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SYNOPSIS

The shear resisting behavior of concrete beams reinforced with FRP rods was analytically studied
by a non-linear finite element method. It was found that the analyzed results agree with
experimental results with reasonable accuracy. Shear force components carried by the uncracked
concrete zone and by the shear cracking zone were calculated. It was qualitatively clarified how
Young's moduli of main and shear reinforcement and their yield strengths influence ultimate shear
capacity of beams as well as the shear force components.
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1. INTRODUCTION

Fiber reinforced plastic (FRP) rods have good properties, such as high strength, lightness, and
excellent anticorrosion resistance. Therefore it is desirable to promote the use of FRP rods as
reinforcement for concrete structures replacing steel bars or prestressing bars. However there are
many points for careful consideration [1fwhcn applying conventional design concept and equations
to concrete structures using FRP rods. This is because FRP rod is an anisotropic material that has
no yiclding phenomena and a high strength but a low Young's modulus compared with steel bar.

Many reports on experimental observation of concrete members using FRP rods have been scen.
As a result it has been confirmed that the shear behavior of concrete members using FRP rods is
different from those using ordinary reinforcement. Tsuji et al. [2] report on beams without shear
reinforcement that the shear strength of a beam reinforced with FRP rod becomes smaller than that
with steel bar which has the same reinforcement ratio; and that the shear strength can be predicted
by JSCE's equation [3] considering a ratio of Young's modulus of FRP rods to that of steel bar in
a‘term of reinforcement ratio. The same results are also obtained in another experiment [4]. It can
be said that the effect of FRP rod can be estimated by considering mainly the difference in Young's
modulus of reinforcement.

Generally the shear force carried by shear reinforcement is calculated by a truss theory in which
yiclding of shear reinforcement at ultimate stage is assumed. However, in many cases a concrete
beam reinforced with FRP rods fails before shear reinforcement yields. It is therefore not logical
to predict that the shear strength of a concrete beam reinforced with FRP rod by a truss theory that
assumes yielding of shear reinforcement. Furthermore it is possible that FRP rods at a crack
intersection or bent part in a beam break before their uniaxial strength is reached [1]. At present
there is no method of predicting the shear strength of concrete beams reinforced with FRP rods.
It is now desirable to find an appropriate method (prediction method for shear strengths of beams
reinforced with FRP rod) in order to utilize FRP rod widely in concrete structures. It is indispens-
able to first investigate how the mechanical properties of FRP rod used as reinforcement influence
shear resisting behavior.

In this study, Young's modulus and yield strength (whether reinforcement yields or not) of main
and/or shear reinforcement are chosen as analytical parameters. The aim of this study is to clarify
how these mechanical properties influence shear resisting behavior in an analytical way using a
non-linear finite element method. However shear failure caused by breaking of FRP rod is not
considered in this study.

Table 1 Details of Experimental Specimens

Concrete Main Reinforcement Shear Reinforcement
Specimen| a/d [Compressive Young's | Tensile | Reinforce— Young's | Tensile | Reinforce—
strength | Material | modulus | strength | ment ratio | Material| modulus| strength| ment ratio
£ (MPa) E(GPa) | {(MPa) | p(%) E,(GPa)| f.(MPa]  p.(%)
NO.1 | 24 41 aramid 69 1255 4.08 steel 137 714 0.36
NO2 | 24 40 steel 206 490 4.77 steel 137 714 0.36
NO3 | 24 39 steel 206 490 4.77 aramid 69 1255 0.43
NO4 | 3.1 36 steel 206 368 4.65 steel 176 363 0.36
NO.5 | 31 41 steel 206 368 4.65 aramid 64 1277 0.38
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2. OUTLINE OF ANALYSIS Table 2 Shear Strengths

2.1 Finite Element Program Specimen| Test | FEM | TEST
&N) | N) | FEM

The non-linear finite element program used in this study
was developed for shear problems of reinforced concrete
beams [5]. A smeared crack model which adopts average NO1 | 201 | 180 | 111
stress and strain relationships is used in this program. NO2 | 262 | 244 1.07

NO.3 | 199 214 0.93

NO4 | 170 186 0.91

In the analysis, ultimate strength is defined as the maxi- NO.s5 | 192 | 190 1.01
mum load of a load-deflection curve. A failure section is
an area where the softening of concrete is observed at the
maximum load.

