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The nonlinear finite element analysis program for reinforced concrete planar member subjected to
reversed cyclic loading is expanded to analyze reinforced and prestressed concrete linear members with
shear reinforcement subjected to one-sided cyclic loading. It is found that the predicted strains of shear
reinforcement can be made much closer to the experimental ones by considering reduction of concrete
tension stiffness due to slip of shear reinforcement at its lower bent. The ultimate strengths of beams are
also predicted reasonably. Based on the analysis, a new truss model is presented to explain shear resisting

mechanism of beams with shear reinforcement.
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1. INTRODUCTION

There have been many studies on shear behavior
of concrete beams with shear reinforcement?. Based
on experimental observation that inclination of
diagonal crack at mid height of a beam is around
45°, a truss mechanism with concrete diagonal strut
whose angle to member axis is 45° has been used as
shear resisting mechanism. Hypothesis that external
shear force is balanced by internal shear forces
carried by this truss mechanism and carried by other
mechanism is widely accepted as in shear strength
equations®”. Experimentally observed relationship
between strain of shear reinforcement and external
shear force supports the hypothesis?.

Several questions concerning the truss mechanism
arose after careful experimental observation®.

1) Whether it is true that the angle of concrete
diagonal strut is 45° since experimentally observed
angles of principal compressive strain in concrete are
less than 45° and that of diagonal cracks.

2) The shear force carried by the mechanism other
than the truss mechanism (or by concrete) is
assumed to be shear cracking strength. How can the
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shear cracking strength which is the shear force
carried by concrete before shear cracking be the
shear force carried by concrete even after shear
cracking? - How can the shear force carried by
concrete remain constant as external shear force
increases?

Besides these questions it is known that the truss
mechanism cannot explain relationship between
strain of shear reinforcement and external shear force
under unloading and reloading.

In this study shear resisting mechanism of
concrete linear members with shear reinforcement is
thoroughly investigated by a finite element analysis.
The finite element analysis program used is an
extended version of the nonlinear finite element
analysis program for reinforced planar elements,
WCOMR®7. A new truss model is presented to
explain shear resisting mechanism under not only
loading but also unloading.

2. ANALYZED BEAMS

Three beams BDP10, BMLW and BCW with
stirrup were used in this study. Their dimensions
and reinforcement arrangements are shown in Fig.1.



Table 1 Details of specimens

. . Tensi Shear C t:

Pm;::::mg SZ_:;;: Ei:ec:;lve reinff:ll'ile(::ent reinforeement Shear span to gncr:e
Specimen €p! ratio ratio ti th tati over
pe MPa mm % % effective depth tatio mm
BDP10 - 39.2 500 3.04 050 038 1.60 15

BMLW - 353 522 257 042 0353 3.16 31.29
BCW - 474 352 2.70 0.19 058 398 1.99 94
Ni8 - 29.4 250 151 0.10 3.00 42
N24 - 184 250 227 0.25 3.30 42
T-beam(ist) - 325 660 125 042 ~ 0.53 10 17
VDS10 - 29.9 440 2.88 091 033 2.00 4.00 20
BDL6 - 294 250 1.51 0.25 3.03 42
TS1 148 405 235 0.59 0.87 3.57 17
TS3 46 392 235 0.59 0.87 3.57 17

Note : 1) Span to effective depth ratio, I/d ~ 2) Clear cover

Table 2 Material constants of reinforcement

Reinforcement

Specimen

Elastic modulus

Yield strength

Cross-sectional area

GPa MPa mm?

