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Ansrnacr

The repair and rehabilitation of civil engineering structures is a rapidly expanding

industry. Worldwide, structures that have deteriorated with exposure and time are being

subjected to increasing modern load levels. The demand for increasingly heavier truck

loads is forcing bridge owners to upgrade existing structures.

The City of Winnipeg, Manitoba, Canada is considering upgrading the Maryland Bridge

using CFRP sheets, since analysis conducted using current codes indicates that the shear

strength of the bridge girders is not suffrcient to withstand increased modern truck loads.

The Ministry of Transportation of British Columbia is also considering the use of CFRP

sheets to increase the shear capacity of the John Hart Bridge in Prince George, B.C. Like

the Maryland Bridge, the John Hart Bridge consists of I-shaped prestressed concrete

AASI{TO girders, which a¡e deficient in shear under the new truck loads.

The use of externally bonded Fibre Reinforced Polymer (FRP) sheets provides an

excellent solution for the repair and rehabilitation of civil engineering structures. Since

the strength to weight ratio of FRP materials is extremely high in comparison with

traditional materials, the installation of continuous light-weight FRP sheets or strips is



remarkably simple in comparison with conventional strengthening techniques. The high

tensile strength of FRP materials allows for the use of very thin sheets, which can easily

be manipulated to bond to complex shapes and cross sections. FRP materials are not

subject to electrochemical corrosion, providing for a durable strengthening solution.

While the use of FRP sheets or strips for flexural strengthening of concrete structures has

been studied extensively, the study of externally bonded FRP sheets for shear

strengthening has been limited. Due to a lack of information on the use of CFRP sheets

for shear strengthening of I-shaped prestressed concrete AASHTO girders, an

experimental program has been undertaken at the University of Manitoba, to test scaled

models of I-shaped concrete bridge girders strengthened with CFRP sheets.

Seven prestressed concrete beams were strengthened using three different types of CFRP

sheets and ten different CFRP sheet configurations. The beams were tested to failure at

each end to determine the most efficient strengthening scheme. The contribution of the

CFRP sheets to the enhanced shear capacity of the girder is examined, with emphasis on

the effect of this particular girder shape. Since the bond between the CFRP sheets and

the concrete is a critical component of this strengthening technique, a series of fifteen

bond specimens was tested in order to determine the bond characteristics.

Design guidelines and recommendations for the use of externally bonded CFRP sheets

for shear strengthening of I-shaped prestressed concrete girders are developed, and are

intended to contribute to the current state-of-the-art and the development of design codes.

lll



A rational model is introduced, to predict the shear resistance provided by FRP sheets

externally bonded to I-shaped concrete girders. For l-shaped sections, the concrete

substrate is subjected to both peeling and shear stresses and failure is initiated by

straightening of the CFRP sheets. The shear resistance provided by the FRP sheets is

calculated based on the maximum strain developed in FRP sheets and the FRP strain

distribution model introduced for l-shaped sections.

Depending upon the configuration of the FRP sheets and the corresponding mode of

failure, the internal steel stimrps may not reach yield prior to the initiation of failure. The

stimrp contribution to shear resistance is therefore based on the load sharing relationship

between the FRP sheets and the steel stimrps, and the predicted mode of failure.

The versatility of the proposed rational model is demonstrated by applying the model to

the traditional ACI approach to shear desigq the modified sectional-truss model, the

compression field theory and the modified compression field theory. The shear capacity

of each beam tested in this experimental program is predicted using the shear prediction

models listed above in combination with the proposed rational model, and the predictions

are compared with the test results. It is shown that the most accurate shear resistance

prediction is obtained using the ACI approactr, but with a more realistic prediction for the

shear crack angle based on the angle of principal compressive stresses at cracking.
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a maximum aggregate size (mm)

A¡ area of FRP sheets 1mm2¡

A, area of steet (mm2)

Aru cross sectional area of steel bars per stimrp 1mm2¡

b* minimum width of web (mm)

d distance from cenhoid of flexural reinforcement to extreme compression fibre

du distance between tension and compression chords in truss model (mm)

dr depth of cross section over which FRP sheets are effective (mm)

Er modulus of elasticity of FRP sheets (MPa or GPa as noted)

E, modulus of elasticity of steel bars (MPa or GPa as noted)

fl tensile stress in diagonally cracked concrete (MPa)

fz compressive stress in inclined concrete strut (MPa)

fz^u maximum compressive stress in diagonally cracked concrete (Mpa)

fu6"na¡ bond strength obtained from the bending type bond test (MPa)

fu lsrrear¡ bond strength obtained from the shear type bond test (MPa)

fut*,0 bond strength obtained from the tension type bond test (MPa)

[' concrete compressive strength (MPa)

fp. compressive stress in concrete at centroid of cross section (MPa)

t" effective stress in steel stimrps (MPa)

tu stress in steel stimrps (MPa)

& yield strength of steel bars (MPa)

h overall height of concrete cross section (mm)

K constant for determining concrete contribution for modified sectional truss model

L centre to centre distance between cracks (mm)

L" effective bond length of FRP sheets (mm)



M", moment causing flexural cracking (Nrrun)

M-"* maximum moment at cross section due to factored loads (Nmm)

n¡ number of FRP sheets per one side of beam

ñ Axial force due to shear only (N)

Pr."* maximum force developed in FRP sheets (N)

s centre to centre spacing between steel stimrps along longitudinal beam axis (mm)

scr crack spacing (mm)

s¡ centre to centre spacing between FRP sheets along longitudinal beam axis (mm)

t¡ thickness of FRP sheets (mm)

vcu shear strength of the concrete substrate (MPa)

vci shear stress at crack interface (MPa)

V applied shear force (N orkN as noted)

V. concrete contribution to shear resistance (N)

Vci concrete contribution to shear resistance based on flexural-shear cracks (N)

Vr* concrete contribution to shear resistance based on web shear cracks (N)

V¿ shear force at cross section due to unfactored dead load (N)

V¡ FRP sheet contribution to shear resistance (N)

Vr-"* FRP sheet contribution to shear resistance at onset of sheet straightening (N)

V¡ maximum shear occurring simultaneously with M-"*, due to factored loads (N)

Vn nominal shear resistance of beam (N)

Vp vertical component of draped prestressing strands (N)

V, steel stimrp contribution to shear resistance (N)

V* steel stimrp contribution to shear resistance based on effective stimrp strain Q.{)

w crack width (mm)

w¡ width of FRP sheet perpendicular to principal fibre direction (mm)

z lever arrn between tension and compression chords in truss model (mm)

cr, angle of inclined steel stimrps (degrees)

ct¡ angle of principal fibres of FRP sheets (degrees)

B constant for determining concrete contribution, modified compression field theory

t1 principal tensile strain in web
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tc strain in concrete

r.' strain in concrete at f"'

rcr cracking strain in concrete

r¡ strain in FRP sheets

tfave average strain in the FRP sheets

trmax maximum strain developed in the FRP sheets

ss strain in steel stimrps

rse effective strain in steel stimrps

rs max maximum strain in steel stimrps

€¡ç, r¡* total strain in longitudinal direction in web

rxm strain in longitudinal direction in web due to apptied moment
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rxv strain in longitudinal direction in web due to shear only

ty strain in transverse (vertical) direction in web

Yr' ratio of vertical component of strain in FRP sheets to strain in steel stimrps

Pr'p area fraction of FRP sheets

rave average bond stress (MPa)

rult ultimate bond stress (MPa)

e angle of inclined compressive struts (degrees)
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1.1 GENERAL

The use of externally bonded Fibre Reinforced Polymer (FRP) sheets provides an

excellent solution for the repair and rehabilitation of civil engineering structures. FRp

sheets are light-weight with a high tensile strength, and are not subject to electrochemical

corrosion. Since the high-strength FRP sheets are extremely thin, they are easy to install,

can be applied to complex shapes and cross sections, and facilitate a significant reduction

in construction time. 'When 
compared to conventional repair and strengthening methods,

externally bonded FRP sheets provide rehabilitation solutions that are both cost effective

and durable.

Throughout the world, infrastructure that has deteriorated with exposure and time is

being subjected to increased modern load levels. The demand for using increasingly

heavier truck loads is forcing bridge owners to upgrade existing structures. The use of

Carbon Fibre Reinforced Polymer (CFRP) sheets minimizes ftaffic intemrption and

provides an effective low-cost rehabilitation solution.



The City of Winnipeg, Manitoba, Canada is considering upgrading the Maryland Bridge

using CFRP sheets, since analysis conducted using current codes indicates that the shear

strength of the bridge girders is not sufficient to withstand increased modern truck loads.

The Ministry of Transportation of British Columbia is also considering the use of CFRp

sheets to increase the shear capacity of the John Hart Bridge in Prince George, B.C. Like

the Maryland Bridge, the John Hart Bridge consists of l-shaped prestressed concrete

AASHTO girders, which are deficient in shear under the new truck loads.

Due to a lack of information on the use of CFRP sheets for shear strengthening of

I-shaped prestressed concrete AASHTO girders, an experimental program has been

undertaken at the University of Manitoba, to test scale models of the Maryland Bridge

girders strengthened with CFRP sheets. Seven prestressed concrete beams were tested to

failure at each end to determine the most efficient strengthening scheme. The

contribution of the CFRP sheets to the enhanced shear capacity of the girder has been

examined, with emphasis on the effect of this particular girder shape. Since the bond

between the CFRP sheets and the concrete is a critical component of this strengthening

technique, a series of bond specimens have been tested in order to determine the bond

characteristics.



T.2 OtsJECTIVES

The objective of this research program was to develop design guidelines and

recoÍlmendations for the use of externally bonded CFRP sheets for shear strengthening

of l-shaped prestressed concrete girders. These design guidelines and recommendations

are intended to contribute to the current state-of-the-art and the development of design

codes. The experimental program was also designed to investigate a specific shear

strengthening solution for the Maryland Bridge. Design recommendations for the

Maryland Bridge will contribute to a successful fîeld application of this strengthening

technique.

The specific objectives of this investigation were:

1. To evaluate the efficiency of the various types and configurations of CFRP sheets

tested, and examine the shear resisting mechanisms provided by the CFRP sheets.

2. To investigate the bond behaviour of the CFRP sheets, and determine the specific

bond properties of the CFRP sheets.

3. To determine the effect of the concrete cross section configuration on the bond

performance and shear resisting mechanisms of the CFRP sheets.



4. To establish load sharing relationships between the intemal shear reinforcement and

the externally bonded CFRP sheets.

5. To introduce a rational model for the design of shear strengthening schemes

CFRP sheets for I-shaped prestressed concrete girders.

1.3 SCOPE AND CONTENTS

This study consists of an experimental investigation and analytical modeling of l-shaped

prestressed concrete girders strengthened with externally bonded CFRP sheets. Based on

the results of beam tests, bond tests and the analysis, a rational model is proposed to

predict the shear capacity of strengthened prestressed concrete girders. The following is

a brief discussion of each phase of the study:

Experimental Investigation - Seven ten metre long prestressed concrete girders were

strengthened using three different types of CFRP sheets for ten different sheet

configurations. The beams were tested to failure at each end, to examine their behaviour

and determine the most efficient strengthening scheme. The test beams were 1:3.5 scaled

models of the l-shaped Maryland Bridge girders. Four of the test beams were reinforced

using bent-legged stimrps with a shape identical to those used in the Maryland Bridge

girders. In order to extend the applicability of the experimental results, the remaining

three beams were reinforced with the more coÍrmonly used straight-legged stimrp shape.

using



Six Rectangular tension-type bond specimens were tested, as well as nine Single-Flanged

tension-type bond specimens designed to simulate the bottom tension flange of an

I-shaped AASHTO bridge girder. The bond properties of the CFRP sheets and the load

sharing relationship between the CFRP sheets and the internal steel bars were examined

AnalytÍcal Study -- This component of the study includes a rational approach to predict

the behaviour and shear capacity of I-shaped prestressed concrete girders strengthened

with externally bonded CFRP sheets. The maximum stress that can be developed in an

externally bonded CFRP sheet is predicted as a function of the CFRp sheet stiffiress

based on the effective bond length approach. A bond strength prediction model

introduced in the literature is evaluated using the results of the rectangular bond specimen

tests. Based on beam test results, the bond strength prediction model is modified to

account for the effect of the l-shaped concrete section. A strain distribution model is

introduced for CFRP sheets applied to l-shaped cross sections. The load sharing

relationship between the extemally bonded CFRP sheets and the internal steel stimrps is

evaluated using both the bond test results and the beam test results, and a value for the

load sharing ratio is proposed. The proposed rational model is applied to different shear

strength prediction models including: the traditional American Concrete Institute (ACÐ

approach, the variable angle truss model approach, the compression field theory, and the

modified compression field theory. The reliability of the proposed model, applied to

each of the shear prediction models listed above, is evaluated.



Design GuidelÍnes -- Based on the results of the experimental investigation and the

analytical study, design guidelines are proposed for the use of CFRp sheets for shear

strengthening of l-shaped prestressed concrete girders. The design guidelines and

proposed rational model can be applied to several existing shear design approaches, as

demonstrated in the analytical study.

An overview of the contents of the thesis is provided in the following:

Chapter 2 - The properties of externally bonded FRP sheets and their application and

use for shengthening of concrete structures in general are described in Chapter 2. The

bond between the FRP sheets and the concrete is critical for the success of most of these

strengthening techniques, and is discussed in detail in this chapter. Two models available

in the literature for bond strength prediction are also described.

Chapter 3 - This chapter is focused on the shear behaviour of reinforced concrete

beams. Three recently developed models for predicting the shear capacity of concrete

beams strengthened with CFRP sheets are described, although none consider the effect of

the l-shaped cross section. Some background on models for predicting the shear capacity

of beams without FRP sheets is also provided, as a basis for the models which do

consider the contribution of FRp sheets.

Chapter 4 - Details of the experimental program, which includes fourteen beam tests

and fifteen bond tests, are provided in Chapter 4.



Chapter 5 - Test results for both the beam tests and the bond tests are presented in this

chapter. The general behaviour and mode of failure during testing is described, and the

test results are analyzed. The maximum strain developed in the CFRP sheets, the strain

distribution in the CFRP sheets, and the load sharing relationship between the sheets and

the steel stimrps are evaluated and discussed.

Chapter 6 - In Chapter 6, the contribution to shear resistance provided by the CFRp

sheets, the steel stimrps, and the concrete is determined experimentally for each test

beam. This analysis forms the basis for the proposed rational model. The proposed

model is applied to two existing shear strength prediction models and its reliability is

assessed.

Chapter 7 - The proposed rational model is apptied to the compression field theory and

the modified compression field theory in Chapter 7. The versatility of the proposed

model is demonstrated and its reliability when used in conjunction with the compression

field theories is evaluated.

Chapter 8 - This chapter summarizes the research program, and provides conclusions

resulting from this study. Design recommendations and recommendations for further

study are also included in this final chapter.
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2.I GENERAL

The repair and rehabilitation of civil engineering structures is a rapidly expanding

industry. Worldwide, structutes that have deteriorated with exposure and time are being

subjected to increasing modern load levels. In addition, the continued development of

design codes has revealed insufficient safety margins for some structures. As

rehabilitation is repeatedly found to be more economical than replacement, existing

structures are being strengthened to extend their useful service life as well as to

accommodate new uses and functions.

Conventional methods for strengthening of concrete structures such as enlargement of the

cross section; external post-tensioning; and externally bonded steel plates, have

limitations which must be considered. For example, the additional weight imposed on a

structure by section enlargement is signifîcant and may create additional problems in



other structural elements. Weight is also a problem when strengthening with bonded

steel plates, and the size of the steel plate must be restricted for handling purposes during

installation. Since the heavy steel plates must be applied in pieces of manageable size

and weight, construction joints and splicing are required to transfer forces and maintain

continuity between the separate lengths of steel plate. Corrosion is another concem with

the application of bonded steel plates since the bond at the steel plate-adhesive interface

may be compromised and the cross sectional area of the steel may be reduced.

The use of externally bonded Fibre Reinforced Polymer (FRP) sheets and strips is an

attractive strengthening alternative in light of the disadvantages of conventional

shengthening methods described above. Since the shength to weight ratio of FRp

materials is exhemely high in comparison with traditional materials, the installation of

continuous light-weight FRP sheets or strips is remarkably simple in comparison with

conventional shengthening techniques. The high tensile sfrength of FRP materials allows

for the use of very thin sheets, which can easily be manipulated to bond to complex

shapes and cross sections. FRP materials are not subject to electrochemical corrosion,

alleviating the concerns associated with the use of steel plates, and providing for a

durable strengthening solution.

This chapter describes the properties of externally bonded FRP sheets and their

application and use for strengthening of concrete structures. The importance of good

bond between the FRP sheet and the concrete is presented in this context, and factors

affecting the bond performance are discussed. The need for a general model to predict



the bond strength and facilitate the design of concrete structures strengthened with FRp

sheets is emphasized, and two empirical models that have been proposed for the

prediction ofbond strength are discussed.

2.1.1 General characteristics of Externally Bonded FRp systems

The strength and stiffrress of Fibre Reinforced Polymer (FRP) materials are provided

mainly by the high strength fibres. The fibres are embedded in a polymer matrix with a

much lower strength and stiffüess. Rather than carrying a significant proportion of the

applied load, the polymer matrix transfers the load to the fibres through shear stresses at

the fibre-matrix interface. The polymer matrix binds the fibres together, supporting and

protecting them from premature breakage due to abrasion. The performance of the

composite material is greater than the individual components alone, since any broken

fibres can continue contributing to the load carrying capacity by load-sharing with other

fibres through shear transfer in the polymer mafrix.

The three main types of fibres used for civil engineering applications are carbon, glass

and aramid. Although short randomly directed fibres have been used in some FRp repair

techniques, the fibres typically used for structural applications are continuous in one

direction or in two orthogonal directions. The fibres have extremely small diameters, in

the range of l0 to 15 ¡rm. For extemally bonded FRP applications, the fibres are

combined together in very thin continuous sheets, fabrics or strips, with a thickness in the

range of 0.1 to 1.6 mm.
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In the direction of the fibres, the material properties are controlled by the high strength

and stifftress of the fibres and the FRP material is linearly elastic until failure. The

strength of a unidirectional FRP sheet in the direction perpendicular to the fibres, depends

mainly on the matrix rather than the fibres, and therefore the sheet is extremely weak in

this direction. Since the fibres and the polymer matrix are bonded together at the

interface, they will undergo the same shain when loaded in the direction of the fibres. In

order to utilize the full strength of the fibres, a polymer matrix that has a rupture strain

greater than the rupture strain of the fibres is typically used.

One of the main advantages of externally bonded FRP shengthening systems is that they

can be tailored to a specific application. A wide range of materials and systems is

available and can be categorized into two main types of strengthening systems, FRp

sheets and FRP strips. For FRP sheet systems, dry fibre sheets are delivered to the site in

continuous rolls, and the polymer matrix is applied on site using a wet-lay-up technique.

The polymer matrix typically consists of an epoxy resin that is crosslinked, or

polymerized, by the use of a hardener designed for room temperature curing. By

comparison, the continuous fibres of the FRP strips are pre-impregnated with the polymer

matrix by the manufacturer and the strips are delivered to the site as a composite material.

Adhesives are supplied by the FRP strip manufacturer for application of the strips onto

the concrete sfructure.
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2.1.2 strengthening of concrete Members using Bonded FRp systems

The high demand for durable, cost-effective and effrcient strengthening methods has

resulted in rapid growth in the use of externally bonded FRP sheets for strengthening of

concrete strucfures. One of the most extensive uses of bonded FRP sheets has been for

seismic upgrading of concrete structures. V/rapping of columns and bridge piers with

FRP sheets for increased ductility and strengthening is a technique that has recently been

widely researched and the number of field applications is growing rapidly. The use of

FRP sheets and ships for flexural shengthening and stiffening of beams and slabs has

also been studied extensively and is increasingly being applied to rehabilitate existing

concrete strucfures. In comparison with the other shengthening applications described

above, shear shengthening of concrete beams and girders using FRP sheets has received

less attention and is just now expanding in terms of research and field applications.

(Triantafillou 1998)

The bond performance of FRP strengthening systems has been investigated for column

wrapping, flexural strengthening and shear strengthening applications. For column

wrapping applications, the sheets encircle the entire cross section and the ends are

overlapped and bonded together. The success of this strengthening technique does not

depend on the quality of the existing concrete substrate for load transfer, but rather, on

the ability of the FRP system to remain bonded to itself until its ultimate capacity is

reached. In flexural strengthening applications, load transfer between the concrete and

the FRP strengthening system is critical and premature failure may occur in the zone of
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high shear stress near the supports. Several design methods as well as techniques for

anchoring the ends of the FRP sheets have been developed to avoid this premature

failure. Due to the very short bond length available on the web of the beam in

comparison with the underside of the beam, bond between the FRP sheet and the concrete

is even more critical for shear strengthening applications.

Because bond between the FRP sheet and the concrete plays a key role in the load-

carrying capacity of concrete members strengthened for both flexure and shear, the

amount of resea¡ch being conducted on the bond properties of FRP sheets is increasing

significantly, as discussed later in this chapter. Mechanical anchorage of FRp sheets and

strips is another altemative to alleviate potential bond problems in both shear

strengthening and fl exural strengthening applications.

2.2 BOND PROPERTIES OF F'RP SHEETS

Failure of the bond mechanism between the FRP sheet and the concrete may occur in

several different bond failure modes as described by Karbhari (1995) in Figure 2-1.

Debonding may occur at either the FRP-adhesive interface or the adhesive-concrete

interface, or on an altemating crack path between these interfaces. Cohesive failure

within the adhesive layer may also occur, however the most predominant mode of bond

failure is shear-tension failure within the concrete substrate.
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The first two types of failure, debonding and cohesive failure could be considered failures

of the FRP system applied to the concrete, while failure within the concrete suggests that

the best possible use of the system has been realized. The preparation of the concrete

substrate is therefore important and the condition of the existing concrete is the limiting

factor for the strengthening technique if the FRP system has been properly selected and

applied. The shear stress applied to the concrete substrate can be reduced by

mechanically anchoring the sheets, and relying on the anchor plate and bolt to carry some

of the bond stress, as shown in Figure 2-2. (Sato et al. 1997a)

2,2.1 Effect of surface Preparation and priming on Bond performance

In order to achieve a good bond, the surface of the concrete must be clean, dry and free of

all loose material. Typical methods for concrete surface preparation prior to the

application of externally bonded FRP systems are: grinding; mechanical abrasion with a

wire wheel; sand-blasting; and hydro-blasting with high pressure water. In separate bond

tests, Chajes et al. (1996) found that mechanical abrasion with a wire wheel resulted in

better bond perfornance than the grinding technique, while Yoshizawa et al. (1996)

found that high pressure hydro-blasting increased the bond strength by a factor of two

when compared with grinding.

For applications using FRP sheets, after the surface is clean, dry and free of all loose

material, a primer is applied to strengthen the concrete surface. The primer is usually

chemically similar to the impregnation resin for good adhesion to the resin, but less
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viscous for good penetration into the concrete. In bond tests conducted by Yoshizawa et

al. (1996), the use of different primers had no noticeable influence on the bond

performance. The layer of concrete substrate which has been penetrated by the primer

resin forms a composite material termed the "inter-phase" by Sato et aI. (I997c). When

the "inter-phase" is in the plastic condition, a limited zone of constant shear flow occurs

and is called the effective bond length. (Sato et al.I997c)

2.2.2 Effect of the Adhesive on Bond Performance

Arduini et al. (1997) conducted tests using the specimens shown in Figure 2-3 and

concluded that, for the particular FRP strip system used, the shear strength at the

concrete-adhesive interface was about 5 MPa and that the shear strength of the

FRP-adhesive interface was about 3 times greater. The type of adhesive used by

Arduini et al. had a tensile modulus of E : 11 GPa and an ultimate tensile strain of

tu :3 millishain. By comparison, Chajes et al. (1996) conducted single-lap bond tests

using a low modulus adhesive, with E :0.2 GPa and eu:600 millistrain, and found that

the load transfer was so inefficient that failure was in the adhesive.

Hamada et al. (1997) conducted bond tests to compare the performance of flexible and

rigid adhesive resins using the three-point bending bond specimens shown in Figure 2-4.

Hamada et al. used a flexible adhesive with E : 1.0 GPa and eu > 30 millistrain, and a

rigid adhesive with E : 3.15 GPa and ru : 8 millistrain. The modulus for both of these
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adhesives lies between those reported for the tests conducted by Chajes et al. and Arduini

et al.

As shown in Figure Z-S,Hatrrada et al. found that for the test specimens fabricated with

the rigid adhesive, the maximum load increased with increasing stiffness of the FRP. By

comparison, no such relationship was observed for the specimens with the flexible

adhesive, and the two levels of load carrying capacity shown in Figure 2-5, were due to

differences in the mode of failure. While the majority of specimens tested by Hamada et

al. failed due to delamination, the flexible adhesive and rigid FRP sheet combination had

the highest load carrying capacity and failure occurred within the concrete. (Hamada et

al. 1997) These test results illustrate the beneficial effect of using an adhesive with a

rupture strain greater than that of the high strength fibres.

Load is transferred from the FRP sheet or strip to the concrete through shear flow, and

the relative stiffüess of the FRP sheet or strip and the adhesive, influences how the load is

transferred (Chajes et al. 1996). In spite of the wide range of adhesive mechanical

properties used, general trends in bond behaviour have been observed for externally

bonded FRP systems, and are discussed in the following sections.

2.2.3 Effect of FRP Sheet Stiffness on Bond Performance

Using the test specimens shown in

effect of FRP sheet stiffrress on

Figure 2-6 (a), Maeda et al. (1997) investigated the

the bond characteristics between FRP sheets and
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concrete. Various bond lengths ranging from 65 mm to 700 mm were provided. An

increase in the average bond strength with increasing stiffness in the FRp sheets was

observed, as shown in Figure 2-6 (b). The average bond strength in Figure 2-6 (b) was

calculated as the ultimate load divided by the bond length provided and the width of the

FRP sheet. As illushated in Figur e 2-6 þ), the increase in average bond strength was not

directly proportional to the increase in stiffiress of the FRp sheet. An increase in the FRp

stifftess by a factor of three resulted in an increase in average bond strength that was less

than double. Iketani et al. (1997) and Yoshizawa et al. (1996) also reported an increase

in bond shength with higher modulus FRP sheets and increased layers of sheets, for

specimens similar to those tested by Maeda et al. (L997)

2.2.4 Effect of concrete strength on Bond performance

The importance of good concrete surface preparation on bond performance was discussed

earlier, and surface shear failure in the concrete substrate was described as indicative of

the optimal performance of an externally bonded FRP system. However for design

pu{poses, it is important to understand and quantify the relationship between the strength

of the existing concrete subsfrate and the bond strength of the FRp system.