2.2 Definition of Failure Section and Ultimate Strength

3. EVALUATION OF EXPERIMENTAL RESULTS BY ANALYSIS

3.1 Experimental and Analytical Specimen

Outline of five beam specimens tested in this study are shown in Table 1 and in Fig.1. In these
specimens, main and shear reinforcement ratios are almost the same in order to investigate the effect
of mechanical properties of the reinforcement. Specimen NO.1 employed aramid FRP rods and
specimens NO.2 to NO.5 employed steel bars as main reinforcement. Specimens NO.1 and NO.2
employed steel bars as shear reinforcement which is hardened by heating to obtain a high yield
strength. Specimens NO.3 and NO.5 employed aramid FRP rod as shear reinforcement.

It is possible to consider the effect of Young's modulus of main reinforcement on shear strength by
comparing shear strength of specimen NO.1 with that of specimen NO.2. It is possible to consider
the effect of Young's modulus of shear reinforcement on the shear strength by comparing the shear
strength of specimen NO.4 with that of specimen NO.5. In this case, the shear reinforcement of
specimen NO.4 yields. The effect of the shear reinforcement yielding may be seen by comparing
the shear strength of specimen NO.2 with that of specimen NO.3. In specimens NO.1 to NO.3,
shear span to effective depth ratio (a/d) was fixed at 2.4. In specimens NO.4 and NO.5, a/d was
fixed at 3.1. Deflections at a loading point and strains of the shear reinforcement were measured.
Two-point loading was applied in the beams monotonically.

Finite element meshes are shown in Fig.2. Half of the beams was analyzed because of its
symmetry. Prescribed displacements were given at the loading point directly.
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3.2 Comparison of Experimental and Analytical Results

a ) Ultimate load

Shear compression failure occurred in all the specimens. Ultimate strengths are shown in Table 1.
It is clearly seen that predicted strengths agree well with experimental ones.  In both the
experimental and analytical results shear strength of specimen NO.1 which has a low Young's
modulus of main reinforcement is smaller by 25% than that of specimen NO.2. This indicates that
a lower Young's modulus of main reinforcement gives a smaller shear strength. Shear strength of
specimen NO.3 which has a low Young's modulus of shear reinforcement is smaller by 24% in the
experimental results and by 12% in the analytical results than that of specimen NO.2 with a high
Young's modulus which is two times of that of specimen NO.3. When Young's modulus of shear
reinforcement is low, the shear strength becomes small. However the shear strength of specimen
NO.5, which has a low Young's modulus but a high yield strength of shear reinforcement, is greater
than that of specimen NO.4, which has a high Young's modulus but a low yield strength. This fact
is also observed in the analytical results. The shear reinforcement of specimen NO.4 yields, so that
the effect of the yielding appears in the shear strength.

b) Deflection

Experimental and predicted relationships between applied shear force and deflection of specimens
NO.1 and NO.2 are shown in Fig.3. The predicted applied shear forces are slightly smaller than
the experimental results around ultimate stage. It can be said, however, that the analysis can
estimate the experimental behavior reasonably.
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Fig.3 Relationships between Shear Force and Deflection
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¢) Stress of shear reinforcement

xperimental and predicted relationships between 200
the applied shear force and the stress of the shear
reinforcement are shown in Fig4. In the
experiment, four strain gages were attached on a
pair of legs of the shear reinforcement. Calculat-
ed stress is average of the measured four strains
multiplied by the Young's moduli shown in Table
1. The experimental results show that for shear
reinforcement with a higher Young's modulus, the ok-1 ,
tensile stress of the shear reinforcement becomes 0 200 400
greater for the same shear force. The finite
element analysis can predict this fact with stress(MPa)
sufficient accuracy.
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Fig.4 Relationships between Shear Force
and Stress of Shear Reinforcement
4. SHEAR RESISTING BEHAVIOR

4.1 Analytical Specimens
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In Chapter 3, it was clarified that the shear strengths depend on the Young's modulus of the main
reinforcement and the Young's modulus and the yield strength of the shear reinforcement. The finite
element program can predict these dependencies of the shear strength with high accuracy. It is now
analytically investigated how the mechanical properties of the reinforcement influences shear
resisting behavior.

