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Abstract

Although there are specifications and approaches for the design of concrete flexural
members reinforced with FRP, most of them were derived from empirical data. In order to obtain
the rigorous theoretical definition tfe fundamental mechanics associatét partial composite
action between concrete and the FRP reinforcement, the practical and theoretical issues that must
be further addressed. Therefore the overall goals of this research were to develop the needed

theory and demonstrate its accuracy apglication.

This study firstly developed a new method to establish an analytical solution for
determining the transfer length for FRP tendons in prestressed concrete. The governing equations
were derived by combingnthe local bonglip relationship fo FRP tendons in concrete with
composite beam theory. Comparisons to test data strain results demonstrated that the predicted
results were accurate. Subsequently, based on the developed method, the difference between
sequential release and simultaneoedease of tendons in the manufacturing process of

pretensioned concrete membesssfurther discussed.

The mechanical response analysis of coupling between longitudinal and transverse
interactions was also investigatia concrete beams strengthened vatternally bonded FRP
laminates using composite beam theory. Associating with the bond-dtpeselationship
between FRP laminates and concrete, two sets of governing equations were derived to determine

the interfaial stresses. Comparisons betwdendeveloped model with published finite element



results and existing analytical solutions in the literature confirmed the feasibility and accuracy of
this novel approach. A parametric study was also carried outéstigate the effect of various

factors on the interfacial behavior of externally bonded FRP for strengthening concrete beams.

Finally, a novel finite element (FE) modeling approach was developed to further verify the
developed theoretical method. The prasFE modeldok into account the iction coefficients
obtained from putbut tests on the FRP tendons and prestressed concrete members. Convergence
analysis of two numerical simulations with different mesh densities was carried out as well. The
consigency between the analytical soluti@amd FE simulation not only further pravehe
reliability of composite beam theory, but also demongiréite importance of the borslip
relationship in fully understanding the mechanical properties of concrete nseralgorced by

FRP systems.
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Chapter 1 Introduction

1.1 Background

In the last 100 years, global energy consumption has grown rapi8lystainable
development is becoming more and more significant to protect the planet and ensure that all people,
plants, and animals enjoy lasting peace prosperity. The acceleratiohmastic pollution from
billions of plastic bottles and countless plastic bags each year is a considerable threat to life on
earth. According to calculations from a seminal report released in 2014, there are at 1846t 268,
tons of plastic wastefloastn i n t he worl dés oceans [ 1]. As s

resulted in the death of a staggering number of animals in the neasimenment.

Consequently, to address this problem, in addition to reducinticplae in our daily life,
it is urgent to promote the reuse and recycling of thermoplastic matrices. Numerous stidglies [3
over the years have shown that recycled thermoplastics can be used as matrix materials in fiber
reinforced polymer (FRP) compossteln this perspective, the useFRP composite materials for
new construction and rehabilitation of existing structures not only has obvious advantages over
conventional steel reinforcement, but also can effectively promote recycling plastic with
conconitant environmental benefits. Fthe above reasons, this dissertation is devoted to the

study of the application of FRP reinforcements in concrete structures.



Fig. 1.1 The effect of plastic pollution on marine lif¢2]

The application and developmeritFRP reinforcements in civil engineering structures as
an important topic has attracted much attention at many research institutes around the world over
recent decades. FRP composite materials are typically made ofaepahatrix reinforced with
strongfibers. There are many types of FRP reinforcements, such as Aramid Fiber Reinforced
Polymer (AFRP), Carbon Fiber Reinforced Polymer (CFRP), and Glass Fiber Reinforced Polymer
(GFRP), etc. Sometimes other fibers are usech as paper, wood, and basBlifferences in the
fiber type products result in variable tensile strengths, compressive capacities, durability

characteristics, etc. [8]. The longitudinal thermal expansion coefficients for AFRP, CFRP, and
GFRP are appximately - 6 30° /°C, 0/°C, and10® 10° /°C respectively, which will affect
concrete cracking when employed as internal reinforcement [9]. Kobayashi and Fujisaki [10]

carried out compressive tests onHFReinforcement and found thaketikompressive strength of

AFRP, CFRP, and GFRP were approximately 10%, 30% to 50%, and 30% to 40% of the tensile



strength, respectively. GFRP are highly sensitive to alkali attack. In general, GFRP is typically
used as ne-prestressed reinforcement anBRP is used for prestressed reinforcement. AFRP can
be used as different composite structural parts in various applications due to its high tensile
modulus combined with strong resistance to chemicals. Table 1.1 sunsnbez®asic physical

and mechanal properties of different types of FRP reinforcements compared with steel bars.

