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ABSTRACT

REINFORCED CONCRETE STRUCTURAL WALLS
WITH STAGGERED OPENING CONFIGURATIONS
UNDER REVERSED CYCLIC LOADING

Results of an experimental study on the behavior of reinforced concrete structural
walls with staggered door openings under reversed cyclic loadings are presented. The
program was part of a larger project involving a detailed study of a few selected Chilean
buildings that experienced the earthquake of March 3, 1985, and was inspired by the
remarkably good performance of the wall-dominated reinforced concrete buildings in that
region. The following two characteristics were found typical of Chilean buildings: (i) a
generous use of structural walls in all buildings, and (ii) a staggered door opening
configuration.

To study the effect of staggered openings on wall behavior, four scaled reinforced
concrete wall specimens were constructed and tested under this program. The lightly
reinforced specimens, which were constructed on about one-fifth scale, were five stories
high and barbell shaped in cross-section. Reinforcement ratios were in the range of light
to moderate. While specimen W-1 had no openings, specimens W-2, W-3, and W-4 had
a horizontal stagger between door openings of approximately 30, 15, and 10 percent of the
total wall length, respectively. Wall specimens were tested in a vertical position under a

constant axial stress. Reversed cyclic loads were applied at the top.



In general, all the test specimens exhibited ductile behavior. Ehergy was mainly
dissipated through flexural action. There was significant flexural yielding and the
development of an intersecting pattern of flexural-shear cracks at drift ratios of 1.0
percent, but no sign of impending failure. At an average drift ratio of 1.5 percent, the
three specimens with door openings failed by shear-compression in the compressed
portion of the wall outside the opening in the first story level.

In the analytical part of this study the force-displacement response envelope curve
for the wall specimens was predicted using three techniques, namely, (i) basic principles
of mechanics, (ii) equivalent column analogy, and (iii) finite element method. Predicted
response was generally good and within acceptable limits.

Results of dynamic analysis of the 23-story Almendral Building subjected to three
different ground motion histories are presented. The equivalent column analogy was used
to model the structural walls of the building. An almost elastic response to the earthquake
motion, which was recorded in the close vicinity of the building, compared favorably with

the reported light damage to the building during the earthquake.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Reinforced concrete structural walls are frequently used as major lateral load
carrying elements in modern day medium to high-rise buildings. Also referred to as shear
walls, they are normally designed to resist a major portion of lateral loading due to wind or
| earthquake. Because of their stiffness, they are used to keep lateral drift within reasonable
limits so as to avoid damage to non-structural components during more frequent ground
shaking of less intensity. For severe earthquakes, however, it is generally not practical to
design structural walls to remain elastic. - Therefore, structural walls must be designed to
sustain inelastic excursions without significant loss of strength and be able to absorb and
dissipate energy. Current research trends in this area, which are almost entirely focussed
on the inelastic behavior of structural walls, have shown that their performance when
subjected to earthquake loading is dependent upon their stiffness, strength and
deformation capacity. The view, which has long been held, that walls are inherently brittle
components is gradually being reversed due to the continued publication of reports on the
good performance of well-detailed walls subjected to earthquake loadings. From the pace
of the current research on structural walls, it can be anticipated that the day when building
codes stop penalizing the wall structures by specifying significantly increased design

forces is not far away.



The location of structural walls in a building plan is generally dictated by functional
requirements. When designing for wind loading, the location of the walls within the
building plan does not play an important role in determining the building response to wind
loads, and almost any kind of wall arrangement can be accommodated without changing
the response significantly. In the case of seismic loading, however, wall locations are a
critical factor in determining response. This difference in behavior due to the two loadings
arises from the fact that under wind loading a fully elastic response is expected, while
during strong earthquakes significant inelastic deformations are anticipated. A wall
configuration which has very little eccentricity between the center of building mass and
stiffness and results in a reasonably uniform distribution of inelastic deformations under
seismic loading should be the goal of the structural engineer.

A review of test reports will reveal that most of the specimens tested up to this date
have been either isolated members or sub-assemblages. Although these tests of isolated
members do not accurately represent their behavior as part of a structural system, they do
provide the designers with an upper limit on their strength and deformation capacities. In
an actual structure the redistribution of forces should favorably influence their strength and
deformation requirements. However, due to practical and economic reasons, it is not
usually possible to test a full-scale structure or even a scaled model of a complete
structure. The data obtained from the tests of isolated members or sub-assemblages are
particularly valuable in providing building codes, which are basically member-oriented

rather than structure-oriented, with guidelines for future improvements.

1.2 TYPES OF WALLS

Structural walls can be classified into following two main types based on their
height-to-horizontal length ratio, also referred to as the overall aspect ratio of the wall: (i)

low-rise or squat walls, which have an aspect ratio less than about 0.5, as shown in Fig.



1.1(a), and, (ii) long or slender walls, which have an aspect ratio greater than 2.0, as
shown in Fig. 1.1(b). This classification also distinguishes between two distinct types of
behaviors and modes of failure. Behavior of squat walls is primarily governed by shear
stiffness and strength, and they are more likely to fail in shear. There have been attempts
to predict the behavior of squat walls from tests on deep beams because of their
geometrical similarities. Slender walls behave like cantilever beams whose failure is
normally controlled by flexural strength. Walls having aspect ratios between 0.5 and 2.0
exhibit intermediate behavior. Their behavior is generally dependent on factors such as
amount of reinforcement, axial load, etc.

Structural walls are usually connected to other walls or frames by means of either
coupling beams or slabs. In cases where the walls also serve as partitions, they need to be
pierced for window, door or other openings. Figure 1.2 shows three general types of
wall systems, namely, coupled walls, wall-frame, and pierced wall. Although coupled
wall systems and pierced wall systems have openings aligned along one vertical axis, there
is a marked difference in their behavior. In the coupled wall system the openings are big
enough to separate the walls and energy is mainly dissipated through the coupling beams.
A pierced wall system, on the other hand, behaves as a single isolated wall in which the
effect of openings are often neglected, depending on the opening-to-wall area ratio. It is
the shear span-to-depth ratio of the coupling beams which classifies the systems as either
coupled or pierced. A considerable amount of research on the above-mentioned types of
wall systems has been conducted to date and is discussed in detail in the next chapter.