As shown in Figure 2-7 (a), Horiguchi and Saeki (1997) tested th¡ee different types of

bond specimens with three different concrete compressive strengths, 11 Mpa, 31 Mpa

and 46 MPa, for each type of specimen. An increase in bond strength with increased

concrete strength was observed for all three types of specimens. However, the effect of
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concrete strength on the bond perfotmance was less for the shear type test compared with

the bending test and the tensile test, as shown in Figure Z-7 (b). Horiguichi and Saeki

proposed a relationship between the compressive strength of concrete and the bond

strength obtained for each type of test as follows:

:0.09 (f"')''t (2-r)

(2-2)

(2-3)

:0.22 (f"')''t

Based on a limited number of specimens, Chajes et al. (1996) proposed a relationship

between the concrete compressive strength and the shear strength of the concrete, which

controls failure within the concrete substrate:

v"u:0.09 (l')''' (2-4)

The expressions for determining the bond strength shown in Equations (2-1) and (2-4) are

quite similar in spite of differences in the FRP material properties and the type of bond

specimens tested.

2.2.5 The Bond MechanÍsm and Effective Bond Length

various researchers have reported that, beyond a bond length of 75 mm to 150 mm, the

ultimate load carrying capacity of bond specimens does not increase with an increase in

fu 1str.r¡

fu çu"na¡

fi (t.n.) :0.36 (f"')''t
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the available bond length provided, as shown in Figures Z-B and,2-9 (Maed a et al. 1997,

Iketani and Jinno 1996, Sato et al. 1997c, Yoshizawa et al. 1996). In tests by

Chajes et al. (1996), the bond shength was fully developed within a length of 75 mm to

100 mm, although the maximum stress developed in the FRP strips at failure was only

about one third of the ultimate tensile capacity of the strips.

The decrease in average bond strength with increasing bond lengths provided, illustrated

in Figure 2-6 (b), is typical and indicates that all of the available bond length is not being

utilized (Chajes et al. 1996). The term "effective bond length" is used to differentiate

between the bond length provided and that portion of the bond length provided which is

effective in transferring stresses between the concrete and the FRp sheet. The term

"development length" is not appropriate unless the full tensile capacity of the FRp sheet

can be developed within the effective bond length.

The length of FRP sheet over which stress transfer between the concrete and the FRp

sheet occurs, that is the effective bond length, can be determined based on the distribution

of strain along the length of the FRP sheet. A change in strain between two points along

the sheet indicates that force is being transferred between the concrete and the FRp, while

a constant non-zero strain between two points suggests that shear transfer has ceased or

not yet begun.

The strain distribution recorded for an FRP strip tested by Chajes et al. (1996) is provided

in Figure 2-10, and the strain distribution for FRP sheets tested by Maeda et. al. (Ig97)
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are shown in Figures 2-lI (a) and 2-11 (b). The only difference between the two

specimens tested by Maeda, are the 150 mm bond length provided for the specimen

shown in Figure 2-II (a) and the 300 mm bond length provided for the specimen shown

in Figure 2-ll (b). Both specimens behave in a similar manner up to an applied load of

18 kN. For the specimen with a 300 mm bond length, the applied load is increased from

18 kll to an ultimate load of 23 klr{, and the effective bond length shifts outward toward

the end of the sheet. Although there is some increase in the maximum load, the increase

is not proportional to the increase in bond length provided, and the concept of an

effective bond length that shifts away from the crack is clearly illustrated.

Figure 2-I2 illustrates a simple conceptual model proposed by Maeda et. al. (1997) to

describe the shift in the effective bond length which was observed experimentally and is

shown in Figure 2-11 (b). Brosens and Van Gemert (lgg7) present a similar idealization

of the shear transfer behaviour, as shown in Figure 2-13, and suggest that the maximum

shear stress shifts and increases slightly until the ultimate capacity is reached. Other

researchers have described the failure of bonded FRP sheets as progïessive, with the

effective bond length transferring from the crack toward the end of the sheet (Iketani and

Jinno 1997,Chajes et al. 1996).

The model proposed by Maeda et al. (1997) does not account for the small increase in

capacity obtained with an increase in bond length provided, as shown in Figures 2-ll (a)

and (b) and as proposed by Brosens and Van Gemert (lgg7). However, as mentioned

previously and as shown in Figures 2-8 and 2-9, many researchers report only a very



small or negligible increase in capacity with an increase in bond length provided. (Maeda

et al. 1997,Iketani and Jinno 1996, sato et al. 1997c, yoshizawa et al. 1996)

2.3 MODELS FOR BOND STRENGTH PR.EDICTION

It is difficult to develop general models for predicting bond strength due to the different

types of bond specimens tested, the wide variety of FRP shengthening systems with

different material properties that are used for the bond tests, and variation in the strength

of the concrete used for bond tests. Many bond tests are conducted to provide specific

bond performance information for a specific strengthening application. As will be

discussed further in Chapter 3, the capacity of strengthened concrete members is often

predicted based on bond performance data from specific bond tests which are conducted

as part of the same experimental progrrim.

Since bond perforTnance controls the effectiveness of many strengthening applications,

the design of concrete members strengthened with FRP sheets requires a general model

capable of predicting the bond performance of the FRP system. As the database of bond

tests grows, the potential for developing a general model for predicting bond strength also

increases. In the following section, two models for predicting bond strength are

described. Although based on specific experimental work conducted by each group of

researchers, and including empirical constants, the models could be used to predict the

bond perforrnance of similar types of FRP sheets and strips used for other applications.
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2.3.1 Model Based on Constant Strain Gradient and Effective Bond Length

Using the idealized model shown in Figure 2-I2,Maeda et. al. (Igg7) proposed a method

to predict the bond strength of FRP sheets as a function of the FRP sheet rigidity. The

model is based on the effective bond length, L., which is a function of the FRp sheet

rigidity. The constant strain gradient, de/dx, which occurs along the effective bond

length, L., is assumed equal to 0.0001102 mm-l and is considered independent of the FRp

sheet rigidity. The maximum strain that can be developed in the FRP sheets is calculated

based on the constant strain gradient and the effective bond length, L., âs follows:

tf max:0.0001102 L" (2-s)

The bond strength, or maximum force in the FRP sheets at ultimate, Pr."*, can then be

determined based on the maximum strain developed in the FRP sheets as follows:

Pf**: t¡¡1¿¡ E¡t¡w¡ (2-6)

The relationship between the effective bond length, L", and the rigidity of the FRp sheets,

E¡t¡, based on experimental results, is as follows:

L" : exp[6 .134 - 0.580/n (E¡ t¡)]

E¡: modulus of elasticity of FRP sheets in GPa

t¡: thickness of FRP sheets in mm

(2-7)

'Where,
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Figure 2-14 shows the proposed relationship graphically as well as the experimental test

results which form the basis of the proposed model. The test results indicated that the

increase in the ultimate load, P¡.u*, was not proportional to the increase in rigidity of the

FRP sheets, resulting in a decreased effective bond length, Lr, for FRp sheets with a

greater rigidify, as shown in Figure 2-14. Since the shain rate is assumed constant, the

maximum strain, trmax, calculated using Equations (2-5) and (2-7) is therefore lower for

FRP sheets with greater rigidity.

Sato et al.(1997c) conducted bond tests using the type of specimen shown in

Figure 2-15 (a) which is similar to those tested by Maeda et al. A typical example of

CFRP sheet strain distribution for the specimens tested by Sato et al. is shown in

Figure 2-15 (b) and shows a trend in bond behaviour similar to the specimens tested by

Maeda et al' Sato et al. report an average constant strain gradient in the effective bond

length zone of 0.000168 mm-t. Chajes et al. (1996) observed a strain gradient of

0.000045 mm-l for singleJap bond specimens

2.3.2 The Fracture Mechanics Approach to predicting Bond strength

A model to predict the bond shengfh of elastic plate members externally bonded to

concrete structures that was originally developed by l{olzenkampfer and based on a

fracture mechanics approach, has been modified by Neubauer and Rostasy (1997) to

predict the bond strength of FRP strips. Neubauer and Rostasy (1997) conducted 5l

bond tests using the double lap specimen shown in Figure 2-16 (a) and found that the
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maximum tensile force developed in the plate, T.*,.u*, did not increase for bond lengths

greater than the effective bond length, 1,, ,n*. The test results were used in a linear

regression analysis to determine two empirical constant k5. The predicted maximum

tensile force is a function of the tensile strength of the surface concrete, f.¡r, and the

model includes a term accounting for the width of the FRp sfrip.

Figure 2-16 (b) shows results of the tests conducted by Neubauer and Rostasy compared

to curves predicted using the model. The parameters FRP strip width, b1, strip thickness,

t1, and concrete cube strength were varied, with specimens marked 825 having a concrete

cube strength of 25 MPa and specimens marked 855 having a strength of 55 Mpa. As

shown in Figure 2-16 (b), the increased concrete strength resulted in a reduced effective

bond length when comparing strips of equivalent thickness. Contrary to the model

proposed by Maeda et al' however, this model predicts an increase in the effective bond

length with an increase in FRp strip stiffrress, as shown in Figure 2-16 (b).

The model proposed by Neubauer and Rostasy is based on a fracture mechanics approach

for sliding or mode II concrete failure, the primary failure mode for all of the test

specimens. However, Neubauer and Rostasy (lgg7) indicate that the vertical

displacement of rough crack faces may create mode I or peeling stresses transverse to the

concrete surface, which may explain the secondary effects of interlaminar FRp strip

failure which were also observed. Investigation of the mode I peeling mechanism in

combination with the mode II sliding mechanism has been initiated by Karbhari and

Engineer (1996) with their development of the peel test shown in Figure 2-17.
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Figure 2-4 Bending Bond Specimens Tested by Hamada et al. (1997)
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Figure 2-6 (a) Bond Specimens Tested by Maeda et al. (Igg7)
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27



140 r40

hear test setup Bending test setup 
Tensile test setup

Figure 2-7 (a) Three Tlpes of Bond Specimens Tested by Horeiguichi and Saeki (lgg7)

-l Tensile test I.,T"'-)r

zS
g_l_J'

I Bending testþ
-T=T-

.'¿
r+tl Shr* t.rt J

)

0 10 20 30 40 50 60
Compressive Strength, Mpa

Figure 2-7 (b) Bond strength vs concrete strengthfor Three Types of
Bond Specimens Tested by Horiguichi and Saeki (1997)

5

4.5

ct4
Ë E.s

.¡?
Ê ¿.)
!u

u)¿
Ets
81

0.5

0

28



50

É,40

È'.0
É
ã20
q
'E 

ro

400 600
length (mm)

Mæimum Loadvs Bond Length Provided:
Bond Tests by Maeda et al. (1997)

200
Bond

Figure 2-8

40

35

30

25

20

15

10

5

0

z
J¿

Þ(tt
o
oo
fL

Figure 2-9

Pasted strip length Imm]

Mæitmtm Load vs Bond Length Provided:
Bond Tests by lketani and Jinno (1996)

29

Q E=230,t=0.110
4 E=230.t=0.11OXZpLy
A E=230.r=0.165
D E=230,r=o.t6sXzptyI ¡=¡ao.r=o.resËrF FIHu

^oAÉrâa



Applied Load

'-."2600.45lbs.

-' '2067.04 lbs.

- - '1573.26 lbs.--" 1039.22 lbs.
--.--473.90 Ibs.

012345678
Distance Along The Bonded Plate (in.)

Figure 2-10 Strain Distributionfor Bond Tests Conducted by Chajes et al. (1996)

8000

6000
ì
.fi +ooo,
c/)

2000

0 50 100 150 200 250 300
Incation (mm)

Figure 2-I I (a) Strain Distribution in Specimen No. 2 Tested by Maeda et al. (1997)

l-ocation (mm)

Figure 2-I I (b) Strain Distribution in Specimen No. 3 Tested by Maeda et al. (1997)

5000

ç -= 4ooo
*É:<
8g 3ooo

Hìí
¡CÉ.F E 2000

?,F
.9 1000

0

8000

6000
I

-É Ánnn
ts(/)

2000

30

18.1kN-'-ç-23.4kN

0 50 100 150 200 250 300



Strain

t.*

Location

Figure 2-12 Schematic Strain Distributionfor Model by Maeda et al. (1997)

Figure 2-13 Schematic Shear Stress Distribution Before and After Crøcking
@rosnens and Van Gemert 1997)

^ 150
Etr

Ëo 100
()

oÐ50
q)

o
-q)Ho

ln L,_"o, = 6.134 - 0.580/n (tE)

o

50 100 150 200
Stiffness of CFS (Gpa . mm)

Figure 2-14 Effective Bond Length vs FAP Sheet Stffiess
(Maeda et al. 1997)

After cracking

3t



P

+
ffttfl

I
I

_T'"

lO0rnmn
t-;ltl

Tension balt É 24
(cut in center)

Notch

| | t,l t,l I I

| 6oo*rn Tflt"aon

Figure 2-15 (a) Bond Specimens Tested by Sato et aI. (1997c)

Stnin (t0'5
t000

7000

6000

5mo

4000

3mo

2000

r000

0
-2m -150 -lm 50 r00 r50 200

Axis coordinate (mm)

Figure 2-15 (b) Strain Distributionfor Bond Tests by Sato et al. (1997c)

CFRP sheet
(width=40mm)

- -t

32



I

l--t'',,;-l

I
2n

I

Figure 2-16 (a) Double-Lap Bond Specimen Tested by Neubauer and Rostasy (1997)

Figure 2-16 (b) Normalized Bond Test Resalts vs Bond Length Provided
(Neubauer and Rostasy 1997)

-.-i>

I ffÌt ill@
iwEl \ r¡

'l

.l
r--l
- lcD
sl
EF 2oo
:lr-l

el cDxt
o,l

cal T,.,.., =0.64.k0 Ot:lE,ilt' B=ko.b,frl'

¡ 825, b,. 50mm, i=Z,frmm

o 855, h = 50mm. I .1,2 mr¡
a 855, b,= 50mm,t =2,r.mm

5)



Dlrcctlon ol Force

Figure 2-17 Schematic of Peel Test Conducted by Karbhari ønd Engineer (1996)

Ilase Pl¡te

34



3

Snntn SrnnxcTrrnNrr\G oF
Coucnørn StnucruRps {.Isrxc
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3.1 GENERAL

While the use of FRP sheets or strips for flexural shengthening of concrete structures has

been studied extensively, the study of externally bonded FRP sheets for shear

strengthening has been limited and somewhat controversial Triantafillou (1998). This is

not surprising, since shear behaviour in reinforced concrete beams, even without FRp

shengthening, is a complex mechanism and the many existing models have not yet been

unified and simplified for use in the design codes. (ACI-ASCE 1998)

It is well known that shea¡ failure is generally brittle and catastrophic, with very little

warning of impending failure. For this reason, it is standard practice to design concrete

beams to ensure that a more ductile flexural fäilure would occur prior to any possible

shear failure. Many concrete beams, therefore, require strengthening to increase the

ultimate shear capacity beyond the ultimate flexural capacity. Some beams that require
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flexural strengthening may also require shear strengthening in order to fully develop the

increased fl exural capacity.

Various configurations of FRP sheets for shear strengthening of concrete members have

been investigated in the literature. While the majority of researchers have applied the

sheets to both sides of the beam as well as the underside, some researchers have applied

sheets to the sides only. For some applications such as columns and bridge piers, it is

possible to wrap the entire cross section for enhanced shear capacity. However, for most

beams and bridge girders, the presence of the top slab or bridge deck makes it difficult to

encase the entire cross section. In order to improve the efficiency of FRP sheets used for

shear strengthening applications, interest has been increasing in the use of mechanical

anchorage at the top of the beam web, just below the slab. Figure 3-1 provides an

illustration of the typical methods used to strengthen concrete sections in shear.

The contribution of the FRP sheets to the shear capacity of the beam at ultimate depends

upon the conholling failure mechanism. Shear failure may occur due to failure of the

bond mechanism between the FRP sheet and the concrete or by tensile fracture of the

sheet. Fracture of the FRP sheet is more likely to occur when there is sufficient

anchorage of the sheet, either by complete wrapping of the cross section, or by the use of

mechanical anchorage. Because stress concentrations may occur even at well-rounded

corners, the stress causing rupture of the FRP sheets is typically lower than the ultimate

strength of the sheet. As discussed in Chapter 2, bond failure also results in maximum

FRP strain levels that are much lower than the rupture strain of the material.



Many of the first models for predicting the shear capacity of beams strengthened with

FRP sheets were based solely on the specific experimental studies from which they came,

often considering only a single failure mode that was observed in a small number of tests

with a limited variety of parameters. Most of the first analytical models showed good

agreement because they were calibrated using the same set of data that was used for

verification of the model (Triantafillou 1998). Recently however, the experimental

database available in the literature has increased sufficiently for more generalizedmodels

to be developed. Three recently developed generalized models for predicting shear

capacity, based on three different approaches, are discussed in this chapter.

There are a wide variety of models available for predicting the shear behaviour of

reinforced and prestressed concrete beams, even without considering FRP strengthening

techniques. Therefore, some background on the shear models typically used as a basis

for predicting the shear capacity of beams strengthened with FRP sheets is also provided

in this chapter.

SHEAR BEHAVIOIJR OF PRESTRESSED CONCRETE BEAMS

Prior to cracking in a reinforced concrete beam, the shear reinforcement does not

contribute significantly to the shear resistance of the member. At this stage, the tensile

strain in the shear reinforcement is very low, equivalent to the tensile strain in the

concrete. Cracking occurs when the principal tensile stress in the concrete exceeds the

tensile strength of the concrete.

3.2
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The principal stress trajectories for a typical reinforced concrete beam just prior to

cracking are shown in Figure 3-2 (a). Because the beam also resists moment, the

inclination of the principal strains varies over the depth of the section. In a zone of

relatively high moment, inclined shear cracks may occur as an extension of vertical

flexural cracks and are called flexure-shear cracks. Inclined shear cracks may also

initiate in the thin web of a girder and are called web shear cracks. For most reinforced

concrete beams, the initial inclined shear cracks occur at 45 degrees, while for prestressed

concrete beams, the presence of compressive preshessing forces results in much lower

crack inclination angles. (ACI-ASCE 1998, Ramirez and Breen 1991)

After the initiation of inclined shear cracks, the shear resisting mechanisms in a

reinforced or prestressed concrete member are very complex and cannot be predicted

based on elastic beam theory. With an increase in the applied shear load, new shear

cracks form while the existing cracks propagate and change inclination.

The 45 degree truss analogy that was introduced by Ritter in 1899 and developed further

by Morsch in 1902, provides a conceptual model for the flow of internal forces in a

cracked reinforced or prestressed concrete member that has formed the basis for most

major design codes. (ACI-ASCE 1998) In the truss analogy, the concrete between the

inclined shear cracks is idealized as diagonal compressive struts which push apart the top

and bottom chords of the truss, while the tensile forces in the shear reinforcement pull the

chords together, as shown in Figure 3-2 (b).
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For all shear models based on

reinforcement is calculated based

Figure 3-3 (a) and as follows:

the truss analogy,

on the equilibrium

the contribution of the shear

of vertical forces, as shown in

Vr: Aru Ç z (cot 0)
S

(3-1)

The term "z (cot 0)" represents the horizontal projection of one truss panel, from the top

of one diagonal to the top of the next diagonal. If the shear reinforcement is inclined at

an angle, cr, then the horizontal projection of one truss panel becomes "z (cot 0 + cot g),"

as shown in Figure 3-3 (b). In the case of inclined shear reinforcement, only the vertical

component of the force in the reinforcement is considered for vertical equilibrium.

Extensive experimental work has shown that the 45 degree truss analogy is overly

conservative because it does not account for the following shear resisting mechanisms

(ACr-ASCE 1ee8):

1. Shear stresses in the urcracked concrete of the flexural compression zone

2. Dowel action of the longitudinal reinforcement

3. Arch action

4. Shear füction at the crack interface or aggregate interlock

5. Residual tensile stresses that may be transmitted directly across shear cracks

39



The final two shear resisting mechanisms listed above are interrelated and result in a

vertical component of force occurring along the shear crack. The angle of the principal

compressive stress in the web is therefore less than the angle of the shear crack, which

suggests that some additional contribution from the concrete should be considered in the

equilibrium considerations for the truss.

In order to account for some of the additional shear resisting mechanisms listed above,

and to compensate for the overly conservative nature of the 45 degree truss analogy, two

basic approaches have been taken. As discussed in Section 3.2.I, one approach is to

supplement the shear resistance provided by the shear reinforcement with an additional

concrete contribution term, V.. The second approach, described in Section 3.2.2, is to

use the truss analogy with a variable compressive strut inclination angle, 0. In

Section 3.2.3, the use of the variable angle truss approach in combination with a concrete

contribution is discussed.

The use of a lower value for the strut inclination angle, 0, results in an increase in the

contribution provided by the shear reinforcement, as calculated using Equation (3-1).

The use of a strut inclination angle that is lower than the cracking angle, 0.r, can be

justified by considering some of the additional shear resisting mechanisms listed

previously. By providing additional vertical force components, these additional

mechanisms result in a lower angle for the principal compressive stresses in the web.

The compression field theory and modified compression field theory are rational models
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capable of predicting the strut inclination angle,0, based on the deformation of the shear

reinforcement, the longitudinal reinforcement, and the inclined concrete compressive

struts. By considering equilibrium, compatibility and the shess-strain relationship of

each material, the response of a reinforced concrete member subjected to shear can be

predicted throughout the entire range of loading. Recognizing the beneñcial effects of

tensile stresses existing in the cracked concrete, Vecchio and Collins (1986) modified the

compression field theory further, as discussed in Section 3.2.4.

Most shear design codes recogmze that with excessively wide shear cracks, several of the

additional shear resisting mechanisms listed previously are no longer effective.

Limitations on shear crack widths are therefore imposed, either directly or indirectly, by

limiting the strain in the shear reinforcement. With excessive amounts of shear

reinforcement, the compressive strength of the concrete struts may be exceeded prior to

yielding of the shear reinforcement. Most shear design codes limit the amount of shear

reinforcement to avoid this extremelv brittle failure mode.

3.2.1 Truss Model with Concrete Contribution

Several design codes such as the ACI Building Code Requirements for Reinforced

Concrete, the CSA Simplified Method and Eurocode 2 Standard Method, all include

shear design procedures based on the truss model with the crack inclination angle, 0.,,

and the compressive strut inclination angle, 0, both equal to 45 degrees. The concrete

contributior, V., is based on the shear load at which inclined cracking begins, and is
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added to the shear reinforcement contribution to predict the nominal shear resistance of

the beam as follows:

Vn: V" + !,

For prestressed concrete members, V. is assumed to be the smaller of the shear load

causing web shear cracks, V.*, and the shear load causing flexure-shear cracking, V"¡.

According to the ACI design code, the following equations can be used to predict the

onset of shear cracking (ACI-318, 1995):

V"*:0.3 ({i' + fe.) b*d + Ve (3-3)

Vç¡:0.05 {t' b,,, d + Vd + V¡ lvt. / M-*

(3-2)

(3-4)

Both equations are based on predicting the level of applied shear load causing principal

tensile stresses in the concrete that exceed the tensile shength of the concrete.

3.2.2 Variable Angle Truss Modet

In addition to the Standard Method, the Eurocode 2 design code (1991) also includes a

variable strut inclination method for predicting the shear capacity of reinforced concrete

members. For beams with low amounts of shear reinforcement, the strut inclination

angle is very low. Therefore, lower limits are set for 0, to ensure that a minimum amount



of shear reinforcement is used. The strut inclination angle, 0, is allowed to vary between

22 and 68 degrees for beams with constant longitudinal reinforcement or 27 and 63

degrees for beams with curtailed longitudinal reinforcement. There is no additional

concrete contribution considered with this model, although the method does require a

check to ensure that crushing of the compressive struts does not occur.

Based on the theory of plasticity, crushing of the concrete struts simultaneously with

yielding of the shear reinforcement is the limiting condition for a given amount of shear

reinforcement. For a given amount of shear reinforcement, there is a value for the strut

inclination angle, 0, associated with this failure envelope, as shown in Figure 3-4. The

limits for 0, as set by the code, are also indicated in Figure 3-4. For comparison, the

shear capacity predicted using the 45 degree truss model with a concrete contribution is

also shown in Figure 3-4 for varying amounts of shear reinforcement.

3.2.3 Variable Angle Truss Model wÍth Concrete Contribution

The modified sectional-truss model introduced by Ramirez and Breen (1991) includes a

concrete contribution in combination with the variable angle truss model. In this model,

the shear resistance of a reinforced or prestressed concrete member, Vn, is predicted using

Equation (3-2) where the resistance provided by the shear reinforcement, Vr, is

determined using Equation (3-1). Similar to the variable angle truss model included in

Eurocode 2, lower limits for the strut inclination angle, 0, are set at 30 degrees for
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reinforced concrete beams and 25 degrees for prestressed concrete members. (Ramirez

and Breen 1991)

The concrete contribution, V., is included in the model in order to avoid the overly

conservative results that are obtained when applying the variable angle truss model to

beams experiencing low levels of shear stress. (Ramirez and Breen 1991) The concrete

contribution proposed for reinforced concrete beams is shown in Figure 3-5 (a), and

decreases with increasing levels of shear stress. The model recognizes the contribution of

some of the additional shear resisting mechanisms listed previously, and acknowledges

that some of these shear resisting mechanisms may be ineffective at higher levels of shear

stress. (Ramirez and Breen 1991)

Ramirez and Breen (1991) suggest that although some of the additional shear resisting

mechanisms decrease with increased shear stress, others such as the shear stress in the

flexural compression zone are quite significant at high levels of shear stress. The

presence of prestressing improves the sustained effectiveness of the additional shear

resisting mechanisms even further. Therefore, the concrete contribution recommended

for prestressed concrete beams does not decrease with increasing levels of shear stress, as

shown in Figure 3-5 (b).

The following expression is introduced to evaluate the concrete contribution for

prestressed concrete beams: (Ramirez and Breen 1991)
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V": K (0.166) {f,'b* d (3-s)

Where, K:{1+ç,/fi and 1.0<K<2.0

(f"' in MPa)0.16618

compressive stress at neutral axis

Similar to the ACI expression for V"*, Equation (3-5) above predicts the initiation of web

shear cracking. For those sections where flexural cracking followed by flexure-shear

cracking will initiate prior to web shear cracking, a value of 1.0 is used for K. Although

similar to the ACI approach for determining V., Equation (3-5) is more conservative, as

shown in Figures 3-6 (a) and (b). Figures 3-6 (a) and (b) provide a comparison of the

ACI method and the modified sectional-truss method applied to predict the concrete

contribution for the test beams and loading arangements used in this experimental

program.

3.2.4 Compression Field Theories

The compression field theory and modified compression field theory are based on

compatibility of the deformations in each member of the idealized truss, utilizing the

stress-strain relationship of each material, and satisffing equilibrium. The modified

compression field theory refines the model even further by considering the beneficial

effect of tensile stresses in the cracked concrete. (Vecchio and Collins 1986)

r-rt-

f-rpc -



For the compression field theory, the model is formulated by considering equilibrium of a

beam cross section subjected to shear only, as shown in Figure 3-7 (a). The applied

shear force, V, is resisted by the compressive stress in the diagonal concrete struts, f2, and

the additional tensile force due to shear only, N", which is shared equally between the top

and bottom chords of the truss. By considering vertical equilibrium of the cross section

shown in Figure 3-7 (a), the following expression is derived for the applied shear force:

V: fz b* d., cos 0 sin 0 (3-6 a)

Based on equilibrium in the horizontal direction, the

additional tensile force, Nu, is derived:

following expression for the

Ñ:Vcot0 (3-6 b)

The force in an individual stimrp is determined using the foltowing expression, which is

based on vertical equilibrium of the portion of the beam shown in Figure 3-7 (b):

ñu Aru: fz b* s sin2 0 (3-6 c)

In addition to the three equilibrium equations given above, two compatibility equations

are used to determine the average strain in the truss members and the strut inclination
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angle, 0. The term "average" strain, indicates that these strains apply to base lengths

which are long enough to include several shear cracks. The compatibility equations are

summarized by the Mohr's Circle of strains shown in Figure 3-8 and are as follows:

tan2 0 = Ex- t2 (3-7 a)

¿l

Ev-Ez

ty*t*-tz (3-7 b)

'Where, tl : principal tensile strain in web

Ez: principal compressive strain in web

rx : strain in longitudinal direction in web

€y : strain in transverse (vertical) direction in web

The compatibility and equilibrium requirements are interrelated by considering the shess-

strain relationships of the steel reinforcement in tension and the concrete in compression.