Eight specimens with the same reinforcement ratio and concrete strength were prepared in order to
investigate the effect of the Young's modulus and the yield strength of the main and/or shear
reinforcement. Details of the specimens, chosen with the experimental specimens in Chapter 2 in
minds are shown in Table 1. Specimens PP, CP and AP contain main reinforcements with different
Young's moduli, and shear reinforcements with a high yield strength. Therefore the shear reinforce—~
ment does not yield. In specimen SP, the Young's modulus of the main reinforcement is the same
as that of specimen PP but the yield strength of the main reinforcement is lower than that of
specimen PP. Thus the main reinforcement will yield. Specimens PP, PC and PS contain shear
reinforcements with different Young's moduli. In specimen PS, the Young's modulus of the shear
reinforcement is the same as that of specimen PP but the yield strength is lower than that of
specimen PP, so that the shear reinforcement will yield. Specimen PP-SN has the same dimensions
as specimen PP but is analyzed on the condition that a shear crack is prevented to occur. In all the
specimens, a/d is fixed at 2.4 and the concrete strength is 39 MPa. Finite element mesh for the
specimens is shown in Fig.2 (analytical specimen A).

Table 3 Details of Analytical Specimens

Concrete | Main reinforcement |Shear reinforcement|  Ultimate

Analytical | Compressive| Young's | Tensile | Young's | Tensile | shear force
specimen strength modulus| strength | modulus | strength
£/(MPa) E(GPa) f f(MPa)] E(GPa)| £, (MPa)} V(kN) 1) AP — shear reinforcement
main reinforcement
APY 3 i 1255 206 1255 197 A : Aramid P : High steength steel
cp 3 137 1255 206 1255 25 C: Carbon S : Normal strength steel
PP 39 206 1255 206 1255 240
SP 39 206 343 206 1255 236 2) NS : No shear cracking element
PA 39 206 1255 69 1255 225
PC 39 206 1255 137 1255 234
PS 39 206 1255 206 294 219
PP-NS? 39 206 1255 206 1255 265

4.2 Components of Shear Resisting Forces

At a cracked section as shown in Fig.5, internal shear resisting forces are shear forces carried by
uncracked concrete zone (V,,), by aggregate interlocking (V) dowel action of main reinforcement
(V 4ow)» and by shear reinforcement (V,,,,). Therefore shear resisting model is assumed as following.

VeViertVi
where V. is the shear force carried by concrete above a tip of shear crack (uncracked zone), and

Vae: is the shear force at shear cracking zone (=V,,+V,,+V,,,,)-

\11 VUCZ

Fig.5 Force Equilibrium for Applied Shear Force
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When a shear transfer model proposed by Li and Mackawa [6] used in this study was applied for
shear transfer at a crack of a RC beam, the predicted shear stress becomes slightly greater than the
actual one [7]. Therefore it is assumed that this model can represent not only the shear force carried
by aggregate interlocking but also the shear force by dowel action, which is not considered in the
model. This model can be applied to the condition that a crack width is less than 1 mm [6].

The shear force by shear reinforcement is a tensile force sustained by reinforcement at a crack, so
it is defined as a summation of average stress of the shear reinforcement and average stress of
concrete.