Most of the research on walls with openings has primarily been devoted to the
designing and detailing of the coupling beams. Because of the special reinforcement
details and potential hinging zones in the coupling beams of coupled wall systems, other
configurations of openings in walls are worthy of attention. A staggered configuration of
door or window openings changes the wall system from a coupled to a pierced system.

Due to the limited use of pierced wall systems in the United States, no literature exists on



their behavior. An experimental and analytical program was, therefore, carried out to
study the effects of different staggered configurations on the behavior of structural walls
subjected to reversed cyclic loadings. A comparison of their behavior with that of solid
walls and coupled walls will provide the designers with an alternative in selecting an

optimum configuration of openings.

1.3 RESEARCH PROGRAM

A strong earthquake of magnitude M = 7.8 was recorded off the coast of Chile on

March 3, 1985, causing serious damage and casualties in the central portion of Chile. A
post-earthquake examination of building structures in major cities revealed that the
majority of the multi-story reinforced concrete buildings performed quite satisfactorily
{54]. A more detailed examination of structural drawings and analysis of a few selected
buildings which suffered light to no damage during the above-mentioned earthquake
revealed the following characteristics typical of Chilean buildings and non-existent in
building structures of the United States:
(i) a generous use of shear walls in all buildings, and, in some cases, walls being
the only vertical load-carrying elements,
(ii) a staggered door opening configuration,
(iii) a high percentage of vertical reinforcement in the built-in boundary elements of
walls, sometimes reaching as high as 12 percent,
(iv) very light to no confinement of the built-in boundary elements along the height
of the walls.
It is of interest to note that almost all the buildings under study were in the
medium-height range and were of residential apartment nature. The structural walls also
served as partition walls between the apartments and door openings in these served as

means of access to the apartments. Figures 1.3 and 1.4 show a typical plan view and wall



elevations of two of the buildings under study. In contrast to the Chilean buildings, most
of the medium to high-rise buildings in the United States, particularly office buildings,
consist typically of walls coupled with frames.

In view of the satisfactory performance under severe earthquake loading of the
Chilean buildings, a program of experimental and analytical study on scaled models of
isolated walls simulating typical walls in Chilean buildings was carried out to gain further
insight into their behavior. A detailed description of the program is discussed in chapters

that follow.

1.4 OBJECTIVES AND SCOPE

Objectives of the reported research were:

1. To determine the effects of different staggered configurations of door openings on
strength, stiffness, and deformation capacity of structural walls under reversed
cyclic loadings simulating earthquake loading.

2. To compare the behavior of walls with staggered opening configurations to that of
a solid wall and to draw appropriate conclusions regarding changes in stiffness and
deformation capacities.

3. To compare the data obtained from these tests with that of walls tested under
similar conditions and to draw necessary conclusions regarding the effects of
boundary element confinement on the overall behavior of structural walls.

4, To develop an analytical model representing fhe observed behavior of the walls
using existing techniques, with possible modifications to accommodate behavioral

changes due to the presence of openings.



CHAPTER II
BACKGROUND INFORMATION

This chapter summarizes the experimental and analytical research conducted to date
on isolated structural walls and structural wall systems. For clarity, the discussion that
follows has been categorized on the basis of wall types because of the vastness of the
topic. References for any significant research not discussed in this chapter is listed in the
bibliography. Because of their wide use in tall buildings, slender walls and slender wall
structural systems have been the subject of most of the recent research. A relatively
limited amount of research has been reported on squat shear walls, and is briefly included

in this chapter for completeness.

2.1 SQUAT SHEAR WALLS

The ultimate strength of these walls is generally governed by shear because of the
low overall aspect ratio. Shear is a brittle and undesirable mode of failure; therefore,
research efforts in the field of squat walls have been focussed on trying to find ways to
inhibit shear failure so that flexural strength will govern.

Because of their geometric similarities, results of tests on deep beams were directly
used to predict the behavior of squat walls in 1960's. Since then, however, a number of
experimental investigations on squat walls have been made [8,9,10,11,15,50].

Barda et al. [8,9] in his experimental program studied the effect of various
parameters on the shear strength of squat walls. The wall aspect ratio was varied from 1

to 0.25. Shear dominance of behavior was not affected by the amount of flexural



reinforcement as long as reinforcement was properly anchored to the foundation.
Horizontal web reinforcement was not as effective as the vertical reinforcement in
increasing the shear strength of the walls, but its effectiveness reduced as the aspect ratio
increased. Both reinforcements were, however, equally effective in uniformly distributing
the orthogonal crack patterns formed by reverse cyclic loading. The uniform crack
distribution marginally increased the wall shear capacity.

Cardenas et al. [15] tested seven rectangular wall specimens without boundary
elements which had an aspect ratio of 1.0. Shear stresses on the order of 10\/}: psi were
obtained in walls without axial load.

Paulay [50] concluded that with properly detailed web reinforcement it is possible
to ensure inelastic flexural response, even though energy dissipation will be diminished by
the effects of shear. For squat walls, it is advisable to design them for larger lateral load

" resistance in order to reduce ductility demands [45].

2.2 ISOLATED SLENDER STRUCTURAL WALLS

Due to their increased use as major lateral load carrying elements in medium to
high-rise buildings, there has been a significant increase in the amount of experimental and
analytical research on slender structural walls during the past two decades. The most
comprehensive and extensive study was undertaken at the Construction Technology Labs
of Portland Cement Association. The research, which initiated in 1974, concluded in
1983 and has been reported in detail in Refs. [37,39,43]. Important conclusions on
specific topics based on the test results of this work have been reported in
Refs.[4,20,38,40,41,42].

