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This paper evaluates the performance of reinforced concrete (RC) 
flexural members reinforced with two different types of high-
strength steels—Grade 100 A1035 and SD685—under monotonic 
loading. Test results indicate that design concepts of the current 
ACI Building Code can be used to evaluate the strength of speci-
mens reinforced with either type of high-strength flexural reinforce-
ment. With similar design parameters, specimens reinforced with 
high-strength flexural reinforcement exhibit equivalent ultimate 
displacement to those with conventional Grade 60 steel. Specimen 
behavior is greatly influenced by the buckling of compression rein-
forcement after spalling of cover concrete in the compression zone. 
The maximum spacing of transverse reinforcement (Grade 60) not 
exceeding 8db is suggested to restrain either SD685 or A1035 high-
strength longitudinal reinforcement against premature buckling 
in flexural members primarily subjected to gravity-type loading, 
where db is the diameter of smallest compression reinforcement.

Keywords: deformation capacity; flexural strength; high-strength steel.

INTRODUCTION
The demand of high-rise buildings in several urban 

areas has increased dramatically in recent years. Driven 
by economic advantages and improvement in seismic 
performance (Liel et al. 2011), reinforced concrete (RC) 
has become the favored construction material for high-rise 
buildings. The effort to maintain reasonable member sizes 
often results to heavy reinforcing bar congestion, which is 
always significantly challenging to handle during construc-
tion, adversely affecting construction speed and quality. The 
use of high-strength steels has the potential to mitigate this 
issue (Aoyama 2001; Mast et al. 2008; Sumpter et al. 2009; 
Shahrooz et al. 2011, 2014; Harries et al. 2012). Different 
high-strength steels have been developed with distinct 
stress-strain characteristics.

Despite the encouraging results concerning the use of high-
strength steel, most of the existing research studies focus 
only on one type of steel at a time. Test results comparing 
behavior of RC members reinforced with different types of 
high-strength steels are relatively limited. This study aims 
to fill the gap. Two types of high-strength steels are eval-
uated, namely, Grade 100 A1035 (ASTM A1035/A1035M 
2011). Both steels have specified yield strengths of 100 ksi 
(690 MPa).

The relevant research and design guidelines for using 
A1035 steel are well-documented by ACI Innovation Task 
Group 6 (2010). In addition to its higher strength proper-
ties, A1035 steel features better corrosion resistance due to 
its low carbon and high chromium composition. The stress-
strain relationship for A1035 steel proposed by ACI Innova-
tion Task Group 6 (2010) is presented in Eq. (1). Relevant 

research for using SD685 can be found elsewhere (Aoyama 
2001). The typical stress-strain relationship of SD685 steel 
is presented in Eq. (2) (Wang et al. 2009). The required 
material properties for A1035 and SD685 high-strength 
steels are summarized in Table 1 along with the conventional 
Grade 60 steel conforming to ASTM A706/706M (2009). 
One of the remarkable differences between the two high-
strength steels is that SD685 steel exhibits a distinct yield 
plateau with a minimum steel strain of 0.014 before the onset 
of strain hardening (Aoyama 2001), whereas A1035 steel does 
not display a well-defined yield plateau. For comparison and 
design purposes, the stress-strain model for Grade 60 steel 
(Priestley et al. 1996) is presented in Eq. (3). The theoretical 
stress-strain curves based on Eq. (1), (2), and (3) are illus-
trated in Fig. 1.
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Flexural responses of RC beam specimens using conven-
tional Grade 60, SD685, and A1035 steels as flexural 
reinforcement were experimentally studied. Five pairs of 
RC beam specimens were tested under a monotonically 
increasing gravity-type loading. Test results of all specimens 
are collectively discussed.
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RESEARCH SIGNIFICANCE
Flexural behaviors of RC beam specimens reinforced with 

Grade 60, SD685, and Grade 100 A1035 steels were studied. 
The potential of using high-strength flexural reinforcement 
with different stress-strain characteristics in RC flexural 
members is evaluated. Test results will provide valuable infor-
mation for the development of design recommendations of the 
future building codes.

TEST SPECIMENS
Five pairs of RC beam specimens were tested. Each pair 

of specimens was identically designed to verify the consis-
tency of the test results. Specimens were designed using the 
steel stress-strain models from Eq. (1), (2), and (3), and the 

concrete stress-strain model from Eq. (4). Table 2 summa-
rizes some important design parameters of each pair of 
test specimens. Design parameters using equivalent stress 
block model for concrete and elastic-perfectly-plastic steel 
properties are also presented. Control specimens, C1 and 
C2, were designed to satisfy the minimum requirement for 
a tension-controlled section—that is, the outermost steel 
tensile strain is 0.005 as the extreme concrete compres-
sive strain reaches 0.003 per ACI 318-14. The cross- 
sectional dimensions of the control specimens were 11.8 in. 
(300 mm) wide and 18.1 in. (460 mm) deep. With concrete a 
compressive strength of 4 ksi (28 MPa), two No. 5 compres-
sion reinforcement and four No. 9 tension reinforcement 
were provided.