$9 BDP10 173 314 56.7

D10 BDP10 177 343 75.4
D13 BMLW,BCW 184 384 115.0
D16 BMLW 165 333 213.2
D19 BMLW 188 397 285.0
D22 BDP10,BCW 184 345 380.0
D25 BMLW 184 354 488.9
D6 N18,N24 206" 380 28.3

D19 N18,N24 206" 380 2835
D13 T-beam 213 348 1327
D25 T-beam 206" 350 490.9
D10 VvDS10 167 379 713
D13 VDS10 173 376 126.5
D25 VDS10 190 405 506.7
D6 BDL6 200 380 28.3

D19 BDL6 200 380 283.5
#5 TS1,TS3 195 1748 19.6

D10 TS1,TS3 186 454 78.5

Note :

The stirrups in beams BMLW and BCW were
welded to longitudinal reinforcement at both ends to
prevent any slip at the ends. Material constants for
steel and concrete are given in Tables 1 and 2.
Three beams were simply supported and loaded
statically by a hydraulic jack. Deflections and
strains of shear and tension reinforcement were
measured.

Six beams with stirrups N18, N24, T-beam (first),
VDS10, TS1 and TS3 with stirrups from previous

studies®*? shown in Fig.2 were analyzed as well.
Beams TS1 and TS3 are prestressed concrete beams.
Measured stirrup strains and ultimate strengths were
compared with the analytical predictions in this
study. One sample beam BDL6 shown in Fig.3 was

1) The values are not given in the references, so that 206 GPa are assumed.

used solely for the analysis in which strains of
stirrup and concrete were carefully examined.

All the specimens were analyzed by a finite
element program. Examples of finite element
meshes of the beams are shown in Fig.4.  In this
study enforced displacements were given at the
loading point and prestressing forces were applied as
a load at a node of a steel €lement attached to the
specimens.

3. MODIFIED CONSTITUTIVE MODELS
(1)Need for Expansion of WCOMR

A program, WCOMR, for nonlinear finite element
analysis was developed to estimate deformational
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behavior of reinforced concrete wall under reversed
cyclic loading®”. The program successfully predicts
experimentally observed deformations and strengths
of walls and has been applied to linear members as

[

S1 S3

well”'V, It is found, however, that WCOMR cannot

predict stirrup strains in concrete beams accurately.
Discrepancy between the predicted and experimental
results is as shown in Fig.5.

It is believed that micro-mechanical models
(constitutive models) for reinforced concrete walls
which are not suitable for beams may have caused
the discrepancy. These unsuitable constitutive
models are models for tension stiffness of concrete
and force transfer at crack.

(2)Modified Model for Tension Stiffness of Concrete

The model for tension stiffness of concrete in
WCOMR is provided for cases in which there is no
slip at anchorage. In linear members, however, there
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applied shear force in beam BDP10

may be anchorage slips of shear reinforcement.

In a previous study*?slips of shear reinforcement
at corner bends were found in columns. In another
study’® it was observed that there were only
negligible slips at the hooks of deformed stirrups
whereas significant slips were observed at the hooks
of plain stirrups in beams. It was also found'? that
opening of shear crack was caused by not only
elongation of the vertical portion of the stirrup but
also elongation of its horizontal portion between the
lower bends in tension zone. The elongation of the
horizontal portion induces slipping upwards at the
lower bends. . Effect of the slip on the tension
stiffness of concrete is investigated below.

Shima et al show that bond stress-slip
relationship between concrete and reinforcement is
affected by boundary condition, such as
reinforcement stress and slip, and present the bond
stress-slip-reinforcement strain relationship, Eq.(1)
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which is a bond stress-slip relationship applicable to
any boundary condition.

7 _0.73(n(1 +55))° ]
£ 1+ex1l® M

where 7 is bond stress, f,’ is concrete compressive

strength, s=1000(S/D) which is slip, § normalized

by reinforcement diameter, D, and e, is

S
reinforcement strain. Concrete and steel stress
distributions along steel reinforcement can be
calculated by using Eq.(1) as well as stress-strain
relationships of concrete and steel. Eq.(1), however,
is only applicable to reinforcement embedded with
a large cover and spacing. The cover for the shear
reinforcement in beams is usually small. A small
cover is expected to reduce the bond stress or the
reinforcement strain for the same slip'®. Another
effect to reduce the bond stress is the bond
deterioration near the intersection with a crack. A
modified relationship, Eq.(2) is obtained to consider
the effect of the cover and the crack intersection.
T _,073(In1 +55))°

