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ABSTRACT

In this study the carbon Fiber Reinforcement Polymer (CFRP) on
increasing shear capacity of reinforcement concrete deep beams.
Different methods of strengthening of structures were used to calculate
shear capacity. These methods were ACI, Triantafillou, Carolin and
Zhichao.

The parameters used in this work were thickness of (CFRP), depth of
beam and concrete compressive strength using three configuration of
(CFRP) such as fully wrapped, U and two sides wrapped. The design of
shear strength were prepared by Microsoft Excel spread sheets for the
three configuration of wrapping to study the effect of different parameters
on shear capacity of deep beams. It was found for the fully wrapped, ACI
method appears to predict the (CFRP) shear contribution with a relatively
high discrepancy with respect to Triantafillou, Carolin and Zhichao and
Triantafillou method overestimates results of shear capacity for U, or two

sides wrapped with respect to ACI Method
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1.1 Introduction

Deep beams are structural elements loaded as beams in which a significant
amount of the load is transferred to the supports by compression thrust
joining the load and the reaction. As result, the strain distribution in no
longer considered linear and the shear deformations become significant
when compared to pure flexure. Reinforced concrete (R.C) deep beams,
which fail with shear compression, are the structural members having a
shear span to effective depth ratio, a,,/d, not exceeding 1.0.The ACI code
defines a deep beam as a structural member whose span-depth ratio (L/H)

is 5 or less.

Some investigators have decided that the shear span-effective depth ratio
a,/d is more meaningful to define deep beam, and that a beam could be

considered deep if shear span to effective depth ratio (a,/d) <0.5.

R.C deep beams have many useful applications in buildings structures such
as transfer girders, wall footings, foundation pile caps, floor diaphragms
and shear walls. Beams of this type often arise in the construction of bins,

hoppers, or similar structures, as well as pile caps and transfer girders.

Particularly, the use of deep beams at the lower levels in tall buildings for
both residential and commercial purposes has increased rapidly because of
their convenience and economic efficiency. Generally, deep beams are
regarded as members loaded on their top extreme fibers in compression
and supported on the opposite side. In all these cases design based on
ordinary straight-line distribution of bending stresses adopted in a shallow

beams is not valid, since the simple theory of flexure takes no account of



the effect of normal pressures on the top and bottom edges of the beam

caused by the loads and reactions.

The effect of these normal pressures on the stress distribution in deep
beams is such that the distribution of bending stresses on vertical sections
is not linear and the distribution of the shear stress is not parabolic.
Consequently, a transverse section which is plane before bending does not
remain approximately plane after bending and the neutral axis does not
usually lie at the mid depth, its position being variable in a span wise

direction.

Strengthening with externally bonded CFRP laminates has been shown to
be applicable to many kinds of structures. This method has been applied
to strengthen such structures as columns, beans, walls, slabs, and so on.
The use of external CFRP reinforcement may be classified as flexural
strengthening improving the ductility of compression members, and shear
strengthening.

Shear failure is catastrophic and occurs usually without advance warning;
thus, it is desirable that the beam fail in flexure rather than in shear. Many
existing RC members are found to be deficient in shear strength and need
to be repaired. Deficiencies occur for several reasons, including
insufficient shear reinforcement or reduction in steel area because of
corrosion, increased service load, as CFRP provides an excellent solution
in these situations.

The use of Fiber Reinforced Polymer (CFRP) is becoming a widely
accepted solution for repairing and strengthening ageing in the field of
civil engineering around the world, fiber-reinforced polymer (CFRP) use
for the rehabilitation of beams and slabs started about 15 years ago with
the pioneering research performed at the Swiss Federal Laboratories for

Materials Testing and Research.(CFRP) composites, used in the repair of



beams and slabs as external tensile reinforcement, increase the strength
(ultimate limit state) and the stiffness (serviceability limit state) of the
structure. Repair with (CFRP) is thus motivated by requirements for
earthquake strengthening, higher service loads, smaller deflections, or
simply to substitute for deteriorated steel reinforcement

1.2 .Research Objectives
The Objectives of research are:

1. To Study shears capacity and behavior of RC deep beams with
different Configurations of fiber reinforcement polymer (CFRP)
strengthening type.

2. To study the effect of FRP thickness in strengthening of RC deep
beams.

3. To study the effect of concrete depth on shear capacity of deep beams.

4. To use ACI code for conducting the real behavior of shear capacity in
RC deep beams strengthened by (CFRP) and compare results with
other guidelines work so as to verify them.

5. To investigate the concrete strength effects on the behavior of concrete
beams.

1.3. Research Methodology

The methodology adopted to achieve the above mentioned objectives of

this study are:

1- Literature Review: basic concepts will be revised and related literature
and relevant data will be collected. Then, the main features of the

proposed work will be pointed out.

2- Theoretical concept: rectangular concrete beams deep beams will be

studied and analyzed under shear loads with different parameters.



A parametric study was conducted to clarify their influence on shear
capacity. Based on this study, a prediction model was proposed by
considering all common parameters that influence the ultimate shear
capacity of a strengthened beam including concrete strength , effective
height of the beam , CFRP thickness , and strengthening configuration
(completely wrapped, U-jacketing, and side bonding).

3- Analysis of the Results: the results arising from the second stage above

are tabulated and analyzed.
1.4. Research Organization
The present thesis is divided into five chapters.

The general introduction to retrofit the reinforced concrete (RC) beams
and its importance in different engineering fields along with the objective

of the present work are outlined in chapter 1.

A review comprising of literature on strengthening of different types of
beams under different load conditions are presented in chapter 2. The
critical observations on earlier published works are highlighted and the

scope of the present research work is outlined.

Chapter 3 deals with the description of the theoretical guidelines which
used in this study. The constituent materials, the beam specimen, and

analysis methods using different guidelines equation are presented.

Chapter 4 deals with the analysis and discussion of the results, which
conducted from previous guidelines for computing the shear capacity of

the strengthened beams.

The important conclusions and the scope for further extension of the

present work are outlined in chapter 5.



A list of important references cited in the present thesis is presented at the

end.
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CHAPTER TWO
LITERATURE REVIEW
2.1. Introduction

Early analysis of reinforced concrete deep beams was based on the
classical theory of elasticity with the beam assumed as homogenous.
Reinforcement was placed in regions where tensile stresses exceed the
estimated strength of the concrete. Some of the earliest work in this area
was performed by Dischinger { and distributed as a design aid by the

Portland Cement Association.

The use of carbon-fiber-reinforcement polymer(CFRP) in strengthening
reinforced concrete(RC) structures has become an increasing popular
retrofit technique. The technique of strengthening RC structures by using
externally bonded CFRP laminates started in the 1980 and has since
attracted researchers (Berset 1992; Chajes et al,1995; Khalifa et al,1996;
Triantafillou 1998; Uji 1992; Zhang and Hsu 2000,2002) from around the

world .

2.2. Factors affecting behavior of deep beams

As the a,/d ratio of deep beam decreases from about 2.5 to 0.0, shear
reinforcement perpendicular to the longitudinal axis becomes less effective
than that in ordinary beam. At the same time, distributed reinforcement
parallel to the longitudinal axis will increase shear capacity of shear-
friction. Diagonal reinforcement is also effective in resisting shear.

Many tests have established that the failure mode is strongly dependent on
the shear-span/depth ratio a,,/d:

*a,,/d>6: beams with such a high a,,/d ratio usually fail in bending.

*6>a,,/d>2.5: beams with a,/d lower than about 6 tend to fail in shear.



If the a,/d ratio is retavely high, the diagonal crack would rapidly spread
to e, resulting in collapse by splitting the beam into two pieces. This mode
of failure is called diagonal-tension failure.

*2.5>a,,/d>1: for a,, lower than about 2.5 but greater than 1.0, the diagonal
crack often forms independently and not as development of a flexural
crack. The beam usually remains stable after such cracking.

Further increase in the force V will cause the diagonal crack to penetrate
into the concrete compression zone at the loading point, until eventually
crushing failure of the concrete occurs there, sometimes explosively
(shaded portion). This failure mode in called shear-compression failure; for
this mode, the ultimate load is sometimes more than twice that at diagonal
cracking.

*a,,/d<1.0: the behavior of beams with such low a,/d ratio approaches that
of deep beams. The diagonal crack forms approximately along a line
joining the loading and support points. When the crack has penetrated
sufficiently deeply into the concrete zone at the loading point, or, more
frequently, at the support point, crushing failure of the concrete occurs. For
a deep beam failure mode, the ultimate load is often several times that at
diagonal cracking.

The shear strength is affected by several factors such as:

1- Concrete strength

The dowel action capacity, the aggregate interlock capacity and the
compression-zone capacity generally all increase with the concrete
strength.

2- Tension steel ratio

The tension steel ratio affects shear strength mainly because a low As/bd
value reduces the dowel shear capacity and also leads to wider crack

widths, which in turn reduce the aggregate-interlock capacity.



3- Strength of longitudinal reinforcement

Provided the steel ratio is kept constant, the characteristic strength of the
longitudinal reinforcement has little effect on shear strength.

4- Aggregate type

The type of aggregate affects shear strength mainly through its effect on
aggregate interlock capacity.

5- Beam size

The ultimate shear stress reduces with the beam size particularly the beam
depth; that is, larger beams are proportionately weaker than smaller beams.
This is probably because in practice the aggregate interlock capacity does

not increase in the same proportion as the beam size.
6-Shear-span/depth ratio (M/Vd)

The ultimate shear stress at a beam section increase rapidly as the M/Vd
ratio is reduced below about 2, where M is the bending moment, V the
shear force and d the effective depth; this is true for either distributed
loading or concentrated loading. For two-point loading, the critical M/Vd
ratio occurs at the loading point, where:

M/Vd = a,, /d

2. 3. Types of shear reinforcement
As the a,/d ratio of deep beam decreases from about 2.5 to 0.0, shear
reinforcement perpendicular to the longitudinal axis becomes less effective
than that in ordinary beam. At the same time, distributed reinforcement
parallel to the longitudinal axis will increase shear capacity of shear-
friction. Diagonal reinforcement is also effective in resisting shear {2,
2.3.1. Reinforcement details
The development of inclined cracking tends to cause an increase in the
stress in flexural tension reinforcement at the base of the crack. In deep

beams, inclined cracking may extend the full length of the shear span. If



the shear reinforcement is not fully effective Fig.2.1, high tensile stresses
will develop in the longitudinal reinforcement at sections where the
resultant moment is zero Fig.2.2 (a,b,c). Sufficient anchorage length of

main reinforcement must be provided to resist this tension.
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Fig.2.1 Web steel & main longitudinal steel

(b)Beam with horizontal reinforcement.



(c)Beam with vertical web reinforcement

Fig. 2.2. Beam Reinforcement.

2.3.2. Method of load application

Load may be applied to beams on the extreme compression or tension
fibers. The main effect of applying loads on the compression face to a deep
beam without web reinforcement is to increase the ultimate shear capacity

above the shear causing inclined cracking.
2.4. Comparison between deep beams and ordinary beams

1- Deep beams
e Plane section before bending does not remain plane after bending.
e The resulting strain is nonlinear.
e Shear deformations become significant compared to pure flexure.
e The stress block is nonlinear even at the elastic stage.
e |tissubjected to two-dimensional state of stress.

2- Ordinary beams

Plane section before bending remains plane after bending.
e The strain is linear

e Shear deformation is neglected.

e The stress block is considered linear at the elastic stage.

e Itissubjected to one-dimensional state of stress.

10



2.5. Failure mode of deep beams

The failure of deep beams subjected to either central point load or two
symmetrical point loads is related to the failure of the tied arch which is
formed in the beam after diagonal cracking. According to de {3, the
primary modes of failure of the tied arch are flexure failure and shear
failure. A flexural failure occurs either when the concrete rib of the tied-
arch fails by crushing at the crown or the tension tie ruptures. The failure
is termed flexure failure because the full flexural capacity and ductility

are realized. A shear failure contains two types:
2.5.1 Diagonal compression failure

In this type of failure an inclined crack first develops nearly along a line
joining the load point and the support point. After further increase in load,
a second inclined crack parallel to the previous crack appears. The final
failure is due to the destruction of the portion of concrete between these

two cracks which acts as a strut between the load and support point.
2.5.2 The second type of shear failure is a diagonal tension failure

In this mode failure occurs by a clean and sudden fracture nearly along a
line joining either support with the nearest loading point. The failure is
similar to splitting of a cylinder under diagonal compression. This mode

sometimes called shear-proper failure.

Bresler and Macgregor have included anchorage failure and bearing
failure as deep beam failure modes along with the flexure and shear
failure mentioned above. These two additional modes of failure are
generally undesirable and are not limited to deep beams although the
geometry and behavior of deep beams have increased the likelihood of
their occurrence. Anchorage failure results from the very high tension

stresses in the main longitudinal reinforcement in the region near the

11



supports. Special anchorage provisions, such as hooking the bars, can be
used to prevent this mode of failure. Baring failures on the other hand
result from the high vertical stresses at the support and load points.
Adequate design and detailing of the bearing and load blocks will prevent

this mode of failure. 4

In summary, a prediction of deep beam failure load is usually limited to a
prediction of either flexure or shear failure modes, as anchorage and
bearing failure are undesirable failure modes which can be eliminated by

proper design and detailing.

Cracks in continuous deep beam tend to form before the negative cracks
over the interior support, Fig.2.3 shows the first significant cracking
occurs in the form of diagonal shear cracks at about 50% of the ultimate
load, the cracks tending to delineate a truss or tied arch mode of behavior.
the expansion of the diagonal cracks is accompanied by the development
and growth of additional secondary flexural cracks as the reinforcement is
brought to yield, Fig. 2.3
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{b) Shear cracking
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(c) Cracking at immpending failure

Fig.2.3 Cracks in beam due to excessive load.

Crack patterns and failure of deep beams have been observed under many
different loading conditions. A single concentrated load, concentrated at
the one-third points of the span and uniform loads. In these investigations
deep beams were observed to fail in either shear or flexure. Although the
load that caused the inclined crack was relatively independent of the a,,/d

ratio, the ultimate strength increased as a,,/d decreased.

This was only true if the loads and reactions were on opposite faces of the
beam so that a compression thrust could develop between the load and
support. Load applied on the tension flange through a nib resulted in
lower strengths than that load applied directly on the compression flange.
Thus the ultimate shear stress in a beam without web reinforcement is
approximately equal to the inclined cracking shear stress for members
loaded at the tension flange and will be greater than the inclined cracking

shear stress for directly loaded beams.
2.6. The importance of RC deep beams

It's known that the main parameters affecting the load bearing capacity of
deep beams with or without web openings are shear span to depth ratio,
configuration of web reinforcement, materials properties, and geometry
of openings. Despite the rigorous studies of deep beams, there have been
only empirical and semi-empirical formulas for predicting their ultimate

load bearing capacities due to the complexities of the structural

13



nonlinearity and material heterogeneity. There have been also no
pertinent theory and rational design code for predicting ultimate shear
strength of reinforced concrete deep beams with web openings. Hence,
it's very important and necessary that study of deep beams should be
carried out experimentally and analytically to verify the shear of
reinforced concrete deep beams which have various loading and

geometric conditions.