Fig. 1—Flexural reinforcement stress-strain relationship.

Table 1—Required material properties of reinforcement

Bar type Bar size Minimum εsh, % Minimum εsu, % Minimum fy, ksi (MPa) Minimum fu, ksi (MPa)

ASTM A706 (Grade 60)

No. 3 to No. 6

NA

14

60 (414) 80 (550)*No. 7 to No. 11 12

No. 14 and No. 18 10

SD685 All sizes 1.4 10 100 (690) >1.25fy

A1035
No. 3 to No. 11

NA
7

100 (690)† 150 (1035)
No. 14 and No. 18 6

*The value of fu shall not be less than 1.25fy.
†Determined using 0.2% offset method.

Table 2—Specimen design parameters

Specimen Specified material properties
Using bilinear stress-strain and 
equivalent concrete stress block Using Eq. (1) to (4)

Group Label fc′, ksi (MPa) Bar type fy, ksi (MPa)
Top/bottom 

bars εt,b1, %
Mn,b1, kip-ft 

(kN-m) εt,a1, %
Mn,a1, kip-ft 

(kN-m)

Control C1 and C2 4 (28) Grade 60 60 (414) Two No. 5
Four No. 9 0.48 262.6 (356.1) 0.51 262.7 (356.2)

I-Group
I-S1 and I-S2 4 (28) SD685 100 (690) Two No. 4

Three No. 8 0.45 257.4 (348.9) 0.48 257.5 (349.1)

I-A1 and I-A2 4 (28) A1035 100 (690) Two No. 4
Three No. 8 0.45 257.4 (348.9) 0.46 264.5 (358.6)

II-Group
II-S1 and II-S2 5 (35) SD685 100 (690) Two No. 5

Three No. 8 0.70 271.0 (367.5) 0.79 270.9 (367.3)

II-A1 and II-A2 6 (42) A1035 100 (690) Two No. 8
Three No. 8 0.97 277.7 (376.5) 0.84 347.9 (471.7)
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Using equivalent force relationship (Asfy)60 ksi = (Asfy)100 ksi, 
the I-Group specimens were reinforced with two No. 4 
compression reinforcement and three No. 8 tension rein-
forcement. It should be noted that the designed reinforcing 
bar tensile strain associated with the nominal flexural 
strength in the I-Group specimens was roughly the same as 
the control specimens. Test specimens in the II-Group were 
designed for a reinforcing bar tensile strain of 0.008 at nomi-
nal—a tension-controlled limit suggested by Shahrooz et al. 
(2011) for A1035 steel. The specimen widths were modified 
to 13.0 in. (330 mm) and the specified concrete strengths 
of specimen pairs II-S1/S2 and II-A1/A2 were adjusted to 
5 and 6 ksi (35 and 42 MPa), respectively. As can be seen 

in Table 2, reinforcing bar tensile strain at nominal is sensi-
tive to the selected material models, especially for speciment 
pair II-A1/A2.

Shear reinforcement, using No. 3 Grade 60 steel, was 
provided with 5 in. (125 mm) spacing to ensure flexure- 
governed behavior for all test specimens. The spacing of 
transverse reinforcement s was equivalent to 7.8db in spec-
imen pairs C1/C2 and II-S1/S2, 9.6db in specimen pairs I-S1/
S2 and I-A1/A2, and 5db in specimen pair II-A1/A2, wherein 
db is the diameter of smallest compression reinforcement. 
Reinforcement layouts for all test specimens are presented in 
Fig. 2.

EXPERIMENTAL SETUP AND TEST PROCEDURE
All specimens were tested under a four-point loading 

experimental setup, as shown in Fig. 3. The span length L 
between simple supports was 157.5 in. (4000 mm). The two 
concentrated loads, 31.5 in. (800 mm) apart, were applied 
symmetrically from the midspan. This test setup provided a 

Fig. 2—Reinforcement layout and strain gauge detail.
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shear span to effective depth ratio (a/d) of approximately 4.0 
for all test specimens.

