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Evaluation of Applicability of High Strength Stirrup

for Prestressed Concrete Members
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Abstract—Recently, the use of high-strength materials is
increasing as the construction of large structures and high-rise
structures increases. This paper presents an analysis of the shear
behavior of prestressed concrete members with various types of
materials by simulating a finite element (FE) analysis. The analytical
results indicated that the shear strength and shear failure mode were
strongly influenced by not only the shear reinforcement ratio but also
the yield strength of shear reinforcement and the compressive strength
of concrete. Though the yield strength of shear reinforcement
increased the shear strength of prestressed concrete members, there
was a limit to the increase in strength because of the change of shear
failure modes. According to the results of FE analysis on various
parameters, the maximum yield strength of the steel stirrup that can be
applied to prestressed concrete members was about 860 MPa.

Keywords—PSC members, shear failure mode, high strength
stirrups, high strength concrete, shear behavior.

[. INTRODUCTION

HERE have been many studies on high strength concrete
for the past 30 years, but there are not many studies on high
strength steel bars for reinforced concrete (RC) or prestressed
concrete (PSC). In order to secure the space of human activity
and increase the space utilization due to the increase of the
population of the future society, the giganticization of
structures (skyscrapers, long span bridges, large space
structures, huge ocean structures, huge underground structures,
etc.) is inevitable trends. In order to construct these mega
structures, large amounts of structural steel or high strength
steel are required. When high-strength steel is used for
large-scale structures, it is lightweight, and economical
construction is possible due to decrease in usage of steel bars.
In case of using high-strength steel reinforcement, it is possible
to prevent dense laying of reinforcing bars to smooth concrete
pouring and improve the durability and quality of concrete.
There have been great advances in concrete technology
during the last ten decades. The improvement in high-strength,
high performance, fiber-reinforced, and other material and
structural properties in concrete achieved earlier are now
accepted as routine and various types of advanced high strength
concrete have been widely used [1]. For last two decades, much
research on the high yield strength of reinforcement has been
conducted in USA, Japan, and European countries [2]-[5].
When high-strength steel bars are used as stirrups, there may
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be a change in shear failure mode. The ACI 318-14 design code
[6] calculates the shear strength of RC or PSC members in the
condition that the shear reinforcement must yield before web
concrete crushing. When the high-strength stirrup is used in a
member, there is a possibility that the member fails in shear due
to web-concrete crushing before the yielding of stirrup because
the yield strain of high-strength stirrup is greater than that of
normal-strength stirrup. In addition, when high-strength steel
bars are used as stirrups, shear-bond failure may occur. The
bond strength of RC and PSC members is strongly influenced
by presence and spacing of transverse steel bars. In case of
using high strength stirrups, the spacing of shear reinforcing
bars increases, and the bond strength between the concrete and
the reinforcing bars is reduced. Particularly, when a member is
subjected to seismic load, the members using high-strength
reinforcing bars may be more vulnerable to bond failure.

Next is the serviceability problem caused by using the
high-strength stirrups for RC and PSC members. In the ACI
318-14 design code, the minimum shear reinforcement ratio
and the maximum spacing are specified in consideration of the
serviceability and deformability of members. In the case of
using the high-strength steel reinforcement, the diagonal crack
width may be widened because the spacing of stirrups
increases.

According to the ACI 318-14 design code [6], for
non-prestressed flexural members, the yield strength of
longitudinal tension steel used in design calculations shall not
exceed 550 MPa to reserve adequate deformability and control
deflections and cracking [1]. The ACI 318-14 code also limits
the yield strength of shear reinforcement used in shear design to
420 MPa for two reasons; first to provide a control on diagonal
crack width and second to prevent possible sudden shear failure
due to concrete crushing before yielding of stirrups due to over
shear reinforcement [1].

In this study, the following two topics were studied through
FE analysis. The first is to investigate the increase of shear
strength of PSC members with high strength stirrups. It is well
known from previous studies [2], [5], [7], [8] that high strength
steel reinforcement has a greater effect on shear strength
improvement than ordinary steel reinforcement when using the
same amount of reinforcement. Shear strength improvement is
one of the main goals of using the high strength steel
reinforcement. Therefore, in this study, the change of shear
strength due to high strength steel reinforcement was studied.

