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Title No. 114-S72

Effectiveness of High-Strength Hoops in High-Strength

Flexural Members

by Leonardus S. B. Wibowo, Min-Yuan Cheng, Feng-Cheng Huang, and Ting-Yu Tai

This paper evaluates cyclic behavior of reinforced concrete (RC)
flexural members using high-strength steel and concrete materials.
The specified yield strength (t,) of high-strength longitudinal and
transverse reinforcement used in this study is 100 and 115 ksi (690
and 785 MPa), respectively. A total of 10 specimens were tested
under displacement reversals. The primary test parameters were
the ratio between transverse reinforcement spacing and longitu-
dinal bar diameter (5/dy ratio), hoop configuration, and specimen-
normalized shear demands. Test results showed that all specimens
achieved flexural capacity before failure initiated by buckling of
longitudinal reinforcement. Among the three hoop configurations
investigated in this study, specimens with welded one-piece close
hoops exhibited the largest deformation capacity with all other
conditions being equal to each other. A usable shear strength
between 54 and 120 ksi (375 and 827 MPa) was observed in
the specimens using high-strength transverse reinforcement. A
maximum Sldy of 6 appears to be acceptable for the high-strength
longitudinal reinforcement in specimens with shear demand of
3.5\, (psi) (0.29NF, [MPa]) or less. Those specimens exhibited a
minimum drift capacity of 4.8%. For specimens with shear demand
of approximately 5.5\f,' (psi) (0.46\f, [MPa]), a minimum defor-
mation capacity of 3.5% drift can be achieved by limiting the sldy
to less than 5.

Keywords: cyclic; deformation capacity; high-strength; hoop; strength;
USD685; USD78S.

INTRODUCTION

The potential of using high-strength steel with speci-
fied yield strength f, approximately 100 ksi (690 MPa) as
the primary longitudinal reinforcement has been evaluated
previously (Falkner et al. 2008; Rautenberg 2011; Cheng
and Giduquio 2014; Tavallali et al. 2014). Test results indi-
cate that specimens reinforced with high-strength longi-
tudinal steel exhibited comparable responses in terms of
strength and deformation as specimens reinforced with
conventional Grade 60 longitudinal steel, providing that
transverse reinforcement was adequately spaced. However,
it is not clear in regard to transverse reinforcement whether
the maximum s/d, ratio specified in the current ACI 318-05
(ACI Committee 318 2005) for buckling resistance of
Grade 60 longitudinal reinforcement is applicable to longitu-
dinal reinforcement with yield strength of 100 ksi (690 MPa)
or higher (in which the s/d, ratio is defined as the spacing of
the transverse reinforcement divided by the diameter of the
smallest longitudinal reinforcement).

For beam specimens subjected to monotonic gravity-type
loading, test results by Giduquio et al. (2015) suggest a
maximum S/d, of 8 to resist buckling of longitudinal rein-
forcement with f, = 100 ksi (690 MPa). For members
subjected to earthquake-type loading, a maximum s/dy of 4

ACI Structural Journal/July-August 2017

is recommended for Grade 100 (fy = 100 ksi [690 MPa])
and Grade 120 (fy = 120 ksi [827 MPa]) longitudinal
reinforcement in NIST GCR 14-917-30 (2014). This sugges-
tion is derived based on analytical approaches without
considering stiffness and strength of the transverse reinforce-
ment and, as indicated by the report, further tests are needed
to verify this value. Providing Grade 60 transverse rein-
forcement with a s/dy, of 8, test results (Cheng and Giduquio
2014) show that specimens using longitudinal reinforcement
with f, exceeding 100 ksi (690 MPa) were able to sustain the
displacement reversals to 4% drift. In this study, specimen
shear demand was relative low at approximately 2Vf,' (psi)
or 0.17\f;' (MPa).

The idea of using high-strength steel as shear reinforce-
ment in reinforced concrete (RC) flexural members has been
also studied previously. Test results of nine beam speci-
mens (Sumpter et al. 2009) suggest that ACI 318-14 (ACI
Committee 318 2014) can be conservatively applied to the
design of high-strength stirrups using a yield strength of 80 ksi
(552 MPa)—that is, 20 ksi (138 MPa) higher than the current
code limit but less than the stirrup tested yield strength. Lee
et al. (2011), through tests of 32 beam specimens, observed
that those reinforced with high-strength stirrups failed after
reaching stirrup yielding strain corresponding to yield stress
over 100 ksi (690 MPa). Test specimens in both aforemen-
tioned studies were reinforced with a one-piece closed stirrup,
as shown in Fig. 1(a) and subjected to monotonic gravity-
type loading. Experimental data for flexural members
using high-strength transverse reinforcement under cyclic
loading is relatively limited. ACI 318-14 (ACI Committee
318 2014) permits the use of a two-piece closed hoop in RC
flexural members, as shown in Fig. 1(b). However, exper-
imental evidence to support this hoop configuration is not
well documented according to the authors’ knowledge. The
two-piece closed stirrup is widely used in practice because
of easy installation.