4.3 Cut Plane for Consideration of Force Equilibrium

Figure 6 shows crack pattern and a cut plane for consideration of force equilibrium. Configuration
of the cut plane is chosen based on the crack pattern. Because the crack patten is not the same for
different Young's moduli of main and shear reinforcement, the cut planes are different for different
specimens. The cut plane consists of shear crack plane and uncracked zone. The shear crack plane
is defined as a path linking gauss points at which cracking occurs. The assumed shear crack plane
is a plane where the shear resisting force is greatest. In the analysis shear resisting force, V., along
the shear crack plane is calculated using transferred shear stress, tensile stress of concrete and
reinforcement at gauss points with cracking. The shear resisting force, V., is calculated using shear
stress of concrete at gauss points in the uncracked zone. The uncracked zone to calculate V,, is
moved in the direction parallel to member axis towards loading point (see Fig.6). These shear
forces are calculated by multiplying the stresses at each gauss point by the area covered by the
gauss point.
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Fig.6 Cut Plane for Consideration of Force Equilibrium

4.4 Effect of Young's Modulus of Main Reinforcement

The shear resisting behavior of specimens PP and AP, which contain main reinforcement with
different Young's moduli, are discussed here. Figure 7 shows the variation of shear resisting forces
along a cut plane with increase of applied shear force. In specimen AP with a low Young's
modulus, the shear resisting force at uncracked zone, V,,, is smaller than that in specimen PP, while
the shear resisting force at shear crack plane, V,,, is greater. The reason for this is that the
uncracked zone of specimen AP is smaller than that of specimen PP which is caused by earlier
pm}l)agation of shear crack. In s]i»(ecimen PP, it is observed that ¥, becomes smaller after the
applied shear force becomes 200 kN or greater because of propagation of shear crack. Figure 8
shows the relationships between applied shear force and strain of shear reinforcement in assumed
shear crack plane. It can be clearly scen that the strain of the shear reinforcement is greater in
specimen AP than in specimen PP for the same applied shear force. This means that the
deformation at the shear crack plane is greater. The shear resisting behavior of specimen CP with
a Young's modulus of 137 GPa was between the two specimens whose Young's moduli are 206 GPa
and 69 GPa. Therefore it can be said that a lower Young's modulus of main reinforcement, which
causes a shear crack to propagate earlier and reduces the size of the uncracked zone, decreases the
shear resisting force in the uncracked zone, V,, and increases the shear resisting force, V. because
of greater de%ormation in the shear cracking zone.
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Fig.7 Relationships between Applied Shear Force and Shear Resisting Forces
(for different Young's moduli and yield strengths of main reinforcement)
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Fig.8 Relationships between Applied Shear Force and Strain of Shear

Figure 9 shows the location of the neutral axis, which is defined by normal strain distribution,
together with the tip of the shear crack. In both specimens AP and PP, the shear crack even
propagates into the compression zone above the neutral axis, because the principal strain above the
neutral axis is tension. The neutral axis and the shear crack tip in specimen AP are higher than
those in specimen PP. The solid line in Fig.10 indicates the location of the neutral axis in the
ultimate stage. The neutral axis in specimen AP is higher than that in specimen PP, so the
compression zone above the neutral axis is smaller in specimen AP. The dotted linc in Fig.10
indicates the neutral axis calculated by the elastic theory in which tension in the concrete is
neglected. In both specimens, the location of the neutral axis calculated by the analysis are the
same as that by the elastic theory in the pure-flexure region. It is observed, however, that the
location of the neutral axis calculated by analysis is higher than that given by the elastic theory in
the flexure-shear region.
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Figure 11 shows normal strain distributions along axes perﬁendicular to the member axis of
specimen PP-NS, which are obtained by analysis based on the condition that shear cracking is
prevented by changing the cracking criteria. The dimensions of specimen PP-NS are the same as
those of specimen PP.” Figure 12 shows the normal strain distributions in specimen PP. From these
figures, it can be clearly seen that shear cracking moves the neutral axis upwards in the flexure-
shear region, invalidating the Bernoulli-Euler hypothesis. It can be said that the size of the
compression zone in the flexure—shear region decreases because of the shear cracking.
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4.5 Effect of Yield Strength of Main Reinforcement