i 1+pe x10° @

where @ and f are coefficients to consider the

effects of the crack intersection and the cover
respectively. The bond: deterioration zone near the
crack intersection is assumed to be within distance

of 3D from the intersection and to be independent

of angle between crack and reinforcement'. It is
assumed that the bond stress is reduced linearly and
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is zero at the crack intersection as shown in Fig.6.
The value of § which is 1.5 is chosen to fit with
the measured distributions of stirrup strains as shown
in Fig.7. «

In order to find a tension stiffness model for
concrete  reinforced with  deformed  stirrup,
relationship between average stress and strain of
concrete element indicated by the hatched area in

Fig.8 is calculated as follows. Slip between
reinforcement and concrete is defined by Eq.(3).

§= [e,dx5, @
where x : distance taken along reinforcement, §, :

slip at end. Eq.(4) indicating relationship between
bond stress and reinforcement strain is derived from

an equilibrium between bond force and
reinforcement force.
E. D de,
T= — 4
4 dx @

where E_ : clastic modulus of reinforcement. When
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a crack opening is small, relationship between
concrete tensile stress and crack opening at the crack

is expressed by Eq.(5)'%.
o 3
—L=l1+ cll exp czl -Ya +cf)exp(—c9 5)
: W W) Mo
where 0, : concrete stress, f, : tensile strength of

concrete, w=S,,~ AL, : crack opening (crack width),
Wy=160um : crack opening at which concrete

tensile stress becomes zero, ¢;=3 and ¢,=6.93
material constants, S, = f e dx+S,y : slip at crack,

AL, = f e,dx : total concrete deformation, €, : strain
of the concrete. The slip, S, at a lower bent (point

A in Fig.8) which is obtained by integrating
reinforcement strain between the lower bents is
given as a function of the reinforcement strain at the

lower bent, f(¢) This function is obtained by

Egs.(2) (3) and (4). The slip at a hook (point B in
Fig.8) is assumed to be zero. Relationships between

278

300

Z Z
<
o
Qg 1 80 ..............
]
Q
£ 120 g
- analysis
2 g0l .
"& — - — - experiment
< : :
0 100 200 300 400
stirrup stress (MPa)
Figd2  Relationships between shear reinforcement
stress and applied shear force in beam
BCW (average of stresses in stirrup S4
and S5)
Z 100
=
L
. 60
q
kS 40
- L e———— origipgl“
£ 20 modified
= : = =~ = = = experiment
0 100 200 300 400
stirrup stress (MPa)
(a)Beam N18
Z 100
B
® .
o
£
= "'. .
@
[+1]
ﬁ o . s 6)
o —_— Orlgl.nfll
% modified
o -—-—- gxpcn_ment
0 100 200 300 400
stirrup stress (MPa)
(b)Beam N24
Fig.13  Relationships between shear reinforcement

stress and agplied shear force in beams
N18 and N24%

the concrete tensile stress and strain at unloading is
assumed to be linear with a stiffness equal to the
initial stiffness. Using stress-strain relationship of
the reinforcement and the stress-strain relationship of
the concrete in tension with Eqs.(2)~(5), strain and
stress distributions of the concrete and the
reinforcement can be obtained. Average strain and
stresses are then calculated as in Eqs.(6)~(8).
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is clearly seen in such a way that the modified

a concrete element, g, and o, : average stresses of

concrete and reinforcement. Relationship between
average concrete stress and strain can be expressed
approximately by Eq.(9).
V ‘ e | €
?f:=f; :m €X "k2 1“:“‘
€

[+ Et‘

®

where ¢, =0.02%
concrete tensile strength, k=03 and k,=1

strain corresponding with

constants.  Eq.(9), which is a modified tension
stiffness model, is compared with the original

model® in Fig.9. Effect of the slip at the lower bent
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model gives a stress less than the original model for
a given strain.