This research aims to study cyclic behavior of RC flexural
members using high-strength steel and concrete materials. A
total of 10 beam specimens were tested under displacement
reversals. Primary test variables are: 1) s/dy; 2) hoop config-
urations; and 3) specimen normalized shear demands. Three
hoop configurations are investigated: a one-piece closed
hoop with standard seismic hooks, as shown in Fig. 1(a);
a two-piece stirrup including a U-shape stirrup and a cap

ACI Structural Journal, V. 114, No. 4, July-August 2017.
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(a) — One-piece closed hoop

Fig. I—Hoop configuration.

Table 1—Required material properties of

reinforcement

cap crosstie

U-stirrup

(b) — Two-piece closed hoop

Minimum Minimum | Minimum f,,* | Minimum f,,’
Bar type &, % g, Yo ksi (MPa) ksi (MPa)
USD685 1.4 10 100 (690) >1.25f,
USD785 NA 8 115(785) | 135 (930)

“ggh is strain at onset of strain hardening.
Teg, is total fracture elongation, measured within an 8 in. (200 mm) gauge length.
*, is yield strength determined using 0.2% offset method.

'f, is tensile strength.

crosstie, as shown in Fig. 1(b); and a welded one-piece
closed hoop provided by a Japanese steel manufacturer, as
shown in Fig. 1(c). Through test results, the maximum s/dy
ratio for buckling restraint of the high-strength longitudinal
reinforcement and maximum usable stress of high-strength
transverse reinforcement for shear resistance are discussed.

The high-strength longitudinal and transverse reinforcement
used in the test specimens comply with Japanese USD685 and
USD785 steel properties, respectively (Aoyama 2001). The
required material properties of USD685 and USD785 high-
strength steels are summarized in Table 1. The high-strength
concrete used in this study refers to concrete strength, f¢,
exceeding 10 ksi (69 MPa).

RESEARCH SIGNIFICANCE

An experimental program consisting of 10 beam specimens
is conducted to investigate effectiveness of transverse rein-
forcement in high-strength RC flexural members subjected to
cyclic displacement reversals. The maximum s/d, for buck-
ling resistance and maximum steel stress that can be used for
shear resistance are discussed. Test results provide valuable
information for the development of future building codes.

TEST SPECIMEN

The key design parameters of all test specimens are
presented in Table 2. Specimen geometry and reinforcement
layout are illustrated in Fig. 2. All test specimens have an
identical cross section of 16 x 28 in. (400 x 700 mm) and
a clear height of 71 in. (1800 mm). The first hoop is placed
2 in. (50 mm) away from the concrete base block. Design
parameters listed in Table 2 are determined according to

888

weld

U
(c) — Welded one-piece closed hoop

specified material properties. Shear stress demand v, is eval-
uated based on nominal flexural strength M, of the specimen.
Nominal flexural strength, in turn, is determined using stress
block per the ACI 318-14 for concrete and elastic-plastic
stress-strain relationship for USD685 high-strength steel.

Specimens are labeled in three segments that are connected
by hyphens. From left to right, the label is led by description
of concrete strength, followed by number of longitudinal rein-
forcement, and ended by description of transverse reinforce-
ment. Concrete is classified by either HC or RC for strength,
fe' greater or less than 10 ksi (69 MPa), respectively. Among all
test specimens, only one specimen was designed with concrete
with ¢ less than 10 ksi (69 MPa). The longitudinal reinforce-
ment arrangements are either 6 No. 10 (D32), 12 No. 10 (D32),
or 12 No. 8 (D25), each corresponding to the label 6#10, 12#10
and 12#8, respectively. USD685 high-strength steel is used as
the longitudinal reinforcement in all test specimens.

No. 4 (D13) transverse reinforcement is used in all spec-
imens but with different strengths, spacing and configura-
tions. The descriptor for transverse reinforcement starts with
steel strength—H refers to the use of high-strength USD785
steel and C refers to the use of conventional Grade 60 steel.
Among all test specimens, only one specimen was designed
with Grade 60 transverse reinforcement. After steel strength,
the description continues with hoop spacing expressed in
terms of the diameter of smallest longitudinal reinforcement.
Finally, the description ends with hoop configuration—W
for the welded one-piece close hoop and T for the two-piece
closed hoop. No letter is assigned for the one-piece closed
hoop configuration. For both one- and two-piece closed
hoops, the orientation of the 135-degree seismic hook alter-
nated along the height of the specimen, as shown in Fig. 1(a)
and 1(b). For the welded closed hoop, the welding point was
also altered left and right along the height of the specimen,
Fig. 1(c). Both 90- and 135-degree hooks were fabricated
to satisfy minimum inside bend diameter and minimum
straight extension per ACI 318-14. A concrete clear cover of
1.2 in. (30 mm) was provided for all test specimens.

