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ABSTRACT

REHABILITATION OF RC INVERTED-T BENTCAP GIRDERS USING
ANCHORED CFRP SHEETS

Mukesh Sekar

Existing infrastructure includes significant number of reinforced concrete (RC) bridges that
are old and designed based on outdated design codes. Inverted-T beams used as bentcap girders
that support the bridge’s longitudinal precast beams provided a popular structural system of many
existing bridges. The structural behaviour of inverted-T beams is different than that of
conventional top-loaded beams, due to the fact that the loads are introduced into the bottom
flange rather than the top of the beam.

The objective of the present study is to experimentally examine the effectiveness of new
rehabilitation techniques using anchored carbon fibre-reinforced polymer (CFRP) sheets to
eliminate non-ductile failure mechanisms in hanger, web, and flange zones of RC inverted-T
girders, and to analytically evaluate the effect of design variables on the failure mechanisms of
FRP-rehabilitated RC inverted-T bentcap bridge girders.

The experimental phase of this study included conducting eight tests on four simply
supported RC inverted-T girders before and after rehabilitation. The girders represent a 1734
scale model of a prototype bentcap girder. The experimental results showed that the proposed
new rehabilitation schemes proved to eliminate the non-ductile mechanisms in hanger, web, and
flange zones. The rehabilitated girders were able to reach displacement ductility levels of up to 4
and showed an increase in strength up to 20% compared to the control girders.

The analytical phase of this study included conducting a parametric study on the effect of
the uncertainties in the design variables on the failure mechanisms of an existing RC inverted-T
bridge bentcap girder rehabilitated using externally bonded FRP sheets. The analytical study
identified the design variables that are directly- or indirectly-proportional to the required content
of FRP wraps that is needed to ensure a ductile response, which is useful for design engineers of

rehabilitation schemes that uses externally-bonded FRP sheets.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The existing infrastructure in North America and worldwide includes significant
number of reinforced concrete (RC) bridges and overpasses that are old and designed
based on outdated design codes. The deterioration of such structures has significant
economical and life safety impacts. This is evidenced by the increasing number of
failures of such bridges (e.g. the collapse of the Laval overpass in Québec (CCE 2006)).
Many of these infrastructures require rehabilitation to conform to the current design code
provisions, meet the increased demand, enhance the performance, and extend the service
life. The inadequacy of structural strength and ductility, and consequently the
susceptibility to non-ductile failure mechanisms, are the main sources of the deterioration
of RC bridges designed according to old codes. Prior to the enforcement of ductile design
philosophy of 1970’s, structures were designed on the basis of strength. Once the
ultimate strength of a structure is reached,vabrupt non-ductile deterioration follows, which
results in a brittle failure. Also, events such as steel reinforcement corrosion, spalling of
concrete cover, and the decrease in the materials' strength due to fatigue and aging, lead
to the acceleration of such inadequacy in strength and ductility capacities of RC bridges.

Inverted-T beams used as bentcap girders that support the bridge’s longitudinal
precast beams provided a popular structural system of many existing bridges. The

structural behaviour of inverted-T beams is different than that of conventional top-loaded
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beams, due to the fact that the loads are introduced into the bottom flange rather than the
top of the beam. The flange of the inverted-T serves as a shallow shelf to support precast
beams while the stem of the inverted-T, rising to the height of the supported beams,
provides the needed depth to sustain flexure and shear forces. Early investigations that
studied the behaviour of inverted-T beams identified three main categories of non-ductile
failure mechanisms depending on location, which are failure in hanger zone, failure in
web, and failure in flange.

Recent research studied the upgrade of reinforced concrete (RC) bridge girders using
externally bonded fibre-reinforced polymers (FRP) as an alternative for conventional
strengthening techniques such as using steel plates, reinforced concrete jackets, or
external post-tensioning. Externally bonded FRP reinforcement is an attractive
rehabilitation technique due to its tailorable performance characteristics, ease of
application, high strength-to-weight ratio, and non-corrosiveness characteristics.

Despite the use of inverted-T beam in several existing parking structures and bridge
bentcaps that were designed according to older codes, minimal research attention had
been found in the literature in evaluating their strengthening techniques using FRP
composites. Most of the previous research activities focused on rehabilitating RC

rectangular and regular T-sections.

1.2 OBJECTIVE

The objective of the present study is to experimentally examine the effectiveness

of new strengthening techniques using carbon Fibre-reinforced polymer (CFRP) sheets to
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climinate non-ductile failure mechanisms in hanger, web, and flange zones of RC

inverted-T girders.

1.3 SCOPE

In order to achieve the study objectives, the scope of the work is as follows:

1. To analytically evaluate the effect of design variables on the failure mechanisms
of FRP-rehabilitated RC inverted-T bentcap bridge girders.

2. To experimentally evaluate the efficiency of new rehabilitation techniques using
CFRP sheets on strengthening the hanger, shear and punching resisting
mechanisms of inverted-T girders.

3. To model the tested RC girders using a commercially available non-linear
analysis software to predict their load carrying capacities in comparison with the

experimental ones.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

As mentioned in Chapter 1, the objective of the current study is to examine the
effectiveness of new rehabilitation techniques using CFRP sheets in eliminating non-
ductile failure mechanisms of RC inverted-T girders. Despite the importance of the
problem, there has been limited research conducted on the performance of RC inverted-T
girders. Although the use of FRP sheets for rehabilitating rectangular and regular
T-beams has been investigated extensively, yet there is no study in the available literature
explored their application for rehabilitating inverted-T girders. In this chapter, previous
research related to the above mentioned areas are briefly reviewed with the highlight on

the points related to the current investigations.

2.2 BRIDGE SYSTEMS

Many existing bridges are of the slab-on-girder type system (Figure 2.1 and 2.2).
The super structure of such bridge system consists of a concrete slab resting on a set of
stringers which are connected together through cross-diaphragms every spacing. The
stringers could be steel beam, reinforced concrete or precast prestressed beams. Inverted-
T girders act as a support for the stringers in order to transfer the load to the bridge piers.

Depending on the number, and location of the pier, inverted-T bentcap girder can be
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simply supported, cantilevered over simple supports, or they can be constructed
monolithically with columns or piers. They reduce the overall depth of the bridge deck
system (i.e. slab, stringer, inverted-T bentcap girder) by avoiding deep rectangular

bentcap girders beneath the stringers.

2.2.1 Behaviour of RC inverted-T girders

Inverted-T girders provide a natural and popular structural form to support precast
beams. The flange of the inverted-T serves as a shallow shelf to support precast beams
while the stem of the inverted-T, rising to the height of the supported beams, provides the
needed depth to sustain flexure and shear forces.

The structural behaviour of the inverted-T shape differs from that of the more

conventional top-loaded standard T-section in the following ways:

» Loads that are introduced from precast beams into the bottom rather than into the
sides or the top of the web must be supported by stirrups acting as hangers to
transmit vertical forces into the body of the web.

» Flange reinforcement perpendicular to the web is necessary to deliver flange
forces to the hangers in the web.

= Application of flange forces occurs at a greater distance from the centerline of the
web, thereby creating greater tWisting forces on the web.

The current Canadian highway bridge design code (CHBDC 2000) does not specify

design guidelines for the design (or rehabilitation) of inverted-T bentcap girders. Mirza
and Furlong (1983) worked on identifying the behaviour of RC inverted beam and

categorized 3 modes of failures according to its location; they are hanger, web and flange.
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Hanger failures were the failures of stirrups acting as hangers supporting the concentrated
loads on the bracket. Web failures involved shear compression or a shear off compression
zone. Flange failures were attributed either to shear friction or flexure were accompanied
by punching shear contributions longitudinally in the bracket. Figure 2.3 shows the
structural actions on Inverted-T girder. Mirza and Furlong (1985) proposed empirical
formulas for the design of RC inverted-T girders and different failure mechanisms are

explained in the following subsections:

2.2.1.1 Hanger failure of stirrups

It is failure (Figure 2.4) of stirrups acting as hangers in delivering the bracket
loads to the upper part of the inverted T-beam web. Failure by excessive yielding of
hanger bars at the web-flange junction nearest the concentrated loads that permitted a
failure of the bracket or the overall shear failure of the web.

To achieve safe delivery of flange loads into the web, following equation was

A, P-0332/bd,
s f,(B+2d,)

suggested by Mirza and Furlong (1985), [2-1]

In which,

A,= total cross-sectional area of stirrups that are spaced at spacing*s’.

" = Characteristic concrete compressive strength (MPa)

f, = Yield strength of reinforcement (MPa)
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2.2.1.2 Shear compression failure in web

Shear-compression failure (Figure 2.5) is characterized here by the propagation of
a diagonal tension crack towards the compression zone of a beam, followed by the

eventual crushing-spalling of concrete in the compression zone.

2.2.1.3 Shear off-compression zone in web

The failure (Figure 2.5) that follows the shearing-off of the compression zone
along the diagonal crack line represents a failure mode that differs from the shear-
compression type of failure. Such a failure occurs only when the web shear span-to-depth
ratio is small enough to ensure adequate concrete flexural compression strength in
resisting the bending moment developed by the shear force acting through the shear span.
For large shear spans, shear-compression failure occurs when flexural compression
capacity is reached. Hence, failures due to the diagonal tension and subsequent shearing-
off of the compression zone occur in beams with smaller shear span-to-depth ratios than

those of beams involving shear-compression failures.

2.2.14 Punching flexure failure in bracket

A punching failure (Figure 2.6) involves a diagonal tension separation along a
truncated pyramid around a concentrated load. This failure is distinguished here from
flexural failure in the bracket by the lack of crushing in the compression zone at the
bottom of the bracket. When crushing occurs in the compression zone at the bottom of
the bracket, the failure is said to be a flexural failure. With heavy hanger bars and

relatively light bracket flexural reinforcement, the secondary compression occurs along
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the centerline of the loaded area at the bottom face of the bracket after excessive yielding
of the transverse flexural steel in the bracket. With the light hanger steel and relatively
heavy bracket flexural bars, a punching type of failure occurs without the secondary
compression failure.

The flange should be deep enough to prevent punching shear failure. This can be
achieved by satisfying the following equation proposed by Mirza and Furlong (1985) for

effective flange depth (d ) from the top face of the flange to the top of the bottom layer

of transverse reinforcement in the flange.
0.332Jf! (B,+2d) > P [2-2]
In which,
B, =B+2B,
B = length of bearing pad along edge of flange
B,, = width of bearing pad perpendicular to girder axis

P = Total concentrated load acting on the girder

2.2.1.5 Shear friction failure in bracket

A shear friction failure in inverted T-beams occurs when the concrete fails by
sliding or shearing along the plane represented by the vertical face of the web at the
interface of the web and the flange.

The effective depth of flange (d ) from centroid of top layer of flange transverse

reinforcement to the bottom of the flange reinforcement that is required to fulfil shear
friction requirements was proposed by Mirza and Furlong (1985) to satisfy the following

equation:
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02f.d,(B+4e)z P [2-3]
In which,

e = distance from face of web to center of bearing pad

0.2f,' = shear strength of concrete resisting shear friction

2.3 STRENGTHENING OF RC BEAMS USING EXTERNALLY
BONDED FRP SHEETS

Externally bonded reinforcement for the rehabilitation of concrete components
traditionally involved the application of steel plates to the tensile face of structural
components for strengthening. However, the use of the steel plates as external
reinforcement presented the following disadvantages, (a) Deterioration of the bond at the
steel concrete interface from steel corrosion; (b) Difficulty in handling of the plates at the
construction site; (c) Increased load demand on the structure; (d) Restrictions on length of
steel plates due to weight (Karbhari and Seible 2000; Traiantafillou and Plevris 1991). In
order to develop an alternative to bonding of steel plates, the use of FRP composites for
strengthening RC structures was first investigated at Swiss Federal Laboratory for
Materials Testing and Research (EMPA) where tests on RC beams strengthened with
CFRP plates were conducted in 1984 (Teng et al. 2003).