Table 1.1 Properties of different types of FRP reinforcements compared with steel bkl ]

Material types
Properties
AFRP CFRP GFRP Steel
Tensile strength | 2o 5o 6007 3690 4837 1600 4831 690
(MPa)
Young?éb . . .
417 125 1207 580 357 51 200
Modulus (GPa) ! ! !
Ultimate 1.97 4.4 057 1.7 1.2 3.1 6.07 12.0
elongation %
Longitudinal
coefficient of
linear -6.01 2.0 -9.071 0.0 6.07 10.0 11.7
expansion
(10°/°C)
Density
1.251 1.40 1.507 1.60 1.2571 2.10 7.85
(g/cmt)

The promise of FRP composite materials lies in excellent corrosion resistance, higher ratio
of strength to seliveight, high fatigue strengths, electromagnetic nétytydow coefficient of
thermal expansion in the axial direction (especially for CFRRY autstanding fatigue
characteristics of CFRP and AFRP tendons [12]. These advantages make FRP composites suitable

for reinforcements in concrete structures, ormeseperior to conventional steel reinforcements.



In general, FRP reinforcements are aaalié in several forms, including FRP tendons as a
substitute for traditional materials, FRP laminates for repair and rehabilitation, cefiitzdte
circular FRP tubgas efficient structural members, and FRP decks for bridge systems, as illustrated
by Fig 1.2. In this dissertation, the focus is on the use of FRP tendons in prestressed concrete and

externally bonded FRP laminates applied to the surface of the afarstrengthening or repair.

'ide Flange Beam

Fig. 1.2 Structural engineering applications of FRP mateals [13-16]

Classical EuleBernoulli beam theory is generally adopted to calculate thedaaging
and deflection of beams in the field of the practical engingestructures analysis and design. As
the simplification of Timoshenko beam theory, itliwited to the case for elastic and small
displacement. In other words, EulRernoulli beam theory is applied in situations where shear
deformation of the cross &®n is negligible. The deformation of Timoshenko beam compared
with that of EulerBernaulli beam is illustrated in detail by Fig. 1.3. The fact is that engineers tend
to use simplified analysis methods to solve engineering problems, but those appra@che

recognized to have inherent limitations that can result in a false impressiortroetbehavior of

4



the structure. Therefore it is very necessary to not only improve the accuracy of current analytical
method, but also to understand the naturdefresponse based upon mechanics theory to meet

the requirements of both mathematics amgireeering.

Timoshenko beam —

 Euler-Bernoulli beam

Fig. 1.3 Comparison of the deformation of Timoshenko beam with that of EuleBernoulli

beam

For partial composite beams, even for full composite beamsmber of studies [120]
have shown that there are slip effects that must betakeminac count . 't i s wor
is relevant to the relative movement between layers or components within the cross section. Due
to the adopted assumptgrshear slip causes many problems that cannot be solved by classical

EulerBernoulli beantheory.

For example, there is no interface slip in the prestressed concrete reinforced with FRP
tendons under ideal conditions. In other words, the analysisia¥ioe and design of pretensioned
prestressed members is always established by assurairiggi-RP tendons are perfectly bonded
to the concrete. However, this assumption is not completely coincident with the actual situation

of engineering practice. lpretensioned prestressed concrete with FRP tendons, the transmission



of prestressing foecis not completed at the beginning of the contact between FRP tendons and
concrete, but requires a certain distance to reach a constant value at the effectass pevst
This is because shear slip occurs between the interface of FRP tendonsaatk ceithin the

transfer length.

As another example, consider the rehabilitation of existing concrete structures using
externally bonded FRP laminates. The como@@l method for predicting interfacial stresses
distributions along the interface is lkdsupon the assumption of fully composite action between
the FRP laminate and the concrete substrate. That means that the slip effects were ignored.
However, considring interface slip can have a significant effect on the accuracy of analysis results
for interfacial stresses. As can be observed from Fig. 1.4, the composite beam composed of

different materials has a considerable amount of slip when the bending memeturring.

N, M — Slip

Neutral Axis of material 2

SN

Fig. 1.4 The slip due to bending moment between different material



Although there are specifications and approaches for the design of concrete flexural
members reinforced with FRP, most of them were derived from empirical data. nhcootkésin
the rigorous theoretical definition of the fundamental mechanics assoeitttquartial composite
action between concrete and the FRP reinforcements, the practical and theoretical issues must be
further addressed. Slip effects on the predictbriransfer length for pretensioned concrete
members and FRP end debonding failuresst be carefully considered in the analyses. Most
importantly, in this dissertation, the proposed method used for dealing with these problems is
associated with the lochond stresslip relationship between concrete and FRP tendons as well

as the con@ate substrate and FRP laminates.

1.2 Objectives

The overall objective of this research was to develop a novel composite beam theory that
is applicable to strengtheningf concrete flexural members using FRP reinforcements.
Applications include solutits to the transfer length of prestressing FRP tendons and interfacial
stresses of reinforced concrete beams strengthened by externally bonded FRP laminates. Through
analysis of the mechanics behavior in terms of partially composite action associatéuevdtbal
bondslip relationship between FRP systems and concrete, rigorous -ftosedolutions of
transfer length and interfacial stress for relevant structures wevedieespectively. In addition,
the study by Newmark et al. [17] claimed that cosife beam theory could be used for any case
of structures composed of two interconnected elements based upon some reasonable assumptions.
For this reason, another imparh t objective of this research w

conclusion, as well @@ expand the scope of application of the composite beam theory.