The primary purpose of the investigation carried out at PCA [20,41,42] was to
determine the ductility, energy dissipation capacity, and strength of structural walls and to

develop design criteria for walls in earthquake resistant buildings. In order to attain these



objectives, twenty-two isolated wall specimens of 1/3 scale were subjected to monotonic
and reversed cyclic loadings. Controlled variables included shape of the wall cross-
section; amount of main flexural reinforcement at the wall boundaries, amount of
transverse reinforcement around the main flexural reinforcement, amount of horizontal
shear reinforcement, axial compression, concrete strength, load history, use of diagonal
reinforcement, and lap splices. Specimens were designed following the requirements of
1977 ACI Building Code. The results of the tests indicated that almost all the specimens
within the range of selected parameters possessed good inelastic deformation capacity. All
the test specimens sustained loading through yield of the flexural reinforcement, allowing
a reinforced concrete plastic hinge to form at the base of the wall. Inelastic deformation
capacity was, however, limited primarily by the following two failure modes: (i) crushing
of web concrete, and (ii) combined crushing and shearing failure of compression zone
concrete. In all, six different modes of failure were observed and were associated with the
cross-sectional shapes of the wall specimens and the level of applied shear stress: (i) bar
fracture, (ii) inelastic bar buckling, (iii) instability of compression zone, (iv) web
crushing, (v) sliding shear, and (vi) boundary element crushing.

Based on the results of the PCA experimental study, recommendations on
reinforcement detailing for earthquake resistant walls have been made [41]. The
importance of providing sufficient confinement reinforcement in the boundary elements
was emphasized. It served four primary functions: (i) increased the limiting strain capacity
of concrete, (ii) supported vertical reinforcement against inelastic buckling, (iii) contained
concrete after cracking, and (iv) improved shear capacity and stiffness. Test results [41]
also suggested that special confinement reinforcement was needed only within the hinging
region of the walls which normally extends over a height approximately equal to the
horizontal length of the wall. Details on proper anchorage of horizontal wall reinforcement
into the boundary elements were also recommended for improved performance of

structural walls.



The experimental work at PCA was followed by development of an analytical
model to predict the in-plane inelastic strength of structural walls subjected to reversed
cyclic loadings [43]. Simplified analytical procedures were developed to determine the
strength, inelastic deformation capacity, and failure modes for the hinging region of the
shear walls. Effects of stress-strain relationships for concrete and steel, aggregate
interlock, dowel action, and interaction of compressive stress and shear stress in the
compressive zone were included and the analysis procedure was computerized to
accurately reproduce the inelastic behavior of shear walls. A parametric study of various
parameters using the developed computer program indicated that current building code
requirements were overly conservative for certain combination of design parameters and
unconservative for others. Improved design criteria based on the results of analytical
study were proposed.

Additional analytical studies were reported to calculate the natural frequencies of
isolated walls [4,38]. A mathematical model which took into account flexural and shear
deformations, rotary moment of inertia, and axial loads was developed to calculate the
initial natural frequencies of walls. Close agreement between calculated and measured
"uncracked” fundamental frequencies from snap and hammer tests was reported.
Frequencies of walls with large boundary elements were found to be particularly affected
by shear deformations.

Another active center of shear wall research has been the University of California,
Berkeley. A number of experimental research projects have been reported to date on
hysteretic response of structural walls [24,63,65].

Hysteretic behavior of structural walls was studied and reported by testing four
three-story scaled wall specimens undcr reversed cyclic loading [63]. Effects of shape of
confinement reinforcement (spiral or hoop), shape of wall cross-section, moment-to-shear
ratios, loading type, and repairing procedures on stiffness, strength, ductility, contribution

of different mechanisms to the overall deformations, energy dissipation capacity, and
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modes of failure were studied. Experimental work was followed by an analytical
investigation in which a finite element technique was used to model the flexural
deformations and a multi-linear model for shearing deformations was used to predict the
wall behavior under high shear stresses.

In a related study [24], effects of amount and arrangement of wall panel
reinforcement on the hysteretic behavior of structural walls were investigated. A diagonal
arrangement of wall panel reinforcement resulted in an improved behavior of specimens
compared to walls with the conventional horizontal and vertical bar arrangement. Results
of repair and strengthening techniques were also reported. Tests on isolated boundary
elements of shear wall to assess their mechanical behavior were carried out by Wagner and
Bertero [65]. Results indicated that high compressive forces lead to high shear resistance

accompanied by large shear stiffness.

2.3 COUPLED WALLS

Many shear walls contain one or more rows of openings, a typical example being
the elevator shaft core of a tall building which provides access through door openings. In
coupled walls, the main components of energy absorption and dissipation are the coupling
beams. Researchers involved in the investigation of coupled wall systems have,
therefore, concentrated their efforts towards improving the energy-dissipation capacity of
coupling beams in order to achieve a better response of the whole system.

Significant contributions in this area have come from Paulay [47,48,49]. He
tested two 1/4 scale seven-story coupled shear walls at the University of Canterbury, New
Zealand. One specimen had conventionally reinforced coupling beams, while the other
had beams with diagonal reinforcement. Both specimens were designed for the same
ultimate load capacity. Specimens were subjected to a reversed cyclic deformation which

simulated triangular loading along their heights. A sliding shear failure of all coupling
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beams occurred in the specimen with conventionally reinforced beams before the coupled
wall system reached its theoretical ultimate load. The specimen which had diagonally
reinforced beams sustained much less damage and showed a far more ductile behavior
than the former specimen, eventually failing because of lateral instability of compression
wall. Tests on isolated beams with different reinforcement arrangements verified the
previously obtained results [47].

The effect of weak and strong coupling beams on the overall behavior of coupled
wall system was studied at the Construction Technology Labs of Portland Cement
Association [57,59]. Two 1/3 scale models of coupled walls were tested under reversed
cyclic loading. Under repeated inelastic load cycles the lightly coupled walls with weak
beams suffered serious damage in the coupling beams before yielding occurred in the wall
elements, causing the coupled walls to behave as two isolated walls in parallel. The
heavily coupled system, however, behaved as a single structural element. An analytical

investigation followed to simulate experimental results.

2.4 PIERCED WALLS

Wall systems pierced with openings small enough so as to not significantly affect
their behavior as a single structural unit have been the subject of limited research work.
Benjamin [11] found that stress concentration around corners of openings were
significant. High levels of stress around corners was found to reduce wall capacity if not
properly considered in design.