The second is to measure the change in shear failure modes
by using the high-strength stirrups for PSC members. When a
high-strength stirrup is used, more than a certain amount of
shear-rebar cannot be used due to the limitation on the
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maximum amount of shear reinforcement. In this study, the
shear failure modes of PSC members were evaluated
considering the relationship between the yield strength of
reinforcing bars and high strength concrete.

II.FE ANALYSIS FOR PSC BEAMS

A. Element Segmentation and Beam Specimens

This study used the two-dimensional nonlinear FE analysis
program, RCAHEST (RC Analysis in Higher Evaluation
System Technology) [9] to perform the numerical analysis for
the shear-critical PSC beams. RCAHEST is based on FEAP, a
FE analysis program developed by Taylor of the University of
California at Berkeley, to evaluate the nonlinear behavior of
RC and PSC members by applying a user-required material

model such as a RC plane stress element, a prestressed tendon
element. Shear strength, deflection, and the yield of shear
reinforcement of post - tensioned PSC beams using high -
strength shear reinforcement were analyzed utilising
RCAHEST.

In order to evaluate the accuracy of RCAHEST, shear
behavior of eight PSC beam specimens tested by Lim [10]. PSC
members are composite materials consisting of concrete,
longitudinal steel bars, shear reinforcing bars, and prestressed
steel bars. The nonlinear material model of RCAHEST can be
expressed as a superposition of these constituent materials as
shown in Fig. 1. In RCAHEST, the PSC member was modeled
with two-dimensional RC plane stress element with eight nodes
and the linear tendon element with two nodes.
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Fig. 1 shows the element segmentation and material model
applied to RCAHEST. In the analysis, the specimens were
divided into a total of 80 elements consisting of 40 RC plane
stress elements and 40 linear tendon elements. In order to give
the same conditions as the experiment test specimens, the
loading and supporting points were modeled as a simple
boundary condition. The load was applied to 350 steps, and the
displacement was controlled to 35 mm.
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Fig. 1 FE analysis: (a) element segmentation and (b) stress distribution
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Fig. 2 Analyzed PSC beam (Unit : mm): (a) PSC420, PSC535a, and
PSC 675a, (b) PSC535b, (c) PSC675b, and (d) beam section

TABLEI
DETAILS OF SPECIMENS

Longitudinal

Shear reinforcement

PSC reinforcement

m s ' .
P No ey G N ot G P
PSC420 75 4196 048 2.00
PSC535a 75 5357 048 255
PSC675a 6-D25 691.8 179 DI0 75 6746 048 321
PSC535b 95 5357 038 201
PSC675b 115 6746 031 2.09

/¢ yield strength of longitudinal steel bars, p;: longitudinal reinforcement
ratio, f,: yield strength of stirrup, p,: shear reinforcement ratio, s: spacing of
stirrups

The PSC beams compared in the analysis were tested by Lim
[10]. Totally five simply supported PSC beams were tested to
evaluate the shear behavior related to the yield strength of shear
reinforcement. Concrete strength was 53 MPa, and yield
strengths of stirrups were 420, 535, and 675 MPa. A
cross-sectional dimension of PSC beams was 400 mm X 500

mm (15.7 in. x 19.7 in.). Five post-tensioning strands were
implemented at the bottom of the beams. All the stirrups were
designed and located in accordance with section 9.6.3 and
22.5.10 of ACI 318-14 [6]. The stirrup spacing of specimen, 75,
95, and 115 mm was designed to have a nearly identical stirrup
amount (p,%f,,) as yield strength of stirrup increases. Details of
specimens can be seen in Fig. 2 and

TABLE 1.

The shear span-depth ratio (a/d) of all the beams was planned
2.3. D29 deformed steel bars with 691.8 MPa yield strength
were used for the longitudinal compressive and tensile steel
bars. For the shear reinforcement, D10 deformed steel bars
were used to be perpendicular to longitudinal axis. According
to the presence of shear reinforcement and yield strength, five
PSC beams have a different yield strength of shear
reinforcement as listed in Table I. Fig. 2 shows the overall
dimensions of tested PSC beams.

