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HIGHLIGHTS

Eight model reinforced concrete coup-
ling beam specimens were subjected to
reversing loads representing those that
would occur in beams of coupled struc-
tural walls during a severe earthquake.
Effects of selected variables on hystere-
tic response were determined. Con-
trolled variables included shear span-
to-effective-depth ratio of the beams,
reinforcement details, and size of the
confined concrete core. Load versus de-
flection, strength, energy dissipation,
and ductility characteristics were the
basic parameters used to evaluate per-
formance.

Beams had a shear span-to-effective-
depth ratio of either 1.4 or 2.8, corres-
ponding to span-to-total-depth ratios
of 2.5 or 5.0, respectively. Tests indi-
cated that hysteretic performance of
beams with conventional reinforcement
is limited by deterioration that results in
sliding in the hinging region. Full-length
diagonal reinforcement significantly
improved the performance of short
beams. The improvement for long-span
beams was less significant. Larger con-
crete core size improved load retention
capacity.

INTRODUCTION

The Portland Cement Association is
conducting a program to develop design
criteria for reinforced concrete struc-
tural walls used as lateral bracing in
earthquake-resistant  buildings. The
program consists of analytical and ex-
perimental investigations of isolated
walls, coupled walls, and frame-wall
systems. Of primary concern are the
strength, energy dissipation capacity,
and ductility of walls and wall systems.
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As part of the experimental program,
tests were conducted to evaluate the be-
havior of reinforced concrete coupling
beams under inelastic load reversals.
These tests were made to develop infor-
mation for use in the investigation of
coupled walls.

Coupling beams are used to join ad-
jacent structural walls. Therefore, un-
derstanding hysteretic response of
coupling beams is a prerequisite to
understanding coupled wall response.
This report describes the results of tests
on eight reinforced concrete coupling
beam specimens subjected to static re-
versing loads.

Previous Investigations

Investigations by other researchers pro-
vided the background information for
the test series. .

Brown and Jirsa'" tested doubly re-
inforced cantilever beams. These tests
indicated that under inelastic load re-
versals, intersecting cracks formed ver-
tical slip planes through the beams. For-
mation of these planes led to an eventual
breakdown in shear transfer as loading
progressed. The breakdown intensified
as residual tensile strains developed in
the longitudinal reinforcement. De-
creasing stirrup spacing improved hys-
teretic response, but did not eliminate
sliding shear as the limiting condition.
The beams tested had a shear span-to-
effective-depth ratio of either 6.0 or 3.0.
Maximum nominal shear_  stresses
ranged from 2v/f7 psi to 7V Fe psi (0.17

2 MPa to 0.58\/f! MPa).

Tests by Paulay and Binney'® on deep
coupling beams with conventional rein-
forcement also resulted in sliding shear
failures. To prevent sliding shear,
Paulay and Binney used full-length
diagonal reinforcement. This arrange-

ment altered the load transfer mecha-
nism to that of a Mesnager hinge. For
similar load histories, diagonally rein-
forced beams sustained their load
capacity over a greater number of load
cycles and dissipated more energy than
conventionally reinforced beams. The
beams each had a shear span-to-effec-
tive-depth ratio of approximately 0.9.
Maximum nominal shear _ stresses
ranged from 9\/ch’psi to 14\/ﬂ7psi (0.75

F2 MPa to 1.16v/f! MPa).

Bertero and Popov"” investigated
other arrangements of special reinforce-
ment using cantilever beams with a
shear span-to-effective-depth ratio of
3.1. Maximum loads on the beams were
equivalent to nominal shear stresses of
approximately 6\/ﬁ psi (0.5\/j"_£ MPa).

In addition to closely spaced confine-
ment hoops with supplementary cross-
ties, Bertero and Popov tested beams
with supplementary diagonal reinforce-
ment within the hinging region. Their
results showed that the ability of the
beams to maintain load and dissipate
energy was significantly improved by
reducing tie spacing. They also deter-
mined that diagonal web reinforcement
in combination with vertical ties mini-
mized stiffness loss and stabilized hys-
teretic response under increasing inelas-
tic loading cycles.

Wight and Sozen'” tested a series of
columns under large deflection rever-
sals. The specimens were tested as canti-
levers with and without axial compres-
sive forces. The shear span-to-effective-
depth ratio for the tests was 3.5. Maxi-
mum nominal shear ranged from 4\/72
to 677 psi (0.33\/f7 to 0.5/ MPa).
These tests verified that a progressive
decrease in strength and stiffness occurs
with cycling in the inelastic range. The
hysteretic response improved when
transverse reinforcement was used to
confine the concrete core and carry the
total shear. However, providing trans-
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TABLE 1. Test Program Variables

Load Reversals
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Fig. 1. Idealized coupling beam deformations and forces.

(b) Internal forces.

verse reinforcement to carry the entire
shear did not eliminate the possibility of
shear failure with large load reversals.
Because the concrete core must remain
intact to carry the shear, effective con-
finement of the core is essential.

Although the tests described in this
report are an extension of previous in-
vestigations, they were planned as part
of an overall program on earthquake
resistance of structural walls. There-
fore, the design of the specimens incor-
porated details for a future test program
on coupled-wall systems.

Objectives and Scope

The objectives of this investigation were

1. To provide information for select-

ing details of coupling beams for

use in tests of structural wall sys-
tems.

2. To determine strengths of coupling

beams subjected to reversing loads.

3. To determine load-versus-deflec-
tion characteristics of coupling
beams with various reinforcing
details,

4. To determine ductility and energy-
dissipation capacities of coupling
beams subjected to reversing loads.

Eight specimens were tested. They
represented approximately one-third-
scale models although no specific proto-
types were considered. Specimens were
subjected to in-plane reversing loads
simulating those in beams of coupled
structural walls.

Controlled variables in the program

were the type and arrangement of pri-
mary reinforcement, span-to-depth
ratio, and size of confined concrete
core. Details of specimens are listed in
Table 1.
This report includes a description of
the experimental program and the ob-
served response of the test specimens,
Effects of controlled variables are ana-
lyzed. Strength, load-versus-deflection
relationships, energy dissipation, and
ductility were the basic parameters used
to evaluate performance.

OUTLINE OF EXPERIMENTAL
PROGRAM

This section gives a brief description of
the test specimens and test procedure. A
more detailed description can be found
in Appendix A.



Test Specimens

The configuration of the test specimens
was selected so that applied loads and
deformations represented those on
beams in coupled walls subjected to
lateral forces. Beam deformations and
forces were idealized as shown in Fig. 1.
The test specimen is shown in Fig. 2.
Each specimen consisted of two coup-
ling beams framing into abutment walls
at each end. End conditions imposed by
the abutments represented those at the
beam-wall intersection of coupled walls.
Axial forces in coupling beams were not
considered in this investigation.