The shear resisting behavior of specimens PP and SP, which contain main reinforcement with
different yield strengths, are discussed here. From Fig.7 in Section 4 (4), the shear resisting force
in the uncracked zone of specimen SP appears to be slightly smaller than that of specimen PP after
the main reinforcement of specimen SP yields under an applied shear force of 200 kN. (In this case,
the areas of the uncracked zones are the same in both cases since the locations of the shear crack
tips are the same.) Figure 13 shows the relationships between the neutral axis depth at the loading
point and the applied shear force. In specimen SP, the neutral axis depth decreases slightly after
the main reinforcement yields. It is considered that the shear resisting force in the shear cracking
zone increases and the shear resisting force in the uncracked zone decreases. However, the effect
of the yielding of the main reinforcement on the shear resisting behavior cannot be clearly observed
in the analytical results.
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4.6 Effect of Young's Modulus of Shear Reinforcement

The shear resisting behavior of specimens PP and PA, which contain main reinforcement with
different Young's moduli, will now be discussed. Figure 14 shows the relationships between the
applied shear force and the shear resisting forces in both cases. In the case of specimen PA, in
which the shear reinforcement has a low Young's modulus, after the shear force reaches at least 100
kN, the shear resisting force not due to the shear reinforcement, V,,, is observed to increase, and
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that due to the shear reinforcement, V,,,, to decrease compared with specimen PP, in which the
shear reinforcement has a high Young's modulus. Figure 15 shows the relationships between the
applied shear force and the stress of the shear reinforcement in both cases. Stresses of the shear
reinforcement of specimen PA, which has a low Young' modulus, are less than those of specimen
PP, which has a high Young's modulus, at all the points around the ultimate stage. As shown in
Fig.16, it is indicated that deformation at shear crack is greater for a less Young's modulus of shear
reinforcement. If the shear resisting force due to the shear reinforcement of specimen PA were
equal to that of specimen PP, the tensile strain of the shear reinforcement of specimen PA would
be equal to that of specimen PP multgalied by a Young's modulus ratio (Ep/Ep, = 3.0) (the dotted
line in Fig.16). However the observed strains are smaller than those of given by the dotted line and
then the stresses of shear reinforcement are smaller.
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Fig.14 Relationships between Applied Shear Force and Shear Resisting Forces
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Opening and sliding displacements occur at a crack. Mechanical resisting force is caused by the
crack shiding. The mechanical resisting is aggregate interlocking. Figure 17 shows the relationships
between the applied shear force and the ratio of shear strain to tensile strain at the middle of a shear
crack. It can be clearly seen that crack sliding in specimen PA is greater than that in specimen PP,
indicating that the shear stress transferred by the aggregate interlocking is greater. In the case of
the shear reinforcement with a low Young's modulus, therefore, the shear resisting force due to the
aggregate interlocking increases to balance the applied shear force because the shear resisting force
is reduced by the shear reinforcement.

In the experimental results shown in Chapter 3, a tensile stress of the shear reinforcement which has
a less Young's modulus is smaller for the same applied shear force as shown in Fig.4. Specimens
NO.4 and NO.5 contain the shear reinforcement with different Young's moduli but the same

—201—



reinforcement ratio. When a Young's modulus of the shear reinforcement is small, the shear
resisting force by the shear reinforcement is small. The results agree well with the above mentioned
analytical results.