The load was applied monotonically through a 220 kip  
(100 tonf) actuator at a constant rate of 0.004 in./s  
(0.1 mm/s). The crack widths of each specimen were 
measured at every 0.16 in. (4 mm) displacement increment. 
The displacement used in this paper corresponds to the 
displacement at the loading points, which is equivalent to the 
actuator’s vertical displacement. Test was terminated when 
the load dropped by more than 20% from the peak. For each 
pair of specimens, the development of concrete strength 
was carefully monitored using a number of 4 x 8 in. (100 x 
200 mm) concrete cylinders to assure the desired concrete 
strength on the testing date.

INSTRUMENTATION
A total of 24 strain gauges were attached to the surface 

of the reinforcing steel to measure steel strain at designated 
locations. The strain gauge layout is presented in Fig. 2(b). 
External deformation of each specimen was monitored using 
an optical tracking system with a specified resolution of 
4 × 10–4 in. (0.01 mm). A total of 38 markers were used for 
each specimen: 36 are attached to the specimen in a 6.7 in. 
(170 mm) regular grid pattern while the remaining two were 
placed at the support to monitor support movement during 
the test. The relative marker positions are depicted in Fig. 3.

TEST RESULTS
Materials

Specimens with similar specified concrete strengths were 
cast together with the same concrete mixture. For all concrete 
mixtures, the maximum aggregate size was kept to 3/4 in.  

(19 mm). Concrete strengths presented in Table 3 were deter-
mined using the average strength of six 4 x 8 in. (100 x 200 mm) 
cylinder samples that were tested on the same day with the 
beam specimen. Mechanical properties of the flexural rein-
forcement were determined by direct tensile test. The repre-
sentative stress-strain relationships of coupon samples are 
shown in Fig. 1. A summary of flexural reinforcement prop-
erties is provided in Table 4. Reinforcing bar fracture strain 
is defined at a point on the stress-strain curve corresponding 
to a 10% drop from peak stress (ASTM A370 2012).

Response of test specimens
All specimens failed in flexure based on the observed 

failure mechanism. The control specimens, I-Group speci-
mens and specimen pair II-S1/S2 failed due to the combina-
tion of buckling of compression reinforcement and concrete 
crushing in the compression zone within the constant-mo-
ment span, as shown in Fig. 4. Due to severe buckling, one 
of the compression reinforcement of II-S2 fractured at the 
kink. It is also evident in Fig. 4 that buckling of compression 
reinforcement in the control specimens, I-Group specimens 
and specimen pair II-S1/S2 were all observed in between the 
two adjacent transverse reinforcement. Specimen pair II-A1/
A2 failed due to fracture of tension reinforcement. Buckling 
of compression reinforcement was not observed in specimen 
pair II-A1/A2.

The load-displacement responses of all test specimens 
are presented in Fig. 5. Typically, each response curve 
consists of five key points and can be illustrated by the 
idealized curve shown in Fig. 5(a). Point A represents the 
onset of yielding of the tension reinforcement. For spec-
imens with flexural reinforcement having a distinct yield 

Fig. 3—Experimental setup.

Table 3—Summary of concrete cylinder strengths

Group Control I-Group II-Group

Specimen C1 C2 I-S1 I-S2 I-A1 I-A2 II-S1 II-S2 II-A1 II-A2

fc′, ksi (MPa) 4773 (32.9) 4814 (33.2) 4762 (32.8) 4963 (34.2) 4686 (32.3) 4996 (34.4) 5589 (38.5) 5668 (39.1) 6441 (44.4) 6501 (44.8)
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plateau, the load at Point A can be sustained up to Point B, 
which represents the first peak load prior to spalling of 
cover concrete in the compression zone. Immediately 
after Point B, the load suddenly drops to Point C. At this 

stage, compression reinforcement takes over a significant 
portion of the compression force and a stable segment 
is observed, wherein the load is roughly sustained up to  
Point D as the displacement increases. Some specimens may 

Table 4—Summary of flexural reinforcement properties

Bar type Bar size

Yield Peak Ultimate

fu/fyfy, ksi (MPa) εy, % εsh, % fu, ksi (MPa) εu, % fsu, ksi (MPa) εsu, %

Grade 60
No. 5 64.0 (441.5) 0.24 0.56 100.2 (690.7) 13.27 90.2 (621.9) 17.50 1.6

No. 9 70.2 (484.1) 0.24 0.94 NA* NA* NA* NA* NA*

SD685

No. 4 117.1 (807.7) 0.38 1.65 148.3 (1022.5) 9.43 138.6 (955.6) 11.13 1.3

No. 5 120.0 (827.7) 0..41 1.13 147.2 (1015.1) 8.45 132.5 (913.6) 11.26 1.2

No. 8 110.0 (758.4) 0.38 0.84 139.6 (962.7) 9.80 138.2 (952.5) 11.37 1.3

A1035
No. 4 132.3 (912.4) 0.66† NA† 165.8 (1143.1) 4.73 149.2 (1028.7) 7.52 1.3

No. 8 134.1 (924.4) 0.67† NA† 170.0 (1171.9) 4.80 153.0 (1054.9) 6.31 1.3

*No data available. Tensile test was terminated before reaching peak load due to instrument limitations.
†Determined using 0.2% offset method.