B. Load and Deflection Curves

Fig. 3 shows the analysis and experimental results. It can be
seen that the results of the FE analysis predict the actual
experimental results with reasonable agreement. For the ratio of
the observed and predicted shear strength, the average value is
0.99, and the coefficient of variation is 5.43 percent. As the
yield strength of the shear reinforcement increases, the
calculated and observed shear strength of the specimen
increases. In addition, even in the case of yield strength of
646.6Mpa, the specimens PSC675a and PSC675b, the
analytical and experimental test results showed that all the
specimens showed shear tension failure, i.e. the beams fail in
shear due to web concrete crushing after the yielding of shear
reinforcement. In Fig. 3, the predicted displacement in the
analysis is greater than the experimentally observed one. This is
because the elastic modulus of the concrete used in the analysis
is smaller than the modulus of elasticity of the actual concrete.

TABLEII
COMPARISON OF TEST AND ANALYSIS RESULTS

Specimen Test results ' RCAHEST ' ACI318-14 Vreanest /

Shear strength (kN)  Deflection (mm)  Shear strength (kN)  Deflection (mm) Viest
PSC420 2036.2 16.95 1898.0 12.01 1271.3 0.93
PSC535a 2014.5 16.31 2075.3 12.99 1453.5 1.03
PSC675a 2190.8 18.19 22323 14.29 1678.8 1.02
PSC535b 1963.4 16.06 1902.2 11.85 1269.5 0.97
PSC675b 1929.5 16.30 1912.4 11.85 1295.5 0.99

Table II compares the shear strength and deflection
measured in experiments and analyses. Shear strength
calculated by ACI 318-14 design code is also compared with
the shear strength measured in the experiment test and the
strength.

III. ANALYSIS RESULTS

A. Parameters
The shear behavior of PSC members was estimated by

simulating the FE program, RCAHEST, considering the effect
of two parameters: yield strength of shear reinforcement and

compressive strength of concrete, to the shear behavior of PSC
beams. These variables are considered as the most important
factors affecting the shear strength and shear failure mode of
PSC beams.

B. Effect of Yield Strength of Stirrups

The shear behavior of PSC beams with various yield strength
of stirrups, 750 MPa, 800 MPa, 850 MPa, and 860 MPa, was
compared using the analysis program. Table III shows the
details of PSC beams used in the analysis. The compressive
strength of concrete is 53.7 MPa, and the yield strength of
longitudinal reinforcement is 691.8 MPa. The shear
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span-to-depth ratio of the specimens was 2.3. A cross-sectional
dimension of PSC beams was 400 mm x 500 mm. Five
post-tensioning strands were implemented at the bottom of the

beams.
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Fig. 3 Comparison of experimental and analytical load-deflection

curves
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Fig. 4 Comparison of experimental and analytical load-deflection
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curves of PSC beams with various yield strength of stirrups

TABLE ITI
DETAILS OF THE SPECIMENS WITH VARIOUS YIELD STRENGTH OF STIRRUPS
Specimens FC’ riﬁquilr?e(mﬂt Shear reinforcement
(MPA) o (MPa) pl (%) s(mm) fyt(MPa) pt (%)

PSC750 537 6918 179 75 750 048
PSC800 537 6918 179 75 800  0.48
PSC8S0 537 6918 179 75 850 048
PSC860 537 6918 179 75 860 048

The load deflection curves of the PSC beams measured in the
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analysis are shown in Fig. 4. In the analysis, it was measured
whether the shear reinforcement of each specimen reached its
yield strength. As the yield strength of the shear reinforcement
increases, the yield point of the shear reinforcement tends to
approach the maximum strength of the member, as shown in
Fig. 4. In addition, as the yield strength of the shear
reinforcement increased, the shear strength of the PSC beam
increased at a constant rate. The ratio of the load at stirrup
yielding to maximum load of specimen, PSC750, PSC800,
PSC850, and PSC860 was 0.78, 0.81, 0.83, and 0.83,
respectively. In the analysis, when the yield strength of stirrup
exceeded 860 MPa, the failure mode changed from shear
tension failure to shear compression failure. That is, when the
yield strength of the stirrup exceeds 860 MPa, the PSC beam
fails due to web concrete crushing without the yielding of shear
reinforcement. Considering that the limit value of the yield
strength of shear reinforcement in the ACI 318-14 design code
is 500 MPa, the maximum vyield strength of the shear
reinforcement measured in the analysis is 860 MPa. Therefore,
the yield strength limitation in the ACI 318-14 design code may
be conservative.