The beams had rectangular cross sec-
tions 4 in. (102 mm) wide and 6.67 in.
(169 mm) deep. The effective depth of
the main longitudinal reinforcement
was 6.1 in. (155 mm), Beam lengths were
16.67 in. (423 mm) or 33.33 in. (847
mm). These corresponded to shear
span-to-effective-depth ratios of 1.4 and
2.8, respectively. The L-shaped abut-
ment walls were 4 in. (102 mm) thick.
Overall specimen dimensions are given
in Fig. 3.

Specimen Design

The short coupling beams were designed
to carry maximum forces correspond-
ing to nominal shear stresses of approx-
imately 9v/f! psi (0.75\/j75- MPa). For
design purposes, concrete strength was
taken as 3000 psi (20.7 MPa) and steel
yield strength as 60 ksi (414 MPa). Steel
strain hardening of 50% was assumed.
Primary reinforcement was selected to
develop capacities corresponding to
the desired maximum shear stress levels.
To avoid anchorage failures, develop-
ment lengths were 50% greater than
those required by the 1971 ACI Build-
ing Code.”

Transverse-hoop reinforcement was
provided in all specimens to resist shear
and to confine the concrete core. The
hoops consisted of D-3 deformed wire
spaced 1.33 in. (34 mm) on centers. De-
sign of the reinforcement was such that
stresses in the hoops were below yield at
forces corresponding to the maximum
capacity of the beams. Shear stresses
were calculated using Equation 11-3 of
the 1971 ACI Building Code with the
capacity reduction factor, ®, equal to
1.0. Shear reinforcement was propor-
tioned according to Equation 11-13 of
the 1971 ACI Building Code. Nominal
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Fig. 3. Specimen geometry.

concrete shear stress capacity was ne-
glected. The hoops also met the require-
ments for transverse reinforcement in
flexural members of special ductile
frames in Section A.5 of the 1971 ACI
Building Code.

Specimens C2, CS5, and C7. Specimens
C2, C5, and C7 had straight longitudi-
nal reinforcement, consisting of four
6-mm-diameter (Y%4-in.) bars top and
bottom. Photographs of the reinforce-
ment are shown in Fig. 4(a) and (b). A
larger confined concrete core was pro-
vided for Specimens C5 and C7. Shear
span-to-effective-depth ratio of Speci-
mens C2and C5 was 1.4. For Specimen
C7, the ratio was 2.8.

Specimens C1, C3, and C4. Specimens
Cl, C3, and C4 had diagonal bars in the
hinging regions. This reinforcement was
provided to reduce shear deterioration

as suggested in tests by Bertero and
Popov."” Design of these bars was based
on the assumption that they would be-
have as diagonal truss members after
the concrete deteriorated under repeat-
ed load reversals. They were designed
to carry the maximum shear force with-
out yielding. For Specimen C1, two 6-
mm-diameter (Y4-in.) bars from both
top and bottom were bent at 45° start-
ing at the face of the wall at each end of
the beam as shown in Fig. 4(c). Speci-
mens C3 and C4 contained two addi-
tional 6-mm (%-in.) bars top and bot-
tom bent at 45°. A photograph of this
reinforcement for Specimen C4 is
shown in Fig. 4(d). Additional rein-
forcement details are presented in the
Appendix.

Specimens C6 and C8. Specimens C6
and C8 had full-length diagonal rein-
forcement. This detail was used by
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(a) Specimen C2

(d) Specimen C4

Fig. 4. Reinforcement for test specimens.

Paulay and Binney'” for couplingbeams
with shear span-to-effective-depth ra-
tios less than 0.9. Specimens C6 and C8
had shear span-to-effective-depth ratios
of 1.4 and 2.8, respectively.
Full-length diagonals for short beam
specimens were designed to carry the
maximum shear force corresponding to
a nominal stress of 9\/f7 psi (0.76\/]_”c7
MPa). The area of diagonal rein-
forcement, A, was calculated as

Vu
2f; sin a M
where V, = maximum shear force|
fs = stress in diagonal reinl
forcement (90 ksi; 621
MPa)

a = angle between diagonal

bar and horizontal

As

Using this approach, a single No. 4 bar
was provided in one direction and two
No. 3 bars were used in the opposite
direction.

(b) Specimen C7

(e) Specimen C6

Transverse hoops were provided to
contain concrete in the core during re-
versals and to prevent buckling of the
diagonal bars. Longitudinal bars sup-
porting transverse hoops were not
anchored in the abutment walls.

The reinforcement details used for
Specimens C6 and C8 are shown in Fig.
4(e) and (/).

Test Procedure

The test setup is shown in Fig. 5. Speci-
mens were placed parallel to the labora-
tory floor and supported on thrust bear-
ings. Loads were applied by hydraulic
rams at one end and resisted by a fixed
support at the opposite end. The line of
action of forces passed through the mid-
length of the coupling beams.

Loading was controlled by the mag-
nitude of applied force prior to yielding
and by imposed deflections after yield-
ing. For each increment of applied load
or deflection, three completely reversed

(c) Specimen C1

(f) Specimen C8

load cycles were applied. This is illus-
trated in Fig. 6. Deflections in succes-
sive increments were increased until the
specimen was destroyed.

Instrumentation was provided to
measure applied loads, deflections,
beam elongations, and reinforcing steel
strains.

GENERAL RESPONSE
CHARACTERISTICS

In evaluating the test results, applied
load was assumed to divide equally be-
tween the two beams in each specimen,
This assumption was checked by com-
paring companion measurements from
each beam and by visual observation of
the beams during testing. Except for
Specimen C3, the performance of the
two beams in each specimen was simi-
lar. In Specimen C3, one of the beams
deteriorated more rapidly than the
other after the maximum load was
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Fig. 6. Load or deflection history.

reached. Test results for this specimen
must be considered accordingly.

Conventional Longitudinal
Reinforcement

Specimens C2, CS, and C7 had conven-
tional longitudinal reinforcement. Spec-
imens C2 and C5 had short-span beams
and core widths of 2.63 and 3.50 in. (67
and 89 mm), respectively. Specimen C7
had long-span beams and a core width
of 3.50 in. (89 mm). Load-versus-deflec-
tion relationships for the specimens are

PCA Research and Development Bulletin 5

Load Cells

Reaction
Block

Load
Stage

shown in Figs. 7, 8, and 9. Plotted loads
are those for each beam. Deflections are
the relative displacements between ends
of the beams.

