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EARTHQUAKE RESISTANT STRUCTURAL WALLS -

TESTS OF ISOLATED WALLS

by
R. G. Oesterle, A. E. Fiocrato, L. S. Jchal, J. E. Carpenter

H. G. Russell and W. G. Corley*

INTRODUCTION

It has been observed in recent earthquakes that struc-
tural walls used as lateral bracing in multistory buildings
can significantly enhance performance under seismic loading.(l)
However, there is a lack of information on the strength and
deformation caéabilities of structural wall systems. To
help provide some of the needed data, the Portland Cement
Association is conducting a combined experimental and
analytical investigation to develop design criteria for
reinforced concrete structural walls in earthquake resistant
buildings. The primary purpose of this investigation is to
détermine the ductility, energy dissipation and strength of
the walls.

As part of this experimental program, reversing loads
are being applied to isolated walls. Currently, tests of
nine wall specimens have been completed. This report
presents the results of these nine tests. Observed behavior

of the isolated walls is described and a summary of the test

results is presented. Conclusicns from the tests are given.

*Respectively, Structural Engineer, Senior Structural
Engineer, Associate Structural Engineer, Former Principal
Structural Engineer and Manager, Structural Development
Section; Director, Engineering Development Department,
Portland Cement Association, Skokie, Illinois.
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A detailed description of the experimental program is
included in Appendix A. Detailed descriptions of each £est
and the resulting data are included in Appendix B.

Further conclusions concerning strength and"deformation
characteristics,land ductility and energy dissipation

capacities will be reported in future papers.(2’3)



OBJECTIVES AND SCOPE

The objectives of the experimental investigation are:

1.

To determine load-deformation characteristics for
a wide range of'configurations of wall specimens.
This information is being used in the inelastic
dynamic analyses.(4)
To determine ductilities and energy dissipation
capacities of walls subjected to reversing loads.
To determine flexurai and shear strengths of walls
subjected to reversing loads, and to compare these
strengths with the strengths under monotonic
leading.

To determine means of increasing the energy dis-
sipation capacity of walls where required.

To develop design procedures to-insure adequate
strength and energy dissipation capacity in
reinforced concrete structural walls used in

earthquake resistant buildings.



OUTLINE OF EXPERIMENTAL PROGRAM

To attain the objectives, an experimental program was
developed to investigate the behavior of large isolated
reinforced concrete walls. Appendix A contains a detailed
description of the experimental program. Only a brief
description of the program is given here.

The isolated walls represent an element of a structural
wall system. Test specimens are approximately l/3-scaie
representations of full-size walls, although no specific
prototype walls were modeled. Controlled variables included
in the first nine tests were the shape of the wall cross
section, the amount of main flexural reinforcement and the
amount of hoop reinforcement arouﬁd the main flexural rein-
forcement. Inraddition, one wall was subjected to monotonic
loading and one wall was repaired and retested. Table 1
provides a summary of test specimen details.

Dimensions of the test specimens are shown in Fig. 1.
Flanged, barbell, and rectangular cross sections have been
investigated. Nominal cross sectional dimensions of these
sections are shown in Fig. 2.

In proportioning the walls, the design moment was
calculated following procedures in the ACI Building Code, (®)
Strain hardening of the steel was neglected. Horizontal
shear reinforcement was provided so that the calculated
design moment would be developed. Shear reinforcement was

(5) Design yield

provided to satisfy the ACI Building Code.
stress of the steel was 60 ksi (414 MPa) and design concrete

strength was 6000 psi (41.4 MPa).
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The test specimens were constructed in six vertical
liffs. Figure 3 shows the reinforcing details used in one
of the walls. Specimens B3, R2, B4, and B5 were constructed
with confinement reinforcement in the lower 6 ft (1.83 m) of
the boundary elements. For rectangular sections, the
"boundary element"” was taken to extend 7.5 in. (190 mm) from
each end of the wall.

Specimen BSR was a retest of Specimen B5. Following
the test of B5, damaged web concrete was removed up to a
height of about 9 ft (2.74 m). New web concrete was cast in
three lifts. The columns .were repaired with a surface
coating of neat cement paste.

The apparatus for testing the walls is shown in Fig. 4.
Each specimen was loaded as a vertical cantilever with
forces applied through the top slab. The test specimens
were loaded in a series of increments. Each increment
consistgd of three complete reversed cycles. About three
increments of force were applied prior to initial yielding.
Subsequent to initial yielding, loading was controlled by
deflections in 1 in. (25 mm) increments.

Free vibration tests were conducted at selected stages
as the number and magnitude of loading increments applied to
the specimen increased. These tests were carried out to
determine the frequency and damping characteristics of the

walls.



Fig, 4 Test Specimen and Test Apparatus



Controlled variables included in a second series of
tests presently being carried out are concrete strength,
axial load and the amount of horizontal shear reinforcement.

A description of these tests is not included in this report.



OBSERVED BEHAVIOR

Introduction

In general, the performance of the specimens can be
divided into two types of béhavior'with some general obser-
vations common to both. The two types of behavior were
distinguished by the magnitude of applied shear stresses.

General Observations

As shown in Table 2, the maximum observed lcad in all
specimens subjected to reversing loads exceeded the ACI
design strength for either flexure or shear. However,
observed strengths were somewhat lower than the flexural
strengths calculated using measured material properties
including strain hardening in the reinforcement. With the
exception of monotonically lcocaded Specimen B4, the maximum
observed load for each specimen varied from 77% to 91% of
the calculated flexural streﬁgths.

Table 3 shows a summary of deformation results for the
nine test specimens. The following definitions are used in
Table 3.

A loading increment consists of three complete reversed
cyclés at a specific maximum load or top deflection.

A stable loading increment is an increﬁent in which the
specimen sustained at least 80% of the previous maximum
obsérved load in all three cycles.

A stable cycle is a cycle within a stable loading

increment.
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An inelastic cycle is a complete reversed load cycle in
which both the load and the top deflection exceeded the
first yield level.

First yield level is the first load and deflection at
which a yield strain was measured in the boundary element
tensile reinforcement.

Full yield level is the load and deflection at which
all of the main tensile reinforcement in the boundary
element yielded.

As shown in Table 3, all specimens exhibited substan-
tial inelastic deformation capabilitiés, even those designed
without any special details for reversed loading. The
minimum number of stable inelastic cycles was 6 for Specimen
Fl. The maximum ncominal shear stress in Fl was lO.SJfZ
(0.874?2, MPa). The maximum number of stable inelastic
cycles was 21 for Specimen B3 with a maximum nominal shear
stress of 3.1Jfg (0.26V§Z, MPa) .

Yielding of both horizontal and vertical steel occurred
up to the 6-ft (1.83 m) level in all specimens. In most
specimens yieiding of the vertical steel extended to the 9-
£t (2.74 mj level. However, primary damage in the specimens
was limited to the lower 3 £t (0.91 m).
| In all specimens, "pinching" of the load-deformation
loops and shear stiffness degradation was noticeably greater
in the lower 3 ft region.

As the specimens were cycled at later load increments,

the stiffness of the wall continually degraded until a large

-12-



load reduction occurred. The final failure always occurred
at or below the 3 ft (0.91 m) level. The observed behavior
varied according to the magnitude of applied shear stress as
discussed below.

Walls Subjected to Low Nominal Shear Stress

As shown in Table 2, four specimens were subjected to
maximum nominal shear stresses at or below 3.1sz (O.26sz,
MPa). Their behavior is distinguished from that of walls
subjected to high nominal shear stress by the crack pattern
and a flexural failure mcde.

For walls with low nominal shear stress, cracks started
as horizontal flexural cracks in the boundary element,
usually at level where horizontal reinforcement was 1oca£ed.
Closely spaced confinement hoops caused these cracks to be
finely distributed. The horizontal cracks progressed into
coarsely distributed inclined cracks in the web. The cracks
crossed the web until they intercepted a crack from the
previous loading in the opposite direction. By the time the
vield increment was reached the cracks had segmented the web
into large pieces with several predominantly horizontal
cracks completely traversing the lower 3 ft (0.91 m) of the
wall. These cracks sliced the lower wall region into
several horizontal layers as illustrated in Fig. 5. Because
the loading was always applied in the same direction first,
the cracks were usually somewhat more angular and jagged on

the right side of the wall.

-13-
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Due to the horizontal nature of the cracks very little
truss action develgped. Only a small amount of horizontal
steel crossed the cracks where they were inclined. There-
fore, after yield, shear was predominantly transferred by
interface shear and dowel action in the boundary elements.
A shear stiffness reduction occurred as the number of
applied inelastic cycles increased. However, at low shear
stresses, this mode of shear transfer was adequate to main-
tain the strength of the wall until the test was terminated
by fracture of the main flexural reinforcement.

In Specimens R1l, Bl, and B3, the loss of strength was
due to damage to the boundary elements by alternate tensile
yielding and compressive buckling cof the main tensile
reinforcement. This steel buckling was accdmpanied by loss
of concrete not contained by the reinforcement. Buckling of
the vertical steel was followed, after several cycles, by
bar fracture. One or two bars fractured at a time. A load
reduction accompanied each fracture.

The confinement hoops at 1-1/3 in. (33.9 mm) on center
in Specimen B3 did not significantly increase the strength
or the maximum rotation as compared to Bl. However, the
hoops maintained the inteqgrity of the boﬁndary elements by
delaying bar buckling and containing the concrete core. -
Although a large number of inelastic cycles were sustained,
bar buckling did occur.

In Specimen R2, the first load reduction was associated .

with a large out of plane displacement of the compression

=15~



zone, Initially, no lateral support of thé wall was provided.
As inelastié cycles were applied, a continually increasing
out of plane displacement of the compression zone was
observed. The test was stopped after 10 inelastic cycles

ana lateral support was added 3 ft (0.91 m) above the base.
The test was then continued. During the 1l4th inelastic

cycle, a large out of plane displacement of the compression
zone was oObserved within the lower 3 ft of the wall. ~
Shortly after this cycle, flexural reinforcement fractured
near the base of the wall.

The out of plane diéplacement of the compression zone
was caysed by alternate tensile yielding of the flexural
reinforcement. As the specimen was loaded beyond yield in
one‘direction and then unloaded, permanent deformations
remained in the tension steel. As the load was reversed,
the compressioh zone was supported across numerous cracks
only by the steel. This steel had sustained several pre-
vious inelastic strain reversals. Therefore, the section
‘stiffness of the compression zcne for axial load was
decreased considerably and an out of plane displacement
resulted. The fact that lateral support was not present
during a major portion of the test probably led to premature
strength loss in Specimen R2.

Walls Subjected to High Nominal Shear Stress

As shown in Table 2, four specimens were subjected to
maximum nominal shear stresses greater than 7.0sz (0.58

qfé, MPa). The crack pattern that developed in these

-16-



specimens is illustrated in Fig. 6. Clecsely spaced flexural
cracks were first observed in the boundary elements. When
they reached the web, the cracks became inclined with a
steeper angle than those in the specimens with low shear
stress. The direction of these cracks was not altered by
cracks caused by forces from the oppcsite direction. The
inclined cracks crisscrossed the web forming relatively
symmetrical compression strut syétems for each direction of
loading. Each compression strut was segmented into paral-
lelogram shaped pieceé of concrete. The crack pattern along
any horizontal plane was sawtooth shaped.

The angle of the inclined cracks was affected by the
stiffness of the boundary element. A flexible boundary
element in Specimen F1l caused the crack pattern to converge
toward a small area in the web near the base of the wall.

After a loading increment in which yielding <f the
flexural steel occurred, upon reversing the load, the shear
was initially resisted by dowel action in the boundary
elements, However, as the web cracks closed, the compres-
sion struts aided in resisting shear. This truss action
provided a stiffer system than that in the specimens with
low nominal shear stress. |

As can be seen in Table 3, after approximately the same
number of inelastic cycles, the maximum shear distortion in
B2 and B5 was of the same order of magnitude as those in R2
and Bl. However, the nominal shear stresses were approxi-

mately 3 times higher in B2 and BS5.
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'As the specimens were repeatedly cycled in the
inelastic range, the surfaces of the concrete segments in
the struts were subjected to abrasion. Loss of concrete
caused by abrasion increased shear deformations and reduced
the compressive strength of the struts.

In all four specimens, web crushing occurred at the end
of the test. The web crushing was associated with deterio-
ration of the struts along cracks transverse to the thrust
line of the strut. Loss of load capacity at web crushing
was sudden.

_ In Specimen B2, without confinement, the boundary
elements deteriorated prilor to web crushing. Several bars
buckled and concrete was lost from the core of the columns
as loads were cycled. 1In the last load cycle, the boundary
elements in B2 were about to shear through near the base
when the web crushing cccurred.

In Specimen B5, confinement hoops prevented bar buck-
ling and loss of material from the boundary elements. They
also reinforced the boundary elements for shear. Confine-
ment allowed Specimen B5 to sustain 1 more inelastic cycle
at a higher deflection increment than Specimen B2, There-
fore, the maximum measured load was higher in B5. However,
through the first 9 inelastic cycles, the load-deformation
characteristics in B2 and BS5 were very similar. The maximum
rotation in B5 was slightly higher and the shear distorticn
and construction joint slip slightly lower. Specimen B5 was

repairable simply by replacing the damaged web concrete.
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The maximum shear stress sustained in these four walls
indicates that the concrete contributed to the shear stfength.
Even assuming the horizontal reinforcement stressed to an
ultimate 100 ksi, the concrete contribution'was at least
from 0.5VE] to 1.3VE[ (0.04VvE] to 0.11Vf!, MPa). A more
reasonable estimate, based on reinforcement stresses of
75 ksi, would be that the concrete contribution varied from

JET FT v v
2 fc to BVTC (O.l7dfc to O.25Vfc, MPa) .

-]19~



SUMMARY OF TEST RESULTS

Load-Top Deflection Relationships

Load versus deflection envelopes for all specimens are
shown in‘Fig. 7. The deflection is that at the top of the
specimen. The envelope for each curve was obtained by
passing lines through the peak points of each new maximum
loading cycle.

Moment-Rotation Relationships

Moment versus rotation envelopes. for all specimens are
shown in Fig. 8.

(6,7,8) alternate

As observed by'other investigators,
tensile yielding of the reinforcing steel causes a "growth"
in the hinging region. As a specimen was loaded beyond
vield in one direction and then unloaded, permanent deforma-
tions remained in the tension steel. As the specimen was
locaded in the opposite direction, prior to crack closure,
only the reinforcement was effective in resisting moment .
This steel section had a lower stiffness than the combined
concrete-steel section. As the cracks closed the stiffness
increased. This accounts for "pinching" observed in the
moment-rotation loops., .An example of "pinched" loops 1is
shown in Fig. 9.

After several load reversals, the cracks in the compres-
sion side appeared to stay open. They were, in fact, closed

near the outer compression face and were riding on the

debris in the cracks.
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As shown in Fig. 8, the envelopes for the cyclically
lcaded Specimens Bl and B3 exhibit a lower rate of "strain
hardening" than the monotonically loaded Specimen B4.
Increased "growth" with increased inelastic deflections
partially accounts for the reduced rate of "strain hafdening“.
The growth permitted increasing amounts of rotation to occur
before the cracks closed. With the cracks open, the section
was less stiff than the combined steel-concrete section.
Therefore, higher rotations were attained without appreciable
increase in load. The rate of "strain hardening” is also

affected by:

1. Loss of compression material from abrasion and
crushing.
2. The effect of load reversal on the stress-strain

relationship of the steel.

‘A comparison of the envelopes for Specimens B3 and B4
in Fig. 8 indicates maximum rotations are less when reversed
loads are applied. Similar comparisons are presented with
the data for each specimen in Appendix B. A calculated
value for the maximum monotonic rotation is used.

As shown by the 'test results in Appendix B, the mono-
tonic moment-rotation relationship is not "the" envelope for
cyclic moment-rotation relationships. It is an upper limit.

Shear—-Distortion Relationship

Load versus shear distortion envélopes for all specimens
are shown in Fig, 10. The envelopes indicate that a shear

"yielding" occurred in each specimen during the same load

-24-
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stages that flexural yielding occurred. Shear "yielding" is
defined as a large increase in shear diétortion correspond-
ing to a small'increase in load. This shear "yielding" was
observed in all the specimens including the specimens over-
reinforced for shear and the monotonically loaded Specimen
B4. Yieldiﬁg of the horizontal reinforcement did not
necessafily coincide with "yielding" observed in the shear-
distortion data. |

Shear "yielding" could be partially attributed to loss
0of aggregate interlock and a redﬁctionrin the dowel stiff-
ness of the tension boundary element as the cracks widened.
However, this "yielding" was also partially caused by large
horizontal strains accompanying the large vertical strains
from flexural yielding across inclined cracks. A‘component
of the rotation across inclined cracks was contained in the
measured shear distortions.