A large number of experimental studies have indicated that the compressive strength of

diagonally cracked concrete decreases with an increase in the principal tensile strain, e1.

The following expression was introduced by Vecchio and Collins, to determine the

maximum compressive strength of the concrete struts: (ACI-ASCE 199g)

f_
L2 max - f"' (3-8 a)

0.8 + 179 st
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The compressive stress in the concrete struts, f2, cànbe determined based on the principal

compressive strain, e2, as follows: (Vecchio and Collins 1986)

1z : îz,r*,12 (e2/e"') - (e2le"')z) (3-8 b)

Using Equations (3-S a) and (3-8 b), the stress-strain relationship of diagonally cracked

concrete can be determined at various levels of principal tensile strain, e1, as illustrated in

Figure 3-9.

The proportion of the strain in the longitudinal direction, e*, which is attributed to the

longitudinal tensile force due to shear only, \, can be determined as shown in

Figure 3-10 (a). If the beam is also subjected to moment, the proportion of the

longitudinal shain, t*, due to moment will vary over the depth of the cross section as

shown in Figure 3-10 (b). The longitudinal strain, rx, used in the compatibility

Equations (3-7 a) and (3-7 b) is therefore based on the strain at a selected depth of the

cross section and includes the effects of both moment and shear, as illustrated in

Figures 3-10 (a) and (b). Using the longitudinal strain, r*, at the centre of gravity of the

longitudinal flexural reinforcement provides the greatest strain and therefore the most

conservative results. For prestressed concrete beams, the beneficial effects of

prestressing, in reducing the longitudinal strain, r*, must be taken into account.

The typical mode of failure is yielding of the stimrps with simultaneous yietding of the
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longitudinal reinforcement. For lower strut inclination angles, 0, the stress in the

concrete compressive struts and the tension in the longitudinal reinforcement are

increased, while the stimrp requirements are reduced. The compressive stress in the

concrete struts, f2, must be checked to ensure that the maximum stress, fz 
^u*, 

is not

exceeded and that crushing of the struts does not occur prior to yielding of the stimrps.

In the modified compression field theory, the effect of tensile forces in the concrete, f¡,

are accounted for as shown in Figures 3-11 (a) and (b). Similar to the approach described

for the compression field theory, the three equilibrium equations can be derived using

Figures 3-11 (a) and (b). By considering vertical equilibrium of the cross section shown

in Figure 3-11 (a), the following expression is derived for the applied shear force:

V: (ft + f2) b* du cos 0 sin 0 (3-e a)

Based on equilibrium in the horizontal direction, the

additional tensile force due to shear only, \, is derived:

following expression for the

ñ: (fz cos2 0 - f¡ sin2 e) b* du (3-e b)

The force in an individual stimrp is determined using the following expression, which is

based on vertical equilibrium of the portion of the beam shown in Figure 3-11 (b):
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fru Aru:1f, sin2 0 - f¡ cos2 0) b* s (3-9 c)

The compatibility equations, Equations (3-7 a) and (3-7 b), are also used in the modified

compression field theory, as is the stress-strain relationship for diagonally cracked

concrete in compression defined by Equations (3-8 a) and (3-8 b).

The stress-strain relationship for concrete in tension suggested by Collins and Mitchell

(1997) is shown in Figure 3-I2. The relationship after cracking is expressed as follows:

Ife¡)e' fr : 0.33{[' (3-10)

1+ú00sl

Although only average stresses and strains are considered in the equilibrium,

compatibility and stress-strain equations, it is recognized that failure may occur due to

local rather than the average stresses. The difference in the local stresses occurring

between the shear cracks is compared with those occurring at the shear crack, as shown in

Figures 3-13 (a) and (b), respectively. Since equilibrium requires that the sum of vertical

forces be equivalent in both Figure 3-13 (a) and Figure 3-13 (b), the following expression

can be derived:

fi : Aru (fy - t") + vci tan e (3-1 1)
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As shown inFigures 3-13 (a) and (b), at lower levels of applied shear load, the stress in

the steel stimrps reaches yield at the crack location, but is reduced at locations away from

the crack. It is assumed that near ultimate however, the tensile stress in the stimrps will

have reached yield both at the crack and between the cracks. Therefore, near ultimate

Equation (3-11) can be simplified as follows: (ACI-ASCE 199g)

f1 : v.¡ tan 0 (3-I2a)

The maximum shear stress that can occur at the shear crack, v"¡, is related to the size of

the maximum aggregate, a, and the crack width, w. The crack width is determined by

multiplying the spacing between cracks, scr, by the principal tensile strain, e1. Equation

(3-12 a) can therefore be modified to form part of the stress-strain relationship shown in

Figwe 3-12 as follows: (Vecchio and Collins 1936)

fr < 0.1S € tan 0 (3-r2b)

0.3+24 ss¡r¡ /(a+ 16)

The modified compression field theory can be formulated to provide an expression

similar to those used in the other shear prediction models. Equation (3-9 c) is written in

terms of the compressive stress, fz, and substituted into (3-9 a), resulting in the following

expression:
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V: fi cot 0 b*du * Aru fu du cot 0 (3- 13)
s

The first term in Equation (3-13) could be considered similar to the concrete contribution

provided in other models, V", while the second term is identical to the stimrp contribution

V,, in Equation (3-1). The General Method for shear design provided in the CSA code

includes an expression similar to Equation (3-13), where:

frcotO: pú"'

and

V: F {f,' b*du * Aru fu du cot 0 (3-14)
S

For shear design, values for 0 and B are selected from curves provided in the code, based

on the level of applied shear stress to be resisted and the longitudinal strain, e*. The code

recommends, conservatively, that the value for the longitudinal strain, e*, be taken at the

centre of gravity of the longitudinal reinforcement.

3.3 SHEAR BEHAVIOUR OF BEAMS STRENGTHENED WITH FRP SHEETS

Similar to beams with only steel stimrps for shear reinforcement, the shear shength, Vn,

of a reinforced concrete beam with extemally bonded FRP sheets can be calculated as the

sum of the shear resisting contributions of the concrete, V., the steel stimrps, Vr, and the
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FRP sheets, Vr*r*. Based on the truss analogy, the contribution of the CFRP sheets can

be determined by considering the equilibrium of vertical forces, as shown in Figure 3-14

and as follows:

Vf : €r"ue Er2nr t¡ w¡ d¡ (cot 0 + cot crr) sin ar (3-1s)

Where,

S¡

Vr : shear resistance provided by FRP sheets

tf ave : average measured shain in FRP sheets

E¡ : modulus of elasticity of FRP sheets

n¡ : number of layers of FRP sheets per one side of beam

t¡ : thickness of one layer of FRP sheets

w¡ : width of one FRP sheet perpendicular to principle fibres

s¡ : spacing of FRP sheets along longitudinal beam a:<is

dr : depth of cross section over which FRP sheets are effective

e : angle of inclined shear crack

cr¡ : angle of principle fibres of FRP sheets

The majority of models introduced to predict the shear capacity of beams strengthened in

shear using CFRP sheets consist of equations similar to Equation (3-15). As will be

described in the following sections, the main difference between each model is in the

selection of the average or effective FRP strain, Erave, and the depth of the cross section

53



over which the FRP sheets are effective, d¡. Values for r¡¿ys and d¡ depend on the mode

of failure, and are determined based on the FRP sheet confisuration and stiffüess.

If sufficient anchorage of the FRP sheets is provided, either by complete wrapping of the

cross section or by the use of mechanical anchorage, the typical mode of failure is rupture

of the FRP sheet, as shown in Figure 3-15 (a). Because stress concentrations may occur

even at rounded corners and at debonded areas around cracks, the stress causing rupfure

of the FRP sheets is typically lower than the ultimate strength of the sheet (Araki et al.

1997, Triantafillou 1998).

For the majority of shear shengthening applications, the presence of a slab supported by

the beam prevents complete wrapping of the cross section. Without complete wrapping

of the cross section or mechanical anchorage of the sheets, the predominant mode of

failure is failure of the bond mechanism by shear-tension failure in the concrete substrate,

as shown in Figwe 3-15 (b) (Alexander and Cheng 1996, Al-Sulaimani et al. 1994,

Drimoussis and Cheng 1994, Norris et al. 1997, Sato et al. 1996, Triantafillou 1998,

uji reez).

3.3.1 Model for Shear Capacity Based on FRP Stiffness

One of the first generalized models that is based on a collection of experimental work

reported in the literature and extending beyond one single experimental program, was

developed by Triantafillou in 1998. The experimental test results for beams strengthened



with FRP sheets that were used to develop the model are suÍtmarized in Table 3-1. As

shown in Table 3-1, both failure modes were observed, rupture of the CFRP sheets for

the wrapped beams and failure of the bond mechanism for the beams with U-shaped

sheets or sheets on the sides only. The only exception is the beams tested by Chajes et al.

(1995), where rupture occurred for sheets that were not wrapped completely around the

beam cross section.

Based on the ultimate shear failure load reported for each test beam, and using an

expression similar to Equation (3-15), Triantafillou determined the effective strain in the

FRP sheets at failure for each beam. Figure 3-16 shows the calculated effective strain in

the FRP, trp, âs a function of the a¡ea fraction and stiffrress of the FRP sheets prrp Eftp.

The second order equation for the best-ñt curve shown in Figure 3-16 is as follows:

If 0<pfr.pEr.p<1,

enp : 0.0119 - 0.0205 (pnp Fap) + 0.0104 (pno Eno)'

And if prrp Er* > l,

tr.p : - 0.00065 (Or* E¡u; + 0.00245

Pnp:2j1.rvr
b* sr

(3-16 a)

(3-16 b)

Where,
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As can be observed in Figure 3-16, the effective shain in the FRP sheets at failure is

consistently greater for the beams with wrapped sheets when compared to those beams

where shear failure occurred due to failure of the bond mechanism.

The variation in the FRP sheet contribution, Vr.p, with increasing stiffrress, p¡pE¡p,¿, was

calculated using Equations (3-15) and (3-16) and plotted, along with the beam test

results, in Figure 3-17 (Triantafillou 1998). The curve for Vnn shown in Figure 3-17

suggests that there is a limiting area fraction of FRP, p6n, beyond which there is no

increase in the effectiveness of the FRP sheets for shear strengthening of the beam. This

observation is similar to the trend observed by Maeda et al. (1997) for the simple bond

tests, where a second layer of FRP sheets did not double the capacity of the bond

specimen.

3.3.2 Predictions Based on Average Bond Stress

Because failure of the bond mechanism is a predominant mode of failure for beams shear

strengthened with FRP sheets, many researchers have based predictions for the shear

resistance provided by the FRP sheets on the average bond stress occurring over a given

surface area of the beam. The bond area and the method for determining the average or

maximum bond stress vary slightly for different researchers as discussed in this section.

Based on tests results for beams strengthened with 3 mm thick glass fibre plates,

Al-Sulaimani et al. (1994) suggest that the bond stress distribution can be described as



shown in Figwe 3-18, and that the FRP shear resistance can be determined based on the

average bond stress, r"ur, and the height of the FRP plates, h, ffi follows:

Yr:2Fr:2 tuu" (dW2)

F¡: force in FRP plate on one side of the beam

(3- I 7)

Where,

Equation (3-I7) is used to predict the shear resistance provided by continuous FRP plates,

while the shear resistance provided by strips of FRP plates can be calculated using the

same equation multiplied by the ratio of the width of each strip to the strip spacing, brl sr.

Al-Sulaimani et al. also conducted doublelap bond tests, and determined that the

ultimate bond strength, rult, was 3.5 MPa for the specific materials used in their

experimental program. Using the beam test results, the average bond stress, rave, was

found to range from 0.8 to 1.2 MPa for the beams with FRP plates applied to the sides

only. For the beams with U-shaped FRP jackets, Al-Sulaimani et al. recommend that the

ultimate bond strength, ru¡1, b€ substifuted for the average bond stress when using

Equation (3-17) to predict the FRP shear resistance.

Using a similar bond stress distribution and method for predicting the FRP shear

contribution based on bond strength, Chaallal et al. (1998) provide a more generalized

model by introducing an expression for calculating the ultimate bond strength. The

ultimate bond strength is calculated based on Roberts' approximate analytical solution,

)t



and using the material properties of the FRP sheet and the adhesive. Chaallal et al.

recommend the following relationship between the average bond stress and the calculated

ultimate bond stress:

Tave: tv1¡ / 2 (3-1 8)

Sato et al. (1996) also observed bond failure above and below the shear crack for beams

with 0.11 mm thick CFRP sheets applied both in U-shaped strips and strips on the sides

of the beam only, as shown in Figure 3-19. The independent bond test results shown in

Figure 3-20, were used to predict the shear resistance of the FRP sheets, based on the

available bond length provided above or below the shear crack for each FRP strip. This

approach recognizes the trend in bond test results, as discussed in Chapter 2, where

average bond strength decreases with increasing bond lengths provided. Sato et al. report

that the FRP shear resistance predicted using this method did not compare well with the

beam test results, and suggest that the bond relationship requires further clarification.

3.3.3 Model for Shear Capacity Based on Effective Bond Length

As discussed in Chapter 2, various researchers have reported that beyond a certain

"effective bond length," typically in the range of 75 to 150 rrurr, an increase in the

available bond length provided does not significantly increase the ultimate capacity of

bond specimens.
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The concept of an effective bond length, Lr, is applied to beams strengthened in shear

using FRP sheets as shown in Figures 3-2I (a), (b) and (c). For U-shaped FRP sheets, the

portion of the sheet with an available bond length above the shear crack less than L", is

considered ineffective. (Alexander and Cheng 1996, Khalifa et al. 1998) For sheets

applied to the sides of the beam only, as shown in Figure 3-21 (b), the available bond

length both above and below the shear crack is compared to L" in order to determine the

portion of the FRP sheet that is effective in resisting shear forces. The concept of an

effective bond length can also be applied to beams strengthened with diagonal FRP

sheets, as shown in Figure 3-21 (c).

Based on the beams shown in Figures 3-21 (a) to (b), it is apparent that the depth of the

cross section plays a significant role in the effectiveness of FRP sheets when bond failure

is the controlling failure mechanism. If the depth of the cross section is too small, the

available bond length above and below the shear crack may be less than the effective

bond length, L", and the maximum FRP strain that could be developed in the FRP sheets

may not be reached. The depth of the cross section should be carefully considered when

examining test results reported for very small test beams.

Khalifa et al. (1998) have introduced a model for predicting the shear resistance of FRP

sheets which considers both the effective bond length model proposed by Maeda et al.

(1997), as well as the effective strain relationship shown in Equation (3-16) and proposed

by Triantafillou (1998). The FRP shear resistance is calculated using Equation (3-15),

and the lowest value obtained using the two different approaches is selected.
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The bond strength model proposed by Maeda et al. (1997), as described in Section 2.3.1,

is used to determine the effective bond length, L", and the maximum strain that can be

developed in the FRP sheetS, rrmax, as a function of their stiffüess. As shown in

Figures 3-21 (a), (b) and (c), the effective bond length is used to determine the portion of

the FRP sheet which is effective in resisting shear forces. The effective depth of the FRp

sheet, d¡, is reduced based on the effective bond length and the configuration of the FRp

sheets. The maximum strain that can be developed in the sheets, rrmax, is assumed to be

evenly distributed over the effective depth, d¡, so that e¡*.* is used for the average FRp

strain, r¡"u", in Equation (3-15).

For design purposes, in order to maintain the integrity of the concrete conhibution,

Khalifa et al. also impose a restriction on the strain in the FRP sheets, limiting r¡¿ys ro

about 0.004 to 0.005.

3.3.4 Load Sharing Between FRP Sheets and Steel Stirrups

An accurate assessment of the load sharing relationship between the CFRP sheets and the

steel stimrps is important for the design of strengthening schemes where each componenr

is required to carry a portion of the applied loading. In separate investigations, Uji

(1992) and Sato et. al. (1996) observed that the ratio ofthe shear resistance provided by

the FRP sheets and the steel stimrps, V¡ro/Vr, was not based on equivalent strain in the
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two materials, and therefore was not determined by the ratio of their stiffüesses

E¡'pA¡'pÆ'Ar. Both Uji and Sato et al. suggest that this behaviour is due to the difference

in the bond properties of the FRP sheets when compared with the stimrps.

Uii (1992) suggests that due to the superior bond perforïnance of the FRP sheets, the FRp

sheet elongation is localized around the shear crack, while the stimrp strains evenly over

most of its length. Higher strains are therefore developed in the FRP sheets when

compared to the stimrps at the same crack location (Uji 1992). Miyauchi et al. (Igg7)

also reported that the strain in the FRP sheets was higher than the strain in the stimrps for

reinforced concrete beams strengthened with CFRP sheets.

As shown in Figure 3-22, Sato et. al. (1996) plotted the variation in the ratio of the

contributions, V¡n/Vr, for increasing levels of applied shear load, for two test beams with

different steel shear reinforcement ratios, p*. The dotted and solid lines in Figwe 3-22

show the stiffüess ratio, E6nA¡n/ErAr, for each beam. As illushated by Figure 3-15, the

ratio of the contributions, VapA/., decreases with increasing load and approaches a

constant level that is approximately 1.3 times greater than the ratio of the stiffüesses.

Uji (1992) reported a similar trend, as the debonded area of the FRP sheet increased with

increasing levels of applied load, the ratio of the contributions,V¡*/Vr, approached the

ratio of the stiffnesses, E¡,pA¡,pÆ.Ar.
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Table 3-I Summary of Experímental Results: Beams Strengthened wíth FRP Sheets

'B=BerscÉ0:U=Ujil¡:D=Dolæetal.l2;A=Al.Sulaimmietal.2SlO=Ohuchietal.lr:C=Chajesetal.x;M=Malvuctal.l6;S=Satoetal.:8;
T = prcscnt study (Trimtañllou)

Symbols for æch bcam appcar in paænthcæs 0, æ æsigncd by thosc who conductcd tcs6.

ffi = GFRR C = CftP: e = ¡:¡p' sidcs = bondcd to sidæ only: wrap = wrappcd tround.

I m =39.4 in.: I GPa =145 ksi.

Beam* bum d,m FRP typcl 9¡p E¡r,GPa I, deg Vrp', Failu¡e mechanism

B(3)

B(4)

0.114

0.il4
0.085

0.085

G,sides (s)

G,S

0.01I

0.02'l

t6.8

16.8

45

45

0.0066

0.0056

Shea¡ (debonding)

Shear (debonding)

u(3)
u(s)
u(6)
u(7)

0.1

0.t

0.t
0.1

0.

0.

0.

n

7
1

7

C, wrap

C,S

u,s
C,s

0.00r94

0.00 I 94

0.00194

0.0039

230
??n

230

230

90

90

56

90

0.0050

0.0030

0.0034

0.00 r5

Shear (fracture)

Shear (debonding)

Shear (debonding)

Shear (debonding)

D(F2) 0.038 0.r27 A, sides & bottom
(s&b)

P¡*E¡* = 0.363 90 >0.0044 Flexure

A(wo)
A(SO)

A(JO)

0.

0.

0.

5

5

5

0.1 l3
0.n3
0.u3

G,S

c,s
G,s&b

0.04

0.016

0.04

l6
l6
l6

90

90

90

0.0008

0.00r8

>0.0016

Shear (debonding)

. Shear (debcinding)

Flexure

o(BSl2)
o(BS24)

o(8M06)
o(BMr2)
o(BMr8)
o(8M24)
o(8L06)
o{BLr2)
o(BMW06)
o(BMwl2)
o(BMW24)
o(2)
o(3)

0.

0.

0.

0.

0.

0.

0.

^
0.

0.

0.

0..

0.,

8

I
I
8

I
8

8

8

8

8

8

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.34

0.34

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

C, wrap

0.0012

0.0024

0.0006

0.0012

0.00 r 8

0.0024

0.0006

0.0012

0.0006

0.0012

0.0024

0.00029

0.00058

230

230

230

230

230

230

230

230

230

230

230

230

230

90

90

90

90

90

90

90

90

90

90

90

90

90

0.0084

0.0062

0.01l7
0.0093

0.0078

0.0060

0.0084

0.0078

0.0084

0.0069

0.0046

0.0r20

0.0r03

Shear (fracture)

Shear (fracture)
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Figure 3-2 (a) Principal Stress Trajectoriesfor a Typical
Reinforced Concrete Beam (Ramirez ønd Breen I99I)

Figure 3-2 (b) Idealized Truss (Ramirez snd Breen I99l)
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Figure 3-7 (a) Beam Cross Section Subjected to Shear: Compression Field Theory
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Figure 3-8 Mohr's Circle of Strains: Compatibility of Strains

Figure 3-9 Stress-Strain Relationship of Diagonally Cracked Concrete in Compression
(Vecchio and Collins 1986)
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Figne 3-12 Stress-Strain Relationshipfor Cracked Concrete in Tension
(Collins and Mitchell 1997)

Figure 3-13 (a) Local Stresses Between Cracks (Collins and Mitchell 1997)
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Figure 3-13 (b) Local Stresses qt Crack (Collins andMitchell 1997)
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Fìgure 3-16
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Figure 3-19 Bond Failure Above and Below Shear Crack:
Beams Tested by Sato et al.(1996)
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Figure 3-20 Resalts of Bond Tests (Sato et al. 1996)
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4

ExpBmMENTAr, FnocRAM

4.1 GENERAL

The objective of the experimental program was to investigate the use of externally

bonded FRP sheets for shear shengthening of l-shaped prestressed concrete bridge

girders. Seven scale model prestressed concrete girders were strengthened, using three

different types of CFRP sheets for ten different CFRP configurations. The ten meter long

beams were 1:3.5 scale models of the girders used for the Maryland Bridge in V/innipeg,

Manitoba" Canada. The beams were tested to failure at each end to examine their

behaviour and determine the most efficient strengthening scheme. Because the bond

between the CFRP sheets and the concrete is a critical component of this strengthening

method, a series of bond specimens were tested in order to determine the bond

characteristics.

The first series of four beams was fabricated using internal shear reinforcement with a

shape identical to that used in the Maryland Bridge and shown in Figure  -l(a). In order

to extend the applicability of the experimental results, the second series of three beams
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was fabricated using the more common straight-legged stimrp shape, shown in

Figure 4-1(b). The second series of beams also included a flexural strengthening

technique using CFRP strips bonded to the underside of the test beams. One beam from

each series, Series B and Series S, was tested as a control beam without the application of

CFRP sheets on the web of the girders.

Two different types of bond specimens were tested in a correlative experimental program

conducted by Mr. David Donald and forming part of his Master's of Science Thesis. A

total of six Rectangular Tension-type Bond Specimens were tested to evaluate the bond

characteristics, as well as nine Single-Flanged Tension-type Bond Specimens designed to

simulate the bottom tension flange of a typical l-shaped AASHTO bridge girder.

This chapter provides details of the specimen fabrication and specimen parameters, the

test set-up and the instrumentation used to monitor the behaviour during the tests.

4.2 MATERIALS

4.2.1 CFRP Sheet Svstems

Three different types of CFRP sheet systems were used for shear strengthening of the test

beams. Each system consists of dry fibre sheets which are delivered to the user in rolls of

continuous unidirectional fibres and a two-part epoxy resin which is mixed and applied to



the fibres on site to form the composite CFRP material. The carbon fibres are

chatactenzed 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. By comparison,

the epoxy resins typically have a tensile strength and tensile modulus significantly lower

than the carbon fibres, in the range of I o/o to 2 Yo of the values reported for the carbon

fibres.

When bonded together and loaded in the direction of the fibres, the fibres and the resin

undergo equivalent strains and the more rigid and shonger fibres carry almost all of the

applied force. Since the fibres resist most of the applied load, increasing the amount of

resin applied to a single-ply sheet of fibres does not significantly increase the tensile

force required to rupture the composite material. However, increasing the amount of

resin will significantly increase the thickness of the composite material. If the tensile

force required to rupture the composite material is reported in terms of a force per unit

ate4 it is important that the corresponding thickness of the composite material also be

reported.

The thickness of the cross section corresponding to the reported tensile strength and

tensile modulus of the material is commonly called the "design thickness." Because the

fibres carry most of the applied force and the amount of resin applied on site may vary

widely, another material property that is useful for a true comparison of different CFRp

sheet systems is the weight of the fibres per length and width of sheet. As design codes

develop and terminology is standardized, the trend is moving toward reporting the



strength, modulus and thickness in terms of equivalent dry fibre properties, so that the

material properties reported are independent of the amount of resin applied.

The material properties for each of the different CFRP sheet systems used in this

experimental program are given in Table 4-1, as reported by the manufacturers. Both

ends of one of the Series B beams, all of the Series S beams, and all of the bond

specimens were strengthened using the Type B CFRP sheets. The Type B sheets are

manufactured by the Mitsubishi Chemical Corporation of Japan and are known by the

trade name Replark20ru . The Type B sheets are similar to a sheet of paper with a design

thickness of only 0.11 mm. Anotherbeam in Series B was strengthened onboth ends

using the Tlpe A CFRP sheets, which are manufactured by the Tonen Corporation of

Japan and have material properties similar to those of the Type B sheets. The third type

of CFRP sheets used to strengthen both ends of the final Series B beam are thicker, with a

design thickness of 0.79 mm, and were handled more like a fabric than a sheet of paper.

The Type c sheets are known by the hade name TyforM S FibrwraprM and are

manufactured by the Fyfe Company of California.

4.2.2 CFRP Strips

The CFRP strips used for flexural strengthening of the test beams differ from the CFRP

sheet systems in that the continuous unidirectional fibres are impregnated with a polymer

resin by the manufacturer and delivered to the site as a composite material. The Sika@

Carbodur@ CFRP strips that were used, were I.2 mmthick by 50 mm wide, with a tensile
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strength of more than2400 MPa, an elastic modulus of 150 GPa, and a rupture strain of

19 millishain, as reported by the manufacturer. The CFRP strips were bonded to the

concrete surface using the Sikadur@ 30 high-modulus, high-strength, structural epoxy

paste adhesive.

4.2.3 Steel Reinforcement

Seven wire steel strand with a diameter of 13 mm was used for both the prestressed and

non-prestressed flexural reinforcement. The ultimate tensile strength of the steel strand is

1860 MPa and the modulus of elasticity was 207 GPa, as reported by the precasr

fabricator.

The stimrps used in the Series B beams were undeformed 5.5 mm diameter steel bars.