FRP materials are lightweight, noncorrosive, and exhibit high tensile strength
(ACI 2002) and can be tailored to performance requirements via volume fraction control
and/or fiber orientation on the matrix to obtain maximum efficiency (Karbhari and Seible
2000). FRP composites are available in a variety of forms ranging from factory-made
laminates to dry fabrics that can conform to the geometry of the structure before adding

resin (ACI 2002; Teng et al. 2003).
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FRP composite materials possess important qualities, which suggest immense
potential to application of civil structures. As such, the replacement of externally bonded
steel plates with externally bonded FRP composites has been the focus of many
researches in the recent past to repair, strengthen, and retrofit RC structures (Teng et al.
2003). FRP composites possess the following characteristics, which provide advantages
in terms of materials properties and use in field applications, (a) High strength-to-weight
and stiffness-to-weight ratios, (2) Enhanced fatigue life, (3) Corrosion Resistance, (4)
Potential lower life cycle costs (Karbhari and Zhao 2000). In addition, the lightweight
nature of the materials and ease of application make for an attractive for construction
purposes.

A rehabilitation strategy, such as flexural strengthening of a RC bridge deck with
CFRP composites, can be performed without interference of the intended function of the
structure; i.e., no interference with traffic. Although, significant advantages are realized
with FRP composites for bridge strengthening and repair, questions regarding quality and
durability of FRP composites at the material level remain as well as the effect of FRP
materials degradation on the long-term response of the rehabilitated component. It should
be noted, however, the current codes for conventional materials don not provide an
explicit method for incorporation of materials degradation and hence this in itself is a

major contribution.

10
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2.4 CONTRIBUTION OF MATERIALS TO SHEAR CAPACITY

2.4.1 Concrete and steel

One hundred years ago, the Swiss engineer Ritter published his famous paper on
shear in reinforced concrete (Ritter 1899). His “45° truss model” became the basis of
many building codes in North America and around the world. Ritter’s model assumed
that after cracking of the concrete, the behaviour of a reinforced concrete beam becomes
analogous to that of a truss with a top longitudinal concrete chord, a bottom longitudinal
steel chord, vertical steel ties, and diagonal concrete struts inclined at 45°. The models
also assumed that the diagonally cracked concrete cannot resist tension and thus
eliminated the need for diagonal tension members’ perpendicular to the concrete struts.
The shear force was assumed to be resisted by forces in the transverse steel, commonly
referred to as the steel contribution (V;). For the usual case of transverse reinforcement

which is at 90° to the longitudinal reinforcement,

V - Avfydv

s

[2-4]
N

Over the past 100 years, thousands of tests have been conducted to study the shear
behaviour of reinforced and prestressed concrete beams. These experiments studied the
effects of the numerous parameters that affect the shear behaviour, such as the concrete
compressive strength, the amount and distribution of transverse and longitudinal
reinforcement, prestressing, span to depth ratio, beam size (size effects), and the
magnitude of coexisting bending moments and axial loads. Based on the experimental
results, many semi-empirical modifications have been proposed to improve Ritter’s 45°

truss model. The main modification has been the addition of a semi-empirical concrete
11
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contribution term (¥;) to the steel contribution term (¥;) in the equation for total shear
resistance. To account for the effects of the parameters affecting the shear strength, this
traditional method includes different expressions and numerous attached restrictions for
the calculation of the concrete contribution factor V..

As in the tradition approach, the concrete contribution to the shear strength is

related to square root of the concrete compressive strength ( 4/ f,"). Thus,

VC = ﬂ'\/_f?bwdv [2_5]
2.4.2 Contribution of FRP to shear capacity

FRPs were first used as external reinforcement to strengthen reinforced concrete
beams at the Swiss Federal Laboratories for Materials Testing and Research (EMPA)
(Meier 1992). The research conducted by Meier et al. examined the effectiveness of
epoxy bonding thin CFRP plates to the underside of reinforced concrete beams. Flexural
strengthening of reinforced concrete member with external epoxy-bonded FRP laminates
has been studied in detail by researchers at several institutions, including EMPA, the
German Institute for Structural Materials, Building construction, and Fire Protection
(IBMB), the Massachusetts Institute of Technology, and the University of Arizona
(Meier 1992). These studies have examined both the short-term and the long-term
performance of reinforced concrete beams strengthened by carbon, glass, or aramid FRP
epoxy-bonded laminates. Among the topics investigated was the static, creep and fatigue
behaviour, the effect of various types of adhesives and composite materials on the
response, the use of pretensioned laminates, the behaviour under fire and the
development of design procedures based on reliability theory. The results obtained

through such investigations have proved that the FRP-strengthening technique is highly

12
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efficient and effective, especially when the FRP materials are made using carbon fibres
(CFRP), and have led to hundred of applications worldwide.

Triantafillou and Plevris (1991) investigated the collapse mechanism of post-
strengthened beams strengthened by FRP sheets. The strain compatibility method,
concepts of fracture mechanics and a model of FRP peeling-off mechanism were used to
develop a systematic approach to the study of the behaviour of FRP bonded beams. The
assumptions in the analytical model were the same as those of An et. al (1991), which
were similar to the classical theories of reinforced concrete members subjected to flexure.
FRP strengthened beams were assumed to fail in several flexural modes and the pertinent
strength equations were developed.

Uji (1992), tested reinforced concrete beams strengthened in shear with wrapped-
around carbon fabrics and CFRP laminates bonded to the vertical sides. Eight concrete
beams (100 mm x 200 mm x 1300 mm), consisting of 2-16 mm diameter bars in tension
and compression, and 6 mm diameter stirrups at 70 mm spacing (shear reinforcement of
0.81%) were used. His model for the FRP contribution to shear capacity is based on
rather arbitrarily defined FRP-concrete bonding interfaces, which during peeling-off of
the fabrics, carry average shear stresses determined by experiments (to be about 1.3
MPa). The upper limit to the FRP contribution is given by its tensile strength. He
concluded that CFRP stirrups carry greater shear force than calculated from the ratio of
the cross-sectional area of CFRP stirrups and the internal stirrups.

The work of Al-Sulaimani et al. (1994), dealt with shear strengthening using
fiberglass plate bonding (FGPB) techniques. Their model for the contribution of

composites to shear capacity is based on the assumption of FRP-concrete interfaces

13
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which carry average shear stresses during peeling-off equal to 0.8 MPa and 1.2 MPa for
the case of plates and strips, respectively.

Chajes et al. (1995) carried out extensive series of experiments on reinforced
concrete beams strengthened using composites with various types of fibres, namely glass,
aramid, and carbon. He tested twelve reinforced concrete T-beams to study the effect of
using externally applied composite fabric as a method of increasing beam shear capacity.
Three different types of composite were used in the study so that the effects of the fabric
modulus of elasticity and tensile strength could be examined. The selection of the
adhesive was based on the results of pull-off tests using 25 mm wide fabric bonded to a
concrete specimen. Test results for eight beams strengthened for shear were compared
with the corresponding results for the four control beams. De-bonding of the fabric from
concrete did not occur in any of the tests. The behaviour of the strengthened beams was
similar to that exhibited by the control beams both before and after cracking. Before
cracking in the beam occurred, recorded strains in the fabric were very low. However,
after cracking, the fabric strains increased significantly until failure occurred. The test
results indicated that externally bonded composite fabric increased the ultimate shear
strength by 60 to 150%. An analytical method was presented for predicting the ultimate
shear capacity of beams strengthened with bonded composite. In this work, the FRP
contribution to shear capacity is modeled in analogy with steel stirrups and assumes a
limiting FRP strain, which was determined by experiments to be approximately equal to
0.005.

Chaallal et al. (1998) proposed a model by assuming that the bonded FRP

contributes to the shear capacity in the same way as that of internal steel shear

14
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reinforcement. Also he did some work on debonding and found that tensile strength of
the FRP can always be fully utilized if there is a sufficiently long bond length.

At another research effort, Triantafillou (1998) report on strengthening of
reinforced concrete beams in shear using epoxy-bonded composite materials in the form
of laminates or fabrics and based on limit states, the design of FRP-strengthened
members can be treated in analogy with the design of internal shear reinforcement,
provided that an effective FRP strain is used in the formulation. He concluded that the
effectiveness of the technique increases almost linearly with the FRP axial rigidity and
reaches a maximum, beyond which it varies very little.

Triantafillou (1998) and Triantafillou and Antonopoulos (2000) demonstrated that
when the concrete member reaches its shear capacity, the external FRP is stretched in the
principle fibre direction up to a strain level, which is, in general, less than the tensile

fracture strain (& ;). This strain is defined as effective strain, (&) to reflect the fact that
if it were multiplied by the FRP elastic modulus in the principal fibre direction, (£, ), and

the available FRP cross sectional area, it could provide the total force carried by the FRP
at shear failure of the element.

According to the model of Triantafillou (1998), the external FRP reinforcement
may be treated in analogy to the internal steel (accepting that the FRP carries only normal
stresses in the principle FRP material direction), assuming that at the ultimate limit state
in shear (concrete diagonal tension) the FRP develops as effective strain in the principal

material direction, &, . The effective strain ¢, is in general less than the tensile failure
strain € , . Hence, the FRP contribution to shear capacity, V,,, can be written as,

Vi=09¢,,6E,.pb, d(cotd+cota)sina [2-6]

15
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Where,

£,,& = design value of effective FRP strain

b, = minimum width of cross section over the effective depth
d = effective depth of cross section
P = FRP reinforcement ratio equal to (2, .sin@)/b,, for continuously bonded shear

reinforcement of thickness # (b, = minimum width of the concrete cross section
over the effective depth), or (2, /b,)(b, /s ) for FRP reinforcement in the form

of strips or sheets of width br at a spacing s,

E, = elastic modulus of FRP in the principle fibre orientation
0 = angle of diagonal crack with respect to the member axis, assumed equal to 45°
a = angle between principle fibre orientation and longitudinal axis of member

Triantafillou (1998) observed the effective strain to be a function of the axial

rigidity of the FRP sheet (0, E ,) and based on experimental results, for several rigidities
gudity Pr&y

of FRP sheet a relationship between effective strain and axial rigidity was found as

g, =0.0119-0.0205(p, E,)+0.0104(p,E, ] for 0< p,E, <1GPa [2-7]

&, =0.00245-0.00065(0, &, )for p,E, >1GPa [2-8]

Based on more experimental data, Khalifa (1998) modified the Triantafillou

model based on the observation that p £, does not exceed 1.1 GPa in all data. In this
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model (effective stress method) to eliminate the effects of various types of FRP sheet, the
ratio of effective strain to ultimate strain, R = £, /&, , is plotted versus axial rigidity and
the best polynomial fit to the data is given by

R=05622(p,E, } —12188(p,E, )+ 0.778 < 0.50 [2-9]
The ratio of the effective strain to ultimate strain, R, may be used as a reduction factor on

the ultimate strain. &, = R¢,

Similarly, Khalifa proposed another equation for reduction factor based on bond

mechanism between the CFRP sheet and the concrete which is given by,

o 0.0042(f, ' w,,
(&1, )" e.d,

[2-10]

By experience and common practice, the upper limit of the reduction factor is
taken as 0.5 and the governing value of R is then the lowest result among the two
methods.