Fig. 4—Specimen state at end of test.
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exhibit a gradual increase of load from Point C and reach the 
second peak at Point D, which is more pronounced for spec-
imens reinforced with A1035. After Point D, the force starts 
to degrade and the specimen fails at Point E, which is referred 
to as the ultimate displacement point corresponding to a 
20% load drop from the peak. Table 5 presents the numerical 
values of these key points along the load-displacement curve 
for each specimen. The theoretical nominal flexural strength 
Mn,b2 of each specimen, calculated using equivalent concrete 
stress block and bilinear steel stress-strain relationship using 
tested material properties, is also presented in Table 5.

Idealized bilinear responses
A bilinear force-displacement model is developed for 

each specimen to evaluate its flexural stiffness and displace-
ment ductility. This idealized bilinear curve is developed as 
follows: The ultimate displacement ∆E is defined at a point 
corresponding to 20% drop from the maximum force, and 
yield force Py is determined by assuming an initial linear 
ascending portion intersecting the experimental load- 
displacement curve at 60% of Py, providing equivalent areas 
below the idealized bilinear curve and the experimental 
load-displacement curve up to the ultimate displacement. 
The idealized bilinear response curve for each specimen is 
presented in Fig. 5. The numerical values of yield load, yield 
displacement, ultimate displacement and equivalent flexural 
rigidity ratio are summarized in Table 5. Equivalent flexural 
rigidity EI is determined based on elastic bending theory as 
EI = Pya2(3L – 4a)/12∆y, where Py is the idealized yield load, 
a is the shear span, L is the simple span, and ∆y is the ideal-
ized yield displacement.

Flexural strength
Specimens in the I-Group exhibited roughly similar first 

peak loads with the control specimens. The average ratio 

between the experimental flexural strength MB corresponding 
to the first peak load at Point B and theoretical nominal flex-
ural strength  of specimen pairs I-S1/S2 and I-A1/A2 are 
roughly unity. However, the load-displacement responses 
of specimen pair I-A1/A2 show notable post-yield stiffness 
after Point C. The second peak load of Specimen I-A1 is 
even greater than its first peak but not significant. For spec-
imen pairs II-S1/S2 and II-A1/A2, the average ratio between 
the experimental flexural strength MB and theoretical flex-
ural strength is also approximately unity but the experi-
mental flexural strengths MD corresponding to the second 
peak loads of specimen pairs II-A1/A2 are approximately 
15% higher than the corresponding theoretical values.

Test results suggest that flexural strengths of specimens 
using SD685 and A1035 high-strength longitudinal rein-
forcement may be adequately estimated using equivalent 
concrete stress block and elastic-perfectly-plastic steel 
properties per ACI 318-14, provided that steel yield stress 
is selected adequately. It should be noted that A1035 high-
strength steel exhibits a tested-to-specified yield stress ratio 
greater than 1.3, which is considerably higher than the stress 
ratio of 1.1 observed in both Grade 60 and SD685 steels. The 
use of specified 100 ksi (690 MPa) yield strength for A1035 
high-strength steel may underestimate flexural strength 
significantly.

Among all the test specimens, pairs I-A1/A2, II-S1/
S2, and II-A1/A2 show hardening behavior after spalling 
of cover concrete—that is, PD ≥ PC. It has been reported 
in previous research (Rashid and Mansur 2005; Lin and 
Lee 2001) that this hardening behavior is influenced by: 
1) tension reinforcement ratio ρ; 2) compression-to-ten-
sion reinforcement ratio ρ′/ρ; 3) spacing of transverse 
reinforcement s; 4) concrete strength; and 5) beam cross 
section. Test results of specimen pairs I-S1/S2 and I-A1/A2 
indicate that steel stress-strain characteristics are also crit-

Fig. 5—Load-displacement response.
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ical. It is believed that the absence of hardening behavior 
in certain specimens is primarily attributed to premature 
buckling of compression reinforcement.

Deformation
Specimen displacements are reported in Table 5. Displace-

ment is contributed by both flexure and shear. Shear deforma-
tion of the second specimen of each specimen pair, obtained 
from measurements of optical markers from Columns E to K 
as depicted in Fig. 3, is presented in Fig. 6. It shows that 15 
to 20% of the overall displacement at first peak load is devel-
oped by shear. Right after first peak load, percentage of shear 
deformation-to-overall deformation gradually drops. Spec-
imen pairs I-A1/A1 and II-A1/A2, reinforced with A1035 
steel, show a relatively higher shear displacement than the 
rest of the specimens.