Effects of number of cracks intersecting the
reinforcement and length of concrete element on the
average concrete stress-strain relationship were
investigated. The stress-strain relationship did not
change much between cases of one and two cracks
and between cases of the lengths of 300 mm and
600 mm. The effects are considered to be negligible
for beams of this size range.

For unloading and reloading, it is assumed that the
stress carried by the concrete is a sum of stress

transmitted by crack contact, 0, and stress by bond, 0,
as shown in Eq.(10).
previous study'? are applied for 0, and 0.

The same models as in a



Table 3 Ultimate strength of beams

) Ultimate strength Failure mode
Specimen Va(kN) V. (kN) prediction jexperiment
BDP10 392.3 3975 | SINYINY)| S-NY-NY
BMLW 3472 3740 F-NY-Y | F-NY-Y
BCW 135.9 138.5 §-NY-NY| S-Y-NY
N24 68.8 75.9 S-NY-NY| F-NY-Y |
Ni18 69.6 81.4 S-NY-NY| S-Y-Y
T-beam 589.6 519.8 S-NY-NY| S-Y-NY
TS1 103.8 107.9 F-NY-NY| F-NY-NY
TS3 95.0 100.5 F-NY-NY| F-NY-NY
Note : 1) S=shear failure F=flexure failure

Y and NY = yielding and no yielding of shear reinforcement
3)'Y and NY = yielding and no Yyielding of tension reinforcement

(b) Beam BDL6

Fig.18

oc = acc * ocb

10)

It was found that relationship between the average
reinforcement stress and strain was not influenced
much by the slip at the lower bent, the number of
the cracks nor the length of the concrete element.
Therefore, the original model for the average
reinforcement stress and strain curve is applied.

(3)Modified Model for Force Transfer at Crack
A model for force transfer at crack in WCOMR®?

is based on Li et al’s model™” which was obtained
using mostly data of experiment in which crack
openings were kept constant as shear slips changed.

The Li et al’s model is expressed by Egs.(11) and

(e) Beam TS3

Concrete stress flow in a shear span

(12).
_ 1 A2
7,=3.83f; o an
/ 13| 7 -1 A
=3.83 = -cot™A-
0;=383f"| Z et M- 2)
where 7, shear stress along a crack, ac/

compressive stress normal to a crack, ﬂ in MPa,
: shear slip along a crack.

In beams, however, crack openings change as
shear slips change'®. In order to investigate
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applicability of the Li et al’s model to beams, shear
and normal stresses transferred at shear cracks were
calculated from the measured crack openings and
shear slips using Bujadham et al’s model™, a
modified Li et al’s model applicable to any loading
path. Atloading (envelope curve) the shear stresses
calculated by the Li et al’s model are slightly greater
than those by the Bujadham et al’s model. Shear
stress-normal compressive stress relationships at
unloading and reloading (inner curve) are quite
different between cases of the Li et al’s model and
the Bujadham et al’s model. Considering dowel
action which is not considered in the Li et al’s
model, the Li et al’s model is used at loading while
the shear stress-normal compressive  stress
relationships at unloading and reloading are modified

as follows (see Fig.10).

T 0/ )
| —* a3
rma.x Orax
/7 _ k
Oc™ Omin - Tc Tmin (1 4)
/ / T -7 .
Oax™ Tmin max " min
h t . and 0y, : maxi and
where 7, > Omaxs min an min - INAXIMUIM an

minimum shear and normal compressive stresses at
last loading, k=5 : a constant. :

4.VERIFICATION FOR MODIFIED MODELS

Cracking pattern and relationships between shear
reinforcement stress and applied shear force in beam

BDP10 are shown in Fig.5. The relationships
calculated by the original models fail to predict the
observed relationships at both envelope and inner
curves, At the envelope the predicted shear
reinforcement stresses are clearly less than the
observed ones for the same applied shear forces.
The remaining stresses of the shear reinforcement
are also less than the observed ones. On thé other
hand the relationships calculated by the finite
element analysis with the modified models agree
well with the observed ones at their envelopes as
well as the inner curves.