More recently, two 1/3 scale wall specimens, one with and the other without
openings, were tested at the Construction Technology Labs of Portland Cement
Association [17,58]. Openings, which were located centrally within a story level,
represented windows or ducts. The openings consisted of 8.33% of the total wall area. It

was concluded after comparison of resnonses for the two specimens that onenings did not
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significantly affect the behavior of a pierced wall. Both specimens exhibited large
deformation and energy dissipation capacity. The results of this study could not be

generalized to other opening shapes or configurations.

2.5 WALL-FRAME SYSTEM

Wall-frame systems are the most commonly used structural system for tall
buildings in the United States. When walls in a structure are coupled with frames,
response of each structural system is modified because of their interaction. Interaction of
walls and frames has introduced another area of research involving structural walls.

A large scale seven-story frame-wall building was tested in Japan under the U.S.
Japan Co-operative Research Program [44,66,69]. The building was designed in
accordance with the provisions of 1979 Uniform Building Code and Japanese codes. It
was concluded that if the wall-frame system is designed to keep the wall shear stresses
low, reinforced concrete structural walls can offer sufficient dissipation of energy (ductile
and stable hysteretic behavior) to resist the effects of extreme ground shaking through
flexural yielding [1,66,69]. Following the tests on the full-scale structure, tests were
carried out on scaled models of the actual structure to correlate the results of full-scale and
small-scale testing [66,69]. It was concluded that overall load-deformation response of
large scale components and structures can be reproduced adequately in tests of carefully
designed and detailed small scale models. However, certain parameters like crack width,
shear and bond effects are influenced by scale effects.

Four small-scale irregular frame-wall specimens were constructed and tested on the
shaking table at the University of Illinois under a modified time history of the 1940 El
Centro earthquake [34,35]. Effects of Adiscontinuing the shear wall at different heights
were studied. Continuation of the structural wall along the full height of the structure

resulted in a more uniform distribution of story drifts and story shears.



CHAPTER III
EXPERIMENTAL PROGRAM

To attain the objectives outlined in Chapter 1, an experimental program consisting
of testing four scaled models of reinforced concrete structural walls was formulated and
carried out. This chapter discusses the experimental program in detail. Observations and

discussion of results are presented in the chapters that follow.

3.1 GENERAL

The experimental program was designed to investigate the assumption that
response of pierced structural walls is affected by, among other factors, the location of
openings with respect to each other in two adjacent stories. Accordingly, the wall
specimens involved only one variable, namely, the stagger between openings. Four
structural wall specimens, namely, W-1, W-2, W-3 and W-4 were constructed and tested
under reversed cyclic loading.

All four specimens had a scale factor of approximately one-fifth and represented a
five-story wall. Differences and similarities between test specimens and structural walls in
Almendral Building, which served as a rough prototype, are highlighted in Table 3.1. To
provide an equivalent basis of comparison, specimen W-1 did not have any openings.
The other three specimens were identical to W-1, but were pierced with three different
configurations of staggered door openings. Figures 3.1(a) through 3.1(d) show the

overall dimensions of the four specimens.

13
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Table 3.1 : Comparison between Almendral Building And Test Specimens.

Almendral Building Specimen
X-Sectional Shape U Shaped Barbell Shaped
Height 60.2 m 140 in.
Wall Length 100 m 48 in.
Wall Aspect Ratio 6.0 2.9
Story Height 255 m 28 in.
Story Aspect Ratio 0.25 0.58
LVVeb Reinf. Ratio (Hor) 0.004 to 0.005 0.003
Web Reinf. Ratio (Ver) 0.002 to 0.003 0.003
loundary Element | 008 10012
Smdary Element
(Opening/Wall) Area 7.55% 13.4%
Lintel Beam Depth 045 m 8 in.
Angle Between Corners 32 deg. 32 deg., 45 deg., 62 deg.
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Section 1.3 stated some characteristics typical of Chilean buildings. A
special effort was made to faithfully represent as many of these characteristics and other
typical Chilean construction practices as possible in coming up with a final design of test
specimens. Common Chilean construction practices have been discussed in the following
section whenever they have been adopted for the test specimens. Most requirements of the
1988 Uniform Building Code [25] were satisfied by the final design of the specimens;
however, a few were deemed to be inappropriate for scaled models and were not met. The

following section discusses the design of specimens in greater detail.

3.2 DESIGN OF SPECIMENS

The design procedure for a scaled model which is not based on a specific prototype
is entirely different from that for any other structure, model or prototype. Unlike the usual
case when a protdtype structure is designed and scaled down to a size which represents its
overall behavior, design of a scaled model not representing a particular prototype is
governed by several factors. A final choice from amongst several cases satisfying the
limitations of testing facilities must be made in order to achieve the sought objectives.

For the test series reported herein, the following two factors played the most
important role in selecting the specimens' overall dimensions: (a) available testing
facilities, and (b) faithful representation of walls in Chilean buildings. Testing facilities
in the Structural Lab at the University of Michigan include a structural floor and reaction
walls. The structural floor comprises of a square pattern of bolt pads spaced at 4 feet on
centers. Each pad is used to fix test specimens to the structural floor through four 1‘% inch
diameter steel bolts spaced at 8 inches on centers. A similar pattern of bolt pads exists on
the reaction walls. |

As all the Chilean buildings under investigation were in medium to high-rise range,

a high value of overall aspect ratio (height to width ratio) of their component walls
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classified them as slender walls dominated by flexural behavior. Hence, maximization of
overall aspect ratio of the specimens was the main factor in selecting their width, after the
height had been chosen. The specimen overall aspect ratio of about 3.0 was much smaller
than that of the Chilean buildings' walls, but was large enough to ensure a flexurally
dominated behavior. Selection of the final cross-sectional shape and reinforcement ratio
was basically governed by the maximum capacity of 50 kips of the available hydraulic
actuator. A nominal flexural strength of about 30 kips was sought from a section in order
to ensure that complete failure may be achieved. A concrete strength of 5000 psi,
reinforcement yield strength of 60 ksi without strain hardening and a linear strain
distribution across the section were used to get the axial load vs. moment relationships for
several sections. The moment capacity of these sections was checked as one criterion for
selection for an axial compressive stress between 300 to 400 psi, a value typical in
‘Chilean walls.