The bars were tested at the University of Manitoba and found to have an average yield

strain of 2.8 millistrain, an average yield stress of 640 MPa, an average ultimate tensile

strength of 683 MPa, and an average modulus of elasticity o1225 GPa. Deformed steel

bars with a diameter of 6.2 rnm were used to fabricate the stimrps for the Series S beams,

and were included in several bond specimens to simulate the stimrps crossing the crack.

The deformed bars were tested and found to have an average yield strain of

2.5 millistrain, an average yield stress of 490 MPa, an average ultimate tensile strength of

635 MPa, and an average modulus of elasticity of 191 GPa. The stress-strain relationship

of the steel bars used to fabricate the straight-legged stimrps for the Series S beams is

shown in Figure 4-2.
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4.2.4 Concrete

The test beams were fabricated by Lafarge Canada Inc., Winnipeg, Manitoba, Canada.

The specified concrete mix contained 450 k{m3 of Type 10 cement with a maximum

water/cement ratio of 0.45 and a maximum aggregate size of 10 mm. Three cylinders

were cast for each beam and were tested at the time of beam testing. The compressive

strengths of the concrete at the time of testing ranged from 44 to 55 MPa for the beams of

Series B and from 50 to 59 MPa for the Series S beams. Additional cylinders were cast

by the fabricator to determine concrete strengths at the time of release of the prestressing

strands, at7 days and at 28 days.

The bond specimens were cast in the W.R. McQuade Laboratories at the University of

Manitoba, with concrete provided by a local ready-mix supplier. The concrete used for

the Rectangular Bond Specimens had an average compressive strength of 52 MPa, while

the average compressive strength of the concrete used for the Single-Flanged Bond

Specimens was 41 MPa.
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4.3 BEAM TEST SPECIMENS

4.3.1 Design and Fabrication of the Test Beams

The ten meter long test beams were 1:3.5 scale models of the I-shaped Maryland Bridge

girders. The beams had depth of 415 mm with a top slab of 480 mm wide and 60 mm

deep as shown in Figures a4@) and a-3@). Figure a-a@) shows the beam prior to

casting of the concrete, while Figure 4-4þ) shows the beam after casting of the top slab.

The slabs were cast a minimum of seven days after the casting of each beam. All of the

beams were pretensioned with three 13 mm straight steel 7-wire strands and one draped

strand. The strands were prestressed with an initial force of 1001d{, which was 55 % of

their ultimate capacity. To increase the flexural capacity of the beams and avoid

premature failure due to flexure, non-prestressed 13 mm steel strands were also provided.

The beams of Series B were reinforced with trvo non-prestressed strands while three non-

prestressed strands were provided in the Series S beams.

The beams of Series B were designed to carry the same shear stress at ultimate as the

girders of the Maryland Bridge. The stimrp shape for the four Series B beams is shown

in Figures a-l@) and 4-3(a), and is identical to those used in the bridge girders, with the

overall dimensions and bar diameter scaled down accordingly. The straight-legged

stimrp shape used for the three Series S beams, is shown in Figures 4-1(b) and 4-3(b).

The spacing of the stimrps was identical in all of the test beams.
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4.3.2 Specimen Farameters: Series B

The four Series B beams were fabricated using stimrps with a bent-legged shape identical

to that used for the stimrps of the Maryland Bridge girders. One of the beams was tested

as a control beam while the remaining three beams were strengthened using three

different types of CFRP sheet systems for six different shear strengthening

configurations. The beams were tested to failure at each end to determine the most

efficient strengthening scheme. The specimen parameters for the eight Series B tests are

summarized in Table 4-2 and in Figure 4-5 (a).

During testing of the first end of the Series B control beam, premature failure occurred

due to the shape of the stimrps. An outward force was observed by spalling of the

concrete cover as shown in Figure a-6@). This force is the resultant of the tensile forces

in the vertical and diagonal legs of the stimrps and causes the stimrp to shaighten. To

control this outward force, the second end of the conhol beam in Series B was

strengthened using the clamping scheme shown in Figure 4-6(b). Steel hollow structural

sections (HSS) were placed on each side of the lower part of the thin web and clamped to

the beam with bolts through the web.

The second Series B beam was strengthened using one layer of 250 mm wide vertical

CFRP sheets with a 100 mm gap between each sheet to allow drainage of any moisture

accumulation. The vertical CFRP sheets were applied on each side of the cross section,

as shown in Figure 4-6 (c), from the top of the beam immediately below the slab to the

85



underside of the beam where they were overlapped for a minimum length of 100 mm.

The other end of the beam was shengthened with a single layer sheet of 220 mm wide

CFRP, with the continuous carbon fibres in the horizontal direction, on top of the vertical

sheets as shown in Figure 4-7. The surface of the second beam was prepffed prior to

application of the CFRP sheets using a grinder, wire brush and high-pressure air for

cleaning the surface after grinding. Ty,.pe A CFRP sheets were used to shengthen both

ends of the second test beam.

One end of the third test beam was strengthened with a single layer of 250 mm wide

CFRP sheets with the fibres oriented diagonally at 45 degrees. The sheets were applied

on each side of the beam and overlapped on the underside of the beam. A 20 mm gap

was provided between each diagonal sheet as shown in Figure 4-8. The other end of the

third beam was strengthened using one layer of 250 mm wide vertical CFRP sheets

similar to the second beam, but with a gap of 20 mm between the sheets. Type B CFRp

sheets were used for both ends of the third beam. The surface of the beam was prepared

using a high-pressure water-blasting technique, however, some grinding was required to

round any sharp corners on the beam.

The fourth test beam was strengthened using one layer of 250 mm wide diagonal CFRp

sheets. As with the previous beams, the sheets were applied on each side and overlapped

on the underside of the beam. A 100 mm gap was provided between each diagonal sheet

similar to the second test beam. The other end of the beam was strengthened with a

single layer sheet of 220 mm wide CFRP, with the continuous carbon fibres in the
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horizontal direction, on top of the diagonal sheets as shown in Figure 4-9. The fourth

beam was strengthened using Type C CFRP sheets. Similar to the third test beam, the

surface of the beam was prepared using the hydro-blasting technique, and grinding to

round any sharp corners on the beam.

4.3.3 Specimen Parameters: Series S

The three Series S beams were fabricated using the more common straight-legged stimrp

shape, and with a slightly larger diameter deformed steel bar than was used for Series B.

The first end of the first Series S beam was tested to failure without any strengthening. A

flexural strengthening technique using CFRP strips bonded to the underside of the beams

was then applied to the second end of the first Series S beam. This beam with the CFRp

strips, but without any shear strengthening scheme, was then tested to failure as a control

beam. The remaining two beams were strengthened using both the CFRP strips and the

CFRP sheets, and were tested to failure at each end. The specimen parameters for the six

Series S tests are summarizedinTable 4-3 and in Figure 4-5 (b).

Tlpe B CFRP sheets were used on top of the CFRP strips for both of the remaining

Series S beams. Both of the beams were strengthened for shear on both ends using a

single layer of 250 mm wide CFRP sheets with the fibres oriented diagonally at 45

degrees. The sheets were applied on each side of the cross section, and were overlapped

on top of the CFRP strip on the underside of the beam. A 20 mm gap was provided

between each diagonal sheet. Prior to application of the sheets, the surface of both of the
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beams was prepared using the hydro-blasting technique.

The first end of the second Series S beam was tested to failure with a single layer of

diagonal CFRP sheets. On the second end of the same beam, a single layer 220 mm wide

horizontal CFRP sheet was applied on top of the diagonal sheets as shown in Figure 4-10.

The first end of the third Series S beam was strengthened with a second layer of diagonal

sheets directly on top of the first layer. A clamping scheme similar to that used on the

Series B beam was applied on top of the single layer of diagonal sheets on the second end

of the final Series S beam, as shown in Figure 4-l 1. This clamping scheme was applied

to control the outward force that develops due to the shape of the beam cross section and

the increasing tensile force in the CFRP sheets.

4.3.4 Application of the External Bonded CFRP Systems

The CFRP strips used for flexural strengthening were applied to the underside of the

Series S beams by local a contractor and using the procedure recommended by strip the

manufacturer. After the concrete surface was cleaned and prepared, the Sikadur@ epoxy

paste adhesive was applied to the concrete substrate and to one side of the Carbodur@

CFRP strips, as shown in Figwe 4-12(a). The strips were then pressed into place, as

shown in Figure 4-12(b), and using a rubber roller to squeeze out the excess adhesive. A

second layer of Carbodur@ was then applied on top of the first layer using the same

procedure.
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As with the CFRP strips, the CFRP sheets used for shear strengthening were applied to

the beams using well-defined procedures recornmended by each sheet manufacturer and

proprietary products supplied by each manufacturer. Two local contractors applied the

sheets, with one contractor using the Tonen sheets and the other applying the Mitsubishi

and Fyfe sheets.

After the concrete surface of each beam was cleaned and prepared, an epoxy primer was

applied followed by att epoxy paste and finally, the epoxy resin, which forms the matrix

of the composite CFRP material. The epoxy primer is the least viscous of the three

epoxy components, penetrating and sealing the porous surface of the concrete to improve

the bond between the concrete and the epoxy resin matrix. After setting of the primer,

any significant surface inegularities were filled using a thick epoxy paste, as shown in

Figures 4-13(a) and a-13(b). Once a smooth, flat surface was achieved, the epoxy

impregnation resin and the carbon fibre sheets were applied to form the composite CFRp

material. The viscosity of the epoxy resin was low enough to allow the resin to

impregnate the dry fibre sheets, but high enough to keep the sheets attached to the beam

while the resin sets and cures. Figures 4-I4(a),4-14(b) and 4-14(c), show the application

of the Type A - Tonen, Type B - Mitsubishi and Type C - Fyfe sheets, respectively.

All three of the CFRP sheet systems were applied using the same general procedure,

however, there were some differences specific to each system as described below. For

the beam strengthened using the Fyfe system, the surface irregularities were filled using

the epoxy impregnation resin with additional filler material, added on site, to thicken the
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resin to the consistency of a paste. The Mitsubishi and Tonen epoxy pastes were

provided separately from the epoxy resins and did not require any additional filler

material. For the beams strengthened using the Mitsubishi and Tonen systems, additional

grinding was required, after setting of the epoxy paste, to achieve a smooth, flat surface.

For the beams strengthened with the Mitsubishi and Tonen systems, the epoxy resin was

applied to the surface of the beam followed by the CFRP sheets. A second layer of epoxy

resin was applied as a top coat. In the case of multiple layers of sheets, the top coat of

epoxy resin served as a base coat for the next layer of CFRP sheets. By comparison, the

Fyfe dry fibre sheets were impregnated with epoxy resin in a separate resin bath prior to

application on the beam, as shown in Figure 4-15. Any subsequent layers were applied

using the same technique.

4.5 BEAM TEST SET-UP

Testing was conducted at the W.R. McQuade Laboratories, University of Manitoba. As

shown in Figwes a-ß@) and 4-16þ), the simply supported beams were subjected to two

equivalent non-sylnmetric point loads spaced according to a typicat highway truck and

the scale of the specimens. The monotonic static load was applied using an MTS

5000 kN testing machine under stroke control. The shear span of 1940 mm was kept

constant for all of the tests, while the overall span was varied.
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The first end of each Series B beam was tested with an overall span of 9.7 m, as shown in

Figure a-16(a). ln order to test the second end of each Series B beam, the beam was

furned and one support was moved to exclude the damaged first end of the beam, as

shown in Figure 4-16(b). The overall span for testing of the second end of the Series B

beams was 6.05 m. Both ends of all of the Series S beams were tested with the same

overall span of 6.05 m, using the test set-up shown in Figure 4-16 (b).

The beams were simply supported on rollers, which rested on concrete blocks. The load

was applied through steel beams on the full width of the top slab. Plaster was used to

distribute the load evenly at the loading points and at the supports. Lateral supporr was

provided, without restricting the vertical displacement of the specimen, at the location of

maximum moment and at the supports. Additional lateral support was provided for the

longer 9.7 m spans.

3.6 BEAM INSTRUMENTATION

The strain in the stimrps and the distribution of the strain in the CFRP sheets were

monitored using electrical resistance strain gauges with a 5 mm gauge length. DEMEC

stations were used to measure flexural strains at the top and bottom of the beam. The

strain in the prestressed and non-prestressed strands was monitored using electrical

resistance strain gauges. Displacement gauges (PI gauges) with 100 mm gauge lengths

were used to measure the compressive strain at ultimate on the top concrete surface of the
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slab. For some beams, displacement gauges and DEMEC stations were used to form

rosettes for strain measurement in three directions on the web. Deflection was measured

using Linear Voltage Displacement Transducers (LVDT) at each of the load points.

Because the strain in the CFRP sheets can be very localized., the strain gauges were

applied very close together along the length of the continuous carbon fibres to monitor

the distribution of strain along a particular group of fibres. In general, one column of

gauges was applied 50 mm from each edge of the 250 mm wide CFRP sheets within the

shear span. For most of the beams, a maximum spacing of 30 to 40 mm was used

between the strain gauges in each column. The location and number of strain gauges

applied to the CFRP sheets for the beam shown in Figure 4-17 ístypical for all of the test

beams strengthened with CFRP sheets.

During each test, displacement and strain readings were recorded in parallel, using data

acquisition systems, at a rate of 1 sample every 2 seconds. The load and stroke of the

machine cross-head were also recorded at arute of 1 sample every 2 seconds. Two data

acquisition systems with a total capacity of 72 charurels were used for the Series B beams

while one data acquisition system with 29 channels was used for the Series S beams. For

the Series S beams, strain gauge readings were also taken manually using a strain

indicator box to monitor a total of 40 channels.
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4.7 BOND SPECIMENS

The Rectangular and Single-Flanged Bond Specimens consisted of reinforced concrete

prisms strengthened on opposite faces with 200 mm wide Type B CFRP sheets and

subjected to uniaxial tension as shown in Figures 4-18 (a) and (b). For all of the bond

specimens, the CFRP sheets were applied with the continuous longitudinal fibres oriented

parallel to the direction of the applied tensile load.

Due to the arrangement of the internal reinforcing, cracking of the concrete was initated

at mid-height of the specimen as shown in Figures a-lS (a) and (b). Two different crack

angles were used, with the angle of the crack at 45 degrees, or perpendicular to the

longitudinal fibres at zero degrees. For some specimens, steel reinforcement crossing the

crack was used to simulate the effect of stimrps, in order to evaluate load sharing

between the CFRP sheets and the stimrps. The same type of steel bars that were used to

fabricate stimrps for the Series S beams, were used to simulate stimrps in the bond

specimens. The CFRP sheets were applied to the bond specimens using the same

procedures and the same two surface preparation techniques as described previously for

the test beams.

A total of six Rectangular Bond Specimens were fabricated and tested with dimensions

100 x 275 x 900 mm. Table 4-4 provides a sunmary of the specimen parameters for the

Rectangular Bond Specimens.
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Nine 275 x 900 mm Single-Flanged Bond Specimens were fabricated and tested to

evaluate the effect of the concrete surface profile which simulates the lower tension

flange of an l-shaped AASHTO bridge girder, as shown in Figure 4-1S (b). In addition to

varying the crack angle, the distance between the crack and the interior comer of the

flanged section was varied between 0 and 50 mm. Table 4-5 provides a srunmary of the

parameters for the Single-Flanged Bond Specimens.

The bond specimens were tested under monotonic loading and stroke control. As shown

in Figure 4-19, pin-ended connections and rotating couples were used to ensure an even

distribution of force in the two tension bars protruding from each end of the specimen.

Closely spaced 5 mm strain gauges were applied on both sides of the specimens, to

measure the distribution of axial strain along the length and across the width of the

sheets, and the length of sheet over which force is effectively transferred to the concrete.

u-shaped displacement gauges @I gauges) with 100 mm and 200 mm gauge lengths

were also used to monitor strain across the crack on both faces and both sides of the bond

specimens. Any potential eccentricity in the specimen was monitored using a

comparison of the displacement gauge measurements.
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Pronertv: Tvpe A* Tvpe B" Type C-
Design Thickness (mm):
Tensile Strength (MPa):
Tensile Modulus (GPa):
Strain at Rupture:

0.11
3350
23s
0.0151

0.11
3400
230
0.0148

0.79
760
76
0.01

Table 4-l Material Properties of CFRP Sheets

*properties for dry fiber sheets, - properties for composite fiber and resin sheets

Table 4-2 Specimen Parameters: Series B

Table 4-3 Specimen Parameters: Series S

Layer I
Config-

Layer2
Confio^

gap
fmmì

Sr

lmmì
CFRP
Tvne

f"t
lMPnì

Span
frnì

Beam
Mqrl¡

None
Clamoed

46
46

9.7
6.0

B-Control
B-CL

Vertical
Horizontal

100
20
100

350
270
350

A
B
A

53
44
53

6 0

6.0
9.7

B-Vertl00
B-Vert2O
B-Vert-H

Diagonal
Horizontal

100
20
100

450
370
450

C
B
C

55
44
5s

6.0
9.7
9.7

B-Diag100
B-Diag20
B-Dias-H

Layer I
Confïe.

Layer2
Confis.

gap
lmm)

Sr

lmm)
CFRP

Tvne
f"t

lMPa)
Span
lm)

Beam
Mark

None 57

57
6.0
6.0

S-Control
S-NoFRP

Diagonal Diagonal
Horizontal
Clamped

20
20
20
20

370
370
370
370

B
B
B
B

50
59
50
59

6.0
6.0
6.0
6.0

S-Diag-l
S-Diag-2
S-Diag-H
S-Diae-CL
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Surface Preparation Steel at
Crack

Crack
Ansle

Specimen
Mark

grinding

no

no

0

45

R-O-G

R-45-G

hydro-blasting

no

no

0

45

R.O-H

R-45-H

yes

yes

0

45

R-O-H-S

R-4s-H-S

Tqble 4-4 Pqrametersfor Rectangular Bond Specimens

Table 4-5 Parameters for Single-Flanged Bond Specimens

Crack Angle Distance
to Crack*

Steel at
Crack

Control
of Peeline

Specimen
Mark

0 degrees

0 degrees

0mm

50 mm

no

no

none

none

sF-0-0

sF-O-s0

30 degrees

30 degrees

0mm

50 mm

no

no

none

none

sF-30-0

sF-30-50

30 degrees

0 degrees

0mm

50 mm

yes

yes

none

none

sF-30-0-s

sF-O-s0-s

0 degrees

0 degrees

0 degrees

50 mm

50 mm

50 mm

no

no

no

wrapped

horizontal

clamped

sF-O-50-w

sF-0-50-H

sF-0-50-c

* Shortest Distance from Interior Angle to Crack
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Figure a-|(ø) Bent-Legged Stirrup

for Series B Beams
Figure 4-l (b) Straight-Legged Stirrup

þr Series S Beams
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Figure 4-2 Straín vs Applíed Force: Steel Bars for Stirrups in Series S

5010

97



, 480 mm
r-

-.*.1 
150 l*_

Figure a-3þ) Test Beam Cross Section: Series B

60 mm

415 mm

415 mm

| 480mm r

_-*t 150 l-_

Figure 4-3(b) Test Beam Cross Section: Seríes S
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Fígure 4-4; Test Beam Príor to Casting of Concrete

Figure 4-4 (b) Test Beam After Casting of Top Slab
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Figure a-5 þ) Summary of Series B Beams

Seríes S Beøms - all Type B CFRP Sheets

Figure 4-5 (b) Summary of Series S Beams
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Straightening
of Stirrups

Outward
Force
Resultant

Figure a-6þ) Premature stirrup Faílure: series B control Beam

Figure 4-6(b) Stirrup Clamping Scheme

Spalling of
Concrete

Bolted
Through

Figure a-6 (c) CFfuP Sheets on Each Side of Cross Section
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250 mm

Figure 4-7

--l l.--
100 mm gap

Beam with Horizontal and Vertical Sheets: B-Vert-H

Figure 4-8 Beam with Diagonal Sheets and 20 mm Gap: B-Diag2T

Figure 4-9 Beam with Horizontal and Diagonal Sheets: B-Diag-H
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Figure 4-10: Beamwith Diagonal and Horizontal Sheets: S-Diag-H

Figure 4-I I Beam wíth Clamped Diagonal Sheets: S-Dtag-CL
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Fígure a-L2 (a) Application of the Adhesive to the CFR? strips

Figure 4-12 (b) Application of the cFRp strips onto series s Beam
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Figure a-13 (a) Application of the Epory Paste: Type A (Ionen) System

Figure 4-13 (b) Applícation of the Epoxy Paste: Tlpe C (Fyfe) System
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Figure a-Ia @) Application of the Type A (Ionen) CFRP Sheets

Figure 4-14 (b) Application of the Type B (MitsubishÐ CFRP Sheets
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Figure a-[a þ) Application of the T¡pe C @yfe) CFR? Sheets

Figure 4-15 separate Resin Bathfor wet Lay-up of Type c (Fyf") cFRp sheets
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L.2 m a: 1.94 m

Figure a-16 (a) Test Set-Up: End I

Load Pl
Typical FRP
Strain Gauge

Figure 4-17 Typical Strain Gauge Locøtions on CFRP Sheets
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0' oR 45"

Internal Steel
Crossing the
Crack

Figure a-18 (a) Rectøngular Bond Specimen

109



Internal Steel
Crossing
the Crack

Figare 4-18 (b) Single-Flanged Bond Specimen
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Finned
Bracket

Rotating
CoupIe

Specimen>

Figure 4-19 Bond Test Set-up
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ExpnnrMENTAI R.nsuI,TS ANÐ ANaIysrs

5.1 GENERAI,

Seven I-shaped prestressed concrete girders were strengthened in shear, using three

different types of CFRP sheets for ten different sheet configurations. The ten meter long

beams are l:3.5 scale models of the girders used for the Maryland Bridge in Winnipeg,

Manitoba, Canada. The first series of four beams, Series B, were fabricated using

internal shear reinforcement with a bent-legged shape identical to that used in the

Maryland Bridge. In order to extend the applicability of the experimental results to

typical AAHSTO girders, the second series of three beams, Series S, were fabricated

using the more common straight-legged stimrp shape. The Series S beams also included

a flexural strengthening technique using CFRP strips bonded to the underside of the test

beams. The beams were tested to failure at each end to examine their behaviour and

determine the efficiency of each strengthening scheme. One beam from each series was

tested as a control beam without the application of CFRP sheets on the web of the

girders. This chapter describes the results of the fourteen beam tests conducted in this

experimental program.
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Tables 5-1 and 5-2 provide a summary of the parameters evaluated and a comparison of

the ultimate shear failure loads, Vu, for all of the beams in Series B and Series S,

respectively. Since the shape of the stimrps plays a key role in the behaviour of the

beams, the test results for each series of beams aÍe discussed separately, with

comparisons between series made only where applicable.

For all of the beams tested in this experimental program, the bond between the CFRp

sheets and the concrete was a critical factor conholling the shear capacity of the beam. In

general, shear-tension failure within the concrete substrate controlled the overall beam

failure in beams strengthened with CFRP sheets, rather than rupture of the sheets or

debonding between the sheets and the concrete. Therefore, in addition to the beam tests,

fifteen bond specimens were also tested in order to charactenzethe bond between the

concrete and the CFRP sheets used in this strengthening method. Load sharing between

the external CFRP sheets and the intemal steel was also examined in four of the bond

specimens.

Two different types of bond specimens were tested, and test results for the six

Rectangular Bond Specimens and nine Single-Flanged Bond Specimens are discussed in

this chapter. In the final two sections of this chapter, the beam test results and the bond

test results are correlated through an analysis and discussion of the strain distribution and

maximum strain in the CFRP sheets, as well as the load sharing between the CFRp sheets

and the steel stimrps.
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5.2 GENERAL BEHAYIOUR: SERIES B BEAMS

In all of the Series B beam tests, flexural shear cracks were observed within the shear

span and extended toward the top flange at ultimate. For the beams strengthened with

externally bonded CFRP sheets, failure within the concrete substrate was generally

observed, rather than debonding between the CFRP sheets and the concrete. The

behaviour during testing and mode of failure for each Series B beam is discussed in more

detail in the following sub-sections.

5.2.1 Beam B-Control

The unstrengthened end of the first Series B beam was tested to failure as a control beam,

and reached an ultimate shea¡ capacity, Vu, of 137 khl. Figure 5-l(a) shows beam

B-Control at failure. Just prior to failure, spalling of the concrete cover was observed due

to an outward tensile force resultant causing straightening of the bent comer of the

stimrps. Figure 5-1(b) illustrates the straightening behaviour of the stimrps in the

Series B control beam.

Due to the bent-legged shape of the stimrps, only one of the stimrps in the Series B

control beam reached yield before premature failure occurred due to spalling of the

concrete cover and straightening of the stimrps. Figure 5-2 illustrates the location of the

stimrps, the location of concrete spalling, and the crack pattern observed just prior to

failure.
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5.2.2 Beam with Clamped Bent-Legged Stirrups: B-CL

The clamping scheme applied to beam B-CL was effective in controlling the outward

force in the stimrps. No spalling of the concrete cover was observed, as illustrated by the

behaviour of beam B-CL at failure shown in Figure 5-3. Because premature failure due

to straightening of the bent stimrp legs was prevented, all of the measured stimrp strains

exceeded the yield strain of 2.8 millistrain at failure, and the distribution of forces

between the clamped stimrps was improved. Figure 5-4 shows the location of the

stimrps and the crack pattern observed just prior to failure. A comparison of Figure 5-2

and Figure 5-4 suggests that the crack pattern on the web is similar for both beams

B-Conhol and B-CL.

The ma:rimum strains in the clamped bent-legged stimrps were all significantly higher

than those observed for the same stimrps in beam B-Control. Figure 5-5 shows the

stimrp strain versus applied shear load curyes for beams B-CL and B-Control. The

increased ductility and improved distribution of forces Írmong the clamped stimrps

contributed to the observed 27 To increase in the ultimate shear capacity, Vu, when

compared to beam B-Control.

Figure 5-5 also indicates that for a given level of applied shear load less than ultimate, the

stimrp clamping scheme did not reduce the tensile force in the stimrps when compared

with beam B-Control. However, the clamping scheme did enable all of the bent-legged

stimrps to reach the design yield stress, without failing prematurely due to their shape.
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5.2.3 Beams with Vertical CFRF Sheets: B-Vert20 and B-Vert100

Two different types of CFRP sheets, Types A and B, with similar thickness and material

properties were used for the beams strengthened with vertical sheets. Two gap sizes and

surface preparation techniques were also used as shown in Table 5-1. The ultimate shear

capacity, Vu, of beam B-Vert20 increased by 17 Yo compared with beam B-Control, while

only a l0 Yo íncrease was observed for beam B-Vert100. This behaviour was expected,

since the reduced gap size for B-Vert20 results in a 32 o/o increase in the area of sheets.

per unit length of beam, when compared to beam B-Vert100.