With the available experimental results Triantafillon (2000) suggests that
debonding is not likely to dominate in the case of fully wrapped CFRP. If debonding is
not dominant, the effective strain appears to depend on the type of FRP due to the very
different fracture strain of materials used. Using his above statement he had generated the
best fit power-type expressions for the available test data. Which are given by
Premature shear failure due to debonding

f o " -3
Ep = 0.65(—1-?”—10-} x10 [2-11]
7Fr

Shear failure combined with or followed by CFRP fracture
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c. 213 \*3
L= 0.17{—“3——] [2-12]

€ fi Eypy
Based on a rational bond strength model between FRP and concrete, Chen (2003)
developed a model for debonding failures in FRP shear strengthened beams. This model
explicitly recognizes the non-uniform stress distribution in the FRP along a crack as
determined by the bond strength between FRP strips and concrete. According to the
author the FRP contribution to shear capacity is expressed as

hy,.(cot@+cot f)sin B

Vﬁp = ?‘f frp,etfrp Wﬁp

[2-13]

S o
Taken the non-uniformity of stresses in the FRP intersected by the critical shear
crack into consideration, the effective or average stress in the FRP at the ultimate limit

state f;, ., was defined as
fﬁp,e=Dfrpo-ﬁ'p,max [2"14]
In which o, .. is the maximum stress in the FRP and D, is termed as the stress

distribution factor which is defined as

zb
J'O' 22
)5 J [2-15]
S
h ﬁ'p,eo'ﬁp,max

Where o, is the stress in the FRP at the ultimate limit state at the location

where the intersecting critical shear crack is at a coordinate z.
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2.5 SUMMARY

In this chapter, the behaviour of existing RC inverted-T girder is reviewed. The
development in strengthening of rectangular and regular-T RC beams using externally
bonded FRP sheets is surveyed. The literature review indicates that the behaviour of
FRP-rehabilitated inverted-T girders need to be explored due to the fact that the loads
acting from the stringers on the inverted-T girder flanges will change the load path and

behaviour of the inverted-T girder compared to that of the conventional top loaded ones.
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Figure 2.5 Typical shear compression and shear-off compression zone mode
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Figure 2.6 Typical punching shear failure mode
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CHAPTER 3

EFFECT OF THE DESIGN VARIABLES ON THE
FAILURE MECHANISMS OF FRP-REHABILITATED
RC INVERTED-T BRIDGE BENTCAP GIRDERS

3.1 INTRODUCTION

The number of existing infrastructures that are in need for rehabilitation is
increasing every day. Among these are inverted-T girder bridge bentcap girders that are
susceptible to non-ductile failure. Recent research showed that externally bonded fibre-
reinforced polymer (FRP) sheets can increase the shear strength of existing bridge
girders. Previous research on the in-plane behaviour of RC inverted-T girders identified
three main categories of non-ductile failure mechanisms, viz. failure in hanger, failure in
web and failure in flange. Figure 3.1 shows an inverted-T bentcap girder with stringers
supported on the shelf formed by the flange of the inverted-T. A designer of a
rehabilitation scheme using externally bonded FRP sheets for an existing inverted-T
girder should develop an understanding of the influence of different factors on the
girder’s failure mechanisms. Unlike in laboratory-tested girders, designing the required
number of FRP sheets to ensure a ductile behaviour by reaching the flexural capacity of
the girder of an existing old bridge, might involve several uncertainties in the design
variables. These design variables include the mechanical properties of concrete and
longitudinal and transverse reinforcements, and the content of the longitudinal, web and

flange reinforcements. Other variables that affect the failure mechanism are: cross-
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sectional relative dimensions, shear span-to-depth ratio and punching force-to-shear force

ratio.

The objective of this chapter is to evaluate the effect of the abovementioned
variables on the failure mechanisms of FRP-rehabilitated RC inverted-T girder bridge

bentcaps.

3.2 FAILURE MECHANISMS OF FRP-REHABILITATED
INVERTED-T GIRDERS

Previous research on RC inverted-T girders (Mirza and Furlong 1985) proposed
empirical formulas for the design of regular RC inverted-T girders. The empirical
formulas provide limits for the web stirrups acting as hangers to transfer flange forces to
the web, the girder web and the design of the flange. In this chapter, these empirical
formulas will be simplified to express the shear strength capacity (V/bt) of the girder web
in terms of design variables. The expected increase of the shear strength capacity for
FRP- rehabilitated girders (due to the use of FRP sheets) is included. Consequently, the
effect of varying these design variables on the shear stress capacity and the failure
mechanism of FRP-rehabilitated inverted-T girders is studied in this chapter. Table 3.1
and Figure 3.2 show the notations of the design variables that are used in the current
study. Design parameters can be grouped in four categories; namely, material properties,
cross-sectional geometric properties, reinforcement content ratios, and longitudinal
span/load properties. The following sub-sections describe briefly the design formulas
(Mirza and Furlong 1985) that govern different failure mechanisms, while equations 3-1

to 3-7 give the corresponding shear strength capacity in terms of the design variables f',
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fvs s % By 1> % Pvws Pvi, Pr> PFRP, PrRP, and PF/V. Definitions of design variables are

described in Table 3.1
3.2.1 Hanger failure mechanism

Forces are transmitted from the flange to the web of the inverted-T girder through

web stirrups that are acting as hangers at the vicinity of the stringers. The necessary

A P-0332f/b,d,

hangers are governed by (Mirza and Furlong 1985), —= therefore
g g y ( g 1985) ; 7 B+2d))

VPt (Br+2a)+0332f(1+28)
bt (PF/V)

[3-1]

ratio

Where, 4, = total cross-sectional area of stirrups that are spaced at spacing‘s’, B = length
of bearing pad along edge of flange, by = width of flange and f'. = compressive strength of
concrete.

3.2.2 Shear and flexural failure mechanism

The forces transferred from the flange to the web through the hanger stirrups are
then transferred to the supports through web shear and flexure mechanisms. The nominal

shear capacity of the web is the sum of the contribution from concrete and steel

mechanism in accordance with CSA (2004) is given by £= 0.2\/—f7 V+Pu Sy [3-2]

The flexural capacity of the girder can be evaluated using sectional analysis and

2 1_ 2 !
expressed in terms of V/bt as, _II)_/;Z prly7 ( (pf /s )/ G/l )) [3-3]

(a/ 4 )ratio

Where, py= Longitudinal steel ratio.
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3.2.3 Flange failure mechanism

The strength of the flange should be adequate to sustain the punching shear action
of the stringer loads applied on the flange. In addition, the flange should be able to resist

the shear friction forces at the face of the web caused by the bracket action of the flange.

The Punching shear in the flange is governed by (Mirza and Furlong 1985)

0.332/17 (B,*+2d) d; > P by having d,shown in Figure 3.2. Where, B, = B+2B,,

B, B, shown in Figure 3.1; P = Total concentrated load acting on the girder. Thus, the

0.332./ £/ (38 + 2y «
shear strength capacity can be simplified as Y. S ( prr /)()}’ [3-4]
bt (PF/V)

ratio

The bracket-type shear friction in the flange is governed by (Mirza and Furlong 1985)

0.2f)d ;(B+4e)> P

0.2/ ay(B+2p)
(PF/V)

therefore Y. [3-5]
bt

ratio

Where, 0.2f,'= shear strength of concrete resisting shear friction.

The transverse reinforcement required to satisfy shear friction in the flange is governed

v lupvfa(ﬁ + 2:8)f v
- (A

by (Mirza and Furlong 1985) u 4.rf, > P therefore [3-6]

ratio
Where, u = co-efficient of sliding friction taken as 1.4 for normal weight concrete.
The flange transverse reinforcement required to resist flexural tension is governed by

56a2pvfl fyv
(PF/7)

(Mirza and Furlong 1985) 0.8 dy Ay f, > Pe therefore %/;: [3-7]

ratio
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Where, 0.8 dy = effective distance between centroid of compression and centroid of

tension for calculating flexural reinforcement in flange.

3.2.4 FRP wrap contribution

In general, the nominal shear capacity, V, of a RC beam rehabilitated with FRP
composites results from the contributions of three mechanisms, namely, concrete Vo,

transverse steel Vi, and FRP V.
V=V.+Vs+ V¢ [3-8]

Where the contributions of the concrete V. and steel V; mechanisms are shown in

equation 3-2.

In this study, the contribution of the FRP wrap of total thickness 74, to the shear

mechanism /7 is taken as that provided by ACI (2002),

A sina +cosa )d
sz ﬁ’ffE( ) / [3_9]
Sy
Where, Afv = ZnIfo andﬁe = SfeEf
Vf
Ez Prr€ ¥ [y [3-10]

Where, pup = 2tEdbfy,, e = effective strain in FRP, » = number of FRP layers on one

side of the beam and #,= thickness of one layer of FRP.
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3.3 EFFECT OF DESIGN VARIABLES ON THE FAILURE
MECHANISMS OF FRP-REHABILITATED RC INVERTED-T
GIRDERS

From the above mentioned formulations, it is shown that the shear strength
capacity V/bt of FRP-rehabilitated RC inverted-T girder depends on thirteen variables
that control the failure mechanisms as grouped in Table 3.1. In order to study the effect of
these design variables on the failure mechanisms of inverted-T girder, a typical RC
inverted-T girder with specific properties as shown in Table 3.2a-3.2d is considered;

hence the effect of changing these properties is evaluated.

As an example, Figure 3.3 shows the effect of changing the web transverse
reinforcement ratio (pyy) on the shear strength capacity V/bt due to different mechanisms.
From the figure, it can be seen that an un-rehabilitated inverted-T girder (with the studied
properties) is expected to have a non-ductile failure mechanism (due to punching shear).
In order to ensure a ductile behaviour, the shear strength capacity V/bt of non-ductile
mechanisms should exceed that of flexural failure. This can be achieved by rehabilitating
the girder using FRP sheets. Figure 3.4 shows the effect of varying pyw on V/bt due to
different mechanism after strengthening with 1.5% of pgre. From the figure, it can be
seen that the FRP increased the shear strength capacity of non-ductile mechanisms, thus

the girder is expected to have a ductile failure through its flexure mechanisms.

In the following sections, a factor of safety index that relates the non-ductile
capacity-to-flexural capacity ratio of the girder is used to evaluate the effect of the design
variables on the failure mechanisms. This non-ductile capacity-to-flexural capacity ratio

is indicated by the ratio of X/Y as shown in figures 3.3 and 3.4. Thus, if the non-ductile
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capacity-to-flexural capacity ratio is less than 1 (e.g. unrehabilitated girder, Figure 3.3), a
non-ductile failure is expected, while a ductile flexure failure is expected if this ratio
exceeds 1 (e.g. rehabilitated girder, Figure 3.4). Higher values of non-ductile capacity-to-
flexure capacity ratio represent the factor of safety against non-ductile failure. On the
other hand, this ratio also represents the degree of allowance for the increase in the
flexural capacity of the inverted-T girder (e.g. by rehabilitating it using longitudinal FRP

sheets, strips or rebars) without reaching its non-ductile failure capacity.