The cross-section of the specimens finally selected for the series of tests is shown
in Fig. 3.2. The axial load vs. moment interaction diagram for the same section is given in
Fig. 3.3. The final reinforcement ratio, both for boundary elements and the web, was
lower than that in the Chilean walls. This lower reinforcement ratio, which was dictated
by the lower wall aspect ratio, was selected to ensure good inelastic flexural behavior and

to avoid a premature shear failure.

3.2.1 Code Requirements

Building Codes are basically formulated for full-scale structures. Hence, many
code requirements which specify absolute quantities rather than proportions become
inappropriate and impractical when applied to scaled models. In such circumstances it is
common practice to scale the absolute requirements down to a level compatible with the

model's scale before applying it.
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The specimens tested in this test series had a scale factor of approximately one-
fifth. It was, therefore, not possible to satisfy a few of the 1988 UBC [25] requirements.
Section numbers used to check the design requirements for the specimen in the following
paragraphs refer to the 1988 Uniform Building Code [25].

The boundary element longitudinal reinforcement ratio of 3.1 percent satisfies the

code requirement of Sec 2625(f)3 for seismic design. However, the transverse
reinforcement requirement of Agp,= 0.025 sq. in./legfin. calculated in accordance with Sec

2625(e)4 for seismic design was not met. The transverse reinforcement of -133 in. diameter
hoops at 2.5 in. on centers constituted an Agp, of 0.011 sq. in./legfin. As less serious
damage was anticipated above the second story level, transverse reinforcement spacing
was increased to 5 in. on centers above that level, which violates the code specified
maximum spacing of 4 inches.

The minimum web reinforcement ratio requirement of Section 2625(f)2 of 0.0025
was satisfied by providing No. 2 bars at 6 in. on centers horizontally and vertically for a
reinforcement ratio of 0.0027. Because of the non-availability of deformed bars in size
No. 2, plain bars were used; thus, violating the requirements of Sec. 2603(f)2.
Requirement of Sec 2625(f)2B for providing at least two curtains of web reinforcement
was also violated. Figures 3.4(a) and 3.4(b) show photos depicting arrangement of
reinforcement in walls W-1 and W-3, respectively.

To prevent the occurrence of premature cracking due to load transfer at the top, the
fifth story level was strengthened by providing extra reinforcement. Web reinforcement
spacing was reduced to 2 in. on centers in both directions, longitudinal boundary column
reinforcement was doubled and the spacing of transverse reinforcement was reduced to 2
in. on centers. A detailed description of load transfer setup is given in Section 3.4.
Pictures showing the extra reinforcement in the fifth stories of W-1 and W-3 are shown in

Figs. 3.5(a) and 3.5(b), respectively.
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3.2.2 Special Reinforcement Details

Unlike wall W-1, which had no openings, the other three walls required special
reinforcement details, especially around openings. Locations of horizontal and vertical
bars were readjusted in the unpierced portions of the walls to provide a fairly uniform

mesh distribution. Reinforcement interrupted by openings was distributed equally on each
side of the opening following standard Chilean practice. Pieces of 18 inch long 13—6 in.

diameter bars were tied at an inclination of 45 degrees around the corners of openings,
also following common practice in Chile. The effect of a lintel beam and/or slab was
reproduced by increasing horizontal reinforcement between floor levels. Typical wall

reinforcement details in elevation and cross-section are shown in Figs. 3.6(a) - 3.6(d).

3.3 CONSTRUCTION PROCEDURE

Construction of specimens was completed in two phases. First phase involved
construction of base blocks and the second consisted of erection of walls. The two phases

are discussed in detail in this section.

3.3.1 Construction of Base Blocks

The purpose of base blocks was to provide a stiff foundation for the specimens.
The base blocks were, therefore, heavily overdesigned to provide this stiffness. The
blocks were 18 in. wide and 24 in. deep in cross-section as shown in Fig. 3.7.

Two sets of % in. thick plywood forms were used to cast the blocks. Because all
of the vertical wall reinforcement was to be embedded into the base blocks, strain gages

were applied to the bars before erecting them for casting. Thin plywood templates having
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proper size cut outs were used at the top and bottom of the forms to hold the vertical bars
firmly in their proper locations.

- It was intended to simulate a "fixed end" condition at the base of the wall by
bolting the blocks to the floor. Two bolt pads were to be used for this purpose. Pieces of

1
8

in. thick PVC pipes with an inner diameter of 1% in. were used to make the holes for the
bolts. These pipes were also held upright by thin plywood templates at top and bottom
which prevented any movement during casting operation.

The base block was also utilized to anchor one end of the prestressing strands
which were to be used to apply axial load to the specimen during the test. Resistance to
strand pullout was provided by attaching strand chucks and 2"x 2" x 1/2" steel plates on
the anchored ends of the strands. Strands were placed approximately 6 in. from the
outermost longitudinal reinforcement bar for the boundary element. Figure 3.8 shows a
photograph of base blocks ready to be cast.

Concrete for the base blocks was ordered from a commercial plant. Blocks for
specimens W-1 and W-2 were cast in January, 1988 and those for W-3 and W-4 in June,
1988. Average concrete strength for both batches was 6500 psi. A construction joint was

made by roughening up the top surface of the blocks at the intended wall location. Forms

were removed after five days.

3.3.2 Design Mix for Walls

Several mixes were tried before finalizing the mix to be used. The objective was to
achieve the desired strength of 5000 psi, while maximizing the workability. Good
workability was considered essential when casting the deep thin wall sections in order to
allow good compaction and reduce the formation of voids and honeycombs. A water-to-

cement ratio (by weight) of 0.55 was selected. Crushed limestone with a maximum

aggregate size of % in. was used in the proportion of 0.8:1.0 with common sand.
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Table 3.2 shows the amount of materials for a cubic yard of mix. During the numerous

castings the measured slump varied from 6.5 in. to 9 in. with an average value of 8.5 in.

