > < IilOT-l' >

~r .f --
~;I !I . < ROT-I>

'.1
llEUltOClIlrnu.1 1

-
~ 1 1 !\I!:StT I $r-lAP , AAtlt
'..~;.",-,

b. Frame 6 with l,valls

FIGURE 5a 18

Deflected Shapes of Frame 6 With and Without Walls.

5-24



NBKO.1; 2% & 5% DA~F
.._-------,

0.30-----------------

0.25

z:a
~
c:
W
....I
W
oo
c(

0.20

0.15

0.10

0.05

2% damping

5% damping

FR6 w/walls

1098
5432

0.00 4--.----,r---r-.&...,----,r--~..L.,___.-..,.............___r­

o

PERIOD (sec' \

FIGURE 5-19

Capacity Spectra for Frame 6 with and without Wi

Design Spectrum.

<1M NBKO.1

5-25



LEHIGH FR6; WITH WALLS

0.16 "T"'""------------------,

0.14

0.12

0.10

0.08

0.06 4-.......,.............,.......,....~ .......r_.....,.__._"""T'""_._'T'""'"'lr"'""""T.....,.."""T'""......-i

80 90 100 110 120 130 140 150 160 170 180

SHEAR (kIps)

LEHIGH FR6; WITHOUT WALLS

0.048 ...,.----------------,

0.047

c7J 0.046

0.045

646254 5 6 58 60

SHEAR (kips)

FIGURE 5-20

Plot of Acceleration versus Shear for Frame 6.

0.044 +-"""T'""~-.,__r___._:::...,-.,__r___.___r-_r__-f

52

5-26



200

180

160

140

g;- 120
c.

:l:ii:- 1000:
c(
w

80:J:
(/)

60

40

20

0

0

LEHIGH FR6; WITH WALLS

3 hinges

2 3 4 5 6 7 8 9 10 1112 1314 15

Roof displacement (Inches)

LEHIGH FR6; WITHOUT WALLS

80

70

60

g;- 50
a.
~- 400:
c(
W
:J: 30(/)

20

10

0

0 2 3 4 5 6 7 8 9 10 11 12

Roof displacement (Inches)

FIGURE 5·21

Plot of Shear versus Roof Displacement for Frame 6.

5-27



Frame 6 was also subjected to the NBKO.2 input (figure 5-22). Similar conclusions to

the ones above can be drawn. In this case the structure is capable of withstanding this

level of earthquake, but with a higher level of damage.

The results for the analyses for the NBKO.1 input are summarized in table 5-1.
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SECTION 6

SUMMARY AND CONCLUSIONS

A preliminary study of the effects of infill walls on the nonlinear dynamic

characteristics of infilled frames is reported. A model was implemented for idealizing

infilled walls using the equivalent strut method. Two programs were used and modified:

the preprocessor for frames (PREPF) and the static analysis and design program

(STAND). The load-displacement curve, used to model the behavior of infilled frames

under monotonic loading, consisted of a linear elastic part (straight line), and a strength

degrading part (decaying exponential). The Capacity Spectrum method was used to

estimate the response of structures for earthquakes using first order inelastic (material

nonlinear) static analyses.

From the results it can be concluded that the equivalent strut method, as implemented

here, is able to predict the overall behavior of infilled frames. All of the characteristics

of infilled frames observed during experiments can be obtained using the model in

STAND. Therefore, the equivalent strut method can provide a good estimate of the

behavior of an infilled frame provided that the assumptions on which the method is based

are satisfied. The most restrictive of the assumptions is that no openings are allowed in

the infills. Since, in most of the cases, infill frames are used as partitions, they have

openings such as doors and/or windows. In situations where openings are present, the

equivalent strut approach will overestimate both the strength and stiffness of the infill

wall and consequently that of the infilled frame. A simple way around this would be to

decrease the calculated equivalent strut area by an amount equal to the percentage of the
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area of the openings with respect to the total infill area. This, of course, would be a

gross approximation since the failure modes of a panel with openings, are different from

those of a panel without openings.

