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High-strength concrete (HSC) with a strength ( f°) exceeding 80 MPa is being increasingly used in buildings and
prestressed concrete bridges in Japan. This is because it enables the use of smaller cross-sections, longer spans, and
reduced girder height while improving durability. According to JSCE (2002) and ACI (2005) design equations, the
shear strength of reinforced concrete (RC) beams without web reinforcement increases as concrete strength increases.
However, the shear capacity of reinforced high-strength concrete (RHSC) beams does not increase as expected with
the concrete compressive strength. Further, increasing the compressive strength of concrete results in greater early-
age shrinkage (autogenous shrinkage) due to self-desiccation, brittleness, and smoothness of crack fracture surfaces.

These limitations have led to some concerns about the shear strength of RHSC beams.

For slender RC beams without web reinforcement, where shear span to depth ratio (a/d) is greater than 2.5, the
shear force is carried by: 1) the shear resistance of uncracked concrete in the compression zone; 2) the interlocking
action of aggregate along the rough concrete surfaces on each side of a crack; 3) the dowel action of the longitudinal
reinforcement; and, 4) the residual tensile stresses across cracks. In rectangular beams, the proportions of the shear
force carried by these mechanisms are approximately as follows: 20-40% is carried by the uncracked concrete of
compression zone, 33-50% by aggregate interlocking, and 15-25% by dowel action. The residual tensile stresses across
inclined cracks can also provide a significant percentage of shear resistance up to crack widths in the range of 0.05-0.15

mm although the percentage is unknown.

According to past studies, the shear resistance of uncracked concrete in the compression zone is lower with HSC as
a result of its brittleness. The crack surface of HSC beams is relatively smoother than that of normal strength concrete
(NSC) because cracks penetrate through the aggregate. The smooth crack surface reduces aggregate interlock

and lowers the shear strength of RHSC beams. Until now, no research has attempted to quantitatively evaluate the



roughness of concrete fracture surfaces. In addition, early-age shrinkage causes deterioration in shear strength at
diagonal cracking of RHSC beams. It has been observed that cracking around reinforcing bars due to early-age
shrinkage of HSC and such cracking degrades the bond stiffness. This means that the dowel action of the longitudinal
reinforcement is affected by early-age shrinkage. Previous studies have also shown that the use of admixtures
such as expansive additives and shrinkage-reducing agents is effective in reducing early age shrinkage. Although
concrete is assumed to carry no tension at crack locations, it is still able to develop residual tensile stresses between
the cracks through the transfer of bond forces from the reinforcement to the concrete. Tension stiffening arises
from this ability of concrete to carry tension between cracks in an RC member which helps improve member shear
strength and, therefore, satisfies serviceability requirements. To date, the relationship between concrete strength and
tension stiffness of concrete has not been clarified. It has also been shown that an increase in the a/d ratio results in a
reduction in shear strength. However, most studies have been carried out using concrete with a strength of less than 80

MPa due to design limitations.

Against this background, the objectives of this study are: 1) to quantitatively explain the effect of concrete
compressive strength, brittleness, fracture surface roughness, aggregate strength, and a/d ratio on the shear behavior
of RHSC beams where the concrete strength exceeds 100 MPa; 2) to experimentally evaluate the tension stiffness of
axially loaded tension members of HSC; and, 3) to accurately predict the shear capacity of RHSC beams using
a two-dimensional frame method(2D-Frame) and a two dimensional finite element method (2D-FEM) based on the

modified compression field theory (MCFT) and a smeared crack model respectively.

In order to investigate the influence of concrete compressive strength, early-age shrinkage, brittleness, fracture
surface roughness, aggregate strength, and a/d ratio on the shear behavior of RHSC beams, twelve beams without web
reinforcement were fabricated for study. All beams were 200 mm wide and had an effective depth of 250 mm. The

value of />, was varied from 38 to 194 MPa. The value of a/d was varied from 3.0 to 4.0.

The test beams were simply supported and loaded symmetrically with two equal concentrated loads. For the
entire test program, the distance between the two point loads was kept constant at 300 mm. At each load increment,
the vertical deflection and the strains at the top and bottom of the beams were measured. The interlocking action
of aggregate along a crack can be described using post-failure evidence from the fracture surface. For the surface
roughness test, fractured splitting-tensile-strength test specimens were tested as they were used to measure the tensile
capacity of concrete. A laser-light confocal microscope was used to scan the fractured surface three dimensionally.
Concrete shrinkage was measured immediately after placement. A strain gauge with a reference length of 100 mm
was embedded at mid-height in the center of the 100 x 100 x 400 mm prisms. A fracture energy test of the concrete
was carried out at almost the same age as when the beams were subjected to loading tests. To determine the aggregate
strengths, uiniaxial compressive strength () and tensile strength (o) tests of rock cylinders were measured. Cylinder
specimens measuring 50 mm in diameter and 100 mm in height were prepared for uniaxial compressive strength tests
and others measuring 50mm in diameter and 50 mm in height were prepared for tensile strength tests (measured using

the Brazilian test).