In addition to the "yielding" described above, a
reduction of shear stiffness occurred in the specimens
subjected to cyclic loading. This has alsoc been observed by

(5,6,7) It was attributed to alternate

other investigators.
tensile yieldiqg of the reinforciﬁg steel. As the specimen
Qas loaded beyond yield in one direction and then unloaded,
permanent deformations remained in the tension steei, As
the specimen was loaded in the opposite direction the shear
was transferred predominantly by dowel action prior to crack

closure. This dowel action had a relatively low stiffness.

As the cracks closed, interface shear transfer plus some

-26-



truss action increased the shear stiffness. The load then
increased with significantly less shear defofmation. Tﬁis
resulted in "pinching” of the shear-distortion loops as
shown in Fig. 11,

As a wall was repeatedly cycled in the inelastic range,
abrasion due to the interface shear transfer occurred in the
hinging region cracks. At increasingly larger deflection
increments, plastic deformations remaining in the steel
after peak loads were larger. Therefore, increased shear
distortions occurred with just dowel action transferring the
shear before the cracks closed. As a result, increasingly
larger shear deformations occurred in each new cycle.

Shear-Construction Joint Slip Relationship

Load versus base construction joint slip envelopes for
all specimens are shown in Fig. 12. As seen in this figure,
the slip at the base construction joint was approximately
the same order of magnitude for all specimens. However, for
equivalent applied shear stress and number of inelastic
cycles, the rectangular specimens exhibited significahtly
‘more slip than the other cross sections. This slip did not
affect the final failure mode for the rectangular specimens.

The performance of two specimens was affected by the
behavior of constructidn joints. In the test of Specimen
B5, deterioration of a portion of the joint at the 3-ft
level caused by improper construction methods may have
precipitated early web crushing. In the test of Specimen

B5R, a sliding-crushing failure in the joint at the 3-ft

-27-
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level was the final failure mode. This failure was probably
precipitated by the reduced dowel action resistance of the
boundary elements across this joint. Dowel action of the
columns in B5R was reduced by large éracks resulting from
the large pumber of inelastic cycles sustained through the
B5 and B5R tests.

The data presented for each specimen in Appendix B
showed that slip atlthe base construction joint remained a
relatively constant percentage of the shear deflec?ions in
the lower 3-ft (0.91 m) zone. This percentage was higher in
the rectangular shaped specimens and lower in the barbell
shaped specimens. The barbell shape with confinement hoops
in the boundary elements exhibited the least slip as a
portion of the total deformation.

Ductility

The ductility of a structure is commonly used as a
measure of its inelastic deformation capacity. Ductility is
often defined as the ratioc of a specified deformation at a
particular lcad to that at yield. The use of ductility
ratios in seismic design implies certain limitations that
are discussed by Paulay and Uzumeri.(g)

Figure 13 shows the cumulative top deflection ductility

ratio(lo’ll)

versus load for each specimen. The full vyield
deflection was used to calculate the ductilities. From the
inset in Fig. 13, it is apparent that the ductility ratio is

very sensitive to the definition of the yield deflection,
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Comparison of Specimens Bl and B3 in Fig. 13 shows a
beneficial effects of cbnfinement reinforcement on the ﬁop
deflection ductility for walls that failed in the flexural
mode. However, a comparison of moment-rotation envelopes in
Fig. 8 shows that confinement reinforcement had little
effect on rotational ductility for Specimens Bl and B3.

For walls that failed in shear, B2 and B5, no increase
in ductility as a result of confinement hoops was observed.

Figure 13 indicates the larger top deflection ductil-
ities obtained for all walls subjected to low shear.
However, even the walls subjected to high shear exhibited
significant ductility capacities. In any case, the duc-
tility must be evaluated in terms of what is required as
well as what can be attained.

Energy Dissipation

The energy dissipation capacity of a structure may also
be used Fo evaluate the inelastic performance under reversing
loads. The optimum performance would be a maximum amount of
energy absorbed with a corresponding minimum amount of
deformation. The lcad-deformation locps should be as open
or as full as possible. A measure of the energy dissipation
capacity should not only relate the amount of energy absorbed
to the amount of energy input, it should relate the energy
absorbed to the level of deformations.

Figures 14 and 15 present the energy dissipation data
for each of the specimens. In these figures, the cumulative

energy absorbed is presented as a percentage of cumulative

-32-
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(12) This is defined in the insets

linear energy capacity.
in Fig. 1l4. This relationship includes a measure of the
stiffness of the specimens.

Figure 14 shows the cumulative percentage of absorbed
energy related to the cumulative linear energy capacity.

The walls subjected to low shear absorbed a larger per-
centage of the cumulative linear energy capacity than did
the walls subjected to high shear. This is expected due to
the lower yield loads and deformations in the specimens
subjected to a low nominal shear stress.

Figure 15 shows the cumulative percentage of absorbed
energy related to the cumulative top displacement ductility.
The difference between the low and high shear specimens is
not as obvious as in Fig. 14 and this difference may not be
significant. As with ductility, the energy dissipation
capacity must be evaluated in terms of what is required as

well as what can be attained.

Repaired Specimen

The reparied specimen strength and deformation capabil-
ities in the inelastic range were similar to the original
specimen.

Free Vibration Tests

The following observations are made on the results of
the free vibration tests.
1. Freguency measured prior to the application of

lateral load ranged from 64% to 82% of the

-35-



frequency calculated based on uncracked section

'properties.

The measured frequency decreased by an average

factor of 2.2 from the inital tests to the tests

carried out after application of lateral locad
cycles near the flexural yield load. For the same
conditions, the average damping coefficient
changed from 3.4% to 8.5% of critical.

In general smaller amplitude hammer tests gave
higher frequencies and lower damping coefficients

than "initial displacement-sudden release" tests.
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CONCLUSIONS

The following conclusions are based on the results of

the experimental program.

1.

Structural walls designed according to the 1971

ACI Building Code (°’

without special details for

seismic load will attain the ACI flexure and shear

design strengths. Also, they possess significant
inelastic deformation capacity when subjected to
reversing locads.

For walls subjected to low shear stresses (v__ <

3.0 Jfg).

2.1 Flexural bar buckling and loss of compression
concrete are the limiting factors in the
inelastic performance. However, a significant
number of inelastic cycles can be sustained
prior to occurrence of bar buckling.

2.2 Large out of plane displacement of the com-
pression zone may limit inelastic performance
of rectangular shaped walls.

2.3 Constructicn joints will perform adequately
if made following minimum standard practice
of roughening and cleaning the surface to
remove laitance and loose particles. The
amount of shear displacement that occurs
across cracks at construction joint locations

is not any larger than that which occurs

across cracks at other locations.

-37-



3.

For walls subjected to high shear stresses (vm

>
ax

WET) .
c

3.1

Web shear distress is the limiting factor in
the inelastic performance. However, even in

a wall stressed to 8.8sz, a significant

number ©of inelastic cycles can be sustained

prior to loss of strength.

A censtruction joint made using minimum
standard practice and located at the base of
the wall does not influence the strength of
the specimen. The presence of a straight,
horizontal construction joint within the
hinging region of a wall subjected to high
shear stresses may limit the inelastic

performance.

The use of stiff boundary elements increases the

inelastic performance of structural walls.

Boundary elements behave as large dowels decreas-

ing shear distortions and construction joint slip.

The use of confinement reinforcement in the

boundary elements within the hinging regicn of a

structural wall significantly increases the

inelastic performance.

5.1

Confinement hoops maintain the integrity of
the boundary elements by delaying bar buck-
ling and containing or confining the concrete

core.

-38-~



Confinement hoops increase the stiffness of
the boundary element against slip acrossv
construction joints.

Confinement reinforcement limits tﬁe extent
of damage tc¢ the boundary elements. There-
fore, the wall is easier to repair.
Confinement reinforcement increases the shear
capacity of the boundary elements.

High concrete compressive strains may be
generated in the boundary elements of a
structural wall with a high percentage of
flexural steel. Confinement steel provided
in accordance with the 19871 ACI(S) or 1976(13)
UBC Building Code was adequate to maintain
the compfessive strength of the boundary
elements of the.specimens tested.

Designing confinement reinforcement based on
a criteria to increase the useable concrete
strain may not be necessary for a wall with
a low percentage of flexural steel. Design
criteria should also be based on spacing to
prevent or delay inelastic bar buckling and

to contain the concrete core.

Displacements due to shear distortions are a

significant portion of the total lateral inelastic

displacements in structural walls subjected to

reversed loads.
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NOTATION

Ash = Area of transverse hoop bar (one leq)
Ec = Modulus of elasticity of concrete
,fé = Compressive strength of standard 6xl2-in. (152x305 mm)

concrete cylinders

fr = Modulus of rupture of concrete

fy = Yield strength of reinforcement

fSu = Tensile strength of reinforcement

h = Wall thickness

Qh = Maximum unsupported length of rectangular hoop

Qw = Horizontal length of wall

Sy, = Center-to-center spacing of hoops

v = Shear force

v = Nominal shear stress = v

0.8%2 h

Vhax - Maximum ncminal shear stress

ACJl = Slip at the base construction joint

Ayl = Shear deflecticon at the 3-ft level

Y1 = Average shear distortion in Zone 1, from 0 to 3-ft
(0.91 m) level

10 = Average shear distortion in Zone 2, from 3-ft to 6-ft
(0.91 m to 1.83 m) level

Y3 = Average shear distortion in Zone 3, from 0 to 6-ft
(1.83 m) level

€ = Strain in concrete at the outer compression faces at
the base of the wall

£, = Ultimate compressive strain for concrete
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Rotation of the horizontal section approximately 3 in.
(76.2 mm) above the base block

Rotation of the horizontal section approximatély 38 in.
(0.97 m) above the base block

Rotation of the horizontal section approximately 74 in.
{1.88 m) above the base block .

Ratio of main flexural reinforcement area to the gross
concrete area of the boundary element. For
rectangular sections, the boundary element was taken
to extend 0.1 Qw from each end of the wall

Ratio of horizontal shear reinforcement area to the
gross concrete area of a vertical section of the wall
web

Ratio of vertical reinforcement area to the gross con-
crete area of a horizontal section of the wall web

Ratio of effective volume of confinement reinforcement

2A
to total wvolume of core = T—gﬂ
h™h

=44~



APPENDIX A - EXPERIMENTAL PROGRAM

Test Specimens

Detailed descriptions of the geometry and design of the
nine specimens are given in this section. In addition,

material properties and construction procedures are described.

Descriptiocn

The overall dimensions ¢f the test specimens are shown
in Fig. A-1 and A-2. Height of the wall, from the top of
the base block to the center of the top slab, is 15 ft
(4.57 m). The horizontal length of the wall is 6 ft 3 in.
(1.91 m) and its web thickness is 4 in. (102 mm).

Three different wall cross-sections have been tested.
These are flanged, barbell and rectangular sections. The
nominal cross-sectional dimensions of the three sections are
shown in Fig. A-2.

The 2x4x10-ft base block shown in Fig. A~1 was used to
-secure the specimens to the laboratofy floor during testing.
The slab on top of the wall, alsc shown in Fig. A-1 was used
to transfer loads to the test specimen. Both the base block
and the top slab were designed to ensure that no premature
termination of the test would occur because of the failure

of the loading or supporting elements.

Design

Vertical Reinforcement. The first step in the design

of the test specimens was to select a nominal percentage of
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main flexural reinforcement. This was either 1% or 4% based
on the area of the boundary element. For rectangular
sections, the "boundary element" was taken to extend 7.5 in.
(191 mm) from each end of the wall. The percentages of
- flexural reinforcement were chosen to give section moment
capacities corresponding to both low and high nominal shear
stresses,
Nominal vertical web reinforcement provided in the

walls was 0.25% of the gross concrete area of the horizontal
wall section. This is the minimum amount‘permitted by the

(5)

1971 ACI Building Code. Once the nominal vertical rein-

forcement percentages were selected, bar sizes and locations
were determined based con modeling and construction reguire-

ments.

The moment capacity of the section was calculated

according to Section 10.2 of the 1971 ACI Building Code.(s)
Design yield stress of the steel was taken as 60,000 psi
(414 MPa) and design concrete strength was taken as 6000

psi (41.4 MPa). Strain hardening of tHe steel, according to

ACI Code assumptions, was neglected in calculating the
moment capacity.

The wvertical reinforcement was continuous from the basel
" block to the bottom of the top slab. The vertical bars were
lap spliced with the top slab bars in the top 32 in. (0.81 m)
of the wall.

Horizontal Reinforcement. Horizontal shear reinforce-

ment was designed to develop the calculated ACI moment

capacity. The shear design was made according to Section

A-B '



11.16 of the 1971 ACI Building Code.(S)

However, ACI
minimum reinforcement requirements governed in the low
moment capacity specimens.

The horizontal reinforcement was placed at a constant

spacing over the height of the wall.

Boundary Element Horizontal Reinforcement. Two designs

were used for horizontal steel in the boundary elements.
The first design, used for unconfined specimens, provided
ordinary column ties designed as lateral reinforcement
according to Section 7.12 of the 1971 ACI Bﬁilding Code.(S)
The second design, used for confined specimens, pro-

vided rectanéular hoop and supplementary crosstie reinforce-
ment in accordance with Section A.6.4 of the 1971 ACI
Building Code. This confinement was placed at a spacing of
1.33 in. (34 mm) over the first 6 ft (1.83 m) of the wall.
Ordinary column ties were used over the remaining height of

the wall,

Details of Reinforcement. Reinforcing steel details

for the nine specimens are shown in Fig. A-3 through Fig.
A-16. All reinforcing steel was detailed and fabricated
. . (5,14)
according to standard practice.
Anchorage for the horizontal steel was provided by
embedment in the boundary elements plus a standard 90° hook
around the outer main flexural steel. BAdditional anchorage
was provided for the horizontal steel in Specimen B5 by

using one 135° hook and one 90° hook as shown in Fig. A-8.

The hooks were alternated end for end.

A-4
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Fig. A-10 Reinforcing for Specimen R1

Fig. A-11 Reinforcing for Specimen Bl
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Fig. A-12 Reinforcing for Specimen B3

Fig. A-13 Reinforcing for Specimen B4



Fig. A-14 Reinforcing for Specimen B2

Fig. &A-1% Reinforcing for Specimen B5



Fig. A-le Reinforcing for Specimen F1l



Confinement reinforcement was detailed according to

(5) for

Section A.6.4.3 of the 1971 ACT Building Code
Specimens R2, B3 and B4. A ten bar diameter extension‘was
used on all confinement steel hooks. Each end of the
supplementary cressties had a semicircular hook.

This hoop ana crdsstie arrangement was found to be
difficult to assemble. Each hoop and crosstie set had to be
pre-assembled and then slipped over the vertical boundary
element steel from the top of the specimen.

To eliminate this assembly problem the supplémentary
crossties for Specimen BS5 were detailed with one 135° hook
and one 90° hook as shown in Fig. A-8. This arrangement
~permitted placement of crossties after the hoop was in place
around the vertical steel. .Also, supplementary crossties
parallel to the plane of the web were not provided at levels
where the horizontal web steel tied into the columns. The
unéupported length of the hoop used in the calculations for
the volumetric ratio was the length from the perpendicular

leg of the hoop to a point one-half way between the supple-

mentary crossties.

Material Properties

Concrete. A concrete mix using a maximum aggregate
size of 3/8 in. (9.5 mm) was selected for the walls. Type I
cement, sand, and coarse aggregate were combined to provide
concrete with a slump of 3 + 1/2 in. (76.2 + 12.7 mm).
Aggregate gradation curves for the sand and coarse aggrégate

are given in Fig. A-17.
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Physical properties of the concrete used in each
épecimen are given in Table A-l. Compressive strength and
modulus of elasticity of the concrete were determined from
compressive tests on 6xl2-in. (152x305 mm) cylinders. The
modulus of rupture was determined from tests on 6x6x30-in.
(152x152x762 mm) beams. A representative stress-strain
relationship for the concrete is shown in Fig. A-18,

Reinforcement. In the specimens, No. 3, No. 4 and

No. 6 bars conforming to ASTM Designation A615 Grade 60 were
used as reinforcement. Deformed é mm hot rolled bars with
properties similar to Grade 60 were also used. Deformed
wire, size D-3, was used to represent smaller bar sizes.
This wire was heat-treated to obtain stress-strain charac-
teristics similar to those of Grade 60 bars.

The physical properties of the reinforcement used in
the test épecimens are summarized in Table A-2. Represen-
tative stress-strain relationships for the reinforcement are

shown in Fig. A-19.

Construction

Test specimens were constructed in the vertical posi-
tion. Figure A~20 shows Specimen Bl during construction.
The formwork system shown in Fig. A-21 was designed to
facilitate construction. Stationary formwork served to
maintain the vertical position of the specimen. Each wall
was cast in six lifts as shown in Fig. A-22,.