TEST SETUP
The test setup is presented in Fig. 3. All specimens were
tested in a vertical position. The concrete base block was

ACI Structural Journal/July-August 2017



Table 2—Specimen design parameters

Specified material properties
Specimen label fe', ksi (MPa) | f, ksi (MPa) | fy, ksi (MPa) s/dy Hoop configuration Vy,” psi (MPa)
HC _6#10 H4d, 10 (69) 100 (690) 115 (785) 3.7 One-piece closed hoop 2.66 (0.22)
HC_12#10_H4d, 10 (69) 100 (690) 115 (785) 3.7 One-piece closed hoop 5.11 (0.43)
HC_12#10_H4d,T 10 (69) 100 (690) 115 (785) 3.7 Two-piece closed hoop 5.11 (0.43)
HC 12#10_C3d,T 10 (69) 100 (690) 60 (414) 2.8 Two-piece closed hoop 5.11 (0.43)
HC 12#10_H4d,W 10 (69) 100 (690) 115 (785) 3.7 Welded one-piece 5.11 (0.43)
RC _12#10 H4d, 5(34.5) 100 (690) 115 (785) 3.7 One-piece closed hoop 6.89 (0.57)
HC_12#10_H5d, 10 (69) 100 (690) 115 (785) 4.7 One-piece closed hoop 5.11 (0.43)
HC 12#8 Hod, 10 (69) 100 (690) 115 (785) 6.0 One-piece closed hoop 3.39(0.28)
HC 12#8 H5d, 10 (69) 100 (690) 115 (785) 5.0 One-piece closed hoop 3.39(0.28)
HC 12#8 HA4d, 10 (69) 100 (690) 115 (785) 4.0 One-piece closed hoop 3.39(0.28)
"Vy- M”a , M, and f;' are specified material strength.
Tiva
: 6 No.10 6 No.10 6 No.8
40 in.
= = s v s UsDé68s v+ . USDGSS v . USD68S
cl Top Concrete e . &V By
= ): No.4@4.7 in. No.4@4.7 in. No.d@6 in.
NI #| Block USD785 ¥ USD785 | UsD785
) Beam specimen tt 6 No.10 ‘4% 6No10 i 6Nos
: # USD685 USD685 USD 685
= 28in gee cross-section HC_12#10_H4d, HC_12#10 H4d,W  HC_12#8 Héd,
| ¢ 4 6 No.10 6 No.10 6 No.8
I ey USDG8s .+ . USDG8S v . USDG68S
; | Concrete Base No.4@4.7 in. B No.4@ 4.7 in. ] No.d4@5 in.
:‘E’ 7 Block USD785 USD785 | UsD78s
e | “.4f 6 No.10 S 6 Ne.10 “it 6Nos
! USD685 USD685 USD685
ssin. | HC _12#10_H44,T RC_12#10_H4d, HC_12#8_H5d,
3 No.10 6 No.10 6 No.10 6 No.§
v+ USDG68S P USDGSS vy USDG68S F-v=s, USDG685
No.d@4.7 in. 1 No.4@ 3.5 in. " No.d4@5.9 in, ] No.d@4 in.
USDT85 GR.60 USD785 USDT85
*-t_*| 3 No.10 tit 6Nado tet 6 No.10 L 6Nos
USD685S USD 685 USD685 USD685
HC_6#10_H4d, HC _12#10_C3d,T HC_12#10_H5d, HC_12#8_H4d,

Fig. 2—Specimen geometry and reinforcement layout. (Note: 1 in. = 25.4 mm.)

N ]
(POSITIVE) (NEGATIVE) Iy 4 |
220 kips Actuator
_.Li“-..‘ Top Concrete Block |
S HOI—T T
=, i T L SIS ="
| nl__— = |
I Beam specimen = |
sl ” g
| 5| : =
| —| e | 28in. 2 g
e~ - e
| Prestressed Rod o !
| 5 « H -
1 l_ l @& = 2.7 in. o '
:| __Concrete Base Block
=
| 55 in.
o : {
=
o =3 * ' L=y o o L ] 1] L=k
3 Ja " Strong Floor = . .. ‘, Yo

Fig. 3—Test setup. (Note: 1 in. =25.4 mm.)

tied to the strong floor using four 2.7 in. (69 mm) diameter
prestressed rods to simulate a fixed boundary condition.
Lateral displacement reversals were applied to the center of

ACI Structural Journal/July-August 2017

the top concrete block. Two +220 kip (£100 tonf) actuators
were used for load application. The shear span, measured
from the center of load application to the top of the concrete
base block, was 83 in. (2100 mm) resulting in a shear span-
to-member effective depth ratio (a/d) of approximately 3.3
for specimens with six No. 10 longitudinal reinforcement,
and 3.5 for specimens with 12 No. 10 or 12 No. 8 longitudinal
reinforcement. Both actuators were displacement-controlled
with loading history shown in Fig. 4, where the “target drift”
is defined as the actuator displacement divided by the shear
span. Each drift level consists of three cycles and the positive
direction refers to the loading to the north. The 135-degree
seismic hook on the hoop, if present, was consistently placed
on the north side of the test floor (Fig. 3).