2.7. The Need for Strengthening

There are several possible causes leading to the structural deficiency of
existing infrastructure. Structural members can become damaged from
environmental actions such as corrosion or freeze-thaw and excessive
loading (static and dynamic) effects. The damaged concrete can be
repaired with external or internal strengthening applied to supplement the
lost capacity and improve environmental resistance. Improper detailing or
damage during construction can necessitate the strengthening of newly

constructed structural members.

Many researchers investigated on reinforced concrete deep beams, and
most of them try to minimize the effect of shear in beams by normal
reinforcement, so there few researches on the behavior for concrete deep
members strengthened by CFRP with different shape and methods under
concentrated load. To date, theoretical studies concerning the Carbon
Fiber Reinforced Polymer (CFRP) and steel plate strengthening of RC
deep beams have been rather limited. In addition, various numerical
analyses presented so far have effectively simulated the behavior of solid

beam strengthened by CFRP material.

14



2.8. The Importance of CFRP Polymers

Fiber-reinforced polymer (CFRP) has started to find its place in many
areas of civil infrastructure applications where the need for repairing,
increased durability arises...etc. also CFRP is used in civil structures
where corrosion can be avoided at the maximum.

Fiber-reinforced polymer is better suited to minimize cavitation /erosion
damage in structures such as sluice-ways, navigational locks and bridge
piers where high-velocity flows are encountered. A substantial weight
saving can be realized using relatively thin CFRP sections having the
equivalent strength of thicker plain concrete sections. When used in
bridges it helps to avoid catastrophic failures. Furthermore, in the quake
prone areas the use of fiber-reinforced concrete would certainly minimize
the human casualties. The amount of confining CFRP great affects the
drift capacity of CFRP-retrofitted members.

The main disadvantage associated with the fiber-reinforced polymer is
fabrication. The process of incorporating fibers into the cement matrix is
labour-intensive and costlier than the production of the plain concrete.

The real advantages gained using CFRP overrides this disadvantage .

Fiber-reinforced polymers (CFRP) are currently emerging as a popular
option to repair and strengthen reinforced concrete structures. This
strengthening technique usually involves the bonding of a thin layer of
FRP to the concrete surface of the structural element in need of repair. In
order to fully develop the potential ductility of reinforced concrete
flexural members, it is generally desirable that bending rather than shear
governs the ultimate strength. However, shear deficiencies do often exist
and in such cases there is a need for strengthening and retrofitting for

increased shear capacities.

15



Composite Sheets

-

Laminates

NSM bars

Fig.2.4. various composite materials.

2.8.1. CFRP Configuration

The failure mode of a strengthened beam depends also on the
configuration of the strengthening used. From the configurations used the
one to be avoided is the side bonded because it is the most exposed to

debonding failure due to its limited anchorage length.

NN aln

side bonding U warpping

F O (it 1

U warpping with anchorage

iC

Fully warpping

Fig. 2.5 Shear strengthening configurations using CFRP.
2.8.2. CFRP Orientations

For shear strengthening, CFRP can be applied in various configurations

with different fiber orientation, degree of coverage, and type of

16



anchorage. The FRP can be applied as a continuous sheet along the length
of a member or as discrete strips of prescribed minimum width and
spacing. Maximum bond coverage is provided by sheets, whereas widely

spaced strips provide the least degree of coverage {6,

(a)

c) Cdy

Fig. 2.6. Degree of FRP coverage and fiber orientation, (a) Sheet with
fibers at 90° (b) Sheet with inclined fibers (c) Strips with fibers at 90°
and (d) Inclined strips.

2.9. Failure mechanism of reinforced concrete beams.

In the case of flexural failure, the flexural cracks at the maximum
bending moment location move toward the compression zone creating a
hinge before failure. The curvature and the rotation at this location result
in excessive deflection, providing a warning of impending failure. In the
case of shear, the failure could occur due to diagonal tension or shear
compression failure, and in both cases, the failure is much more brittle

than the flexural failure.
2.9.1. Diagonal tension failure

This type of failure occurs in beams with a shear span ratio in the range
of 2.5-5.5 Fig.(2.7.a). Shear span is designed as the distance between the
load and the support Fig. (2.7.b). As the load increases, the region near

the support where shear stresses are larger develops diagonal stresses that

17



could exceed the tensile strength of concrete. In some instances, small
flexural cracks that are perpendicular to the axis of the beam could join

the diagonal cracks.Fig.2.7 Crack patterns and shear failure modes {38
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Fig.2.7. Crack patterns and shear failure modes®8*

In some instances, the crack propagates along the reinforcement and
could result in pull-out of the tension bar if the bar is not properly
anchored. The critical location for diagonal cracks is between 1.5 and
2.5d from the support. The diagonal cracks, when occur at 45° to the axis

of the beam; cover a distance of d along the axis. Owing to the presence

18



of normal (flexural) stresses, the angles of cracks do not exceed 45°. This
is one of the reasons for limiting the maximum spacing of CFRP
composites for stirrups to depth. This limit assures the presence of
reinforcement at every diagonal crack. The same principle should be
followed when designing shear reinforcement using composites. Diagonal
shear cracks occur when the shear span-to-depth a/d ratio is between 2.5
and 5.5 for concentrated loads. If the ratio is less than 2.5, the mode of

failure changes to shear—compression.
2.9.2. Shear compression failure

This type of failure occurs when the a/d ratio is less than 2.5 for
concentrated loads, and 5 for distributed loads. These beams are typically
referred to as deep beams. In this type of beam, the crack essentially
travels from the load point to a location near the support -. The
propagation is a result of both flexural and shear stresses. A system with
fibers oriented in mutually perpendicular directions will provide an

efficient reinforcement. The repair will also provide some confinement.

2.10. Previous experimental work

Nineteen small scale deep beams with depth varying from 178mm to

330mm and span of 610mm (span to depth ratios between 3.43 and 1.85)

investigated by}, From their work observations are as follows:

1. Neglecting effect on beams failing as a result of yield in the tension
reinforcement.

2. Increasing the load capacity of beams failing in shear and in some
cases if in changed the mode of failure from shear to flexural.

3. Increasing the amount of tension reinforcement increased the load
capacity of the beams and tended to change the mode of failure from

flexural to shear.
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4. Increasing the depth (while holding the cross-section constant)
increased the load capacity of beams failing in flexural, but did not
show a proportional increase in shear strength.

5. The presence of web reinforcement did not appear to influence greatly
the capacity beyond cracking for the beams regardless of the mode of
failure.

Nine single span deep beams were tested having span to depth ratio of 1.0
and 0.9 respectively. The single span beams were uniformly loaded at
their top and bottom chord while the two span beams were loaded on the
top at the third points. Two additional single span deep beams having
span to depth ratio of 1.67 were tested with the beam supported indirectly
by adjoining deep beams. {"}
Leonhard suggested that the shear capacity of deep beams cannot be
improved by the addition of the web reinforcement, apart later to be
disproved by Kong and Robins who demonstrated that an increase in
strength up to 30% is possible. Crack distributions and stress trajectories
on top loaded beams with L/D=1.0, indicate that horizontal web
reinforcement is helpful against the propagation of inclined cracks.

Kong and Robins carried out tests on simply supported lightweight

concrete deep beams, and they developed a formula for calculating the

ultimate load for normal weight concrete deep beams; it was found that
this formula is not necessarily suitable for lightweight concrete beams. {

Further experimental work on lightweight concrete deep beams was

reported by Kong and Robins (1972). They revised their previous formula

in two factors: X,/D ratio explicitly allowed for, and they used concrete
cylinder splitting tensile strength (f;), as they thought that the concrete
contribution to the ultimate shear strength is much more directly related

to tensile strength (f;) than to the cylinder compressive strength (f;).
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Their tests showed that the ratio X./H had a greater effect on cracking
and ultimate loads than L/H.

The proposed formula determined by ¥} took into account the splitting
strength of concrete and the influence of any steel crossing the failure
crack, this suggestion for span/effective depth ratio less than one. It was
stated that the failure of deep beams with small value of av/d ratio is
analogous to the splitting of a cylinder along its length. The ultimate
shear strength calculated by the proposed formula was found agree well
with test results.

Several parameters such as shear span to depth ratio, the effect of
horizontal and vertical reinforcement, and concrete strength were
investigated by 1% The following conclusion was drown:

. Beams generally failed in shear.

. Minimum percentage of web reinforcement should be used for cracking
control.

. Inclined cracking occurs at approximately 50-60 % of the ultimate load.

. Increasing the concrete strength increased the beams capacity.

Fifty-two simply supported reinforced concrete deep beams were tested
under two symmetrical point loads. Considerable increase in load-
carrying capacity was observed with increasing concrete strength and
decreasing shear span-to-effective depth ratio. The increase in ultimate
shear strength and in diagonal cracking load was attributed to the arch
action for specimens with a shear span/depth ratio less than 2.5. It was
also found that vertical stirrups became more efficient in beams with
shear span/depth ratio less than 1.0. The effect of concrete strength was
greater on beams with low shear span/depth ratio. Web reinforcement had
no effect in controlling the diagonal cracking load and the cracking

patterns were the same for beams with or without it. {10
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Seven reinforcement concrete wall panels with simply supported beams
with depth/span ratio ranged from one to four are tested by 3. They
concluded that: The beam panel with depth/span ratio equal to 1.0 failed
in shear with diagonal fracture line joining the load and support points,
Beams with depth/span ratios greater than 1.0 failed by crushing of the
bearing zones. This was the most common mode of failure among these
members and was exhibited by panels with depth/span ratios between 1.5
and 3.5. The largest specimen tested, having a hight/thickness ratio of 40,
failed by buckling.

There are three modes of failure of deep beams have been demonstrated
by 112 he tested thirteen simply supported reinforced deep beams with
different span/depth ratio, and noted that the mode of failure are flexure
failure, diagonal splitting failure and local crushing failure.

Nineteen reinforced concrete deep beams with high strength concrete
were tested under two symmetrical top loading, with introduction of two
main variables: shear span/depth ratio and span/depth ratio. The test
results were compared with prediction based on ACI Building code. The
comparison explained that the deep beam provisions in the ACI code
though essentially based on concrete strength of less than 41Mpa, will
insure safe designs for higher strength deep beams.

He reported experimental tests on twenty-two reinforced concrete deep
beams with cylinder compressive strength of generally exceeding 55Mpa.
Based on main steel ratio, p, the beams were organized into four groups
with p = 2.0, 2.58, 4.08, and 5.8 percent. The beams were tested for
different a,/d, ranging from 0.28 to 3.14. The comparison among the
series was to highlight the influence of p and a,/d ratio on the shear
behavior of high strength concrete deep and short beams. It was shown
that the transition point between high strength concrete (HSC) deep

beams and high strength concrete shallow beams (in terms of load
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carrying capacities) is around a,/d of 1.5; for medium and low strength
concrete beams, it was reported to occur between 2.0 and 2.5. The failure
mode was chiefly influenced by the a,/d ratio; the effect of p was not
significant. For a,/d < 0.28, the beams failed in bearing mode; for
0.28<a,/d< 0.12, the beams failed in shear-compression mode; for
1.12<a,/d<2.26; the beams fail in diagonal tension mode and at a,/d
=2.5; the beam failed in shear-Tension mode. For a,/d < 1.5, increased
the main tension steel ratio increases the load carrying capacities of HSC
deep beams, but this beneficial effect was not as significant when a,,/d>
1.5. he also observed that the main reinforcement ratio greater than 2.0
percent did not increase the ultimate shear strength of HSC deep beams
significantly. {3

The effect of reinforced concrete deep beams size on shear capacity is
studied by Hang Hai Tan et al. A total of 12 large and medium sized
beams with overall height ranging from 1500 to 4520mm were tested
under two symmetric point top loads to failure. The beams had
compressive cylinder strength of about 40mpa. There was a pronounced
effect of size on ultimate shear strength. The critical height beyond which
there was no significant size effect was between 500 to 1000mm.

However, the effect of size seems relatively independent of a,,/d.

The size effects for reinforced concrete beams strengthened in shear with
CFRP strips were studied and tested by!'* and showed that the effective
axial strains of the CFRP sheets are higher in the smaller specimens.
Moreover, with a larger beam size, one can expect less strain in the
CFRP. The performance of RC beams strengthened in shear by externally
bonded U-shaped Carbon Fibre Reinforced Polymer (CFRP) wraps was
suggested by {15, Experimental results showed that externally bonded
CFRP can increase the shear capacity of the beam significantly along

23



with improving the performance of strengthened RC beams. The Shear
behavior of four full-scale deep beams reinforced with carbon and glass
fiber reinforced polymer (CFRP) bars investigated by {16 . Their primary
test variables included the longitudinal reinforcement ratio and the
reinforcement type. The concrete compressive strength and reinforcement
ratio had a clear effect on the ultimate capacity and deflection
characteristics while reinforcement type no clear effect of the behavior of
the tested beams. The results showed the necessity of the importance of
considering the effect of axial stiffness on longitudinal reinforcement and

including the effect of web reinforcement.

Four specimens investigated by {"to study the shear strengthening of
deficient reinforced concrete (RC) beams using carbon fiber-reinforced
polymer (CFRP) sheets. The effect of the pattern and orientation of the
strengthening fabric on the shear capacity of the strengthened beams were
examined and his result obtained that the ultimate failure of strengthened
beams occurred with delayed cracking of concrete eventually leading to
the rupture of CFRP sheets and pulling of concrete on side and/or side

cover delamination depending on the strengthening patterns.

The potential of using carbon fiber reinforced Polymer (CFRP) as
reinforcement to concrete Beam was investigated by {18 The CFRP
reinforcement is applied in strip form, which is more economical
compared to wrapping or forming it into bar shape, because it easier and
uses less fiber to achieve similar performance. They concluded that the
CFRP reinforced concrete beam give the required resistance and strength
as designed, with behavior similar to those reinforced with steel bars. The
understanding of the shear resisting mechanisms in RC beams shear-
strengthened by externally bonded fiber-reinforced polymer (CFRP)
sheets was illustrated by 1%, They analyzed and studied the effects of the
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contribution of CFRP ratio on concrete, transversal steel strains and
stresses, longitudinal tensile steel stresses, and diagonal compression
struts and numerical results were compared with eight existing
experimental results and the influence of the CFRP sheets on the shear
strength of the beam. They concluded that the presence of CFRP
reinforcement modifies the inclinations of cracks and struts and other
parameters related to the shear response, producing great effects on the

shear strength of the RC beams.