Figures 5-6 and 5-7 show the beams with vertical CFRP sheets, at failure. In both beams

above and below the shear cracks, shear failure in the concrete substrate was generally

observed, with only minor areas of localized debonding at the sheet-to-concrete interface

occurring in each beam. For beam B-Vert20, with the surface prepared by

hydro-blasting, the CFRP sheets ruptured in some locations, as can be observed in

Figure 5-6. Figure 5-7 þ) shows the CFRP sheets peeled back foltowing failure of beam

B-Vert100, for which grinding was used as a surface preparation technique. As

illustrated in Figure 5-7 (b), concrete remained bonded to the CFRP sheet at failure,

indicating that the predominant mode of failure for the CFRP sheets was shear failu¡e

within the concrete substrate. It should be noted that the sheets were peeled back

following failure, and most of the area without concrete attached was debonded at this

time, not during testing. The extent to which the sheets were manually peeled and

debonded from the beam is evident in a comparison of Figures 5-7 (a) and 5-7 (b).

116



5.2.4 Beams with Diagonal Sheets: B-Diag20 and B-Diagl00

The thickness and material properties of the Type B and Type C CFRP sheets, which

were used for the diagonal configurations in Series B, vary significantly as shown in

Table 4-1. The gap size parameter was also varied for beams B-Diag20 and B-Diagl00,

as shown in Table 5-1, while the surface preparation technique was not. For both beams,

similar 26 o/o and 29 %o increases in ultimate shear capacity, Vr, were achieved when

compared with the Series B control beam.

Due to the shape of the girder, shaightening of the CFRP sheets was observed on both

beams at the bottom of the web prior to failure, as shown in Figure 5-8. Figures 5-9 and

5-10 show beams B-Diag100 and B-Diag20, respectively, at failure. After each test, the

CFRP sheets were removed and extensive failure in the concrete substrate was observed.

The efficiency of the diagonal CFRP sheets is evident when comparing the stimrp shain

versus applied shear load curves provided in Figure 5-11. The stimrp strain at any level

of applied shear is lower for the beams with diagonal sheets. Although the beam with

horizontal and vertical sheets reached a higher ultimate shear load, the stimrp strain was

gteater. Figure 5-11 also suggests that, in spite of the larger gap size, beam B-Diag100

exhibited lower stimrp strains than beam B-Diag20, and therefore a greater contribution

from the thicker Type C CFRP sheets, at the same level of applied shear.
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5.2.5 Beams with rrorizontal sheet combinations: B-vert-H and B-Diag-tI

Beams B-Vert-H and B-Diag-H, with a single layer horizontal CFRP sheet applied on top

of vertical or diagonal sheets, achieved similar 34 Yo and,36 Vo incre¿ses in ultimate shear

capacity, Vu, when compared with beam B-Control. In both beams at ultimate, failure in

the concrete substrate was observed as well as some rupture of the CFRP sheets very

close to the top of the web, as illustrated in Figures 5-I2 (a) and 5-13 (a). Following each

test, the CFRP sheets were removed to observe that shear failure in the concrete substrate

was the predominant mode of failure for the CFRP sheets, as shown in Figures 5-12 (b)

and 5-13 (b).

Similar to the beams with vertical CFRP sheets only, beam B-Vert-H demonstrated

spalling at the bottom of the web, due to the outward force in the stimrps at this location.

However, due to the presence of both horizontal and vertical sheets, spalling was

observed at a higher level of applied shear load than in beams B-Control, B-Vert100 or

B-Vert20.

Similar to the beams with diagonal CFRP sheets only, on beam B-Diag-H with the

horizontal and diagonal sheet combination, some straightening of the diagonal sheets was

observed at the bottom of the web. However, the observed straightening was less

extensive at ultimate.
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Figure 5-14 provides a comparison of the stimrp strain versus applied shear load for the

Series B beams with horizontal sheets, B-Vert-H and B-Diag-H. For each of these

beams, a similar beam without horizontal sheets was tested. For beams B-Vert100 and

B-Vert-H with vertical sheets, the application of the horizontal sheet reduced the strain in

the stimrps at the same level of applied shear load, and increased the ultimate shear

capacity significantly. For beams B-Diag100 and B-Diag-H with diagonal sheets, the

application of the horizontal sheet increased the ultimate shear capacity, but did not

reduce the shain in the stimrps any further, as shown in Figure 5-14. The diagonal

configuration remains the most efficient in reducing the level of shain in the stimrps at

any given level of applied shear. Reduced stim:p shain would be desirable where the

existing stimrps have a bent-legged shape and the potential to straighten under tension.

5.3 GENERAL BEHAVIOUR: SERIES S BEAMS

Similar to the Series B test results, all of the Series S beams failed in shear. For the

beams strengthened with extemally bonded CFRP sheets or strips, failure within the

concrete substrate was typically observed. The behaviour during testing and mode of

failure for each Series S beam is discussed in more detail in the following sections.

5.3.1 UnstrengthenedBeam: S-NoFRP

Since most of the Series S beams were strengthened in flexure using CFRP strips, for
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companson purposes, one unstrengthened beam, S-NoFRP, was tested to failure without

applying the CFRP strips. During testing, flexural shear cracks were observed within the

shear span and extended toward the top flange at ultimate. Figure 5-15 shows beam

S-NoFRP at failure.

The ultimate shear capacity, Vu, of beam S-NoFRP was 206 lòI, as shown in Table 5-2.

When compared with beam B-Control, reinforced with bençlegged stimrps, an increase

in the ultimate shear capacify of 50 % was observed. This significant increase is partly

due to the premature failure of beam B-Control caused by shaightening of the bent stimrp

legs. A comparison of beam S-NoFRP and beam B-CL with the clamped bent-legged

stimrps, shows an 18 o/o increase in the ultimate shear capacity. The increased shear

capacity can be attributed to the larger area of reinforcing bar used for the straight-legged

stimrps.

5.3.2 Beam S-Control

Beam S-Control was strengthened for flexure, using CFRP strips bonded to the underside

of the beam, and tested to failure as a control beam for the Series S beams. During

testing, at an applied shear load of 213 lò{, shear failure in the concrete substrate above

the CFRP strip occurred, and the load dropped to 182 lò{. Failure in the concrete

substrate was initiated by relative vertical displacement on either side of a shear crack

occurring near the end block of the beam, and propagated all along the length of the

CFRP strip. A layer of concrete remained bonded to the strip as shown in Figure 5-i6,
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indicating that surface shear failure within the concrete substrate had occurred.

Debonding between the first and second layers of CFRP strips was also observed over

much of the beam. The failure in the concrete substrate occurred suddenly and in a

zipper-like fashion. This type of failure is well documented in the literature, and is

considered a premature failure of this flexural strengthening technique.

Since the beam had not yet reached its unstrengthened flexural capacity when premature

failure of the flexural strengthening system occurred, the beam continued to carry load

until beam shear failure occurred at an applied shear load of 196 ld{. Figwe 5-17 shows

the ultimate shear failwe of beam S-Control. As shown in Table 5-2, there was no

significant increase in the shear capacity of beam S-Control when compared with the

unstrengthened beam without the CFRP strip, S-NoFRP.

5.3.3 Beams with Diagonal Sheets: S-Diag-l and S-Diag-2

Beam S-Diag-l, with a single layer of diagonal CFRP sheets, reached an ultimate shear

capacity of 233lil{. A second layer of diagonal sheets, applied to beam S-Diag-2, did not

increase the shear capacity significantly and the beam failed at 2341ò{.

Similar to the beams with diagonal sheets tested in Series B, both Series S beams

exhibited straightening of the diagonal sheets due to the shape of the girder. The

straightening of the diagonal sheets prior to failure is shown in Figure 5-18, and was

more pronounced for the beams of Series S when compared with those of Series B.
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For both beams, the CFRP strips remained bonded to the underside of the beam until

beam shear failure occurred. Failure in the concrete substrate above the CFRP strips was

observed only in the zone of beam shear failure. The first and second layers of CFRp

strips remained bonded to one another, as shown in Figure 5-19.

Figure 5-20 (a) shows beam S-Diag-l at failure, while Figure 5-20 (b) shows beam

S-Diag-2 at failure. The observed failure of these two beams was so similar that it is

difficult to distinguish one photograph from the other. For both beams, concrete

remained bonded to the sheets at failure, indicating that shear failure in the concrete

substrate occurred, rather than debonding at the sheet-to-concrete interface. In a few

locations at the top of the web, rupture of the CFRP sheets was observed.

The observed behaviour and ultimate shear capacity of the Series S beams with single

and double layers of diagonal sheets were similar. However, the shains measured in the

double layer of CFRP sheets were tlpically about one-half to two-thirds the magnitude of

the strains measured in the single layer sheets, at the same locations on each beam.

Therefore, the total shear resisting force in the single layer of diagonal CFRP sheets was

not significantly increased with the application of a second layer of diagonal sheets. A

more detailed analysis of the contribution of the single and double layer sheets to the

ultimate shear capacity of each beam will be described in chapter 6.

Both the single layer and double layer diagonal CFRP sheets were not fully effective due

to the shape of the girder, and the increase in ultimate shear capacity for beams S-Diag-l

r22



and S-Diag-2 was only 9 o/o and l0 yo,respectively, when compared to beam S-Control.

5.3.4 Beam with Diagonal and Horizontal Sheets: S-Diag-H

Beam S-Diag-H was strengthened with a single layer horizontal sheet on top of a single

layer diagonal sheet and reached an ultimate shear capacity of 247 klrl, as indicated in

Table 5-2. Similar to the beams with diagonal sheets alone, the diagonal sheets on beam

S-Diag-H began to straighten at the bottom of the web. However, the straightening of the

diagonal sheets was not as pronounced for beam S-Diag-H prior to failure. Based on the

16 Yo tncrease in the ultimate shear capacity of beam S-Diag-H, when compared with

beam S-Control, applying a horizontal layer on top of a single diagonal layer of CFRp

sheets is more effective than applying a second layer of diagonal sheets.

Figures 5-2I (a) and O), show beam S-Diag-H at failure. Similar to the beams with

diagonal sheets alone, the CFRP strips remained bonded to the underside of the beam

until beam shear failure occurred and the first and second layers of CFRP strips remained

bonded to one another even after failure occurred. However, unlike the beams with

diagonal sheets alone, debonding between the CFRP strip and the adhesive did occur on

beam S-Diag-H, and extended over a longer portion of the shear span, from the zone of

shear failure all the way to the support.

As shown in Figures 5-21 (a) and (b), the horizontal sheet ruptured at each end of the

shear span, in locations near the applied load and near the end-block to thin-web
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fransition zone. Concrete remained bonded to the CFRP sheets over most of the beam at

failure, indicating that shear failure in the concrete substrate occurred. rather than

debonding of the CFRP sheets.

5.3.5 Beam with Clamped Diagonal Sheets: S-Diag-CL

The clamping scheme applied to beam S-Diag-CL was effective in controlling the

straightening of the diagonal CFRP sheets. The sheets remained completely bonded to

the beam and failure occurred outside of the shengthened zone, as shown in Figure 5-22.

Failure in beam S-Diag-CL occurred at an applied shear load of 272 klrl. Since the beam

failed outside of the strengthened zone, the fuIl potential of the clamped diagonal sheets

was not realized. The 28 o/o increase in ultimate shear capacity for beam S-Diag-CL,

when compared to beam S-Control, could have been even higher if failure in the

unstrengthened end-block zone had not occurred.

By preventing shaightening of the sheets, the clamping scheme allows for the effective

use of the sheets on this girder shape. The strains measured in the clamped diagonal

CFRP sheets reached much higher levels than those measured for other Series S beams,

as shown in Figure 5-23 (a). For the other Series-S beams without a horizontal layer or

clamping, the reduction in strain with increasing load is due to the straightening of the

sheets. Correspondingly, the strain in the stimrps was reduced for beam S-Diag-CL, as

illustrated by the stimrp strain versus applied shear ioad curves in Figure 5-23 þ).
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5.4 GENERAL BEHAVTOIJR: BOND SPECIMENS

5.4.1 Rectangular Bond Specimens

A summary of test results for the Rectangular Bond Specimens are provided in Table 5-3.

Because the strain measured in the FRP sheets along the crack tlpically varied slightly

from one edge of the sheet to the other edge of the sheet, as shown in Figures 5-Za @)

and (b), the average ultimate strain measured at the crack, (rr ur,)-..., is reported in Table

5-3. Also provided in Table 5-3, is the calculated average ultimate strain, (rrurt)..r., which

is determined based on the tensile force in the FRP sheets at ultimate, Tr ult, and the area,

A6 and modulus of elasticity, E¡, of the FRp crossing the crack as follows:

(srulù".1. : Tf ult / (Af Ef) (5-1)

For the two specimens with intemal steel crossing the crack, the ultimate tensile force in

the sheets, T¡u¡, is determined by subtracting the force in the internal steel from the

applied tensile load. For both specimens, the steel reached yield at ultimate.

As shown in Table 5-3, the calculated average ultimate strain is typically slightly higher

than the measured average ultimate strain. The higher calculated strain may be due to the

use of a value for the modulus of elasticity, E¡, âs reported by the CFRp sheet

manufacturer, that is slightly lower than the actual value. In spite of the slight

discrepancies in the measured and calculated values, it can be concluded that the average
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ultimate strain in the CFRP sheets was in the range of 0.006 to 0.008 for the Rectangular

Bond Specimens.

Two different types of failure were observed for the Rectangular Bond Specimens,

depending upon the technique used for concrete surface preparation. For the specimens

prepared using the grinding technique, shear-tension failure within the concrete subshate

was observed. Failure in the concrete substrate first occurred near the crack, then

propagated along the length of the sheet until ultimate failure of the specimen occurred,

as shown in Figures 5-25 (a) and (b). For the specimens prepared using the hydro-

blasting technique, failure occurred due to rupture of the CFRP sheets at a higher strain

level than was observed for the ground specimens. Figures 5-26 (a) and (b) show two

hydro-blasted rectangular bond specimens at ultimate. The use of hydro-blasting

improved the bond and increased the tensile capacity by approximately 9 o/o.

5.4.2 Single-FlangedBondSpecimens

As anticipated, the Single-Flanged

shaightening of the CFRP sheets at

sunmary of the test results for the

Table 5-4.

Bond Specimens failed due to peeling and

the interior corner, as shown in Figure 5-27. A

Single-Flanged Bond Specimens are provided in

The average ultimate strain in the CFRP sheets

specimens with the crack located directly at the

was lower for

interior corner

the Single-Flanged

when compared to
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5.5

specimens with the crack located 50 mm from the interior corner. Similar to the

Rectangular specimens, the average ultimate strain was higher for specimens with steel

crossing the crack, when compared to those with the same parameters, but without steel.

In general, the average ultimate strain in the Single-Flanged specimens was in the range

of 0.004 to 0.006, with the exception of the specimen with the clamped sheets and

specimen SF-0-50-S.

STRAIN DISTRIBUTION IN CFRP SHEETS

The bond between the CFRP sheets and the concrete is a critical factor controlling the

capacity of most beams strengthened in shear using externally bonded CFRP sheets. In

order to chaructenze the bond mechanism and load transfer between the CFRp sheets and

the concrete, the distribution of strain along the principal fibres of the CFRP sheets is

examined fust for the bond specimens and then for the more complex beam specimens.

The strain in the principal fibres of the CFRP sheets is also examined along the shear

cracks in the test beams, since this strain distribution is directly related to the overall

shear resistance provided by the CFRP sheets. The effect of the type and configuration of

CFRP sheets on the strain diskibution along the shear crack is discussed, as well as the

effect of the CFRP sheet stiffiress and the shape of the beam cross section on the

maximum strain that can be developed in the CFRP sheets. A model is introduced to

predict the maximum strain developed in CFRP sheets bonded to concrete and the
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effective bond length over which this load transfer takes place.

5.5.1 strain Distribution Along principar Fibres: Bond specimens

For each of the bond specimens, several closely spaced 5mm strain gauges were applied

along the principal fibres of the CFRP sheets to examine the strain distribution during

testing, as shown in Figures 5-28 and 5-29. The strain distributions for the three

Rectangular Bond Specimens with the crack perpendicular to the longitudinal fibres,

R-0-G, R-O-H, and R-O-sH, are shown in Figures 5-zg (a), (b), and (c), respectively.

Figures 5'29 (a), (b) and (c) show the strain distributions for the three Rectangular Bond

specimens with the 45 degree crack angle, R-45-G, R-45-H, and R-45-H-S, respectively.

For all six specimens, the strain dishibution in the CFRP sheets is characteri zed,by a zone

of rapid shain increase or load transfer, as well as a zone of relatively constant strain

closer to the crack where load transfer is no longer taking place. As shown in

Figures 5-28 (a) and 5-29 (a), the zone of constant strain is slightly longer for the

specimens with the concrete surface prepared by grinding. For these specimens, shear

failure within the concrete substrate was observed to propagate further along the length of

the sheet prior to ultimate failure of the specimen. The hydro-blasted specimens without

intemal steel crossing the crack demonstrated the most localized failure, as shown in

Figures 5-28 (b) and 5-29 (b), while the presence of steel appeared to allow a greater

distribution of strain in the CFRP sheet prior to failure, as shown in Figures 5-28 (c) and

s-29 (c).
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Unlike the strain distributions for the other bond specimens, the strain distribution for

specimen R-45-H, shown in Figure 29 (b), does not include a zone of constant strain

close to the crack. It is possible that for this specimen, the actual maximum strains were

not recorded with the available instrumentation due to the excellent bond and highly

localized load transfer between the cFRp sheets and the concrere.

It is widely recognized that the bond between the CFRP sheets and the concrete is

excellent, and that the length of sheet over which load is effectively transferred, the

effective bond length, L., is quite short. (Chajes et al. 1996, Maeda et al. 1997,Sato et al.

1997c) It should be noted however, that the maximum level of strain reached in the

CFRP sheets prior to failure is typically only about 50 % of the rupture strain of the

material. Since the full strength of the CFRP sheets is not developed, the term

"development length" is not used, but rather the term "effective bond length" is used to

describe the zone of effective load transfer. Based on the strain distributions shown in

Figures 28 and29, the effective bond lengths observed for the Rectangular Bond

Specimens were in the range of 75 to 100 mm.

Maeda et al. (1997) have introduced a relationship for predicting the effective bond

length, Lr, as a function of the stiffrress of the CFRP sheets, E¡ t¡, which was presented in

Chapter 2 as equation (2-9) and is as follows:

L" : exp[6.134 - 0.580/n (E¡ t¡)] (s-2)
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Where, E¡: modulus of elasticity of FRP sheet in Gpa

tr: thickness of FRP sheet in mm

Using Equation (5-2), an effective bond length of 70 mm is predicted for the single layer

CFRP sheets used for the bond specimens in this experimental program. The relationship

shown in Equation (5-2) therefore predicts an effective bond length on the lower end of

the range observed in this experimental program.

As discussed in Chapter 2, the model for predicting bond capacity introduced by Maeda

et al. (1997), is based on an extensive series ofbond tests and includes a constant strain

gradient, de/dx, of 0.000110 mm-r occurring over the effective bond length. Also based

on bond test results, Sato et al. (1997c) have recorded constant strain gradients ofabout

0'000168 mm-t. Based on the strain distributions shown in Figures 28 and 29, thestrain

gradients for the Rectangular Bond Specimens tested in this experimental program are

typically in the range of 0.000090 to 0.000105 mm-r. Steeper strain gradients do occur in

some instances, such as the strain gradient of 0.000130 mm-l observed for specimen

R-45-H-S and shown in Figure 29 (c).

5.5.2 strain Distribution Along principal Fibres: Test Beams

Due to the excellent bond characteristics and very localized nature of load transfer

between the concrete and the CFRP sheets, closely spaced 5 mm strain gauges were also
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applied along the principal fibres of the CFRP sheets on the test beams. Figures 5-30 to

5-34 show the strain distribution along the principal fibres for representative CFRP sheets

on test beams S-Diag-1, S-Diag-2, B-Diagl00, B-Vertl00 and B-Vert2Q, respectively.

The strain distributions are plotted at various levels of applied shear load to illustrate the

change in the distribution with increasing load levels.

For most of the CFRP strain distributions in Figures 5-30 to 5-34, the CFRp sheet crosses

several shear cracks, as indicated by peaks in the strain at these crack locations. The

localized nature of the load transfer and the short effective bond lengths are apparent in

the strain distributions, particularly at lower levels of applied shear load. As the load

increases, the strain in the CFRP sheet increases between the cracks.

A comparison of Figures 5-30 and 5-31 suggests that the strains measured in the double

layer of diagonal sheets on beam S-Diag-2 are typically lower than those measured in the

single layer of diagonal sheets on beam S-Diag-l. Similarly, the strain values for the

thicker Type C sheets applied to beam B-Diag100 are lower than the strain values

measured in the Tlpe B sheets applied to beam S-Diag-l, as illustrated by a comparison

of Figures 5-32 and 5-30. In general, an increase in the stiffness of the CFRP sheets

results in a decrease in the measured strains.

For all test beams, with the exception of beam B-Diagl00, a reduction in the CFRP strain

is observed near the interior angle of the cross section just prior to the initiation of failure.

This reduction in strain indicates that straightening of the CFRP sheets has begun and
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marks the initiation of overall beam failure.

Chapter 6.

which will be discussed in more detail in

5.5.3 Strain Distribution Along Shear Cracks: Test Beams

Figure 5-35 illustrates the typical sfrain gauge layout for a test beam in Series S. The

closely spaced 5 mm gauges were used to measure the distribution of shain along the

principal fibres of the CFRP sheets, as discussed in the previous section. In the following

section, the strain in the principal fibres of the sheets is considered once again, however

the distribution of strain is examined along the shear crack, as shown in Figure 5-35,

rather than along the length of the principal fibres. The effect of the type and

configuration of CFRP sheets on the strain distribution along the shear crack is discussed

in the following section. In Chapter 6, the measured strain distribution along the shear

crack is used to determine the shear resisting force provided by the CFRP sheets during

testing, and general trends in the measured strain distribution are used to develop a model

for predicting the shear resistance provided by the CFRP sheets.

Shear failure occurred in a similar location for all beams, with the exception of beam

S-Diag-CL where shear failure occurred in the end-block outside of the strengthened

zone. For all beams, several inclined shear cracks occurred within the shear span in the

zone of constant applied shear load. For the beams with CFRP sheets, the cracks were

visible only in the gaps between sheets. It is possible to identiff crack locations based on

closely spaced strain measurements in the CFRP sheets, however, it is not possible to
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identiff which is the fatal shear crack causing failure of the beam. Therefore, for each

beam, the strain distribution is examined at three different crack locations within the

typical failure zone. The crack locations are labeled A, B, and c, as shown in

Figure 5-35, and are similar for each beam. As observed during testing, the angle of the

inclined cracks in the zone of shear failure is fypically about 30o for all of the test beams.

__ Figures 5_36 (a), (b) and (c)

show the strain distribution along cracks A, B, and C, respectively, for the single layer of

diagonal sheets on beam S-Diag-l. The reduced strain values observed at an applied

shear load, V"oo, of 230 kN are due to straightening of the CFRP sheets at the bottom of

the web. As shown in Figures 5-37 (a), (b), and (c), a similar decrease in strain due to

shaightening of the CFRP sheets is observed for the double layer of diagonal sheets on

beam S-Diag-2. The increased stiffrress of the double layer sheets resulted in strain

values that are only one-half to two-thirds the strain values obtained for the single layer

of sheets.

Effect of Horizontal CFRP Sheet -- Figures 5-38 (a), (b) and (c) show the measured

strain distributions along cracks A, B and C, respectively, for the diagonal sheets on

beam S-Diag-H. Beam S-Diag-H includes a single layer horizontal sheet applied on top

of a single layer of diagonal sheets. In general, the measured strain values are only

slightly lower than those measured for beam S-Diag-l. As observed during testing, the

straightening of the CFRP sheets was less extensive prior to failure, therefore the

decrease in the measured strains is minimal. Due to difficulties in recording some of the
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strain values just prior to ultimate failure, it is not possible to quantiff precisely the extent

to which the horizontal sheet controlled the straightening of the diagonal sheets.

Effect of clamping scheme -- The clamping scheme applied to beam s-Diag-cl

effectively controlled the straightening of the diagonal CFRP sheets. As shown in

Figures 5-39 (a) and (b), the measured strains in the clamped diagonal sheets reached

higher levels than those recorded for the other beams. Over the entire depth of the cross

section, the measured strains continue to increase with increasing levels of applied shear

load until failure occurs outside of the strengthened zone. Since failure occurred outside

of the strengthened zone, the fulI potential of this strengthening scheme was not realized

and the strain in the CFRP sheets may not have reached the maximum values possible

with the clamping scheme in place.

5.5.4 Prediction of Maximum Strain in CFRp Sheets

The maximum strain developed in CFRP sheets bonded to concrete can be

using the model introduced by Maeda et at. (1997) where a constant strain

de/dx, of 0.0001l0 m-r is multiplied by the effective bond length, L", âs follows:

tf max :0.000110 ( L.)

predicted

gradient,

(s-3)
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The effective bond length is determined using Equation (5-2). Figure 5-40 shows the

relationship between the maximum strain in the CFRP sheets, calculated using Equations

(5-2) and (5-3), and the stiffness of the CFRP sheets. A comparison of the relationship

proposed by Maeda et al. (1997), and various bond test results reported in the literature is

also shown in Figure 5-40. Table 5-5 provides a summary of the bond test results

collected from the literature, and the corresponding experimental parameters. Since the

results of the bond tests conducted by Maeda et al. form the basis of the proposed model

and were compared with the model in Figure 2-14, these particular results are not

included againin Figure 5-40.

In order to simpliff the equations introduced by Maeda et al., the following relationship

between maximum CFRP strain and cFRp sheet stiffrress is proposed:

¿fmax (s-4)

{ p¡rnt

IVhere E¡

t¡

Iì¡

modulus of elasticity of CFRP, in Mpa

thickness of CFRP per layer, in mm

number of layers of CFRP sheets

It should be noted that the units used for the modulus of elasticity have been changed

from GPa to MPa, as these units are used more commonly in North America. The

relationship proposed in Equation (5-a) is shown in Figure 5-40, and compares well with
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the relationship introduced by Maeda et al. ærd with the bond test data from the literature.

In Figure 5-41, both the relationship introduced by Maeda et al. and the relationship

proposed in Equation (5-4) are compared with the bond test results and beam test results

obtained in this experimental program. The average maximum strains measured in the

Rectangular Bond Specimens are all slightly above the more conservative prediction

based on Equation (5-a) and slightly below the model inhoduced by Maeda et ai.

For the beam tests, due to the shape of the cross section, tension in the CFRP sheets

results in both peeling and shear stresses in the concrete substrate. The maximum strain

in the CFRP sheets is therefore lower for the beam specimens, as shown in Figure 5-41.

To account for the more complex state of stress and the existence of both shear and

peeling stresses, the following modification of Equation (5-a) is proposed to predict the

mærimum strain in diagonal CFRP sheets on l-shaped girders:

tfmax : (s-s)

sin a¡./ Er tt 
"t

The term "sin cr¡", reflects the fact that only the vertical component of the tensile force in

the sheets will subject the concrete surface to peeling forces. As shown in Figure 5-41,

the relationship proposed in Equation (5-5) compares well with the beam test results.

For beam S-Diag-CL, peeling and straightening of the diagonal CFRP sheets was

prevented by the clamping scheme, and the maximum strains recorded in the CFRP

0.4
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It should be noted that the relationship introduced in Equation (5-a) can be used to

predict the effective bond length by dividing the maximum CFRp strain by the constant

strain gradient, deldx, as follows:

Le: rr.o / (deldx) (5-6)

sheets were in the same range as those recorded for

0.006 to 0.008. Equation (5-4) therefore provides a

prediction of maximum strain in clamped diagonal

sfraightening of the sheets is controlled.