INSTRUMENTATION
External deformation of the specimen was monitored
using an optical system that continuously tracked three-
dimensional movements of markers attached to the specimen
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Table 3—Summary of concrete cylinder strength and reinforcement properties

Concrete cylinder Longitudinal reinforcement Transverse reinforcement
Specimen label f.', ksi (MPa) fy, ksi (MPa) fu, ksi (MPa) Eou, %0 fyr, ksi (MPa) fut, ksi (MPa) Esuy %0
HC_6#10_H4d, 12.6 (87.0) 99.9 (689) 134.1 (924) 15.0 124.8 (860) 154.8 (1068) 12.7
HC_12#10_H4d, 11.1 (76.5) 102.6 (707) 137.5 (948) 12.7 128.5 (886) 158.8 (1095) 12.3
HC 12#10 _H4d,T 12.2 (84.0) 102.6 (707) 137.5 (948) 12.7 128.5 (886) 158.8 (1095) 12.3
HC _12#10_C3d,T 10.9 (75.2) 99.9 (689) 134.1 (924) 15.0 66.1 (456) 95.9 (661) 24.7
HC_12#10_H4d,W 11.0 (75.8) 102.6 (707) 137.5 (948) 12.7 125.8 (868) 158.8 (1095) 11.0
RC_12#10_H4d, 7.8 (53.4) 101.1 (697) 130.7 (901) 12.5 126.0 (869) 152.0 (1048) 9.2
HC_12#10_H5d, 10.5 (72.5) 101.1 (697) 130.7 (901) 12.5 126.0 (869) 152.0 (1048) 9.2
HC_12#8 Hé6d, 11.8 (81.0) 105.8 (730) 135.7 (935) 10.6 126.0 (869) 152.0 (1048) 9.2
HC_12#8 H5dy 11.8 (81.0) 105.8 (730) 135.7 (935) 10.6 126.0 (869) 152.0 (1048) 9.2
HC_12#8_H4d, 10.5 (72.5) 105.8 (730) 135.7 (935) 10.6 126.0 (869) 152.0 (1048) 9.2

Target Drift (%)
o O bSOy

0 5 10 15 20 25 30 35
Cycle Number

Fig. 4—Loading history.

surface. A total of 41 markers were used for each specimen:
36 were attached to the specimen ina 6 x 8 in. (15 x 200 mm)
regular grid pattern and five were attached to the concrete
base block to monitor support movement close to the top
surface during the test. The positions of markers for the test
specimen are depicted in Fig. 5. In addition, strain gauges
were installed on longitudinal and transverse reinforcement
at designated locations for each specimen.

TEST RESULTS
Materials

Specimens HC _6#10 H4dp, HC 12#10_H4dp, HC 12#10
H4d,T, HC 12#10 H4d,W, and HC 12#10 C3d,T were
each cast continuously with four concrete lifts from the same
supplier. The coarse aggregate used in the concrete mixture
was crushed river stone with a maximum size of 3/4 in.
(19 mm). The rest of specimens were cast from another
supplier with two concrete lifts (first to the top of concrete
base block and then for the rest of the specimen). For those
specimens, crushed granite with a maximum size of 1/2 in.
(13 mm) was used as the coarse aggregate. Concrete compres-
sive strength, as shown in Table 3, was determined based on
the average compressive strength of at least six 4 x 8 in. (100
x 200 mm) cylinders that were tested within 10 days as the
corresponding test specimen.

Direct tensile test was performed to evaluate stress-strain
properties of longitudinal and transverse reinforcing. Some
key values obtained from the average of three coupons
are summarized in Table 3. The sample tensile test results
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of USD685 and USD785 steels are presented in Fig. 6,
where steel strain was measured using the optical system.
Two markers with a gauge length of 8 in. (200 mm) were
attached to the central part of steel coupon. Rupture strain
gg 1s defined by the point corresponding to 10% force drop
from the peak or the actual rupture point if 10% force drop is
not available (ASTM A370 2012). Three additional coupon
samples with welding points at the center were tested to
confirm that the welding strength is greater than the material
strength of USD785 steel.

General behavior

Hysteretic responses of all test specimens are presented in
Fig. 7, where the target drift is defined as the lateral displace-
ment measured from the top block divided by the shear span,
and the modified drift is determined by deducting rotation
and lateral displacement of the concrete base block from the
target drift using recorded data from the markers. Unless
specified as “target,” drift refers to the modified one here-
after in this paper. Numerical values of some key test results
are summarized in Table 4. Ultimate drift ratio d, is defined
at the point when one of the following two criteria is first
met: 1) the load dropped 20% from the peak on the envelope
curve; or 2) the load dropped more than 20% in the repeated
cycles at the same target drift level. Final states of all test
specimens are presented in Fig. 8.

All specimens exhibited satisfactory hysteretic responses
after completion of 3% target drift cycles. From 4% target
drift to the end of the test, loud “bang” sounds were occa-
sionally heard in all test specimens. Those bang sounds
appeared to be caused by distress of transverse reinforce-
ment that lost (partial/entire) anchorage provided by the
seismic hooks. The bang sounds, typically accompanied by
spalling of concrete cover, may lead to sudden loss of lateral
resistance. For example, as can be seen from Fig. 7(a),
lateral force of Specimen HC 6#10 H4d, dropped suddenly
at approximately —4% target drift with a very loud “bang”
sound during the second cycle of 6% target drift. In addition
to the sudden loss of lateral resistance, the legs of transverse
reinforcement may pop out if the “bang” sounds were trig-
gered by a loss of anchorage (Specimens HC _12#10_C3d,T,
RC 12#10 H4dp, HC 12#10 H5dp, and HC 12#8 H5dp).
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Table 4—Summary of test results