The I-shaped girders for ultrahigh performance fiber-reinforced concrete
(UHPFRC) with varied types of shear reinforcement (stirrups and/or
fibers, or neither), combined with longitudinal prestressed or mild steel
reinforcing bars were studied by 2%, the contribution of the fibers to the
shear response, prisms have been extracted horizontally, vertically, at 30
and 45° in both undamaged ends of the beams to determine the effective
orientation factor was identified in this study. The efficacy of Carbon
Fibre Reinforced Polymer (CFRP) strips in enhancing shear capacity
and/or changing the failure mode from brittle shear failure to ductile
flexural failure of RC beams. The results of the study indicate that while
there is a marginal increase in first crack and ultimate loads, it is possible
to achieve a change in the failure mode, and the monitored strain gauge

data can be used to explain the failure pattern observed by {21,

The torsional behavior of RC beams strengthened with externally bonded
carbon fiber reinforced Polymer (CFRP) sheets, and to identify the
influence of the investigated parameters affecting the torsional behavior
on the effectiveness and feasibility of strengthening. And found that, the
increase in the ultimate torsional moment for different strengthening
configurations, performance improvement and crack patterns are

presented{??, The shear resistance of RC beams strengthened with FRP

25



investigated by{?%, they concluded that When the FRP reinforcement is in
the form of U-jackets or side strips, debonding of the FRP reinforcement
from the concrete substrate generally governs the shear strength of the
beam and the evaluation of the shear resistance from the FRP becomes
more challenging. An experimental study of large-scale (400 mm x 650
mm) beam specimens strengthened in shear with FRP was conducted to
examine the effects of reversed cyclic loading and to quantify material
shear strength contributions. The experimental research presented by ?4
investigated the shear performance of rectangular reinforced concrete
beams strengthened with CFRP U-strips as well as one completely
wrapped with CFRP sheet; they observed that the larger beam size, CFRP
sheet provided less improvement in the shear capacity. They investigated
the cracking behavior of these specimens. Their research presented a
Comparison between Test Results and Predictions from Design

Guidelines.

Twelve specimens consisting of plain concrete beams, steel-reinforced
concrete (SRC) beams, pure CFRP RC beams and hybrid CFRP RC
beams were fabricated and tested. The test results show the hybrid CFRP
RC beams behave in a more ductile manner when compared with the pure
CFRP RC beams. Also, it is observed that a higher degree of over
reinforcement in the beam specimen resulted in a more ductile CFRP RC
beams. Hence, the addition of steel reinforcement can improve the
flexural ductility of CFRP RC members, and over-reinforcement is a
preferred approach in the design of CFRP RC members are tested by {?3},
The performance of RC beams strengthened in shear by externally
bonded U-shaped Carbon Fibre Reinforced Polymer (CFRP) wraps was
presented by 15}, Different configurations of externally bonded U-shaped

wraps were used to strengthen the beams in shear under four-point
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bending with varying shear span-to-depth ratio (a/d). Experimental results
showed that externally bonded CFRP can increase the shear capacity of
the beam significantly along with improving the performance of

strengthened RC beams.

The flexural behavior of carbon fiber reinforced polymer (CFRP)
strengthened reinforced concrete (RC) beams determined by}, For
flexural strengthening of RC beams, total ten beams were cast and tested
over an effective span of 3000 mm up to failure under monotonic and
cyclic loads. The theoretical moment-curvature relationship and the load-
displacement response of the strengthened beams and control beams were
predicted by using FEA software ANSYS. Comparison has been made
between the numerical (ANSYS) and the experimental results. The results
show that the strengthened beams exhibit increased flexural strength,

enhanced flexural stiffness, and composite action until failure.

The shear behavior of reinforced concrete beams strengthened by the
attachment of different configurations and quantities of CFRP using
epoxy adhesives investigated by{?”}.. From experimental work clearly
stated that moderate surface treatment for concrete before FRP bonding is

sufficient to allow CFRP to do its job in a proper way.

the results of experimental and analytical studies on the flexural
strengthening of reinforced concrete beams by the external bonding of
high-strength, light-weight carbon fiber reinforced polymer composite
(CFRP) laminates to the tension face of the beam are summarized by 1%,
The results indicate that the flexural strength of beams was significantly
increased as the width of laminate increased. Theoretical analysis using a
computer program based on strain compatibility is presented to predict

the ultimate strength and moment-defection behavior of the beams.
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The experimental investigation on the response of continuous reinforced
concrete (RC) beams with shear deficiencies, strengthened with
externally bonded carbon fiber reinforced polymer (CFRP) sheets studied
by 2% The experimental results indicated that the contribution of
externally bonded CFRP to the shear capacity of continuous RC beams is
significant and is dependent on the tested variables. In addition, the test
results were used to validate shear design algorithms. The proposed
algorithms show good correlation with the test results and provided

conservative estimates.

The results of an experimental and analytical study of the behaviour of
damaged concrete beams retrofitted with CFRP sheets are presented by
(30} The effect of CFRP on strength of RC beams with different
orientation is considered. Different modes of failure and gain in the

ultimate strength were observed.

The shear behavior of reinforced concrete beams strengthened by the
attachment of different configurations and quantities of CFRP using
epoxy adhesives investigated??™. Two types of CFRP materials were
used. A general comparison between results is carried out showing the

best configuration for strengthening.

2. 11. Previous analytical work on deep beams

The method of finite different to formulate equations to calculate shear
and normal stresses for single span deep beams used byl Although the
method was directly applicable to structure mode of homogeneous
materials. The stress distribution in such reinforced concrete members
must be expected to, the non-homogeneity of the material; and the
cracking of the tension zone. For this reason, no unique and strictly

justified design procedure can be proposed.
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Continuous deep beam is studied by ™} to analyze stress distribution and
load arrangement. Many results were given for different load cases and
different height/span ratio (H/L). These mathematical results were later
used by Portland cement Association (1946) for the development of rules
for concrete deep beam design.

The finite difference method also used by 3% to analyze the stress
distribution. Single-span deep beams taken into consideration under five
loading condition:

-One central concentrated load at the compression face.

- One central concentrated load at tension face.

- Uniform distributed load at compression face.

- Uniform distributed load at tension face and, finally two concentrated
loads at third span on compression face.

Three height/span ratios were studied, 0.5, 1.0 and 2.0. It was observed
that for all the types of loading, the stress curve agrees reasonably well
with the linear distribution of the simple flexure theory when the
height/span ratio was 0.5; as this ratio increased the difference between
the linear distribution and the finite difference stresses become more
significant. Three points of zero bending stress were noticed for
height/span ratio equal to 2.0. Results from mathematical analysis under
each loading case were provided in graphical form and it was pointed out
that the stresses for any combination of loading could be computed by
means of the principle of superposition. It was further suggested that
these results could be used for the design of tensile and shear
reinforcement of concrete deep beams and procedures for determining the
amount of reinforcement required were given.

The tied-arch analytical method used by 133 to estimate a collapse load of
deep beams with shear-span/effective-depth ratio of less than 1.0. It was

summarized that the collapse load of the beams was determined by
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investigating the failure of the member of the truss model, i.e. tension tie,
inclined strut and horizontal arch rib. It was assumed that anchorage and
bearing failures could be eliminated by adequate detailing.

It was assumed that shear crack is nearly straight line and hence the
contribution of web reinforcement to the ultimate strength of deep beam
was found. The equations of ultimate strength for both deep beams
without web reinforcement and deep beam with web reinforcement was
verified against the available tests results; good agreement was found.
that CFRP wraps to provide confinement to concrete, increasing its
strength and ductility Shown by{}, They tested 55 R.C beams
experimentally to study the effect of beam width, concrete strength, shear
span-to-depth ratio, CFRP thickness, and strengthening configuration
(completely wrapped, U-jacketing, and side bonding) in shear capacity of
beams and used finite element programming (ANSYS) to verify the
results.

An improved analytical method is used by 36} to predict the deflection of
rectangular reinforced concrete beams strengthened byC FRP composites
applied at the bottom of the beams. He was concluded that results
obtained from the energy variation method show very good agreement

with results obtained from the finite element method.

2.12. Traditional methods and Codes of Practices for Calculating RC

Beams Capacity

As a result, some proposals or recommendations have been adopted in
different countries for the design of reinforced concrete structures
reinforced or strengthened with FRP sheets, such as ACI 440 (2005),
Triantafillou and Antonopoulos (2000) Matthys and Triantafillou (2001),
Carolin and Taljsten (2005a), and Zhang and Hsu (2005).

ACI Codes:
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Beams without opening: the ACI code (1995, 2005) suggested two

alternative methods:
a- Detailed method:

The detailed method makes an attempt to include the effect of concrete
strength, dowel action of longitudinal reinforcement bars, and the
moment-to-shear ratio at the section on ultimate shear strength. The

equation predicting the shear strength of a beam is given as

1 / wVud /
V=< NZ + 100 ”M—u] b,d < O.3\/ftbwd (2.1)

Whrer V,,=factored shear force; M, =factored moment; p,,=reinforcement

ratio; b,,=web width; and d = effective depth; and %d shall not greater

than 1.0.

b-  Simplified method: the above equation is not so simple to use as a

design equation, the ACI code permits use of below equation:

Ve= %JE byd (2.2)

For values of p,, smaller than 0.0012, the following equation is suggested

V.= (0.07+8.3py,).|f/b,,d (2.3)

For beams with shear reinforcement, the ACI consider nominal shear

strength, 1}, as flow:
V= V.+ (2.4)

Where V. = shear strength of concrete; Vs = shear strength of shear

reinforcement.
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Shear strength for inclined stirrup at an angle a with horizontal suggested
as.

Ay fyy (sinx+cosx)d

S

Where A,, f,, are area of shear reinforcement in distance s and yield

strength of shear reinforcement respectively.

When o = 90° (vertical stirrups are used) the above equation reduces to

VS: Avfyvd (26)

but V; = V; (2.7)

Fig.2.8. shear strength vs. provided by shear reinforcement
Minimum shear reinforcement, maximum stirrup spacing and maximum

shear were provided from following equations respectively:

Ay ) _1by,

[ =322 @8)

Smax = 5 < 600mm, when 0.5V, <V, < 3¢V, and

Smax = 5 < 300mm, when 39V, <V, < 50V, (2.9)
[V, Imax= 50V,= 2@ £/b,d (2.10)
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Formulations for the shear resistance of external CFRP sheets bonded to a
rectangular beam are often described differently by various researches
and design guidelines. Most are in fact based on the same equation that
incorporates beam geometry, CFRP geometry, and CFRP effective
strength or strain. This basic equation for the un-factored shear resistance

attributed to CFRP can be expressed in the following form ©7:
V. = frepusbwdg(cot 8 + cot B¢) sin ¢ (2.11)

Where pr = the FRP reinforcement ratio, bw= the beam web width, fi= the
FRP effective stress in the principal fiber direction, and 8 = the principal
compressive stress inclination. The FRP effective stress is defined as the
effective strain multiplied by the modulus of elasticity, Er. The term fr =
the angle of the FRP principal tensile fibers, measured with respect to the
member longitudinal axis. The term de= the effective depth of the FRP,
the definition and calculation of which varies by code, and is sometimes
presented as the effective height, he. The FRP reinforcement ratio is

defined as follows:

— (Ar_\ _ (2twr
pf N (Sfbw) B (Sfbw) (212)
Ar is calculated as the total CFRP thickness on both beam web faces
multiplied by the width of a CFRP strip, w.
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CHAPTER THREE

MATERIALS PROPERTIES AND SUMMARY OF DESIGN
EQUATIONS FROM VARIOUS GUIDELINES

3.1General

Based on this study, a prediction model was proposed by considering all
common parameters that influence the ultimate shear capacity of a
strengthened beam including concrete strength (f¢), effective height of
the beam (d), FRP thickness (t), and strengthening configuration
(completely wrapped, U-jacketing, and side bonding).

The obtained results were compared with that recommended design guide
given by the code (ACI code). Beam geometry was illustrated in Fig.
(3.7)

3.2. Comparison of different method with Design Guidelines

Following the previous discussion on the behavior of CFRP shear-
strengthened beams, it is of interest to see how the measured shear
capacity compares with the predictions from available design guidelines.
Three design guidelines are considered in this study which compared with
American Concrete Institute (ACI) (2008) such as Triantafillou and
Anton 2000, carolin and Taljsten 2005 and Zhichao and Cheng 2005.

The equations used in this part of this study related with below guides:
3.2.1. ACI equation

(@  Simplified method: the equation (2.1) is not so simple to use as a
design equation, the ACI code permits use of below equation:

_1 [/
I/C—g\/ftbwd (3.1)

For beams with shear reinforcement, the ACI consider nominal shear
strength, 1}, as flow:
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= "+ 1 (3:2)
Which V. = shear strength of concrete; Vs = shear strength of shear

reinforcement.

Shear strength for inclined stirrup at an angle o with horizontal suggested
as:

Ay fyy(sinac+cosx)d

= (3.3)

S

Which A, f,, are area of shear reinforcement in distance s and is the
yield strength of shear reinforcement respectively.

When a = 90° (vertical stirrups are used) the above equation reduces to

Avfyvd
S

Vs= 3.4)

butgV, > V (3.5)

The nominal shear strength of an CFRP-strengthened concrete member
can be determined by adding the contribution of the CFRP external shear
reinforcement to the contributions from the reinforcing steel (stirrups,
ties, or spirals) and the concrete. An additional reduction factor s is
applied to the contribution of the CFRP system.

®Vn=¢ (Vc + Vs + yiVi) (3.6)

The reduction factor s of 0.85 is recommended for the three-sided CFRP
U-wrap or two-opposite-sides strengthening schemes. Insufficient
experimental data exist to perform a reliability analysis for fully-wrapped
sections; however, there should be less variability with this strengthening
scheme as it is less bond independent, and therefore, the reduction factor
vt of 0.95 is recommended.

Fig.3.1 illustrates the dimensional variables used in shear-strengthening
calculations for CFRP laminates. The contribution of the CFRP system to
shear strength of a member is based on the fiber orientation and an

assumed crack pattern. The shear strength provided by the CFRP
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reinforcement can be determined by calculating the force resulting from
the tensile stress in the CFRP across the assumed crack. The shear
contribution of the FRP shear reinforcement is then given by:

Vi = Afv ffe (sina + cosa) dy /st (3.7)

Where: Arv = 2 n tr We

(c)

Fig. 3.1.1llustration of the dimensional variables used in shear-
strengthening calculations for repair, retrofit, or strengthening using
CFRP laminates.

The effective strain is the maximum strain that can be achieved in the
CFRP system at the nominal strength and is governed by the failure mode
of the CFRP system and of the strengthened reinforced concrete member.
The licensed design professional should consider all possible failure
modes and use an effective strain representative of the critical failure
mode. The following subsections provide guidance on determining this
effective strain for different configurations of CFRP laminates used for

shear strengthening of reinforced concrete members.