If a constant strain gradient, de/dx, of 0.00009 mm-t,

program and reported in Section 5.5.1 is used, then

Equation (5-6) resutts in the following relationship:

L" : 11,100
f-:---1 -tr¡ t¡ n¡

Where

the Rectangular Bond Specimens,

conservative lower bound for the

CFRP sheets where peeling and

as observed in this experimental

substituting Equation (5-4) into

(s-7)

E¡

tr

Iì¡

modulus of elasticity of CFRp, in Mpa

thickness of CFRP per layer, in mm

number of layers of CFRp sheets
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5.6 LOAD SHARING BETWEEN CFRP SHEETS AND STEEL STIRRUPS

In order to examine the load sharing relationship between the CFRP sheets and the

internal steel stimrps, in both the bond specimens and the beam specimens, the strain was

measured in both the sheets and the stimrps in approximately the same location. The

expectation was that both load-resisting components crossing the same crack would

undergo similar strain levels, and therefore the total applied tensile load could be

proportioned to each component based on its stiffrress. Based on test results, however,

the assumption of equivalent strains does not hold for the entire range of loading, as will

be demonstrated for both the bond specimens and the test beams.

At lower levels of applied load, strains measured in the CFRP sheets are typically higher

than those measured in the steel stimrps at the same crack. A rational explanation for this

behaviour is provided in Section 5.6.3, by considering compatibility of deformations at

the crack and the different bond properties and load transfer mechanisms observed for

CFRP sheets and steel reinforcing bars.

5.6.1 Load Sharing in Bond Specimens

For the bond specimens with intemal steel crossing the crack, ratios of CFRP sheet strain

to steel strain at increasing levels of applied load are shown in Figure 5-42. As expected,

the strain ratio is approximately equal to 1.0 prior to cracking. The CFRp sheets and the

internal steel are fully bonded to the concrete at this stage, and each of the three materials
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undergoes equivalent strain. Load sharing is therefore based on the ratio of the stiffness

of each material at this stage.

After cracking, however, the shain ratio is greater thær 1.0 for all three of the bond

specimens. The ratio is highest for the Rectangular Bond Specimens, with values ranging

from 3.0 to 3.7. For the Single-Flanged Bond Specimen, the ratio of CFRp sheet strain to

steel strain is approximately 1.5.

The higher strain observed in the FRP sheets when compared to the steel bars, as

reflected by shain ratios greater than 1.0, is attributed to the improved bond and more

localized force transfer in the CFRP sheets when compared to the steel. This behaviour is

discussed in more detail in Section 5.6.3.

5.6.2 Load Sharing in Test Beams

In order to examine the load sharing relationship between the CFRp sheets and steel

stimrps, strains in each component were monitored in approximately the same location,

as illustrated in Figures 5-43 and 5-45. In this section, the relationship between the

vertical strain component in the CFRP sheets and the strain in the steel stimrps is

examined at the bottom of the web and at the top of the web for each beam.

For each individual beam, the strains measured in the CFRP sheets at several strain gauge

locations along the bottom of the web are found to be similar, as shown in
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Figures 5- 3 @) through 5-43 (e). Therefore, average strains are used to represent the

shain in the CFRP sheets at the bottom of the web. Similarly, average stimrp shains are

found to be representative of individual stimrp strains measured at the bottom of the web

for each beam, as shown in Figures 5-43 (a) through 5-a3 (e).

For the beams with diagonal CFRP sheets only, the ratios of average sheet strain to

average stimrp strain at the bottom of the web are shown in Figure s-a| @). As the level

of applied shear load increases, a gradual decrease in the ratio of sheet strain to stimrp

strain is observed for each beam, with the exception of beam B-Diag-I00. At an applied

shear load of 190 kN, straightening of the CFRP sheets is initiated for beams S-Diag-l

and S-Diag-2, resulting in reduced strain in the CFRP sheets and a more rapid decrease in

the shain ratio with increasing levels of applied shear load. By comparison, the ratio of

sheet strain to stimrp strain for the beam with clamped diagonal sheets, S-Diag-CL, is

constant until failure, as shown in Figure 5-44 (b). For beam S-Diag-H, with a horizontal

sheet on top of the diagonal sheets, the strain ratio is constant until the more controlled

and less extensive straightening of the diagonal sheets results in a gradual decrease in the

strain ratio.

The strains measured in the CFRP sheets at several strain gauge locations along the top of

the web are found to be similar, for each individual beam, as shown in Figures 5-a5 @)

through 5-45 (b). Average strains are therefore adequate to represent the strain in the

CFRP sheets at the top of the web for these beams. Similarly, average stimrp strains are

representative of individual stimrp strains measured at the top of the web for each beam,
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as shown in Figures 5-a5 (a) through 5-45 (d).

The ratios of sheet strain to stimrp strain at the top of the web, for all of the beams where

data is available, are shown in Figure 5-46. For all of the beams, the strain ratio at the top

of the web is approximately constant until failure.

Since the CFRP sheets and the steel stimrps provide shear-resisting forces all along the

inclined shear cracks, at both the bottom and the top of the web, the averagebehaviour is

considered. For beams where shain ratios are available at both the top and the bottom of

the web, the average of the top and bottom strain ratios are shown in Figure 5-47. Based

on the strain ratios plotted in Figures 5-44 and,5-47, avalue of 1.5 is proposed for the

strain ratio occurring prior to straightening of the cFRp sheets.

5.6.3 Effect of Bond PropertÍes on straÍn Measurements at a crack

The relationship between the shain in the CFRP sheets and the strain in the steel stimrps

is important for the design of strengthening schemes where each component is required to

carry a portion of the applied loading. If failure of the strengthened member is controlled

by the initiation of failure in one component, the CFRP sheets for example, then in some

cases it may be unconservative to assume that the steel strain has reached levels as hieh

as the CFRP sheets at the initiation of failure.
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In addition to the results obtained for both the bond specimens and beams tested in this

experimental program, several other researchers have recorded higher strain values in the

CFRP sheets when compared to the strains measured in the steel stimrps. (Miyauchi et al.

1997, Sato et al. 1996,Uii 1992) This behaviour has been attributed to the superior bond

properties of the FRP sheets when compared to the steel bars. (Jii 1992, Sato et al.l996)

In the following section, a rational explanation for the observed behaviour is proposed,

based on the observation that load transfer between the extremely thin and wide FRp

sheets and the concrete must be significantly different than the load transfer between a

discrete bar and the concrete surrounding the bar circumference.

The idealized load transfer mechanism or bond behaviour between a steel reinforcing bar

and concrete in a cracked reinforced concrete member subjected to tensile force is shown

in Figure 5-48. On either side of the crack, a combination of slip and load transfer

occurs. As load is transferred into the surrounding concrete, the strain in the concrete, rc,

increases between cracks while the strain in the steel bar decreases from the maximum

level at the crack, ts max. The crack width, w, can be determined as the difference

between the strain in the steel and the concrete over the distance between cracks, L, as

follows: (MacGregor 1997)

*:lot (e. - e.) dx (s-8 a)

The bond mechanism between the FRP sheets and the concrete on either side of a crack

has been discussed in detail in Section 5.5. Similar to Equation (5-8 a), the crack width
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for a concrete member reinforced with FRp sheets and

determined as follows:

subjected to tension can be

*: fot (e¡- e,) dx (s-8 b)

(s-e)

Figure 5-a9 @) illustrates a concrete member subjected to tension and reinforced with

both FRP sheets and steel bars. Due to the excellent bond characteristics of the FRP

sheets and the short effective bond length, L", when compared to the longer load transfer

length of the steel bar, the maximum strain at the crack may be higher in the FRP sheet.

If the FRP sheet and the steel bar are both bonded to the concrete at some point between

the cracks, then for compatibility, the crack width as determined by Equations (5-8 a) and

(5-8 b) must be equivalent. Therefore, although the maximum strain in the CFRP sheets

may exceed the maximum strain in the steel bar, the average strain over the distance L

must be equal, as shown below:

frt {r,- e.) ù .[ot Gr-e.) &

It is reasonable to assume that there is a limit to the discrepancy that can exist between

the maximum FRP strain, Ef max, and the maximum steel strain, rs max, since this

discrepancy would create shear strain in the concrete.

If tensile force can be applied to the steel bar exclusively by mechanical anchorage at the
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ends of the bar, similar to stimrps in a beam, then the steel bar may become completely

debonded from the concrete as cracking progresses. In this case, the strain distribution in

the FRP sheets and the steel bar could be similar to that shown in Figure 5-49 (b). For

the concrete members shown in both Figures 5-a9 @) and (b), compatibility requirements

are satisfied, only if the average strain in the FRP sheets and the steel bars is equivalent.

Since CFRP sheets are extremely thin and are typically bonded over a significant width

of concrete substrate, the bond behaviour is expected to be markedly different than the

bond behaviour of a discreet steel bar where load transfer occurs only around the

circumference of the bar. The cross section shown in Figure 5-a9 @) does not adequately

reflect the difference in the bond behaviour, since the comparatively large width, w¡, of

the FRP sheets is not shown. Figure 5-49 (c) shows part of a larger idealized concrete

member in three dimensions, where the discreet steel bars are distributed over the

dimension Z of the member at a typical spacing of 200 mm.

For the larger concrete member shown in Figure 5-49 (c), compatibility does not require

that the crack width be equivalent all along the length, Z, of the member. It is reasonable

to assume that the crack width along the length Z is mainly controlled by the widely

distributed FRP sheets, except at discreet locations where a steel bar acts with the FRp

sheets to restrain the opening of the crack. At the discreet bar locations, the crack width

may be reduced slightly, as well as the average strain in both the FRP sheets and the steel

bar. For the overall member, however, the average crack width is larger, and the average

strain in the FRP sheets is larger as well.
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Table 5-I Parameters and Test Results: Series B

Table 5-2 Parameters and Test Results: Seríes S

Layer 1

Conlie.
Layer2
ConfTe.

gap
(mm)

S¡

(mm)
CF'RP

Type
f.t

MPa)
Vtest
(kN)

Vtest

Vcontrnt

Beam
Mark

None
Clamoed

46
46

137
174

1.00
t.27

B-Control
B-CL

Vertical
Horizontal

l0u
20
100

350
270
3s0

A
B
A

53

44
53

151

161

185

1.10
1.18
1.35

B-Vertl00
B-Vert20
B-Vert-H

Diagonal
Horizontal

100
20
100

450
370
450

C
B
C

55
44
55

t77
173
186

r.29
1.26
r.36

B-Diag100
B-Diag20
B-Dias-H

Layer I
Confis.

Layer2
Confie.

gap
(mml

S¡
(mml

CT¡RP

Tvne
f"t

MPa)
Vtest

ftN)
Vtcst

V^^-*^,
Beam
Mark

None 57
57

2t3
206

1.00
0.97

S-Control
S-NoFRP

Diagonal Diagonal
Horizontal
Clamned

zo
20
20
20

370
370
370
370

B
B
B
B

50
59
50
59

233
234
247
272

1.09
r.10
1.16
1.28

S-Diag-1
S-Diag-2
S-Diag-H
S-Diae-CL
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Surface
Prep.

Steel at
Crack

Crack
Angle

Ultimate
Load ¡øt¡

Measured
Ave. Strain

Calculated
Ave. Strain

Specimen
Mark

grinding

no

no

U

45

82

87

0.006s

0.0074

0. 0079

0.0084

R-U-G

R-45-G

hydro-

blasting

no

no

0

45

92

95

0.0070

0.0070

0.0089

0.0092

R-O-H

R-45-H

yes

yes

0

45

96

105

0.0074

0.0079

0.0093

0.0102

R-O-H-S

R-45-H-S

Table 5-3 Parameters and Test Results: Rectangular Bond Specimens

Table 5-4 Parameters and Test Results: Stngle-Flanged Bond Specimens

Crack
Angle

Dist. to
Crack*

Steel Peeling
Control

Ultimate
Load @¡)

Calculated
Ave. Strain

Specimen
Mark

0 degrees

0 degrees

0 mm

50 mm

no

no

none

none

42

54

u.01J42

0.0053

sF-0-0

sF-0-50

30 degrees

30 degrees

0mm

50 mm

no

no

none

none

55

63

0.0054

0.0062

sF-30-0

sF-30-s0

30 degrees

0 degrees

0mm

50 mm

yes

yes

none

none

60

93

0.00s9

0.0092

sF-30-0-s

sF-0-50-s

0 degrees

0 degrees

0 degrees

50 rnm

50 mm

50 mm

no

no

no

wrapped

horizontal

clamped

65

62

89

0.0064

0.0061

0.0088

sF-0-50-w

sF-O-50-H

sF-0-50-c

* Shortest Distance from Interior Angle to Crack
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Table 5-5 (a) summary of Bond Test Results.from the Literature: part a

Source Mark
(see below)

max. strain
predicted

0.0077
0.0077
0.0077
0.0078
0.0078
0 0078

0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0078
0.0075
0.007s
0.0075
0.0075
0.0075
0.0075
0.0075
0.0075
0.0075
0.0075

max. strain
recorded

0.0044
0 0054
0.0054
0.0049
0.0045
0 0055

0.0058
0.0049
0.0043
0.0051

0.0050
0.0072
0.0074
0.0064
0.0072
0.0072
0.0069
0.0064
0.0060
0.0051

0.0062
0.0057
0.0067
0.005s
0.0064
0.0056
0.0064
0.0055

D
D
D
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
S

S

S

S

S

S

S

S

S

S

I
2

J

1

2
a
J

4

5

6

7

I
9

10

11

t2
13

T4

l5
A-10-2
A-10-3

^-15-2A-ls-3
A-20-2

^-20-3
^-25-2A-25-3
A-30-2
A-30-3

fct
(MPo)

31

31

31

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

37.6
37.6
37.6
37.6
37.6
37.6
37.6
37.6
37.6
37.6

Ef
(GPa)

235
235
235
230
230
230
230

230
230
230
230
230
230
230
230
230
230
230
236
236
236

236

236

236
236
236
236
236

tf
(mm)

0.11

0.11

0.1 I
0.11

0.11

0.1 I
0.11

0.11

0.11

0.11

0.11

0.11

0.1 1

0.l l
0.1 1

0.11

0.1I
0.11

0.r2
0.12
o.t2
0.t2
0.t2
o.t2
o.t2
0.12
0.r2
0.12

bf
(mm)

100

100

100

100

100

100

100

100

100

100

r00
100

100

100

100

100

100

100

40
40
40
40
40
40
40
40
40
40

D : Drimoussis and Cheng 1994
A : Alexander and Cheng 1996
S: Sato et al. 1997c
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Table 5-5 (b) summary of Bond rest Resaltsfrom the Literature: part b

Source Mark
(see below)

max. strain
predicted

0.0060
0.0032
0.0060
0.0032
0.0060
0.0032
0.0060
0.0032
0.0060
0.0032
0.0060
0.0032
0.0060
0.0032
0.0060
0.0032
0.0060
0.0060
0.0034
0.0034
0.0034
0.0034

max. strain
recorded

0.0046
0.0022
0.0047
0.0025
0.0048
0.0028
0.00s 1

0.0031

0.0055
0.0029
0.00s4
0.0032
0.0060

0.0032
0.0058
0.0034
0.00s0
0.0130
0.0030
0.0050
0.0042
0.0041

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
Y No.l
Y No.2
C2
C4
C6
C8

fc'
(urPa)

28.2

28.2

28.2

28.2

28.2

28.2

28.2

28.2
28.2

28.2

28.2

28.2

28.2
28.2
28.2

28.2

29.4

29.4

36.4
36.4
36.4
36.4

Ef
(GPa)

?39

239
239
239
239

239
239

239
239
239
239
239
239

239
239
239
235
235

108.5

108.5

108.5

108.5

tf
(rnm)

o.t7
0.50
0.17
0.50
0.17
0.50
0.t7
0.50
0.17
0.50
0.17
0.50
0.T7

0.50
o.r7
0.50
0.17
0.t7
1.00

1.00

1.00

1.00

bf
(mm)

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

25

25

25

25

I : Iketani andJinno 1997
Y -- Yoshizawa et ql. 1996
C : Chajes et aI. 1996
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Fígure 5-1 (a) Beam B-Control at Failure

Figure 5-I (b) Beam B-Control: Stirrup Straightening
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I

I

3 stirrups with strain gauges

I stirrup yielded

spa[ing of concrete cover

Figure 5-2 Beam B-Control Just Prior to Failure

Figure 5-3 Beam B-CL at Failure

3 stirrups with strain gauges
all3 stirrups yielded

stirrup clamping scheme

Figure 5-4 Beam B-CL Just Prior to Failure
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B-CL

B-Control

01234567
Stirrup Strain (millistrain)

Figure 5-5 Stinup Strain vs Applied Shear Load: Beams B-Control & B-CL

200

z
ë,1s0

q)

# roo

.9

Êso

0

Figure 5-6 Beam B-Vert2} at Failure
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Figure 5-7 (a) Beam B-VertI0} at Failure

Figure 5-7(b) Beam B-VertI00 After Removal of CFRP Sheets
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Figure 5-8 Beam B-DiagI00: Straightening of Diagonal CFRP Sheets

Figure 5-9 Beam B-DiagI00 at Failure
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Figure 5-10 Beam B-Diag2} at Failure

Diag20
B-Diag100

B-Vert-H

B-Control

1234
Stirrup Strain (millistrain)

Figure 5-11 Stitup Strain vs Applied Shear Load:
Series B Beams with Diagonal Sheets

250

;200z-

¡r
g 1s0

rt)

þ roo

-\ 50

0
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Figure 5-12 (a) Beam B-Vert-H at Faílure

Figure 5-12 (a) Beam B-Vert-H with FRp Sheets Removed
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Figure 5-13(a) Beam B-Diag-H at Failure

Figure 5-13 (b) Beam B-Diog-H with FRP Sheets Removed
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á 100
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äsoÈ
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B-Diag-Il
B-Vert-tl

1

B-Vertl00

N23
Stirrup Sfi?in (millistrain)

Figure 5-14 Stírrup Snaínvs Applied Shear Load:
Series B Beams with Horizontal Sheets

r.'i::E

#fi

,i

Ftgure 5-15 Beam S-NoFRP at Failure

157



Figure 5-16 Beam S-Control: Fremature Failure of CFBp Strips

Figure 5-17 Beam S-Control at Failure
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Fígure 5-18 Straightening of CFRP Sheets Prior to Failure: Series S

Figure 5-19 CFRP Strip at Failure: Series S
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Figure 5-20 (a) Bearn *Diag-I at Failure

Figure 5-20 (b) Beam S-Diag-2 at Failure
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Figure 5-21 (a) Beam S-Diag-H Right of Support øt Failure

Figure 5-21 (b) Beam s-Diag-H Right of First Looding point at Failure
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Figure 5-22 Beam S-Diag-CL st Failure
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Figure 5-23 (a)

Strain (mitlistrain)

FkP Strain at Bottom of Web vs Applied Shear Load: Series S
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Figure 5-23 (b) Stinup Strain at Bottom of Web vs Applied Shear Load: Series S
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{l--partial crack 40 kN

-+- 50 kN

-=-60 kN

--=-70 kN

--+"-fully cracked 75 kN

*-before rupture 80 kN

-75 -50 -25 0 25 50 75

Ðistanc_e From Gentreline of Sheet (mm)

Figure 5-2a @) Lateral Distríbution of Longitudinal Sheet Strain at Crack:
Rectangulor Bond Specímen R-}-G
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-€-55 kN

--O-60 kN (initat cracking)

-+-65 kN

--e-70 kN

-.-75 kN

-F80 kN

--+-90 kN

{-93 kN (failure)

-100

Figure 5-24 (b)

-75 -50 -25 0 25 50

Distance Fmm Centreline of Sheet (mm)

Lateral Distribution of Longítudínal Sheet Strain at Crack:
Rectangular Bond Specimen R-45-H
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Figure 5-25 (a) Failure of Rectangular Bond Specimen R-7-G

Figure 5-25 (b) Failure of Rectangular Bond Specimen R-45-G
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Figure 5-26 (a) Failure of Reetangular Bond Specimen R-}-H

Figure 5-26 (b) Failure of Rectangular Bond Specimen R-45-H-S
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Figure 5-2V (a) Failure D,ue to CFRP Sheet Peeling: Single Flanged Bond Specimens

;ffi
ii,i]' diffi
i.ff

ffi,

Figure 5-27 (b) Detail of Failure Due to CFRP Sheet peeling
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Fígure 5-28 (a)

-100 0 100

Distance Frcm Grack (mm)

Strain Distribution Along Principal Fibres:
Rectangular Bond Specimen R-}-G
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Figure 5-28 (b) Snain Dístribution Along principal Fibres:
Rectangular Bond Specimen R-}-H
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-e-50 kN (sheet)

--F60 kN (sheet)

+-70 kN (sheet)

-8F80 kN (sheet)

{-90 kN (sheet)

-+100 kN (sheet)

-+110 kN (sheet)

-]- 118 kN (sheet failure)

Figure 5-28 (c)

-100 0 100 2l

Distance From Grack (mm)

Straín Distributíon Along Princípal Fibres:
Rectangular Bond Specimen R-?-H-S
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Figure 5-29 (a) Strain Dístributton Along Princípal Fíbres:
Rectangulør Bond Specímen R-45-G
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Figure 5-29 (b) Strain Distribution Along Principal Fibres:
Rectangular Bond Specimen R-45-H
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-è- 120 kN
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Figure 5-29 (c)
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Strain Distribution Along Principal Fibres:
Rectangular Bond Specimen R-4 5 -H-S
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FRP Strain (mi[istrain)

Figure 5-30 strain Distribution Along principal Fibres: Beam s-Diag-I
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Figure 5-31 straín Dístríbution Along principal Fibres: Beam s-Diag-2
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Figure 5-32 Snain DistributionAlong Principal Fibres: Beam B-Diag100
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Figure 5-33 strain Distributíon along Principal Fibres: Beam B-vertl\|
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Fígure 5-34 strain Distribution Along Principal Fibres: Beam B-vert2\
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Load Pl
Typical FRP
Strain Gauge

Strain Distribution
Along Shear Crack A

Figure 5-35 Measarement of Strain Distribution in FRP Sheets
Along Shear Cracks A, B and C
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FRP Strain (millistrain)

4-20246810
FRP Strain (millistrain)

-4-20246810
FRP Strain (millistrain)

Fig. 5-36 (a) CFRP Strain Distribution:
CrackA, Bearn S-Diag-l

Fig. 5-36 (b) CFRP Strain Distribution:
Crack B, Beam S-Diag-I

Fig- 5-36 (c) CFRP Stroin Distribution:
Crack C, Beqm S-Diag-I
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Fig. 5-37 (a) CFRP Strain Distribution:
Crack A, Beam S-Diag-2

Fig. 5-37 (b) CFRP Strain Distribution:
Crack B, Beam S-Diag-2

Fig. 5-37 (c) CFRP Strain Distribution:
Crøck C, Beam S-Diag-2
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Fig. 5-38 (a) CFRP Strain Distribution:
CrackA, Beam S-Diag-H

Fig. 5-38 (b) CFRP Strain Distribution:
Crack B, Beam S-Diag-H

Fig. 5-38 (c) CFRP Strain Distribution:
Crack C, Beam S-Diag-H
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Fig. 5-39 (a) CFRP Strain Distribution:
CrackA, Beam S-Diag-CL

Fig. 5-39 (b) CFRP Strain Distribution:
Crqck C, Beøm S-Diag-CL

r82



25

¡r

'Ê zo

'E ts
(t)

try.

Ero
Q

tr
x
6t

É1

0

50 100 150 200
Ef tf (GPa x mm)

Figure 5-40 Møcimum FRP Sheet Strain vs FRP Sheet Stffiess:
Predictions and Bond Test Results from the Literature

Equations (5-2) and (5-3

Equation (5-4)
+
Bond Tests Table 5-5
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Figure 5-41 Mæìmum FRP Sheet Strain vs FkP Sheet Stffiess:
Predíctions and Test Resultsfrom this Experimental Program

nqu"Uoos (5-2) and (5-3)

Equation (5-4)

Equation (5-5)
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Beam Tests
+
Rectangular Bond Specimens
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Figure 5-42 (b) Ratio of Force in FRP Sheets to Force in Steel Bar:
Single-Flanged Bond Specimen SF-0-50-S
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Figure 5-43 (b)

FRP Strain

Stirrup Strain

186



250

z
5 zoo
L
(E
o
ä rso
E¡
,9

Ë 100

50

-2

Figure 5-a3 þ)

246810
Strain (millistrain)

Strain Measured in FkP Sheets and Steel Stimtps:
Bottom of Web on Beam B-Diag100

Strain (millistrain)

Strain Measured in FRP Sheets and Steel Stinups:
at Bottom of Web on Beam S-Diag-H

250

z
5 zoo
¡.
GIo
6 rso
Ît
.E

Ë r00

50

-2

Figure 5-43 (d)
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Figure 5-45 (a)

Strain (millistrain)

Strain Measured in FkP Sheets and Steel Stimtps:
Top of Web on Beam S-Diag-l
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6

R.nrroruar, MoDEL FoR Snn¿.n Capacrry
on I.SSAPED CoNcnprn GrnnERs

SrnnxcrlrnNrcD \trrrr{ FRP SHnprs

6.1 GENERAL

The shear strength, Vn, of a reinforced concrete beam with externally bonded FRp sheets

can be calculated as the sum of the shear resisting contributions of the concrete, V., the

steel stimrps, V.", and the FRP sheets, Vr."*. As observed during testing, for l-sections,

failure is initiated by straightening of the CFRP sheets due to an outward force subjecting

the concrete substrate to both peeling and shear stresses. After shaightening of the FRp

sheets is initiated by failure in the concrete substrate, a decrease in the strain in the FRp

sheets is observed, and a corresponding decrease in the shear resistance of the FRp sheets

occurs. The nominal shear shength provided by the FRP sheets, Vr,n"*, is based on the

maximum FRP contribution which occurs just prior to straightening of the FRP sheets.

In this chapter, the contribution to shear resistance provided by the FRP sheets and the

steel stimrps, at increasing levels of applied shear load, is determined experimentally
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based on strain measurements in each component. Analysis of the shear resistance

provided by each component serves to clariff the behaviour observed during testing, and

facilitates the development of the rational model for predicting the shear capacity of the

strengthened beam.

In the model, the shear resistance provided by the FRP sheets is calculated using an

expression to predict the maximum strain developed in the FRP sheets, and an FRp shain

distribution model introduced for l-shaped sections. The stimrp contribution to shear

resistance is calculated using the basic truss model, however the strain in the stimrps is

determined based on the strain in the FRP sheets, and may be less than the yield shain.

Since the truss model is used to predict both the FRP sheet and the steel stimrp

contributions, the angle used for the inclined concrete compressive struts significantly

affects the predicted values.

In the model, an inclination angle of 30 degrees is used to determine the FRP sheet and

steel stimrp contributions and the concrete contribution is predicted using the ACI

method. In this chapter, it is also shown that the use of the ACI45 degree truss model is

overly conservative and severely underestimates the contribution of both the FRP sheets

and the steel stimrps. The modified sectional-truss method introduced by Ramirez and.