Specimen label Vlesl/\[fc’bd, psi (MPa) | Mies, kip-ft (KN-m) | Mies/ M, MM,y | du, % Usable shear strength”, ksi (MPa)
HC 6#10 H4d, 2.81(0.23) 865 (1173) 1.17 0.99 5.41 54.4 (375)
HC 12#10_H4d, 5.43 (0.45) 1469 (1991) 1.08 0.94 3.53 83.9 (579)

HC_12#10_H4d,T 5.12(0.43) 1451 (1968) 1.06 0.92 3.47 63.3 (437)
HC_12#10_C3d,T 5.49 (0.46) 1473 (1997) 1.11 0.94 4.55 76.6 (528)
HC 12#10 H4d,W 5.50 (0.46) 1481 (2008) 1.09 0.95 5.56 102.9 (710)
RC _12#10 HA4d, 6.08 (0.51) 1375 (1865) 1.05 0.90 5.18 95.2 (657)
HC_12#10_H5d, 5.26 (0.44) 1398 (1896) 1.04 0.90 5.02 120.0 (827)

HC 12#8 Héd, 3.51(0.29) 995 (1349) 1.06 0.95 4.84 87.0 (600)
HC 12#8 H5d, 3.44 (0.28) 1001 (1357) 1.07 0.96 5.26 72.4 (499)
HC_12#8 H4d, 3.48 (0.29) 999 (1354) 1.07 0.96 5.80 58.3 (402)

“Usable shear strength is determined using average lateral force interpolated at +3% drift for envelope of third loading cycle.
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Fig. 6—Sample tensile properties of reinforcement.

For Specimens HC 6#10 H4d,, HC 12#10 H4d,, and
HC 12#10_H4d,T, severe spalling of concrete cover was
observed during the 4% target drift cycles. For the rest of
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the specimens, spalling of concrete cover was limited to the
bottom corner after completion of the 4% target drift cycles
and extensive loss of concrete cover was observed during
the 6% target drift cycles. After extensive loss of concrete
cover, as observed in all test specimens, the exposed longi-
tudinal reinforcements on both sides buckled outward when
subjected to compression. In addition, different numbers of
seismic hooks for specimens using one-piece or two-piece
closed hoops were gradually pushed out from their original
135-degree configuration to approximately 90 degrees at
this stage. Some hooks lost all anchorage and the legs of
transverse reinforcements popped out.

Three distinct behaviors were observed in cycles where
specimens lost significant lateral resistance. Type 1: The
major inclined crack widths increased rapidly. In this case,
the specimen above the major inclined cracks appeared to
move horizontally away from the lower part of the specimen.
Type 2: The specimen appeared to slide horizontally along
the base. And, Type 3, the specimen appeared to slide along a
horizontal plane a certain distance away from the base. Typi-
cally, a layer of transverse reinforcement was provided on
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Fig. 7—Hysteretic response.

that plane. The observed behaviors in each specimen based
on the aforementioned categories are summarized in Table 5.
The schematic drawings along with photos taken from three
specimens during the test are provided in Fig. 9 to illustrate
the three distinct behaviors. While some specimens were
dominated by one behavior, others exhibited a combination
of different behaviors. Specimens exhibiting Type 3 hori-
zontal slippage were all cast by the same concrete supplier
using the same concrete proportion. With the limited test
results, it is not clear what caused these specimens to exhibit
that distinct behavior.

Fracture of transverse reinforcement was typically
not observed in the test specimens except for Specimen
RC_12#10_H4d,. As can be seen in Fig. 8(f), a leg of the
transverse reinforcement 16 in. (420 mm) away from the
concrete base block fractured at the 135-degree seismic
hook. It was observed during the second cycle of 6% target
drift. Similarly, fracture of longitudinal reinforcement was
typically not observed in the test specimens except for Spec-
imen HC 12#8 H5dp. As shown in Fig. 8(i), one corner
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longitudinal bar on the south side fractured due to buckling
rather than tension. It was observed in the second cycle of
6% target drift level when the specimen was unloaded from
negative 6% target drift level (south side under compression).

Based on experimental evidence (Fig. 7 and 8), it may be
concluded that specimen lateral resistances were controlled
by yielding of longitudinal reinforcement and failures in
all specimens were initiated by the buckling of longitudinal
reinforcement regardless of spacing, type or configuration of
the transverse reinforcement, followed by severe shear decay
associated with the three distinct behaviors as described earlier.

Strength

Flexural—The hysteretic responses indicate that all speci-
mens achieved the designated flexural strength before failure.
The experimental-to-nominal flexural strength ratio (Mies/M,)
is between 1.04 and 1.17 for all test specimens as shown
in Table 4, where M is the average peak flexural strength
from the two loading directions and M, is determined per
ACIT 318-14 with test material properties. For beam sizes
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Table 5—Observed behavior prior to failure

Specimen label Drift level” (Cycle) Behavior

HC_6#10_H4d, 5.86% (2) Type 3
HC_12#10_H4d, 3.53% (3) Type 1 and Type 3
HC_12#10_H4d,T +3.49% (3) Type 1
HC_12#10_ C3d,T ~5.57% (1) Type 1
HC_12#10_H4dyW 5.63% (3) Type 1 and Type 3
RC_12#10_H4d, 5.89% (1) Type 1 and Type 2
HC_12#10_H5d, 5.89% (1) Type 1

HC 1248 Héd, +5.90% (1) Type 1

HC_12#8 H5d, ~5.88% (1) Type 1

HC_ 1248 H4d, 5.84% (3) Type 2

“Drift cycle at which rapid shear decay was observed.