3.3.1 Effect of reinforcement content

Figures 3.5 to 3.7 show the effect of variation of the reinforcement ratios on the
non-ductile capacity-to-flexure capacity ratio. Figure 3.5 shows that increasing the web
reinforcement ratio, pyw, of the studied girder did not change the mode of failure, which
was governed by punching failure mechanism. Rehabilitating the studied girder with FRP
sheets increased the shear strength capacity, V/bt, of non-ductile mechanisms such that

the non-ductile capacity-to-flexural capacity ratio reached about 1.92 for prrp = 1.5%.

Figure 3.6 shows that increasing the flange reinforcement content, pys, up to
0.63% increases the V/bt capacity of the shear friction failure in flange, while the failure
mechanism is governed by punching failure mechanism beyond that ratio. Strengthening
with prrp up to 1.5% shows increase in V/bt capacity as well as change in failure
mechanism from non-ductile to ductile by eliminating both punching and shear friction

failure mechanisms of the studied girder.
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Figure 3.7 shows that increase in longitudinal steel content, p, decreases the non-
ductile capacity-to-flexure capacity ratio. This is attributed to the increase in the V/bt
capacity that corresponds to flexure mechanism. Increasing prrp beyond 0.5% increases

the non-ductile capacity to flexure capacity ratio.

3.3.2 Effect of material properties

Figured 3.8 to 3.10 show the effect of variation of the material properties on the
non-ductile capacity-to-flexure capacity ratio. Figure 3.8 shows that for the studied
girder, the section behaves in a non-ductile manner for the concrete strength less than 45
MPa. For this section, it can be seen that an over estimation of a 10 MPa in the concrete
strength ' results in an under estimation of the necessary pgrp by 0.1% for a targeted
non-ductile capacity-to-flexure capacity ratio. Figure 3.9 shows that, for the studied
section, the variation in estimating fy, (to be 300 MPa or 500 MPa) did not have an effect
on the mode of failure for the existing girder, nor the non-ductile capacity-to-flexure

capacity ratio of FRP rehabilitated girders.

Figure 3.10 shows that an under estimation of the yield strength of longitudinal
reinforcement, f,, to be 300 MPa results in an under estimation of the necessary prre by

0.5% for a targeted non-ductile capacity- to-flexure capacity ratio.

3.3.3 Effect of span geometry

Figure 3.11 shows that increasing the shear span-to-depth ratio (a/t)uio Of the

studied girder results in a more ductile failure mechanism. On the other hand, for girders
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with 1ow (a/t)uario, rehabilitating the girder with FRP increases its non-ductile capacity-to-

flexure-capacity ratio.

Figure 3.12 shows the effect if variation of punching force-to-shear force ratio
(PF/V)uiio on the non-ductile capacity-to-flexure capacity ratio. From the figure, it can be
seen that inverted-T girder that have structural systems with higher punching force-to-
shear force ratio (PF/V)uio are expected to have low non-ductile capacity-to-flexure
capacity ratios. Rehabilitating the girder using FRP increases its non-ductile capacity-to-

flexure capacity ratio.

3.3.4 Effect of cross-sectional geometry

From Figures 3.13 and 3.14, it can be seen that increasing the flange dimensions,
i.e. flange width and height, reduces the possibility of non-ductile mechanism without
altering the girder’s flexure capacity, thus increases the non-ductile capacity-to-flexure

capacity ratio.

On the other hand, an under estimate of the effective depth-to-total depth ratio, vy,
(Figure 3.15) by 5% results in under estimation of the necessary prre by 0.25% for a

targeted non-ductile capacity-to-flexure capacity ratio.
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34 SUMMARY

The effect of eleven variables that control the failure mechanism of FRP-
rehabilitated RC inverted-T girders is evaluated. The variables are grouped into four
categories, namely, material properties, cross-sectional geometry, reinforcement content
and span geometry. Different failure mechanisms are represented by their shear strength

capacity V/bt.

The failure mechanisms are based on existing model. In order to study the effect
of variables, the ratio of the non-ductile shear strength capacity to the shear capacity that
corresponds to flexure failure of the girder is considered. Thus, if the non-ductile
capacity-to-flexural capacity ratio is less than 1, a non-ductile failure is expected, while a
ductile flexure failure is expected if this ratio exceeds 1. The higher the non-ductile
capacity-to-flexure capacity ratio, the higher the factor of safety against non-ductile

failure and the higher possibility to increase the flexural strength of the girder.

1. For targeted non-ductile capacity-to-flexure capacity, the required content of FRP
wraps increases with the increase of Yield strength of reinforcement (f;), Ratio of
the effective depth-to-total girder depth (y), Longitudinal steel ratio (ps) and

Punching force-to-shear force ratio (PF/V)ago.

2. For targeted non-ductile capacity-to-flexure capacity, the required content of FRP
wraps increases with the decrease of Characteristic concrete compressive strength
(f'o), Ratio of flange over hang-to-width of the web (B), Ratio of flange depth-to-
depth of the girder (o), Web transverse reinforcement ratio (pyw), Flange

transverse reinforcement ratio (pyf) and Shear span-to-depth ratio (a/t)rasio.
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Table 3.1 Studied variables that affect the failure mechanism of inverted-T girder

Category Variable Definition
£ Characteristic concrete compressive strength
¢ (MPa)
Material properties fyv Yield strength of stirrups (MPa)
fy Yield strength of reinforcement (MPa)
Ratio of width of the web-to-total girder
X depth
Ratio of flange over hang-to-width of the
Cross-sectional B web
geometry
Ratio of the effective depth-to-total girder
¥ depth
o Ratio of flange depth-to-depth of the girder
Web transverse reinforcement ratio given by
P A,/bs, where A,= total area of stirrups,
vw
b = width of web and s = spacing of stirrups
Flange transverse reinforcement ratio given
by A,fats,, where A,=All transverse
reinforcement within the longitudinal
Reinforcement content Pvt distance 2e each side of the bearing pad, sy
= Spacing of transverse reinf., e and t refer
Fig.2
Longitudinal steel ratio given by A/byt,
pt where A, = Total area of longitudinal steel
CFRP content given by 2tE¢/bf,, where t; =
total thickness of FRP sheets in one side of
PFRP the girder and E; = tensile modulus of the
fiber sheets
a/t Shear span-to-depth ratio
Span geometry
PF/V Punching force-to-shear force ratio
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Table 3.2a Properties of the studied RC inverted-T girder (Material)

Variable

f'c (MPa)

f,, (MPa)

f, (MPa)

Value

40

400

400

Table 3.2b Properties of the studied RC inverted-T girder (Cross-sectional

geometry)
Variable 4 B 04 a
Value 0.3 0.8 0.9 0.3

Table 3.2¢ Properties of the studied RC inverted-T girder (Reinforcement content)

Variable

P (%)

Pyt (%)

ps (%)

prre (%0)

Value

0.85

Table 3.2d Properties of the studied RC inverted-T girder (Span geometry)

Variable a/t PF/V
Value 2.5 1
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Figure 3.1 Inverted-T bentcap girder
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Figure 3.2 Notations of the design variables for inverted-T girder
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CHAPTER 4

EXPERIMENTAL PROGRAM

4.1 GENERAL

The objective of the experimental program is to investigate the use of externally
bonded carbon fibre-reinforced polymer (CFRP) composite in strengthening existing
reinforced concrete (RC) inverted-T bentcap bridge girders to eliminate non-ductile
failure mechanisms on hanger, web and flange. Eight tests were conducted on four
inverted-T scaled girders to asses the effectiveness of the proposed strengthening
schemes for the studied failure mechanisms. The control girders were subjected to
increasing incremental load up to the first sign of non-ductile mechanism, while the
rehabilitated specimens where tested up to failure. All girders had the same concrete
dimensions, with the difference among them being the reinforcement content. In the

following sections, the full details of the experimental program are presented.

4.2 TEST SETUP

The girders were tested under 4-point loading system as shown in Figure 4.1
except for girder IT-G1 which was tested under 3-point loading. The girders were tested
under increasing monotonic load up to failure. Cement grout was used between the base

plate of the loading frame and the top surface of the flange to level the unevenness in the
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concrete surface and to ensure uniform pressure. After each loading increment, all visible
cracks were marked. The loads, deflections and strains were continuously recorded

during the test by means of a 40-channel data acquisition system.

4.3 TEST SPECIMENS

All tested girders were identical in size and proportion, with the only difference
being the reinforcement content in hanger, web shear and punching zones. Figures 4.2-
4.4 shows the dimensions and details of reinforcement of the control girders and its
corresponding test profile. The tested girders represent a 1/3" scale prototype of RC
inverted-T bridge bentcap girders. The girders are simply supported over the span of
3000 mm (10") with a height of 610 mm (24"), flange width of 560 mm (22"), flange
height of 220 mm (8.6”) and web width of 180 mm (7"). The control girders are
designated as IT-G# while the girders rehabilitated using CFRP sheets are designated as

IT-G#R

A total of four girders were cast to study the behaviour of various parameters
influencing the failure criteria of the girder and the possibility of eliminating them. The
control girders' were designed to satisfy the minimum reinforcement requirements
according to the ACI (1968) code providing negligible capacities in hanger, web-shear
and punching zones for girders G1&G2, G3 and G4, respectively. The longitudinal
bottom reinforcement was identical for all tested girders. Eight 20 mm diameter bars
(pr = 2.3%) were used for the flexural reinforcement, while two 10 mm bars are placed at

the top of the flange. Rectangular closed stirrups made of 10 mm diameter bars were used
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for web reinforcement. 10 mm diameter bars (flexural reinforcement for bracket action of
the flange) were used for reinforcement in flange. Supplementary flange horizontal bar of
10 mm diameter were placed at mid-height of the flange. This arrangement of
reinforcement was selected to simulate those of inverted-T bentcap bridge girders

constructed before 1970’s.

4.3.1 Specimens IT-G1 and IT-G2

Figure 4.2 shows the dimensions, reinforcement details of girders IT-G1 and IT-
G2 and their test profile. Both specimens have the same dimensions and reinforcement
contents. The specimens have minimum reinforcement content in the web-shear and
hanger zones. Spacing of web and flange reinforcements were 305 mm and 102 mm,
respectively, Two 10 mm steel bars were used as compression reinforcement placed on
top of the web. The difference between the two specimens is the shear span-to-depth ratio
(M/Vd). Specimen IT-G1 was subjected to one axis of loading at its midspan, while
specimen IT-G2 was subjected to two axes of loading that are 400 mm apart. The shear

span-to-depth ratio was 2.5 and 2.0 for specimens IT-G1 and IT-G2, respectively.

4.3.2 Specimen IT-G3

The objective of this control specimen was to determine the feasibility of web-
shear strengthening of inverted-T girders using CFRP sheets. The girder had minimum
shear reinforcement content, with 10 mm stirrups spaced at 305 mm. In order to avoid the

possibility of failure in hanger or in flange, the reinforcement spacing in the hanger and
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punching zones was decreased to 51 mm up to 370 mm on both sides from center of the
girder. Figure 4.3 shows the dimensions, details of reinforcement and test profile of

specimen IT-G3.

4.3.3 Specimen IT-G4

In this specimen, punching shear behaviour of the flanges of the girder was
studied therefore, the girder had high shear and hanger reinforcement contents (10M @
102 mm and 10M @ 51 mm, respectively) as shown in Figure 4.4. The reinforcement
content in the punching zone was reduced by increasing the spacing of the flange

reinforcement from 51 mm to 102 mm. Figure 4.4 show the girder IT-G4 test profile.