In all the analyses that were performed the structures have shown a shift of their period

as the load was increased proportionally. The infills decreased the periods of the

structures, but at the same time increased the level of forces that the structure had to

carry. Despite this, the damage of the infilled structures analyzed was less than the one

of the bare frames. For frame 1, although the infills have increased the base shear from
I

41 kips to 98 kips, the damage to the structure was significantly less; in the bare frame

14 hinges formed while in the infilled frame only two. Similar results were obtained

for Frame 6.

Another effect of the infills was that they decreased the roof drift. This was due to the

fact that infilled frames are stiffer than bare frames. In all the cases examined, the roof

displacements were large. This was due to the high flexibility of the Lehigh frames,

which have a soft first story. Most of the roof displacement was due to the displacement

which was taking place at the first story.

The Capacity spectrum method gives to the designer an idea of how the structure will

behave under a particular earthquake, without having to perform a dynamic analysis.

What is attractive about this method is that once the capacity spectrum is constructed,

any number of earthquake or design spectra can be superimposed, and, without any

further calculations, the behavior of the - structure can be examined for various

earthquakes and damping values.

To improve the modelling of infill walls, load-displacement curves should be provided

for the infill, with a smoother transition from the linear elastic part to the degrading

strength one. As it can be observed from the results presented, the transition is rather
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abrupt and a cusp is formed on the load-displacement curve of an infilled frame when an

infill wall fails and the strength starts degrading. This is not in agreement with

experimental results which show a much smoother and rounded transition. A way of

implementing this would be to provide three curves to idealize the load-displacement

behavior of an infill: the two presented here plus a third one which would idealize the

transition region.

A check should be provided to avoid excessive numerical drift from the

load-displacement curve of the infilled wall. Since the simple step incremental solution

method was used, it is possible, if too large a step is used, to drift excessively from the

assumed load- displacement curve and in this way cause a large force imbalance. This

can be avoided by providing a band around the load-displacement curve; if the solution is

outside this band, the load step should be decreased, so as to avoid excessive drift.

Another way to avoid excessive numerical drift is the use of another solution scheme. In

STAND there already exist two more solution methods: the predictor corrector method

and the Newton-Raphson iteration. Either of the schemes will follow the

load-displacement curve of the infill closer than the simple step incremental solution.

The Newton-Raphson iteration should practically eliminate this problem since it

iterates until the unbalanced force vector disappears.

Finally, additional experimental results for steel infilled frames should be obtained to

confirm the models used in the idealization. Most of the results available in the

literature are for reinforced concrete frames. The material models in STAND are for

steel and therefore the experimental results for concrete frames could not be used for

analysis and comparison.
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APPENDIX A

DERIVATION OF EQUATIONS OF CAPACITY SPECTRUM METHOD

In this appendix the derivations for equations (3.2), (3.3) and (3.4) are presented.

1. Derivation of equation (3.2).

The equation for the modal roof participation factor is

L m <1>2

The generalized displacement can be expressed as

r reS)
q =- (S ) = a = r (S )

mu 00 v 002 d

where

q = generalized displacement
max

r = participation factor

Sa = spectral acceleration

Sv = spectral velocity

Sd = spectral displacement
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(0 = angular frequency

From the above we get that

r = q / Sd
max

The participation factor and the roof displacement, dR. are

q <P =d
max R R

from which

Multiplying both sides by <PR' the element of the eigenvector corresponding to the

roof of the structure, the equation for the modal roof participation factor

is

==>

2. Derivation of equation (3.3).

The equation for the modal effective weight is
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The force at each level of the structure is given by

{p}

where r is the participation factor, as defined on the previous page.

Assuming a diagonal mass matrix and using the above equations, the base shear, V, is

then given by

The base shear is also defined as,

Equating the two equations we get,

CB =
S

a

where Sa is given as a fraction of the acceleration of gravity, g.
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3. Derivation of equation (3.4)

The equation for the period of the structure is

which follows from the following relationships

and

A-4
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