"Type 1 is inclined crack widths increase; Type 2 is horizontal slippage at base; and
Type 3 is horizontal slippage in specimen.
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(i) HC_1248 H4ds

similar to specimens considered in this study, nominal flexural
strength estimated per ACI 318-14 using concrete cylinder
strength and 1.20 specified steel yield stress (My,yp in
Table 4) provides a satisfactory upper bound for M.
Shear—To investigate the usable strength of high-strength
transverse reinforcement for shear resistance, the average
experimental lateral force interpolated at 3% drift from
envelope of the third loading cycle is converted to tensile
stress in each leg of the hoop per ACI 318-14 and presented
in column seven of Table 4. According to ACI 318-14,
shear capacity of the flexural members may be determined
by considering transverse reinforcement only in the region
subjected to large inelastic deformation. The 3% drift from
the envelope of the third loading cycle is selected as the
deformation demand expected in the extreme earthquake
event (maximum considered earthquake). From Table 4,
the usable shear strength of high-strength transverse rein-
forcement ranges from 54 to 120 ksi (375 to 827 MPa). It
should be noted that the usable shear strength in Specimen
HC 12#10_C3dyT with Grade 60 transverse reinforcement
is approximately 77 ksi (528 MPa) using the same approach.
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Fig. 9—Failure behavior.

The strain gauge reading on transverse reinforcement, as
discussed later, supports the reported usable shear strength
in Table 4.

Deformation

s/dy—Ultimate drift ratio (d,) of Specimen HC 12#8
Ho6d,, HC 12#8 H5dp, and HC 12#8 H4dy, is 4.8%, 5.3%,
and 5.8% drift, respectively. Test results of the three speci-
mens indicate that reducing spacing of transverse reinforce-
ment increases deformation capacity. The 4.8% drift capacity
exhibited in Specimen HC 12#8 H6d, appears to be suffi-
cient for special moment resisting frame (3% drift is typically
expected for maximum considered earthquake). However,
results of Specimen HC 12#10_H5d, and HC 12#10_H4d,
show an opposite trend with deformation capacity of 5%
and 3.5% drift, respectively. The relative low d, in Spec-
imen HC_12#10 H4d,, is attributed to rapid strength decay
at 3.5% drift cycles (4% target drift) caused by horizontal
sliding along a crack where a transverse reinforcement was
provided at a distance of 11.4 in. (290 mm) away from the
face of concrete base block. Whether the use of two different
concrete materials in the two specimens has any influence on
the overall behavior requires further research.

In Specimen HC 6#10 H4dp, horizontal shear sliding
was also observed along a transverse reinforcing bar during
the 4% target drift cycles at the same height as Specimen
HC _12#10 H4dy. However, it was able to sustain the shear
throughout the 4% target drift cycles and achieved defor-
mation capacity of 5.4% drift. Shear decay due to slippage
parallel to the transverse reinforcement has been reported
by other researchers before (Brown and Jirsa 1971; Scribner
and Wight 1980). Without intersecting the horizontal sliding
plane, transverse reinforcement provides limited contri-
bution to sustain the shear as the specimen lateral drift
increases. As a result, the ultimate drift ratios d, obtained
from Specimens HC 6#10 H4d, and HC 12#10 H4d, may
be taken as the lower-bound limit for RC beam members
with equivalent design parameters.

Based on limited test results, the s/dy not exceeding 6
appears to be enough to ensure a minimum deformation
capacity of 4.8% drift for specimens having shear demand
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3.5 N, (psi) (0.29 \f, [MPa]) or less. For specimens with
shear demand approximately 5.5V’ (psi) (0.46 \f.’ [MPa]),
a minimum deformation capacity of 3.5% drift is achievable
by limiting the s/dy less than 5.

Hoop configuration—Comparing test results of Specimens
HC 12#10 H4d,W,HC 12#10 H4d,T,and HC 12#10H4d,,
specimen strength sustained by the welded closed hoops
achieved the largest dy. Although Specimen HC _12#10_H4d,
and Specimen HC 12#10H4d,T exhibited comparable Mie
and d,, shear decayed more rapidly in Specimen HC 12#10
H4d,T during the second and third cycles of 4% target drift
level. In addition, final states of the two specimens showed
that seven layers of transverse reinforcement were pushed
out by the end of the test in Specimens HC 12#10 H4d,T
while three layers of 135-degree hooks were pushed out in
Specimen HC 12#10_H4d, with one-piece closed hoops, as
shown in Fig. 8(c) and 8(d). With transverse reinforcement
spacing reduced by 25%, Specimen HC 12#10 C3d,T failed
in a nearly identical manner as Specimen HC 12#10_C4d,T
(Type 1 in Table 5), with seven layers of transverse reinforcement
pushed out at the final state (Fig. 8). However, it achieved a
larger deformation capacity of 4.5% drift.