Table 5—Summary of test results

Specimen

Group Control I-Group II-Group

Mark C1 C2 I-S1 I-S2 I-A1 I-A2 II-S1 II-S2 II-A1 II-A2

Point A

∆A, in. 
(mm)

0.98 
(24.9)

1.04 
(26.4)

1.23 
(31.2)

1.22 
(31.0) NA NA 1.21 

(30.7)
1.22 

(31.0) NA NA

PA, kip (kN) 122.2 
(543.6)

127.2 
(565.8)

114.8 
(510.7)

115.3 
(512.9) NA NA 115.7 

(514.7)
115.4 

(513.3) NA NA

Point B

∆B, in. 
(mm)

1.05 
(26.7)

1.24 
(31.5)

1.31 
(33.3)

1.25 
(31.8)

1.26 
(32.0)

1.36 
(34.5)

1.58 
(40.1)

1.32 
(33.5)

1.58 
(40.1)

1.88 
(47.8)

PB, kip (kN) 121.7 
(541.3)

126.6 
(563.1)

114.4 
(508.9)

115.1 
(512.0)

111.6 
(496.4)

125.1 
(556.5)

120.2 
(534.7)

116.0 
(516.0)

132.4 
(588.9)

144.1 
(641.0)

Point C

∆C, in. 
(mm)

1.15 
(29.2)

1.41 
(35.8)

1.49 
(37.8)

1.44 
(36.6)

1.29 
(32.8)

1.40 
(35.6)

1.65 
(41.9)

1.37 
(34.8)

1.61 
(40.9)

1.93 
(49.0)

PC, kip 
(kN)

108.1 
(480.9)

110.9 
(493.3)

105.7 
(470.2)

103.4 
(459.9)

99.7 
(443.5)

111.6 
(496.4)

110.1 
(489.7)

109.2 
(485.7)

120.8 
(537.3)

130.8 
(581.8)

Point D

∆D, in. 
(mm) NA* 2.15 

(54.6) NA* NA* 2.03 
(51.6)

2.04 
(51.8)

2.66 
(67.6)

2.97 
(75.4)

5.73 
(145.5)

5.12 
(130.0)

PD, kip 
(kN) NA* 112.1 

(498.6) NA* NA* 118.8 
(528.4)

124.8 
(555.1)

113.0 
(502.6)

112.4 
(500.0)

159.5 
(709.5)

162.3 
(721.9)

Point E

∆E, in. 
(mm)

2.79 
(70.9)

2.94 
(74.7)

3.04 
(77.2)

2.83 
(71.9)

2.66 
(67.6)

2.77 
(70.4)

4.38 
(111.3)

4.92 
(125.0)

6.56 
(166.6)

6.04 
(153.4)

PE, kip (kN) 97.8 
(435.0)

102.8 
(457.3)

91.8 
(408.3)

92.2 
(410.1)

95.0 
(422.6)

100.1 
(445.3)

96.2 
(427.9)

92.8 
(412.8)

127.6 
(567.6)

129.9 
(577.8)

Idealized yield point
∆y, in. (mm) 0.73 

(18.5)
0.84 

(21.3)
0.94 

(23.9)
0.95 

(24.1)
1.02 

(25.9)
1.11 

(28.2)
1.04 

(26.4)
1.02 

(25.9)
1.49 

(37.8)
1.52 

(38.6)

Py, kip (kN) 106.7 
(474.6)

112.7 
(501.3)

102.1 
(454.2)

101.3 
(450.6)

110.7 
(492.4)

115.9 
(515.5)

109.0 
(484.9)

108.4 
(482.2)

149.9 
(666.8)

152.3 
(677.5)

Test peak moment Mpeak, kip-ft 
(kN-m)

320.7 
(434.8)

333.9 
(452.7)

301.3 
(408.5)

302.6 
(410.3)

311.8 
(422.7)

328.3 
(445.1)

315.5 
(427.8)

304.5 
(412.8)

418.6 
(567.5)

426.0 
(577.6)

Nominal moment capacity Mn,b2, kip-ft 
(kN-m)

307.2 
(416.5)

307.6 
(417.1)

286.6 
(388.5)

288.5 
(391.1)

302.8 
(410.5)

312.9 
(424.3)

298.5 
(404.7)

299.0 
(405.3)

365.3 
(495.3)

365.6 
(495.8)

Outermost tensile strain εt,b2, % 0.45 0.45 0.47 0.49 0.41 0.42 0.67 0.68 0.69 0.69