Figure 14 indicates that shear resisting force in the uncracked zone, V. of specimen PA becomes
smaller than that of specimen PP in a range of the applied shear force from 170 to 210 kN. This
is caused by decrease in the area of the uncracked zone because of propagation of shear crack.
Figure 18 shows that relationships between the locations of the tip of the shear crack and the neutral
axis in both specimens PA and PP. It is observed that the tip of the shear crack is above the neutral
axis in both cases. In the case of specimen PA with a low Young's modulus, the tip of the shear
crack and the neutral axis are higher than those of specimen PP with a high Young's modulus.
Figure 19 shows the neutral axis of specimens PP and PA at the ultimate stage. The neutral axis
in the case of a low Young's modulus of the shear reinforcement is higher, so the size of the
compression zone is smaller. It can be said that not only Young's modulus of the main reinforce—
ment but also Young's modulus of the shear reinforcement affects the size of the compression zone.
This size greatly affects the ultimate strength of a beam, as will be seen in the next chapter.
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4.7 Effect of Yield Strength of Shear Reinforcement

Figure 20 shows the relationships between applied shear force and shear resisting forces for
specimens PP and PS. Young's modulus of shear reinforcement in specimen PS is the same as that
in specimen PP. However, its yield strength is smaller than that in specimen PP, so the shear
reinforcement yields. As shown in Fig.21, which gives the relationships between applied the shear
force and the stress of shear reinforcement, the shear resisting behavior of specimen PS becomes
different from that of specimen PP when the applied shear force reaches 130 kN, at which yielding
of the shear reinforcement occurs. If it is considered that the yielding corresponds to a reduction
in Young's modulus, the shear resisting behavior would be the same as that in a beam with a low
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Young's modulus. In fact, the shear resisting force by the shear reinforcement, V,,,, decreases and
the shear resisting force by other than shear reinforcement, V,,, increases. And shear resisting force
by the uncracked concrete zone, V,_ of specimen PS becomes smaller than that of specimen PP
around an applied shear force of 170 kN. This is caused by decreasing the size of the uncracked

zone because of propagation of the shear crack.

Figure 19 in the last section also shows the neutral axes of specimens PP and PS at the ultimate
strength. The location of the neutral axis of specimen PS with yielding of shear reinforcement is
higher than that of specimen PP without yielding. This fact was not observed before the shear rein—
forcement yields. It can be considered, therefore, that the effect of yielding on the shear strength
is the same as that of a low Young's modulus.
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Fig.20 Relationships between Applied Shear Force and Shear Resisting Forces
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5. SHEAR STRENGTH

5.1 Failure Mode

If the shear reinforcement does not yield, as seen in analytical specimens in this study, not only
shear compression failure but also web concrete crushing may be anticipated. However shear
strengths of the analytical specimens are much smaller than web crushing strength calculated by the
JSCE equation. In the computed FEM results, softening of the concrete around the loading point
is observed. It can be considered, therefore, that failure mode is the shear compression failure.
Stress states of the concrete in the compression zone around the loading point are investigated in
order to clarify failure criteria. Three sections, a, b, and ¢ with respective distances of 88.7, 50.0,
and 11.3 mm from the loading point are selected. The compression zone here is defined by neutral
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axis, which is different from V., defined in chapter 3. The shear resisting force in this compression

zone is defined as V.. Although the shear resisting force in shear cracking zone corresponding to
V., is also different from the shear resisting force, V,,, defined in Chapter 3, the same symbol, V.
is used.

abgc v &
St
Vepz
Vacpz<VPepz<Vicpz !
Vadcz>VPdcz>Vldez /3 Vdcz
L}
\Y

Fig.22 Considered Cut Plane

5.2 Stiffness of Main Reinforcement and Failure Mechanism

Figure 23 shows the relationships between applied shear force and shear resisting force, V,,, in
compression zone. It should be noticed that the shear resisting force increases as the distance from
the loading point becomes shorter and that this tendency appears more clearly as the applied shear
force becomes greater. The is because the compression zone becomes smaller as the distance from
the loading point increases.

On the other hand, Fig.24 shows variation of average shear stress which is the resisting force, V,

cpz?

divided by area of the compression zone. For a low Young's modulus of main reinforcement
(specimen PP), increment of the average stress is greater for the same applied shear force. In both
specimens PP and AP, the average shear stress at section ¢ reaches about 8 MPa when peak load
is reached.