4.3.4 Specimen IT-G1R

A new rehabilitation scheme using CFRP sheets was used for girder IT-G1R in
order to eliminate the non-ductile failure in the web (shear-compression) and hanger
failure mechanisms observed in girder IT-G2 (that has the same loading condition). The
girder is rehabilitated using 3 layers of Tyfo® SCH-11UP carbon fibre sheets (Fyfe 2005).
The difficulties in proposing an FRP-rehabilitation scheme for inverted-T girders
compared to regular rectangular, or even T-girders is the presence of the bottom flange
and the inaccessibility at the locations of the loading points (i.e. stringers), which
prevents wrapping the FRP sheets around the bottom side of the stringer beam. Therefore,

in order to ensure that the FRP sheets will not peel off the concrete at high stress levels,
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FRP sheets were anchored to concrete. Figure 4.5 shows the rehabilitation scheme of the

girder.

Figures 4.6(a) shows the cross section of the rehabilitation scheme at locations
away from the loading plates (section A-A). Holes with depth of 3" were pre-drilled in
the girder’s web and flange to allow for anchoring using 3/8" threaded rods after applying
FRP sheets. At the connection between the web and the flange, concave grout with a
radius of 30 mm is used in order to allow for the smooth transition of stresses in the FRP
sheet from the web to the flange. A 6 mm thick curved angle plate that is anchored to

concrete is used to clamp the FRP in position as shown in the figure.

Figure 4.6(b) shows the cross section of the rehabilitation scheme at locations of
loading plates (section B-B). At these locations, the FRP sheets cannot extend to the top
of the flange. Another anchoring technique to anchor the FRP on the web of the girder to
concrete was used. Two 3" deep pre-drilled holes and CFRP fan-type anchors or fibre
anchors were used to transfer the stresses from the FRP to the girder as shown in the

figure.

The CFRP sheets were bonded to the test girders according to the instructions
provided by the manufacturer (Fyfe 2005). Angle grinder was used to chamfer the girder
edges to a radius of 25 mm to avoid stress concentration as well as any irregularities on
the surface of the girders. Composite sheets were cut to the required length. The two
components of the epoxy were thoroughly mixed using a mixing paddle and electric drill
motor. A thin coat of epoxy was applied to the top surface of the concrete girders in the
area where strips were to be applied, as well as to the bonding side of the composite

sheets using roller. The strips were then applied to the epoxy-coated concrete girder
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surface and rolled out with a roller to ensure proper bonding. Figure 4.10 shows the

elevation of the rehabilitated girder IT-G1R before test.

4.3.5 Specimen IT-G2R

In this specimen, another rehabilitation scheme was examined to eliminate the
non-ductile failure in the web (shear-compression) and hanger failure mechanism

observed in girder IT-G2 as shown in Figure 4.7. The girder was rehabilitated using 3

layers of CFRP sheets that has an inverted LJ shape over the web portion of the girder

along the web shear zones and at the locations of the loading plates. The CFRP sheets
were anchored to the girder using 3" threaded rods that are drilled to the girder. Washers
were used with the threaded rods near the supports and 2"x1"x2/8" steel plates were used
as washers near the loading points. Flange portion of the girder were also wrapped

completely beneath and anchored on the top of the flange.

In the zones adjacent to the loading plates (that represents stringer of a bridge),
the girder was fully wrapped with CFRP. In an attempt for avoiding peeling of the CFRP
at the connection between the web and the flange due to the outward resultant of the
tensile forces in the FRP sheets, anchored curved angle plates (similar to those shown in
Figure 4.6(a)) were used in the zones adjacent to the loading plates. Figure 4.8 shows the

cross-section of the rehabilitation scheme at sections A-A and B-B.
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4.3.6 Specimen IT-G3R

A rehabilitation scheme as shown in Figure 4.9 was used for girder IT-G3R in

order to eliminate the web-shear failure mechanism of girder IT-G3. The girder was

rehabilitated using 3 layers of CFRP sheets with an inverted LJ shape in the web-shear

zones. Since there were no signs of delamination of CFRP sheets in the girder IT-G2R
near the supports, in this scheme it was decided to use anchors using 3/8" threaded rods
only up to a distance equal to the girders height, h (610 mm), from the loading point. At
the connection between the web and the flange, 6” curved angle plate were used similar

to IT-GIR.

4.3.7 Specimen IT-G4R

Based on the failure mechanism of IT-G4 the rehabilitation scheme for girder
IT-G4R shown in Figure 4.10 was proposed to eliminate punching shear failure in the
flanges and to increase the compression capacity of the web by confining the
compression zone in the pure flexure region between the loading points (i.e. web-

compression zone). To eliminate punching failure mechanism in the flange, 3 layers of

CFRP sheets that has a © shape were wrapped around the two flanges of the girder. In

order to transfer the stresses from the CFRP wrap to the web of the girder, fibre anchors
that were sandwiched between the layers of the CFRP wrap on both sides of the flange
were embedded a distance of 3" into the web as shown in Figure 4.15. In order to ensure
that CFRP sheets at the bottom side of the flange will not peel off the concrete at high

stress level, CFRP sheets were anchored to the concrete using 3/8" threaded rods. To
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increase the compression capacity of the web of the girder, 3 layers of CFRP sheets that

has an inverted LJ shape were wrapped over the web up to the edges of loading frame

and were anchored with threaded rods.

44 MATERIALS

4.4.1 Steel reinforcement

The flexural reinforcement used as tension (bottom) reinforcement consisted of
20M (19.5 mm nominal diameter) with cross-sectional area of 300 mm? deformed steel
rebars. 10M rebars (11.3 mm nominal diameter) with cross-sectional area of 100 mm”
were used for other reinforcement in the web and flanges. Samples of the rebars were
tested to obtain their tensile stress-strain relationship. The tested rebars had an average
yield strain of 2100 microstrain, yield stress of 440 MPa and modulus of elasticity of 200

GPa.

4.4.2 Concrete

Ready mix concrete was ordered from the plant and was delivered to the
laboratory. Concrete with specified compressive strength f'c = 30 MPa, slump of
125 mm, which provided adequate concrete workability during the concrete casting in the
forms and maximum aggregate size of 20 mm was ordered from the ready mix plant.
During casting, a total of 15 concrete cylinders (100x200 mm) were cast and cured under

the same conditions as the test girders. The curing consisted of moist curing by covering
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the whole girder with burlap. Three cylinders were tested after 7, 14, and 28 days and
another three were tested on the day of testing of the girders commenced. Table 4.1
shows the results for the concrete compressive and tensile strengths at 28 days of the

tested girders.

4.4.3 CFRP Sheets

The girder is rehabilitated using Tyfo® SCH-11UP unidirectional carbon fibre
sheets (Fyfe 2005) which was delivered in rolls and a two-component epoxy resin which
is mixed and applied to the fibres to form the composite material. The carbon fibres are
characterized by a very high tensile strength, a linearly elastic stress-strain relationship up
to failure, and a modulus of elasticity slightly higher than that of steel. Table 4.2a shows
the typical dry fibre properties while Table 4.2b shows the composite gross laminate

properties as provided by the supplies (Fyfe 2005).

4,5 CONSTRUCTION OF THE TESTED GIRDERS

4.5.1 Preparation of formwork

Two formworks were manufactured from 12.5 mm thick wood in order to
fabricate two girders per pour. Formworks were braced at the top and sides in order to
prevent any lateral movement or change in dimensions during casting. The inner sides of
the wood sheets were coated by a thin layer of wax oil to facilitate their removal after

pouring concrete.
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4.5.2 Preparation of reinforcing cages

All rebars were cut to proper length and stirrups were shop bent and were
assembled in the laboratory. Electrical strain gaunges were placed at selected locations on
the steel bars on flexural reinforcement, stirrups, and on the flange reinforcement. Before
installing strain gauges, the ribs on the steel surface were removed using angle grinder.
Then the surface was smoothened with different grits of sand paper. The prepared surface
was cleaned with acetone and treated with metal conditioner and finally with neutralizer.
The strain gauges and the terminals were attached on the cleaned surface using specified
adhesives. Gauges were then soldered to lead wires. Each gauge was checked for proper
resistance and against short-circuiting. The gauges were waterproofed by polyurethane
coating before being covered with a strain gauge protective putty. The whole area was
then covered with an insulating tape. All reinforcements are properly arranged on a
supports and tied at intersections using tie wires. The cage was then placed in the wooden
form with seats providing proper cover on all sides. Figure 4.11 shows the wooden forms

with steel cage before pouring concrete.

4.5.3 Casting and curing

The specimens were cast with the flange facing upwards. Concrete was placed
into the form directly from a chute on the ready-mix concrete truck. Electric vibrator was
used to vibrate the concrete into proper position. The top surface was then trowelled to a
smooth surface. 15 cylinders were cast simultaneously with each specimen and were

cured along the side the specimens to determine the concrete compressive strength at the
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time of testing. After the concrete had set, specimens and cylinders were covered with

burlap and moistened regularly. Figure 4.12 shows specimens after pouring concrete.

4.6 GIRDER INSTRUMENTATION

The strain in the stirrups and the distribution of strain in the CFRP sheets were
monitored using electrical resistance strain gauges with a 5 mm gauge length. Deflections
were also measured at various locations. During each test, load, displacement and strain
readings were recorded in parallel using the data acquisition system at a rate of 1 sample

per second.

4.6.1 Deflections

Vertical deflections were measured at various locations along the span as shown
in the Figure 4.1. Each specimen was instrumented with 9 Linear Variable Displacement
Transducers (LVDT) ranging from 50 mm to 100 mm capacity depending on the

monitored location.

4.6.2 Strains

Strains in the longitudinal reinforcement and stirrups in the web and flanges were
measured by means of 5 mm electrical strain gauges. Typical locations of the strain
gauges are shown in Figure 4.13. Each specimen had 29 strain gauges, out of which 8

were placed on the longitudinal reinforcement at the centre and at 1/4™ positions. 8 strain
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gauges were put on web reinforcement to trace their strain in the shear zone of the girder.
The strains in the hanger zone were traced by having 6 strain gauges on the hanger
reinforcement near the loading plates. 7 strain gauges were used to capture the strains in

the steel reinforcement in the flanges of the girder.

The key to a successful and optimal usage of strain gauges in strengthening and
rehabilitation is effectively determining optimal placement of the sensors that are capable
of capturing the critical strains in the CFRP sheets. Figure 4.14(a-d) shows the locations
of the strain gauges on the CFRP sheets for girders to monitor the strain at critical

locations.

4.7 COMPARISON OF TESTED GIRDERS

Figure 4.15 shows a comparison between the 8 tests conducted on the inverted-T

bentcap girders. From the figure, the following can be evaluated.

1. Effect of changing the shear-span-to-depth from 2.5 to 2.0 on the behaviour of

existing non-ductile inverted-T girders (by comparing IT-G1 to IT-G2).

2. Effect of increasing the reinforcement in the hanger and punching zones on the
behaviour of existing non-ductile inverted-T girders (by comparing girders IT-G3

to IT-G2).

3. Effect of increasing the web reinforcement in the hanger and shear zones on the
behaviour of existing non-ductile inverted-T girders (by comparing girders IT-G4

to IT-G2).
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4. Effectiveness of two different FRP-rehabilitation techniques on the response of
existing non-ductile inverted-T girders (by comparing IT-GIR and IT-G2R to IT-

G2).

5. Effectiveness of a proposed FRP-rehabilitation technique to strengthen the web-

shear resistance of existing inverted-T girders (by comparing IT-G3R to IT-G3).