3.3.3 Construction of Walls

Each wall was cast vertically in five lifts, each lift representing one story.
Although only one story was cast per batch, two sets of forms were used to speed up
construction. The forms were made 12 in. longer than the 28 in. story height of the wall.
After the first story had been cast, this extra length was attached to the story below before
casting the next story. As each set of forms was to be used ten times, it was expected that
wall cross-section would be affected by the gradual deterioration of the forms as the
plywood grows older. To control this problem three rows of equally spaced holes were
drilled in the web portion of the forms. These holes were then connected across the wall
by six inch lbng pieces of4l in. diameter threaded rods (form ties). A constant web
thickness of three inches was maintained by adjusting the nuts on either ends of the form
ties. These ties were left to be cast in concrete. The top row of these ties for each story
was also used to support the forms when casting the next story. Plumb lines and
carpenter's levels were used to ensure the vertical erection of walls. Three inch thick
styrofoam pieces cut to the size of openings were used to block out the openings.

Wall construction was started on June 17, 1988 and the last pour was made on
Sept. 2, 1988. Approximately five cubic feet of concrete was mixed for each batch using
an electrically powered six cu. ft. capacity mixer. Forms were stripped after three days.

Figures 3.9 and 3.10 show different stages of construction.
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3.4 TEST SETUP

All specimens were bolted to the floor using two bolt pads and tested vertically.
Figure 3.11 shows a schematic diagram of the general test setup. Special features of test

setup are presented in detail in the following sections.

3.4.1 Load History

A one point lateral load was applied at the top through a 50-kip capacity hydraulic
actuator. Loading was displacement controlled throughout the tests. Each displacement
cycle was repeated once before increasing the drift level to the next higher value. An
increment of 0.25 percent of total height was used until 1.0 percent was reached;
thereafter, the increment was increased to 0.5 percent. Figure 3.12 shows the loading

history used for all the tests.

3.4.2 Lateral Load Transfer Assembly

Lateral load was transferred from a steel beam to the specimen at four locations.
The same load transfer beam was used for all four specimens. It consisted of two six ft.
long pieces of 12 in. deep steel channels welded together in a back-to-back position with a
0.75 in. gap, using tie plates at the top and bottom (Fig. 3.13). A 1.5 in. thick vertical
plate welded to one end of the assembly was used to provide a connection to the actuator.

Connection between the beam assembly and the specimen was provided through
two vertical and two horizontal rods. Vertical threaded rods of 1-;- in. diameter were
embedded 18 in. into the boundary elements of each specimen. Portions of the webs of

the beam assembly were cut out to accommodate the vertical rods. Also, two pairs of
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vertical saddle plates with a 1% in. diameter hole in the center were welded to the load

transfer beam (Fig. 3.13). These holes aligned with holes of same size that were cast in
specimens’ webs and 1.0 in. diameter horizontal rods were fit through. These rods were
threaded at both ends and nuts were used to secure them in place. Figure 3.14 shows the

beam assembly attached to the specimen.

3.4.3 Axial Load System

An axial load of approximately 60 kips, which corresponded to a compressive
stress of 365 psi, was kept constant throughout the test. The load was applied through a
pair of half-inch diameter 7 wire prestressing strands which were anchored in the base
block, as previously explained in Sec. 3.3.1. As shown in Fig. 3.15, the steel load
transfer beam at the top supported the hydraulic jack and strand chuck assemblies which
were used to ‘stress the strands. The pressure in the hydraulic lines was maintained at the
desired level by manually adjusting the pump valves. A dial gage indicated the pressure in
each hydraulic line. A more accurate measurement of axial force was, however, taken at
selected points throughout the tests using a pair of load cells. A more detailed description

of load cells is given in Section 3.5.3.

3.4.4 Lateral Support

An increased cross-section of boundary elements was meant to provide lateral
stability against out-of -plane buckling. However, slenderness of the wall specimens and
anticipated softening at the base during large displacement cycles called for provision of a
system that would ensure an in-plane application of load at all times. A stiff steel frame
adjacent to the test setup was used to seek the required lateral support. A linear bearing

assembly which constrained movement in one (horizontal) direction parallel to the



24

specimen was attached to the steel frame. Connection between the linear bearing assembly
and the load transfer beam was provided by bolting two 6 inch deep steel I-beams at two
points along the same height. The connection points, two feet apart horizontally, were
located 6 in. from the top of the load transfer beam, thus aligning them with the point of
load application. This alignment ensured the in-plane application of load throughout the
test. The connections were designed not to restrain any vertical movement which might
result due to flexural rotation during large displacement cycles. Figure 3.16 shows the

lateral support assembly.

3.5 INSTRUMENTATION

The first story of each specimen was instrumented more extensively because major
.inelastic action was expected to occur in that region. Internal instrumentation consisted of
strain gages while displacement transducers and load cells comprised external

instrumentation.

3.5.1 Strain Gages

Strains in reinforcing bars were measured by strain gages. These gages were
installed on the bars at locations shown in Figs. 3.6(a) - 3.6(d). Standard procedures for

application of gages was followed.

3.5.2 Displacement Transducers

A total of seven displacement transducers (potentiometers) were used to measure
the displacements at different points. Two displacement transducers, each with a

maximum travel length of 9 inches, measured the axial displacement of boundary elements
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in the first story level. These were attached to the wall at a point 28 in. from the base, thus
providing a gage length equal to the story height.

The displacement profile of the wall was measured with five displacement
transducers, one at each floor level. A wooden frame with five platforms at proper
locations was erected to mount these displacement transducers.

Half-inch thick aluminum target plates with a threaded hole in their center were
epoxied to the specimen W-1 and provided a positive connection between the displacement
transducers and the specimen. During the first test some targets were pulled off the wall
as the displacement transducer rods got flexed and stressed as a result of bending action in
the wall. Springs were attached to the rods of the affected displacement transducers and
their readings were adjusted for the remainder of the test. This problem was, however,
resolved for the remaining three tests by replacing the positive connection between the
specimen and displacement transducers with a sliding connection. This was done by
attaching springs to the rods of displacement transducers, enabling them to rebound after
being compr_essed, and by replacing the aluminum targets with smooth plexiglass, thus

facilitating free movement.

