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SUMMARY

This paper describes an experimental program designed to examine the
ability of intermediate layers of longitudinal reinforcement to delay
strength and stiffness decay in a reinforced concrete beam subjected to
alternating displacements several times larger than the yield displacement
‘Fourteen T-shaped specimens were constructed and- loaded to destructionm.

It was determined that gross shear stress was the most significant factor
influencing total energy dissipation capacity of a flexural member. Inter-
mediate longitudinal reinforcement was most effective in delaying shear
strength and stiffness decay in beams with maximum gross shear stresses
between 0.25 and O.SOVfé,MPa (3 and 6Vfé,psi).

TEXT

Introduction. Flexural members which make up the lateral load resisting
system of a concrete structure bear a universal caveat: flexural capacity
must not be reduced by local shear failures. The task of designing mem-
bers which will remain elastic is not difficult and involves only the nor-
mal assignment of shear forces to concrete and steel. This procedure has
no guarantee of success for members which may undergo repeated inelastic
flexure due to earthquake loads however, as the region of the flexural
member which undergoes repeated inelastic rotation becomes segmented and
broken into many discrete chunks. The codes governing American concrete
design practices (l,4) recognize this problem by requiring increased
amounts of transverse reinforcement in member regions likely to suffer in~
elastic flexure during earthquake loading. It has been suggested, however,
that transverse reinforcement may not be adequate to satisfactorily limit
shear strength decay in cyclically flexed members. The purpose of this
investigation was to study the use of two layers of intermediate longitu-
dinal reinforcement in reducing shear strength decay in members subjected
to repeated reversed inelastic flexure.

The problem of strength decay has received much consideration. Brown
and Jirsa (3) noted the formation of planes of shear slippage bearly per-
pendicular to member longitudinal axis during cyclic flexural loading and
questioned the ability of transverse reinforcement at any spacing to limit
sliding along such plames. Wight and Sozen (7) also saw shear strength
deterioration in members with constant axial load and various amounts of
transverse reinforcement. Paulay (5) and, later, Bertero and Popov (2)
used reinforcement diagonally crossing the region of inelastic flexure to
effectively prevent strength decay for beams having very high shear
stresses.
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Experimental program. Fourteen T-shaped beam and column subassemblies
were constructed and tested at the University of Michigan (6). The gener-
al specimen configuration is illustrated in Fig. 1, with specimen dimen-—
sions listed in Table 1. In general, odd-numbered specimens contained
only transverse reinforcement, while even numbered specimens contained
intermediate layers of longitudinal reinforcement in addition to trans-
verse reinforcement. The position of transverse reinforcement,omitted for
clarity in Fig. 1, satisfied spacing requirements of the ACI Building
Code, 318-77 (1) in the region of inelastic flexure. Other major varia-
bles included shear span to depth ratio (varying from 3.6 to 5.0), main
longitudinal reinforcement ratio (varying between 1.27 and 6.62 percent),
and percentage of transverse reinforcement, which varied from 0.€3 to

1.75 percent.

Specimens were designed to cover the range of shear stress values
from 0.17/E', MPa (2/fL, psi) to greater than 0.5/f;, MPa (6Vf], psi).
Pairs of spgcimens 1 and 5, 2 and 6, 9 and 11 and 10 and 12 contained
identical reinforcement and were tested at different shear spamns to deter-
mine the effect of differing shear stresses on cyclic performance.

Intermediate longitudinal reinforcement was chosen so the total area
of intermediate bars would be approximately one-quarter the area of main
tension reimforcement. The actual ratio of areas for each specimen is
given in Table 1. The larger amount of intermediate longitudinal rein-
forcement used in Specimen 14 represented a significant design variation.
Intermediate reinforcement extended into the beam a distance equal to
twice the beam effective depth plus an extension of twelve bar diamaters,
a length which was expected to traverse the zone of inelastic hinging.

Although two general sizes of specimen were tested, test procedure
remained constant. In each case, the column portion of the specimen was
held firmly by roller bearings and an axial column load was applied and
held constant for the duration of the test. The beam tip was then slowly
deflected by a hydraulic ram according to the displacement pattern shown
in Fig. 2. Displacement ductility, defined as the ratio of beam load
point displacement at any stage in testing to the corresponding displace-
ment at initial yield of the beam temsion reinforcement under positive
shear, was used as the displacement control parameter. Member torsional
instability or failure to resist displacement constituted cause for termi-
nation of loading prior to completion of the normal testing routine.

Test results. Several aspects of behavior were common to all specimens.
All beam-column joints developed at least one diagonal crack, but no
motion was observed along any joint crack and measured strain in joint
ties never exceeded yield strain. No cracks were noted in the columns
outside the joint region. Beam behavior outside the plastic hinging zome
was also similar for all specimens. Although cracks formed in almost all
beams between the point of load application and the zone of inelastic
hinging, no sliding or deterioration was noted along any of these cracks.

All specimens experienced fallure or major deterioration as a result

of cracking and crushing of concrete in the beam hinging zone, which was
considered to extend from the face of the column a distance equal to
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overall beam depth. The nature, rate and extent of deterioration varied
greatly from one specimen to another. Vertical and inclined cracks which
formed during a loading half-cycle were intersected by similar types of
cracks which originated from the opposite side of the beam during loading
reversal.