Performance of the beams with con-
ventional straight longitudinal rein-
forcement was limited by deterioration
of the shear-resisting mechanism in the
hinging region. Under reversing loads,
intersecting cracks developed across the
entire depth of the beams at their ends.
As subsequent inelastic load reversals
were applied, concrete at the ends was

destroyed by cracking, abrasion, and
spalling. With the concrete destroyed,
shear transfer by truss action was not
possible and the transverse hoops be-
came ineffective. Interface shear trans-
fer also was lost. Eventually, dowel ac-
tion of longitudinal reinforcement pro-
vided the primary shear resistance. This
loss of shear transfer is often termed
sliding-shear behavior. Because sliding
developed along a plane parallel to the
transverse reinforcement, even the
closely spaced hoops became inefficient
in transmitting shear. However, the
hoops did provide confinement of the
concrete core.

Deterioration of the concrete at the
ends of the beams was intensified by
elongation of the beams, caused by re-
sidual tensile strains in the longitudinal
reinforcement. These strains developed
with successive load reversals into the
inelastic range. In addition, partial slip
of reinforcement anchored in the abut-
ment walls contributed to widening
cracks at the ends of the beams. Slip
developed as bond between concrete
and reinforcement deteriorated under
inelastic load reversals.

Degradation of the shear-transfer
mechanism and deterioration of the
confined concrete core were associated
with “pinching” of the load-versus-
deflection loops shown in Figs. 7,8,and
9. The pinching occurred because, as
loads were reversed, slip along the inter-
face took place with little increase in
load. Eventually, concrete surfaces on
either side of the interface were brought
into contact with each other and the
load resistance increased. In addition,
shear transfer by dowel action of the
longitudinal reinforcement increased.
As the number of load cycles increased,
continued abrasion and crushing of
concrete in the critical region resulted

- in a complete breakdown of the shear-

transfer mechanism at the interface.

Both short- and long-span coupling
beams exhibited pinching. However, it
was somewhat less severe for the long-
span beams.

Diagonal Reinforcement
in Hinging Regions

To improve the performance of short-
span beams, diagonal reinforcement
was provided in the hinging region of
several specimens. This reinforcement
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Load, kips

tin.= 254 mm
Ikip= 4.448 kN

-20 -5 1.8 20

Deflaction, In.

Fig. 7. Load-versus-deflection relationship for Specimen C2.

Load, kips

lin= 25.4mm
Ikip = 4.448 kN

-20 iR
Deflaction, in.

Fig. 8. Load-versus-deflection relationship for Specimen CS5.

Load, kips

lin.= 25.4 min
I kip = 4.448 kN

Deflection, in

Fig. 9. Load-versus-deflection relationship for Specimen C7.

was patterned after details tested by
Bertero and Popov.”” However, modi-
fications were made to simplify fabrica-
tion.

Specimens Cl1, C3, and C4 had diag-
onal reinforcement in the hinging re-
gions as indicated in Fig. 4 and Table 1.
Specimens Cl and C3, with the smaller
core size, had single and double diag-
onal bars, respectively. Specimen C4,
with the larger core size, had double
diagonal bars.

The diagonal reinforcement was in-
tended to eliminate the sliding shear
that limited inelastic response of the
beams with conventional horizontal re-
inforcement. Diagonal reinforcement
was designed to provide an internal
truss system to resist shear and to move
the critical plastic hinge location away
from the face of the wall.

Use of diagonal reinforcement in the
hinging regions did not result in the
anticipated improvement in perform-
ance. The unsatisfactory performance
was caused by factors discussed below.

The hysteretic response of Specimens
Cl1, C3, and C4 is illustrated in the load-
versus-deflection relationships shown
in Figs. 10, 11, and 12, respectively.
Comparison of these figures with those
shown previously for short-span beams
with conventional reinforcement indi-
cates that the special diagonals did not
significantly improve the hysteretic re-
sponse characteristics. The few im-
provements in energy dissipation and
load retention capacities that were at-
tained do not seem to warrant the added
complexity and cost of the diagonals.

The primary reason that the diago-
nals within the hinging region did not
perform satisfactorily lies in the details
for tying the truss together. Initially, the
beams behaved as expected. Tensile
yielding of the flexural reinforcement
at the face of the wall and at the inter-
section of the diagonals occurred almost
simultaneously. As loading cycles pro-
gressed into the inelastic range, concrete
within the region of the diagonals dete-
riorated by spalling and crushing.

In principle, loss of concrete should
not have affected the ability of the diag-
onal trusses to resist load as long as the
diagonal bars did not buckle. However,
as loading progressed and concrete was
lost, the support points for the diago-
nals loosened, allowing the corners of
the diagonal bars to become displaced.
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Fig. 11. Load-versus-deflection relationship for Specimen C3.
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Fig. 12. Load-versus-deflection relationship
for Specimen C4.
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(See Fig. 13.) Once the supports for the
diagonal truss softened, efficient truss
action could not be developed. There-
fore, the diagonals were not effective in
carrying the applied shear.

It should be noted that the transverse
hoops located at the corners of the diag-
onal were adequate for resisting the out-
ward thrust of the diagonal bars. Strain
measurements indicated that these
hoops did not yield. The problem en-
countered was that the force in the diag-
onal was not effectively transmitted to
the transverse hoop.

The addition of a second set of diago-
nals in Specimens C3 and C4 was at-
tempted in order to lower the force
levels in the diagonal bars. However,
the result was not satisfactory. It is ap-
parent that in using this type of diagonal
reinforcement, extreme caution must be
exercised in securing the bars. The ef-
fectiveness and cost-to-benefit ratio of
this detail are questionable.

One method of improving this detail
would be to eliminate the bend in the
diagonals at the intersection of the beam
with the wall. However, this would
cause additional problems in fabrica-
tion of beam and wall reinforcement.

Concrete Spalled Off

S
Detail | o

(a) General Location

Bar
Extruding

Primary
Reinforcing
Bars

In Tension (b) Detail | In Compression

Fig. 13. Loss of support for diagonals in hinging region.
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Load, kips

lin.= 25.4mm
tkip= 4.448 kN
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Fig. 14. Load-versus-deflection relationship for Specimen C6.

Load, kips

Lin. = 25.4 mm
| kip = 4.448 kN

-3

-2

Deflaction, in.

Fig. 15. Load-versus-deflection relationship for Specimen C8.