For reinforced concrete column and beam members completely wrapped
by CFRP

efe = 0.004 < 0.75¢fu (3.8)
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CFRP systems that do not enclose the entire section (two- and three-sided
wraps) have been observed to delaminate from the concrete before the
loss of aggregate interlock of the section. For this reason, bond stresses
have been analyzed to determine the usefulness of these systems and the
effective strain level that can be achieved. The effective strain is

calculated using a bond-reduction coefficient kv applicable to shear:
€fe = KV &y < 0.004 (3.9)

The bond-reduction coefficient can be computed from:

klk2Le
= <
111,900efu —

The active bond length Le is the length over which the majority of the

KV 075  (3.10)

bond stress is maintained. This length is given by:

Le = 23300
 (nfstf<Ef)0S8

Le bond-reduction coefficient also relies on two modification factors, ki

(3.11)

and ke, that account for the concrete strength and the type of wrapping

scheme used, respectively. Expressions for these modification factors are

given in
=27 in SI units (3.12)
ko= 2L :;f; Le for U- warps (3.13)
ko= Z;fLefor two side bonded (3.14)
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3.2.2. Triantafillou and Anton 2000 equation for FRP contribution
In the deterministic approach, based on an analysis (curve fitting) of a

large data base of experimental results, equations for the effective strain
are proposed as a function of a correlation parameter. Triantafillou (1997,
1998) argues effective strain level in FRP reinforcement attained at
failure (Er) will mainly depend on the available development length of
the FRP (Force transfer zone at both sides of the shear crack) which is a
function of the bond conditions and the FRP axial rigidity (area time
elastic modulus). By means of an experimental data fitting, it is proposed
to calibrate Eserras a function of Es pwr, with pwf =(Aws/(sr*bw).

Here with, the CFRP shear contribution VT, exp is taken as the difference
between the experimental failure load of the strengthened beams. Given
VT, experimental. and assuming diagonal shear cracks with @=45°.
According to this approach a relationship for Corresponding strain Esges is
suggested by Triantafillou (1997,1998), later on ,this was updated
(Triantafillou and Antonopolos,2000), .A similar approach by Khalifa et
al (1998) the curves are plotted against test results of 70 experiments. The
latter database, collected by Matthys (2000), comprises the original data
found in the literature. Based on this data Matthys (2000), proposed

relationships from recreation with Es as a function of:

0.67+ 0.3

Er= 0.17 ((;Cépf) * Exy for full warp (3.15)
__ 2Wfstf

Pf = e (3.16)

€fe = 0.72 * Efu » e~ (0-0431:TD £5r 2 or 3sidewarp  (3.17)

_ Ef+Pf '

Ff - ((fC)0'67*(%)) (318)

With (a/d) the shear span to effective depth ratio.
vi= 2Westf+EfxEfexdf (319)

sf
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|
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|

efe=0.72"cfu*e”(-0.0431*I't )

efe=

.

vf = (2*wftfEf* fe*df)/sf

h 4
A

A\

Vn = 0.85Vc+Vs+0.7Vf

A 4

No_ | vin <=0.66(fc*0.5)*bw*df

l Yes

Fig.3.3. Flow chart of Triantafillou and Anton method.
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3.2.3. Carolin and Taljsten 2005 equation
(m) average fiber utilization. The average fiber utilization expresses the
average strain in the fiber over the height compared to strain in the most
stressed fiber Emin in cross section.
Fiber bonded vertically, with stiffness only in that direction, are not
affected by the bending moment and fiber utilization, is 0.6, this value
obtain from 70 specimens tested by carolin
Carolin suggest that the derivation of fiber contribution based on the truss
theory requires a definition of an arbitrary path of a possible shear crack.
This shear crack is assumed to follow the compression strut in the
concrete and to open in the perpendicular direction. Fibers bonded over
this possible crack will become stressed by the crack opening and then
give a contribution to the shear capacity of the beam. When plate bonding
is used for strengthening, the direction of the principal stresses may be
predicted with high accuracy and the fiber can be placed in the most
effective direction. However, the direction of the shear crack is difficult
to foresee, and the principal strains and stresses will only in exceptional
cases coincide with the fiber direction. Therefore, three geometric angles
are needed in the following analysis Fig. (3.4). The angle (a) for crack
inclination, [ for fiber direction in relation to the beam's longitudinal axis,
and @ for angle between the principal tensile stress and fiber direction.
Thatis @ = a + f — 90.
The contribution from the composite, Vf can be described as

Vs = Ff * sin 3 (3.20)
where  Ff =XFn
And Fn is the force in each composite strip over the assumed crack and is
calculated as

Fr = ofe*As (3.21)
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In EqQ. (3.21) the effective stress, ofe can be calculated by Hook's law and

stiffness only in fiber direction

ofe=Er*Es (3.22)
In equ.( 3.22) the effective strain Ef, can be calculated as
Sfe:n Scr (3 . 23)

Where z is the length of a vertical tension ties in the truss, for steel
stirrups normally expressed by the internal lever arm or 0.9d. For
composites bonded over the whole height, z becomes equal to the beam
height, h. For laminates, the thickness, tf.

The factor (rf) depends on the strengthening scheme and becomes bf/sf.
The value of (n) is based on the analysis, suggested to be (0.6).The final

equ. Is:

VF = n*Ecr*Efxtfxrfxz*cos@ (3.24)

sina

Fig. 3.4 Illustration of the(B,d,a)
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Fig.3.5.Flow chart for carolin and Taljsten 2005 method.

43



3.2.4. Zhichao and Cheng 2005 equation

__ (Afe)(Afsin B+cosB)+Ef«Efexdf
o sf

Afe = 2WT « tf (3.26)
In Eq. (3.26). Af is the area of CFRP shear reinforcement ,.B is the angle

Vi (3.25)

between the orientation of the principal fibers in the CFRP laminates and
the longitudinal axis of the beam , ds is the effective depth of the CFRP
laminates , sf is the CFRP strip spacing , Er the elastic modulus of CFRP
laminates and Er is tensile strain of CFRP laminates when the beam
failed in shear.
To apply equ.(3.25),(Vs ) necessary to find the actual value of the
effective strain Ef .Since the ultimate tensile € of CFRP laminates can
be obtained from material properties provided by the manufacturer, a
reduction factor R is needed to calculate the effective strain Es.

€= R € (3.27)
Thus, the R-value becomes the most important parameter in determining
the shear contribution of CFRP .In this research, three approaches are
presented to determine the R- value, and be used to calculate the effective
strain.
R-Value Based on Model Calibration
Triantafillou (1998) observed that the effective strain is a function of the
axial rigidity of the FRP sheet, which is ps Ef, where pf is the CFRP shear
reinforcement ratio. The implication of this argument is that the effective
FRP strain decreases as the FRP laminates become stiffer and thicker.
Thus, the effective strain versus the axial rigidity can be found by curve
fitting .Since the database used includes various kinds of FRP sheets,
Khalifa et al ,(1998) suggested that the ratio of effective strain to ultimate
strain R= Er /€1, be plotted against axial rigidity pr E,
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Khalifa et al, (1998) presented tow equations to calculate R, one for
CFRP rupture and another for delamination of CFRP from the concrete
surface. The smaller R calculated from three equations will be used. The
three equation are listed below

R =0.5622(Pf «Ef)*> — 1.2188(pf « Ef) + 0.778 (3.28)
Although EQq.(3.28) Above is calibrated from the test results of both
CFRP rupture and delamination, Khalifa et al, (1998) claimed it should
only be used to calculate the reduction factor for rupture .In this equation,
pf is the CFRP shear reinforcement ratio, which is defined as

2xtf s wf/(bw * sf) (3.29)

Wt = CFRP strip width; bw= cross- section width of the RC beam; and
si=CFRP strip spacing

R = (0.0042(fc)%®” » wf)/(Ef + tf)*>® x Efu+df  (3.30)
Eq. (3.30) above which is derived from analysis done by Khalifa et
al.(1998), has been used to calculate the reduction factor for CFRP
delamination from concrete surface .In this equation, Wf is defined as the
effective width of CFRP sheets.

Ef % Pf —0.7488
R = 1.8589 (—)
fc

Considering that Eq. (3.31) Above is based on a regression line and that

(3.31)

the data points are not distributed right on it, a safety factor should be
applied to the equation to account for the data points below the line curve,
the curve for modified is well below most of the data points equ.(3.31)
Above can then be transformed to equ.(3.32) Below after multiplying a

safety factor of 0.8, (0.8= r-squared value from curve points)

—0.7488

R = 14871 (Ef f*c f) (3.32)

use ( R) Which is small
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__ 2Wfstf«Ef«Efexdf

\%i "

(3.33)

2WrExtf
Pf =
bx*sf

< INPUT wf,No.of strip,tf, Ef,df,sf,fc,bw, sfu,Ef,Vs>

v

‘ Vec=1/6 *(fc ~0.5) bw*df ‘

l

| Pf=(2wf*tf)/(b*sf) |

l

| R1=1.4871(Ef*Pf/fc)*-0.7488 I

(3.34)

v

| R2=0.5622(Pt*Ef)*2 -1.2188(Pf*Ef)+0.778 i

h 4

| R3=((0.0042(Fc)"0.67) *Wh/(((EftH"0.58) * =fu*df) |

v

(R)small= =
l -
| sfe=R*:fu |

!

| Vi=(2wftF*Ef* cfe*df)/sf |

| Vn = 0.85Vc+Vs+0.7Vf |

l

No Vhn <=0.66(fc*0.5)*bw*df

¢ Yes

Fig.3.6. Flow chart of Zhichao and Cheng.
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3.3. Material properties and codes of practice used in this study

The parameters considered in this study are: the shear span to effective
depth ratio, the width, the effective depth, the height to width ratio,
effective span to depth ratio, strength of concrete, strength N of main
reinforcement, main reinforced ratio, vertical web reinforcement ratio and
horizontal web reinforcement ratio. properties of materials used in Table

3.1 and Geometrical details of proposed RC beams Fig.3.7

Table 3.1 the materials properties of Deep beam

Specified yield strength of nonprestressed steel 420(MPa)
reinforcement, (Fy)

Width of FRP reinforcing plies, (W) 100(mm)
specified compressive strength of concrete, (fc’) 28(MPa)

tensile modulus of elasticity of FRP, (Ef) 223500(MPa)

Distance between Center to Center(two plies of CFRP) 200(mm)

overall thickness or height of a member, (h) 1200 (mm)
design rupture strain of FRP reinforcement, (Es) 0.018(mm/mm)

design ultimate tensile strength of CFRP, (fr) 3000(MPa)
No. of FRP reinforcing plies —
width of a member, (b) 250(mm)
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Fig. 3.7 Geometrical details of proposed RC beams.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

The main goal for this work was to study the influence of fiber
reinforcement polymer (CFRP) on shear behavior of deep beams with
various guidelines. The purpose was also to study the strength parameters
such as, FRP thickness, beam depth and concrete COMPRESSIVE
strength. The design of shear strength were prepared by Microsoft Excel
spread sheet for three configuration of wrapping to study the effect of

deferent parameter on shear capacity of deep beams.

4.2. Effect of FRP Thickness on Shear Strength of RC Deep beams.

It was a clear that FRP thickness has greater effect on shear strength as
shown in Fig. 4.1 and Table 4.1, Thickness of FRP ,which consider was
(0.08mm),(0.1mm),(0.2mm) for different configuration.
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Table 4.1 The influence of FRP thickness on shear capacity (KN)
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U- shape M 536.6 67.4
m 5428 | 5726
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4.3.
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Fig. 4.1. Effect of FRP thickness on concrete shear strength for different

guidelines (a) full warp (b) U wrap (c) two sides.

Effect of Concrete Strength on Beams capacity

This study also includes the effect of compressive strength on shear

capacity for different FRP configurations as shows in Table 4.2

and Fig

4.2
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Table 4.2. The influence of concrete strength on concrete shear

strength.

configurati [l compressive || ACI Triant- J| Carolin
on strength L oy | afitou | ey
(kN)
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Fig.4.2.Effect of concrete strength on concrete shear strength for different

guidelines (a) full warp (b) U- wrap (c) two sides.

4.4.  Effect of beam depth (d) on concrete shear strength (\Vc)
This study also includes the effect of Beam Depth on shear capacity for

different FRP configurations as shows in Table 4.3 and Fig. 4.3, The
Depth of FRP ,which consider was

(2080mm), (980mm),(880mm) for different configuration.
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Table 4.3. The influence of Beam Depth on shear Strength

Config- ACI || Triant- || Caroli || Zhichao Percentage
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Fig.4.3. Effect of beam depth on concrete shear strength (\VVc) for

different guidelines (a) full warp (b) U wrap (c) two sides.
4.5. Discussion of results

In this study, it was considered effect of CFRP thickness on shear

capacity as shown in Table 4.1. The following results were obtained:

1. For full warp, it was appeared that AClI Method gave big
values of shear capacity with respect to increase of CFRP thickness
by Triantafillou, Carolin and Zhichao.

2. For U- and 2 sides wrapped, it was obvious that
Triantafillou method gave significant values of shear capacity with

respect to increase of thickness by ACI method.

The contribution of increasing the concrete compressive strength on shear
capacity was also considered in this study as shown in Table 4.2. The

results of shear capacity were summarized as follows:

1. For full wrapped it was found that ACI method gave
significant values of shear capacity with respect to Triantafillou,
Carolin and Zhichao.
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2. For U- and 2 sides wrapped, it was appeared that
Triantafillou gave the highest values of shear capacity with respect
to ACI method.
Finally, it was also considered the effect of beams depth on shear
capacity as shown in Table 4.3. The following results were obtained:

1.  For full wrapped, it was found that ACI gave the highest
values of shear capacity with respect to Triantafillou, Carolin and
Zhichao.

2. For U-wrapped and 2 sides, Triantafillou gave the highest

values of shear capacity with respect to ACI method.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1. Conclusions

Based on the results of different design guidelines on reinforced concrete
deep beams strengthened with fiber reinforcement polymer (CFRP) and
reported in literature the following conclusions and recommendations can

be drawn:

i. For CFRP shear contribution, the ACI equation is believed to be
the most appropriate for practical design for the fully wrapped
scheme. The ACI method appears to predict the (CFRP) shear
contribution with a relatively high discrepancy with respect to
Triantafillou, Carolin and Zhichao.

ii.  Presence of CFRP can increase the shear stiffness of deep beam.
The ACI model predicted the ultimate capacity of deep beams base.

iii.  The use of ACI Method overestimates results of shear capacity for
fully wrapped with respect to Triantafillou, Carolin and Zhichao.

iv. The use of Triantafillou Method overestimates results of shear
capacity for U, or two sides wrapped with respect to ACI Method.

v. Carolin and Zhichao methods were used for full wrapped only.