Displacement ductility ∆E/∆y 3.82 3.50 3.23 2.98 2.61 2.50 4.21 4.82 4.40 3.97

Displacement deformability ∆E/∆Ser 5.64 5.60 5.05 4.45 4.07 4.07 6.64 7.58 8.01 7.38

Strength ratio
MB/Mn,b2 1.04 1.08 1.05 1.05 0.97 1.05 1.06 1.02 0.95 1.03

MD/Mn,b2 NA* 0.96 NA* NA* 1.03 1.05 0.99 0.99 1.15 1.17

Equivalent flexural rigidity ratio EI/EcIg 0.46 0.42 0.34 0.33 0.35 0.32 0.28 0.28 0.25 0.25

*Specimen does not exhibit second peak load.

Fig. 6—Shear deformation contribution to overall 
displacement.
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The control and I-Group specimens that have similar 
reinforcing bar tensile strain at nominal flexural strength  
(εt,b2 ≈ 0.005) but with transverse reinforcement at 7.8db 
and 9.6db spacing, respectively, exhibit comparable ultimate 
displacement ∆E. The increased reinforcing bar tensile strain 
at nominal flexural strength to εt,b2 ≈ 0.007 and reduced 
spacing of transverse reinforcement substantially increase 
ultimate displacement of specimens in the II-Group.

Considering that most of the specimens failed due to buck-
ling of compression reinforcement, it suggests that spacing 
of transverse reinforcement is a crucial factor that impacts 
specimen deformation capacity in addition to reinforcing 
bar tensile strain at nominal flexural strength. For flexural 
members not designed as part of the seismic-force-resisting 
system, ACI 318-14 requires spacing of Grade 60 transverse 
reinforcement not to exceed 16db to restrain longitudinal 
reinforcement against buckling, where db is the diameter of 
smallest compression reinforcement. However, buckling of 
compression reinforcement is still observed in the control 
specimens at early stage—that is, approximately concurrent 
with spalling of cover concrete. The 16db limit may need 
further review, especially when smaller-size compression 
reinforcement is used.

On the other hand, the I-Group specimens having trans-
verse reinforcement at 9.6db spacing exhibited comparable 
ultimate displacement and identical failure mode as the 
control specimens. Reducing transverse reinforcement from 
9.6db to 7.8db effectively inhibits premature buckling of 

SD685 high-strength steel in specimen pair II-S1/S2 after 
spalling of cover concrete. The A1035 high-strength steel 
is expected to have better buckling resistance due to its 
so-called “roundhouse” stress-strain characteristics. As a 
result, the maximum transverse reinforcement (Grade 60) 
spacing of 8db appears to be an adequate limit to restrain 
either SD685 or A1035 high-strength steel against prema-
ture buckling in flexural members primarily subjected to 
gravity-type loading. Only specimen pair II-A1/A2 failed 
without buckling of compression reinforcement throughout 
the test. Grade 60 transverse reinforcement at 5db spacing 
appears to be a conservative limit to prevent buckling of 
A1035 high-strength steel in flexural member subjected 
primarily to monotonic-type loading.

Based on experimental evidence outlined above, a flex-
ural member using the studied high-strength longitudinal 
reinforcement is capable of achieving comparable ultimate 
displacement as the code-compliant flexural member under 
gravity-type loading, provided that flexural member using 
the studied high-strength reinforcement is designed to: 1) 
have similar reinforcing bar tensile strain at nominal flex-
ural strength as the code-compliant flexural member; 2) 
have transverse reinforcement (Grade 60) spacing limited to 
8 times the diameter of the minimum primary compression 
reinforcement; and 3) avoid shear-governed failure mode.

Deformation capacity of each specimen is further eval-
uated using two displacement indexes—namely, displace-
ment ductility ratio ∆E/∆y and displacement deformability 
ratio, ΔE/ΔSer—where ΔSer is the specimen displacement 
under service load corresponding to 0.6Mn,b2. Both ratios are 
also provided in Table 5. Previous research (Mast et al. 2008) 
indicates that deformability ratio may be a suitable indicator 
to measure deformation ability of specimen reinforced with 
high-strength longitudinal reinforcement. As presented in 
Table 5, both displacement ductility and deformability ratios 
of the I-Group specimens are smaller compared to those of 
the control specimens. The increase of εt,b2 to approximately 
0.007 allows the II-Group specimens to develop higher 
displacement ductility and deformability ratios than the 
control specimens. This demonstrates that the use of either 
SD685 or A1035 high-strength longitudinal reinforcement 
with reinforcing bar tensile strain of 0.007 at nominal flex-
ural strength is capable of achieving comparable displace-Fig. 7—Flexural rigidity ratio versus tension reinforcement 

ratio.