At the start of construction, a heavy reinforcing cage

for the base block was constructed. This cage was placed on

A-18



TABLE A-1 CONCRETE PROPERTIES FOR TEST QPECIMENS(l)

Compressive Modulus of Modulus of
Age Strength Rupture Elasticity
At Test £! £ E

- S r -

Specimen {days) (psi) (psi) {(psi x 107)
R1 48 6490 655 4,03
R2 54 . 6735 650 3.89
Bl 55 7685 730 4.08
B3 54 6860 635 3.96
B4 68 6530 680 4,10
B2 47 7775 710 4.20
B5 52 6570 625 3.97
g5y (3) 36 6205 525 4.01
Fl 68 5575 635 3.69

(1) Average properties for lower 6 ft (1.83 m) of wall
(2) 1000 psi = 1.0 ksi = 6.895 MPa
(3) Average properties for replaced web concrete




TABLE A-2

REINFORCING BAR PROPERTIES FCOR TEST SPECIMENS

Specimen

Size Properties -
R1 R2 Bl B3 B4 B2 BS F1
£, (ksi) 66.01 70.4| 68.7| 69.0 | 73.8 | 67.1| 69.2| 69.7
£ (ksi) 72.0( 76.2| 75.1! 76.8 | 78.8 | 74.4 | 75.4| 76.6
D3* su p
E. (psi x 10%) | 30.6! 28.3| 33.0| 32.5| 28.4 | 33.8 | 31.2| 32.8
Elong. (%) 5.9 11.1| 11.0 8.9 | 10.8 9.4 | 10.1| 10.3
£, (ksi) 75.7] 77.6| 75.5 | 69.4 | 73.2 | 77.2| 72.8| 7s6.2
£_ (ksi) 101.5]100.2 | 100.8 i 95.5 | 98.8 |[101.6 | 97.4 | 102.2
Gm** su p
E, (psi x 10°) | 31.4| 32.6| 32.5| 30.4 | '31.9 | 32.1 | 31.4| 31.3
Elong. (%) 12.2| 12.4| 10.7 | 11.7 | 12.6 | 10.2 | 12.1| 10.4
£, (ksi) 74.2 | -- - -- - -- - --
£ (ksi) 111.0 | -~ - - - -- - --
No. 3 sy §
E, (psi x 10°) | 27.8 - - - .- - - --
Elong. (%) 9.8 -- - - - - - -
£, (ksi) -~ | 65.3| 65.2| 63.5| 65.3 | -- -- 64.5
£_ (ksi) -~ 1102.7]102.7 |101.0 |102.5 | -- -- |102.8
No. 4 su
E. (psi x 10°) | -- | 26.9| 28.3 | 25.9 | 27.5 | -- -— | 28.1
Elong. (%) - | 12.3| 11.7] 10.9 | 11.8 | ~-- -~ | 11.5
£, (ksi) - - -- - - 59.5| 64.4 -
£ (ksi) - - -- -- -- |100.8 | 106.4 -
No. 6 | =U 6
E_ (psi x 10°) -- - -- - -~ | 30.2 29.5 --
Elong. (%) -- - - -- - | 13.3] 13.2| --
*A = 0,03 sg.in. db = 0.195 in.
**A = 0.05 sg.in. db = 0.25 in,
1000 psi = 1.0 ksi = 6.895 MPa.
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the level base platform of the formwork. The vertical wall
reinforcement was then placed in the base cage and suppdrted
against the stationary formwork. After the vertical rein-
forcement was secured, the base block was cast. This
casting was designated Lift 1.

Following casting cof the base block, the construqtion
joint was prepared and the horizontal reinforcement for Lift
2 was placed. Then the removable formwork for Lift 2 was
set, and Lift 2 was cast. Subsequent wall lifts were con-
structed in the same manner. The wall lifts were‘36 in.
(0.91 m) in height.

Construction joints between 1lifts were made following

(15) The surface of the concrete was

'standard practice.
roughened'with a cold chisel, and cleaned of laitance and
loose particles prior to placing adjoining concrete. The
construction joints are designated CJ1 through CJ5 as shown
in Fig. A-22.

The sixth 1lift was cast in two segments. First, the
wall segment was cast in the morning, then the slab segment
was cast in the éfternoon. The delay between segmenté was
to avoid problems caused by plastic skrinkage.

Approximately two days after casting the sixth 1lift,
the removable formwork was stripped. Following this opera-
tion, a special lifting rig was placed on the specimen.
This rig allowed thé specimen to be lifted through rods
attached to the base block. Prior to lifting, the base

- platform of the formwork was rotated to tilt the specimen

away from the stationary formwork; thus essentially stripping

A-23



the specimen from the stationary form. The specimen could
then be lifted away from the staticnary formwork and placed
in position on the test floor.

Repaired Specimen

As shown in Fig. A-23, the web of Specimen B5 was
considerably damaged after completion of testing. However,
the columns were in véry good condition. The outer shell
had spalled off the lower 3 to 6 in. (76.2 to 152.4 mm) of
the compression face of the columns, but the confined cores
were intact. The maximum measured crack widths in the
columns duriné testing were 0.075 in. (1.91 mm) on the
tension side and 0.023 in. (0.58 mm) on the compression side
at peak lateral load. After completion of the test, the
average increase in vertical length of the lower 3 ft of
wall was 0.49 in. (12.5 mm). The average increase in
vertical length of the second 3 £t (0.91 m) of wall was
0.42 in. (10.7 mm). No reinforcing steel\had fractﬁred or
buckled. It was decided that this specimen could be
repaired and retested.

Repalr procedures were chosen to provide the simplest
and least expensive repair that would restore reasonable
strength and ductility to the wall.

As shown in Fig. A-24, the web concrete was removed up
to the 8 ft 6 in. (2.6 m) level. The reinforcing.steel was
left intact. No new steel was added. The columns were
rubbed with a soap stone to remove locose particles. The web
to base block and web to column joint surfaces were

roughened to remove any loose material.

A-24
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Fig. A-24 Specimen B5R With

Fig. A-23 Specimen B5 After
Lateral Load Test Web Concrete Removed
Fig. A-25 Formwork for New Web Concrete
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New web concrete was cast in 3 ft (0.91 m) lifts. The
formwork for the web is shown in-fig.'A-25, The last
several inches near the top joint were hand packed with a
stiff mik-from one side of the wall. After the fo;ms were
stripped, this joint was hand rubbed with a sand-cement
mortar.

Although tapping with a hammer indicated that the shell
of the columns was loose in several areas, this concréte was
not removed. Only the areas shown in Fig. A-26 and Fig. A-27
at the base of the column where the outer shell had crushed
were repaired. These areas were roughened to remove loose
particles and then a stiff sand-cement mortar was hand
packed into place. The remaining areas of the columns were
givgn a cosmetic repair by hand rubbing a neat cement paste
ﬁé&ér fheﬁéuffgcé‘éf«tﬁe cracks.

Figure A-28 shows the Specimen B5R éfter comﬁietion of
the repairs. |

Lateral Load Test Setup

Loading System
The apparatus fdr testing the walls is shown in Fig.
A-29. A photograph of test set up is shown in Fig. A-30.
Each test specimen was post-tensioned to the floor
usiné‘eight 1-3/8 in. (34.9 mm) diameter Stressteel bars.
Loads were applied to the specimen as a vertical canti-
lever with concentrated forces at the top. Hydraulic rams
con each side of the specimén alternately applied force to

first one side then the other side of the top slab. Reactions

A-26



Fig., A-26 Base of Left Column Fig. A-27 Base of Left Column
Prior to Repairs After Repairs

Fig. A-28 Specimen B5R After Completion
of Repairs
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from the applied loads were transferred to the test floor
through a large infilled reaction frame. This load transfer
occurred directly when the rams closest to the reaction
frame were activated, and indirectly through the remote
support column and tie rpds, when the rams farthest from the
reaction frame were activated. A system of one or two rams
on each side of the specimen was used depending on the
anticipated capacity of each specimen. The hydraulic rams
have a capacity of 200 kips (890 kN) and a stroke of 36 in.
(0.91 m}. At each end of the ram, a clevis bracket and pin

arrangement formed a link assembly.

Instrumentation

Loads. During each test, the applied lateral load was
measured and recorded by two methods. In the first method,
a load cell was attached to one end of each ram. Thé load
cell readings were recorded as discrete points at each load
stage during testing., In the second method, pressure cells
were attached to the two hydraulic pressure lines for each
set of rams. A continuous plot of the pressure cell read-
ings versus the top wall deflection was made during testing.

External Instrumentation. A system of external gages

as éhown in Fig. A-31 was attached to each specimen.
These gages were mounted on independeﬁt reference
planes on eacﬁ side of the specimen. They were used to
determine deflections, rotations, shear distortions, and
reference plane movement. In addition, 3 dial gages were
mounted on the specimen to determine slip at construction

joints, A-29
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All horizontal and vertical displacement measurements
were made using linear potentiometers and direct current
differential transducers (DCDT's). These gages have
resolutions from 0.001 in. to 0.003 in. (0.025 mm to
0.076 mm):

Horizontal Displacements. Horizontal displacements are
measured at seven levels as shown on Fig. A-31. Gages 7 and
8 measured horizontal movement of the base block. Gages 22,
23, and 9 through 15 measured horizontal movement of the
wall. For the lower three levels, measurements were made at
each end of the wall.

Rotations. Rotations were measured at four levels on
the specimen. The first was the rotation of the top of the
base block. This rotation was obtained using trianéulation
calculations from the output of Gages 7 and 16, ;nd Gages 8
and 17.

Rotations in the lower 6 ft (1.83 m} of the wall were
obtained by measuring vertical displacements along each end
of the wall, Three sets of measurements were made. The
first set was made using Gages 5 and 6 between the top of
the Ease block and the bottom ¢f the wall over a nominal
gage length of 3 in. (76.2 mm). The other two sets of
measurements were made over nominal gage lengths of 36 in.
{(0.91 m) using Gages 1 and 2, and Gages 3 and 4. An
independent check on the output of Gages 1, 2, 3 and 4 was

obtained using triangulation calculations from the output of

Gages 9 and 18, 10 and 19, 11 and 20, and Gages 12 and 21l.
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Movement of the reference planes was monitored using
Gages 24 and 25 as shown in Fig. A-31. Gage 24 measurgd the
relative horizontal movement between the tops of the
reference planes.

Shear Distortions. An indication of shear distortions
was obtained over two zones in the lower 6 ft (1.83 m) of
the wall. The first zone was from the top of the base block
to the 3 £t (0.91 m) level. The second zone was from the
3 £t level to the 6 ft level.

The horizontal and vertical movemenf of Points A
through.-F in Fig. A-32 were determined from the displacement
gages previously described. From this data, the changes in
length of the diagonals dl through d4 were calcuiated.

It can be seen in Fig. A-33a that the length of the
diagonals does not change in an element subjected to pure
flexure. Also, as shown in Fig. A-33b, the length change of
diagonals is equal and in the séme direction for each
diagonal in vertical or lateral expansion. For shear
distortions, however, the change in length of the diagonals
is in opposite directions. As shown in Fig. A-34, their
change in length can be related to shear distortions by:

Tp + Yy _ 5191 T 84

Yavg ~ 2 - Z2h1 (A-1)

Shear distortions calculated as described above cannot
be considered exact values in a reinforced concrete element.
Because of cracking, plane sections not remaining plane, and
the existence of a moment gradient across the element, these
shear distortions can only be considered as approximate

values.
A=-32
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As can be seen in Fig. A-32, the shear distortions
measured in the lower 3 £t (0.91 m) zone include the slip at
construction joints CJ1 and CJ2. The shear distortions in
the upper 3 ft zone include the slip at construction joint
CJ3.

Slip at Construction Joints. Dial gages 31, 32 and 33
as shown in Fig. A-31 were used to measure relative slip at
construction jeoints CJ1, CJ2 and CJ3. These gages have a
sensitivity of 0.001 in. (.025 mm).

Crack Widths. Crack widths were measured Quring
testing across selected cracks in the lower 6 ft (1.83 m) of
the web and boundary elements. These measurements were
obtained using a hand microscope containing a scale with

gradations of 0.001 in. (0.025 mm).

Internal Instrumentation. Strain gages were placed on

both wvertical and horizontal reinforcement. The basic
strain gage layout is shown in Figs. A-35 and A-36. In
addition, strains were measured on several of the hoops and
supplementary crossties of the confinement reinforcement of
Specimens B3, B4 and BS5.

Recording Egquipment. Output from locad cells, potentio-

meters, DCDT's and strain gages was recorded as discrete
points at each load stage using a VIDAR Digital Data Aquisition
System.
Raw test data for Specimens R1, R2, Bl, B2, B3 and Fl
was stored on printed and punched paper.tape. The data was

transferred from punched paper tape to disc storage to
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facilitate reduction using a Meta 4 Digital Computer.
Reduced data was then transferred to magnetic tape cassette
storage for analysis using an HP9830 calculatbr.
Raw test data for Specimens B4, B5 and BS5R was stored
on printed tape and transferred from the VIDAR directly into
an HPS830 calculator for immediate reduétion. Reduced data
was then stored on magnetic tape‘cassettes for later analysis.
Data from the construction joint slip gages and crack
width measurements were hand recorded.

Photographic Equipment. A complete photographic record

was kept for each test. Color slides and black and white
photographs were taken at selected load stages throughout
the testing. In addition, three time-lapse movie cameras
running at one frame per second recorded each cycle of

loading.

Test Procedures

Loading. A loading increment consists of three complete,
reversed cycles at a specific maximum load or deflection.,

The second and third cycles were used as a measure of
stability of the specimen performance within a loading
increment.

The specimens were initially loaded in equally increasing
force increments. The increments were determined by dividing
the calculated yield load by three or four so that the first
increment was below the cracking load. After the first

cracking increment was applied, a reduced load increment
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equal to the pre-cracking load was applied again. The force
increments were then increased until the vield level was
reached.

Subsequent to yielding, loading was controlled by
increasing deflection increments. The deflection was con-
trolled by manually closing a value in the hydraulic pres-
sure line when the desired deflection was reached. Within
the post yield loading sequence, a reduced load increment
was applied. Defiection increments were increased until
extensive damage was produced and the load capécity was con-
siderably reduced.

Data Recording. Each point at which a VIDAR reading

was taken is termed a load stage. Several load stages were
used in the first cycle cof each locad increment. A sufficient
number were used in the first cycle to reasonably define the
load versus displacement loops with discrete points. In the
second and third cycles of each increment, load stages occur
only at the zero and peak loading points.

Free Vibration Test Methods

Free vibration tests were conducted at selected stages
as the number and magnitude of the revérsed lateral load
cycles applied to the specimen were increased. Tﬁese tests
were carried out to determine the frequency and damping
characteristics of the specimens.

Tests were performed using two methods. 1In the first,
specimens were tested using an "initial displacement-sudden
release"” method. The force used to displace the wall was

lower than the calculated cracking load. In the second,
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small amplitude tests were performed using the impact force
of an 8 1lb. (3.63 kg) hammer to initiate vibrations. Plots
of displacement of the top of the wall versus time were used
to compute the natural frequency and logarithmic decrement.

The damping coefficient was calculated from the logarithmic

decrement.



APPENDIX B - TEST RESULTS

~Introduction

In this section the methods used for analysis and
presentation of the data from the tests are described in
general. The results from each lateral load test are then
presented in detail. The specimen behavior during testing
is described and the resulting data.is presented and
discussed. The results of the free vibration tests are not
presented separately for each specimen but are summarized at
the end of this appendix. |

Data Presentation and Analysis

Loading History

Loads and deflections applied toeach specimen are
plotted versus cycle number. First yield and £full yield
loads and deflections are indicated on these figures.

First yield load is defined as the first load at which
a yield strain was measured in the baundary element tensile
reinforcement. It was determined by monitoring specific
strain gages during loading.

Full yield lcad is defined as the load at which all of
the main tensile reinforcement in the boundary element had
yielded. It was determined from interpclation between
measured strains at load stages before and after full yield.

In the specimen locading history, an inelastic cycle is
defined as a complete reversed lcad cycle during which both

the lecad and deflection exceeded the first yield level.



Load-Deflection Relationships

Two continuous load-deflection figures are presented
for each test. The first figure shows the initial cycles
with first cracking indicated. The second figure shows the
cycles for the entire test. Included in these figures are
indications of yield loads and failure modes. This is the
only fiéure for each specimen that includes all loading
cycles for the specimen. Other load-deformation type
figures show only the first cycle of each loading increment.

These cycles are numbered on the figures.

Moment-Rotation Relationships

Reversing Load. The reversing moment-rotation data are

shown for each specimen at three levels. These are the base.
level, the 3-ft (0.91 m) level énd_the 6-ft (1.83 m) level.
The fixed bedy rotation at the top of the base block is
subtracted out of the data used for these figures. However,
rotations due to slip of the flexural steel anchored within
the base block are included in the rotations. The moment
plotted in all cases is the moment at the base level.