5.2. Recommendations
Recommendation, were summarized as follows:

I.  The study of deep beam strengthening by CFRP need experimental
work, but it was more expensive.

ii.  The modeling of CFRP reinforcement is needed using Computer
Software.

iii.  Nonlinear analysis of deeps may be also done by computer software

to predict the failure of deep beams.
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Appendix1: ACI code calculation sheet:(using ACI quide

1-Effect of FRP thickness t;

a- For full warp

Effect of FRP thickness tf

Full Warp (t=.08)

bw = 250 mm
no of strip (n) = 2 fc= 28 n/fmm2
FRP thich (t) 0.08 df= 1080 mm
W= 100 mm2 Ef= 223500
Afe = 32 mm2  ffu= 0.018
ffu = 3000 sf= 200
Le = 23300/ [n*tf*Ef}r0.58= 53.2581
ki= (fc/27)n2/3= 1.02454
k2= (df-Le)/df = 0.95069 for U warp
k2= (df-2Le)/df = 0.90137 for 2 sides warp
kv=(k1*k2*1e)/11900 ¢fu<0.75 = 0.242177 OK
Efe =0.004 20.75*<fu 0.0135 0.004 for full warp
V= (fcjr0.5%b*d 238117.618 Vs= 275300 N
Vi= (2w tf*Ef*efe*df)/sf= 260690.4 kN
Vs+V<0.66(fc)n.5 *bw*d =
V= VC+Vs+VT = 0 + 774.108 < 942.9458 kN
vn=85VC+Vs+.70VF = 660.1822553
P= 800
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Full Warp (t=0.1)

bw = 250 mm
no of strip {n) = 2 fc= 28 nfmm?2
FRP thich () 0.1 df= 1080 mm
W= 100 mm2 Ef= 223500
Afe = 40 mm2 Efu= 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef)nD.58= 46.7926
k1= (fc/27)n2/3= 1.02454
k2= (df-Le)/df = 0.95667 for U warp
k2= (df-2Le)/df = 0.91335 for 2 sides warp
kv=(k1*k2*1e)/11900 ffu0.75 =
Efe = 0.004 £0.75*%fu 0.0135 0.004 for full warp
ffe= fe *Ef = 894
V= (fc)jr0.5%b*d 238117.618 Vs= 275300 N
vi= (2wi*tf*Ef*efe*df)/sf= 325863 kN
Vs+VF<0.66(fc)n.5 *bwd =
Vn=VC+Vs+Vf = 0 + B839.2806 < 942.9458 kN
vn=.85VC+Vs+.70Vf = 705.8040753
Full Warp (t=0.2)
bw = 250 mm
no of strip (n) = 2 fc= 28 nfmm2
FRP thich (t) 0.2 df= 1080 mm
W= 100 mm2 Ef= 223500
Afe = 80 mm2 Efu = 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef)n0.58= 31.3026
k1= (fc/27)n2/3= 1.02454
k2= (df-Le)/df = 0.97102 for U warp
k2= (df-2Le)/df = 0.94203 for 2 sides warp
kv=(k1*k2*1e)/11900 $fu<0.75 =
Efe = 0.004 £0.75*%fu 0.0135 0.004 for full warp
ffe= fe *6f = 3017.25
V= (fc)jr0.5%b*d 238117.618 Vs= 275300 N
vi= (2wi*tf*Ef*=fe *df)/sf= 651726 N 131195
Vs+VF<0.66(fc)n.5 *bw*d =
Vn=VC+Vs+Vf = 0 + 1165.144 < 942.9458 kN
vn=.85VC+Vs+.70Vf = 033.9081753
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b-For U warp

U Warp (t=0.08)

bw = 250 mm
no of strig 2 fc= 28 nfmm2
FRP thich 0.08 df= 1080 mm
wi= 100 mm2 Ef= 223500
Afe = 32 mm2 ffu = 0.018
ffu = 3000 sf= 200
Le = 23300/ [n*tf*Ef}"0.58=| 53.25806
k1= (fc/27)72/3= 1.024541
k2= (df-Le)/df = 0.950687 for U warp
k2= (df-2Le)/df = 0.901374 for 2 sides warp
kv=(k1*k2*le)/11900 =fu< 0.75 = 0.242177 OK
Efe =  kv*Sfu <075 = 0.00435919 for U or 2 sides warf
ffe= Efe *Ef = 974.278207
V= (fc)n0.5*b*d/6= 238117.6 Vs= 275300 N
vi= (2wi*tf*Ef*“fe*df)/sf= 84177.6371 N
Vs+Vf< 0.66(fc)n.5 *bw*d =
Vn= VC+Vs+VF = 0 + 597.595 = 9429458 kN
vn=.85VC+Vs+. 70V = 536.624321
P= 800 )
U Warp (t=0.1)
bw = 250 mm
no of strig 2 fc= 28 nfmm2
FRP thich 0.1 df= 1080 mm
wi= 100 mm2 Ef= 223500
Afe = 40 mm2 &fu = 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef}"0.58=| 46.79264
k1= (fc/27)72/3= 1.024541
k2= (df-Le)/df = 0.956673 for U warp
k2= (df-2Le)fdf = 0.913347 for 2 sides warp
bv=(k1* kZ*lE]fllQDﬂ Huz0.75 = 0.214117 OK
Efe = kv*Sfu 2075 = 0.00385411 for U or 2 sides warg
ffe= Efe *6f = 861.393064
V= (fc)n0.5%b*d/6= 238117.6
V= (2wistf*Ef*“fe*df)/sf= 93030.4509 N Vs= 275300 N
Vs+Vi< 0.66(fc).5 *bw*d =
VCHVs+Wf= 0 + ©606.448 = 942.9458 kN
vn=.85VC+VS+.70VE = 542.821201
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U Warp (t=0.2)

bw = 250 mm
no of strig 2 fec= 28 nfmm2
FRP thich 0.2 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 80 mm2 fu = 0.018
ffu = 3000 sf= 200
Le =23300/(n*tf*Ef)"0.58=| 31.30258
k1= (fc/27)72/3= 1.024541
k2= (df-Le}/df = 0.971016 for U warp
k2= (df-2Le)/df = 0.942032 for 2 sides warp
bw=(k1* |-[2*|E]f119l)0 EHu<0.75 = 0.145384 OK
Efe = kv*&fu <075 = 0.00261691 for U or 2 sides warf
ffe= e =Ef = 584,879879
Ve= (fc)r0.5*b*d/6= 238117.6
Vi= [2wistf*Ef*“fe*df)/sf= 126334.054 N Vs= 275300 N
Vs+Vf< 0.66(fc)A.5 *bw*d =
VetVs4Vi= 639.752 < 042.0458 kN
vn=.85VC+V5+.70Vf = 566.133813
c-For two sides bond
side Warp (t=0.08)
bw = 250 mm
no of strig 2 fc= 28 nfmmz2
FRP thich 0.08 df= 1080 mm
wi= 100 mm2 Ef= 223500
Afe = 32 mm2 fu = 0.018
ffu = 3000 sf= 200
Le = 23300/{n*tf*Ef}{ 53.25806
k1= (fcf27)n2/3= 1.024541
k2= (df-Le)/df = 0.950687 for U warp
k2= (df-2Le)/df = 0.901374 for 2 sides warp
kv= (k1*k2*1e)/11900 fu< 0.75 = 0.229615 OK
Efe = kv*5fu <075 =  0.004133072 for U or 2 sides warf
ffe= Efe *Ef = 923.7414871
V= (fc)n0.5b*df6= 238117.6
V= (2wirtF*Ef*“fe*df)/sf= 79811.26449 N Vs= 275300 N
Vs+Vf< 0.66(fc)n.5 *bw*d =
VerVs+ = 593.2289 = 9429458 kM
vn=.85VC+Vs+. 70V = 533.5678604
P= B00
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side Warp (t=0.1)

bw = 250 mm
no of strig 2 fc= 28 nfmm?2
FRP thich 0.1 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 40 mm2 tHfu = 0.018
ffu = 3000 sf= 200
Le = 23300/(n*tf*Ef)| 46.79264
k1= (fc/27)h2/3= 1.024541
k2= (df-Le)/df = 0.956673 for U warp
k2= (df-2Le)/df = 0.013347 for 2 sides warp
kv=(k1*k2*le)f11900 #fu<0.75 = 0.20442 OK
Efe = kv*Efu <075 = 0.00367956 for U or 2 sides warf
ffe= fe *ef = 822.3816728
Ve= (fc)h0.5*b*df6= 238117.6
Vi= (2wi*ti*Ef**fe*df)/sf= 88817.22066 N Vs= 275300 N
Vs+VF< 0.66(fc)A.5 *bw*d =
VeaVs+Vif= 602.2348 < 942.9458 kN
vn=.85VC+Vs+. 7OV = 530.8720298
side Warp (t=0.2)
bw = 250 mm
no of strig 2 fc= 28 nfmm2
FRP thich 0.2 df= 1080 mm
Wwi= 100 mm2 Ef= 223500
Afe = 80 mm2 ffu = 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef)| 31.30258
k1= (fc/27)n2/3= 1.024541
k2= (df-Le)/df = 0.971016 for U warp
k2= (df-2Le)/df = 0.942032 for 2 sides warp
kv=(k1*k2*1e)f11900 *fu<0.75 = 0.141044 OK
Efe = kv*Efu <075 = 0.0025388 for U or 2 sides warf
ffe= fe *ef = 567.4217923
V= (fc)n0.5*b*df6= 238117.6 Vs= 275300 N
Vi= (2wi*tf*Ef*“fe*df)/sf= 122563.1071 N
Vs+Vi< 0.66(fc}r.5 *bwd =
VeaVs+Vi= 635.9807 < 942.9458 kN
vn=.85VC+Vs+. JOV = 563.4041503
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2- Effect of concrete
a- Full warp

Effect of concrete strength fort=0.0s

Full Warp (fc=40)

bw = 250 mm
no of strip (n) = 2 fc= 40 nfmm2
FRP thich (t) 0.08 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 Efu = 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef}r0.58= 53,2581
k1= (fc/27)72/3= 1.29956
k2= (df-Le)/df = 0.95069 for U warp
k2= (df-2Le)/df = 0.90137 for 2 sides warp
kv= (k1*k2*1e)/11900 ffu<0.75 =
Efe = 0.004 £0.75*%fu 0.0135 0.004 for full warp
ffe= ffe *Ef = 894
V= (fc)jr0.5%b*d 284604.9894 Vs= 275300 N
Vi= (2wi*tf*Efefe*df)/sf= 260690.4 N
Vs+VF< 0.66(fc).5 *bw*d =
VeHVs+VE = 820.5954 < 1127.036 kN
vn=.85VC+Vs+. 70V = 699.697521
Full Warp (fc=30)
bw = 250 mm
no of strip (n) = 2 fc= 30 n/mm?2
FRP thich (t) 0.08 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 Efu = 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef}r0.58= 53.2581
k1= (fc/27)72/3= 1.07277
k2= (df-Le)/df = 0.95069 for U warp
k2= (df-2Le)/df = 0.90137 for 2 sides warp
kv= (k1*k2*1e)/11900 fu<0.75 =
Efe = 0.004 £0.75*%fu 0.0135 0.004 for full warp
ffe= fe *6f = 894
V= (fc)jr0.5%b*d 246475.1509 Vs= 275300 N
vi= (2wi*tf*Ef*=fe *df)/sf= 260690.4 N
Vs+VF< 0.66(fc).5 *bw*d =
VetVs+VE = 782.4656 = 976.0416 kN
vn=.85VC+.70Vf = 667.2871582
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Full Warp (fc=20)

2
0.08
100 mm2
32 mm2
3000

no of strip (n) =
FRP thich (t)
wi=

Afe =

ffu =

Le = 23300/ (n*tf*Ef)n0.58=
k1= (fc/27)n2f3=

k2= (df-Le)/df =

k2= (df-2Le)/df =

kv= (k1*k2*le)/11900 £fu< 0.75
Efe =

ffe=
Ve= (fc)n0.5+b*d 201246.118
Vi= (2w*tf*Ef*efe*df)/sf=

Vs+Vi< 0.66(fc)n.5 *bw*d =
VetVs+Vi =

vn=.85VC+Vs+. 70V =

0.004 £0.75*%fu

Efe *Ef

0.0135

250 mm
20 nfmm?2
1080 mm
223500
0.0138

Ef=
*fu=
sf=

53.2581
0.81867
0.95069
0.90137

for U warp
for 2 sides warp

0.004 for full warp

804 Vs= 275300 N

260690.4 N

737.2365 <
628.8424803

796.9346 kN

b-For U warp
U Warp (fc=40)

2
0.08
100 mm2
Afe = 32 mm2
ffu = 3000

no of strig
FRP thich
Wif=

Le = 23300/{n*tf*Ef}"0.58=| 53.25806

k1= (fc/27)n2/3= 1.299563

k2= (df-Le)/df = 0.950687

0.901374

k2= (df-2Le)/df =

kv= (k1*k2*Ie)/11900 *fu< 0.75
Efe =

ffe= Efe *Ef
Ve= (fc)r0.5 b *d 6=
V= (2wi*tFEf*“fe*df) sf=
Vs+Vf< 0.66(fc)n.5 *bw*d =
VeHVs+V =
vn=.85VC+Vs+. 70VF =

kv*Sfu <0.75

284605

250 mm
40 n/mm2
1080 mm
223500
0.018

bw =
fc=
df=
Ef=
#Hu =
sf=

for Uwarp
for 2 sides warp
0.207186 OK
0.00552934

for U or 2 sides warg

1235.80788

106773.801 N Vs= 275300 N
666.679 <

591.955902

1127.036 kN
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U Warp (fc=30)
bw = 250 mm
no of strig 2 fec= 30 nfmmz2
FRP thich 0.08 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 #Hu = 0.018
ffu = 3000 sf= 200
Le =23300/(n*tf*Ef)"0.58=| 53.25806
k1= (fc/27)n2/3= 1.072766
k2= (df-Le}/df = 0.950687 for U warp
k2= (df-2Le)/df = 0.901374 for 2 sides warp
bw=(k1* kZ*lE]fllQl)ﬂ Hu=0.75 = 0.253576 OK
Efe = kv*&fu <075 = 0.00456437 for U or 2 sides warf
ffe= fe *Ef = 1020.13693
V= [fc]"'O.E*b*de= 246475.2 V5= 275300 N
V= (2wi*tF*Ef*“fe*df)/sf= 88139.8300 N
Vs+VF< 0.66(fc)A.5 *bw*d =
Ve+Vs+Vf = 609.915 < 076.0416 kN
vn=.85VC+Vs+. 70V = 546.50176
U Warp (fc=20)
bw = 250 mm
no of strig 2 fc= 20 n/mm2
FRP thich 0.08 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 #u = 0.018
ffu = 3000 sf= 200
Le = 23300/ {n*tf*Ef)AD.58= | 53.25806
k1= (fcf27)n2/3= 0.818674
k2= (df-Le)/df = 0.950687 for U warp
k2= (df-2Le)/df = 0.901374 for 2 sides warp
kv=(k1*k2*1e)/11900 =fu< 0.75 = 0.193515 OK
Efe = kv*Efu 2075 = 0.00248327 for U or 2 sides warf
ffe= fe *Ef = 778.510184
V= (fe)h0.5"b*d/6= 201246.1
Vf= (2wf*tF*Ef*“fe*df)/sf= 67263.2799 N Vs= 275300 N
VS+VF< 0.66(fc)n.5 *bw*d =
Ve+Vs+Vf = 543.809 < 796.9346 kN
vn=.85VC+Vs+. 70V = 493.443496
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c-For two sides bond

side Warp (fc=40)

no of strig 2

FRP thich 0.08

W= 100 mm2

Afe = 32 mm2

ffu = 3000

Le = 23300/{n*tf*Ef)] 53.25806
k1= (fcf27)2/3= 1.299563
k2= (df-Le)/df = 0.950687
k2= (df-2Le)/df = 0.901374