Figs.11 and 12 indicate relationships between
shear reinforcement stress and applied shear force in
beams BMLW and BCW. Cracking pattern in beam
BMLW is given also in Fig.11. It can be seen in
Fig.11 that the relationships. calculated by the
original models predict well at the envelope part but
underestimate significantly the remaining shear
reinforcement stresses. In beams BMLW and BCW
there should be no slip at the ends of shear
reinforcement because all the shear reinforcement
was welded to the longitudinal reinforcement. The
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effect of the end slip on tension stiffness of concrete
does not exist. From the finite element analysis it
was found that the model for the tension stiffness of
concrete affects the relationship between the shear
reinforcement stress and the applied shear force at
the envelope part only. It can be said, therefore, that
the original models predict well at the envelope part.
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The finite element analysis indicates that the inner
curves are influenced by the model for the force
transfer at crack. The finite element analysis with
only the modified model for the force transfer
predict well the observed results at both the envelope
and the inner curves in Figs.11 and 12.

The concrete cover in beam BMLW was much
smaller than that in beam BCW. The experimental
results in Figs.11 and 12 do not indicate the effect of
the concrete cover, which agrees with the fact that
the tension stiffness (Eq.(9)) is hardly affected by
concrete cover although the bond-slip-strain (Eq.(2))
is affected.

The finite element analysis with the modified
models was also applied to beams in previous
studies. Shear reinforcement stress-applied shear
force relationships for rectangle beams in Yoshida’s
study® and a T-beam in Farghaly and Okamura’s
study? can be predicted well by the modified models

as shown in Figs.13 and 14. The finite element
program with the modified models can also predict
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the stirrup stresses in prestressed concrete rectangle

beams'? as shown in Fig.15.

It is found that the finite element program with
the modified models can predict strains of
longitudinal reinforcement and deflection as seen in

Figs.16 and 17. Predicted and experimentally
observed ultimate strengths and failure modes are

compared in Table 3. The predicted ones agree well
with the observed ones in most of the cases.

5. SHEAR RESISTING MECHANISM

Principal stresses of concrete calculated by the

finite element program are as shown in Fig.18. In a
shear span angles of the compressive stresses to the
member axis are approximately the same at mid
height region (above tension reinforcement level and
below compression zone). In slender beams BDL6
and VDS10 (their shear span to effective depth

ratios, a/d are 3.0 and 4.0) the angles of the
compressive stresses are around 30°. In a deep
beam BDP10 (a/d is 1.6) the angles of the

compressive stresses are slightly greater than those
in the slender beams. In prestressed concrete beams

TS1 and TS3 (4/d is 3.57) the greater prestress

(beam TS1) gives slightly smaller angles than those
with the less prestress (beam TS3).
Shear resisting forces are a shear force carried by

uncracked zone, V,,, a shear force carried by shear

reinforcement and concrete surrounding the shear
reinforcement (concrete tension stiffness), V,,, and

a shear force carried by other than V,,, along a

shear crack, V,, (shear force carried by aggregate
V.

4 Plus shear force carried by dowel

interlocking,
In the finite

element analysis, those internal forces were
calculated using stresses at the gauss points along a
cut plane as shown in Fig.20. The internal force,
V.. Was obtained at the gauss points above cracking

action, Vg, ) as shown in Fig.19.

zone (vertical part of the cut plane) and the internal
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Fig24  Relationships between shear forces carried
by shear reinforcement and aggregate
interlocking

forces, V¥, and V,_, were obtained at the gauss
points within the cracking zone. The internal forces
were calculated by multiplying the stresses at each
gauss point by area covered by the gauss point. Fig.
21 shows how the calculated internal forces vary as
applied shear force increases. The internal forces,

Vi and V,, increase. The internal force,V,,

carried by the uncracked zone decreases in beam
VDS10 and increases slightly in beam BDP10.