Fig. 8—Compression reinforcement strain gauge reading at LC4.
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ment ductility and deformability ratios as the code-compliant 
control specimens using conventional Grade 60 longitudinal 
reinforcement with reinforcing bar tensile strain of 0.005 at 
nominal flexural strength. It should be reminded that rein-
forcing bar tensile strain at nominal flexural strength is esti-
mated based on elastic-perfectly-plastic steel properties and 
is sensitive to the selected steel yield stress. Steel specified 
yield stress needs to be selected appropriately in the design 
phase to reflect the aforementioned findings. Comparing 
εt,b1 in Table 2 with εt,b2 in Table 5, it seems acceptable to 
assume steel specified yield stress of 100 ksi (690 MPa) for 
SD685 high-strength steel. However, for Grade 100 A1035 
high-strength steel, test results suggest that specified steel 
specified yield stress of at least 120 ksi (830 MPa) may 
be conservative.

Stiffness
Specimens in the I-Group, designed to have equivalent 

flexural strengths as the control specimens, exhibit equiva-
lent flexural rigidity ratio, EI/EcIg, of approximately 0.45, as 
shown in Table 5. The equivalent flexural rigidity ratios of 
II-Group specimens with larger cross sections are the lowest 
among the specimens. As depicted in Fig. 7, it is apparent 
that the equivalent flexural rigidity ratio is directly propor-
tional to the tensile reinforcement ratio ρ.

Strain gauge readings
Representative compressive strain gauge readings at LC4 

for Specimens C2, I-S2, I-A2, II-S2, and II-A2 are shown 
in Fig. 8. The commencement of cover concrete spalling 
is depicted by the first apparent kink of each curve. For 

all specimens except specimen pairs II-A1/A2, the sudden 
decrease of compressive strain after peak implies that buck-
ling of compression reinforcement had occurred. It should 
be noted that strain gauge readings are sensitive to the crack 
locations, and the readings cannot be directly interpreted 
as the buckling strain for the corresponding longitudinal 
reinforcement. However, comparing the strain gauge read-
ings in specimen pairs I-S1/S2 and I-A1/A2, it appears that 
A1035 steel buckles at a larger displacement demand than 
SD685 steel.

Most of the strain gauge readings on tension reinforce-
ment exceed yield strain within the constant-moment region. 
Outside the constant-moment region, strain gauge readings 
on tension reinforcement with different stress-strain char-
acteristics show different trends. A comparison of strain 
gauge readings outside the constant-moment region in the 
second specimen of each specimen pair is presented in  
Fig. 9. Broken strain gauge is indicated by an asterisk next 
to its label in the legend. As depicted in Fig. 9, readings of 
those strain gauges in the control specimens and specimen 
pair I-S1/S2 remain constant after spalling of cover concrete, 
which may indicate that the stress induced into the tension 
reinforcement is limited and the deformation is concentrated 
within the constant-moment region. The tensile stress is 
likely limited by the buckling of compression reinforcement, 
and the deformation increment within the constant-moment 
region may be attributed to the spread of plasticity as tension 
reinforcement goes through yield plateau at different loca-
tions. On the other hand, strain gauge readings on the A1035 
tension reinforcement of specimen pair I-A1/A2 continue to 
increase until compression reinforcement buckles. For the 

Fig. 9—Tension reinforcement strain gauge readings.
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control and I-Group specimens, the farthest strain gauge that 
had recorded yield strain was located 4 in. (100 mm) outside 
the loading point. Strain gauge readings on the tension rein-
forcement of the II-Group specimens, as shown in Fig. 9, 
mostly exceed yield strain including the one located 14 in. 
(350 mm) outside the loading point.

Moment-curvature
The experimental moment-curvature response of each test 

specimen is presented in Fig. 10. The experimental curvature 
is estimated using optical markers within the constant-mo-
ment region—that is, grids B, C, and D, as shown in Fig. 3. 
All experimental moment-curvature curves are terminated 
at approximately 2.05 in. (52 mm) actuator displacement. 
Also shown in Fig. 10 are the theoretical moment-cur-
vature response of the first specimens of each specimen 
pair. The theoretical curvature is constructed using tested 
material properties with concrete stress-strain relationship 
from Eq. (4) and elastic-perfectly-plastic steel properties. 
The theoretical curves are terminated at extreme concrete 
compressive strain of 0.003.