Figure 25 shows average compressive stress in the compression zone at the section c. For a low
Young's modulus of main reinforcement (specimen AP), the increment of the average compressive
stress is greater for the same applied shear force. The average compressive stress reaches about 30
MPa at ultimate stage. In specimen SP, in which the main reinforcement yields, a greater increment
of the average compressive stress is observed after the main reinforcement yields.
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5.3 Stiffness of Shear Reinforcement and Failure Mechanism

If the shear reinforcement has a low Young's modulus and yields, it has been found that a shear
strength becomes smaller. Failure mechanism is investigated by comparing stress states in the
previous three sections (see Fig.22).

Figure 26 shows the relationships between applied shear force and shear resisting force, ¥V, in
specimens PP, PA and PS. When a Young's modulus of shear reinforcement is small (specimen
PA), V., is small at cach section. In the case of specimen PS, in which the shear reinforcement
yields, it is observed that V. becomes smaller after the shear reinforcement yields. This is because

the size of the compression zone decreases in the cases of a low Young's modulus and yielding of
shear reinforcement.

Figure 27 shows the variation of average shear stress at each section. The rate of increase of the
average stress at the section ¢ of specimen PA with a low Young's modulus is greater than that of
specimen PP with a high Young's modulus of shear reinforcement (see Fig.27(a)). A greater
increment of the average shear stress is also found in specimen PP after yielding of the shear
reinforcement, as shown in Fig.27(b). In each specimen, peak load is observed when the average
stress at the section c reaches about 8 MPa. On the other hand, Fig.28 shows variation of average
compressive stress at the section c. When Young's modulus of the

shear reinforcement is small (specimen PA), the rate of increase of the average compressive stress
is great. The average stresses in specimens PP and PA reach about 30 MPa at the ultimate stage.
In the case of specimen PS, in which the shear reinforcement yields, the same tendency is observed.

5.4 Evaluation of Shear Strength

It was investigated in Sections 5 (2) and (3) how Young's modulus and the yield strength of main
and shear reinforcement influence stress states in the compression zone. It was found that the
analytical specimens failed when the average stresses reached about the same level, namely the
average shear stress of 8 MPa and the average compressive stress of 30 MPa. (See Table 4.) The
maximum compressive stress was about 1.2 times as great as uniaxial concrete strength and
softening of concrete was observed after the stress reached the maximum value. The concrete
stresses become greater than the uniaxial strength because the compression zone in the section ¢
is under biaxial compression [8]. If these average stresses at failure were the critical stresses for
the analytical specimens, it could be said that the shear strength of a specimen in which main and/or
shear reinforcement has a low Young's modulus becomes smaller because small compression zone
causes greater increment of stresses in the zone. If the shear reinforcement has a low yield strength
and yields, the same can be said.

The critical stresses arc important factors in predicting the shear strength. A numerical analysis with
a wide range of parameters, such as a/d and concrete strength, is necessary in order to quantify the
critical stresses.

Table 4 Maximum and Average Stresses 300 r r
in Compression Zone at Ultimate
Load =
< 200}
Maximum Average 3 @
Specimen | O Ty [ T, E O
(MPa) | (MPa)| (MPa)| (MPa) g 100}
AP 470 | 150 | 287 | 88 >
Cp 46.5 1133 | 30.1 718
PP 458 | 123 | 285 | 82 0 700200 300
SP 458 131 | 282 8.1 ultimate shear force(kN})
PA 465 {127 | 286 | 79
PC 458 | 12.0 | 289 | 77 Fig.29 Relationships between Ultimate
PS 458 1121 | 278 | 74 Shear Strength and Shear Resisting
Force in Compression Zone

— 206 —



Figure 29 shows the relationships between the ultimate shear strength and the maximum value of
the shear resisting force, V_,, at the section c. It can be clearly seen that the maximum of shear
resisting force increases as the ultimate strength increases. Development of a calculation method
for the critical stresses and size of the compression zone is necessary to predict the shear strength.
The size of the compression zone is affected by Young's modulus of the main and/or shear
reinforcement. If the relationships between shear resisting force in the compression zone and shear
resisting force in the shear cracking zone can be uniquely determined, the shear strength can be
predicted by simple calculation.