3.5.3 Load Cells

Two load cells were used to measure the axial force applied by the hydraulic jacks.
Each cell consisted of a solid 2 in. steel cube with 5"x 5"x 1/2" steel plates welded onto
opposite sides to provide a larger contact area. A hole drilled through the center of the
assembly provided room for passage of a strand. Two full-bridged strain gages installed
on the cube measured the resulting strain due to applied axial load. Cells were calibrated

for the desired range of axial load.
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3.5.4 Data Acquisition System

All the instrumentation described in the previous three sections was connected to a
low-speed HP 3497A data acquisition system. Readings for each data point from each
channel were stored on a tape cartridge and later transferred to floppy disks. In addition,
readings from selected channels were printed instantaneously to monitor the progress of
tests. A continuous plot of actuator load vs. displacement was also recorded for each
specimen. In order to reproduce the response realistically, at least twelve data points were
recorded during each full cycle of displacement reversal.

A complete photographic record of all tests was maintained using color slides,
color prints and black and white prints. In addition, video recordings of selected portions

of tests were also done.

3.5.5 Vibration Tests

Four vibration tests to measure the frequency and damping characteristics were
conducted on each wall specimen. Each test consisted of measuring these characteristics
in the two principal directions. Two of the tests were conducted on the specimen in its
undamaged state, while the remaining two were performed after the test had been
completed. Of the two vibration tests performed in each state, one was conducted without
the axial stress and the other was performed with the axial load.

All the vibration tests were forced vibration tests. The specimen was excited with
a blow using an 8-1b. hammer. Induced vibrations, sensed by a transducer placed at the
top of specimen, were recorded graphically by Soltec Lumigraph 5F15 Oscillographic

Recorder. Steel beam assembly was bolted to the top of the wall before the start of each
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test. Lateral supports and actuator were disconnected from the specimen before running

the test so that the specimen could vibrate freely after excitation.

3.6 MECHANICAL PROPERTIES OF MATERIALS

Mechanical properties of concrete and reinforcing steel are presented in this

section.

3.6.1 Concrete

As mentioned in Section 3.3, a total of 20 batches of concrete were made. A
mixed volume of five cubic feet for each batch provided enough concrete to cast one story
level, six 12"3( 6" cylinders and two 6"x 6"x 20" beams for flexure tests.

All cylinders and flexure beams were cured in accordance with ASTM
specifications. Of the six cylinders that were cast, two were tested for compressive
strength at 28 days, two were tested for split cylinder strength at 28 days and the
remaining two were tested for compressive strength on the specimen test dates. Flexure
beams were tested under two-point loading for Modulus of Rupture at 28 days.

For each property, an average of two values for each story level of each specimen
was taken and the mean value for the specimen represents an average of these five values.
Table 3.3 gives these values for each specimen. Figure 3.17(a) - (d) shows the variation
of compressive strengths for specimens W-1 through W-4 respectively. Split cylinder
strength and Modulus of Rupture values are graphically presented in Figs. 3.18 and 3.19
respectively. Representative stress-strain relationships were obtained by graphically

recording the test results for compressive strength of selected cylinders. This relationship
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Table 3.3 : Concrete Material Properties

28 days Ag? d:ty;l)‘est OnD;l‘t:st Str;ig.th, RugstLi
Story#1 | 4650 172 46170 389 887
Sory#2 | 5380 160 4440 418 815
_ |story#3 | 4150 146 4370 440 739
g Sory#4 | 5330 124 5320 442 939
Sory#5 | 5210 104 5980 391 857
e ——————————————————
Specimen | 4940 141 4960 416 847
Sory#1 | 5090 181 4440 382 830
Story#2 | 4110 167 5250 495 781
o [Story#3 | 4530 154 4620 433 816
g Story#4 | 4540 132 5520 431 775
Story#5 | 5210 113 4320 382 878
e———————————————
Specimen | 4690 149 4830 425 816
Story#1 | 4700 189 5020 447 771
Story#2 | 5200 181 5640 416 827
« |Story #3 | 5080 174 5360 462 749
g Story#4 | 5000 167 5090 331 884
Story#5 | 3960 145 4690 314 841
Specimen | 4790 171 5160 394 814
Story#1 | 4490 205 5080 453 841
Story # 2 50 194 5180 380 857
< [Story#3 | 5130 188 5900 365 842
g Story#4 | 5190 | 180 5450 380 824
Story#5 | 4730 152 4690 469 897
Specimen | 4960 184 5260 409 852




29

is reproduced in Fig. 3.20.

3.6.2 Reinforcing Steel

Reinforcing bars of three different sizes were used. Deformed No. 4 bars were
used as longitudinal reinforcement in the boundary elements. Plain No. 2 bars were used
for the horizontal and vertical web reinforcement. Knurled 13—6 in. diameter bars were used
as transverse reinforcement in boundary elements.

Four 20 in. long pieces of each bar size were tested for tensile strength. Results
shown in Figs. 3.21-3.23 represent plots of stress vs. normalized head displacement.
Because of slippage between the bar and the grip holding it during the tensile test, head
displacement readings recorded from the testing machine did not represent the actual
extension of bar. Applied load, however, was displayed accurately. The plots in Figs.
3.21 to 3.23 are, therefore, presented only to show the general behavior of reinforcing
steel under tension.

The values of yield strain tabulated in Table 3.4 were calculated by using the
measured yield stress and an assumed modulus of elasticity value of 29000 ksi.

Although the specified yield strength for all bars was 60 ksi, results of tensile tests
show a higher value for all of them. Only the No. 4 bar, however, showed a clear yield

plateau and exhibited strain hardening.
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Table 3.4 : Material Properties for Reinforcing Steel

Yield Stress,f, [Young's Modulus| Yield Strain, g

ksi ¢ ksi in./in.
#4 Bar 78.4 29000 0.0027
#2 Bar 81.5 29000 0.0028

3/16" Bar 90.0 29000 0.0031




CHAPTER 1V
EXPERIMENTAL RESULTS AND DISCUSSION

This chapter presents in detail experimental observations, results and discussion of
tests of the concrete wall specimens. For clarity, the chapter has been divided into two
main parts. Observed behavior during the series of tests has been presented in the first
part. Presentation of results and discussion comprises the second part of the chapter. It
may be emphasized here that important events as they occurred during the tests are merely
stated in a 'general' sense in the section on observed behavior and their detailed

explanation has been left to the sections that follow.