Breen (1991) includes a concrete contribution in combination with a variable angle truss

model and is also used for comparison. The lower limit of 25 degrees for the

compressive strut inclination angle is used when applying the modified sectional-truss

method. In order to assess the reliability of the proposed rational model, the shear
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resistance of the Series B and Series S test

compared with actual test results.

beams is predicted using the model and

6,2 SHEAR RESISTING COMPONENTS ÐETERMINED EXPER.IMENTALLY

In this section, the strains measured in the CFRP sheets and steel stimrps crossing the

shear cracks are used to determine the shear resisting force provided by each component

during testing. For each of the Series S beams, the shear resistance provided by each

component is determined at increasing levels of applied shear load until failure and is

discussed in the following sections.

6.2.1 Procedure for Determining shear Resistance Experimentally

As described in Section 5.5.3, the strain in the CFRP sheets is recorded along three

different shear cracks within the typical failure zone. In this section, the strain measured

in both the CFRP sheets and the steel stimrps crossing the shear cracks is used to

determine the shear resistance provided by each component. Figure 6-l shows the

location of strain measurements in both the sheets and the stimrps, as well as the three

crack locations labeled A, B, and C. Since the strain gauges are evenly spaced along

each shear crack, the average of the strains measured along the crack is used to calculate

the contribution to shear resistance of each component. Where the crack passes midway

between two strain gauges on a given stimrp, the average measured strain is used to
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represent a strain measurement at that particular location along the crack.

The cross sectional area of the steel stimrps and the CFRP sheets, the stress-strain

relationships of the materials, and the average strain along the shear crack are used to

calculate the shear resisting force for each component as follows:

V, : €, 
"u" 

Es Au d (cot 0)
s

Vr: tr"u" ErZn¡ h wr 9r (cot 0 + c91 sd sin ar
S¡

(6-1)

(6-2)

Where, Vs : shear resistance provided by steel stimrps

Vr : shear resistance provided by FRP sheets

ts ave : average measured strain in stimrps

trave : average measured strain in FRP sheets

Es : modulus of elasticity of steel stimrps

Er : modulus of elasticity of FRP sheets

A" : area of stimrp legs per stimrp

rI¡ : number of layers of FRP sheets per one side of beam

tr : thickness of one layer of FRP sheets

\Ã/¡ : width of one FRP sheet perpendicular to principal fibres

s : spacing of stimrps along longitudinal beam axis

s¡ : spacing of FRP sheets along longitudinal beam axis

d : effective depth of cross section from extreme compression fibre
to centroid of tension reinforcement
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dr : depth of cross section over which FRP sheets are effective

e : angle of inclined shear crack

cr,¡ : angle of principle fibres of FRP sheets

The shear resistance provided by the CFRP sheets, as determined using Equation (6-2), is

illustrated schematically in Figure 6-2.

For each beam, the shear resistance provided by the FRP sheets, V¡, wâs calculated at the

three crack locations, A, B, and C. Because for each beam, the values of Vr calculated at

each crack, (Vr)n, (vr)e and (Vr)c, were typicatly found to be in good agreement with

each other, the average value of v¡ is determined for each beam as follows:

Vr : [(Vr)e + (Vr)s + (V)ç] / 3 (6-3)

The average values for Vr are calculated for each beam and a¡e presented and discussed

in the following sections.

Similarly, the shear resistance provided by the stimrps, V., was calculated at each crack

and the values of (Vr)¡, (V5)s and (Vr)c, were found to be in good agreement for each

beam. The average values for V, are calculated for each beam and are presented and

discussed in the following sections.
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In accordance with the traditional ACI approach to shear design (4CI318, 1995) the

shear resisting force in the FRP sheets, V¡, and the shear resisting force in the stimrps, Vr,

each resist a portion of the applied shear force, V.pp, while the remainder of the applied

shear force is resisted by the concrete contributiofl, Vr. The concrete contribution to

shear resistance can therefore be determined by subtracting the total contribution

provided by the shear reinforcement from the applied shear force as follows:

Vr: V"pp - (Vs + Vf) (6-4)

Where Vr and V, are based the average shear resistance provided by the FRP sheets and

the steel stimrps crossing three shear cracks.

6.2.2 Experimental Shear Resisting Components for Beam S-Diag-l

The shear resisting forces provided by the steel stimrps, V., and the single layer of

diagonal CFRP sheets, V¡, for beam S-Diag-l are plotted versus applied shear load and

shown in Figure 6-3. The concrete contribution, V", is calculated using Equation (6-4),

and is also shown in Fisure 6-3.

As illustrated in Figure 6-3, the maximum value of the FRP contribution, Vr.r*, occurs at

an applied shear load of 190 kN and represents the initiation of straightening of the FRP

sheets. The maximum strain in the FRP sheets at the initiation of straightening is

approximately 0.004, as shown previously in Figure 5-36. The FRP contribution begins



to drop off as straightening continues. At this stage, the stimrp contribution increases

rapidly, until complete failure of the beam occurs at an applied shear load of 234 kN.

6.2.3 Experimental Shear Resisting Components for Beam S-Diag-2

For beam S-Diag-2 with a double layer of diagonal CFRP sheets, the shear resisting

forces provided by the steel stimrps, Vr, and the FRP sheets, V¡, âre shown in Figure 6-4,

along with the concrete contributiofl, V". Simila¡ to beam S-Diag-l, the FRP contribution

for beam S-Diag-2 also reaches a maximum at the initiation of sheet straightening,

followed by a decrease in the FRP contribution. The maximum FRP contributior, Vr.o,

occurs at an applied shear load of 195 lò{. The stimrp contributiotr, Vr, also increases

rapidly at this stage, as was observed for beam S-Diag-1.

6.2.4 Experimental Shear Resisting Components for Beam S-Diag-H

Figure 6-5 shows the shear resisting forces provided by the steel stimrps and the diagonal

FRP sheets, as well as the concrete contribution, for the beam with a horizontal sheet

applied on top of diagonal CFRP sheets, S-Diag-H. As illustrated in Figure 6-5, the FRP

contributiorr, Vr, approaches a constant value at an applied shear load of about 203 lòI.

Correspondingly, an increase in the slope of the V, versus applied shear load curve is

observed at this load level. Since several strain measurements in the FRP sheets were

unavailable beyond an applied shear load level of 221 kN, the remainder of the CFRP

contribution up to ultimate beam failure could not be documented.
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Shaightening of the FRP sheets at the bottom of the web was observed for beam

S-Diag-H, but appeared to be more controlled than the straightening behaviour observed

for the beams without the horizontal sheet, S-Diag-l and S-Diag-2. Correspondingly,

Vr-u* remained relatively constant for beam S-Diag-H, rather than dropping off

significantly. Since the straightening behaviour was controlled to some extent, the

stimrps reached yield and V, reached a maximum value of V* without a significant drop

in the FRP contribution, Vf ,nu*. However, as described above, the exact value for Vr is

not available at applied shear load levels greater than 221 lclrt.

6-2.5 Experimental shear Resisting components for Beam s-Diag-cl-

For beam S-Diag-CL with a single layer of clamped diagonal CFRP sheets, the shear

resisting forces provided by the steel stimrps, Vr, and the FRP sheets, V¡, âro presented in

Figure 6-6 along with the concrete contributior, V"n which is calculated based on these

average contributions.

As shown in Figure 6-6, the V¡ versüs applied shear load curve for beam S-Diag-CL

continues to increase throughout the loading of the beam until failure occurs outside of

the strengthened zone. No decrease in V¡ or change in slope of Vr or V, is observed.

Because failure occurred outside of strengthened zone and the zone of strain

measurement, maximum values for V¡ and V, likely do not represent the maximum shear

capacity of these components.
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6.2.6 Comparison of Shear Resisting Components

CFRP Sheets -- A comparison of the shear resisting forces provided by the

diagonal FRP sheets, V¡, for all Series S beams is presented in Figure 6-7. Although the

cross sectional area of CFRP for beam S-Diag-2 is twice that for beam S-Diag-l, the

shear resisting force is not significantly higher with the addition of a second layer of

CFRP. The application of a horizontal sheet on top of a single layer of diagonal FRP

sheets did not significantly increase the FRP contribution for beam S-Diag-H. However,

the horizontal sheet does appear to have controlled the straightening of the FRP sheets to

some extent and prevented a significant drop in Vr for this beam. The maximum value of

V¡ is greatest for the beam with clamped diagonal sheets, S-Diag-CL, however, since

failure occurred outside of the strengthened zone, this value may not represent the

maximum shear resistance of clamped diagonal sheets.

Steel Stirrups -- Figure 6-8 shows a comparison of the shear resistance provided by

the steel stimrps for all of the Series S beams, including beam S-Control and the

unstrengthened beam, S-NoFRP. At any level of applied shear load after cracking, a

reduced stimrp contributiofl, Vr, is observed for the beams strengthened with FRP sheets.

A change in the slope of the V, versus applied shear load curve is apparent for all of the

beams with the exception of the beam with clamped diagonal sheets, S-Diag-CL. For the

beams strengthened with FRP sheets, the V, versus applied shear load curves are

generally in good agreement, with the values for V, slightly lower for beams S-Diag-2

and S-Diag-CL.
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6.3

Concrete -- The concrete contributions, V., are plotted for the Series S beams with

diagonal FRP sheets and are shown in Figure 6-9. Consistent with many models for

shear resistance (ref), the concrete contribution is generally constant for all of the beams.

Beam S-Diag-CL, with the clamping scheme applied to the top and bottom of the web,

appears to have a slightly higher concrete contribution than the other three beams. as

shown in Figure 6-9.

PREDICTING TIIE CONCRETE CONTRIBUTION
TO SHEAR RESISTA¡ICE

In practice, the most significant difference between all of the shear prediction models

described in Chapter 3 is the method for determining the shear resistance provided by the

concrete and the angle of the inclined shear cracks. In this section, these methods a¡e

discussed further and are evaluated based on a comparison with observations made

during testing.

6.3.1 Shear Cracking

In the traditional ACI approach to shear design, the shear load at which inclined shear

cracks first occur is considered equivalent to the shear resistance provided by the

concrete. It is assumed that the concrete contribution remains constant from first

cracking until ultimate. As discussed in Chapter 3, predictions for the shear load causing

web shear cracking and the load causing flexural shear cracking are compared, and the



lowest value is selected as the concrete conhibution to shear resistance. The expressions

used to predict web shear cracking, V.*, and flexural shear cracking, V.¡, are as follows

(ACr-318-M95):

v"*:0.3 (ú.' + fo.) b*u -,'- vo (6-s a)

Vs¡ :0.05 {f"'b* U a Va + Vi M". /M^u* (6-s b)

For each of the test beams in this experimental program, Equations (6-5 a) and (6-5 b) are

used to predict the shear cracking load at various cross sections along the length of the

beam, as shown in Figures 6-10 to 6-16. Using significant increases in stimrp strain

measurements as an indication of first cracking, the shear cracking load observed during

testing is plotted at various stimrp locations within the shear span for each beam. In

Figures 6-10 to 6-16, the observed experimental values are compared with the shear

cracking loads predicted using the ACI approach and found to be in fairly good

agreement.

As discussed in Chapter 3, the following equation is introduced by Ramirez and Breen

(1991) to predict the shear cracking load and the concrete contribution for preshessed

beams as part of the modified sectional-truss method:

(6-6)V. : K (0.166) €' b* d
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Where, r : fiT fp.F and 1.0<K<2.0

fi : 0.166 {f.'

f*: compressive stress at neutral axis

A comparison of the shear cracking loads and concrete contributions predicted for the test

beams in this experimental program, using Equations (6-5) and (6-6), was provided in

Chapter 3, Figure 3-6. The two methods will be compared further later in this chapter.

6.3.2 Influence of shear Reinforcement on concrete contribution

Since externally bonded CFRP sheets are extremely thin, it is considered that FRP sheets

do not significantly affect the load level at which shear cracking begins. (Uji 1992) Tests

conducted by Drimoussis and Cheng (1994) have confirmed this postulation. A

comparison of Figures 6-10 through 6-16 suggests that the presence of CFRP sheets did

not significantly affect the shear cracking load for the beams in this experimental

program. It appears that the compressive strength of the concrete, i', 6 listed in

Tables 3-2 and 3-3 and shown in Figwes 6-10 to 6-16, had a greater effect on the shear

crackirtg load than the presence of CFRP sheets.

Although the concrete contribution to shear resistance predicted using Equations (6-5)

and (6-6) is clearly not influenced by the amount of shear reinforcement, it is recognized

that the presence of shear reinforcement has a beneficial effect on the concrere

contributiofl, V". The strain in the shear reinforcement at ultimate is limited in the ACI



code, in order to control crack widths and ensure that the integrity of the concrete

contribution to shear resistance is maintained. It is therefore recommended that the

average strain in the CFRP sheets, r¡"u., be limited to 0.004. (ACI440-F 199g, Khalifa et

al. 1998)

6.3.3 Angle of Inclined Shear Cracks

A major difference between the three shear prediction models described in Chapter 3, is

the angle of the inclined shear cracks. While the traditional ACI approach uses the

conservative 45 degree truss model, the variable angle truss model and the modified

sectional-truss model introduced by Ramirez and Breen (1991) both allow for variation in

the angle of the inclined struts, within limits.

Both the ACI approach and the modified truss method rely on an assessment of the state

of stress in the web, and at the extreme tension fibre, to predict shear cracking in

prestressed concrete beams. Similarly, by an analysis of the principal stresses at various

locations on the web of the prestressed member, the angle of the principal compressive

stresses just prior to cracking can be determined. Figures 6-17 (a) and (b) show the angle

of the principal compressive stresses just prior to cracking, as calculated at three different

locations on the web for each beam in Series B and Series S, respectively.

During testing, it was observed that the first inclined shear cracks developed by the

propagation of existing flexural cracks into the web. Upon reaching the top of the tension



flange, just below the base of the web, the vertical shear cracks became inclined and

propagated into the web. The initial shear cracks typically propagated to somewhere

between the base of the web and the mid-height of the web before stabilizing. Further

crack propagation above mid-height of the web typically did not occur until close to

ultimate.

The principal compressive stress angles shown in Figures 6-17 (a) and (b) were

calculated for the zone of initial shear cracking between the base of the web and mid-

height of the web. Based on Figures 6-17 (a) and (b), the average value for the principal

compressive stress angles in this zone is about 30 degrees. Although the angles shown in

Figures 6-17 (a) and (b) were predicted using elastic theory, the average value of

30 degrees is in good agreement with the observations made during testing.

Based on the discussion above, a shear crack angle of30 degrees is used for the proposed

rational model. As recommended by Ramirez and, Breen (1991), a lower limit of

25 degrees for the compressive strut inclination angle in prestressed concrete beams is

also considered when applylng the modified sectional-truss method. And finally, it is

also shown that the use of the 45 degree truss model is overly conservative and as

expected, severely underestimates the contribution of both the FRP sheets and the steel

stimrps.
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6.4 SHEAR RESISTANCE OF CFRP SHEETS

As described in Chapter 3, most models for predicting the shear capacity of reinforced

concrete beams are based on truss models, where the contribution of shear reinforcement

is the total force provided by the shear reinforcement over the horizontal projection of

one truss panel. For models where the angle of the diagonal compressive struts, 0, is

assumed to be equal to the angle of shear crack, 0"r, the contribution of the shear

reinforcement can also be described as the force in the shear reinforcement crossing the

inclined shear crack, as shown in Figure 6-2. If the shear reinforcement is at an angle, g,

less than 90 degrees, the vertical component of the force in the shear reinforcement must

satisÛ equilibrium in the vertical direction. A general expression for the shear resistance

provided by externally bonded FRp sheets, vr*, applied at any angle, ü,6 wâs provided

in Equation (6-2).

In determining the contribution to shear resistance provided by the FRp sheets, the values

for drand e¡"u" depend on the mode of failure, and are determined based on the FRp sheet

configuration and the shape of the cross section. The first mode of failure shown in

Figwe 6-18 (a), rupture of the FRP sheets, typically occurs due to stress concentrations at

stress levels lower than the ultimate tensile strength of the FRp sheet. For applications

where the FRP sheets cannot be completely wrapped around the beam cross section, the

bond between the FRP sheet and the concrete is critical. Failure of the bond mechanism

is the second mode of failure shown in Figure 6-18 (b) and typically occurs due to shear-
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tension failure within the concrete substrate. For the l-shaped section shown in Figure 6-

l8 (c), the tensile forces developed in the FRP sheets subject the concrete substrate to

peeling forces as well as shear forces. Failure typically occurs within the concrete

substrate due to straightening of the FRP sheets, prior to the development of a uniform

strain distribution in the sheets.

For the first two modes of failure shown in Figure 6-13 (a) and (b), methods for

determining dr and t¡ 
"u. 

have been introduced by others and discussed in detail in

Chapter 3 (Triantafillou 1998, Khalifa et al. 1998). For l-shaped cross sections, the

average strain in the FRP sheets at failure, r¡",", is based on the strain distribution model

shown schematically in Figure 6-13 (c) and described in more detail in the followins

section.

6.4.1 FRP Strain Distribution Model for l-shaped Sections

A model for the strain distribution in FRP sheets bonded to l-shaped cross sections is

inhoduced in this section. The model FRP shain distribution is based on the strain

distributions measured during testing, and occurring at the initiation of failure due to

straightening of the FRP sheets

As shown in Figure6-18(c), a constant shain of e¡-"* extends from the bottom of the

effective depth to mid-height of the web, and decreases to zero at the top of the effective

depth of the FRP sheet. Based on the geometry of the strain distribution, the average
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FRP strain for l-shaped sections can be determined as follows:

tf ave: tr*"* (ül 10{{È - dlz)l
-ãt

(6-7)

The shape of the strain distribution model was generally found to be consistent for all of

the beams tested in this experimental program, however the maximum strain in the FRp

sheets, tr max, varied depending upon the stiffüess and configuration of the FRp sheets.

Methods for predicting the maximum strain in the FRP sheet, rr max, as a firnction of the

stiffüess and configuration of the FRP sheets are described in Sectio ns 6.4.2and 6.4.3.

As observed during testing, the strain dishibution shown in Figure 6-1g (c) occurs just

prior to straightening of the FRP sheets. After shaightening of the FRp sheets is

initiated, the average shain in the FRP sheets is reduced and a decrease in the shear

resistance of the FRP sheets occurs. Therefore, the nominal shear strength provided by

the FRP sheets, Vr,no, is calculated using Equation (6-2) and,Equation (6-7) and is based

on the maximum FRP contribution which occurs just prior to straightening of the FRp

sheets.

6.4.2 Effect of cFRp stiffness on Maximum FRp sheet strain

As discussed in Chapters2 and 3, the trend observed in the literature forboth bond and

beam tests, is that an increase in the FRP sheet stiffrress results in an increase in the

211



tensile force in the sheets which is not directly proportional to the increase in the

stiffrress. Put more simply, if bond failure is the controlling mechanism, the addition of a

second layer of FRP sheets typically does not result in the development of twice the

tensile resisting force in the sheets. As discussed in Chapter 5, this trend was also

observed for the beams in this experimental program.

Based on the bond model introduced by Maeda et al. (1997), and modified to account for

both shear and peeling stresses on the surface of l-shaped cross sections, the following

expression was introduced in Chapter 5 to predict the maximum strain in the FRP sheets

as a function of their stiffrress:

tfmax : 0.4 (6-8)

sin cr { Ertr nr

6.4.3 Effect of GFRP sheet configuration on Maximum FRp sheet strain

Vertical FRP Sheets - Although Equation (6-8) is based on test results for beams with

diagonal FRP sheets and the maximum strains measured in diagonally oriented principal

fibres, it is recognized that only the vertical component of the force in the diagonal sheets

will produce peeling stresses. The term "sin cr¡" in Equation (6-8) accounts for this

observation, and therefore, Equation (6-8) may also be used for beams with vertical FRP

sheets.
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Horizontal FRP Sheet -- Although the effect of the horizontal FRp layer could not be

directly quantified from the test results, it was observed during testing that the presence

of the horizontal layer delayed the straightening of the FRP sheets and the corresponding

reduction in the FRP contribution, Vr-*. The value for the maximum FRp shain, rrmax,

as well as the predicted FRP contribution, Vr-"*, remains unchanged with the additional

horizontal layer, however the FRP contribution is sustained at this maximum level rather

than dropping off. As will be discussed in Section 6.5, the presence of the horizontal

layer allows the steel stimrps to yield without any reduction in v¡.^*.

Clamned FRP Sheets - Although the maximum potential of the clamped diagonal sheet

configuration was not realized due to failure occurring outside of the shengthened zone,

it is reasonable to conclude that the clamping scheme effectively prevents straightening

of the sheets. Therefore, the maximum strain in the clamped FRP sheets can be predicted

using Equation (5-4), which is based directly on the bond test results without

modification due to the effects of combined shear and peeling stresses.

6.5 SHEAR RESISTANCE OF INTERNAL STEEL STIRRUPS

For the first two basic modes of failure described in Figures 6-18 (a) and (b), the average

FRP strain at ultimate, tr ave, is typically greater than the stimrp yield strain, err.

Consequently, it is typically assumed that the steel stimrps have yielded at ultimate. For

2r3



I-shaped sections however, failure due to straightening of the FRp sheets is initiated at a

lower level of FRP strain and may occur prior to yielding of the stimrps. Therefore, the

effective stimrp contributiol, Vr", is based on the strain in the stimrps, e.., which occurs

at the initiation of failure in the FRP sheets, Vr ,.*, and is determined usins

Equation (6-1).

The strain in the stimrps, Er", occurring at V¡ ¡¡¿¡ cÍtr be predicted based on the averase

strain in the FRP sheets, rrave, as follows:

€se : tf ave sin d¡/ y¡. (6-e)

Where, yfr: ratio of the vertical component of average strain in the FRp sheets

to the average strain in the steel stimrps

As discussed in Section 5.6.2, a value of 1.5 is proposed for the ratio y¡r, based on results

of the beam tests conducted in this experimental program.

For beams with a mechanism in place to effectively control straightening of the vertical

or diagonal FRP sheets, such as the horizontal layer of FRP sheets or the clamping

scheme, test results suggest that the straightening behaviour is sufÍiciently confrolled to

allow yielding of the steel stimrps at failure.
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6.6 RELIABILITY OF TI{E PROPOSED RATIONAL MODEL

In this section, the rational model introduced to predict the shear resistance of FRP sheets

and steel stimrps in l-shaped sections is applied to each test beam using the following:

1. ACI method with a crack inclination angle of 30 degrees

2. ACI method with a crack inclination angle of 45 degrees

3. Modified sectional-truss method with a strut inclination angle of 25 degrees

The predicted shear resistance is compared with actual test results to assess the reliability

of the proposed model.

6.6.1 Shear Capacity of Series S Beams

For each Series S beam, the proposed model is used to predict the contribution provided

by each shear resisting component, the concrete, V., the steel stimrps, vr", and the FRP

sheets, Vr-"*. The predicted contribution of each component is compared to the

experimentally determined shear resistance of that particular component as determined in

Section 6.2. The overall shear strength of the beam, Vn, is then calculated as the sum of

the shear resisting contributions, V., Vr., and Vf ,nu*, and compared to the ultimate shear

failure load obtained during testing.
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Table 6-1 provides a sunmary of the predicted values for each shear resisting component

and the predicted strain values used to calculate these contributions, rrmax, r¡¿ys ând er.. It

should be noted that for beams S-Diag-l and S-Diag-2,the applied shear load at which

failure was initiated, 190 kN and 195 kN respectively, was used in the comparison with

the predicted nominal shear resistance.

For all of the beams, the FRP sheet contribution, Vr*"*, is predicted using Equation (6-2)

where the average strain in the FRP sheets, rr ave, is determined using the strain

distribution model in Equation (6-7) and the maximum FRP strain, rrmax, predicted using

Equation (6-8).

The maximum strain in the diagonal sheets at the initiation of failwe is predicted using

Equation (6-8). Since the maximum shain depends on the stiffrress of the FRP sheets, the

maximum strain for the double layer of sheets on beam S-Diag-2 is lower than the

maximum strain for the single layer of FRP sheets on beams S-Diag-l and S-Diag-H, as

indicated in Table 6-1. In spite of the lower maximum strain value, due to the increased

thickness of the double layer sheets, the predicted FRP sheet contribution, Vr max, is

slightly higher for beam S-Diag-2, as shown in Figure 6-19 (a), when compared to beams

S-Diag-1 and S-Diag-H, as shown in Figure 6-19 (b).

For beam S-Diag-CL, straightening of the diagonal sheets was effectively controlled by

the clamping scheme, ffid the maximum strain in the FRP sheets is predicted using
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Equation (5-4), which is based on bond test results and has not been modified to account

for the effects of peeling stresses. The predicted FRP contributior, vr max, is shown in

Figure 6-19 (c) for beam S-Diag-CL, and is compared to the contribution determined

experimentally.

The shear resistance provided by the steel stimrps, V.", is calculated using Equation (6-1)

and is compared with the stimrp contribution determined experimentally, as shown in

Figures 6-20 (a), (b) and (c). For the beams shown in Figures 6-20 (a) and (b), the

average shain in the stimrps at the initiation of failure, 6r", is calculated using the average

FRP strain, trave, and the relationship between the FRP strain and steel strain provided in

Equation (6-9). However, for the beams shown in Figure 6-20 (c), the predicted stimrp

resistance is based on yielding of the stimrps.

Since the maximum FRP strain is different for the double and single layer diagonal

sheets, it follows that the effective stimrp strain and the stimrp contribution are different

for beams s-Diag-2 and s-Diag-1, ¿rs shown in Figures 6-20 (a)and o).

The other Series-S beams with diagonal FRP sheets, beams S-Diag-H and S-Diag-CL,

include mechanisms to control shaightening of the sheets, and therefore the yield strain

can be used for the effective stimrp shain, rr". The experimentally determined stress-

strain curves for the steel stimrps were presented in Chapter 4, and are used to calculate

the stress in the steel stimrps based on the strain. Figure 6-20 (c) shows the stimrp

contributiofl, Vr, for the Series S beams where the maximum recommended strain of
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0.004 is used for the effective stimrp strain, er".

In Figure 6-21, the concrete contributions predicted using the ACI method and the

modified sectional-truss method are compared to the concrete contributions determined

experimentally. As discussed in Section 6.2, the concrete contribution to shear resistance

is determined experimentally by subhacting the total contribution provided by the shear

reinforcement from the applied shear force. The modified truss method predicts quite

low values for the concrete contribution, however the shear reinforcement contributions

predicted using the lower compressive sfrut inclination angle of 25 degrees are greater for

this shear model, as shown in Figures 6-19 (a) through (c) and 6-20 (a) through (c).

Figure 6-22 shows the ratio of the overall shear capacity of the beams as determined

experimentally versus as predicted using the model. The shea¡ capacity of each beam is

predicted using the three approaches described above and incorporating the rational

model to predict the shear resistance of FRP sheets and steel stimrps in l-shaped sections.