Test results indicated that the ratio of uniaxial compressive strength to tensile strength (the ductility number) of the

concrete relative to that of the aggregate governs the shear capacity of HSC. When the ductility number of concrete



was lower than that of the aggregate, the shear strength increased with the increase of concrete strength due to rough
fracture surface and increased tensile strength. When the ductility numbers of the concrete and aggregate were equal,
shear strength stayed constant at the maximum value. However, when concrete had a higher ductility number than the
aggregate, shear strength decreased due the smooth fracture surface and high brittleness of the concrete. However, in
this study, the maximum coarse aggregate size was 19 mm and the rock type was crushed granite. Therefore, further

studies on different aggregate sizes and rock types are essential.

The ductility number of the aggregate (crushed granite) used in this study ranged from 18 to 22. The ductility
number of the NSC was between 11 and 13. Therefore, shear capacity increased by about 9-14% as concrete strength
increased from 36 to 114 MPa. Concrete with a strength between 114 and 155 MPa had the same ductility number as
the aggregate. Therefore, in this strength region, shear strength is not dependent on concrete strength. The ductility
number of concrete with a strength over 155 MPa was more than 22. Hence, shear strength started to decrease due to
the smooth fracture surface and high brittleness of the concrete. The change in the fracture surface roughness index of
beams with a concrete strength between 155 and 183 MPa was minimal, while concrete strength 155 MPa was about
4% lower than the beam with concrete strength 114 MPa. At concrete strength 114 MPa fracture surface roughness
index was about 14% lower than concrete strength 36 MPa. The present JSCE code and ACI equations for evaluating

the shear strength of HSC beams need to be modified according to the suggestions made in this paper.

All of the tension stiffness test specimens had a length of 1200 mm. A single deformed steel bar, with a minimum
concrete cover of 40 mm, was provided. Tension stiffening was evaluated for NSC (40 to 60 MPa) and HSC (100 to
150 MPa) using reinforcement ratios (p) of 1.99 and 2.252% respectively.

The relationship between concrete strength and tension stiffness of concrete has not yet been clarified. In fact, in
numerical methods such as the MCFT, tension stiffness is not dependent on concrete strength. However, a previous
numerical study found that the tension stiffness of HSC is lower than that of NSC. Other variables such as the
percentage and distribution of reinforcing steel, bar size, bond properties, and shrinkage of concrete are also reported

to have an effect on tension stiffening.

Specimens were loaded vertically through one-axial tension rods. Two linear variable displacement transducers
(LVDT) were clamped to the steel reinforcing bar just outside of the concrete to measure the total elongation of
the reinforced concrete specimen. At each loading stage, the cracks were measured using pi-gauges. The complete

response of each specimen was described by plotting the applied tension against the average member strain.

It was observed that the tension stiffening effect was highly dependent on concrete strength when it is greater than
100 MPa. As the concrete strength increased from 40 MPa to 145 MPa, the tension stiffening effect became smaller
for members with a c/d, ratio of 2.5. The crack spacing between the adjacent transverse cracks narrowed as higher
concrete strength was used. Furthermore, a reduction in crack spacing of 10-50% was observed when the compressive
strength of concrete varied from 40 MPa to 145 MPa. Based on results, a more accurate tension stiffening prediction

equation is suggested in the paper for the design of HSC members.

In this study, the analytical methodology is based on the MCFT and a smeared crack model. Experimental data



are compared with these methods to assess their accuracy. The MCFT is capable of predicting the load-deflection
behaviour of RC elements subjected to in-plane shear and normal stresses. In this model, cracked concrete is treated as
a new material with its own stress-strain relationships formulated in terms of average stresses and average strains. In
this analysis, the numerical method proposed by Bentz (2000) was used. The 2D-FEM used by Mackawa et al. (2003)
was also used to predict shear behaviour of the beams. In 2D-FEM, a smeared crack model based on average stress-
strain was used to model concrete after cracking. For post cracking behaviour, the compression and tension model

proposed by Maekawa et al. (2003) was used.

According to this study, the surface roughness of NSC beams was about 16% and 20% greater than that of 100 and
176 MPa beams respectively. Therefore, during the analysis, a, and o were reduced proportionately from a, =19 mm
and o = 1.0 to zero and 0.1 respectively as f° increased from 38 MPa to 176 MPa. Additionally, compressive peak
strain was taken as 2.55 x 107, 2.40 x 10~ and 2.33 x 10 with NSC40, HSC80, and HSC160 respectively. In 2D-FEM,
the tension stiffening behaviour was modelled as proposed in the paper. That is, near the centre of RHSC beams, the

tension stiffening factor was taken to be 1.0, while for NSC beams it was 0.4.

The predicted results showed a good correlation with the experimental results. Furthermore, 2D-FEM was found to
be able to predict not only the diagonal cracking shear strength but also the failure mode. The average ratio of tested
to predicted diagonal cracking shear strength of RC beams using both 2D-Frame and 2D-FEM was 0.95 and 0.98,
respectively. Both 2D-Frame and 2D-FEM can predict the effect of fracture surface on shear strength, but should be

improved to include concrete brittleness.
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