4.1 OBSERVED BEHAVIOR

As mentioned earlier in Chapter 3, each specimen was loaded axially and then
subjected to reversed cyclic loading according to the loading history shown in Fig. 3.12.
Two cycles at each new displacement level were applied. In the discussion henceforth,
odd numbered cycles represent a new displacement level and even numbered ones
represent the repeat cycle.

The following convention correlates the displacements shown in photographs to
those in the figures and text of this document:

« Displacement in the east direction is taken as positive displacement.

+ Lateral force causing positive displacement (i.e. in the east direction) is taken as

positive.

31
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Peak drift levels, load values and induced shear stresses for each cycle are
tabulated in Tables 4.1 to 4.4 for specimens W-1 to W-4 respectively. Shear stresses for
Specimen W-1 in Table 4.1 are calculated based on the gross cross-sectional area of 164
sq. in. of the wall. A net cross-sectional area of 137 sq. in has been used for the

remaining three specimens in Tables 4.2 to 4.4.

4.1.1 Specimen W-1

The complete top lateral load vs. top lateral displacement relationship for specimen
W-1, reproduced from the recorded data points at discrete displacement intervals, is
shown in Fig. 4.1.

During cycles 1 and 2, a number of almost equally spaced flexural cracks
originated in the boundary columns of lower two stories during the first cycle and as the
peak displacement was reached, these cracks had penetrated into the web portion inclining
as they grew at an angle of approximately 20 degrees with the horizontal. Repeat cycle 2
at the same drift level resulted in formation of similar cracks in the third story level but
these were confined to the boundary columns only. No major extensions to the cracks in
the lower stories were, however, observed for the repeat cycle.

Cycles 3 and 4 represented a top level drift of 0.5 percent. Flexural cracks initiated
in the previous cycles became steeper as they grew, transforming into flexural shear
cracks. A flexural crack, which had initiated in cycle 1 and had grown in the repeat cycle
along the construction joint between first and second stories, traversed across the width of
the wall in cycle 3. It opened further in cycle 4 and some sliding was observed along the
joint. Cycle 4 also saw the cracking zone extend to story level 4. Most previously formed
cracks widened in cycle 4. Lateral displacement transducers at levels 1 and 3
malfunctioned as the target aluminum discs epoxied to the specimen pulled off. Springs

were attached to the transducer shafts and necessary adjustments were made to record the
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remaining data points. Figure 4.2 shows crack patterns at a displacement of 0.72" west
(cycle 3).

During cycles 5 and 6 almost all cracks had transformed into flexural shear cracks
inclined at an angle of 45 degrees with the horizontal. Cracks in the upper stories grew
steadily with each new displacement level while the ones in the lower stories opened up
more with each additional cycle. The widest diagonal crack in the first story was
measured to be 0.025 inch wide in cycle 5 and opened up to 0.040 inch in the repeat cycle
6. Sliding at the joint between the first and second stories was measured to be 0.030 inch
in cycle 5.

An average load of 32.2 kips representing a shear stress of 2.8Vf'¢ was sustained
by the specimen in cycles 7 and 8. Cracks at the base of the wall were observed for the
first time during cycle 7. Two major diagonal cracks could clearly be observed to be
opening up more than the other cracks. Sliding at the construction joint at level 1 had also
increased and was measured to be 0.05 inch during cycle 8. During the same cycle the
widest diagonal crack was measured to be 0.06 inch in width. Figure 4.3 shows the
specimen during cycle 8 at top displacement of 1.44" west. A comparison with Fig. 4.2
does not indicate any significant deterioration in terms of formation of additional cracks,
even though the displacement has been doubled. What the camera could not capture was
the widening of major cracks, and, hence, is not noticeable in Fig. 4.3.

The next peak displacement level represented an increase of 0.5 percent. Some
major events were expected as the drift level of 1.5 percent was approached. Formation of
diagonal struts carrying compressive forces could be clearly noticed in the upper stories of
the wall. Parallel diagonal cracks shown in Fig. 4.4 for each loading direction outlined
these struts. Some cracks were dismpt@d at construction joints between story levels, and
after traversing along the joints horizontally, were redirected in a direction parallel to the
crack above the disruption. No additional sliding along the construction joint between first

and second stories was observed. Minor crushing of the east boundary column initiated at
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a displacement level of 1.80 in. during cycle 9 and cover concrete started spalling during
the subsequent repeat cycle (Figs. 4.5 and 4.6). No discernable crushing was, however,
noticed in the west boundary column.

The specimen was next cycled at a peak displacement of 2.88 in. An average load
of 33.8 kips, which was almost identical to that of previous two cycles, was required to
achieve this displacement level. A number of diagonal cracks widened during cycles 11
and 12. The width of the widest diagonal crack was measured to be 0.12 in. at this stage.
West boundary column showed signs of crushing in cycle 12. It had become quite clear
that the energy input into the specimen was mainly being absorbed by widening of cracks
and by the plastic deformation of the reinforcing bars (induced greatly by the opening of
cracks). The lateral displacement transducer at level 4 malfunctioned and was reinstalled
after being repaired.

An almost identical average maximum load of 33.9 kips was sustained by the
specimen during cycles 13 and 14. Shear deformations continued to increase, but plastic
flexural deformations were still predominant. No dramatic events occurred during these
cycles. The main diagonal crack in the first story level had opened to a width of 0.2 in.
This crack is clearly visible in the photograph taken at a 3.60 inch displacement (in the
west direction) shown in Fig. 4.7.

The specimen was finally subjected to one complete cycle at 3.0 percent drift level
before the test was completed. The actuator had reached its maximum travel limit. Fig.
4.8 shows the general view of the specimen during the fifteenth cycle Open cracks are
quite visible in the photograph. No additional damage was observed during this last cycle.

An axial load of approximately 60 kips was maintained throughout the test. As
pumps were monitored manually, the load was not exactly 60 kips at all times, and an
effort was made to keep the deviation within re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>