From Fig.21 (c) it is clearly seen that the shear
cracking load at which the internal forces, V,,, and V,,,
start to increase is larger for the greater prestressing

force. The internal shear force, ¥, in beam TS1

is larger than that in beam TS3 and the internal
force, V,,, in beam TS1 is smaller than in beam TS3
at ultimate stage since the shear crack angles are
smaller for the greater prestressing force as shown in
Fig.20.
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Fig.25 Variation of internal shear forces

Fig.22 shows the variation of the calculated
internal forces at unloading in beam BDP10. In this
study the internal force, V,,, is defined as a
summation of the shear forces carried by shear
reinforcement and by concrete. The shear force
carried by the concrete becomes negative for small
applied shear forces because concrete compressive
stresses are transferred by contacting shear crack
surfaces (see Eq.(10)). If the internal shear force,
V.., is recalculated by subtracting the compressive

force due to the crack contact from the original V,,,,

and the internal shear force, ¥V, by adding the
compressive force due to the crack contact, the
relationships between the applied shear force and
V., and V,, are expressed by dotted line in Fig.22.

web
The observed concrete compressive stress flow
can be modeled as diagonal struts with a constant

angle, € which is seen in a conventional truss model
(see Fig.23). From the truss model the following
expressions for the internal forces are derived.

Vie=Ves* Ve = 0. bzcosOsing (15

Ve = 0, b—>—sin(7-0) sind
w0 (1-6) (16)
where V. : shear force transferred along a shear

/ . .
crack, o, :"concrete diagonal compressive stress, b
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Fig.26  Remaining stresses in a shear span at
complete unloading in beam- BDL6
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Fig.27  Distributions of normal stress in planes

normal to member axis in beam
BDL6 (normal stress = concrete stress
+ reinforcement stress) .

: beam web width, z : arm length of truss (distance
between compressive force in compression zone and
tensile force in tension zone), 7 : angle of a shear
crack. From Eqgs.(15) and (16) the following
equation is derived.

v,

web _ COSTISInG _  cotn an
V, sin(n-6) cotf-cotn

Eq.(17) indicates that the ratio of the shear force
carried by shear reinforcement and surrounding
concrete to the shear force carried by other than

those is constant. The ratios of V, toV,,

calculated by the finite element analysis are mote or
less constant as predicted by Eq.(17) (see Fig.24).
In the finite element analysis the internal shear
forces change at unloading and reloading as shown
in Fig.25. Fig.25(a) indicates a situation
immedjately before the unloading starts. The
internal shear force carried by uncracked zone, ¥V,

as well as the shear force carried by shear
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Fig.28 Stresses of shear reinforcement at
different locations in beam BDL6

v,

reinforcement and surrounding concrete, ¥V, and

the shear force carried by the other, V,, decrease
nearly proportionally to applied shear force and is
close to zero at complete unloading (solid lines in
Fig.25(b)). The shear reinforcement has remaining
stresses. However, the concrete stresses predicted by
the tension stiffness model given by Eq.(10) are
negative because of crack contact. Therefore the
internal force, V,,, becomes zero at the complete
unloading.

A dotted line in Fig.25(b) shows variation of the
internal shear forces in case where the internal force, V,,,,
is recalculated by subtracting the compressive force
transferred by the crack contact from the original
V. and the internal force, V, by adding the

compressive force due to the crack contact. In this
case the internal force, V,,, decreases also linearly

but remains at a certain value at the complete
unloading. The internal force, V,,, becomes negative

and balances with the remaining V,,, (see

Fig.25(b)). Fig.26 shows the remaining concrete
compressive stresses and reinforcement tensile
stresses in vertical direction at two gauss points.
Calculated normal stress distributions along planes
normal to member axis in a model beam BDL6 are
as shown in Fig.27(a). The calculated normal stress
distributions in the same beam, in which shear
cracking is not made to occur but flexure cracking
is, are given in Fig.27(b). The normal stress
distributions in Fig.27(b) are close to those predicted
by a conventional bending theory. Neutral axis

depth in Fig.27(a) is shallower than that in Fig.27(b).