Full-Length Diagonal
Reinforcement

Because of the ineffectiveness of diago-
nals located in the hinging regions and
the sliding shear limitation with conven-
tional reinforcement, Specimens C6
and C8 were tested with full-length
diagonal reinforcement. The beams had
shear span-to-effective-depth ratios of
1.4 and 2.8, respectively. Reinforcement
details are given in Fig. 4 and Table 1.
The straight longitudinal bars support-
ing the transverse hoops were not an-
chored in the abutment walls and were

not considered to contribute to the load-
resisting mechanism.

Load-versus-deflection relationships
for Specimens C6 and C8 are shown in
Figs. 14 and 15. Full-length diagonals
effectively increased the load-retention
and energy-dissipation capacities of
these coupling beams. The load-versus-
deflection curves do not exhibit the
pinching that results from deterioration
of the shear-resisting mechanism. Also,
the sliding-shear mechanism leading to
loss of stiffness and strength was not
observed.

Initial cracking in the beams with full-

length diagonals was similar to that ob-
served in the beams with conventional
reinforcement. As inelastic load cycles
were applied, concrete at the beam-wall
interface crushed and spalled. This dete-
rioration, however, was not reflected in
the load-versus-deflection relationships.
Forces on the beams were effectively re-
sisted by truss action of the diagonal
bars. The transverse hoops contained
the concrete core over most of the beam,
thus preventing the diagonal bars from
buckling.

Performance of test beams with full-
length diagonals was eventually limited
by inelastic buckling and subsequent
fracture of the diagonal bars. At later
stages of the test, concrete spalling at

" the beam-wall intersection exposed the

diagonal bars within the abutment wall.
In this region no reinforcement was pro-
vided to prevent the diagonals from
buckling.

The mechanism that develops with
use of full-length diagonals is essentially
that of a Mesnager hinge. It wasexpect-
ed, based on Paulay and Binney’stests, '
that significant improvement in re-
sponse would be observed in the short-
span beams. The shear span-to-effec-
tive-depth ratio of these beams was 1.4
as compared to a maximum ratio of 0.9
in the beams studied by Paulay and Bin-
ney.® The use of full-length diagonals
in longer-span beams had not been test-
ed previously. Therefore, Specimen C8
was tested with a shear span-to-effec-
tive-depth ratio of 2.8

Based on the behavior of Specimens
C7 and C8, the improvement obtained
using full-length diagonals in beams
with a shear span-to-effective-depth
ratio of 2.8 (span-to-depth ratio of 5.0)
was relatively small. In addition, gravity
loads within the span take on greater
significance for longer-span beams.
These loads cannot be resisted effici-
ently by diagonal reinforcement. Con-
sidering these findings, full-length diag-
onal bars do not appear to be justified
for coupling beams with shear span-to-
effective-depth ratios of 2.8 or greater.

STRENGTH CHARACTERISTICS

Table 2 is a summary of yield and maxi-
mum loads for the test specimens. Ob-
served and calculated values are given,
They represent the load on each beam
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TABLE 2. Specimen Strengths

.
Yield load Maximum load )
Specimen Observed Calculated* | Observed Observed Caiculated* | Observed Ob;erved ma>f|mum
No. kips | v | kips | viw | —Calc. | Kips | vir| kips | vz | Calc. bserved yield
Cc1 81 | 6.2 9.0 6.9 0.90 9.2 70| 108 8.2 0.85 1.13
c2 102 | 7.6 9.8 7.3 1.04 10.3 7.7 | 128 9.6 0.80 1.01
C3 102 | 7.7 9.8 74 1.04 11.8 9.0 | 124 9.4 0.95 1.17
C4 100 | 7.0 9.5 6.7 1.05 11.5 8.0 | 11.7 8.2 0.98 1.14
C5 9.2 | 67 8.8 6.5 1.05 9.4 6.8 | 11.4 8.4 0.82 1.01
(o]]] 78 | 6.3 7.4 6.0 1.05 134 [ 109 | 144 | 116 0.93 1.73
C7 43 | 29 44 3.0 0.98 5.2 35 5.6 3.8 0.93 1.21
Cc8 43 | 3.0 4.0 2.8 1.08 7.5 5.3 8.7 6.1 0.86 1.77

1 kip = 4.448 kN; 1V7 (psi) = 0.0830 V77 (MPa)

*Based on monotonic flexural response.

based on the assumption that the total
load was distributed equally. The area
used to calculate the nominal shear
stress was the width of the beam times
its effective depth.

Observed Strengths

Yield loads given in Table 2 are those
observed when the main flexural rein-
forcement first reached its yield strain.
For most specimens, the main flexural
reinforcement was the straight longitu-
dinal bars. For Specimens C6 and C8,
which had full-length diagonals, yield
load is that observed when the diagonal
bars reached their yield strain.

Maximum observed loads corre-
spond to the maximum value measured
in either direction of loading. The last
column in Table 2 gives the ratio of ob-
served maximum load to the observed
yield load for each specimen.

Several observations can be made re-
garding the strengths of the test speci-
mens. For the short-span beams with
conventional longitudinal reinforce-
ment, Specimens C2 and C5, maximum
load was only 1% higher than the yield
load. This is indicative of the sliding-
shear deterioration that occurred in the
cycles subsequent to yield.

Beams in Specimen C7, which had
long spans with conventional reinforce-
ment, reached a maximum load 21%
greater than yield load.

Specimens Cl1, C3, and C4, which had
short-span beams with diagonal rein-
forcement in the hinging regions,
reached maximum loads 13% to 17%

greater than yield loads.

Specimens C6 and C8, with full-
length diagonals, had ultimate strengths
73% to 77% greater than their yield
strengths. This indicates that the diag-
onal bars developed strain hardening
efficiently. In designing coupled-wall
systems, differences between ultimate
strength and yield strength must be
recognized because forces developed in
the beams influence the performance of
the walls.

As indicated earlier, the hoop rein-
forcement was designed so that it would
not yield at loads corresponding to the
capacit?l of the beams. Strain measure-
ments'® confirmed that the hoops did
not yield for either conventionally rein-
forced beams or those with special rein-
forcement. It is apparent that transverse
hoops cannot prevent sliding shear in
short, conventionally reinforced beams
when repeated inelastic load reversals
are applied. However, this is dependent
on load history. The laboratory loading
on the beams was intentionally severe.

Calculated Strengths

Calculated values of yield load and
maximum load, shown in Table 2, were
based on measured material properties,
The calculated values are estimates of
monotonic flexural strength, They do
not account for effects of load reversals.
Loads for Specimens C6 and C8, with
full-length diagonals, were estimated
using Equation (1).

Calculated flexural yield values arein
basic agreement with observed values.