Monotonic Load. One of the objectives of the experi-

mental program was to compare the behavior of specimens
subjected to reversing load with the behavior under monotonic
loading. To partially accomplish this, Specimen B4 was
constructed similar to Specimen B3 and tested with monotonic
loading. Specimen B4 was aléo similar to Specimen Bl,.with

the exception that Bl did not have confinement reinforcement



in the boundary elements. Therefore, the results for
Specimen B4 are included on all plots for Specimens Bl and
B3.

Since cost and time prohibited a monotonic test for
each of the other types of specimens, a calculated moment-
rotation relationship was used to extend the reversed
loading versus monotonic loading comparison to other
specimens.

To obtain the calculated moment-rotation relationship,
a computer analysis of each cross section was performed to

obtain a moment-curvature relationship.(l6)

Analysis of
sections was based on satisfying applicable conditions of
equilibrium and strain compatibility. A linear distribution
of strain over the section was assumed. Measured material
properties were used. The analysis considered complete
stress-strain relaticonships for concrete and steel, including
strain hardening of the reinforcement and the effect of
confinement in the concrete compression block. The Kent and
Park(l7) relationship was used for the confined concrete
stress-strain relationship.

The maximum calculated curvature was determined by
either concrete crushing or reinforcing steel fracture. For
unconfined concrete, the limiting concrete strain, £y at
the compression face was taken aé £y = 0.004. For confined

concrete, the limiting strain for the compression face was

determined from an expression developed by W. G. Corley.(lg'lg)
psf 2
€, = 0.003 + —ng (B-1)



where: I the wvolumetric ratio of confinement reinforcement

f., = the yield stress of confinement reinforcemeﬁt

in ksi.' |
Fracture of the reinforcing steel was assumed to occur at a
strain equivalent to the measured elongation from reinforce-
ment tension tests.

In reinforced concrete flexural members, inelastic
curvature spreads over a hinge length, Ep‘ Therefore, the
theoretical curvature distribution corresponding to the
actual moment distribution i1s not accurate. An effective
curvature distributicon must be determined. Rotations at a
specific level can then be calculated by integrating the
effective curvature distribution over -the length involved.

Two different methods were used to determine an effec-
tive curvature distribution. One method shown in Fig. B-1l
was used to include the effect of diagonal shear cracking on
the spread of the hinging region. It was used for specimens
Bl, B2, B3, B4, B5 and F1. A hinge length, QP, was deter-
mined visually from the crack pattern of each specimen.

This was the height at which the steepest diagonal crack
extending from the base compression zone intercepted the
centroid of the tension boundary element as shown in

Fig. B-1. Based on eguilibrium of the forces in the hinge

region, Bachmann(20’21)

presented a relationship for deter-
mining force in the tensile reinforcement. Using this
relationship, the effective moment for flexural steel

tension is:
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For 0 < x <2

P
2
_ _ X 1P -2)
Mx = MB 5 (B-2)
For QP < X <180 in.
= - - g ' -
Mx MQp P (x P) (B 3)
Where: MB = Mcment at the base
Mx = Effective moment at a distance X from the hase
MQp = Effective moment at Qp from the base
2
(2_)°nmP
= M - _p—__
B 2d
P = Total lateral load
= VS/P
VS = Lateral load taken by stirrups across a

45 degree crack.

The calculated curvature related to this effective moment

distribution was used

to calculate rotations at each level.

A second methed was used for specimens with predominately

flexural cracking. This was used for specimens R1 and R2.

A hinge length Ep was

(22)

determined from Mattock's equation:

£ = 0,54 + 0.052 (B-4)

Where: d = effective

S
]

depth

distance along the span from section of maximum

moment to adjacent section of zero moment.

After the yvield moment was reached at the base, the effective

curvature distribution shown in Fig. B-2 was used to calculate

rotations.



The rotation calculations described above were per-
formed only to obtain an estimate of monotonic rotation
behavior. 1In both methods, no attempt was made to inclﬁde
the effects of bond slip and variation of steel strain
between cracks. In the method used for diagonally cracked
specimens, only the tensile strains are directly related to
the effective moment distribution and plane sections do not
remain plane. The célculated curvature is only approxi-
mately related to the effective moment at a section. There-
fore, the calculated monotonic rotations should only be
considered approximate values. However, the calculated
monotonic strengths should be accurate estimates,

The calculated monotonic rotaticons for Specimen B4 are
compared with the measured rotations in Fig. B-3.

The calculated maximum strength of 74.3 kips {330.5 kN)
is in very close agreement with the measured, strength of
75;3 kips (334.9 kN).

The calculated rotation at the base level is consider-
ably lower than the measured. This is as expected since a
major portion of the measured rotation at the base is due to
the steel strain within the base block. This would be true
in all test specimens. Therefore, no further attempt was
made to compare calculated and measured rotations at the
base level.

Calculated rotations at the 3-ft (0.91 m) and 6-ft
(1.83 m) level overestimate the measured rotations. This is
the direction of error to be expected considering the assump-

tions made in the calculations. However, the calculated

B-7
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maximum rotation is in'reasonable agreement with measured at
botﬁ the 3-ft and é-ft levels. Therefore, the plots of
calculated monotonic rotation at these two levels were
superiﬁposed on measured reversed lcad rotation plots for
each specimen.

It should be noted that these calculated rotations are
not intended to be an estimate of rotations in specimens
under reversed loading.' They are intended tc be an estimate
of rotations under monotonic lcading. They are shown on the
figures to demonstrate the effects of reversed loading on

strength, ductility and rotation.

Shear Distortion Relationships

Shear distortion plots are shown for each specimen over
three zones as indicated in Fig. B-4. Zone 1 is from the
top of the base bloék to the 3~-ft level. Zone 2 is from the
3-ft level to the 6-ft level. The shear distortions in
these two zones were calculated from measured deformations
as previously described in the section on instrumentation.

In order to present the average shear distortion over
what is considered the hinging region, a third zone is
defined. Zone 3 is from the top of the base block to the

6-ft level. Using the notation defined in Fig. B-4 the

-

- average shear distortion in Zone 3 was calculated from the

distortions in Zones 1 and 2 by:

Yy hy + v, h
Yy by 2 By
Y3 = h. + h (B-5)
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Slip at Construction Joints

Load versus slip plots are shown for each specimen at
Construction Joints CJ1, CJ2, and CJ3. The base construc-
tion joint data is an accurate representation of slip at the
base joint, CJ1. However, the measurements at CJ2 and CJ3
were often influenced by diagonal cracks passing between the
gage brackets and, therefore, are not always an accurate
representation of construction joint slip. Also, due to
extensive cracking, dial gages often fell off or were
removed from the specimen prior to the end of the test. The
cycle after which no slip data were obtained is noted on

the figures.

Deflections

The total deflection of the specimen at the 3-ft (0.93 m),
6-ft (1.83 m) and top levels were separated into deflections
due to base rotation, flexural rotation and shear distortion.
This data is presented in two types of figures.

The first type of figure shows the separate components
of deflection versus the total deflection at the three
levels. The ordinate is the deflection in inches. The
abscissa is the displacement ductility ratio using the
measured deflection at the full yield load as the yield
deflection. The deflections are shown for the maximum
positive lcocad in the first cycle of each loading increment.
Both axes of these plots are proportioned so that a 45

degree line represents the total measured deflection.
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The second type of figure shows the deflected shape of
the wall at maximum positive and negative loads in various
cycles. One plot shows the total deflected shape from
measurements at five levels on the specimen. Two other
plots show the deflected shape due to flexural and shear
deformations.

- Each set of figures includes the deflected shape in the
first cycle and the third cycle of a lecading increment in
the latter stages of the test. This demonstrates the sta-
bility of the deflected shape within the loading increment,
Also included is the deflected shape immediately before and
after significant strength detericration.

For both types of figures the flexural and shear
deflections were calculated from the measured rotations'and
distortions.

The flexural deflections were calculated assuming the
measured rotations over a gage length to be concentrated at
the center of that gage length. For the top deflection, the
wall between the 6-ft (1.83 m) level and the top was con-
sidered rigid. Therefore, using the notation defined in

Fig. B-5:

_ 1
Bpy = el(hz + T) + (0, - 91)(2_> | (B=6)

v}
|
[
N
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hy hy
fpp = Bl(igo } E‘) + (5 - 61){180 '<$1 * E%ﬂ
' By (B-8)
+ 9y - 92)[180 - (51 * Ryt ETJH

The shear deflections at the 3-ft and 6-ft (0.91 m and
1.83 m) levels were calculated as described under instrumen-
tation. 1In calculating the shear deflection at the top of
the wall, the shear strain was assumed to be zero éta
distance of 36 in. (0.91 m) (~ d4/2) from the top. There
would actually be some elastic shear deformation in this top
segment, however, the magnitude is insignificant. An average
Shear distortion of 72/2 was assumed over the distance from
the 6-ft level up to 36 in. from the top‘of the wall.

Therefore, using the notation defined in Fig. B-6:

Bs3 = Y1 My ‘ (B=3)
Y, |
R >={180 - (h; + h, + 36)] (B-11)

The calculated flexural and shear deflections at the
3-ft and 6-ft levels are as accurate as the measured data.
The deflection components calculated for the top of the wall
are considered approximate values and are presented as

extrapolated data.

Base Slip Versus Shear Distortions

In the deflection component analysis described.above,
no attempt was made to separate the construction joint slip
from the shear deflections because 0f the previously indi-

cated limitation of the slip data. However, since the base
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joint slip data is considered accurate, it was separated
from the shear deflection at the 3-ft level. For each -
specimen, the base slip is shown on two figures as a per-
centage of the total shear deflection at the 3-ft (0.91 m)
level. The data is presented at the maximum positive and

negative loads in the first cycle of each loading increment.

Reinforcement Strains

Several types of figures showing reihforcing steel
strain data are presented for each specimen.

The first type shows the cyclic load versus strain
relationships for twe vertical bars in the boundary element
and for two horizontal bars in the web. The other types of
figures show the strain gradient over the height of the wall
and across horizontal sections at several locations for both
vertical and horizontal reinforcement;

The strain gages used on fhe reinforcing steel usually
lost bond with the steel between a strain of 0.015 and 0.030.
Therefore, on the majority of figures, the strain scale was
limited to 0.0125. A dashed arrow and cycle number indicate
when a strain gage stopped functioning or the gage reading

went off the scale.



Specimen R1

Test Description

'Specimen Rl was a rectangular shaéed wall with 1.47%
vertical reinforcement concentrated within a distance of 7.5
in. (190.5 mm) from each end. The boundéry element had
ordinary column ties throughout the height of the specimen.

The test consisted of 30-1/2 loading cycles as seen in
Fig. B-7. Figures B-8 and B-9 show the complete load versus
top deflection relatiopship.

Flexural cracking was first observed in Cycle 4 at a
load of 12 kips (53.4 kN). First yielding occurred in cycle
10 at a load of 20.1 kips (89.4 kN). The maximum measured
crack width at this stage was 0.018 in. (0.46 mm).

Minor spalling and flaking along cracks were first
observed at Cycle l4.

The maximum measured load, +26.6 kips (118.3 kN),
occurred in Cycle 16 at a +2.0 in. (50.8 mm) deflection.
This lcad corresponded to a nominal shear stress, Viax -
l.4J§g (0.l2vfz, MPa). The maximum measured crack width at
this stage was 0.20 in. (5.1 mm}. Cracks in the compression
side of the wall remained open with a width of approximately
0.02 in. (0.51 mm).

The cracking pattern in the lower 6 ft (1.83 m) of the
wall is shown in Figs. B-10 and B-11. The photographs were
taken in Cycle 19 at a top deflections of +3 in. (76.2 mm)

and -3 in., respectively. The cracks started in a horizontal
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Fig. B-10 Cracking Pattern at +3 in. Deflection
for Specimen R1

Fig. B-11 Cracking Pattern at -3 in. Deflection
for Specimen R1
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direction as flexural cracks. They then inclined until they
intercepted cracks from the opposite direction. The lower

3 £t (0.91 m) of wall was completely traversed by several
predominately horizontal cracks. Significant spalling and
sliding along the horizontal crack at the 3-ft level was
noted‘in Cycle 19.

First buckling of the main flexural reinforcement was
observed in Cycle 20, the.second cycle at +3 in. deflection.
The outer two bars in the compression end of the wall
buckled at a location 15 in. (381 mm) above the base. A
crack width of 0.05 in. (1.27 mm) had previously been measured
when this end was in compression. Subsequent to buckling of
the first two bars, ten additional bars buckled during the
test,

First bar fracture occurred in Cycle 26. The fractured
bars were the two-that had buckled first. Si§ and one-half
cycles were applied between first buckling and fracture.
Subsegquent to the first two bar fractures, nine additional
bars fractured during the test. Each bar fracture was
associated with a drop in the load resisted by the specimen.

During the latter load increments, concrete in the
compression zone was segmentéd into large pieces. However,
since the wall was lightly reinforced in flexure, the con-
crete did not crush.

The specimen sustained at least 80% of the maximum
measured load through 13 complete inelastic cycles. The
last inelastic loading increment in which the load was

sustained at or above 80% of the maximum for all 3 cycles
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was at +3 in. (+76.2 mm). A photograph of the wall after

the test is shown in Fig. B-12.

Discussion of Results

Moment-Rotation. Moment rotation data for Specimen R1

is shown in Fig. B-13. The maximum measured moment was 91%
of the calculated monotonic maximum. The relationship
between the calculated and measured rotation at the 3-ft
(0.91 m) level is very similar to that at the 6-£ft (1.83 m)
level. This indicates that the shape of thé assumed effective
curvature distribution was accurate.

The maximum measured loads in éach cyclé reached a peak
in Cycle 16 and then leveled off ekhibiting no "strain
hardening"” as the rotations increased.

The loops at all three levels exhibited some pinching.
The base level loops exhibited the most pinching. It should
be noted that there is a discontinuity at the end of each
loop on the negative side. This results from plotting only
every third loop. |

Shear-Distortion. The shear-distortion loops for

Specimeé Rl are shown in Fig. B-l14. Although the wall was
considerably over-reinforced for shear, the specimen ex-.
hibited shear "vielding" during approximately the same lcad
cycles in which flexural yielding occurred.

After shear "yield" the loops exhibit pinching due to a
low shear stiffness over an increasingly wider range of

deflection in the center region of the loops. Pinching was
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most evident in Zone 1. The maximum shear distortions in
each new increment increased at an approximately constant
rate. The magnitude of distortions in Zone 2 were approxi-
mately 70% of those in Zone 1. In both zones, the specimen
was somewhat stiffer for positive direction loading. This
difference can be related to the slip allowed by the crack
pattern.-

Sligiét Construction Joints. The slip at construction

joints for Specimen Rl are shown in Fig. B-15. The slip at
CJ1l and CJ2 exhibited a "yielding" similar to shear "yielding"
at later load increments than flexural yielding occurred.

No significant slip was measured at CJ3.

The slip at CJl is shown as a percentage of the total
shear deflections in Zone 1 in Fig. B-16. Specimen R1
exhibited a larger percentage of slip at CJ1 than did the
other eight specimens tested,.

Deflections. The deflection components and deflected

shapes for Rl are shown in Figs. B-17 and B-1l8. These
figures show that flexural deflections predominated. This
is expected for a specimen subjected,to low nominal shear
stresses. However, shear deflections were a measurable
portion of the total and were becoming an increasing portion
in the latter load increments. The total deflected shape
was nearly a straight line as can be seen in Fig. B-18.

The deflected shapes at Cycles 16 and 18 show only a slight

shear degradation within the 2-in. (50.8 mm) increment.
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Reinforcement Strains. Figures B-19 through B-27

‘show reinforcement strains in the specimen at several
stages.

Figure B-20 shows that yielding of.the vertical bars
was limited to the lower 6-ft (1.83 m) region. Figure B-22
shows that the left compression element started to grow in

Cycle 13.

Figure B=-23 through B-27 show that,‘even though the
specimen was considerably over-designed for shear and the
maximum measured load corresponded to only 1.4 Jfg
(0.12 vfz, MPa), horizontal bars yielded in the‘lower 6-£t

regicn during Cycle 16.

o)
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Specimen R2

Test Description

Specimen R2 was a rectangular shaped wall with 4.0%
vertical reinforcement concentrated within a distance of
7.5 in. (196.5 mm) from each end. The boundary element had
confinement reinforcement in the lower 6 ft (1.83 m) of the
boundary elements.

The test consisted of 39 loading cycles as shown in
Fig. B-28. The complete load versus top deflection relation-
ship for the R2 test is shown in Figs. B-29 and B-30.

The first si;hificant flexural cracking occurred in
Cycle 4 at a load of 15 kips (66.7 kN). First yielding
occurred in Cycle 19 at a load of 37.0 kips (164.6 kN). The
maximum measured c¢rack widths at £his stage were 0.012 in,
(0.30 mm) in the tension boundary element and 0.019 in,
(d.48 mm) in a diagonal web crack. Minor spalling and
. flaking were first noted along horizontal web crack in the
lower 3 ft (0.91 m) in Cycle 19.