6. Effectiveness of a proposed FRP-rehabilitation technique to strengthen the
punching and compressive resistance of existing inverted-T girders (by comparing

IT-G4R to IT-G4).
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Table 4.1 Concrete compressive and tensile strengths at 28 days of the tested girders

Specimen f'. fe
(MPa) (MPa)
IT-G1 32 3.32
IT-G2 31 3.27
IT-G3 33 3.34
IT-G4 33.5 3.33
IT-GIR 32.7 3.29
IT-G2R 31.6 3.20
IT-G3R 33.5 3.37
IT-G4R 33.9 3.32
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Table 4.2a Typical dry fibre properties
(as provided by the supplier Fyfe 2005)

Typical test

Property value

Tensile strength 3.79 GPa

Tensile modulus 230 GPa

Ultlmgte 1.7%
elongation
Density 1.74 gm/cm’

Weight per sq.yd | 298 gm/m’

Fibre thickness 0.127mm

Table 4.2b Composite gross laminate properties
(as provided by the supplier Fyfe 2005)

ASTM | Typical test

Property method value

Ultlrpate tensile s.trength D-3039 1062 MPa
in primary fiber direction

Elongation at break D-3039 1.05%

Tensile modulus D-3039 102 GPa
Ultimate tensile strength
90° to primary fiber D-3039 0
Laminate thickness - 0.25 mm
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Figure 4.1 Schematic of test setup

10M@51(2")c/c % 10M@305(12")c/c A 10M@51(2")c/c 180

10M@305(12")¢/c
10M@102(4"¢/c ||
| ’ 2-10M | T

[N NN NN RN AN R NN ozom L o) N

@ f 1OM@1024")c/c L a &{ 560
300 3000 300 Section A-A

Applied load

R
|

£ =0

3000

Applied load

390

220

Applied load Applied load

IT-G2

|
1

220

Elevation

Figure 4.2 Dimensions, details of reinforcement and test profile for girder
IT-G1 and IT-G2
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Figure 4.3 Dimensions, details of reinforcement and test profile for girder IT-G3
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Figure 4.4 Dimensions, details of reinforcement and test profile for girder IT-G4
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Figure 4.5 Rehabilitation scheme of girder IT-G1R
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and (b) Cross-section B-B
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Figure 4.8 Anchoring techniques used in girder IT-G2R at (a) Cross-section A-A,
and (b) Cross-section B-B
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CHAPTER S

EXPERIMENTAL RESULTS

5.1 GENERAL

Eight tests were conducted on four reinforced concrete (RC) inverted-T girders to
study the use of externally bonded carbon fibre reinforced polymer (CFRP) composite
sheets in eliminating their non-ductile failure mechanisms. Four tests were conducted on
the girders and four tests were conducted on girders after rehabilitation. The tested
girders were subjected to 4-point load applied monotonically in seven tests, while the
girder IT-G1 was subjected to 3-point loading. The girders were subjected to
incrementally increasing load up to failure. During the test, the complete behaviour of
each girder was monitored, including the strains in the steel reinforcements and in the
CFRP sheet. In addition, the displacements at different locations along the girder were
recorded by linear voltage deferential transducers (LVDT). The crack patterns were
manually traced. In this chapter, the test data and experimental results are discussed. The
experimental result includes the load-deflection relationships, strain along the CFRP
sheets and the gain in strength for rehabilitated girders. The following three sections
describe the rehabilitation of non-ductile failure mechanisms of inverted-T girders in

hanger, web, and flange.
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5.2 REHABILITATION OF HANGER ZONE

Four tests were conducted on two RC inverted-T girders that have minimum
hanger reinforcement. Control girders IT-G1 and IT-G2 have the same reinforcement
contents. Girder IT-G1 was tested in 3-point loading, while girder IT-G2 was tested in
4-point loading. Rehabilitated girders IT-GIR and IT-G2R have two different
rehabilitation schemes and were tested in 4-point loading. The following subsections

show the test results of the four tests.

5.2.1 Behaviour of control specimen IT-G1

Figure 5.1 shows the girder IT-G1 before test. First flexure crack was noticed at
load of 150 kN. Shear cracks initiated near the supports and propagated through the
flange and web at angles between 45 to 50°. The inclinations of the shear cracks
decreased as the cracks were propagating towards the middle zone of the girder. At
failure, horizontal cracks were developed in the flexure zone. The horizontal cracks are
attributed to the high tensile strains along the vertical plane due to the nature of loading
of inverted-T girder at its bottom flange which creates a hanger mechanism in the web.
The horizontal cracks along with the inclined shear cracks formed a shear—compression

failure mechanism.

Figure 5.2 shows the load versus mid-span deflection of girder IT-G1. The girder
failed at load of 595 kN in a non-ductile manner. The vertical displacement at mid-span
of the girder was approximately 10 mm. Figure 5.3 shows the complete crack pattern

through out the girder on the various planes of the girder, where F denotes the location of
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failure on the girder. It can be noticed that apart from the shear cracks on the girder,
minor cracks were scattered all along the girder on the flange portion. These cracks are
attributed to the bracket action of the flange. Figure 5.4 shows the deflected shape of the
girder at various performance levels, i.e. cracking of concrete, yielding of longitudinal
reinforcement, maximum load, and ultimate deflection. The deflected shape should be
theoretically symmetrical but in some cases it is not. This could be due to the rounding

off errors in the LVDTs. Figure 5.5 shows the elevation of the girder IT-G1 after failure.

5.2.2 Behaviour of control specimen IT-G2

Girder IT-G2 was tested in 4-point loading with a shear span-to-depth ratio
(M/Vt) of 2, which is less than that of girder IT-G1 (M/Vt = 2.5), that was tested in
3-point loading. Figure 5.6 shows the girder IT-G2 before test. Behaviour of the control
specimen IT-G2 was very similar to that of the specimen IT-G1. But due to change in
Joading system, the girder failed due to yielding of reinforcement in the hanger zone.
Figure 5.7 shows the load versus mid-span deflection of girder IT-G2. Figure 5.8 shows

the elevation of the girder IT-G2 after failure.

5.2.3 Behaviour of rehabilitated girder IT-G1R

Figure 5.9 shows the rehabilitated girder IT-GIR before test. Compared to
girder IT-G2, girder IT-G1R behaved in a more ductile manner. The girder failed at load
of 585 kN. Even though at failure, wide cracks under the loading plates were obvious but

the girder failed after reaching its full flexural capacity. No signs of peeling-off the FRP
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were noticed. Minor local tear of FRP sheets at the top of the girder was noticed at
failure. This could be attributed to high stresses in FRP at failure load. Figure 5.10 shows

rehabilitated girder IT-G1R at failure.

5.2.3.1 Load-deflection relationship

Figure 5.11 shows the load versus mid-span deflection of girders IT-GIR and
IT-G2. From the figure, it can be seen that the control specimen IT-G2 failed in a non-
ductile manner in the hanger zone after the girder reached its hanger capacity. The
control specimen had a mid-span displacement of 12 mm when it reached its peak load
capacity of 460 kN. On the other hand, the rehabilitated specimen IT-G1R using the
proposed rehabilitation scheme had a higher load carrying capacity of 585 kN and
behaved in a more ductile manner. The rehabilitated girder had a yield displacement of
12 mm that corresponds to the load of 520 kN. At failure, the rehabilitated girder had a
mid-span deflection of 50 mm that corresponds to displacement ductility of
approximately 4. The rehabilitation scheme was successful in eliminating the shear-
compression web failure as well as hanger failure mechanism. The rehabilitated girder

failed due to punching shear in the flange.

The deflected shapes of the girder at various performance levels are shown in

Figure 5.12. The deflected shape shows good symmetry and follows the expected pattern.
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5.2.3.2 Strain in web stirrups

Figure 5.13 show that load-strain relationship for the web stirrups. SG-W1 and
SG-W?2 represent the measured strain in the vertical stirrups in the shear-dominated zone
of the girder. SG-H1 and SG-H2 represent the measured strains in the vertical stirrups
that act as hangers at the loading points of the girder. From the figure it can be seen that
the strains of the web and hanger stirrups of the control specimen exceeded the yield
strain, The high strains in SG-W1 and SG-W2 resulted in shear cracks in the web that
propagated and got connected to the horizontal cracks at the loading points (due to high
strains in SG-H1 and SG-H2) and resulted in a shear-compression failure. Rehabilitating
the inverted-T girder using CFRP sheets reduced the strains in the hanger stirrups, while
the strain in the web stirrup SG-W1 still exceeded the yield strain. This implies that the
rehabilitated scheme was successful in eliminating the hanger mechanism that resulted in

the compression shear failure.

5.2.3.3 Strain in FRP

5 mm strain gauges were used to measure the distribution of strain along the
principal fibres of the CFRP sheets. The maximum measured strain reached only a strain
of 1000 pe which is less than the ultimate strain of the used CFRP (0.01lmm/mm) as
provided by the supplier. Although this low strain might imply that less FRP sheets
would have been used for the rehabilitation of the girder, yet there were signs of FRP tier
at the horizontal top part of the web near failure, which indicated that higher strains

occurred at other locations in the FRP sheets. It can also be noted that the maximum
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measured strains were not recorded by the strain gauges SG-C5 and SG-C3 on hanger
zone on the web due to the loading on the flange, they were recorded by the gauge SG-C3
which is at the top of the girder due to the high compression forces due to the flexure that

cause higher strains to develop.

5.2.4 Behaviour of rehabilitated girder IT-G2R

The objective of this rehabilitation scheme was to look at the possibility of using
CFRP sheets for hanger, shear and punching strength upgrade. Figure 5.14 shows the
rehabilitated girder before test. Girder was loaded monotonically up to the failure of the
girder. As the load was increased in increments of 25 kN, stretching noises of the CFRP
sheets were heard right after 415 kN, the girder started to deflect noticeably. At higher
loads more cracks were formed in the vicinity of the loading plates. As the load
increased, cracks developed near the loading plates gradually became inclined towards
the bottom of the girder. Since the girder was rehabilitated for punching shear, the cracks
formed away from the rehabilitated zone under the loading plate as shown in

Figure 5.15 (a).

After the girder reached a load of 475 kN, a rapid decrease in load carrying
capacity is noticed. The load carrying capacity of the rehabilitated girder was increased
by only 3% compared to that of the control specimen IT-G2. Careful examination of the
girder after failure revealed that the anchoring technique of the CFRP sheets using
curved steel angles at the web-flange intersection in the hanger zone has came out and

debonding of the CFRP sheets in the hanger zone were the main causes of the girder
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failure. There was no sign of peeling off or tensile rupture of CFRP sheets was noticed on
the web portion of the girder but it was bulged in the compression zone because of the
highly strained concrete in the compression zone of the girder. Due to the bulging, the
anchors that were used to the anchor the CFRP sheets to the web of the girder near the
loading points were dislocated as shown in Figure 5.15 (b). Figure 5.16 shows the

rehabilitated girder at failure.

5.2.4.1 Load-deflection relationship

Figure 5.17 shows the mid span load-deflection curve for the rehabilitated
girder IT-G2R and control girder IT-G2. It can be seen that the girder has a low stiffness
but resulted in increase in the displacement ductility index when compared to that of un-
rehabilitated specimen. The girder showed good yield plateau with a ductility index of

1.8. Figure 5.18 shows the deflected pattern at various load levels.

5.2.4.2 Strain in FRP

Strains on FRP were measured for girder IT-G2R in shear dominated Zzone,
hanger zone and punching zone. It was noticed that the anchored CFRP wrap did not
develop significant strains. The maximum recorded strain on the CFRP sheets was
3000 pe in the punching zone. This is less than the ultimate strain capacity of the

laminate.
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5.3 REHABILITATION OF WEB ZONE

Two tests were conducted on a RC inverted-T girder that has minimum shear
reinforcement in the web shear zone. Girder IT-G3 was tested as a control specimen,
while girder IT-G3R tested after being rehabilitated with CFRP sheets. The following

subsections show the results of the two tests.