Shear  demand—Specimen HC _12#10 H5d, exhib-
ited similar failure behavior as Specimens HC 12#8 H5d,
(Type 1 in Table 5) but lower deformation capacity. A
similar trend was observed in Specimens HC 12#10_H4dy,
HC _12#8 H4d,, and HC 6#10 H4d,, despite the three spec-
imens failing in different manners. With the same s/d, it may
be concluded that specimen deformation capacity increases
as its shear demand decreases. However, results from Spec-
imens HC 12#10 H4d, and RC_12#10 H4d, suggested
that alleviating shear stress demand by increasing concrete
strength was not promising to increase specimen deformation
capacity. It should be reminded that strength decays in the
two specimens were associated with two different manners
of failure. Test results of Specimen RC 12#10 H4d, also
indicated that increasing the straight extension of 135-degree
hook to prevent the hook being pushed out may not be effec-
tive because fracture was likely to occur at the bend of high-
strength transverse reinforcement.
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Fig. 10—Deformation components.

Deformation component—To investigate whether the
composition of the deformation components varies between
specimens with different design parameters, the deformation
components consisting of flexural deformation, shear defor-
mation, strain penetration and lateral slip are analyzed using
the recorded marker data. Strain penetration and lateral slip
represents the flexural and shear deformation, respectively,
between the closely spaced markers adjacent to the wall-to-
base block interface or between Row 1 and Row 2 markers
in Fig. 5. Flexural deformation is estimated through accu-
mulation of the average curvature along the height. The
average curvature is obtained from curvature values of three
elements in between two consecutive rows of markers. Each
element is formed by four markers at the corners and its
curvature value can be determined based on marker coor-
dinates at initial and deformed stage, as presented in Fig. 5.
Shear deformation is determined by subtracting flexural
deformation from the overall deformation. For some speci-
mens, markers were removed after completing the first cycle
of 3% target drift due to extensive concrete cover damage.
As a result, the comparison for all specimens can only be
made up to approximately 2.5% drift level. As shown in
Fig. 10, the drift contribution of each deformation compo-
nent is determined at the first peak of each drift level and
linear interpolation is used to obtain the values at 1 and 2.5%
drift level. In Fig. 10, values obtained from the positive and
negative loading direction are presented in the upper half
and lower half of the figure, respectively.

As seen in Fig. 10, contribution of each deformation
component in each specimen is more or less similar at 1 and
2.5% drift levels. The difference between each specimen
is also negligible. That indicates that all specimens appear
to remain structurally sound up to 2.5% drift level. Before
2.5% drift, approximately 40% of the total deformation is
contributed by strain penetration and the combined shear
deformation (lateral slip plus shear deformation) typically
contributes approximately 25% of the total deformation.

Stiffness deterioration

When subjected to reversed loading, specimen stiffness
deteriorates after each loading cycle. For each specimen,
stiffness deterioration in the first cycle of each drift level is
evaluated through the change of stiffness ratio at different
drift levels, where stiffness ratio at a given drift level is
defined as the slope of the idealized response between peak
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point, shown as min Fig. 11(a), divided by the slope obtained
from the first cycle of 0.25% target drift. Analytical results,
presented in Fig. 11(b) and 11(c), indicate that specimens
with larger longitudinal reinforcement ratio exhibited better
stiffness retention.

The stiffness deterioration among the three specimens
having 12 No. 8 high-strength longitudinal bars is more or
less similar up to 4% drift. It indicates that reducing trans-
verse reinforcement spacing from s/d, of 6 to 4 with usable
shear strength raised from 58 to 87 ksi (402 to 600 MPa)
appears to have limited influence on the rate of stiffness dete-
rioration for specimens with shear demand of 3.5Vf.' (psi)
(0.29Vf,' [MPa]) or less.

For specimens using 12 No. 10 high-strength longitu-
dinal bars, the trend indicates that Specimens HC 12#10
H4d, and HC_12#10_H4d,T consistently exhibited slightly
faster stiffness deterioration than the rest of the specimens.
However, the largest difference among the specimens is
typically within 5%, which may be negligible. As a result,
limited test data shows the influence of using different types
of hoops is not significant on stiffness retention for spec-
imens with shear demand of approximately 5.5VE, (psi)
(0.46\f,' [MPal)).

Strain gauge reading

Four strain gauges, each attached on a hoop leg, were used
to measure transverse reinforcement strain at midheight of
the leg in each specimen. In Specimen HC 12#10_ C3d,T
with conventional Grade 60 transverse reinforcement, one
strain gauge with its reading and location shown in Fig. 12(a)
clearly exceeded the corresponding yield strain after
completion of 2% target drift. After completion of 4% target
drift, strain gauges on transverse reinforcement at 9 and
16 in. (230 and 410 mm) both recorded steel strain close to
0.003 in the same specimen. It appears that results of strain
gauge readings in Specimen HC 12#10 C3d,T support the
reported usable shear strength of 77 ksi (528 MPa) deter-
mined at 3% drift level.