C. Effect of Ratio of Compressive Strength of Concrete and
Yield Strength of Stirrup

The shear failure modes of PSC beams are affected by the
yield strength of stirrups and the compressive strength of
concrete. The shear behavior of four PSC beams was evaluated
using the ratio of compressive strength of concrete and yield
strength of stirrup as a parameter. In the analysis, the shear
strength and shear failure modes of PSC beams using the
compressive strength of concrete 36 MPa and 48 MPa, which is
smaller than the compressive strength of concrete 53.7 MPa
used in the test specimens (Table III) to investigate the effect of
the yield strength of stirrup, were evaluated. The compressive
strength of the concrete, f.’, used in the specimens with yield
strength of stirrup 420 MPa was 36 MPa, and the compressive
strength of concrete, f.’, used in the specimens with yield
strength of stirrup, 535 MPa and 675 MPa, was 48 MPa, as
listed in Table IV. Same as the test specimen for evaluating the
effect of the yield strength of shear reinforcement, the shear
span-to-depth ratio of the specimens was 2.3. A cross-sectional
dimension of PSC beams was 400 mm X 500 mm, and five
post-tensioning strands were implemented at the bottom of the
beams.

Fig. 5 shows the load vs. deflection curves of the specimens
with various compressive strength of concrete. As shown in
Fig. 5, the shear strength of PSC beams increases as the
compressive strength of concrete and the yield strength of
stirrup increase. The load of the PSC beam when the shear
reinforcement yields is shown in Fig. 5. The shear
reinforcement of all specimens yielded before reaching the
shear strength. The ratio of the load at stirrup yielding to
maximum load of specimen, PSC36-1, PSC48-1, PSC48-2, and
PSC48-3 was 0.91, 0.79, 0.81, and 0.86, respectively. As the
compressive strength of concrete increases, the ratio of the load

at stirrup yielding to maximum load of specimen increases.
TABLE IV
DETAILS OF THE SPECIMENS WITH VARIOUS COMPRESSIVE STRENGTH OF

CONCRETE

Longitudinal Shear reinforcement

Specimens fe reinforcement
P (MPa) S pi s S 2
(MPa) (%) (mm)  (MPa) (%)
PSC36-1 36.0 691.8 1.79 75 419.6 0.48
PSC48-1 48.0 691.8 1.79 75 419.6 0.48
PSC48-2 48.0 691.8 1.79 75 535.7 0.48
PSC48-3 48.0 691.8 1.79 75 674.6 0.48
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Fig. 5 Comparison of experimental and analytical load-deflection
curves of PSC beams with various compressive strength of concrete
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IV. CONCLUSIONS

In this study, the shear behavior of PSC beams with high
strength materials was predicted by simulating an FE analysis.
The shear strength and shear failure modes were predicted by
simulating the analysis varying three parameters: shear
reinforcement ratio, yield strength of shear reinforcement, and
compressive strength of concrete. The analytical results can be
summarized as:

1) The ACI318-14 design code limits the yield strength of
shear reinforcement for PSC beams to 500 MPa, but the
analytical results show that the PSC beams with the yield
strength of shear reinforcement of 860 MPa showed shear
tension failure. As a result, it may conclude that the yield
strength limitation of shear reinforcement in the
ACI318-14 design code is very conservative.

2) The shear failure mode of PSC beams was strongly related
with the ratio of compressive strength of concrete and yield
strength of stirrup. As the compressive strength of concrete
increased, the maximum yield strength of shear
reinforcement of PSC beams showing shear tension failure
increased.
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