Analytical results indicate that experimental and theo-
retical moment-curvature relationships are in good agree-
ment. This implies that the effective flexural stiffness may 
be satisfactorily estimated using moment-curvature analysis 
with elastic-perfectly-plastic properties for steels consid-
ered in this study. However, theoretical curvature at nominal 
flexural strength—that is, concrete compressive strain of 
0.003—underestimates the ultimate curvature capacities for 
all specimens.

CONCLUSIONS
Test results from five pairs of RC beam specimens subjected 

to monotonically increasing gravity-type loading are reported. 
The main observations are summarized as follows:

1. Flexural strength of the I-Group specimens reinforced 
with either type of high-strength flexural reinforcement 
can be satisfactorily predicted using bilinear steel stress-
strain relationships and equivalent concrete stress block per  
ACI 318-14, provided that steel yield stress is 
selected appropriately.

2. A maximum transverse reinforcement (Grade 60) 
spacing not exceeding 8db is suggested to restrain either 
SD685 or A1035 high-strength longitudinal reinforcement 
against premature buckling in flexural members primarily 
subjected to gravity-type loading, where db is the diameter 
of smallest compression reinforcement.

3. Control and I-Group specimens with similar reinforcing bar 
tensile strain at nominal flexural strength exhibited comparable 
ultimate displacement and failed in an identical failure mode.

4. If premature buckling of high-strength longitudinal 
reinforcement can be prevented, test results indicate that 
specimens using either SD685 or A1035 high-strength 
longitudinal reinforcement with reinforcing bar tensile strain 
of 0.007 at nominal flexural strength is capable of achieving 
comparable displacement ductility and deformability ratios 
as code-compliant control specimens using conventional 
Grade 60 longitudinal reinforcement with reinforcing bar 
tensile strain of 0.005 at nominal flexural strength.

5. Test results show that equivalent flexural rigidity ratio is 
proportional to the tension reinforcement ratio.

6. Analytical results indicate that the effective flexural 
stiffness may be satisfactorily estimated using moment-cur-
vature analysis with elastic-perfectly-plastic properties for 
high-strength steels.

Readers should be reminded that findings of this study are 
based on limited test results and future studies are needed to 
verify the findings.

Fig. 10—Moment-curvature relationship comparison.
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NOTATION
As = flexural reinforcement area
a = shear span, 63.0 in. (1600 mm)
d = specimen effective depth measured from extreme compres-

sion fiber to centroid of tension flexural reinforcement
db = diameter of minimum compression reinforcement
Ec = concrete modulus of elasticity, 57,000 ′fc  (psi) (4700 ′fc  

[MPa])
EI = specimen equivalent flexural rigidity
fc = concrete compressive stress
fc′ = specified concrete compressive stress or cylinder average 

tested compressive stress
fs = steel stress
fsu = steel coupon tensile stress corresponding to 10% drop 

from peak or at fracture
fu = steel coupon peak tensile stress
fy = specified yield stress or steel coupon tested yield stress
Ig = specimen gross moment of inertia
L = span length between simple supports, 157.0 in. (4000 mm)
MB = tested flexural strength corresponding to Point B in Fig. 5
MD = tested flexural strength corresponding to Point D in Fig. 5
Mn,a1 = nominal flexural capacity using Eq. (1) to (4) with speci-

fied material properties
Mn,a2 = nominal flexural capacity using elastic-perfectly-plastic 

steel response and equivalent concrete stress block with 
specified material properties

Mn,b2 = nominal flexural capacity using elastic-perfectly-plastic 
steel response and equivalent concrete stress block with 
tested material properties

Mpeak = specimen tested peak flexural strength—that is, either MB 
or MD

PA to PE  = test loads corresponding to Points A to E of response curve 
in Fig. 5

Py = idealized yield load
s = transverse reinforcement spacing, 5 in. (125 mm)
∆A to ∆E  = displacement at Points A to E of idealized load response, 

respectively
∆Ser = displacement under service load corresponding to 0.6Mn,b2
∆y = idealized yield displacement
εc = concrete strain
εs = steel strain
εsh = steel coupon tensile strain at onset of strain hardening
εsu = steel coupon strain corresponding to fracture stress fsu
εt,a1 = outermost longitudinal steel tensile strain at nominal 

strength using Eq. (1) to (4) with specified material 
properties

εt,b1 = outermost longitudinal steel tensile strain at nominal flex-
ural strength using elastic-perfectly-plastic steel response 
and equivalent concrete stress block with specified mate-
rial properties

εt,b2 = outermost longitudinal steel tensile strain at nominal flex-
ural strength using elastic-perfectly-plastic steel response 
and equivalent concrete stress block with tested material 
properties

εu = coupon steel strain corresponding to peak stress fu
εy = steel coupon tensile yield strain
ρ = tension reinforcement ratio
ρ′ = compression reinforcement ratio
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