For strain gauges on high-strength transverse reinforce-
ment, the largest recorded steel strain was typically between
0.002 and 0.004 after completion 0f 4% target drift depending
on crack propagations and shear demand in the specimens.
For example, strain gauge readings at a location approxi-
mately 28 in. (700 mm) away from the base in Specimen
HC _6#10 H4db, HC 12#8 H4d,, and HC 12#10_H4d, is
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Fig. 12—Measured hoop strain. (Note: I in. = 25.4 mm.)

presented in Fig. 12(b), 12(c) and 12(d), respectively. Before
the specimen failed or strain gauges malfunctioned, only a
few high-strength transverse bars recorded values exceeding
the yield strain of approximately 0.0045. Two of those were
in Specimens HC 12#10 H5d, and HC 12#8 HS5d, with
hoop spacing of 5dp, as shown in Fig. 12(e) and 12(f). Typi-
cally, the reported usable shear strength (Table 4) is equal to
or less than those obtained from the strain gauge readings.
Strain gauges on longitudinal reinforcement, on the other
hand, indicate that yielding strain of approximately 0.0035
is recorded at 28 in. (700 mm) distance away, above the
face of base concrete block in most of the test specimens
after completion of 3% target drift cycles. At the same
stage, the marker readings in all test specimens show that
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curvature is typically greater than 1.9 x 1073 1/in. (7.5 x 10°°
1/mm) within bottom most marker layer (between Row 1
and Row 2 markers). A sharp curvature drop is observed
above Row 2 markers. From 4 to 22 in. (100 to 550 mm)
distance above the face of base concrete block, curvature
gradually decreases. Above 22 in. (550 mm) distance from
the base concrete block, the measured curvature is typically
below 3.2 x 10 1/in. (1.3 x 107 1/mm).

CONCLUSIONS
Effectiveness of high-strength transverse reinforcement
in cyclic behavior of high-strength RC flexural members
is investigated. A total of 10 specimens were tested under
displacement reversals. Primary test parameters include
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spacing, configuration, and strength of transverse reinforce-
ment. Conclusions drawn from the limited test results are
provided as follows:

1. In all test specimens, peak strengths were governed
by yielding of longitudinal reinforcement and failures were
initiated by buckling of longitudinal reinforcement regard-
less of the spacing, configuration, and strength of the trans-
verse reinforcement.

2. For beam sizes similar to specimens considered in this
study, nominal flexural strength estimated per ACI 318-14
using concrete cylinder strength and 1.20 specified steel
yield stress provides a satisfactory upper bound to predict
specimen moment capacity.

3. The range of usable shear strength provided by the high-
strength transverse reinforcement (f, = 115 ksi [785 MPa]) is
between 54 to 120 ksi (375 to 827 MPa).

4. For specimens using high-strength longitudinal
reinforcement (f, = 100 ksi [690 MPa]) with shear demand
of 3.5VE,’ (psi) (0.29Vf,' [MPa]) or less, providing transverse
reinforcement with s/dp not exceeding 6 appears to be enough
to ensure a minimum deformation capacity of 4.8% drift. For
specimens with shear demand of approximately 5.5Vf,' (psi)
(0.46\f, [MPa]), a minimum deformation capacity of 3.5%
drift is achievable by limiting the s/dy to less than 5.

5. Specimens with larger longitudinal reinforcement ratio
exhibited better stiffness retention. The trend of stiffness
deterioration for the specimen groups with 12 No. 8 and 12
No. 10 high-strength longitudinal bars does not appear to
be significantly influenced by the hoop configuration, hoop
spacing, and hoop strength considered in this study.
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NOTATION
Ay, A, = area between loading curve and horizontal axis (drift)
A3, Ay = area between idealized loading model and horizontal axis (drift)
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= shear span, 83 in. (2100 mm)

width of test specimen, 16 in. (400 mm)

specimen effective depth measured from extreme compression
fiber to centroid of tension flexural reinforcement

dj,d, = peak deformation (drift) in first cycle of target drift

o oo
Il

dp = diameter of smallest longitudinal reinforcement

dy = ultimate drift ratio

fe' = specified concrete compressive stress or average cylinder stress

fu = steel coupon peak tensile stress of longitudinal reinforcement

fut = steel coupon peak tensile stress of transverse reinforcement

fy = specified yield stress or steel coupon tested yield stress of longi-
tudinal reinforcement

fie = specified yield stress or steel coupon tested yield stress of trans-
verse reinforcement

M, = nominal flexural capacity using elastic-perfectly-plastic steel
response and equivalent concrete stress block

M, = predicted flexural capacity using elastic-perfectly-plastic steel

response with 1.20 specified yield strength and equivalent
concrete stress block with cylinder strength
My = average peak flexural strength from two loading directions

m = stiffness of idealized bilinear loading model

S = spacing of transverse reinforcement

Vst = average peak shear strength from two loading directions
Vy = shear stress demand

Esh = steel coupon tensile strain at onset of strain hardening
€su = steel coupon strain corresponding to fracture stress

(0] = curvature of an element

Otop = rotation of top row of makers in an element

Oporom = rotation of bottom markers in an element
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