Observed maximum loads range from
80% to 989 of calculated loads. Besides
the normal variations expected in such
calculations, the differences reflect the
effects of load reversals and shear dete-
rioration.

Nominal shear stresses, given in Table
2, were based on the effective depth of
the section and the overall beam width.
Observations of the beams during test-
ing indicated that the concrete shell sur-
rounding the confined core broke away
during the inelastic load cycles. At this
stage, nominal shear stresses based on
the area of the confined core are more
realistic. For Specimens C1, C2,and C3,
the core area was 669% of the nominal
area. Thus, nominal shear stresses based
on the area of the confined core are 1.5
times those in Table 2. Based on the core
area, maximum nominal stresses ob-
served in C1, C2, and C3 were 10.7/7:
psi, 1L.7+/f¢ psi, and 13.7Vf psi
(0.89\/f. MPa, 0.97\/f MPa, and
1.14\/fZ MPa), respectively.

For all other specimens, the core area
was 889 of the nominal area. The corre-
sponding maximum .nominal shear
stress for short-span beams ranged from
7.8\VfL to 12.5\/f¢ psi (0.65\/f to
l.04\/j7c’ MPa). For long-span beams,
the range was from 4.00/f7 t0 6.11/fZ psi
(0.33+/F7 to 0.52\/F; MPa).

DEFORMATION
CHARACTERISTICS

Because of potential excursions into the
inelastic range of response, deformation
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Fig. 17. Load-versus-deflection envelopes for specimens
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characteristics of coupling beams are of
considerable interest. For the beams
tested, these characteristics have been
quantified in terms of overall-load-ver-
sus-deflection relationships, energy dis-
sipation, and ductility.

Load-Versus-Deflection
Envelopes

Figs. 16 and 17 show envelopes of the
load-versus-deflection relationships for
the short-span and long-span beams,
respectively.

Except for Specimen C6, beams with
shear span-to-effective-depth ratios of
1.4 reached their maximum load capac-
ities at deflections between 0.4 and 0.5
in. (10 and 13 mm). These deflections
corresponded to overall rotations of
0.02 and 0.03 radian. Overall rotations
were calculated as deflection divided by
length of beam.

Specimen C7, which had convention-
al longitudinal reinforcement and a
shear span-to-effective-depth ratio of
2.8, reached its maximum load at a de-
flection of 0.9 in. (23 mm). This corre-
sponded to an overall rotation of 0.03
radian.

Specimens C6 and C8, with full-
length diagonals, reached maximum
load capacities at deflections of 0.8 in.
(20 mm) and 1.5in. (38 mm), respective-
ly. Corresponding rotations were 0.05
radian for both the short-span and long-
span specimens. Although beams with
full-length diagonals reached higher
rotations at maximum load than did
other beams, their final load loss was
more sudden. This is because their load
capacity was limited by bar fracture.

It is evident in Figs. 16 and 17 that the
envelopes for Specimens C6 and C8 are
not symmetrical for opposite directions
of loading. This is because the areas of
the diagonal reinforcement were not
equal. Two No. 3 bars were used in one
diagonal direction and one No. 4 bar
was used in the other direction. The
areas for these bars were 0.22 and 0.20
sq in. (142 and 129 mm?), respectively.

Measured load-versus-deflection en-
velopes are compared with calculated
envelopes in Figs. 18 and 19. The calcu-
lated curves represent first-order ap-
proximations for monotonically loaded
beams. Only flexural deformations were
considered.'® Calculated curves are pre-
sented to illustrate that the beam defor-
mations are made up of a number of
components, not all of which are quan-
tifiable.

Measured deflections are consider-
ably in excess of calculated values, par-
ticularly for the short-span beams, The
following factors, not included in the
calculations, could make a significant
contribution to the deflection.

1. Shearing distortions

2. Slip of main reinforcement an-

chored in abutment walls

3. Load reversals
In addition, there are normal limita-
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Fig. 18. Calculated and measured load-versus-deflection

envelopes for short-span beams.

tions on the accuracy of deflection cal-
culations.

The influence of shearing distortions
can be seen in Figs. 18 and 19, Calculat-
ed deflections for Specimen C7 are in

better agreement with measured values
than are those for Specimen CS5. It
would be expected that shearing dis-
tortions would have less influence on
Specimen C7 with more slender beams.

For the short beams with conven-
tional reinforcement, the contribution
of shearing distortions was estimated
using the procedure developed by Bach-
mann.”” The modified calculations'®
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Fig. 19. Calculated and measured load-versus-deflection envelopes for long-span beams.

are a better approximation of the enve-
lope, as shown in Figs. 20and 21. Again,
load reversals were not taken into ac-
count.

To be more than just a relative meas-
ure of performance, the calculation of
load-versus-deflection relationships for
beams under load reversals requires ex-
tensive refinement. Such refinement is
outside thé scope of this project.

Ductility

The ductility of a structure is commonly
used as a measure of its inelastic per-
formance. Deflection ductility ratio is

Load, kips

’ "
|

defined in this report as the ratio of the
deflection of the beams to the deflection
measured at yield. Cumulative deflec-
tion ductility ratio is the summation of
ductility ratios for each cycle of loading.
(See Fig. 22.) Ductility ratios for posi-
tive and negative loadings are added
separately.

Comparisons of the performance of
specimens based on cumulative ductility
are shown in Fig. 23, where the load is
plotted as a percentage of the maximum,
observed in either loading direction.

Specimens C2 and C5 with short-
span beams and conventional reinforce-
ment were tested with confined core
area equal to 66% and 88% respectively,

Calculated

Modified Colculation

Measured

of the effective section area. As shown
in Fig. 23(a), the larger confined core
area improved behavior. Under load
reversals, the concrete shell fell off.
Thus, nominal shear stresses on the
smaller core were larger and lower
cumulative ductility was attained.

The effects of different reinforcement
arrangements on ductility are shown in
Figs. 23(b) and 23(c) for the short-span
and long-span beams, respectively. For
the short-span beams, the specimen
with full-length diagonals maintained
its load capacity for a significantly larg-
er ductility than the other specimens.
The difference was not as significant for
the long-span beams.

Load, kips
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of deflection for Specimen C2,

03

-1.0

Deflection, in.

lin.=284mm
Ikip » 4.448 kN

-05 0.5 1.0

Deflection, in.

AT

~l2

lin.= 264mm
Ikip=4.448kN

Fig. 21. Influence of diagonal cracking on the calculation -

of deflection for Specimen CS5.