As shown in Figure 6-22, the use of the 30 degree crack inclination angle and the ACI

method, provides the most accurate prediction. By comparison, the 45 degree truss

model is consistently too conservative. The modified sectional-truss model provides a

predicted shear capacity between the other two approaches, however, the relative

inaccuracy of this method in predicting the individual shear resisting contributions is a

concern.
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6.6.2 Shear Capacity of Series B Beams

For the series B beams, the FRP sheet contribution, vr*.*, is determined using the same

procedure described for the series s beams. The stimrp contribution to shear resistance,

v"' is also determined using the same procedure described for the Series s beams.

However, for the beams where a horizontal sheet delays the straightening of the vertical

or diagonal sheets and the potential exists for the stimrps to yield, the effect of the

bent-legged stimrp shape must be considered. Due to the shape of the stimrp, failure

may occur due to straightening of the stimrp legs prior to yielding of the stimrps.

since failure of beam B-control was completely controlled by straightening of the bent-

legged stimrps, the average strain in the stimrps at which stimrp shaightening typically

occurs' tr"*, is determined using the test results for beam B-Conhol. The stimrp

contributiotr, Vr, is determined by subtracting the predicted concrete contribution from

the applied shear load at failure. Substituting the-stimrp contribution, vr, into

Equation (6-1), the average shain in the stimrps at straightenitrg, rr.*, is determined.

using the procedure described above, a value of 0.001g5 was obtained for e."* and is

used as the limiting average strain for the bent-legged stimrps. For beam B-cL, where

the clamping scheme effectively controlled straightening of the bent-legged stimrps, the

typical limiting strain of 0.004 is used.
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Figure 6-23 shows the ratio of the overall shear capacity of the beams as determined

experimentally versus as predicted using the model. As expected, the use of the

30 degree crack inclination angle and the ACI method, provides the most accurate

prediction. Similar to the predictions made for the Series S beams, the 45 degree truss

model is consistently too conservative, and the modified sectional-truss model predicts

shear capacities lying between the other two approaches. Table 6-2 provides a summary

of the predicted values for each shear resisting component and the predicted shain values

used to calculate these contributions, €f max, r¡¿yg and rrr, for the Series B beams.
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Table 6-I Predicted Shear Capacity: Series S Beams

Beam
Mark

e %
(kN)

%
MST*

Va
ACI

vr.
(kN)

Vf-",
(kN)

tsa tfeve tfm¡x

'r< 168 32 136 0,0û400
S-Control 30 189 79 l'10 0.00400

45 742 79 63 0.00400
25 168 32 136 0.00400

S-NoFRP 30 189 79 110 0.00400
45 t42 79 63 0.00400
25,,!, 166 32 66,, 68 o.oo136 i0i00289 0.00346

S-Diag.l 30 19r it9 54 59 .0,0O,136 0:00289 0,00346
45 153 ilg ,3üi A3 .,CI$0136 0:00289. 0$0346
25 174 JZ 47 96 0.00096 0.00204 0.00245

S-Diag-2 30 200 79 38 83 0.00096 0.00204 0.00245
45 162 79 22 6l 0.00096 0.00204 0.00245
25ìì,, ¡,235 ß2 1:36 ,.:68 û.00400 û.00289 0,00346

S-Diag-H, 3.0.: ,iW, i!i"I, ÌlÆ '59 O;,004O-0 l0Ð0346
45 185 il9, li :'r ;'43 0.00400 0.00289 0;û0346
25 305 32 t26 r47 0.00400 0.00629 0.00629

S-DiagCL 30 309 79 t02 t28 0.00400 0.00629 0.00629
45 231 79 59 94 0.00400 0.00629 0.00629

* Concrete contribution based on Modif ed Sectional Truss Method @amirez and Breen I 991)
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Beam
Mark

0 v"
(kN)

%
MST*

V"i
ACI

vr"
(kN)

Vr-r,
(kN)

tse 6fave tfmax

25 to4 32 ,|.
IL 0 0.0018s

B-Control 30 137 79 58 0 0.00'185
45 113 79 34 0 0;00185

.i.it,:

25 154 32 122 0 0.00400
B-CL 30 178 79 99 0 0.00400

45 136 79 57 0 0.00400
25 13û: 't¿ 53 46. 0i00Iß6 0i00204 ,a,,.00242

B-V'êrtl00 3CI,'' 159 79',, ,',43 37 0.0013ó 0r00204 0.00242
'45,' t25 v,9, 25:t¡ 21 .0.00136 o.oo704: 0,o0247
25 t44 32 53 58 0.00137 0.00206 0.00244

B-Vert20 30 t69 79 43 47 0.00137 0.00206 0.00244
45 l3l 79 25 27 0.00137 0.00206 0.00244
25, 749'l ,32,ii.r ::7,2 46 0.00185 O:00t04 $i00242

B:Vctt-H, 30 L74 19 58.1 37, 0.00185 0:002M 0.00242
"45, 134 , 79 34 2,1 0p0I85 0.00204 ,.0.00242
25 r46 32 35 79 0.00089 0.00189 0.00224

B-Diagl00 30 176 79 28 69 0.00089 0.00189 0.00224
45 146 79 16 50 0.00089 0.00189 0.00224

ii: ;5 148,.. t i .,5.3 63it,,:, i0.00137 CI.CI0292 m,00346
B-Diago . 30 w6 191 ;:43 54 0:00,13-7 0.04292; 0.00346

'4ll;1,. 144 , 79 L,5 40 0.00137 0i00292 0i00346
25 183 32 72 79 0.00185 0.00189 0.00224

B-Diag-H 30 206 79 58 69 0.00r85 0.00189 0.00224
45 163 79 34 50 0.00185 0.00189 0.00224

Table 6-2 Predicted Sheqr Capacity: Series B Beams

* Concrete contribution based on Modifed Sectional Truss Method (Ramirez and Breen l99I)
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Figure 6-2 Contribution to Shear Resistance provided bv FRp Sheets
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7

APPLICATIoN oF THE RaTToNu, MoDEL
Usruc CovrpnBSSroN Fmro Tuponrps

7.1 GENERAL

A rational model was inhoduced in Chapter 6 to predict the shear resistance provided by

FRP sheets externally bonded to l-shaped concrete girders. For l-shaped sections, the

concrete substrate is subjected to both peeling and shear stresses and failure is initiated by

straightening of the CFRP sheets. The shear resistance provided by the FRP sheets,

Vr-"*, is calculated based on the maximum strain developed in FRP sheets subjected to

both shear and peeling skesses and the FRP strain distribution model introduced for

I-shaped sections.

In Chapter 6, it was also suggested that, depending upon the configuration of the FRP

sheets and the corresponding mode of failure, the internal steel stimrps may not reach

yield prior to failure. The stimrp contribution to shear resistance is therefore based on the

load sharing relationship between the FRP sheets and the steel stimrps, and the predicted

mode of failure.
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In Chapter 6, it was shown that the expression for predicting maximum FRP strain, the

FRP strain distribution model, and the load sharing relationship between the FRP sheets

and the steel stimrps can be applied to both the traditional ACI approach to shear design

and the modified sectional-truss model. It was shown that the most accurate shear

resistance prediction is obtained using the ACI approach, but with a more realistic

prediction for the shear crack angle based on the angle of principal compressive stresses

at cracking.

The versatility of the proposed rational model is demonstrated further in this chapter, by

applying the expression for maximum FRP shain, the FRP strain dishibution model, and

the load sharing relationship between the FRP sheets and the steel stimrps to the

compression field theory and the modified compression field theory. The shear capacity

of each beam tested in this experimental program is predicted using the compression field

theories in combination with the proposed rational model, and the predictions are

compared with the test results.

7.2 COMPRESSION FIELD THEORY

The compression field theory was described in Section 3.2.4, and the three equilibrium

equations, two compatibility equations and the stress-shain relationship for diagonally

cracked concrete in compression were presented.
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ln order to account for the presence of externally bonded FRP sheets, the three

equilibrium equations must be modified as will be described in Section7.2.l.

As mentioned in Chapter 3, the equilibrium and compatibility requirements are

interrelated by the stress-strain relationships for each material. Although the stress-strain

curye for the FRP sheets is a simple linearly elastic relationship, the type and

configuration of the FRP sheets will determine the mode of failure and must be

considered when determining the maximum stress in the FRP sheets at failure. As will be

discussed in Section 7.2.2, the load sharing relationship between the FRP sheets and the

steel stimrps must be used to relate the strain in these materials at ultimate to the average

vertical strain,rr, used in the compatibility equations.

ln Section 7.2.3, the solution procedure used to apply the compression field theory to the

beams tested in this experimental program is described, and a comparison of the

predictions made using the compression field theory with the results observed during

testing is provided.

7.2.1 Equilibrium Equations

As described in Section3.2.4, the compression field theory is formulated by considering

equilibrium of a beam cross section subjected to shear only, as shown in Figures 3-7 (a)

and (b). The presence of externally bonded FRP sheets can be accounted for as shown in

Figures 7-l (a) and (b).
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By considering vertical equilibrium of the cross section shown in Figure 7-1 (a), the

following expression is derived for the applied shear force:

V: fz b* d' cos 0 sin 0 + fiArdrcos cx,r Q-T a)
-Si

Where At:2 n¡t¡w¡

Based on equilibrium in the horizontal direction, the following expression for the

additional tensile force due to shear, ñ, is derived:

Ñ : fz cos2 e b*d" - fr Ar dr cot c[¡ cos cr,¡ (7-r b)
S¡

The force in an individual stimrp is determined using the following expression, which is

based on vertical equilibrium of the portion of the beam shown in Figure 7-1 (b):

[u Aru : fz br* s sin2 0 - fr Ar s sin c¿r

S¡

(7-l c)

In addition to the three equilibrium equations given above, the two compatibility

equations described in Chapter 3, Equations (3-7 a) and (3-7 b), are used to determine

the response of the beam. The stress-strain relationship for diagonally cracked concrete

in compression, provided in Equations (3-8 a) and (3-8 b), is also used.
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7.2.2 Apptying the Rational Model for FRP Sheets on l-Shaped Sections

In Chapter 3, the typical failure mode was described as yielding of the steel stimrps and

simultaneous yielding of the longitudinal reinforcement. For l-shaped cross sections

strengthened with FRP sheets however, failure is initiated by straightening of the CFRP

sheets, which may occur prior to yielding of the stimrps. Failure is therefore controlled

by the maximum strain that can be developed in the FRP sheets, tr-a*, which is predicted

using Equation (6-3). The average strain in the sheets is determined based on the FRP

strain distribution model for I-shaped sections and using Equation (6-7).

During testing, it was observed that the average strain in the FRP sheets was

approximately 1.5 times higher than the average strain in the steel stimrps. This

phenomenon was discussed in Section 5.6, and is attributed to the superior bond

performance of the thin and well-distributed FRP sheets. Prior to straightening of the

FRP sheets, the sheets conhol the overall crack width and the average strain in the web.

The average vertical strain, ey, is therefore based on the vertical component of the FRP

sheet strain rather than the stimrp strain. The stimrp strain is calculated using the load

sharing relationship provided in Equation (6-9). Figure 7-2 (a) illustrates the proposed

relationship between the vertical component of the FRP sheet strain, (sin cr¡) Ê¡ ¿yg, the

stimrp strain, e.., and the average vertical strain in the web, 6r.
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As observed during testing, failure is initiated by straightening of the FRP sheets, after

which the FRP strain decreases, and the stimrp strain rapidly increases. For beams with

vertical or diagonal sheets only, the initiation of sheet shaightening represents failure of

the beam, as shown in Figure 7-2 (a).

For beams where a horizontal sheet is provided to control the straightening behaviour of

the vertical or diagonal sheets, a constant level of average strain is maintained in the FRP

sheets, while the stimrp strain increases rapidly and failure occurs due to yielding or

straightening of the stimrps. The rapid increase in stimrp strain occurring after the FRP

sheets begin to straighten, suggests that the overall crack width is controlled by the

stimrps at this stage. The average vertical strain in the web, ry, is therefore equivalent to

the strain in the stimrps at this stage, as shown in Figure 7-2 þ).

The straightening behaviour of the FRP sheets is effectively controlled by the clamping

scheme applied to beam S-Diag-CL, and the FRP sheets continue to control the overall

crack width and average strain in the web until failure, as shown in Figure 7-2 (c).

7.2.3 Comparison of Predictions vs Test Results

In this section, the solution procedure used to apply the Compression Field Theory to the

test beams is described, and the predictions are compared with the test results.
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As described in the previous section, the mode of failure and the average vertical strain in

the web, ty, cÍÌfl be determined based on the configuration of the FRp sheets and using the

proposed rational model. A value for the strut inclination ærgle, 0, is then assumed, as

well as a value for the principal compressive strain az.

(3-7 a) and (3-7 b), the principal tensile strain, 11, Írrd

determined.

Using compatibility Equations

the longitudinal strain, Ex, aÍe

The stress in the compressive struts, f2, is calculated using Equilibrium Equation (7-1 c)

and considering the stress in the FRP sheets and steel stimrps at failure. Using

Equation (3-8 a), and considering the principal tensile strain, e1, calculated above, the

maximum compressive stress allowed in the inclined. struts, f2**, is evaluated. The

stress in the compressive struts, f2, is then determined based on the assumed value for the

strain, t2, ând using the stress-shain relationship in Equation (3-8 b). If the value for the

stress, fz, based on the strain e2 is not equivalent to the stress based on equilibrium, then

another value for the strain e2 is selected.

Equilibrium Equations (7-I a) and (7-1 b) are used to determine the shear force, V, and

the longitudinal force due to shear, \. The longitudinal strain due to shear, e*u, is

calculated using ñ as follows:

0.5 N" (7-2)c:

Ap' $, * A, E. f &r. E"r,
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The longitudinal strains due to applied moment, e*,n, and prestressing forces, rxps, are

determined using the program RESPONSE (Collins and Mitchell IggT) and are added to

the longitudinal strain due to shear, resulting in the total longitudinal strain, r**, as

follows:

t**:t*u*Exm-txps (7-3)

The analysis is conducted at the centroid of the uncracked section, slightly above the

mid-height of the web. If the analysis is performed lower on the cross section, and the

effects of applied moment and prestressing are considered, the result is an increase in the

longitudinal strain, e*, and a decrease in the predicted shear capacity, v.

The total longitudinal strain determined using Equation (7-3) and considering the

combined effect of shear, applied moment and prestressing, r**, is compared to the

longitudinal strain calculated previously using the compatibility equations, e*. If the two

longitudinal strain values, e* and e**, are not equivalent, then the assumed value for the

strut inclination angle, 0, is varied, and the procedure begins again with another iteration.

The ratio of the shear capacity obtained during testing, V1.5¡, to the shear capacity

predicted using the procedure described above, V.¡1, is shown in Figure 7-3 (a) for the

Series B beams, and in Figure 7-3 (b) for the Series S beams.
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As illustrated in Figures 7-3 (a) and (b), the Compression Field Theory is quite

conservative for the beams tested in this experimental program. The shear capacity

predicted using the Compression Field Theory is typically over 50 yo greater than the

shear capacity obtained during testing. It is interesting to note, however, that the strut

inclination angle, 0, predicted using the compression Field Theory, as shown in

Figures 7-a @) and (b), is similar to the shear crack angle of 30 degrees that was observed

during testing.
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7.3 MODIFIED COMPRESSION F'IELD THEORY

As discussed in Chapter 3, the addition of a concrete contribution is intended to account

for some of the additional shear resisting mechanisms, which are not accounted for in the

traditional 45 degree truss analogy. By considering the beneficial effect of tensile

stresses in the cracked concrete, the Modified Compression Field Theory accounts for

some of these additional shear resisting mechanisms. In this section, the Modified

Compression Field Theory is used to predict the shear capacity of the beams tested in this

Experimental Program.

7.3.1 Equilibrium Equations

Simila¡ to the approach described in Section 7.2.1, the three equilibrium equations can be

modified to account for both the tensile stresses in the concrete, fi, and the presence of

FRP sheets by considering equilibrium of the portion of the beam shown in

Figures 7-5 (a) and (b). Based on vertical equilibrium of the cross section shown in

Figure 7-5 (a), the following expression is derived for the applied shear force, V:

V : (ft +f2) b* du cos 0 sin 0 + f¡ A¡ dr cos c¿i

S¡

(7-4 a)

Based on equilibrium in the horizontal direction, the following expression for the

additional tensile force, Nu, is derived:
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The following expression is based on

shown in Figure 7-5 (b):

N" : (f2 cos' e - fr sin2 e) bd, - fr Ar dr cot c¡ cos cr¡

S¡

vertical equilibrium of the

(7-4b)

portion of the beam

4u Aru : 1f2 sin2 0 - f1 cos2 0) b* s - fi Ar srn û,¡S

S¡
Q-a c)

The compatibility Equations (3-7 a) and (3-7 b), the stress-strain relationship for

diagonally cracked concrete in compression provided in Equations (3-8 a) and (3-g b),

and the stress-strain relationship for concrete in tension provided in Equation (3-11) are

used in addition to the three equilibrium equations shown above.

By considering the difference in the local stresses at the crack when compared to the

local stresses between the cracks, and including the effect of the presence of FRp sheets,

an equation similar to Equation (3-11) can be derived. In order to simpliff the analysis,

the same conservative assumption described in Section3.2.4 is made. The stimrp strain

at the crack and the stimrp strain between the cracks are similar and are therefore

averaged. Similarly, the difference between the FRP strain at the crack and the FRp

strain between the cracks are averaged. Therefore, the limit for the tensile stress fr
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provided in Equation (3-12 b) is used,

tension shown in Figure 3-12 applies.

and the sfress-strain relationship for concrete tn

7.3.2 Comparison of Predictions versus Test Results

The procedure used to apply the Modified Compression Field Theory is similar to the

procedure described in Section 7.2.3 for the Compression Field Theory. The major

difference is the use of the stress-strain relationship for concrete in tension to determine

the stress f1 based on the strain e 1, which is calculated using the compatibility equations.

The tensile stress f1 is then used in the Equilibrium Equations (7-4 a), (7-4b) and e-a e.

Similar to the approach used for the Compression Field Theory and described previously,

the Modified Compression Field Theory analysis is performed considering the total

longitudinal strain, t**, at the cenhoid of the section, due to the effects of shear, applied

moment and prestressing forces.

The strut inclination angle 0, predicted using the Modified Compression Field Theory, is

shown in Figures 7-a @) and (b) for the Series B and Series S beams, respectively. For

all of the test beams, the predicted strut inclination angle is similar to the shear crack

angle of 30 degrees that was typically observed during testing.

The ratios of the shear capacity obtained during testing, Vlss¡, to the shear capacity
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predicted using the Modified Compression Field analysis, Vmcft, are shown in

Figures 7-3(a) and (b) forthe SeriesB and Series S beams, respectively. As illustrated,

the predictions made using the Modified Compression Field Theory are more accurate

than those made using the Compression Field Theory.
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I

SuprpraRy AND Cor.{cl,usroN

8.1 SUMMARY

The use of externally bonded CFRP sheets for shear strengthening of l-shaped prestressed

concrete girders was examined by conducting both an experimental investigation and an

analytical study. Based on the findings, a rational model is proposed to predict the shear

capacity of strengthened girders.

Seven l-shaped prestressed concrete girders were strengthened using three different t)¡pes

of CFRP sheets for ten different CFRP sheet configurations. The beams were tested to

failure at each end, to examine their behaviour and determine the most effrcient

strengthening scheme. The ten metre long beams are 1:3.5 scaled models of the l-shaped

prestressed concrete AASHTO girders used for the Maryland Bridge in Winnipeg,

Manitoba, Canada. Four of the test beams were reinforced using bentJegged stimrps

with a shape identical to those used in the Maryland Bridge girders. The remaining three

beams were reinforced with the more commonly used straight-legged stimrp shape, in

order to extend the applicability of the experimental results.
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Since the bond between the CFRP sheets and the concrete is a critical component of this

strengthening method, fifteen smaller tension-type bond specimens were tested. Six

rectangular bond specimens were tested, as well as nine single-flanged bond specimens

designed to simulate the bottom tension flange of an I-shaped AASHTO bridge girder.

The maximum strain developed in the CFRP sheets, the effective bond length and the

load sharing relationship between the CFRP sheets and internal steel bars were examined.

Based on an analysis of the test results, a rational model is introduced to predict the

behaviour and shear capacity ofl-shaped prestressed concrete girders strengthened with

externally bonded CFRP sheets. As observed during testing, for l-shaped cross-sections,

failure is initiated by straightening of the CFRP sheets due to an outward force subjecting

the concrete substrate to both peeling and shear stresses. The shear resistance provided

by the CFRP sheets is based on the maximum ERP contributior¡ which occurs just prior

to straightening of the CFRP sheets.

The shear resistance of the CFRP sheets is determined using an expression to predict the

maximum strain developed in the sheets based on their stiffness, and an FRp strain

distribution model introduced for I-shaped sections. The mode of failure and the average

strain in the FRP sheets at failure depends on the type and configuration of CFRP sheets

used as well as the configuration of the concrete cross-section. The steel stimrp

contribution is calculated using the load sharing relationship established between the FRp

sheets and steel stimrps, and is based on the strain in the FRP sheets at failure.
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Design guidelines are proposed for the use of CFRP sheets for shear strengthening of

I-shaped prestressed concrete girders, based on the findings of the experimental

investigation and the analytical study. As demonstrated in the analytical study, the

design guidelines and proposed rational model can be applied to several existing shear

design approaches.

8.2 CONCLUSIONS

This study has shown that externally bonded CFRP sheets are an effective solution for the

shear strengthening of l-shaped prestressed concrete girders. The following summarizes

the findings of this investigation:

l- Due to the bentJegged shape of the stimrps used in the original Maryland Bridge

girders, an outward force is created under increasing tensile force in the stimrps. The

outward force resultant causes spalling off of the concrete cover, followed by

straightening of the stimrps and premature failure. CFRP sheets are effective in

reducing the tensile force in the stimrps under the same level of applied shear load.

2. Due to the shape of the concrete cross-section, the tensile force developed in the

CFRP sheets subjects the concrete substrate to both shear and peeling stresses.

Straightening of the CFRP sheets was observed on the lower part of the web due to

the outward force resultant in the sheets.
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3. The clamping scheme was effective in controlling the outward force in both the

bent-legged stimrps and the CFRP sheets. Beam B-CL, with clamped bentJegged

stimrps, achieved a27 Yo increase in ultimate shear capacity when compared to beam

B-Control. As a result of the clamping scheme, higher stimrp forces were distributed

to more stimrps within the shear span, allowing all of the stimrps crossing the shear

crack to yield. For beam S-Diag-CL, with straight-legged stimrps and clamped

diagonal CFRP sheets, the clamping scheme was so effective that failure occurred

outside of the strensthened zone.

4. The premature failure of flexural strengthening schemes using CFRP strips, in zones

of high shear forces, can be delayed by the use of CFRP sheets applied on top of the

CFRP strip on the underside of the beam, and continuing over the height of the cross-

section.

5. Load transfer between the CFRP sheets and the concrete is very localized, an

indication of good bond performance. Failure typically occurs within the concrete

substrate, rather than by debonding of the CFRP sheets.

6. The use of the hydro-blasting surface preparation technique has been shown to

provide excellent bond performance with more localized load transfer in both the test

beams and the bond specimens. The maximum strain developed in the CFRP sheets

may be increased by up to 9 To with the use of hydro-blasting as a surface preparation

technique.
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7. The maximum strain developed in externally bonded CFRP sheets depends on the

stifÏness ofthe CFRP sheets, and can be predicted based on the concept ofa constant

strain gradient and an effective bond length. The bond strength prediction model

available in the literature was found to accurately predict the performance of the

rectangular bond specimens. For l-shaped cross-sections such as the test beams and

the single-flanged bond specimens, the model is modified to account for the effect of

peeling stresses in combination with shear stresses.

8. The application of a second layer of diagonal CFRP sheets does not result in a

proportional increase in the shear resistance provided by the sheets. This finding is in

agreement with the bond strength prediction model provided in the literature.

9. Due to the superior bond performance of the CFRP sheets, when compared to the

load transfer properties of the steel bars, the strain developed in the CFRP sheets may

exceed the strain in the steel bars over much of a cracked concrete member. The load

sharing relationship based on test beam and bond specimen results was found to

accurately predict the shear resistance provided by the steel stimrps.
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10. Diagonal CFRP sheets are the most effrcient configuration in reducing the tensile

force in the stimrps at the same level of applied shear load.

I L The application of a horizontal layer of CFRP sheets on top of diagonal or vertical

CFRP sheets was found to increase the shear capacity to an even greater degree than

diagonal or vertical sheets alone. While the horizontal layer does not completely

prevent straightening of the CFRP sheets, the straightening behaviour is controlled

enough to maintain the maximum CFRP shear contribution, allowing the stimrps to

reach yield at ultimate.

12. The proposed rational model is based on an expression to predict the maximum strain

developed in the CFRP sheets, the CFRP strain distribution model introduced for

I-shaped cross-sections, and the load sharing relationship established between the

CFRP sheets and the steel stimrps. The versatility of the proposed model was

demonstrated by applying the model to various existing shear prediction models in

order to account for the presence of CFRP sheets on l-shaped prestressed concrete

beams.

13. The reliability of the proposed model was found to depend mainly on the accuracy of

the existing shear prediction model used. If the shear prediction model allows for the

use of a lower strut inclination angle, 0, as is typically observed for prestressed

beams, then the CFRP shear contribution and the steel stim¡p contribution are
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consistently accurate. The greatest variability between the shear prediction models

used lies in the prediction of the concrete contribution to shear resistance.

14. The most accurate prediction for the shear capacity of the beams tested in this

experimental program, was obtained using the traditional ACI approactq but with a

more realistic prediction for the shear crack angle based on the angle of principal

compressive stresses at cracking.

8.3 RECOMMENDATIONS

Based on the findings of the experimental investigation and analytical study, the

following design recommendations and recommendations for further study are made:

I)esign Recommendations _--

1. The use of diagonal CFRP sheets is recommended for shear strengthening of beams

where the maximum reduction in stim¡p strain is required.

2. For beams where more equivalent CFRP sheet and steel stim¡p contributions are

desired, vertical CFRP sheets are recommended.
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3. For l-shaped prestressed concrete cross-sections, the use of a horizontal layer CFRP

sheet or clamping scheme is recommended to control the outward force resultant and

the straightening behaviour in the sheets.

4. The average vertical component of the CFRP strain or stimrp strain should be limited

to 0.004 in order to preserve the integrity of the concrete contribution.

5. In order to avoid the design penalty in using the overly conservative 45 degree truss

analogy for prestressed concrete beams, the strut inclination angle, or angle of

inclined shear cracks, 0, should be based on the angle of the principal compressive

stresses at cracking.

Recommendations for further studv --

1. The behaviour of l-shaped concrete beams shear strenghened using CFRP sheets

should be evaluated for conditions of negative moment and high shear forces

typically occurring near the support of continuous members, since any flexural shear

cracking will originate at the top of the cross-section under negative moment

conditions.

2. Alternatives for mechanically anchoring CFRP sheets for shear strengthening

applications should be considered further, in terms of performance, ease of

installation and durabilitv of the rehabilitation solution.



3. For larger cross-sections, an increase in the overall height of the cross-section and use

of the same value for the effective bond length of the CFRP sheets, results in a

significant increase in the effective depth of the CFRP sheets, dr. The benefîcial

effect of applying vertical or diagonal CFRP sheets to larger cross-sections should be

confìrmed.
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