5.5 Stiffness of Reinforcement and Shear Strength

From the experimental results, it was ascertained that the shear strengths depend on the mechanical
properties of reinforcement. It was confirmed that the dependency of the shear strengths could be
predicted with good accuracy by the FEM. The relationships between the stiffness of the shear
reinforcement and shear strength of the seven specimens in this study is summarized in Fig.30. The
vertical axis indicates the shear strength (V,) and the horizontal axis indicates Young's modulus of
shear reinforcement (E,,). Solid lines are V,—E,, relationships for different Young's moduli of main
reinforcement where the shear reinforcement does not yield. Subscripts A, C, and S of symbol E
indicate aramid FRP rod, carbon FRP rod and steel bar respectively.

When the yielding strength of shear reinforcement is high enough, the shear strength increases as
the Young's modulus of main reinforcement increases (V,pp > V,p> V,4p). Furthermore the shear
strength increases as Young's modulus of shear reinforcement increases (V,pp > V,po > V.ea): If the

shear reinforcement yields, however, the shear strength becomes smaller than that'of a specimen in
which shear reinforcement does not yield (V,pp > V,pg). It is also possible that the shear strength
of a specimen with a low Young's modulus is greater than that of a specimen with a high Young's

modulus but a low yield strength (V,pc > Vs> Vipg).
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(a) for different Young's moduli of main reinforcement (b) for different Young's moduli of shear reinforcement

Fig.30 Stiffness of Reinforcement and Shear Strength

6. CONCLUSIONS

In this study the following conclusions are obtained.

(1) Non-linear finite element analysis can predict the ultimate strength, deformational behavior, and
stress of reinforcement with reasonable accuracy.

(2) Finite clement analysis indicates that the Bernoulli-Euler hypothesis is not applicable and neutral
axis depth becomes small in flexure-shear region after shear cracking has occurred. It is clarified
that the neutral axis depth becomes smaller as Young's modulus of main and/or shear reinforcement
becomes smaller. It is also indicated that yielding of shear reinforcement reduces the neutral axis
depth.

— 207 —



(3) When Young's modulus of main reinforcement is low, the shear resisting force in an uncracked
zone is small, but the shear resisting force along the shear crack plane is large.

(4) When Young's modulus of shear reinforcement is low, the shear resisting force in an uncracked
zone is small, but the shear resisting force along the shear crack plane is large, as seen when
Young's modulus of main reinforcement is low. The shear resisting force at shear crack plane
consist of shear resisting forces by shear reinforcement and by other than shear reinforcement.
When Young's modulus is low, the latter becomes larger.

(5) Analytical specimens in which a/d equals 2.4 and concrete strength is 30 MPa fail when the
average shear and compressive stresses in a compression zone in flexure—~shear region reach certain
values. It is indicated that if the average stresses were the critical stresses for the analytical
specimens, it could be said that a shear strength of a specimen in which main or shear reinforcement
has a low Young's modulus becomes small because compression zone whose size is reduced by the
low Young's modulus causes high stresses in the zone. When shear reinforcement has a high
Young's modulus but yields, the same phenomena is observed.

(6) As Young's modulus of main or shear reinforcement decreases, the shear strength decreases.
When shear reinforcement yields, the shear strength becomes smaller than that of a specimen in
which shear reinforcement does not yield. The shear strength of a specimen which has shear
reinforcement with a low Young's modulus can be greater than that of a specimen which has shear
reinforcement with a high Young's modulus but a low yield strength.

Notations

14 Applied shear force

Vier Shear resisting force carried by uncracked concrete

Vo Shear resisting force carried by concrete above neutral axis (compression zone)
Vi Shear resisting force along shear crack planc

Ven Shear resisting force carried by shear reinforcement

V, Shear resisting force carried by means other than shear reinforcement (Ve =Vagr * Viow)
Vier Shear resisting force carried by aggregate interlocking

V.w : Shear resisting force carried by dowel action
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