Modified Calculation
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Energy-Dissipation Capacity

Energy dissipation provides a measure
of the inelastic performance of a struc-
ture under load reversals. The dissipat-
ed energy is the difference between that
expended during load application and
that recovered during unloading. Ener-
gy dissipation is thus defined as the area
enclosed by the load-versus-deflection
loops. (See Fig. 24.) Using the energy
dissipation derived from the measured
load-versus-deflection relationships of
the test specimens provides a convenient
reference for quantifying the specimens’
performance. Essentially, for equivalent
loads and deflections, specimens dissi-
pating the most energy would be con-
sidered to have the best performance.

Figs. 25 and 26 illustrate the “stabil-
ity” of the load-versus-deflection loops
for the specimens. In the loading se-
quence, three complete cycles of load or
deflection were applied at each load de-
flection increment. Figs. 25 and 26 show
the cumulative energy dissipated for the
first, second, and third cycles of each
increment. Energy dissipation is plotted
against displacement ductility ratio.
Displacement ductility ratio is defined
as the deflection at each increment di-
vided by the yield deflection.

If the three loops within each incre-
ment had identical areas for each cycle,
it would mean that there was no loss of
energy-dissipation capacity. As can be
seen in Figs. 25(f) and 26(b), this was
nearly the case for Specimens C6 and
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Fig. 23. Load versus cumulative deflection ductility.
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Fig. 24. Energy dissipation.
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Fig. 26. Energy dissipation versus displacement ductility ratio for long-span beams.

C8, which had full-length diagonals.
The wider differentials between succes-
sive cycles within each load increment
for the other beams attested to the
greater deterioration of these beams.
The curves in Figs. 25 and 26 illustrate
more clearly what was indicated in the
load-versus-deflection relationships
presented earlier.

While Figs. 25 and 26 show the per-
formance of each specimen, they do not
give the relationships between the vari-
ous specimens. These relationships can
be shown by normalizing the cumula-
tive energy dissipated by the product of
the yield load and yield deflection, as

follows: n

1
Emn = i
PyAy izgl € (2)
where E,, = normalized cumulative
energy dissipated
P, = yield load
Ay = yield deflection

e; = energy dissipated in ith
load cycle
i = number of load cycles

Figs. 27 and 28 show the normalized
cumulative energy dissipated versus
number of cycles for the short-span and
long-span beams, respectively. All load
cycles are included in the cumulative
energy determination. Since the speci-
mens had similar load histories, these
curves provide a comparative measure
of the energy dissipation capacity of the
test specimens.

Normaiized Cumulative Energy Dissipation
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Fig. 27. Normalized cumulative energy dissipation versus
cycle number for short-span beams.
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Fig. 28. Normalized cumulative energy dissipation versus

ductility for long-span beams.

Energy-dissipation-versus-ductility
relationships confirm the results previ-
ously indicated. For short-span beams,
Specimen C6 with full-length diagonals
provided the greatest energy-dissipation
capacity. Special diagonals within the
hinging regions improved energy-dissi-
pation capacity somewhat, but the im-
provement was not great enough to jus-
tify their complexity and cost.

For the long-span beams, the full-
length diagonals did not provide signif-
icant additional energy-dissipation ca-
pacity.

SUMMARY AND CONCLUSIONS

Eight model reinforced concrete coup-
ling-beam specimens were subjected to

reversing loads representing those that
would occur in beams of coupled struc-
tural walls during a severe earthquake.
The beams were constructed at approxi-
mately one-third scale. Effects of se-
lected variables on hysteretic response
were determined. Controlled variables
included shear span-to-effective-depth
ratio of the beams, reinforcement de-
tails, and size of the confined concrete
core. The variables are summarized in
Table 1.

The beams had a shear span-to-effec-
tive-depth ratio of either 1.4 or 2.8, cor-
responding to a span-to-depth ratio of
2.5 or 5.0. Maximum nominal shear
stress on short-span beams ranged from
7\/f% psi (0.58+\/f: MPa) for beams with

conventional reinforcement to 11+/f:

psi (0.91+/f¢ MPa) for beams with full-
length diagonal reinforcement. Equiva-

lent shear stresses for long-span beams
were 4/f psi and 5\/ﬁg psi (0.33\/f¢
MPa and 0.42\/f; MPa).

Load-versus-deflection relationship,
strength, energy dissipation, and ductil-
ity were the basic parameters used to
evaluate performance of the test spec-
imens. The following conclusions are
based on the test results.

Conventional Longitudinal
Reinforcement

Inelastic response of coupling beams
with conventional reinforcement was
limited by sliding-shear deterioration at
the beam-wall intersection. This was the
case even though transverse hoops were
provided to carry the entire shear with-
out yielding. Since sliding-shear cracks
developed between transverse reinforce-
ment, the hoops eventually became inef-
fective. Development of sliding shear is
dependent on load history. Deteriora-
tion is a function of the cycle number -
and the intensity of applied loads. Thus,
any generalization of the results must
consider load history, Both the number
of cycles and the load intensity used in
the laboratory tests can be considered
as representative of extremely severe
earthquake conditions on the most criti-
cally stressed beam in a coupled-wall
system.

Specimen CS5, which had short-span
beams, sustained an overall rotation of
0.025 radian. At this rotation increment
more than 80% of the maximum load
was maintained for three complete cy-
cles. Yield rotation for Specimen C5
was 0.01 radian,

Spécimen C7, which had long-span
beams, sustained an overall rotation of
0.04 radian. Yield rotation for this spec-
imen was 0.005 radian.

Tests indicated that improved inelas-
tic performance was obtained by in-
creasing the size of the concrete core.
The confined core of coupling beams
should be made as large as possible
within the limits of cover requirements.

Diagonal Reinforcement
in Hinging Regions

Diagonal reinforcement within hinging
regions at the ends of the beams im-
proved performance, but not enough to
justify the added complexity and cost.



To use this type of reinforcement, ex-
treme care must be exercised in the
selection and construction of details,
particularly at bend locations in the re-
inforcement. Based on the laboratory
tests, it does not appear that this detail
would be an economical solution.

Fuli-Length Diagonal
Reinforcement

Beams with full-length diagonal rein-
forcement had the best strength, ductil-
ity, and energy-dissipation characteris-
tics of any of those tested.

Specimen C6, which had short-span
beams, sustained an overall rotation of
0.05 radian. Yield rotation for this spec-
imen was 0.01 radian.