The cracking pattern in the lower 6 £t (1.83 m) of the
wall is shown in Figs. B-31 and B-32, These photographs
were taken during Cycle 25 at a top deflection of +3 in.
(76.2 mm) and -3 in., respectively. As these figures show,
the flexural cracking in the end regions was very finely
distributed due to the close spacing of confinement steel.
These flexural cracks progressed into coarsely distributed

diagonal and horizontal cracks in the web. The cracks from
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the opposite directions of loading intercept each other.
These cracks segmented the web into large pieces. Several
horizontal cracks completely traversed the width of the
wall. The horizontal cracks formed at the levels of the
horizontal steel in the web which was at 8 in. (203.2 mm) on
center.

In the first 3 in. deflection Cycle 25, it was noted
that the cracks in. the compressicon zone remained open
0.003 in. (0.076 mm). First indication of crushing of the
cuter shell at the base of the wall had been noted in Cycle
22, A significant increase in spalling and flaking along
the horizontal cracks was observed during the 3 in. deflection
cycles.

During Cycle 28, a 1 in. (25.4 mm) deflection cycle,
bowing of the compression end was observed. The compression
boundary element was 0.25 in. (6.4 mm) out of plane at a
peint 3 ft 6 in. (1.1 m) above the base. Although this
bowing progressed further with each cycle the load carrying
capacity of the wall remained stable. After Cycle 32, the
compression end of the wall was 3 in. (76.2 mm)} out of plane
at a point 3 ft-6 in. above the base. Fig. B-33 shows the
specimen after Cycle 32.

The test was stopped after Cycle 32 and lateral bracing
was added to the test set-up. An omni-direction ball caster
was placed against the face of the each boundary element at
a level 3 ft 6 in. above the base. This simulated lateral

support at approximately the first story height.



Fig. B=33 Lateral Displacement of Compression Zone
After 4 in. Deflection for Specimen R2

Fig. B-34 Specimen R2 at End of Test



The test was continued with the third 4 in. (101.6 mm)
deflection Cycle 33. Considerable grinding and spalling
along web cracks occurred during the 4-in. deflection
cycles. Also, the end hooks of several horizontal bars
started to open during the 4-in. cycles.

The maximum measured load, -48.8 kips (216.6 kN),

occurred in Cycle 34 at a -5 in. deflection. This load

corresponded tc a nominal shear stress, vmax = 2.5#?;
(0.2ldfé, MPa). The maximum measured crack widths at this

stage were 0.023 in. {(0.58 mm) in the tension boundary
element ana ¢.125 in.‘(3.18 mm) in a diagonal crack in the
web.

In Cycle 35, a large out of plane displacement of the
éompression zone within the lower 3 ft 6 in. height‘was
observed and the load carrying capacity of the wall decreased.
The maximum negative load in the third cycle of the 5 in.
(127.0 mm) deflection increment was 79% of the haximum in
the first cycle.

Several bars fractured in Cycle 37 and out of plane
displacement of the compression zones progressed further.
Considerable crushing and loss of concrete occurred in
subsequent cycles and the locad carrying capacity continued
to decrease.

The spécimen sustained at least 80% of the maximum
measured load through 14 complete inelastic cycles. The
last inelastic loading increment in which the load was

sustained at or above 80% of the maximum for all 3 cycles
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was at +4 in. (+10l.6 mm). A photograph of the wall after
testing is shown in Fig. B-34.

The fact that lateral support at the first story level
was not present during the major portion of the test probably
precipitated an early failure. The reverse curvature out of
plane of the boundary element just above the base during the
bowing in the 3-in. gnd 4-in. cycles contributed to premature
out of plane displacement within the 3 ft 6 in. height. This
out of plane movement may also have contributed to fracture

of bars at the base.

Discussion of Results

Moment-Rotation. The moment rotation data for Specimen

R2 is shown in Fig. B-35. The measured maximum moment was
85% of the calculated monotonié maximum. The relationship
between the calculated and measured rotations at the 3-ft
(0.91 m) level is very similar to that relationship at the
6-ft (1.83 m) level. This indicates the shape of the assumed
effective curvature distribution was accurate.

The maximum measured loads in each new increment exhibit
only slight "strain hardening"” as the rotations increase.

An envelope‘through the measured peaks appeared to approach
a maximum lower than the maximum calculated for monotonic
loading.

The rotation loops at the base level exhibited gonsid-
erable pinching after Cycle 19. Pinching is only slightly
evident in the latter loops at the 3-ft level. ©No indica-
tion of pinching is evident in the stable loops at the 6-ft

level.
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Shear-Distortion. The shear distortion loops for R2

are shown in Fig. B-36. Although the wall was considerably
over-reinforced for shear, the specimen exhibited shear
"vielding" during approximately the same load cycles in
which flexural yielding occurred.

After shear "yielding" the loops exhibited pinching
over an increasingly wide range of deflection. The pinching
was more evident in Zone 1. The new maximum shear distortion
in each increment became larger at an increasing rate. The
magnitude of distortion in Zone 2 was approximately 50% of
that in Zone 1. |

Slip at Construction Joints. The slip at construction

joints in R2 is shown in Fig. B-37. The slip at CJ1 and CJZ2

exhibited a "yielding" similar to shear "yielding" at a

later load increment than flexuralzyielding occurred at the

corresponding levels. The slip stiffness for CJ1 and CJ2

was larger for positive load. The slip at CJﬁ was negligible.
The slip at CJ1 is shown as a percentage of the total

shear deflections in Zone 1 in Fig. B-38. With the exception

of Rl, Specimen R2 exhibited a larger percentage of slip in

the negative direction than did the other test specimens.

Deflection. The deflection components and deflected

shapes for Specimen R2 are shown in Figs. B~39 and B-40.

As in Specimen R1l, these figures show that flexure was the
larger component of top deflection. However, shear deflec-
tions were a significant portion of the total and a somewhat

larger portion than in R1. The shear deflections were
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becoming an increasing portion of the total in the latter

load increments, especially in the lé@er 3 ft (0.91 m).

This latter shear deflection was such that the total deflected
shape was similar to the deflected shape of a frame. This

is shown in Fig. B-40. The deflected shapes at Cycle 25 and
27 showed a small amount of shear degradation within the

3-in. (76.2 mm) increment.

Reinforcement Strains. Figures B-41 through B-49 show

reinforcement strains in the specimen at several stages.

Figure B-42 shows that yielding of the vertical bars
extended up to the 9-ft (2.74 m) level in Cycle 31. Figure
B-44 shows that the left compression element started t¢ grow
in Cycle 19.

Figures B-45 throﬁgh B-49 show that, even though the
specimen was over-reinforced for shear, considerable yielding
occurred in the horizontal bars in the lower 9 ft of wall.
Even the gages near the ends of the horizontal bars, HH and
HA, indicated strains at or near yield. This indicates that
the end hooks on the horizontal bars were necessary. The

strains approached zero at the 12~ft (3.66 m) level.
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Specimen Bl

Test Description

Specimen Bl had column boundary elements with 1.11%
vertical reinforcement iﬁ each column. Ordinary column ties
at 8 in. (203.2 mm) on center were used throughout the
height of the boundary element.

The test consisted of 36 lcading cycles as seen in Fig.
B-50. Figures B-~51 and B-52 show the complete load versus
top deflection relationship for Specimen Bl. Initial flexural
cracking was observed in Cycle 4 at a load of 26 kips
(115.7 RN). First yielding occurred in Cycle 10 at a load
of 45.1 kips (200.6 kN). The maximum measured crack widths
at this sﬁage were 0.009 in. (0.23 mm) in the ‘tension column
and 0.014 in. (0.36 mm) across a diagonal cracks in the web.

The crack pattern that developed started with horizontal
flexural cracks in the columns that progressed into diagonal
shear cracks in the web. The angle of the diagonal cracks
was steeper than the cracking in the rectangular section
specimens. However, web cracks were intercepted by cracks
from the opposite direction loading. The specimen was
eventually traversed across the entire width by several
predominantly straight horizontal cracks. The crack pattern
is shown in Figs. B-53 and B-54 at + 3 in, (76.2 mm) and
-3 in. deflections, respectively.

Minor spalling and flaking along the web cracks was

first noted in Cycle 14. There was a significant increase
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in this spalling and flaking in Cycle 19. During Cycle 19,
it was first noted that cracks appeared to remain open in
the compression c¢olumn approximately 0.005 in. (0.13 mm).
Also, it was first noted in Cycle 19 that the boundary
elements had a slight reverse curvature occurring in the
lower 3 £t (0.91 m) of height.

It should be noted that the crack at the base joint
always remained open a considerably greater width in the
center region of the web than in the end boundary elements.
This was a typical behavior observed in all specimens.

First indication of crushing of the concrete at the
base of the wall occurred in Cycle 22, the first 3 in.
deflection cycle. Also, during Cycle 22, the first flexural
bar buckling occurred. A corner bar near the outer face of
a boundary element bowed out between ties near the base. 1In
subsequent cycles, 13 other bars buckled, some at two or
three levels. A photograph of scme of the buckled bars is
shown in Fig. B-55. '

After first buckling cf flexural bars, the boundary
elements started to deteriorate. The outer shell spalled
off and small pieces of concrete would fall out of the core
when the elemeht was in tension. However, the load carrying
capacity did not reduce duriné several additional éycles.
The maximum load measured, 61.0 kips (271.3 kN), occurred in
Cycle 28 at a -4-in. (101l.6 mm) deflection. This load
corresponded to a nominal shear stress. Voax 2.9sz
(0.244?2, MPa)., The end hooks of the horizontal steel
started to open during Cycle 28.
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First bar fracture éccurred in Cycle 31. The bar that
had buckled first was the first to fracture after sustaining
8-1/2 cycles. Subsequently,l3 other bars fractured, how-
ever, the load carrying capacity remained above 80% of
maximum until the negative half of Cycle 33, the last 5-in.
(127.0 mm) deflection cycle. The load at this stage was 70%
of the maximum load.

The boundary element deteriorated‘significantly in. the
latter cycles of the test with large pieces ¢f concrete
falling out when the element was in tension. Finallyxthe
concrete in one of the columns was completely lost and the
web of the wall was crushed by compressive forces which
could not be carried by the column.

The specimen sustained at least 80% of the maximum
measured load capacity through 14 inelastic cycles. The
last inelastic loading increment in which the lcad was
sustained at or above 80% of the maximum for all 3 cycles
was at +4 in. (10l.6 mm) A photograph of the wall after

testing is shown in Fig. B-56.

Discussion of Results

Moment-Rotation. Moment rotation data for Specimen Bl

is shown in Fig. B-57. The measured maximum moment was 85%
0f the calculated monotonic maximum. The relationship
between the calculated monotic and measured rotations at the

3-ft (0.91 m) level is similar to that relationship at the
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6-ft (1.83 m) level. This indicates the shape of the
assumed effective curvature distribution was accurate.

Cycle 28 for Specimen Bl and Load Stage 11 for Specimen
B4 correspond to a top deflection of 4 in. (101.6 mm). As |
seen in Fig. B-57, the rotations in Bl are very close to the
rotations in B4 at this stage. However, the load is signi-
ficantly different.

The maximum measured loads in each new cycle reach a
peak level in Cycle 19 and exhibited no "strain hardening”
as the rotations increase.

The loops at all three levels exhibited some pinching.
The base level rotation exhibited the most pinching.

Shear-Distortion. The shear distortion loops for

Specimen Bl are shown in Fig. B-58. As in the rectangular
specimen, with over-reinforcement for shear, the specimen
exhibited shear "yielding" during approximately the same
load cycles in which flexural yielding occurred.

The pinching in the loops was more evident in Zone 1.
The maximum shear distortions in each new increment became
larger at a slightly increasing rate. The magnitudes of
distortion in Zones 1 and 2 were approximately equal at each
lecad increment., The specimen was slightly stiffer for
positive’loading. |

As shown in Fig. B-58, the maximum shear distortion in
Cycle 28 was only slightly larger then that in B4 at Load
Stage 11. This indicated only negligible shear dégradation

had occurred due to reversed loads at this stage.
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Slip at Construction Joints. The slip at construction

joints in Bl is shown in Fig. B-59. The slip at CJ1
exhibited a "yield" at the load increment after the incre-
ment in which flexural yielding cccurred at the base. The
maximum slip in Bl during Cycle 28 was more than twice the
slip at Load Stage 11. This is one source for the difference
in total shear distortions between Bl and B4.

The slip in CJ1 is shown as a percentage of the total
shear deflections in Zone 1 in Fig. B-60. After yield, the
slip remained a relatively constant at 20% to 25% of the
total shear deflection in Zone 1. It will be shown later
that the slip at CJ1 in Specimen B4 is c¢nly about 10% of the
total in 2Zone 1.

| The measured slip at CJ2 is erratic and was probably
influenced by a diagonal crack. ‘The slip méasured at CJ3
was considerably less than the slip at CJ3 in Specimen B4.

Deflections. The deflection components and deflected

shapes are shown in Figs. B-6l1 and B-62. As in the rectan-
gular specimens, these figures show that although flexure
was ﬁhe larger component of top deflection, shear was
becoming an increasingly major portion of the total in the
latter load increments. A comparison of the deflection
components for Specimen Bl and R2 indicates that although
the shear stress was somewhat higher in Bl, the shear
deflections were a smaller portion of the total at equal

displacement ductilities.
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As can be seen in Fig. B-62, the total deflected shape
was nearly a straight line. The deflected shapés at Cycle
22 and 24 show a small shear degradation within the 3-in.
(76.2 mm) increment.

Reinforcement Strains. Figures B~63 through B-71 show

reinforcement strainé in the specimen at various stages.

Figure B-63 indicates the columns started to grow after
Cycle 10.

Figure B-64 indicates that yielding of the vertical
bars extended up to the 9-ft (2.74 m) level in Cycle 22.

Figures B-65 and B-66 show that the strains in the web
vertical bars were sbmewhat larger than the strains in the
tension column at the base level. This corresponds with the
observation that the base crack was always wider in the
center region. This}is due to the low percentage of vertical
steel in the web. Also,‘the reversal of the strain gradient
in the compression column during the latter load stages can
be seen at the 3-ft (0.91 m) and 6-ft (1.83 m) levels in
Figs. B-65 and B-66.

Figures B-67 through B-71 show that, even though the
specimen was over-reinforced for shear, considerable yielding
occurred in the horizontal bars in the lower 9 ft (2.74 m)
of wall. Also, gages near the ends of the bars, HH and HA,
show strains at approximately 50% of yield indicating the
end hooks were necessary. The strains approached zero at

the 12-ft (3.66 m} level.
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Specimen B3

Test description

Specimen B3 was similar to Specimen Bl with 1.11%
vertical reinforcement in each column. However, B3 had
confinement reinforcement in the lower 6 ft (1.83 m) of the
boundary elements.

The test consisted of 42 lcading cycles as seen in Fig.
B-72, The complete lcad versus top deflection relationship
for the B3 test is shown in Figs. B-73 and B-74.

Initial flexural cracking was observed in Cycle 4 at a
load of 28.0 kips (124.5 kN}). First yielding occurred in
Cycle 10 at a load of 45.2 kips (201.0 kN). The maximum
measured crack widths at this stage were 0.012 in. (0.30 mm)
in the tension column and 0.025 in. (0.54 mm) across a
diagonal crack in the web.

The crack pattern that developed was very similar to
the crack pattern in Bl. The crack pattern at +3 in. (76.2 mm)
and -3 in. deflection is shown in Figs. B-75 and B-76,
respectively.

The behavior of Specimen B3 was very similar to the
behavior of Bl through the first 21 cycles. However, where
as flexural buckling of vertical bars occurred in Cyclé 22
for Bl, no significant distress was observed in the boundary
elements of B3 uhtil Cycle 38. ©Significant crushing and
grinding progressively deteriorated the‘web concrete after

Cycle 28, However, the confinement hoops in the columns
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Fig. B-75 Cracking Pattern at +3 in. Beflection
for Specimen B3
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Fig. B-76 Cracking Pattern at -3 in. Peflection
for Specimen B3
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contained the boundary element concrete and helped to prevent
bar buckling. The maximum locad measured, 62.0 kips, (275.8 kN),

occurred in Cycle 34 at a +6 in. deflection. This load

corresponded to a nominal shear stress, Voax - 3.l¢fé
(0.26/fé, MPa). The maximum measured crack widths at this

stage were 0.125 in. (3.18 mm) in the column and 0¢.170 in.
(4.32 mm) across a diagonal crack in the web. The specimen
maintained a nearly constant load capacity through to Cycle
39.