Discussion of specimen behavior. It is convenient to discuss the behavior
of the specimens examined in this test series by considering three groups
based on maximum first-cycle shear stress. Shear stress values of
0.25¢fé,MPa 3 Vf(':,psi) and O.S/fé,MPa (6 /fé,psi) were used as the
points of separation for the three groups. A grouping of this nature was
considered appropriate for two reasoms. First, shear stress was the most
important single factor in defining the general response of the members to
repeated reversed loading. Second, it was found that intermediate longi-
tudinal reinforcement was most effective in preventing shear strength
decay for members with maximum shear stresses between these limits.

Only Specimens 1 and 2 had maximum shear stresses less that 0.25/E",
Both specimens showed ductile and repeating behavior for the duration of
the nominal loading routine. Because shear stress was not sufficient to
cause shear strength deterioration in the specimen containing only trans-
verse reinforcement (Specimen 1), the addition of intermediate longitudi-
nal reinforcement did not provide significantly improved performance.

Specimens 3 through 10 and 13 and 14 developed maximum shear stresses
between 0.25 and O.S/f%. Specimens whose shear reinforcement included
intermediate longitudinal reinforcement were able to dissipate an average
of 27 percent more energy than comparable specimens which contained only
the vertical web reinforcement required by the ACI Building Code seismic
provisions (1). The increase in total energy dissipation and reduetion of
shear strength deterioration rate produced by the inclusion of intermedi-
ate longitudinal bars are most dramatically demonstrated by comparing the
results of Specimens 3 and 4. These specimens were identical except that
Specimen 4 contained longitudinal shear reinforcement in addition to the
reinforcement contained in Specimen 3. The load vs. displacement curves
for these two specimens are shown in Figs. 3 and 4. As comparison of the
figures illustrates, Specimen 4 was able to withstand three more cycles

of load at large displacement reversal than was Specimen 3, and dissipated
75 percent more energy. Intermediate longitudinal bars inhibited opening
of cracks in the beam plastic hinging zone and distributed cracking
throughout the zone. This resulted in decreased average crack width and
decreased sliding along each crack.

'}_Specimens 11 and 12 developed maximum shear stresses greater than

0.5 f;: and suffered severe stiffness .and strength deterioration during
repeated reversed loading. The specimens were identical except that Speci-
men 12 contained intermediate longitudinal reinforcement. Specimen 12
survived two more cycles of reversed load than did Specimen 11 and dissi-
pated 30 percent more energy. It must be noted that no consensus exists
as to the exact requirements for acceptable performance of a member under
repeated reversed loading. Although the performance of these two speci~
mens may not have been considered acceptable previously, speculation is
currently growing that perhaps the loading histories used for laboratory
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experimentation have been far too conservative to accurately represent
the degree of inelastic rotation that a member should logically be expec-
ted to withstand. At this time, however, it must be concluded that these
two specimens with very high shear stresses did not perform satisfac-

torily.

Specimens 7 and 13 were noteworthy im that they contained transverse
reinforcement much larger than necessary for strength. The effect of
such large amounts of transverse reinforcement was to concentrate damage
near the face of the column (Specimen 7) and in the beam~column joint
(Specimen 13). It was considered that both failures might aggrevate bond
deterioration in the beam-columm joint, reducing structure integrity per-
haps more than would a beam shear failure. A beneficial result of very
large transverse reinforcement, however, was the lateral stability sup~
plied to main longitudinal compression reinforcement. Because eight
specimens (Nos. 3,4,6,9,10,11,12,14) experienced flexural failure as a
result of buckling of compression reinforcement, the benefits provided by
large transverse reinforcement are significant. Criteria for tie size to
prevent bar buckling should be developed independent of shear strength
decay requirements.

Summary and conclusions. Fourteen reinforced concrete exterior beam-col-
umn subassemblies were tested to investigate the effect of intermediate
layers of longitudinal reinforcement in preventing shear strength deteri-
oration in flexural members subjected to repeated reversed loading. Based
on the results of these tests, the following conclusions can be drawn:

1) The repeatability of hysteretic response of reinforce concrete
members during reversed loading is closely linked with maximum shear
stress experienced by the members. Members with maximum shear stresses
less than 0. 25Vf' ,MPa responded primarily in flexure with little tendency
to develop planes of shear slippage. Members with maximum shear stresses
greater than 0. 5¢fc MPa readily developed planes of shear slippage, with
resulting shear strength decay. Members with maximum shear stresses be-
tween 0. 25/f7 and 0.5/f' responded with a mixture of shearing and flex-
ural action Whlch varleg with shear stress level.

2) Intermediate longitudinal reinforcement was most effective in
improving hysteretic response of doubly reinforced members which developed
maximum shear stresses between 0.25 fé and 0.5 fé.

3) An increase in size of transverse reinforcement increased member
energy dissipation, concentrated damage, and stabilized longitudinal
reinforcement against buckling.

4) The buckling shapes of compression reinforcement seen in these
specimens indicate that transverse reinforcement strength may be at least
as significant as spacing in preventing buckling of compression reinforce~
ment during repeated reversed loading.
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NOTATION

maximum concrete compressive strength obtained from standard cylinders
measuring 102 mm diam. x 204 mm high (4 in.diam. x 8 in.high)

force in loading ram as measured by a load cell attached between the
loading ram and the beam tip

= ghear measured at ‘maximum positive displacement in first load cycle,
as a multiple of bdvf],MPa

= deflection of point of loading ram attachment to beam tip with re-~
spect to fixed end of loading ram

]
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Fig. 1 Specimen Configuration and Dimension Designation
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Fig. 2 Typical Loading Schedule
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