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ABSTRACT

High-strength materials can be efficiently utilized to provide durable, sustainable,
and economical concrete structures with higher available floor area and reduced
maintenance requirements. Hence, the demand for high-strength steel and concrete in the
concrete industry has increased in recent years. The use of high-strength steel bars as
reinforcement in concrete elements resisting earthquake effects has great potential in
reducing bar congestion and problems associated with concrete placement in critical
regions. Though many building codes allow the use of high-strength steel as longitudinal
and confining reinforcement in concrete members, the design yield strength of shear
reinforcement in beams has been limited to 420 MPa to control the width of the diagonal
shear crack at serviceable load conditions and to ensure the yielding of stirrups before
any possible sudden shear failure due to the crushing of the diagonal concrete strut. The
lack of sufficient test data in Favor of the usability of high-strength steel as shear
reinforcement in concrete beams may be the reason for the conservative approach being

adopted in many design standards.

This study presents experimental and numerical investigation on concrete beams
reinforced with high-strength steel having yield strengths in the range of 500-600 MPa.
The influence of the yield strengths of reinforcing steel and the concrete grade on the
shear behaviour of concrete beams of low to moderate shear span ratios has been studied.
Six beam specimens with two different grades of steel (500 and 550 MPa) as the
longitudinal reinforcement and three different stages of steel (500, 550, and 600 MPa) as
the transverse reinforcement were tested until failure under monotonic loading
conditions. Two different concrete grades were considered in the test specimens, whereas

the shear span-to-depth (a/d) ratios varied in the range of 1.05-1.70. Significant
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overstrength in the range of 3.5-3.6 was observed in the specimens as compared to the
predicted design shear strengths. Further, the design concrete shear stresses predicted by
the current design codes are found to be very conservative to avoid unwanted brittle shear
failure of beams reinforced with high-strength steel. The test results indicated that high-
strength steel of yield strength up to 600 MPa could be used as the transverse
reinforcements in the beams without violating the serviceability requirements related to

crack width limitation.

Numerical analysis has been conducted to predict the lateral load resistance and
mode failure of concrete beams. The test specimens are modeled and analyzed in the
commercial finite element analysis software ABAQUS. The predicted monotonic
behaviour of beams matched well with the test results in terms of crack pattern, damage,
load-displacement behaviour, and state of strain in reinforcement bars. The validated
numerical models are used in a parametric study to investigate the effectiveness of high-
strength shear reinforcements with different percentages of tensile steel and shear span
ratios. A wide range of design capacity ratios showing different modes of failure, i.e.,
flexure and shear, is noted in the beams in which the yielding of high-strength stirrups is
observed in resisting the shear demand before reaching their respective ultimate loads.
Irrespective of the grade of high-strength stirrups used, their effectiveness in resisting

shear is greatly influenced by their position in the shear zone.

Seven specimens with two different grades of concrete (M25 and M50) and three
different grades of high-strength stirrups (i.e., 500, 550, and 600 MPa) were tested under
quasi-static reversed-cyclic loading. Th aim was to investigate the effectiveness of high-
strength shear reinforcement in the expected plastic hinge regions of beams. Two different
shear design approaches, i.e., ductile and non-ductile shear design approach, was

considered to establish two extreme conditions for the high-strength shear reinforcement.
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For each design approach considered, the significant parameters evaluated are the
influence of the concrete grade and grade of shear stirrups on the hysteretic behaviour,
crack patterns, failure modes, stiffness degradation, the contribution of stirrups in
resisting shear load, shear distortion, and ductility, state of strain in reinforcements,
energy dissipation capacity and equivalent viscous damping of RC beams. Irrespective of
the volumetric ratio of high-strength shear reinforcement provided, all the specimens
(both ductile and non-ductile) exhibited the crack widths within the permissible limits as
prescribed by ACI 224R-01 and 1S:456-2000 by their corresponding service loads even
under cyclic loads. Further, all the specimens found their shear zone stirrups yielded for
imparting comparable shear deformation behaviours with that observed by earlier
researchers. As expected, the ductile specimens performed better than the non-ductile
specimens having high-strength shear reinforcement. Test results indicated that the high-
strength stirrups with yield strength up to 600 MPa can be used in the shear design of
concrete members, including earthquake-resistant applications. Finally, the key findings
of this study and future recommendations on the use of high-strength reinforcing steel are

presented.
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Maximum depth of neutral axis

Depth of neutral axis

Angle of inclination of diagonal shear cracks
Dilation angle

Max shear strain

Viscosity parameter

Curvature of the section

Curvature at any section considered

Strength reduction factor

Strength reduction factor steel

Strength reduction factor concrete

Longitudinal strain of beam at mid depth
Characteristic yield strength of reinforcement
Characteristic yield strength of stirrup.
Cross-sectional area of stirrup legs

Stress in stirrups

Maximum shear distortion,

Peak load

shear distortion at yielding of stirrup

shear distortion at first appearance of shear crack
Net shear distortion beyond yielding of stirrup
Net shear distortion beyond first initiation of shear crack
Displacement ductility at the ultimate (peak) load
Displacement at ultimate (peak) load

Yield displacement

Displacement ductility at failure, is the

Displacement at failure load.
Equivalent viscous damping ratio

Energy dissipated in the cycle
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el Elastic damping ratio
1l Displacement ductility

k(avg) Average lateral stiffness
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ACI

ASTM

C3D8R

CA

CDP

CSA

CTD

DLF

DCR

EDI

FA

FEM

FEMA

FRP

HPC

HSC

HSS

LVDT

MCFT

NIST

LIST OF ACRONYMS

American Concrete Institute

American Society for Testing and Materials
Cement

3-dimensional, 8-noded solid brick elements with reduced integration
Coarse aggregate

Concrete damage plasticity

Canadian Standards Association

Cold twisted deformed

Design load factor

Design capacity ratio

Energy dissipation index

Fine aggregate

Finite element method

Federal Emergency Management Agency
Fiber-reinforced polymer

High performance concrete
High-strength concrete

High-strength steel

Indian standard

Linear variable displacement transducer
Grade of concrete

Modified Compression Field Theory

National Institute of Standards and Technology
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NZS

0YS

PCA

RC

RSZ

SCR

SD

SF

SG

SS

ST

ST™M

SYS

TL

T3D2

TIY

TMS

TMT

UHSS

New Zealand Standard
Observed yield stress
Portland Cement Association
Reinforced concrete

Right shear zone

Stirrups contribution ratio
Super ductile

Silica fumes

Strain gauge

Shear span

Transverse stirrups

Strut and tie model

Specified yield stress

Total load

Two-node truss elements
Tensile-to-yield strength ratio
Target mean strength
Thermo-mechanically treated

Ultra-high strength steel
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