In Cycles 25 through 27, a 1 in. (25.4 mm) deflection
loading increment, a considerably different stiffness of the
wall was observed for the two lcading directions. This can
be attributed to the crack pattern. As shown in Figs, B-75
and B-76, when the wall is lcaded in the negative direction
there are several straight horizontal cracks (in the com-
pression side) for the wall to slip across. However, when
loaded in the positive direction the crack pattern in the
compression side is crisscrossed. Therefore, the specimen
is stiffer in this direction.

In Cycle 38, the compression boundary element appeared
to shear through, although the load capacity remained rela-
tively constant. The specimen is shown at this stage in
Fig. B-=-77.

In Cycle 39, a vertical bar fractured at the base while
loading the specimen to +7-in. (177.8 mm) deflection. The
‘fractured bar still had concrete cover and no evidence of

previous distress, such as buckling, was present. While



7 ]
2

t
510

pritiprog

Specimen B3 Prior to Bar Fracture

B-77

Fig.

Specimen B3 at End of Test

B-78

Fig

B-99



locading the specimen in Cycle 39 to -7-in. deflection, a bar
in the opposite column fractured. This bar was visible.and
it was evident that the bar had previously buckled between
the confinement hoops. The load capacity at this stage was
85% of the measured maximum. In subsequent cycles, buckling
was noted in 7 main flexural bars and 5 of these fractured
1/2 to 1-1/2 cycles after buckling. The buckling of these
bars was associated with a shear displacement of the compres-
sion columns.

All of the small vertical bars in the web buckled in
éycles 39 and 40, but only one fractured. |

The specimen sustained its load carrying capacity
through 21 inelastic cycles. The last inelastic loading
increment in which the load was sustained atlor above 80% of
the maximum for all 3 cycles was at +7 in. A photograph of

the wall after testing is shown in Fig. B-78.

Discussion of Results

Moment-Rotation. Moment rotation data for Specimen B3

is shown in Fig. B-79, The measured maximum moment was 84%
of the calculated monotonic maximum. The maximum rotations
during Cycle 37 in B3 was approximately 1.4 times that
during Cycle 28 in Bl at the 3-ft (0.91 m) level and 1.25
times that in Bl, Cycle 28, at the 6-ft (1.83 m) level.

The relationship between the calculated monotonic and
measured rotations at the 3-ft level differs only slightly

from that relationship at the 6-ft. level. The difference
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indicates that a slightly larger portion of the assumed
curvature distribution should have been concentrated in the
lower 3-ft of wall.

Cycle 28 in B3 and Load Stage ll in B4 correspond to a
4-in. (10l1.%6 mm) top deflectiqn. Cycle 37 in B3 and Load
Stage 14 in B4 correspond to a 7 in. (177.8 mm) top
deflection. As shown in Fig. B-79, the maximum rotations in
B3 at the 4-in. deflection were only slightly less than the
rotation in B4. However, at the 7-in. deflection the dif-
ference between B3 and B4 had increased significantly. The
rate of increase of maximum rotaticn in new load increments
reduced after Cycle 28. This indicated that shear degradation
was occurring.

The maximum measured loads in each new increment ex-
hibit some "strain hardening" as the rotations increase.
However, an envelope through the measured peaks approached
a maximum lower than the maximum for monotonic loading.

The rotation loops at the base level exhibited consid-
erable pinching after Cycle 12. Pinching was only slightly
evident in Cycles. 34 and 37 at the 3-ft and 6-ft levels.

Shear-Distortion. Shear distortion loops for Specimen

B3 are shown in Fig. B-80. As in the previously described
tests of specimens over-reinforced for shear, B3 exhibited
shear "yieldiﬁg" during the same load cycles in which
flexural yielding occurred.

The pinching‘in the loops was more evident in Zone 1.

The new maximum shear distortions in Zone 1 in each new
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increment became larger at an increaéing rate. The magnitude
of distortions in Zonés 1 and 2 were approximately equal in
Cycle 28. However, by Cycle 37, the distortions in Zone 1
were twice the distortions in Zone 2.

The distortions during Cycle 28 were only slightly
larger than the distortions at Load Stage 1l in B4. However,
the distortions in Zone 1 during Cycle 37 were more than
twice the distortions at Load Stage 14 in B4. This indicated
considerable shear degradation in the lower 3 ft (0.91 m) of
wall due to reversed léading after Cycle 28.

Slip at Construction Joints. The slip at construction

joints in B3 is shown in Fig. B-8l. The slip at CJl1 ex-
hibited "yield" similar to shear "yielding” at a load incre-
ment slightly later than that in which flexural yielding
occurred. The gage at CJ1 failed in Cycle 31. Up to this
cycle the slip in B3 was less than that measured in Bl and
more than that measured in B4 at equivalent top deflections.

The slip in CJ1 is shown as a percentage of the total
shear deflection in Zone 1 in Fig. B-82. After yield, the
slip remained a relatively constant 10 to 15% of the total.
This is significantly smaller than the percentage in Speci-
men Bl and slightly higher than that in Specimen B4.

The measured slip at CJ2 and CJ3 was small compared to
that in B4.

Deflections. Deflection components and deflected

shapes are shown in Figs. B-83 and B-84. These figures show

that prior to Cycle 31 the deflection components and deflected
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shapes in B3 were very sihilar to those in Bl. After cycle
31 shear deflections increased. At the latter load incre-
ments the total deflected shape of the wall was similar to
the deflected shape of a frame.

The deflected shapes at Cycle 31 and 33 showed an
approximate 20% increase in shear deflectidn at the top of
the wall within the 5-in. increment. The deflected shapes
at Cycles 37 and 40 show the stiffness degradation due to
several bar fractures. It is interesting to note that
fracture of the vertical steel affected the shear deflec-
tions more than it did the flexural deflections.

Reinforcement Strains. Figures B-85 through B-393 show

reinforcement strains in the specimen at various stages.

Since the majority of the vertical strain gages were
either not functioning or off scale after Cycle 28, The
strain gage figures are very similar to the strain gage
figures for Specimen Bl.

The horizontal gages functioned for a few more cycles
than did the vertical gages. Therefore, Figs. B-89 through
B-93 show more extensive yielding in the horizontal web bars
than do Figs. B-67 through B-71 for Specimen Bl. The hori-

zontal strains approach zero at the 12-ft level.
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Specimen B4

Test Description

Specimen B4 was similar to Séecimen B3 with 1.11%
vertical reinforcement in each column and confinement in the
lower 6 ft (1.83 m) of the column. B4 was loaded monotoni-
cally for compariéon with B3.

The test consisted of 20 load stages as shown in Fig.
B-94. First cracking was observed between Load Stages 3 and
4 at a load of 26 kips (115.6 kN). First yielding occurred
at Load Stage 7 at a lcad of 45.3 kips (201.5 kN). The
maximum measured crack widths at this stage were 0.010 in.
(0.25 mm) in the tensien column and 0.020 in. (0.51 mm)
across a diagonal crack in the web.

The crack pattern that developed in the lower 6 ft is
shown in Figs. B-95 through B-98. Figure B~95 shows the
crack pattern at 3 in. (76.2 mm) top deflection. Figure
B-96 shows the specimen at 8 in. (203.2 mm) top deflection
wnen the load was near the maximum. Figure B-97 shows the
specimen at 12 in. {(304.8 mm) in. top deflection just before
the end of the test. Figure B-98 shows the specimen just
after the end of the test.

Slight crushing in the outer shell of the compression
face was first noted at Load Staée 9. This crushing pro-
gressively increased throughout the test.

After Load Stage 10, one diagonal crack started to

predominate. As seen in Fig. B-96, this crack extended from
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Fig. B-95 Cracking Pattern at +3 in. Deflection
for Specimen B4

Fig. B-96 Cracking Pattern at +8 in. Deflection
for Specimen B4
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Fig. B-97 Specimen B4 Prior to End of Test

Fig. B-98 Specimen B4 at End of Test
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the base compression column to the tensio% column approximately
2 ft 6 in. (0.76 m) above the base.

The maximum load measured, 75.3 kips (334.9 kN), oc-
curred at a top deflection of 8.5 in. (215.9 mm). This load
correspond to a nominal shear stress, vmax = 3.9/?; (0.32#?2, MPa),
between Load Stages 15 and 16. At this point one of the
smaller diameter vertical bars in the web region fractured.
The measured crack widths at this stage in the column ranged
from 0.075 to 0.125 in. (1.90 to 3.18 mm). The measured
width across the large diagonal crack was 0.44 in. (11.2 mm )
ofher measured web crack widths ranged from 0.07 to 0.10 in.
(1.78 to 2.54 mm).

Between Load Stages 16 to 19, 4 more sﬁall diameter
vertical bars in the web fractured. A small decrease in
load was associated with each of these bar fractures. At
Load Stage 19, the width across the large diagonal crack was
1.0 in. (25.4 m).

Between load stages 19 and 20 at a top deflection 12.5
in. (317.5 mm), all 8 tension column bars and 4 additional
vertical web bars ffactured simultaneously. The 8 column
bars fractured at a level where the large diagonal crack
intercepted the tension column 2 £t 6 in. above the base.
The load reduction was very sudden and nearly complete.

Since very little load capacity remained in the wall
for lcads in the positive direction, the wall was loading in
the negative direction. The wall reachgd a maximum load of
72.5 kips (322.5 kN) at =-5.3 in. (134.6 mm) top defiection

A
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before a sudden failure occurred when all the remaining bars

fractured.

Discussion of Results

Moment-Rotation. Moment rotation data for Specimen B4
is shown in Fig. B-99. As described previously-in the data
analysis and presentation éection, the calculated maximum
strength agreed closely with the measured. The calculated
rotation at the base ievel differed considerably from the
measured due to strains in the steel anchored in the base
block. However, the calculated maximum rotations at the
3-ft and 6-ft (0.91 m and 1.83 m) levels are in reasonable
agreement with the measured.

Shear-Distortion. The shear-distortion data for B4 are

shown in Fig. B—lbo. As in the previocusly described tests,
shear "yielding" occurred at the same load stage in which
flexural yield occurred. The distortions in Zone 1 were
approximately equal to those in Zone 2. The distortions
increased at an approximately constant rate with each new
1l in. deflection increﬁent.

Slip at Construction Joints The slip at construction

joints in B4 is shown in Fig. B-101., The slip at CJ1 ex-
hibited a "yielding" similar to shear "yielding"” at the same
stage that flexural yield occurred. Slip at CJ2 "yielded"
one load stage after flexural yield. Slip at CJ3 "yielded"

one load stage before flexural yield.
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As shown in Fig. B-102, the slip at CJ1 was a relatively
constant 8 to 10% of the total shear deflection in the lower
3 £t of the wall.

Deflections. The deflection components and deflected

shapes are shown in Figs. B-103 and B-104. While flexural
deflections predominated, shear deflections were approxi-
mately 30% of the total top deflection. The relationship
between shear and flexural deflections remained constant
through the éest.

Reinforcement Strains. Figures B-105 through B-110

show reinforcement strains in the specimen at various lecad
stages. The strain gradient figures for B4 appear similar
to those for Bl and B3. Figure B-107 shows that the neutral
axis at the base moved toward the compression face until
Load Stage 10. The neutral axis then moved away from the
compression face until the end of the tes£. Figures B-109
and B-110 show that yielding occurred in the vertical and

horizontal bars up to the 9-ft (2.74 m) level.
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Specimen B2

Test Description

Specimen B2 had column boundary elements with 3.67%
vertical reinforcement in each column. Ordinary column ties
at 8 in. on center were used throughout the height of the
boundary elements.

The test consisted of 30-1/2 loading cycles as shown in
Fig, B-11ll. The complete load versus top deflection relation-
ship for Specimen B2 is shown in Figs. B-112 and B-11l3.

The first significant cracking was observed in Cycle 4
at a load of 30 kips (133.4 kN). First yieldiné occurred in
Cycle 13 at a load of 119.7 kips (532.4 kN}). The maximum
measured crack widths at this stage were 0.005 in. (0.13 mm)
in the tension column and 0.017 in. (0.43 mm) across a
diagonal crack in the web.

The crack pattern that develqped started with horizontal
cracks in the columns that progressed into diagonal sheaf
cracks in the web. The angle of the diagonal cracks was
éteeper than those in the lighter reinforced barbell section.
Also, the diagonal cracks were not affected by cracks from
the opposite direction of loading. The diagonal cracks
crisscrossed the web forming compression strut systems for
each direction of loading. Each compression strut was
segmented by cracks from the opposite direction lcading and
the specimen was completely traversed by numerous cracks,

However, the crack pattern acreoss horizontal planes was
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sawtooth shaped. The crack pattern is shown in Figs. B-114
and B-1l15 at +3-in. (76.2 mm) and -3-in. deflections,
respectively.

First indication of spalling and flaking along the
diagonal cracks was noted in Cycle 14. During Cycle 19 it
was noted that the cracks in compression columns appeared
to remain open approximately 0.003 in. (0.08 m). First
indication of crushing concrete at the outer compression
face occurred in Cycle 22,

The maximum measured load, 152.8 kips (703.7 kN),
occurred in Cycle 25 at a -4-in. (101.6 mm) deflection.
This lcad corresponded to a nominal shear stress, Viax =
7.2sz (O.GOJEZ, MPa). Crushing at the base of the columns
increased significantly and first indication of a reverse
curvature in the lower 3 £t (0.91 m) of the columns was
noted in Cycle 25,

During Cycle 26, two bars buckled in the lower 1 ft
(0.30 m) of the compression column under positive load. 1In
subsequent cycles, 10 more bars buckled so that the outer
six bars in each column buckled. Also considerable spalling
and flaking occurred in the web during Cycles 25 through 27.
However, the load capacitdeid not decrease at this stage.

In Cycle 28, while loading the specimen to a -5-in.
{127.0 mm) deflection, a sudden web failure occurred. The
highest compression strut that intercepted the base of the
column crushed and slipped along an existing crack at a

point 2 £t 1 in. (0.63 m) above the base. The load from
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this strut was transferred to higher and lower struts. The
additional load in the higher struts immediately sheared the
compression column 1 ft (0.30 m) above the base. With all
the load now in the lower struts, all of these struts then
sheared through simultanecusly along a horizontal élane 1 ft
2 in. (0.36 m) above the base. As the load capacity was
dropping the specimen was "caught" by closing the deflection
control valve in the hydraulic system. The measured load at
this stage had decreased to 59% of the maximum measured
load. Figures B-11l6 and B-1l17 show the specimen immediately
prior to and after web crushing.

The specimen sustained at least 80% of the maximum
measured load capacity through 9 inelastic cycles. The last
inelastic leoading increment in which the load was sustained
at or above 80% of the maximum for all 3 cycles was at +4

in. (101.6 mm),

Discussion of Results

Moment-Rotation. The moment-rotation data for B2 is

shown in Fig. B-118. Thé measured maximum moment was 89% of
the calculated monotonic maximum.

The relationship between the calculated monotonic and
measured rotations at the 3-ft (0.91 m) level differed
slightly from that relationship at the 6-ft (1.83 m) level.
The difference indicates that the actual curvature had a
larger portion concentrated in the lower 3 £t of wall than

assumed,
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The measured rotation at the 3 and 6-ft (0.91 and
1.83 m) levels in B2 was approximately 75% of the measured
rotation in Bl during the 4-in. (101.6 m) top defiection
increment.

The maximum measured loads in each new increment exhibit
"strain hardening" as the rotations increase.

The rotation loops at the base level exhibited con-
siderable pinching after Cycle 19. Pinching is not evident
in the other two levels until cycle 28.

Shear-Distortion. The shear-distortion loops for B2

are shown in Fig. B=119. As in the other specimens, shear
"yielding" occurred during the same cycle in which flexural
yielding occurred.

It should be noted that while the maximum load cor-
responded to a shear stress of 7.2/fg (0.60#?2, MPa), the
design shear stress was 6.0/fz (O.SO/fg, MPa). This design
allowed Z/fz (0.17/?2, MPa) in the concrete with the steel
taking 4.0/?2 (0.33/?2, MPa) at 60 ksi. Even assuming the
horizontal steel at an ultimate stress of 100 ksi, the steel
shear capacity would only have been 6.7/fg (0.04/?;, MPa) .
This indicated that the concrete contribution must have been
at least O.S/fz (0.04/fg, MPa) shear stress at maximum load.

Pinching in the loops was more evident in Zone 1. The
new maximum shear distortions in each new increment became
larger at an increaSing rate. The magnitude of distortions
in Zone 1 and 2 were approximately equal and the plots are

relatively symmetrical.
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Slip at Construction Joints. The slip at construction

joints in B2 is shown in Fig. B-120. The slip at CJ1
exhibited "yielding" similar to shear "yielding" during the
same cycle in which flexural yielding occurred. As shown in
Fig. B-121, the slip in CJ1 was a relatively constant 15% to
20% of the total shear d;flection in the lower 3 ft (0.91 m).
The slip plots‘for CJ2 and CJ3 are unsymmetrical and
the measured slip was probably affected by diagonal cracking.