kv= (k1*k2*1e)/11900 *fu< 0.75

bw = 250 mm
fc= 40 nf/mm2
df= 1080 mm
Ef= 223500
gfu = 0.018
sf= 200

for U warp

for 2 sides warp

0.201252 OK

e =  kSfu =075 =  0.00524253 for U or 2 sides warg
ffe= Efe *Ef = 1171.705376
V= (fc)a0.5*b*df6= 284605
vi= (2wittfEf**fe*df)/sf= 101235.3445 N Vs= 275300 N
Vs+Vi< 0.66(fc)n.5 *bw*d =
VetVs+Vi = 661.1403 = 1127.036 kN
vn=.85VC+Vs+. 70V = 588.0780821
side Warp (fc=30)
bw = 250 mm
no of strig 2 fc= 30 n/fmm2
FRP thich 0.08 df= 1080 mm
W= 100 mm2 Ef= 223500
Afe = 32 mm2 fHu = 0.018
ffu = 3000 sf= 200
Le = 23300/ {n*tf*Ef}] 53.25806
k1= (fc/27)72/3= 1.072766
k2= (df-Le)/df = 0.950687 for U warp
k2= (df-2Le)/df = 0.901374 for 2 sides warp

kv= (k1*k2*1e)/11900 #fu< 0.75
Efe =

ffe= Efe *Ef
Ve= (fc)n0.5*b*d/6= 246475.2
V= (2w tF*Ef**fe*df)/sf=
Vs+Vf= 0.66(fc)r.5 *bw*d =
Ve+Vs+f =
vn=.85VC+Vs+.70VE =

kv*Efu <0.75

0.240423 OK

0.004327613 for U or 2 sides warf
067.221477

83567.93561 N Vs= 275300 N

605.3431 < 976.0416 kN

543.2014332
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side Warp (fc=20)
bw = 250 mm
no of strig 2 fc= 20 nfmm2
FRP thich 0.08 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 tHfu = 0.018
ffu = 3000 sf= 200
Le = 23300/(n*tf*Ef){ 53.25806
ki= (fc/27)72/3= | 0.818674
k2= (df-Le)/df = 0.950687 for U warp
k2= (df-2Le)/df = 0.001374 for 2 sides warp
kv=(k1*k2*le)f11900 #fu<0.75 = 0.183477 OK
Efe = kv*Sfu <075 =  0.003302587 for U or 2 sides warf
ffe= fe *ef = 738.1281336
Ve= (fc)h0.5*b*d/6= 201246.1
Vi= (2wi*ti*Ef**fe*df)/sf= 63774.27074 N Vs= 275300 N
Vs+VF< 0.66(fc)A.5 *bw*d =
VeaVs+Vf = 540.3204 < 796.9346 kN
vn=.85VC+Vs+. 7OV = 491.0011398

2- Effect of beam depth ds

a- Full warp
Full Warp (1080)

bw = 250 mm
no of strip (n) = 2 fc= 28 nfmmz2
FRP thich (t) 0.08 df= 1080 mm
wi= 100 mm2 Ef= 223500
Afe = 32 mm2 Efu= 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef)A0.58= 53,2581
k1= (fcf27)n2/3= 1.02454
k2= (df-Le)/df = 0.95069 for U warp
k2= (df-2Le)/df = 0.90137 for 2 sides warp
kv= (k1*k2*1e)/11900 <fu< 0.75 =
fe = 0.004 <0.75*%fu 0.0135 0.004 for full warp
ffe= Efe *6f = 894
V= (fc)M0.5*b*d 238117.618 Vs= 275300 N
V= (2wi*tF*Ef*=fe*df)/sf= 260690.4 N
Vs+VF< 0.66(fc).5 *bw*d =
VerVs+Vf = 774.108 = 9429458 kN
vn=.85VC+Vs+. 70T = 660.1832553
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Full Warp (d=980)

bw = 272,72 mm
no of strip (n) = 2 fc= 28 nfmm2
FRP thich (t) 0.08 df= 980.0293 mm
W= 100 mm2 Ef= 223500
Afe = 32 mm2 Efu = 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef)n0.58= 53,2581
k1= (fc/27)n2/3= 1.02454
k2= (df-Le)/df = 0.94566 for U warp
k2= (df-2Le)/df = 0.89131 for 2 sides warp
kv=(k1*k2*1e)/11900 $fu<0.75 =
Efe = 0.004 £0.75*%fu 0.0135 0.004 for full warp
ffe= fe *6f = 894
V= (fc)jr0.5%b*d 235713.1592 Vs= 275300 N
vi= (2wi*tf*Ef*=fe *df)/sf= 236559.4807 N
Vs+VF< 0.66(fc).5 *bw*d =
VetVs+VE = 747.5726 = 933.4241 kN
vn=.85VC+Vs+.70Vf = 641.2478218
Full Warp (d=880)
bw = 300 mm
no of strip (n) = 2 fc= 28 nfmm2
FRP thich (t) 0.08 df= 880 mm
W= 100 mm2 Ef= 223500
Afe = 32 mm2 Hu= 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef)n0.58= 53.2581
k1= (fc/27)n2/3= 1.02454
k2= (df-Le)/df = 0.93948 for U warp
k2= (df-2Le)/df = 0.87896 for 2 sides warp
kv=(k1*k2*1e)/11900 Sfu<0.75 =
Efe = 0.004 £0.75*%fu 0.0135 0.004 for full warp
ffe= fe *6f = 894
V= (fc)jr0.5"b*d 232826.1154 Vs= 275300 N
vi= (2wi*tf*Ef*=fe*df)/sf= 2124144 N
Vs+VF< 0.66(fc)r.5 *bw*d =
VetVs+VE = 720.5405 = 921.9914 kN
vn=.85VC+Vs+.70Vf = 621.8922781
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b-For U warp

U Warp (d=1080)
bw = 250 mm
no of strig 2 fc= 28 nfmm2
FRP thich 0.08 df= 1080 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 gfu = 0.018
ffu = 3000 sf= 200
Le = 23300/ (n*tf*Ef)"D.58=| 53.25806
k1= (fc/27)n2/3= 1.024541
k2= (df-Le)/df = 0.950687 for U warp
k2= (df-2Le)fdf = 0.901374 for 2 sides warp
bv=(k1* k2*|e]f11900 Huz0.75 = 0.242177 OK
Efe = kv*Sfu 2075 = 0.00435919 for U or 2 sides warg
ffe= Efe *Ef = 974.278207
Ve= (fc}n0.5*b*d 6= 238117.6
Vi= (2witFEf**fe*df]/sf= 84177.6371 N Vs= 275300 N
Vs+V< 0.66(fc).5 *bw*d =
VerVs+Vi= 597.595 = 942.9458 kN
vn=_85VC+Vs+ FJOVF = 536.624321
U Warp (d=980)
bw = 272,72 mm
no of strig 2 fc= 28 n/mm2
FRP thich 0.08 df= 980.0292 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 fHu = 0.018
ffu = 3000 sf= 200
Le = 23300/ {n*tf*Ef)A0.58= | 53.25806
k1= (fc/27)n2/3= 1.024541
k2= (df-Le)/df = 0.945657 for U warp
k2= (df-2Le}/df = 0.891313 for 2 sides warp
kv=(k1*k2*1e) /11900 *fu<0.75 = 0.240896 OK
Efe = kv*Sfu 2075 = 0.00433612 for U or 2 sides warf
ffe= ffe *Ef = 969.123066
Ve= (fc)n0.5*b*d/6= 235713.2
Vi= (2w tf*Ef*“fe*df)/sf= 75981.5227 N Vs= 275300 N
Vs+Vf< 0.66(fc)n.5 *hw*d =
VeaVs+VF = 586.995 < 933.4241 kN
vn=.85VC+Vs+. 70V = 528.843251
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U Warp (d=880)

2
0.08

no of strig
FRP thich
W=

Afe =

ffu = 3000

100 mm2
32 mm2

300 mm
28 n/mm2
80 mm
223500
0.018
200

Le = 23300/ (n*tf*Ef)AD.58=

53.25806

k1= (fc/27)A2/3=

1.024541

k2= (df-Le)/df =

0.939479

for U warp

k2= (df-2Le)/df =

0.878959

for 2 sides warp

kv= (k1*k2*1e) /11900 =fu< 0.75
Efe = kv*Sfu 20.75

ffe= Efe *Ef
V= (fc)n0.5+b*d/f6=
V= (2wi*tF*Ef*“fe*df) sf=
Vs+Vf< 0.66(fc)n.5 *bw*d =
Ve+Vs+VE =
vn=_.85VC+\Vs+.JOVF =

232826.1

0.239322 OK
0.0043078 for U or 2 sides warg

962.792589

67780.5083 N Vs= 275300 N
575.907 <

520.648617

021.9914 kN

c-For two sides bon

side Warp (d=1080)

2
0.08
100 mm2
Afe 32 mm2
ffu 3000

no of strig
FRP thich
wi=

d

250 mm
22 nfmm2
1080 mm
223500
0.018
200

bw =
fc=
df=
Ef=
gfu =
sf=

Le = 23300/(n*tf*Ef){ 53.25206

k1= (fc/27)h2/3= 1.024541

k2= (df-Le)/df = 0.950687

for U warp

0.901374

k2= (df-2Le)/df =

for 2 sides warp

kv= (k1*k2*1e)/11900 £fu< 0.75
Efe =

ffe fe *Ef
Ve= (fc)no.5*b*d/6= 238117.6
Vf= (2wirtFrEf**fe*df)/sf=
Vs+Vf< 0.66(fc)n.5 *bw*d =
VetVs+Vf =
vn=.85VC+Vs+. JOVF =

kv*&fu <0.75

0.220615 OK

0.004133072 for U or 2 sides warf

0923.7414871

79811.26443 N Vs= 275300 N
593.2289 <

533.5678004

942.9458 kN

78



side Warp (d=980)

bw = 272.72 mm
no of strig 2 fc= 28 nfmm?2
FRP thich 0.08 df= 080.0293 mm
Wi= 100 mm2 Ef= 223500
Afe = 32 mm2 tHfu = 0.018
ffu = 3000 sf= 200
Le = 23300/(n*tf*Ef){ 53.25806
k1= (fc/27)h2/3= 1.024541
k2= (df-Le)/df = 0.945657 for U warp
k2= (df-2Le)/df = 0.891313 for 2 sides warp
kv=(k1*k2*le)f11900 #fu<0.75 = 0.227052 OK
Efe = kv*Sfu <075 =  0.002086941 for U or 2 sides warf
ffe= fe *ef = 913.4312048
Ve= (fc)h0.5*b*df6= 235713.2
Vi= (2wi*ti*Ef**fe*df)/sf= 71615.15003 N Vs= 275300 N
Vs+VF< 0.66(fc)A.5 *bw*d =
VeaVs+Vf = 582.6283 < 933.4241 kN
vn=_85VC+Vs+.7OVF = 525.7867903
side Warp (d=880)
bw = 300 mm
no of strig 2 fc= 28 nfmm?2
FRP thich 0.08 df= 880 mm
wi= 100 mm2 Ef= 223500
Afe = 32 mm2 ffu = 0.018
ffu = 3000 sf= 200
Le = 23300/{n*tf*Ef){ 53.25806
k1= (fc/27)h2/3= 1.024541
k2= (df-Le)/df = 0.939479 for U warp
k2= (df-2Le)/df = 0.878959 for 2 sides warp

kv= (k1*k2*1e)/11900 *fu< 0.75
Efe =

ffe= Efe *Ef
V= (fc)0.5*b*df6= 232826.1
Vi= (2w tf*Ef**fe*df)/sf=
Vs+Vf< 0.66(fc)r.5 *bw*d =
Ve+Vs+f =
vn=.85VC+Vs+.70VF =

kv*Sfu <0.75

0.223905 OK

0.004030292

900.7702507

63414.22565 M Vs=

571.5403 =< 921.9914 kN
517.592156

for U or 2 sides warf

275300 N
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Appendex2: (Triantafillou and Anton 2000)

1-Effect of FRP thickness tf

a- Full warp
Effect of FRP thickness tf

Full wWarp (t=.08)

afd= 0.5 bw =

no of strig 2 fc=

FRP thich 0.08 df=

W= 100 mm2 Ef=

Afe = 32 mm2 tfu =

fffu = 3000 sf=

pf = (2w f*tf) /b*sf 0.00032
rf = (Ef* pf)ffch3s{a/d)= 15.51263

250 mm
28 n/mm2
1080 mm
223500
0.018

if (a/d) included

Ete = 0.72*=fu*en(.0431*Tf) = for 2 or 3 side warp
Efe = 0.17(fch¥%/EF*Pf)n0.3%=fu = 0.001655 for full warp
V= (fc)r0.5*b*df6= 238117.6
V= [(2wi*tF*Ef*=fe*df)/sf= 31960.68 N Vs= 275300 N
Vs+\Vi= 0.66(fc)r.5 *bw*d =
Vn=Vc+Vs+Vi= 0 + 545.4 < 9429458 kN
wvn= . 85VC+Vs+. JOVE = 500.0725
Full wWarp (t=0.1)
afd = 0.5 bww = 250 mm
no of strig 2 fc= 28 n/mm2
FRP thich 0.1 df= 1080 mim
W= 100 mm2 Ef= 223500
Afe = 40 mm2 fu = 0.018
ffu = 3000 sf= 200
pf = (2wF*tf)/b*sf = 0.0004
rf = (Ef* pf)ffcrds{a/d)= 19.39079 if (afd) included
Efe = 072" fu*en- 043171 = 0.012095 for 2 or 3 side warp
Efe = 0.17({fcn3s/Ef* pf)no.3*=fu = 0.001548 for full warp
V= (fc)n0.5*b*d /6= 238117.6
W= {wa*tf*Ef*EfE*df]fsf= 37363.97 N Vs= 275300 M
Vs+Vf< 0.66(fc)r.5 *bwrd =
Vn=Vc+Ws+Wf= 550.8 =< 942.9458 kM
vn= .85V C+VWs+. 70VT = 503.8548
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Full Warp (t=0.2)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 n/mm2

FRP thich 0.2 df= 1080 mm

wi= 100 mm2 Ef= 223500

Afe = 80 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wF*tf)/b*sf = 0.0008

It = (Ef* pf)ffcnis(a/d)= 38.78158 if (afd) included

Efe = 0.72*=fu*en-.04317TT = 0.01295 for2 or 3 side warp
Efe = 0.17(fcr%Ef*pf)n0.3%=fu = 0.001257 for full warp