The following facts in Fig.27(a) agree with what the
truss model predicts : (a) some compressive stresses
are seen at mid height, (b) compressive stresses in
compression zone are less than those predicted by
the bending theory, and (c) tensile stresses in tension
zone are greater than those predicted by the bending



theory. Fig.27 clearly indicates that shear cracking
makes the bending theory no longer applicable and
introduces a truss-like mechanism in a shear span.

Stresses of shear reinforcement are caused by the
truss mechanism. However, it is known that shear
reinforcement stresses in the vicinity of loading point
and support are less than those in the other region.
The finite element analysis predicts this fact in beam
BDL6 as shown in Fig.28. Greater contribution of
concrete tension stiffness due to a delay in shear
crack propagation near the loading point and support
lessens the shear reinforcement stresses.

6. CONCLUSIONS

Based on analyses with a nonlinear finite element
program, WCOMR for reinforced concrete planner
members and experiment of beams with shear
reinforcement, the followings are concluded on shear
resisting mechanism of reinforced and prestressed
concrete beams with shear reinforcement under one-
sided cyclic loading:

(DConcrete  tension  stiffness around  shear
reinforcement is reduced significantly because of slip
at the lower bent of the shear reinforcement.
Therefore, the model for the concrete tension
stiffness in WCOMR may not be applied to beams
with shear reinforcement.

(2)Stresses  transferred along shear cracks at
unloading and reloading in beams are different from
what the model for force transfer at crack in
WCOMR.

(3)Modified models for the concrete tension stiffness
and the force transfer at crack are presented for
analysis of beams with shear reinforcement.

(4)The finite element program with the modified
constitutive models can predict well relationship
between shear reinforcement stress and applied shear
force which cannot be predicted by the program
without the modification.

(5)The concrete tension stiffness influences the
relationship between shear reinforcement stress and
applied shear force at its envelope part. A less
concrete tension stiffness causes greater shear
reinforcement stresses.

(6)As shear resisting mechanism, a truss-like
mechanism is formed in a shear span. The truss
mechanism is characterized by uniform diagonal
concrete  compressive  stress  flow  (diagonal
compression strut) with an angle less than 45°.
(7)A shear force carried by the truss mechanism can
be divided into two shear force components carried

by shear reinforcement and its surrounding concrete, V,,,
V.

str
interlocking. Those two shear force components
increase rather linearly as applied shear force
increases. A shear force carried by other than the

and by other, which is mainly aggregate
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v

ez
uncracked concrete above shear cracking zone.
(8The internal shear forces, V, Voep and ¥V,

ucz? wei
decrease rather linearly during unloading and
become negligibly small at complete unloading.
Shear force carried by the shear reinforcement alone
remains at the complete unloading. Shear force
carried by compressive force due to crack contact
exists at the complete unloading to balance with the
remaining shear force by the shear reinforcement.

(9)Under effect of prestressing force, angle & of the
uniform diagonal compression stress flow and angle

truss mechanism, is a shear force carried by

N of shear crack become small. Because of the
small 7, aratio of the internal shear force, V,,, toV,,

becomes large.

(10)Shear cracking introduces the truss mechanism
and reduces depth of flexural compression zone.
Because of the truss mechanism compressive stresses
in the compression zone decrease and tensile stresses
in tension zone increase.

(11)Less stresses of the shear reinforcement near a
loading point and a support than in other region are
due to greater contribution of the concrete tension
stiffness around the shear reinforcement.
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