Specimen C8, which had long-span
beams, sustained an overall rotation of
0.06 radian. Yield rotation was' 0.01
radian. Improvement in hysteretic re-
sponse using full-length diagonals for
long-span beams was not as significant
as for short-span beams. In addition,
gravity loads within the span took on
greater significance for longer-span
beams. These loads cannot be resisted
efficiently by diagonal reinforcement.
Thus, straight diagonal bars do not ap-
pear to be justified for beams with a
shear span-to-effective-depth ratio of
2.8 or more. Tests using this type of re-
inforcement have not been carried out
on coupling beams with a shear span-to-
effective-depth ratio between 1.4 and
2.8.

If full-length diagonals are used, the
diagonal bars must be properly an-
chored in the adjoining wall. The diago-
nals must be restrained over their full
length to prevent buckling.

Since this type of detail effectively
developed strain hardening of the rein-
forcement, the actual capacity of the
beams should be considered in design-
ing a structural wall system. A design
based on yield level would not properly
allow for the forces that can be imparted
to the walls by the beams.

Final Remarks

The results of these tests have clearly
indicated the relative influence of spe-
cial reinforcement details on inelastic
hysteretic response of coupling beams.
However, the results do not justify the
use of one system over the other for all
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situations. The response characteristics
and energy-dissipation capacity attain-
able in the beams must be matched with
those required for the structure and the
design conditions under consideration.

For example, for very short beams .

under severe earthquake loads, full-
length diagonals may provide the best
solution. In other situations, however,
conventionally reinforced beams might
be adequate. Also, consideration must
be given to the fact that not all beams
over the height of a coupled-wall system
are subjected to the same load histories.
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APPENDIX: EXPERIMENTAL
PROGRAM

Details of the experimental program
including specimen geometry, reinforce-
ment details, material properties, fabri-
cation, and testing are given in this Ap-
pendix.

Test Specimens

Eight specimens representing approxi-
mately one-third scale models of coup-
ling beams were tested. Each specimen
consisted of two coupling beams fram-
ing into rigid abutment walls at each
end as shown in Fig. 3. The end condi-
tions imposed by the abutments simu-
lated those in a structural wall system.
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Fig. A-1. Details for beams with conventional reinforcement.

Coupling beams had rectangular
cross sections 4 in. (102 mm) wide and
6.67 in. (169 mm) deep. The beams were
either 16.67 in. (423 mm) or 33.33 in.
(846 mm) long, corresponding to span-
to-depth ratios of 2.5 and 5.0, respec-
tively. The L-shaped abutments were 4
in. (102 mm) thick.

Details of Reinforcement

Steel reinforcement details are present-
ed in Figs. A-1 through A-3.

Specimens C2, C5, and C7. Primary re-
inforcement in Specimens C2, C5, and
C7 consisted of four straight longitudi-
nal 6-mm-diameter (Y%-in.) bars, top
and bottom. Reinforcement details are
shown in Fig. A-1. Specimens C2 and
CS5 had a shear span-to-effective-depth
ratio of 1.4. The shear span-to-effective-
depth ratio for Specimen C7 was 2.8.
Specimens C5 and C7 had a confined
concrete core size about 33% larger than
that of Specimen C2. To obtain the in-
crease in core size without bending the
bars, it was necessary to place the
straight flexural bars in the coupling
beams outside the reinforcement in the
abutment walls. Therefore, these bars
were not anchored in confined concrete.
This anchorage detail, although satis-
factory for the test, is not recommended
for field practice.

Specimen C1. Diagonal reinforcement
was provided for Specimen C1 as shown
in Fig. A-2. Two 6-mm-diameter (!4-in.)
bars top and bottom were bent at 45°
starting at the face of the wall at each
end of the beam.

Specimens C3 and C4. Diagonals were
provided in the hinging regions of Spec-
imens C3 and C4 as shown in Fig. A-2.
Four 6-mm-diameter (!4-in.) bars were
bent at 45° top and bottom. Specimens
C3 and C4 were similar except for the
size of the confined concrete core. Spec-
imen C4 had a core area 33% greater
than Specimen C3, as shown in Fig. A-2.
The larger core size required that the
top and bottom reinforcing bars in the
coupling beams be placed outside the
steel in the rigid abutments. This an-
chorage detail is not recommended for
field practice.

Specimens C6 and C8. Primary rein-
forcement for Specimens C6 and C8
consisted of full-length diagonals as
shown in Fig. A-3. Diagonals were two
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; . . ", 16.67"
No. 3 bars in one direction and one No. ": 254 mm . | —
0.33 __|| 12@ 133":16" _ 0.33

4 bar in the other. Symmetry was main- e > = -
tained by passing the No. 4 bar between _’

the No. 3 bars at midspan. Two 6-mm-

diameter (!4-in.) longitudinal bars were
provided for tying hoops in place. These e g C L.
bars were not anchored in the abutment > <

walls.

( 6 mm Bors

>< & D-3  Deformad

Wire

Materials

Concrete and reinforcing steel proper- "’ "’
ties for the test specimens are summa- SECTION B-8 A 8
rized in Table A-1. ELEVATION

Concrete was designed for a compres-
sive strength of 3000 psi (20.7 MPa).
The mix consisted of Type I cement,

sand, and aggregate with a maximum I———-I
size of % in. (9.5 mm). Material proper-
ties were determined from tests on 6x12-
in. (153x305-mm) cylinders. Concrete / D-3 Deformed
properties are contained in Table A-1 . N Wire
and a representative stress-versus-strain 667 “ oo '\
curve is shown in Fig. A-4. e N
For the reinforcement, No. 3 and No. > 6 mm Bors
4 bars conformed to ASTM Designa- : mi
tion A615 Grade 60.* Deformed 6-mm L el
(Y4-in.) hot-rolled bars with properties
similar to those of Grade 60 bars were SECTION A-A (a) Specimen C1
also used as primary reinforcement. De-
formed wire, size D-3, was used for .
transverse hoops. This wire was heat- 4" ) L LI .
treated to obtain stress-strain character- I o33 S 933
istics similar to those of Grade 60 bars. ——
Physical properties of the reinforcement 4 ) I" r’
used in the test specimens are given in . LS 72 O’ N ki
Table A-1. Representativestress-versus- 57 [ g N \ o3 Do
strain relationships are shown in Fig, < 6 mm Bors 9@ = Wire
A-5. : (] I' <
acL. I
D,
SECTION B-B FOR
SPECIMEN C3
ELEVATION
o
| 4" | 4" l
MR e
667" | 6.67" o 88T -4 "CL.
ll/lsit E— €mm Bors
&,"cu. — Va' cc
SECTION A-A FOR SECTION A-A FOR SECTION B8-B FOR
SPECIMEN C3 SPECIMEN C4 SPECIMEN C4 (b) Specimens C3 and C4

Fig. A-2. Details for beams with bent diagonal reinforcement.
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Fig. A-3. Details for beams with full-length diagonal reinforcement.