5.3.1 Behaviour of control specimen IT-G3

Figure 5.19 shows the girder IT-G3 before test. Concrete reached its modulus of
rupture at 115 kN when a flexural crack appeared in the constant moment region. At
225 kN, cracks were formed near the loading plates and shear cracks initiated near the
supports at around 300 kN and propagated through the flange and web at angles between
45 - 50°. Due to the sufficient reinforcement content in the hanger zone, no horizontal
cracks on the face of the web between the two load points were observed. As the load
increased, the shear cracks in the web propagated towards the middle of the girder. Minor
cracks were scattered all along the girder. At approximately 500 kN, the monitored
strains of the stirrups in shear dominated zone showed that they were approaching the

yield strain.

Upon increasing load, other flexural cracks appeared in other locations between
the load points in N-S directions. As the load was increasing, cracks became wider but no
further increase in crack length was observed. At 508 kN, web stirrups yielded without
increase in load carrying capacity. Formation of wide diagonal shear cracks at the web

portion of the girder was the causes of failure.
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Figure 5.20 shows the load versus mid-span deflection of girder IT-G3. Load-
deflection curve reveals a non-ductile failure mechanism with the failure load of 508 kN

while the analytical capacity of the girder was found to be 540 kN.

Figure 5.21 shows the crack pattern of girder IT-G3 at failure. Several 45° cracks
were formed at high load levels on the face of the web can be seen. On flange the cracks

were more or less vertical appeared through out the length of the girder.

The deflected shapes of the girder at difference performance levels are shown in

Figure 5.22. Figure 5.23 show the close up view of the web portion of girder at failure.

5.3.2 Behaviour of rehabilitated girder IT-G3R

Figure 5.24 show the girder before test. The girder was loaded gradually with
25 kN increments. Some stretching noise was heard at the initial stages of loading. Due to
the presence of FRP, the shear cracks remained tight and impending of shear failure did
not take place. Upon increase in loading minor cracks were scattered all along the girder
in the zone not rehabilitated. Upon increase in loading, the girder continued to carry load
until failed at 565 kN. The girder failed after reaching its flexural web-compression
capacity. There were no signs of delamination of CFRP sheets from the concrete and

fully bonded to the concrete at failure. Figure 5.25 show the rehabilitated girder at failure.
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5.3.2.1 Load-deflection relationship

Figure 5.26 illustrates load versus mid-span deflection curve of the control and
rehabilitated girders. It can be seen that rehabilitated girder failed at a higher load
compared to the control specimen. The deflection corresponding to the peak load was
approximately 14.5 mm with the ductility index of 1.81. The rehabilitation scheme was

successful in eliminating the web-shear failure mechanism.

Figure 5.27 shows the deflected shape of the girder at different load levels. It can
be noticed that the FRP controls the deflection of the girder for the same load when
compared to the un-rehabilitated girder and the deflected shapes are in accordance with

the expected behaviour of the girder

5.3.2.2 Strain in web stirrups

Figure 5.28 shows the load-strain relationship for the web stirrups. SG-W1 and
SG-W2 represent the measured strain in the vertical stirrups in the shear-dominated zone
of the girder. SG-H1 and SG-H2 represent the measured strains in the vertical stirrups
that act as hangers at the loading points of the girder. From the figure it can be seen that
the strains of the web stirrups of the control specimen exceeded the yield strain. The high
strains in SG-W1 and SG-W2 resulted in shear cracks in the web. But the strains in
SG-H1 and SG-H2 were very well below the yield strain which shows that reinforcement
provided in the hanger zone was sufficient to transfer the applied load. Therefore high
strains in SG-W1 and SG-W2 resulted in a web shear failure. While the rehabilitating the

girder with FRP sheets reduced the strain in the shear dominated zone although
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exceeding yield strain in SG-W2, but the strain in SG-H1 was close to yield strain and
due to the high compressive force, rehabilitated girder failed after reaching flexural web-
compression capacity. Therefore the chosen scheme was successful in eliminating shear

failure in web.

5.3.2.3 Strain in flange and flexural reinforcement

Figure 5.29 shows that the load-strain relationship for the flange and flexural
reinforcement. SG-F1 and SG-F2 are the measured strains in the flange reinforcements
where the strain in the flange will be primarily due to the bracket action. SG-Ml
represents the measured strain in the flexural reinforcement at the maximum flexural

moment location.

Due to high reinforcement content in flange, the recorded strains in SG-F1 and
SG-F2 are well below the yield strain. The flexural longitudinal reinforcement reached

yield strain (2100pe) at a load level of 525 kN.

5.3.2.4 Strain in FRP

Strain in the FRP laminate for various load levels was measured and the
maximum strain in the FRP reached was 1400 pe which is substantially less than the

maximum strain capacity (0.01 mm/mm) of the laminate.
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5.4 REHABILITATION OF FLANGE

Two tests were conducted on a RC inverted-T girder that has minimum flange
reinforcement in the punching zone. Girder IT-G4 was tested a control specimen, while
girder IT-G4R tested after being rehabilitated with CFRP sheets. The following

subsections show the results of the two tests.

5.4.1 Behaviour of control specimen IT-G4

Figure 5.30 show the girder IT-G4 before test. The primary objective of testing
this girder was to determine the behaviour of CFRP sheets bonded with the girder failed
in punching shear. Figure 5.31 shows the load-mid span deflection of IT-G4. As the
tensile stress in the flexure zone reached the tensile strength of concrete, the first cracking
load was observed at 115 kN. At 225 kN, shear cracks initiated near the loading plates
and also near supports which propagated through the flange and to the web. Similar to
IT-G3, no horizontal cracks were formed between the two loading points. More minor
cracks developed along the girder due to the increase in loading. Web shear cracks
stopped progressing and cracks under the loading plates started to widen. At around
515 kN, girder failed due to punching shear with a maximum deflection of 12 mm. The

analytical capacity of the girder was 645 kN, while it’s failure load was 515 kN.

Figure 5.32 shows the complete crack pattern of girder IT-G4 at failure.
Figure 5.33 shows the deflected shapes of the girder at different load levels. The curves

are plotted based on the average readings of two LVDT’s at each location.
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5.4.2 Behaviour of rehabilitated girder IT-G4R

Figure 5.34 shows the rehabilitated girder IT-G4R before test and Figure 5.35
shows the close up view of the rehabilitated scheme. After rehabilitation, the girder was
loaded gradually by monitoring the formation of cracks along the girder. As load was
increased in increments of 25 kN, minor cracks were scattered along the girder in the
zone not rehabilitated. At higher loads, the girder started to deflect more and minor
delamination was noticed in the flexural compression zone of the girder, yet the
anchoring of the CFRP sheets eliminated the progressive spread of the delamination of
the sheet. The girder failed in flexure after significant yield of main reinforcement at the
load of 653 kN with the displacement ductility of 4.6. At failure, the sheets remained
completely intact and failure occurred outside the strengthened zone. Figure 5.36 shows

the rehabilitated girder IT-G4R at failure.

5.4.2.1 Load-deflection relationship

Figure 5.38 shows the load versus mid-span deflection of the tested girders.
From the figure it can be seen that the control specimen IT-G4 failed due to non-ductile
punching shear failure in the flange with a maximum deflection of 12 mm at a peak load
of 515 kN, while the rehabilitated girder IT-G4R behaved in a more ductile manner with
a carrying load capacity of 653 kN. The rehabilitated girder had a displacement ductility
of approximately 4. This shows that the rehabilitation scheme was successful in

eliminating the punching shear failure mechanism.
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Figure 5.39 shows the deflected shapes of the girder at different load levels. High

curvature in the mid-span region is due to the higher ductility of the girder.

5.4.2.2 Strain in steel

Figure 5.40 shows the load-strain relationship for web stirrups for both control
and rehabilitated girder. Since the girder has sufficient reinforcement in shear as well as
in hanger zone, strains in those areas are well bellow the yield strain. On the other hand,
Figure 5.41 shows the load-strain relation for hanger and flexural reinforcement. Before
rehabilitation, reinforcement in the brackets were able to resist the cantilever action of the
girder but due to shear in 45° plane along the loading plate resulted in the failure of
brackets due to punching. After rehabilitation, strains in steel in the brackets were almost
similar when compared to un-rehabilitated specimen. But flexural steel yielded and there
is a sudden jump in the strain data which shows that the steel in the flexural zone was
yielded. Finally girder reached its flexural capacity and failed at a load of 653 kN in a

ductile manner.

5.4.2.3 Strain in FRP

It was observed that the strain produced by the gauge located on the punching
zone exhibits more which is because of the high shear stresses near the loading plate at
45° plane when compared to other strain gauges. It was also noticed that the strains in the
compression zone also exhibited less strains due to the extra strength given by the FRP.

Max strain in the FRP reached was close to 1600 pe which is less that the ultimate strain.
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This indicates that the FRP reserves more strength and the girder would have carried
more load if the failure did not occur outside the strengthened zone. It is also worth
mentioning that there were no signs of pullout of the anchors that were used in the
punching zone, which indicates that the amount of fibre anchors and their embedded

length was sufficient to transfer the stresses from the fibres to the girder.

5.5 COMPARISON BETWEEN THE PREDICTED AND
EXPERIMENTAL SHEAR CAPACITIES

Table 5.1 shows that analytically predicted capacities of different mechanism and
their corresponding experimental ones of the four rehabilitated girders in kN. Girder
IT-G1 that had inadequate hanger and web-shear reinforcement experienced a non-ductile
failure mechanism in the hanger zone at a shear capacity of 230 kN. Using 3 layers of
anchored CFRP sheets in the hanger zone of girder IT-G1R resulted in increase in its
hanger shear capacity. Upon loading the girder to failure, the load-resisting mechanisms
of the girder were triggered. From the table, it can be seen that there is a good agreement
between the analytically predicted and experimentally recorded behaviour. It should be
noted that due to the difficulty of instrumentation, the shear friction mechanisms were not
monitored experimentally.

Although girder IT-G2R was rehabilitated such that the FRP would contribute to
the shear capacity of the six non-ductile mechanisms, yet the anchoring technique of the
CFRP sheets using curved steel angles at the web-flange intersection in the hanger zone
did not fully utilised the shear capacity contribution of CFRP sheets. The specimen failed

at a load of 475 kN (shear capacity of 237.5 kN) after FRP contributing nearly 155 kN
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(V=77.5 kN) more than the initial capacity of the girder in hanger mechanism of 320 kN
(V=160 kN). After reaching the load level of 475 kN, the sudden debonding of the CFRP
sheets resulted in sudden reduction in the total hanger resistance of the girder which lead
to the premature failure of the girder without fully utilizing the contribution of FRP
sheets.

Girder IT-G3 that had inadequate web-shear reinforcement experienced a non-
ductile shear failure mechanism in the web-shear zone at a shear capacity of 254 kN.
Using 3 layers of anchored CFRP sheets in the web-shear zone of girder IT-G3R resulted
in an increase in its predicted web-shear capacity and consequently the girder was able to
develop a ductile behaviour in flexure. The longitudinal reinforcement of the girder
yielded at a load of 525 kN (V=262.5 kN). The girder failed after reaching its flexural
web-compression capacity of 565 kN (V=282.5 kN) which is less than the analytically
predicted and by about 16%. It should be noted that it is expected the full flexural
capacity could have been reached if the web-compression was confined (as was observed
in girder IT-G4R).