V= (fc)n0.5*b*d/6= 238117.6

Vi= (2wi*tf*Ef*<fe*df)/sf= 60697.95 N Vs= 275300 N
Vs+Vf< 0.66(fc)n.5 *bw*d =
Vn=Vc+Vs+Vi= 0 + 574.1 < 942.9458 kN
vn=.85VC+Vs+. J0VE = 520.1885
b- U warp
U or 2 sides Warp (t=0.08)
afd= 0.5 bw = 250 mm
no of strig 2 fc= 28 nfmm2
FRP thich 0.08 df= 1080 mm
wif= 100 mm2 Ef= 223500
Afe = 32 mm2 Efu = 0.018
ffu = 3000 sf= 200
pf = (2wf*tf)/b*sf = 0.00032
en0.431%rf= 0.5124
It = (Ef* pf)ffcndsafd)= 15.51263166 if (afd) included
Efe = 0.72*fu*en-.0431*Tf = 0.006641 for 2 or 3 sides warp
€fe =  0.17(fch%/EFTPF)A0.3%5fu = 0.001655 for full warp
V= (fc)n0.5*b*d/6= 238117.6
V= (2wi*tf*Ef*sfe*df)fsf= 128234.6505 M Vs= 275300 N
Vs+Vf< 0.66(fc)A.5 *bw*d =
Vn=Vc+Vs+Vf= 641.652 < 942.9458 kN
vn=.85VC+Vs+. 70V = 567.4642307
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U or 2 sides Warp (t=0.1)

afd = 0.5 bw =

no of strig 2 fc=

FRP thich 0.1 df=

wif= 100 mm2 Ef=

Afe = 40 mm2 gy =

ffu = 3000 sf=

pf = (2wf*tf)/b*sf = 0.0004
en-0.431%rf= 0.43355

rf = (Ef* pf)/fcnss(a/d)= 19.39078958
o = 0.72%sfu*en-,0431%[f =

€fe = 0.17(fch3%/EFPF)A0.3*5fu =

Ve= (fc)r0.5*b*d/6= 238117.6

250 mm
28 n/mm2
1080 mm
223500
0.018
200

if (afd) included
0.005619 for 2 or 3 sides warp

0.001548 for full warp

vi= [2wf*tf*Ef*=fe*df)/sf= 135626.7875 N Vs= 275300 N
Vs+vf< 0.66(fc)n.5 *bw*d =

Vn=Vc+Vs+Vf= 649.044 < 942.9458 kN
vn=.85VC+Vs+. 70V = L72.6387265

U or 2 sides Warp (t=0.2)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 nfmm?2

FRP thich 0.2 df= 1080 mm

Wi= 100 mm2 Ef= 223500

Afe = 80 mm2 Bfu = 0.018

ffu = 3000 sf= 200

pf = (2wF*tf)/b*sf = 0.0008

en-0.431%rf= 0.18796

It = (Ef* pf)/fends(a/d)= 38.78157916 if (afd) included

Efe = 0.72"=fu*eM-.04317TT = 0.002436 for 2 or 3 sides warp
€fe = 0.17(fcN%/EFPF)N0.3%5fu = 0.001257 for full warp
V= (fc)h0.5*b*d/6=  238117.6

vi= [2wf*tf*Ef*efe*df)fsf= 164637.8751 N Vs= 275300 N
Vs+Vi< 0.66(fc)r.5 *bw*d =

Vn=Vc+Vs+Vf= 678.055 < 942.9458 kN
vn=.85VC+Vs+. 70V = £02.9464879
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2- Effect of concrete strength

a- Full warp

Full Warp fc=40)

afd = 0.5 bw = 250 mm

no of strig 2 fc= 40 nfmm?2

FRP thich 0.08 df= 1080 mm

Wi= 100 mm2 Ef= 223500

Afe = 32 mm2 Efu = 0.018

ffu = 3000 sf= 200

pf = (2w tf)/b*sf = 0.00032

rf = (Ef* pf)/fendé(a/d)= 12.22975 if (afd) included

Efe = 0.72"=fu*en-.0431*TT = 0.01295 for 2 or 3 side warp
Efa = 0.17(fcn34/Ef*pf)no.3*=fu = 0.001777 for full warp
V= (fc)0.5*b*df6= 284605

Vi= (2w tf*Ef*fe*df)/sf= 343232.89 N Vs= 275300 N
Vs+Vf< 0.66(fc)A.5 *bw*d =

Vn=Vc+Vs+Vi= o + 594.2 < 1127.036 kN
vn=.85VCHVs+.JOVE = 541.241

Full Warp (fc=30)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 30 n/fmm?2

FRP thich 0.08 df= 1080 mm

Wwi= 100 mm2 Ef= 223500

Afe = 32 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wFtf)/b*sf = 0.00032

It = (Ef* pf)/fends(a/d)= 14.81528 if (afd) included

Efe = 0.72*fu*e”-.0431*Tf = 0.01295 for 2 or 3 side warp
&fe = 0.17(FcV%[EFFPAM.3*fu=  0.001678 for full warp
V= (fc)h0.5*b*d/6=  246475.2

vi= [2wf*tf*Ef*efe*df)fsf= 32404.75 N

Vs+Vf< 0.66(fc)n.5 *bw*d = Vs= 275300 N
Vn=Vc+Vs+Vf= 0 + 5354.2 ¢« 976.0416 kN

vn=.85VC+Vs+.70VE = 507.4872
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Full Warp (fc=20)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 20 nfmm2

FRP thich 0.08 df= 1080 mm

Wwi= 100 mm2 Ef= 223500

Afe = 32 mm?2 Efu = 0.018

ffu = 3000 sf= 200

pf = (2wF*tf)/b*sf = 0.00032

rf = (Ef* pf)/fcrid(afd)= 19.41351 if {a/d) included

Efe = 0.72% fu*en-.04317Tf = 0.01295 for 2 or 3 side warp
Efe = 0.17(fcr3s Ef*pf)n0.3%=fu = 0.001547 for full warp
Ve= (fc)r0.5*b*df6=  201246.1

V= (2wittf*Ef*sfe*df)/sf= 20880.68 N Vs= 275300 N
Vs+Vi< 0.66(fc)r.5 *bw*d =

Vn=Vc+Vs+Wi= 506.4 = 706.9346 kN
vn=.85VC+Vs+. 70VE = 4672757

b- U warp or two sides
U or 2 sides Warp (fc=40)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 40 nfmm2

FRP thich 0.08 df= 1080 mm

Wi= 100 mm2 Ef= 223500

Afe = 32 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wi*tf)/b*sf = 0.00032

en-0.431%rf= 0.5875

It = (Ef* pf)ffcrdd(afd)= 12.22974797 if (afd) included

e = 0.72*=fu*en-.0431%TT = 0.007614 for 2 or 3 sides warp
e =  0.17(fcM/EFFPFIAD.3*5fu = 0.001777 for full warp
Ve= (fc)}r0.5*b*d/6= 284605

vi= [Mf*l‘f*Ef*EfE*df]fs‘f: 147029.3856 N Vs= 275300 N
Vs+Vi< 0.66(fc)r.5 *bw*d =

Vn=Vc+Vs+Vi= 706.934 < 1127.036 kN

vn= . 85VC+Vs+. 70VE = 620.1348109
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U or 2 sides Warp (fc=30)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 30 nfmm2

FRP thich 0.08 df= 1080 mm

Wi= 100 mm2 Ef= 223500

Afe = 32 mm2 Bfu = 0.018

ffu = 3000 sf= 200

pf = (2wF*tf)/b*sf = 0.00032

en-0.431%rf= 0.528

rf = (Ef* pf)/fcndsi(afd)= 14.81528459 if (afd) included

Efe = 0.72*fu*e”-.0431*Tf = 0.006843 for 2 or 3 sides warp
&fe =  0.17(fcA%/EF*PF)M0.3%5fu = 0.001678 for full warp
V= (fc)h0.5*b*d/6=  246475.2

vi= [2wf*tf*Ef*=fe*df)/sf= 132138.75 N Vs= 275300 N
Vs+VF<0.66(fc)A.5 *bw*d =

Vn=Ve+Vs+Vi= 0 + 653.914 < 976.0416 kN
vn=.85VC+Vs+. 7OV = 577.3010032

U or 2 sides Warp (fc=20)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 20 nfmm2

FRP thich 0.08 df= 1080 mm

Wi= 100 mm2 Ef= 223500

Afe = 32 mm2 Bfu = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf = 0.00032

en-0.431%rf= 0.4231

It = (Ef* pf)/fends(a/d)= 19.41351479 if (afd) included

e = 0.72 =fu*eM-.0431*1f = 0.005613 for 2 or 3 sides warp
€fe = 0.17(fcN%/EFPF)N0.3%5fu = 0.001547 for full warp

Ve= (fc)n0.5*b*d/6= 201246.1

Vi= (2wirtf*Ef*efe*df)/sf= 108388.8118 N Vs= 275300 N

Vs+VF< 0.66{fc)r.5 *bw*d =

Vn=Vc+Vs+Vi= 0 + 584,935 < 796.9346 kN

vn=.85VC+Vs+. 70VE =

522.2313685
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3- Effect of beam depth ds

a- Full warp

Full Warp d=1080)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 n/mm?2

FRP thich 0.08 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 32 mma2 &y = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf= 0.00032

rf = (Ef* pf)/fcrda(a/d)= 15.51263 if (a/d) included

£fe = 0.72*%fu*e"-.0431%Tf = 0.01295 for 2 or 3 side warp
ffe = 0.17(fcr34e/Ef*pf)n0.3%=fu = 0.001655 for full warp
Ves= (fc)0.5*b*d/6= 238117.6

V= I[EWf*‘tf*Ef*EfE*df}fﬁf= 31960.68 kN V5= 275300 M
Vs+VF< 0.66(fc)~.5 *bw*d =

Vn=VoHVs+i= 0 + 5454 < 942.9458 kN
vn=.85VCHVs+ T0VT = 500.0725

Full Warp (d=980)

afd= 0.5 bw = 272.72 mm

no of strig 2 fc= 28 nfmm2

FRP thich 0.08 df= 980.0293 mm

wif= 100 mm2 Ef= 223500

Afe = 32 mm2 Efu = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf = 0.000293

If = (Ef* pf)ffcrid(afd)= 14.22029 if (afd) included

Efe = 0.72* = fu*en-04317TT = 0.01295 for 2 or 3 side warp
Efe = 0.17(fcA24/EF*PF)n0.3*5fu = 0.001699 for full warp
V= (fc)n0.5*b*d/6= 235713.2

V= [wa"tf"Ef"EfE"df]fs‘F: 20769.01 kN Vs= 275300 M
Vs+Vi< 0.66(fc)r.5 *bw*d =

Vn=Vc+Vs4Vi= 0 + 540.8 = 933.4241 kN
vn=.85VC+Vs+. 70VE = 496.4945
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Full Warp (d=880)

afd= 0.5 bw = 200 mm a= 1320
no of strig 2 fc= 28 n/mm2

FRP thich 0.08 df= 830 mm

W= 100 mm2 Ef= 223500

Afe = 32 mm2 fu = 0.018

ffu = 3000 sf= 200

pf = (2w*tf)/b*sf = 0.000267

ef-0431= 0.957815

It = (Ef* pf)ficn¥(a/d)= 12.92719 if (a/d) included
Efe = 0.72% fu* e .0431°Tf = 0.01295 for 2 or 3 side warp
Efe = 0.17({fcA2%/EF*Pf)n0.3*5fu = 0.001748 for full warp

Ve= (fc)n0.5*b*d/6= 232826.1

Vi= (2witF*Ef*sfe*df)/sf= 27506.12 kN Vs= 275300 N
Vs+Vf< 0.66(fc)n.5 *bw*d =

Vn=Vc+Vs4Vi= 535.6 = 921.9914 kN

vn= .85V C+Vs+. 70VF = 492.4565

b-U warp or two sides

U or 2 sides Warp (d=1080)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 nfmm?2

FRP thich 0.08 df= 1080 mm

Wi= 100 mm2 Ef= 223500

Afe = 32 mm2 Bfu = 0.018

ffu = 3000 sf= 200

pf = (2wi*tf)fb*sf = 0.00032

en-0.431%rf= 0.5124

It = (Ef* pf)/fends(a/d)= 15.51263166 if (afd) included

e = 0.72 =fu*eM-.0431*1f = 0.006641 for 2 or 3 sides warp
€fe = 0.17(fcN%/EFPF)N0.3%5fu = 0.001655 for full warp

Ve= (fc)h0.5*b*df6= 238117.6

vi= (2witf*Ef*=fe*df)/sf= 128234.6505 kN Vs= 275300 N
Vs+Vi< 0.66(fc)n.5 *bw*d =

Vn=Vc+Vs+Vf= 641.652 =< 942.9458 kN
vn=.85VC+Vs+.70VF = 567.4642307
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U or 2 sides Warp (d=980)

afd= 0.5 bw =

no of strig 2 fc=

FRP thich 0.08 df=

W= 100 mm2 Ef=

Afe = 32 mm2 Hu =

ffu = 3000 sf=

pf = (2w*tf)/b*sf = 0.000293341
en- 0431%rf= 0.5417

It = (Ef* pf)ficnh¥s(a/d)= 14.22029156
Efa = 0.72*fu*er-.0431%Tf =

Efe = 0.17({fcr3s/Ef*pf)n0.3+5fu =

Ve= (fc)h0.5*b*d/6= 235713.2

272.72 mm
28 nfmm2
980.0292 mm
223500
0.018
200

if (a/d) included

0.00702

0.001699

for 2 or 3 sides warp

for full warp

Vi= (2wi*tti*Ef*=fe*df)/sf= 123018.4999 kN Vs= 275300 N
Vs+Vf< 0.66(fc)r.5 *bwd =

Vn=Vc+Vs4Vi= 0 + B634.032 = 933.4241 kN

vn= 85VCHVs+. TOVE = 561.7691352

U or 2 sides Warp (d=880)

afd= 0.5 bw = 300 mm

no of strig 2 fc= 28 nfmm2

FRP thich 0.08 df= 880 mm

Wi= 100 mm2 Ef= 223500

Afe = 32 mm2 u = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf = 0.000266667

en D431% 0.5729

rf = (Ef* pf)ffcrds(afd)= 12.92719305 delate  if (afd) included

Efe = 0.72*=fu*eN-.0431*1f = 0.007425 for 2 or 3 sides warp
Efe = 0.17({fcA%%/Ef* PF)r0.3*5fu = 0.001748 for full warp

V= (fc)r0.5*b*df6= 232826.1

Vi= (2wl tF Ef*sfe*df)/sf= 116824.5214 kN Vs= 275300 N
Vs+VF< 0.66(fc)r.5 *bw*d =

Vn=Vc+Vs+Wi= 624.951 < 921.9914 kN

vn= .85V C+Vs+. 70VF = 554.979363
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Appendex3: carolin and Taljsten 2005

Full Warp (t= 0.08)

afd = 0.5 bw = 250 mm g = (crack inlinatio 90
no of strig 2 fc= 28 nfmm2  a (frp direction) 45
FRP thich 0.08 df= 1080 mm O=a+f-90 = 45
wif= 100 mm2 Ef= 223500 I= 1080
Afe= 32 mmz2 ffu= 0.018 = Ecr

ffu = 3000 sf= 200

n . 0.6 rf =bf/sf = 0.5

pf = {2wif*tf)/b*sf = 0.00032

e = ME- 0.0108

Efe =

Ve= (fc)jr0.5*b*d/6= 238117.6

Vi= (" *sor*Ef*tf*ri*z*cosA) fsino= 64376.93 N Vs= 275300 N
Vs+Vf<0.66(fc)n.5 *bw*d =