Fabrication

Specimens were cast in a horizontal
position using the forming system
shown in Fig. A-6. Reinforcing cages
for the abutments and coupling beams
were constructed separately and then
placed together in the form. Before cast-
ing, lifting eyes and inserts for attaching
external instrumentation were placed in
position.

Each specimen was .cast in four
batches. Concrete for both coupling
beams in each specimen was taken from
the same batch. After casting, the speci-
mens were covered with a sheet of poly-
ethylene plastic and allowed to cure for
4 days. Control cylinders were cured
similarly. Specimens were then stripped
and moved to the test location, Testing
usually began on the fourteenth day
after casting,

Supporting and Loading Systems

Specimens were glaced parallel to the
laboratory floor”™ and supported or
thrust bearings as illustrated in Fig. A-7.
Blocks to resist applied forces were
post-tensioned to the laboratory floor
on each side of the specimen. One end of
the specimen was fixed. Hydraulic rams
were used to apply load at the opposite
end. The line of action of the applied
forces passed through the midspan of
the coupling beams. This minimized the
possibility of axial forces occurring in
the beams.

Magnitude of the applied forces was
controlled by a hydraulic pump. A four-
way valve was used in the hydraulic line
for directing pressure to one of two rams
to either push or pull on the specimen.
Lateral movement at the live end of the
specimens was prevented by roller
guides bearing against blocks stressed
to the laboratory floor.

Instrumentation

Test specimens were instrumented to
measure applied and resisted loads, de-
flections, and steel strains. Readings
from each sensing device were recorded
by a digital data acquisition system
interfaced with a desk-top microcom-
puter. Data were stored in cassettes.

Loads were recorded by local cells
located at both the fixed and live ends of
the specimens. This arrangement pro-
vided a means for determining losses

(9)
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TABLE A-1. Material Properties

D-3* deformed wire 6-mm™* bar No. 3 bar No. 4 bar Concrete
Specimen (ksi) (ksi) (ksi) (ksi)
No.
fu Ju w | B fi | fa E Si | E
Iy E Sy E; Sy S psi) | (ksi)
C1 70.0 | 76.3 | 32,400 | 69.2 | 98.0 | 31,400 | — — — — — - 2940 | 3180
c2 69.3 | 75.0 | 30,000 | 749 | 99.8 | 30,000 | — - — — - — 3050 | 2910
c3 69.3 | 75.1 | 29400 | 73.6 | 98.8 | 30,600 | — - — - —_ - 2970 | 3040
C4 70.8 | 75.0 | 31,300 | 66.0 | 89.7 | 30,000 | — — — — - — 3490 | 3170
C5 711 | 751 | 31,100 | 66.3 | 88.8 | 30,000 | — - - - — — 3140 | 2730
Cé6 71.4 | 751 | 31,000 — - - 70.7 | 1047 | 30,200 | 69.2 | 103.2 | 31,000 | 2620 | 2780
C7 621 | 725 | 26,700 | 66.5 | 87.8 | 30,800 | — - — — — — 3710 | 3050
(01:] 71.0 | 817 | 28,300 | — — - 825 | 125.1 | 28,600 | 62.8 | 102.5 | 28,500 | 3470 | 3100
/s = yield strength of steel J¢ = compressive strength of concrete *Area = 0.03 sq in. (19 mm?)
« = tensile strength of steel ‘ k. = modulus of elasticity of concrete **Area = 0.05 sq in. (32 mm?)
E = modulus of elasticity of steel 1000 psi = 1 ksi = 6.895 MPa
100 T T T T
3000 No.3 Bar J
B NM))// 600
& 75|
Stress < Stress I
psi Z) MPa Stress, [ . /[ Stress
S ksi D-3Wire—  6mm Bar 7400 MPa
N 50|
3 15
2000} ey
o 4200
o 25
o
410
0 ) . . . 0
o] 5000 .10000 15000 20000 25000
1000+ Strain , millionths
1° Fig. A-5. Representative stress-versus-strain relation-
ships for reinforcement.
0 1 1 L L 10
o] 500 1000 1500 2000

Strain , millionths

Fig. A-4. Representative stress-versus-strain relationship
for concrete.

caused by friction in the thrust-bearing
supports. Loss was generally less than
2% of the applied loads.

Lateral displacements in most speci-
mens were recorded at three locations.
The sensitivity of the gages was 0.001in.
(0.03 mm). One gage was attached to
brackets on the inside face of each rigid
abutment midway between the coupling
beams, as shown in Fig. A-8. Two addi-
tional gages were installed at the end of Fig. A-6. Specimen prior to casting.
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each coupling beam. All three gages
measured the relative lateral displace-
ment of the ends of the coupling beams.
Gages were also installed to measure
axial deformations at each coupling
beam location.

A continuous record of load versus
deflection was also recorded by an XY
plotter. Load was measured by calibrat-
ed pressure cells. Deflections were taken
as the relative lateral movement be-
tween the abutment walls.

Test Procedure

Prior to yield, loading was controlled by
the magnitude of applied forces. After
yielding, loading was controlled by the
imposed deflection on specimens.

Three complete loading cycles were
applied for each predetermined level of
force or displacement. The combined
three cycles are termed a load increment.
Each cycle started and ended with zero
force applied.

The first cycle of each increment was
applied in steps termed load stages.
Data were recorded at each load stage.
On the second and third cycles, data
were recorded only at peak loads or dis-
placements.

Testing was terminated either when a
significant loss of capacity occurred or
when specimens experienced bar frac-
ture.

After each load stage, specimens were
inspected visually for cracking and evi-
dence of distress. Cracks were marked
with a felt-tip pen. Photographs were
taken at the end of each load stage to
provide a record of crack development.

Test Results

Test results are given in the body of this
report and have also been published in
detail elsewhere.®

Applied
Load P

Tlérusfi
earing

Soomb ]

e

Fig. A-7. Test setup.

*
pcoT

—y

‘—5—ngid Arm

Fig. A-8. External instrumentation.

*Direct-current differential transformer

Load Cell
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| ABSTRACT: Describes tests of eight model reinforced concrete coupling beam
: specimens subjected to reversing loadsto determine load versus deflection;strength;
! energy dissipation; and ductility. The effects of shear span-to-effective-depth ratio,
{ reinforcement details, and size of confined concrete core on hysteretic response
! were determined. Full-length diagonal reinforcement improved performance of
! short beams. Larger concrete core increased load-retention capacity.
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