Girder IT-G4 that had inadequate flange reinforcement experience a non-ductile
punching shear failure mechanism in the flange zone at a punching shear capacity of
515 kN (V=275.5 kN). Using 3 layers of anchored CFRP sheets in the punching and web-
compression zone resulted in an increase in its predicted shear capacity of five of the six
non-ductile mechanisms as shown in Table 5.1. The rehabilitated girder was capable of
developing the yielding and ultimate flexural capacities at load levels that are close to the

predicted ones.
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5.6 FINITE ELEMENT MODELLING

The primary focus of this section was to construct a three-dimensional Finite
Element (FE) model that is capable of predicting the load carrying capacity of reinforced
concrete inverted-T girders. The FE model was created using the commercially available
finite element software ABAQUS® V.6.2. A 3D non-linear model of the RC bridge girder
was developed. Modelling the complex behaviour of reinforced concrete elements
involves several challenges due to its non-homogeneous and anisotropic nature. The aim
of the current model is to use simple models to represent concrete and steel. In this study,
the concrete was modelled using 8-node non-linear solid elements in tension and
compression, while the steel reinforcement in the reinforced concrete girder is modelled
as one-dimensional non-linear strain elements. In order to simulate the failure
mechanisms of inverted-T girders, finite element analysis with the concrete damaged

plasticity approach (an option in ABAQUS V.6.2) was used.

57 MATERIALS

5.7.1 Concrete

Figure 5.42 shows the stress-strain relationships of concrete in compression used
to define the material properties of the non-linear model. In compression, the stress-strain
curve is taken to be linear up to 30% of the compressive strength of concrete, after which
a non-linear relationship represented by a parabola is assumed. In tension, the stress-
strain curve for concrete is modelled to be linearly elastic up to the tensile strength of

concrete, after which, the concrete cracks and the strength decreases gradually to zero.
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Figure 5.43 shows the tensile stress-strain curve of concrete used in model. The stress-
strain relationship in compression is similar to the concrete compression softening model

proposed by Vecchio and Collins (1986).

Eight node non-linear solid elements are used to model the concrete. The element
is defined by eight nodes having three degrees of freedom at each node: translations in
the nodal x, y and z directions. The geometry and node locations for this element type are

shown in Figure 5.44. Figure 5.45 shows the modelled specimen.

5.7.2 Steel reinforcement

Non-linear uniaxial tension-compression element with three degrees of freedom at
each node: translations in the nodal x, y and z directions was used to model the
reinforcing rebars. The longitudinal rebars and stirrups were descritized using 2-node
straight elements. The geometry and node locations for this element type are shown in
Figure 5.46.

Different bar sizes were used in the model to represent those used in the tested
specimens. The stress-strain relationships for the steel was assumed to be identical in
tension and compression. The yield stress of steel was taken as 400 MPa and the ultimate
stress was 600 MPa. The elastic modulus for the steel reinforcement was taken as 200
GPa. Poisson’s ratio of 0.3 was used. Figure 5.47 shows the stress-strain relationship
used in this study.

Figures 5.48, 5.49 and 5.50 show the modelled reinforcement content for

specimens IT-G1, IT-G2, IT-G3 and IT-G4, respectively.
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5.8 LOADING, BOUNDARY CONDITIONS AND MODELLING
METHODOLOGY

In the experimental program, all the girders were tested in 4-point bending except
for the girder IT-G1 tested in 3-point loading. Similarly in finite element models three
girders were loaded using 4-point loading systems and one with 3-point loading system.
Loads are applied on girders as increasing pressure at the zones of load application and
the support was represented as a single line of support. The line of support allows
rotations of the nodes and restrains the vertical and lateral displacements. Figure 5.51

shows the finite element model with the loading pattern and boundary conditions.

Due to symmetry and to reduce computation time only one half of the girder was
modeled. Since no significant slip between concrete and steel reinforcement was

observed in the testing, perfect bond between materials is assumed in this study.

5.9 PREDICTIONS OF LOAD CARRYING CAPACITY

Figure 5.52 shows the comparison between the experimental and finite element
model load carrying capacities of the four inverted-T girders. The differences between
the predicted load capacities using the FE model and the experimental load capacities are
all within 15% for the four tested girders. The over estimation of the load carrying
capacities of the tested girders using the FE model by 12.2% to 13.8% can be attributed
to ignoring representation of the bond between concrete and steel rebars using interface
elements. This could have resulted in a slightly higher analytical stiffness compared to

the actual ones.
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Figure 5.1 Girder IT-G1 before test
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Figure 5.2 Load mid-span deflection of girder IT-G1
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Figure 5.4 Deflected shape of IT-G1 at various performance levels
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Figure 5.5 Shear-compression failure (girder IT-G1) in the web

Figure 5.6 Girder IT-G2 before test
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Figure 5.7 Load mid-span deflection of girder IT-G2

Figure 5.8 Hanger failure (girder IT-G2)
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Figure 5.9 Rehabilitated girder IT-GIR before test

Figure 5.10 Rehabilitated girder IT-G1R at failure
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Figure 5.11 Load-deflection relationship for girders IT-G2 and IT-G1R
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Figure 5.12 Deflected shape of IT-GIR at various performance levels
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Figure 5.14 Rehabilitated girder IT-G2R before test
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(a) (b)
Figure 5.15 Close up view of girder IT-G2R at failure

Figure 5.16 Rehabilitated girder IT-G2R at failure
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Figure 5.17 Load-deflection relationship for girders 1T-G2 and IT-G2R
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Figure 5.18 Deflected shape of IT-G2R at various load levels
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Figure 5.19 Girder IT-G3 before test
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Figure 5.20 Load mid-span deflection of girder IT-G3
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Figure 5.21 Crack pattern of girder IT-G3
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Figure 5.22 Deflected shape of IT-G3 at various load levels
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Figure 5.24 Rehabilitated girder IT-G3R before test
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Figure 5.26 Load-deflection relationship for girders IT-G3 and IT-G3R
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Figure 5.27 Deflected shape of IT-G3R at various load levels
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Figure 5.30 Girder IT-G4 before test
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Figure 5.34 Rehabilitated girder IT-G4R before test
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Figure 5.36 Rehabilitated girder IT-G4R at failure
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Figure 5.37 Close up view of rehabilitated girder IT-G4R at failure
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Figure 5.38 Load-deflection relationship for girders IT-G4 and IT-G4R
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Figure 5.39 Deflected shape of IT-G4R at various load levels

700 I o
i W . SG-H1 SG-W2: |
v H 7 SG-WI
600 ot i A
5 j o - 1
; . :
SG-H1 |, /7.~ !
| 7 /_ﬂ/’éG-W2
E — IT-CH4
g """" I'I‘:'G4R
5 e

| Lo

1000 1500 2000 2500

Strain {micro-strains)

Figure 5.40 Load-strain relationship for web stirrups
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Figure 5.41 Load-strain realtionship for flange and flexural reinforcement

2000 2500

3000

3500

35

TN

) e

25 //

Stress (Mpa)
o 3

ha

Figure 5.42 Compressive stress-strain curve of concrete used in model.
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Figure 5.43 Tensile stress-strain curve of concrete used in model.
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Figure 5.45 Finite element model for concrete
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Figure 5.46 2-node uniaxial non-linear tension-compression steel element
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Figure 5.47 Tensile stress-strain curve of steel used in model

Figure 5.48 Finite element model — Steel reinforcement for girder IT-G1, IT-G2
(half specimen)
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Figure 5.49 Finite element model — Steel reinforcement for girder IT-G3

(half specimen)

Figure 5.50 Finite element model — Steel reinforcement for girder IT-G4

(half specimen)

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.51 Finite element model with loading pattern and boundary conditions
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Figure 5.52 Comparison between the experimental and finite element model load
carrying capacities of the four inverted-T girders
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

This study focuses on eliminating non-ductile failure mechanisms of reinforced
concrete (RC) inverted-T girders of existing bridge bentcaps and parking garages using
externally bonded carbon fibre reinforced polymer (CFRP) sheets. Eight tests were
conducted on four simply supported RC inverted-T girders before and after rehabilitation.
New rehabilitation schemes to eliminate the non-ductile failure mechanisms in hanger
zone, web, and flange were evaluated experimentally. The rehabilitation schemes proved
to eliminate the abovementioned mechanisms, and increase the girder’s strength and
displacement ductility capacities. In addition, an analytical study was conducted in order
to evaluate the effect of the design variables on the failure mechanisms of FRP-

rehabilitated RC inverted-T bridge bentcap girders.

6.2 CONCLUSIONS

The following conclusions are drawn from the experimental study:
1. Rehabilitating a RC inverted-T girder that have inadequate hanger and web-shear
reinforcement using 3 layers of anchored CFRP sheets in the hanger zone

eliminates the non-ductile shear-compression failure mechanism, increases the
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displacement ductility capacity up to 4, and increases the load carrying capacity
of the girder by about 20%.

2. Rehabilitating a RC inverted-T girder that has inadequate web-shear
reinforcement using 3 layers of anchored CFRP sheets in the web-shear zone
eliminates the non-ductile web-shear failure mechanism, increases the
displacement ductility capacity up to 1.7, and increases the load carrying capacity
of the girder by about 10%.

3. Rehabilitating a RC inverted-T girder that has inadequate punching shear capacity
of the flanges with 3 layers of anchored CFRP sheets in the punching and web-
compression zones eliminates the non-ductile failure mechanism, increases the
displacement ductility capacity up to 4, and increases the load carrying capacity
by about 20%.

4. Confining the web-compression zone of RC inverted-T girders ensures the
formation of the full flexural capacity of the girder.

5. Anchoring the CFRP sheets that are epoxied on the web or the flange into the
girder using sandwiched (fan type) CFRP fiber anchors that are aligned with the
CFRP sheets’ fibers showed better performance compared to using anchored

curved steel plates at the web-flange intersection in the hanger zone.
The following conclusions are drawn from the analytical study:

6. For targeted non-ductile capacity-to-flexure capacity, the required content of FRP
wraps increases with the increase of Yield strength of reinforcement (fy), Ratio of
the effective depth-to-total girder depth (y), Longitudinal steel ratio (pg) and

Punching force-to-shear force ratio (PF/V)atio.
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7. For targeted non-ductile capacity-to-flexure capacity, the required content of FRP
wraps increases with the decrease of Characteristic concrete compressive strength
(f'c), Ratio of flange over hang-to-width of the web (f), Ratio of flange depth-to-
depth of the girder (a), Web transverse reinforcement ratio (p.w), Flange

transverse reinforcement ratio (pyr) and Shear span-to-depth ratio (a/t)atio-

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH

Further experimental studies should be conducted in order to refine the analytical
model for the contribution of FRP on different non-ductile failure mechanisms proposed
in this study. This can be achieved by varying the parameters discussed in Chapter 3.
Consequently, design guidelines can be developed for the rehabilitation of RC inverted-T
girders using FRP sheets based on both experimental results and analytical models.

Since FRP sheets are externally bonded to the concrete surface, a better
understanding of the bond characteristics of the FRP and concrete interface is required.
The current research was limited to reinforced concrete members, yet the rehabilitation
scheme should also be extended to prestressed concrete girders.

The performance of FRP-rehabilitated inverted-T girders under fatigue and
torsional loading should be studied. Finally, the long-term performance and the durability
performance of FRP composite materials exposed to environmental effects should be

studied.
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