Deflections. The deflection components and deflected

shapes are shown in Figs. B-122 and B-123. These figures
show that shear deflections were a larger percentage of the
total than they were in the previously described specimens
with low nominal shear stress.

The deflected shapes for Cycles 22 and 24 show an
average 20% increase in shear deflection at the top of the
wall within the 3-in. (76.2 mm) increment.

Reinforcement Strains. Figures B-124 through B-132

show reinforcement strains in the specimen at various
stages.

Figure B-124 shows that the specimen started to grow
after Cycle 19. Figure B-125 shows that yielding of the
vertical bars occurred up to the 9-ft (2.74 m) level in
Cycle 28. Figure B-126 shows the reversed strain gradient
in the compression column in Cycle 28.

Figures B-128 through B-132 show the strain gradients
in the horizontal bars. Although the figures show con-

siderable yielding up to the 9-ft (2.74 m) level, the plots

B-149



Fig.

.

Leaa,

-310

a)

B-120

At 6 ft. Level

Load,
Kips (50
[e]e]
Gage Failed
in Cycle 27 /
020 016 olo
Shp,
| <o Cd2, In
18
-}l -100
25 ] -190
b) At 3 ft. Level
Load,
150 1
100 1
50-
-0.10
-0 20
50 Gl
<1090
23 b 5z 13 »
111.=0.305
lin=23.% mm
1 kip=4.448 kN

c)

for Specimen B2

B-150

At Base Level

Load versus Slip at Construction Joints



BCIL o

AYl o
100 1 lin.=25.4 mm
60 -
F
10
20 -/\'9 22 25 28
05 1.0

Shear Deflection, Ay, (in.)

a) At Maximum Positive Lead

ACJI

1%
Aﬁ
7100
J.
- 60
li
28 25 . } 20
1]
13
-1.0 05 o}

Shear De-flaction, Ay, (in.)

b) At Maximum Negative Load

Fig. B-121 Slip at Base Construction Join versus
Shear Deflection in Zone 1 for Specimen B2

B-151



a)

b)

c)

B0

Shear
40
Deflaction &,
A, [
20
Flexure
o L
2 4 =|9ase .
At Top of walil Displacement Duetiiny Ratie, asa, [Ratation
(ay=1.01n)
35
28 —_
P
25 //,/
2 ‘ - |Shewr
Deflection &, 7
in. ,
L3 22/
4 N
- /
19, /
, -
2.5 | - -~ Flexure
[
° 5
o] 2 4 ase
At 6 ft . Level Dispiacement Ductility Rarlo, A/3y Ratetion
(Ay 20,44 in)
20
7 ]
’
B i!:.’mﬂ & P Sheor
0 7
22 %
/ e -
19 -
—-—— CALCULATED FRGM 7 L
MEASURED DEFOMATICN 13 _/ Fleaura
—==— EXTRAPCLATED I
MEASURED TOTaL o) t.
lin.: 25 4 mm o 2 4 5 3 10 |Paose
111.= 0305 m Dispiacement Duclility Ratio, aray Reigiion
lay=0.20in)

At 3 ft. Level

Fig. B-122 Component of Deflection for Specimen B2

B-152



Heighi
2{2 1
24

28%( l3l
ni i
w |
w 1
m I

13 24 22 28
i 1 /

a) Flexural %V

-5 =4 3 -2 -l s} | 2 3 4 S
Deftection, in.

Heigh!

f
25\ EBl 24“22 12 13 22 24 E‘IB
1

\ \ In

\ | it

i A 1]

A \ 1"

v i 1l

\ 1 h

3 1 1!

A \ 1
\

P m—mm— @ —— =R

|
i
[}
|
1
1
!
1
i

f
|
|
|

L

\
\ 1 8l
1 1 i
| B 1

N/

Noh oW/

b) Shear \xyﬂ/

]
A}

-3 -4 -3 -2 -l o H 2 3 4 S
Detlection, in.

— -— CALCULATED FROM

\
MEASURED ODEFORMATION
—===— EXTRAPOLATED
MEASURED TOTAL
lin.=254 mm
i f4.20.305 m
W.C.— WEB CRUSHING

AFTER W. C.

PRIOR TO W.C:
c) Total

5 -4 -3 -2 -1 © | 2 % &4 5
' Detlection, in.

Fig. B-123 Deflected Shape for Specimen B2

B-153



Loed,
w
P2 1504 22
£
&)
Gage VAT!
Hsol
Ll —
-20000 -10000 \ g, 15000 25000
Strain, Millicnths
-504
- 1001
13
~i50 19 22

;
\\VAN
Lead,
i
P 50 19 22
3
00 -
Gage VHT] e
50
]
=20000 =10000 10000 2000¢
Strain, Millionths
-5Q
100
19|
s150 1 22 {kip= 4448 kN

Pig. B-124 Measured Strains on Vertical Reinforcement
at Base of Specimen B2

B-154



VHP 1 | 1!

et el
S

KVFR VCR\\ ' L VAl
.F-‘.}--——:‘ ol o

ey

S = s i I 11120305 m
15 ! et S
vt~ + - VAT
Hesght, Heigrr,
1 1

5 12

VHP ¢ WHT YaP+ VAT
12 Gags = _—

& 5000 10000
Stratn, Millioaths

a) Average of VHP & VAT

Height,
ft
=]
2 Gaga VFR
g
&
3
5
i R
€ SQO00 10000

Stean, Millionths

¢) Strain Gage VFR

4\

gy 5200 10000
Straip, Milbenths

b) Average of VAP & VAT

Height,

12 Gage VCR

S030 10000

Strain, Millisntns

d) Strain Gage VCR

Fig. B-125 Vertical Reinforcement Strains at
.Maximum Loads for Specimen B2

B-155



‘ R
ToTins Lt S
i M - S ¥ i
To ol . Tl
. i o [l
10000 1 28
Strain, *
Millionths
50C0 1
28
| 22419, 13
Eyﬁ%‘
A —— + ' A
- G F E LS L A
Gage Localion
-2500 + a) At 6 ft. Level
h22
| [11.=0.305 m
100CC
Strain, ‘23
Millanths A
5000
\22
\
€ T
A
t — =g
D c B8 T
Goge Locaton
-2500+ b) 2t 3 ft. Level
T
d'
12000 1 19
!
Strann “
Millonths | \22
SOCOJ'

-2500

Fig. B-126

Z B
Gage Lecatign

At Base Level

c)

Vertical Reinforcement Strains at

Maximum Positive Loads for Specimen B2

B-156




5 —WL’N
a
O
7
|
®

100G 1 28
Strain,
Millionths
22
5000 //\\\\
——— ———— 19
13
E% "___Etgo
A } L, 4
: <8 A
Gage Location
-2s00 a) At 6 ft. Level
, : 1££.20.305 m
,’tZB p ‘i
10000 Jez 5
Slrain,
Milionths
5000
&
t T T
) C B A
J. Gege Location
-2500
b} At 3 ft. Level
/22
[
10000 1
’
Strain, S19
Millionths ’
5000 1
Ey ~
|
J Goge Location
“250d c) At Base Level
Fig. B-127

Vertical Reinforcement Strains at
Maximum Negative Loads for Specimen B2

B-157




Load, T
Kips
Gage HE3
-8000 © -4000 - 4000 80CO
Strain, Miitionths
1 3
-1501 XL 22
HE?3 ,
@ A |
lin.=25.4 mm oy il | 5
tkip= 4448 kN 0} _erH T ly
| } i
\HEZ
Lood, T
K
®* 501 . 2
Jole] &
Gage HE?2
s50%F
-8000 - 4000 BOCG

Strain, Millionths

-100

=150 1 22

-

Fig. B-128 Measured Strains on Horizontal Reinforcement
for Specimen B2

B-158



w Goc0:
¢d udwroads I10F SPPOT 9ATITSOd WNUTXE)

18 SUTEIIS JUSBWSOIOFUTSY [PIUOZTIOH GgT-d -HTg

o “uie )
wopn ‘uens -:-—.0.:.-:: vons e

- A -
(< on Y - 000G ey [N oo i P -.:_S___._z. ‘ueng B ey VIDHG
—_——— e — - - vl Vs S0 4 .
L - - A V4 - (G 60T
ot d T — l'l—l -
(L] L o O V’
[ / \
¢ ¢ s
. / )
we / w I
ne |
! N “
. e /
n.n.\. Az B _ .
P _
wH ebon o Ju #bog a \
IH aboy 4H  ebog < TR N
&l w
" " ! (7]
bt ' I "
' wbion “dia,. b s

“ubiay

B-159



w COE 0+ 1h1 cd usutdads 103 SpeOT 9ATIRHON WwnUWTXEy
1€ SUTeI}S JUDWIDIOJUTIY Te3UOZTIOH QfT1-9 “HTd

Suihaniw Cuieas Wivdniim Wiont Oy twnG WHeoIIN ‘uio S Swepe wons g
O 7 (F2- [RESV] LRG0 ) wre- s A o ' W L, 4 At e [T
_——t |\'|l|4|||l||t~ ——* T o “ - =4 L
‘ R L )
L.e- T e I
oy PN T
/ eg]
[
€ ' -5 £ [},
€
s\
- )
0 "o
o qQ ' a
&
2z
~ ¢ T / 6 ez o B
¥H e0cy al In o <t Im 605 21 Ju aboy El PPRNTIT o
gl Gl S vl
" " " u "
ubrep RrLIY “ubiay fiybiay “ubiay-
al nb -
1
,ﬁ T P
—] F e —
0 ¢ TRk
vy 2 3 ] 4 =i

B-160



x
LA
st
>
Iy
o
=
i
i{F
>

o Z Z 3 t
1 d &
il [ i
T T
12000 1
Strain,
Mitlionths
5000
) 22
& + ]
3
10
4 4 7 — —
H F E C A
. Gage Locahaon
a) At 9 ft. Level
) ft.20.305 m
Q000
Strain,
Miligrtns

Gags Locotion

b) At 6 ft. Level

Strain,
Mitlignths
S0C0
E¥ - 22 .
,,,;%::\\
H 3 ' I:E Y410 C T A
Gage Location -
-2500 c) At 3 ft. Level

Fig. B-131 Horizontal Reinforcement Strains in Web
at Maximum Positive Loads for Specimen B2

B-161



&

K000 1

Strain,
Miltionths

11
mt

£

Goge Location

a) At 9 ft. Level

] 11120305 m
0003
Strain,
KMilligaths
5000 § '
| S 3 ;‘,\"(ez
I,’ L \
&y 2 ! o \
e /‘\r‘_ \
H F E c ’y
Gage Locotion
b) At 6 ft. Level
10000 1
Strain,
Mithenths
5220 ¢+
22
€y T 5
!
T I 4 : I— o
H F £ c A
Gage Locsten
| c) At 3 ft. Level

Fig, B-132 Horizontal Reinforcement Strains in Web
at Maximum Negative Loads for Specimen B2

B-162



are not significantly different from the equivalent plots
for previously described specimens with low nominal shear

stress.
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Specimen BS

Test Description

Specimen B5 was similar to Specimen B2 with 3.67%
vertical reinforcement in each column. However, BS5 had
confinement reinforcement in the lower 6 ft (1.83 m) of the
boundary columns.

The test consisted of 30 leoading cycles as shown in
Fig. B~133. The complete load vérsué top deflection rela-
tionship for Specimen B5 is shown in Figs. B-134 and B-135.

The first significant c¢racking was observed in cycle 4
at a locad of 30 kips (133.4 kN). First yielding occurred in
Cycle 13 at a load of 112.3 Kkips (449.5 kN}, The maximum
measured crack widths at this stage were 0.007 in. (0.18 mm)
in the tension column and 0.025 in. (0.64 mm) across a
diagonal crack in the web. |

The crack pattern that developed was very similar to
the crack pattern in B2. The crack patfern at +3-in. (76.2 mm)
and -3-in. deflection is shown in Figs. B-136 and B-137.

The behavior of Specimen BS différred from the behavior
of B2 after the first yield cycles in that the measured load
in Specimen B5 was significantly higher than the lcad in B2
for equal top deflections. This difference can be attributed
to the flexural steel yield stresses. The yvield stress was
59.5 ksi in B2 and 64.4 ksi in BS.

First indication of spalling and flaking along diagonal

cracks occurred in Cycle 1l6. First indication of crushing
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Fig. B-136 Cracking Pattern at +3 in. Deflection
for Specimen B5

Fig. B-137 Cracking Pattern at -3 in. Deflection
for Specimen B5
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of the outer compression face was noted in Cycle 19. It was
noted that the compression column cracks appeared to remain
open approximately 0.005 in. (0.13 mm) in Cycle 22.

During Cycle 22, significant spalling and crushing
along the right half of the construction joint at the 3-ft
(0.91 m) level was observed. Thg joint deterioration was
caused by previous cracking in the cuter surface of the web
below the joint. The previous cracking was due to damage to
the edge of the joint when it was roughened with a chisel
during the specimen construction. |

The joint progressively deteriorated during each load
cycle. The deterioration was probably amplified by a scale
effect in the model wall. A full size wall would not have
been damaged as extensively by this improper joint prepara-
tion. As shown in Fig. B-138, the deteriorated portion of
the joint intersected the two steepest compression struts
extending from the base for negative direction loading. The
load from these struts had to be taken by higher and lower
struts which increased the rate of deteriération of the web.
However, the load capacity continued to increase in each new
loading increment.

A noticeable reverse curvature developed in the lower
3 ft 8 in. (1.12 m) of both columns during Cycle 25.

The maximum load measured, 171.3 kips (761.9 kN),
occurred in Cycle 28 at a -5-in. (127.0 rm) deflection.

This load corresponds to a nominal shear stress, Viax =
8.8 Jfg (0.73 #Tg, MPa). As the specimen was being loaded

to a -5-in. deflection in Cycle 29, several compression
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Fig. B-138 Deterioration of Construction Joint
at the 3 ft. Level for Specimen B5

Fig B-139 Specimen B5 After Web Crushing
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struts crushed simultaneously. The crushing occurred in the
struts immediately above the struts that were intercepted by
the deteriorated construction joint. This construction
joint probably precipitated an early web crushing in the
specimen. Figure B-139 shows the specimen immediately after
the web crushing.

As the web crushing occurred, the specimen was "caught"
by closing the deflection control valve in the hydraulic
system. The measured load at this stage had decreased to
76% of the maximum measured load. The specimen was loaded
with one more 5-in. (127.0 mm}) deflection and the load
capacity reduced to 63% of the maximum measured load.

The specimen sustained at least 80% of the maximum
measured load capacity through 10 inelastic cycles. The
last inelastic loading increment in which the load was
sustained at or above 80% of the maximum for all 3 cycles
was at +4 in. (101.6 mm).

Although the first 6 £ft fl.83 m) of the web was con-
siderably damaged after the test, the columns were in good
condition. The close confinement hoops had prevented bar
buckling and maintained the shear integrity of the columns.
It was decided that this specimen could be repaired and

retested.

Discussion of Results

Moment-Rotation. Moment-rotation data for Specimen B5

is shown in Fig. B-140. The measured maximum moment was 80%

of the calculated monotonic maximum.
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The moment-rotation data for B5 was very similar to
that for B2 through Cycle 25. The magnitudes of rotation
are nearly equal for equal top deflection. The ratio of the
maximum measured loads in Cycle 25 for B2 and B3 is equal to
the ratio of the yield stresses for the reinforcing steel
used in each. The relationships between the measured and
the calculated monotonic at both the 3-ft (0.91 m) and the
6-ft (1.83 m) levels in B5 were very similar to those rela-
tionships in B2. The difference between B2 and B5 was that
the confinement maintained the integrity of the columns
through Cycle 28 allowing the load to increase to 171.3 kips
(761.9 kN), which was 12% higher than the maximum load in B2.

Shear-Distortions. The shear distortion loops for BS

are shown in Fig. B-141. This data for B5 is similar to the
shear-distortion daté for B2 with the exception that the‘
distortions in B5 were approximately 15% less than those in
B2 for equal top deflections.

There is no indication of increased distortions caused
by the previously described deterioration of CJ2. The
deterioration was first noted visually in Cycle 22.

The maximum measured ioad in BS corresponded to a shear
stress of 8.8¢f§ (0.73JEZ, MPé). With a shear reinforcement
design similar to that of B2, assuming an ultimate stressrof
100 ksi in the horizontal steel, Ehe steei shear capécity
would only be 7.5¥! (0.62VEl, MPa). This indicated that
the concrete contributién must have been at least l.Bsz

(O.llJfé, MPa) shear stress at maximum load.
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Slip at Construction Joints. The slip at construction

joints in B5 is shown in Fig. B-142. The slip at CJl is
similar to that in B2 except that‘the magnitude in BS is
approximately 30% lower than that in B2 for equal top
deflections. As shcwﬁ in Fig. B-143, the slip at CJ1 was a
relatively constant 15% of the total shear deflection in the
lower 3 £t (0.91 m) This is_a slightly lower percentage
than that in B2.