Vn=VC+Vs+Vf = 0 + 577.8¢= 042.0458 kN

vn=.85VC+Vs+. 70V = 5227638

Full Warp (t=0.1)

afd= 0.5 bw = 250 mm B= (crack inlinatio a0
no of strig fc= 28 nfmm2 o (frp direction) 45
FRP thich 0.1 df= 1080 mm 8= u+ﬂ-90 = 45
wif= 100 mm2 Ef= 223500 I= 1080
Afe = 40 mm2 £fu = 0.018 = &cr

ffu = 3000 sf= 200

n . 0.6 rf =bf/sf = 0.5

pf = (2wi*tf)/b*sf = 0.0004

Efe= ME, - 0.0108

e -

Ve= (fc)r0.5*b*d/6= 238117.6

Vi= (" *ecr*Ef*ti*ri*z* cos0) fsina= B0471.17 N Vs= 275300 N
Vs+Vf<0.66(fc)n.5 *bw*d =

Vn=VC+Vs+Vf = 0 + 593.9:= 042.0458 kN

vn=.85VC+Vs+. 70V = 534.0208
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Full Warp (t=0.2)

afd= 0.5 bw = 250 mm B= (crack inlinatio ap
no of strig fc= 28 nfmm2  a (frp direction) a5
FRP thich 0.2 df= 1080 mm O=a+g-90= 45
Wwif= 100 mm2 Ef= 223500 7= 1080
Afe = 80 mm2 ffu= 0.018 =%cr

ffu = 3000 sf= 200

n . 0.6 rf =bf/sf = 0.5

pf = (2wi*tf)/b*sf = 0.0008

Bfa = ME, 0.0108

e -

V= (fc)n0.5%b*d/6= 238117.6

Vi= (0 *eer*Ef*tf*rf*z* cos8)/sina= 160942.3 N Vs= 275300 N

Vs+\f< 0.66(fc)n.5 *bw*d =

Vn=VCHVs+VF = 0 + 6744 < 942.9458 kN

vn=.85VC+Vs+.70VE = 590.3596

2- Effect of concrete strength

Full Warp (fc= 40)

afd= 0.5 bw = 250 mm B= (crack inlinatio a0
no of strig fc= 40 nfmm2  a (frp direction) 45
FRP thich 0.08 df= 1080 mm O=a+pg-90= 45
Wi= 100 mm2 Ef= 223500 I= 1080
Afe = 32 mm2 ffu = 0.018 =°%cr

ffu = 3000 sf= 200

n - 0.6 rf =bf/sf = 05

pf = (2wi*tf)/b*sf = 0.00032

Efe=  ME,- 0.0108

e -

Ve= (fc)r0.5*b*d/6= 284605

Vi= (" *eer*Efttf*ri*z*cos8) fsina= 64376.03 N Vs= 275300 N

Vs+Vf< 0.66(fc)n.5 *bw*d =

Vn= VC+Vs+Vf = 0 + 6243 =< 1127.036 kN

vn=.85VC+Vs+. 70VE = 5622781
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Full Warp (fc= 30)

afd= 0.5 bw = 250 mm B= (crack inlinatio a0
no of strig fc= 30 nfmm2  « (frp direction) 45
FRP thich 0.08 df= 1080 mm O=a+g-90 = 45
wif= 100 mm2 Ef= 223500 I= 1080
Afe = 32mm2  ffu= 0.018 =Ftcr

ffu = 3000 sf= 200

n . 0.6 rf =bf/sf = 0.5

pf = (2wi*tf)/b*sf = 0.00032

Efe= ME, - 0.0108

Efe =

V= (fo)r0.5*b*d/6= 246475.2

Vi= (" *eer*Ef*tf*rf*z*cos8)fsina= 64376.93 N Vs= 275300 N

Vs+Vf= 0.66(fc)r.5 *bw*d =

Vn=VC+HVs+Vf = 0 + 586.2 = 976.0416 kN

vn=.85VC+Vs+. 70VE = 529.8677

Full Warp (fc= 20)

afd= 0.5 bw = 250 mm B= (crack inlinatio a0
no of strig fc= 20 nfmm2  « (frp direction) 45
FRP thich 0.08 df= 1080 mm O=a+g-90 = 45
wif= 100 mm2 Ef= 223500 I= 1080
Afe = 32mm2  ffu= 0.018 =Ftcr

ffu = 3000 sf= 200

n . 0.6 rf =bf/sf = 0.5

pf = (2wi*tf)/b*sf = 0.00032

Efe= ME, - 0.0108

Efe =

V= (fo)r0.5*b*d/6= 201246.1

Vi= (" *eer*Ef*tf*rf*z*cos8)fsina= 64376.93 N Vs= 275300 N
Vs+Vf= 0.66(fc)r.5 *bw*d =

Vn=VC+HVs+Vf = 0 + 540.9 < 796.9346 kN

vn=.85VC+Vs+. 70VE = 491.4231
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3- Effect of beam depth (d)

Full Warp (d= 1080)

afd= 0.5 bw = 250 mm B= (crack inlinatio a0
no of strig 2 fc= 28 nfmm2  « (frp direction) 45
FRP thich 0.08 df= 1080 mm O=a+g-90 = 45
wif= 100 mm2 Ef= 223500 I= 1080
Afe = 32mm2  ffu= 0.018 =Ftcr

ffu = 3000 sf= 200

n . 0.6 rf =bf/sf = 0.5

pf = (2wi*tf)/b*sf = 0.00032

Efe= ME, - 0.0108

e -

V= (fo)r0.5*b*d/6= 238117.6

Vi= (" *eer*Ef*tf*rf*z*cos8)fsina= 64376.93 N Vs= 275300 N
Vs+Vf= 0.66(fc)r.5 *bw*d =

Vn=VC+HVs+Vf = 0 + 577.8=« 942,9458 kN

vn=.85VC+Vs+. 70VE = 5227638

Full Warp (d=980)

afd= 0.5 bw = 272.72 mm B= (crack inlinatio a0
no of strig 2 fc= 28 nfmm2  « (frp direction) 45
FRP thich 0.08 df= 980.0293 mm O=a+g-90 = 45
wif= 100 mm2 Ef= 223500 I= 980.029
Afe = 32mm2  ffu= 0.018 =Ftcr

ffu = 3000 sf= 200

n . 0.6 rf =bf/sf = 0.5

pf = (2wi*tf)/b*sf = 0.000292

Efe= ME, - 0.0108

e -

V= (fo)r0.5*b*d/6= 235713.2

Vi= (" *eer*Ef*tf*rf*z*cos8)fsina= 58417.84 N Vs= 275300 N
Vs+Vf= 0.66(fc)r.5 *bw*d =

Vn=VC+HVs+Vf = 0 + 5694« 933.4241 kN

vn=.85VC+Vs+. 70VE = 516.5487

92



Full Warp (d= 880)

afd= 0.5 bw =

no of strig fc=

FRP thich 0.08 df=

wi= 100 mm2 Ef=

Afe = 32 mm2 Efu =

ffu = 3000 sf=

n . 0.6 rf =bf/sf=
pf = (2wi*tf)/b*sf = 0.000267
Efe= ME - 0.0108

e -

V= (fc)0.5b*d/f6= 232826.1

Vi= (" *eer*Ef*tf*rf*z*cos8)fsina= 52455.28 N
Vs+VT< 0.66(fc)n.5 *hw*d =

Vin= VC+Vs+Vf = 0 + 560.6 <
wn=.85VC+Vs+. 70V = 500.9200

300 mm g = (crack inlinatio
28 nfmm2  « (frp direction)
880 mm 8= [H-B-Q{] =

223500 =

0.018 = tcr
200
0.5
Vs= 275300 N
921.9914 kN

45

45
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Appendex4: Zhichao and cheng 2005
1-Effect of FRP thickness

For all Warp (t=0.08)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 n/mm2

FRP thich 0.08 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 32 mm2 &u = 0.018

ffu = 3000 sf= 200

pf = (2wF*tf)/b*sf = 0.00032

R= 1.4871((pf*Ef/fc)A-.7488= 0.736846103

R= 0.5622{pf*Ef)A2 - 1.2188(pf*Ef) +0.778 = 0.693707 Or
R= (-0042(fc)n2/3* wif)/{Ef*tf}n0.58 “Efurdf= 0.000681 which small
Ee - R* =fu= 2.04210454

Ve= (fc)no.5*b*d/6= 238117.6

vf= [wa*tf*E‘f*E‘fE*df]fs‘f= 36512.82018 N V5= 275300 N
Vs+Vf< 0.66(fc)n.5 *bw*d =

Vn=Vc+Vs+Vi= 0 549.93 kN = 042.0458 kN
vn=.85VC+Vs+. 70VE = 503.2589557

For all Warp (t=0.1)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 n/mm2

FRP thich 0.1 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 40 mm2 &u = 0.018

ffu = 3000 sf= 200

pf = (2wF*tf)/b*sf = 0.0004

R= 0.5622{pf*Ef)A2 - 1.2188(pf*Ef) +0.778 = 0.673533 Or
R= (.0042(fc)A2/3* wf)/(EF*tF)10.58 *Sfu*df= 0.000598

Efe =  R*“fu= 1.794197154

Ve= (fc)no.5*b*d/6= 238117.6

Vi= (2wittf*Ef*efe*df)/sf= 40100.30638 N Vs= 275300 N
Vs+Vf< 0.66(fc)n.5 *bw*d =

Vn=Vc+Vs+Vi= 0 553.518 kN = 042.0458 kN

vn=.85VC+Vs+.70VE =

505.7701898
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For all Warp (t=0.2)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 n/mm2

FRP thich 0.2 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 80 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf = 0.0008

R= 0.5622(pf*Ef)A2 - 1.2188(pf*Ef) +0.778 = 0.578052 Or
R= (.0042(fc)A2/3* wf)/(EF*tF)10.58 *Sfu*df= 0.0004

Ee - R* 5fu= 1.200252905

Ve= (fc)no.5*b*d/6= 238117.6

vi= (2wf*tf*Ef*=fe*df)/sf= 53651.20486 N Vs= 275300 N
Vs+Vf= 0.66(fc)n.5 *bw*d =

Vn=Vc+Vs+Vi= 0 + 567.069 kN = 942.9458 kN
vn= .B5VC+Vs+. 70V = 515.2558887

2-Effect of concrete strength

for t=.08

For all Warp (fc= 40)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 40 nfmm2

FRP thich 0.08 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 32 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf = 0.00032

R= 0.5622(pf*Ef)A2 - 1.2188(pf*Ef) +0.778 = 0.693707 Or
R= (.0042(fc)A2/3* wf)/(EF*tF)10.58 *Sfu*df= 0.000863

Ee - R* 5fu= 2.500278499

Ve= (fc)no.5*b*d/6= 284605

vi= (2wf*tf*Ef*=fe*df)/sf= 45314.17955 N Vs= 275300 N
Vs+V< 0.66(fc)A.5 *bw*d =

Vn=Vc+Vs+Vi= 0 + 606.219 kN = 1127.036 kN

vn=85VC+Vs+. JOVT = 549.6341667
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For all Warp (fc=30)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 30 n/mm2

FRP thich 0.08 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 32 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2witf)/b*sf = 0.00032

R= 0.5622(pf*Ef)A2 - 1.2188(pf*Ef) +0.778 = 0.693707 Or
R= (.0042(fc)A2/3* wf)/(EF*tF)10.58 *Sfu*df= 0.000713

e =  R*Sfu= 2.138225739

Ve= (fc)no.5*b*d/6= 246475.2

vi= (2wf*tf*Ef*=fe*df)/sf= 38231.47621 N Vs= 275300 N
Vs+Vf< 0.66(fc)".5 *bw*d =

Vn=Vc+Vs+Vi= 0 + 560.007 kN = 976.0416 kN
vn= .B5VC+Vs+. 70V = 511.5659116

For all Warp (fc=20)

a/d= 0.5 bw = 250 mm

no of strig 2 fc= 20 n/mma2

ERP thich 0.08 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 32 mm2 £fu = 0.018

ffu = 3000 sf= 200

pf = (2wi*tf)/b*sf = 0.00032

R= 0.5622(pf*Ef)~2 - 1.2188(pf*Ef) +0.778 = 0.693707 Or
R= .0042(fc)~2/3* wf)/(EF*tF)~0.58 *“fu*df= 0.000544

ffe = R*%fu= 1.631769433

Ve= (fc)0.5%b*d/6= 201246.1

Vf= (2wf*tf*Ef*=fe*df)/sf= 29176.03745 N V5= 275300 N
Vs+VF< 0.66(fc) .5 *bw*d =

Vn=VoHVs+yi= 0 + 505.722 kN = 796.9346 kN
vn= B5VCHVs+ 70V = 466.7824265
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3-effect of beam depth(d)

for t=.08

For all Warp (d= 1080)

afd= 0.5 bw = 250 mm

no of strig 2 fc= 28 n/mm2

FRP thich 0.08 df= 1080 mm

W= 100 mm2 Ef= 223500

Afe = 32 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf = 0.00032

R= 0.5622(pf*Ef)A2 - 1.2188(pf*Ef) +0.778 = 0.693707 Or
R= (.0042(fc)A2/3* wf)/(EF*tF)10.58 *Sfu*df= 0.000681

Ee - R* 5fu= 204210454

Ve= (fc)no.5*b*d/6= 238117.6

vi= (2wf*tf*Ef*=fe*df)/sf= 36512.82018 N Vs= 275300 N
Vs+V< 0.66(fc)A.5 *bw*d =

Vn=Vc+Vs+Vi= 0 + 549.93 kN = 942.9458 kN
vn= .B5VC+Vs+. 70V = 503.2589557

For all Warp (d=980)

afd= 0.5 bw = 272.72 mm

no of strig 2 fc= 28 n/mm2

FRP thich 0.08 df= 980.0293 mm

W= 100 mm2 Ef= 223500

Afe = 32 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wf*tf)/b*sf = 0.000293341

R= 0.5622(pf*Ef)A2 - 1.2188(pf*Ef) +0.778 = 0.70051 Or
R= (.0042(fc)A2/3* wf)/(EF*tF)10.58 *Sfu*df= 0.00075

e =  R*Sfu= 2.250415193

Ve= (fc)no.5*b*d/6= 235713.2

vi= (2wf*tf*Ef*=fe*df)/sf= 40237.42366 N Vs= 275300 N
Vs+V< 0.66(fc)A.5 *bw*d =

Vn=Vc+Vs+Vi= 0 + 551.251 kN = 933.4241 kN

vn=.85VC+Vs+.70VE =

503.8223819
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For all Warp (d= 880)

afd= 0.5 bw = 300 mm

no of strig 2 fc= 28 n/mm2

FRP thich 0.08 df= 880 mm

wi= 100 mm2 Ef= 223500

Afe = 32 mm2 &fu = 0.018

ffu = 3000 sf= 200

pf = (2wi*tf)/b*sf = 0.000266667

R= 0.5622(pf*Ef)A2 - 1.2188(pf*Ef) + 0.778 = 0.707357 Or
R= (.0042(fc)A2/3* wf)/(EF*tF)10.58 *Sfu*df= 0.000835

Ere - R* 5fu= 2.506219208

V= (fc)r.5*b*d /6= 232826.1

V= [(2wistf*Ef*=fe*df)/sf= 44811.19945 N Vs= 275300 N
Vs+Vf< 0.66(fc)".5 *bw*d =

Vn=Vc+Vs+Vi= 0 + 552.937 kN = 921.9914 kN
vn= 85V +Vs+. 7OV = 504.5700377
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