The gage at CJ2 failed after the first half of Cycle 22.
The data exhibited a "yielding" for positive load in Cycle 22.
However, there was no further data to quantify the visually
observed deterioration of CJ2 after Cycle 22.

The slip at CJ3 was probably affected by diagonal
cracking.

Deflections. The deflection components and deflected

shapes are shown in Figs. B-144 and B-145. These figures
show that deflections in B5 were very similar to deflections
in B2 with the following exceptions. The shear deflections
are slightly smaller in B5. Also, the average increase in
shear deflection between Cycle 22 and 24 was 15% as compared
to 20% in B2.

Reinforcement Strains. Figures B-146 through B-154

show reinforcement strains in the specimen at various
stages. These figures are very similar to the equivalent
figures for Specimen B2 with the following exce?tion. The
gages on the ends of the horizontal bar in B5 indicated a

lower stress level near the end hooks than in B2.
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Specimen B5SR

Test Description

Specimen BS5R was a repair of BS5 as described in the
experimental program section. The lateral load test for B5R
was conducted similar to the test of Specimen B5. The only
exception was that since nearly all strain gages were inopera-
tive at the end of the BS5 test, no steel strains were moni-
tored or recorded during the B5R test.

The test consisted of 30 loading cycles as shown in
Fig. B-155. The complete load versus top deflecticn relation-
ship for the test is shown in Figs. B-156 and B-157. Since
the reinforcing steel had already yielded in the test of B35,
the yield locads for B3R were defined as those loads measured
for B5. The yield deflections were then taken as the deflec-
tions occurring in B5R when these yield loads were first
reached.

First significant c¢racking in the web occurred in
Cycle 4 at a load of approximately 30 kips (133.4 kN). The
first yield load level was reached in Cycle 13. The maximum
measured crack width in the web at this stage was 0.025 in.
(0.64 mm) The corresponding deflections indicated that the
lateral top displacement stiffness of B5R was about half
that of B5 at the yield level. The crack pattern that
developed was similar to that in B2 and B3 with the following
exception. Several diagonal cracks that intersected the

construction joint at the 3-ft (0.91 m) level turned and
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progressed horizontally along the joint for several inches,
then inclined down and continued diagonally toward the base.
The angle of these cracks was slightly steeper and focused
toward a lower point than the cracks in B5. Figures B-158
and B-159 show the crack pattern at +5-in. (127.0 mm) and
-5-in. deflection, res?ectively.

Crushing of the repair patches at the base of the outer
column faces was noted in Cycle 13. The first indication of
spalling and flaking along diagonal web cracks occurred in
Cycle 16. The neat cement éaste which had been rubbed over
column crécks started spalling and flaking in Cycle 19. The
spalling and crushing in the web and columns had increased
significantly by Cycle 24.

A significant increase in the reverse curvature in the
columns was noted in Cycle 25. The columns appeared to be
kinking at the 3-ft level. Also, in Cycle 25 it was noted
that the offsets in the diagonal cracks at the 3-ft level
construction joint had combined to form a complete straight
Ihorizontal crack across the ehtire section.

As the concrete was spalling and grinding in Cycles 16
through 28 the maximum measuréd load in each ﬁew increment
continued to increase. The maximum measured load, 167.8 kips
(746.8 kN), occurred in Cycle 28 at a +6-in. (152.4 mm)
deflection. This load was 98% of the maximum measured load'
in the test of B5. It corresponds to a noﬁinal shear
stress, v = 8.9J¥g (0.74szr MPa) .

max
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Fig. B-158 Cracking Pattern at +5 in. Deflection
for Specimen BSR

Fig. B-159 Cracking Pattern at -5 in. Deflection
for Specimen B3R
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As the specimen was being loaded to -6-in. (152.4 mm)
deflection in Cycle 28, all of the compression struts |
crossing the 3-ft (0.9%1 m) level construction joint failed
progressively starting near the right side. Each strut
failea in a combined sliding crushing mode. Figures B-160
and B-161 show the specimen immediately prior toc and after
the web failure.

The specimen was "caught" as the load reduced by
closing the deflection control valve. The load had decreased
to 77% of the previous maximum measured load.

The specimen sustained at least 80% of the maximum
measured load capacity through 9 inelastic cycles. The
last inelastic loading increment in which the load was
sustained at or above 80% of the maximum for all 3 cycles

was at +5 in. (127.0 mm) .

Discussion of Results

Moment-Rotation. The moment-rotation data for BSR is

shown in Fig. B-162. The measured maximum moment was 79% of
the calculated monotonic maximum for Specimen BS and 98% of
the maximum measured locad in BS.

A comparison of moment-rotation data for B5R and B5S
indicates that, for positive direction loading the stiffness
of B5R was considerably lower than that of B5 in the initial
cycles. However, the difference became small during the
latter load increments. It should be’pointed out that equal

cycle numbers in B5 and B5R do not correspond to the same
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Fig. B-161 Specimen B5R After Web Crushing
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top deflection. Cycle 25 in B5R and Cycle 28 in B5 correspond
to the 5-in. (127.0 mm) deflection increment.

For negative direction loading the stiffness in B5R was
very similar to that in B5. The initial stiffness was
somewhat lower. However, after Cycle 19, an envelope
through the peak points of the negative halfs of the loops
for B5R was nearly identical to a similar envelope for BS.
Also, there was noticeably less pinching in the negative
half of the loops in B5R compared to those in BS.

Shear-Distortion. The shear distortion loops for BSR

are shown in Fig. B-163. A comparison of shear-distortion
data for B5R and B5 shows that the initial stiffness in BSR
was considerably lower. 1In the latter inelastic cycles, the
shear distortions in B5R were considerably lower than those
in BS5 for equal top deflections. However, the shear distor-
tions in B5R and BS5 were approximately equal for equal cycle
numbers. There was, however, noticeably less pinching in
the shear-distortion loops for B5SR as compared to those for
B5.

Slip at Construction Joints. The slip at construction

joints in BS5R is shown in Fig. B-164. A comparison of the
slip data for B5R and B5 shows that, in the inelastic cycles,
the slip at CJ1 in BSR is considerably greater than that in
B5. This is true whether the coﬁparison was made by equal
top deflection or egual cycle numbers. Also, there was
noticeably less pinching in the B5R loops as compared to

that in B5. As shown in Fig. B-165, the slip at CJ1 was an
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approximately constant 20% of the total shear deflection in
the lower 3 £t (0.91 m).

The data at CJ2 for B5R indicated considerable slip
occurring after Cycle 19. This corresponded with the cracking
and joint deterioration noted visually during the test.

Deflections. The deflection components and deflected

shapes are shown in Figs. B-166 and B-167. These figures
show that deflections in B3R were similar to deflections in
B5.

The average increase in shear deflection between Cycle

22 and 24 was 10% in BSR as compared to 15% in B5.
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Sepcimen F1

Test Description

Specimen F1 had a flanged cross-section with 3.89%
reinforcement in each flange. The flange was considered the
boundary element and detailed as a compression column. The
lateral tie arrangement was not designed as or intended to
be confinement reinforcement. However, due to the close
spacing ¢f both the vertical and horizbntal bars, considerable
confinement or. at least containment of the concrete was
provided by this tie arrangement. '

The test consisted of 25 loading cycles as shown in
Fig. B-168. The complete load versus top deflection rela-
tionship for Fl is shown in Figs. B-169 and B-170.

First significant cracking was observed in Cycle 4 at a
load of 39 kips (173.5 kN). First yielding occurred in
Cycle 13 at a load of 150.6 kips (669.9 kN). The maximum
measured crack width in the web at this stage was 0.018 in.
(0.46 mm).

The crack pattern that developed in the lower 6 ft_
(1.83 m) was simiiar to the patterns in B2, B5 and B5R with
the fﬁllowing exception. The focal point of the "fan"
pattern was slightly lower in Fl. Also, the cracks in Fl
converged closer together in the 4-in. (101.6 mm) web near
the base than did the cracks in the barbell sections. The
crack pattern is shown in Figs.-B;l7l and B-172 at +3-in.

(76.2 mm) and -3-in. deflection, respectively.
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Fig. B-171 Cracking Pattern at +3 in. Deflection
for Specimen Il

Fig. B-172 Cracking Pattern at -3 in. Deflection
for Specimen F1l
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Spalling and flaking along the construction joints and
diagonal cracks in the lower 3 ft (0.91 m) were noted in
Cfcle 20, the second 2-in. (50.8 mm) deflection cycle. Also
in Cycle 20, horizontal movement of the web caused a bowing
of the flanges in a horizontal plane from 1 to 2 ft (0.30 to
0.61 m) above the base. This bowing caused the vertical
cracking in the outer faces of the flange shown in Fig.

B-173.

Specimen Fl was the first specimen tested in the experi-
mental program. The original load history included increasing
the deflection increments by 2 in. (50.8 mm)} in each new
increment. Therefore, after the +2 in. loading‘increment,
the specimen was loaded to 4 in. (10l.6 mm).

The maximum load measured, 187.9 kips (835.8 kN),
occurred in Cycle 22 at a +4-in. defléction. This corre-
sponds to a ncominal shear stress, Vmax\= 10.5JEZ (0.87J§Z, MPa).
The maximum measured crack width in the web at this stage
was 0,125 in. (3,18 mm).

While loading the specimen to a -4-in. deflection, the
steepest diagonal strut that intercepted the base crushed
and slipped along a crack from the opposite direction
loading at a point 1 ft (0.30 m) above the base. The flange
hinged to allow this slip. This immediately transferred
additional load to lower struts. These struts thenlsimul~
taneously slipped and crushed along a horizontal plane 1 ft
above the base. The wall immediately before and after web

crushing is shown in Figs. B-172 and B-174.
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Fig. B-173 Cracking Pattern in Flange
of Specimen Fl

Fig. B-174 Specimen Fl After Web Crushing
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The specimen sustained at least 80% of the maximum
measured load capacity through 6 inelastic cycles. The last
inelastic load increment in which the load was sustained at
or above 80% of the maximum for‘all 3 cycles was at +2 in.

Within the final 4-in. deflection cycle the specimen
sustained the load throcugh the +3-in. and -3-in. deflections.
It is suspected that the specimen would have maintained the

load capacity through a +3-in. deflection increment.

Discussion of Results

Moment-Rotation. The moment~rotation data for F1 is

shown in Fig. B=175. The measured maximum moment was 77% of
the calculated monotonic,

The relationship between the calculated monotonic and
measured rotations at the 3-ft (0.81 m) level differs
slightly from that relationship at the 6-ft (1.83 m) level.
The difference indicates that a larger portion than the
assumed effective distribution of curvature should have been
concentrated in the lower 3 ft of the wall,

The maximum measured loads in Cycles 13, 19 and 22
exhibit "strain hardening" after yield.

The rotation data for Cycle 22 at the base level
exhibits pinching while the data at the 3-ft and é6-ft levels
do not. |

Shear-distortion. The shear distortion loops for Fl

are shown in Fig. B-176. As in the other specimens, shear
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"vielding" occurred during the same cycle in which flexural
yielding occurred.

The maximum measured load in Fl1 corresponded to a shear
stress of lO.S/fz (0.87/?3, MPa). - With a shear reinforce-
ment design similar to B2, assuming an ultimate stress of
100 ksi in the horizontal steel, the steel shear capacity
would be only 9.7/?; (0.80/?2, Mfa). This indicates that
the concrete contribution must have been at least O.B/fg.
(0.07/?2, MPa) shear at maximum load.

The pinching of the loops was more evident in Zone 1.

Slip at Construction joints. The slip at construction

joints in Fl is shown in Fig. B-177. The slip at CJl ex-
hibited a "yielding" during the same cycle in which flexural
vielding occurred. As shown in Fig. B-178, the slip at CJ1
is between 15% and 25% of the total shear deflection in the
lower 3 ft (0.91 m). This percentage was increasing with
the numbers of inelastic cycles.

The slip at CJ2 was somewhat erratic and probably was
affected by diagonal cracks. The slip at CJ3 was negligible.

Deflections. The deflection components and deflected

shapes are shown in B-179 and B-180. These figures show
that shear déflections were apprdximately the same percen-
tage of the total as they were in B2 and B5 at equivalent
displacement ductilities. The deflected shapes for Cycles 19
and 21 showed a small increase in shear deflections during

the 2-in. (50.8 mm) increment.
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Reinforcement Strains. Figures B-181 through B-191

show reinforcement strains in the specimen at varicus stages.

Figure B-181 shows that the flanges started growing
between Cycles 13 and 22, Figure B~182 shows that yielding
in the vertical bars had extended to the 6-~ft (1.83 m) level
in Cycle 22.

Figures B-186 and B-187 show that horizontal bar strains
did not significantly exceed the yield strain until Cycle 22,
In Cycle 22, the strains only reach high levels in the 3-ft
(0.91 m) region.

Figures B-190 and B-191 show that prior to yielding,
the vertical bar strains in the tension flanges exhibited no

evidence of shear lag across the flange.
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Free Vibration Test Results

The results of the tests are presented in Table leL
Frequency measured prior to the application of lateral load
ranged from 64% to 82% of the frequency calculated based on
uncracked section properties. The differences are attributed
to the existence of micro-cracks caused by shrinkage and
handling.

The measured frequency decreased by an average factor
of 2.2 from the initial tests to the tests carried out after
application of lateral load cycles near yield. For the same
conditions, the average damping coefficient changed from
3.4% ﬁo 8.5% of critical.

"Initial displacement-sudden release" tests on specimens
that previously had been cycled well beyond yield indicated
that the frequency decreased considerably after yielding.
However, the damping did not change significantly. Hammer
impact tests for the same conditiions for Specimen B5 indi-
cated that the damping decreased significantly. In general,
smaller amplitude hammer tests gave higher frequencies and |
lower damping coefficients than "initial displacement-sudden
release” tests. »This can be attributed to the differences
in crack closure resulting from the magnitude of the initial

displacement.
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TABLE B-1 FREE VIBRATION TEST RESULTS

Loading History Excitation Calculated | Measured Measured
Specimen [ Prior No. Pricr P Inftial Frequency Frequency Damping
of Load dnax i Amp11tude {Hertz) {Hertz) 3 of
Cycles - 7 (1n.) Critical
y Y
Rl 0 - 0.36 Q.028 26.6 21.8 3.4
§ g.5 0.36 0.095 - 10.5 6.7
R? ] ' - 0.17 0.045 27.8 17.8 5.5
15 1.0 0.17 0.121 - 8.8 6.8
0 - 0.17 0.016 38.9 30.0 2.2
Bl 12 1.0 0.17 8.098 - 11.1 8.5
24 5.6 0.17 0.681 - 3.9 9.1
o) - 0.17 0.015 38.0 29.7 2.7
B3 12 1.0 0.17 0.106 - 10.9 9.6
24 5.8 0.17 0.598 - 4.3 8.1
k] 11.2 H.I.T. (1) - 5.2 9.0
(2) 0’ - H.I.T. (1) 38.7 29.4 2.8
B4 0 - Q.13 0.018 38.7 29.4 2.4
a - 0.20 0.023 38.7 28.8 2.7
0 - ¢.07 0.014 40.9 1 29.4 3.5
B2 15 1.0 0.07 0.085 - 13.0 10.0
24 3.7 0.07 0,350 - 3.9 14.5
0 - H.I.T. 0.004 41.0 30.6 2.9
a - 0.07 0.025 41.0 29.5 4.0
§ 0.4 H.1.T. 0.004 - 20.4 9.2
83 6 0.4 0.07 0.062 - 15.2 9.5
? 15 1.1 H.1.T. 0.004 - 18.2 11.2
15 1.1 0.97 0.090 - 12.0 12.0
24 3.6 H.I.T 0.004 - 11.8 3.2
24 3.6 0.05 0.290 - 6.4 14.5
a - H.I.T 0.005 - 16.0 31
0 - 0.07 0.075 - 13.3 4.0
BSR(3) 6 .4 H.1.T 0.00% - 13.2 4.0
6 0.4 0.07 0.110 - 10.8 5.7
15 1.1 H.1.T 0.007 - 11.9 3.6
15 1.1 0.07 0.151 - 8.3 11.0
£l 0 - 0.05 0.017 45.6 33.8 2.0
12 0.7 0.05 0.054 - 13.0 9.8
WHERE: & .~ = Maximum deflection of top of wall during prior lateral
load cycles.
A = Peflection of top of wall at which first yielding of
Y main flexural steel was observed during lateral load
tests,
P1 = Load applied at top of wall to initiate vibrations
P = Load applied at top of wall carresponding to Ay,
H.I.T. = Hammer Impact Test
1 4in. = 25.4 mm

NOTES: (1) Initial amplitude not measured.
{2) Specimen B4 tested with monotonic lateral load.
(3) Specimen B4R was a repair of Specimen B5. Yielding

in BSR was assumed to occur at the same load, Py. for 85.
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