1.3 Methodology and scope

Governing differential equations are derived in terms of the equilibriunxiaf force
acting on the cross section of the concrete and FRPs as well as the lodldrecoverall bending
moment. Based on the proposed analytical models, the empirical bonesbprestationships
between concrete and FRP were fully taken into ewico The accuracy of presented analytical
solution was verified through the companswith the existing experiment data and analytical
solutions from available literature. In addition, the simulation results from nonlinear finite element
analyses are oapared with the corresponding results obtained by using composite beam theory,
which comprehensively evaluate the accuracy and reliability of the present method. Furthermore,
based upon the developed theory, this dissertation also discusses the effadbus key
mechanical factors on related problems of different FRP reinforcemenk® theoretical
development of this dissertation mainly focuses on the following two aspects: (1) determination
of transfer length for prestressed FRP tendons in pretestsiooncrete; and (2) prediction of
interfacial stresses in externally bonded FRPihames for strengthening concrete structures. In
the developed analysis model, it is particularly emphasized that this research was based upon the
hypothesis of linear aktic constitutive behavior and small displacement. Moreover, the beam
analyzed inhis topic is limited to the shallow beam form and the shear deformation through the

cross section of the concrete beam and FRP components is neglected.



1.4 Organization

Chapter 1 provides an introduction of the dissertation including background infanmatio

research objectives, and a brief description of the methodology.

Chapter 2 reviews the historical development of composite beam theory research and
discusses applicatis related to different types of structures. It also describes factors that are
relevant to the transfer length and interfacial stresses for this dissertation topic in more detail and

relates the present work to voids in the literature.

Chapter 3resentan analytical moddbr pretensioned concrete members with prestressed
FRP tendons.The transfer length is determined with clo$edn solutions based on composite
beam theory as well as the local bond stedigsrelationship between FRP tendons anakccete.
This chapter has been publishedGomposite StructuresSha, X. and Davids, J.S., 2019.
Analysis of transfer length for prestressed FRP tendons in pretensioned concrete using composite

beam theory. Composite Structures, 208, pp®BERO .

Chagper 4 presents analysis methodology for concrete beams strengthened by externally
borded FRP laminates and presents the interfacial shear and normal stress witliochosed
analytical solution using the developed composite beam theory associated witbntheid
relationship between FRP laminates and concrékes chapter has been pigbled inComposite
StructuresfiiSha, X. and Davidson, J.S., 2020. Analysis of Interfacial Stresses in Concrete Beams
Strengthened by Externally Bonded FRP Laminates USmgposite Beam Theory. Composite

Structures, p.112235.

Chapter 5 further verifies ¢h developed analytical method. An innovative three

dimensional finite element model is proposed that takes into account the friction coefficients
9



obtained from putbut tests on the FRP tendons and prestressed concrete mefihisrshapter

has beesubnitted to the Composite Structureandis currently under review.

Chapter 6 summarizes the most important conclusions and recommends future work.
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Chapter 2 Literature Review

2.1 Composite beam theory development

Composite structures comprising two or more elements have playegtamsive and
irreplaceable role in engineering practice for a long time. Consequently, many experimental and
theoretical analyses have been conducted on the behavior and design oftecstrpotures. The
basic theory by Granholm [1] (1949) initiallyrgmosed the concept used for nailed timber
structures. The axial force in each layer and the overall bending moment of the entire cross section
are analyzed by establishing of static éoequilibrium equations. The following assumptions

were involved inGr anhol més wor k:
(1) The connector spacing along the beam is constant.

(2) The linear elastic constitutive relationship exists between the force and deformation of

the connector.

(3) Eadh component in the composite beam has the same cross section anidl mat

properties.

Based on the simply supported composite beam shown in Fig. 2.1, the governing equations

are given by Eqg. (1) and Eq. (2).
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Fig. 2.1 Simple supported composite beam wittihe slip under external moment1]
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wheref = the relative dngitudinal displacement between two members in the composite beam;
b = the width of componenkj = the shear stiffness related to the relationship of skki ,; ¢

= shear force per unit length at the interlaydr;= external moment|, = the moment of inertia

of equivalent rigid connection sectiog; = the modulus of elasticity of compemt; A = the cross
section area of each component;= distance between centroids of componemntsE the

deflection of system. Onthebe® f Gr anhol mdés t he 06b)y5] tsok intd y , Ho
account additional transverse action, and used this method to analyze concrete structures. From
the assumption in the theory, it can be seen that the previous method is limited to composite
structures with the same cross section and maafgoperties, as well as uniform distribution of

connectors.
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Newmark et al. [2[1951) presented an analytical model with partial interaction for the
composite Tbheams composed of a stedddam and a concrete slab interconnected with channel
shear conectos. Experimental investigation and theoretical analysis on the mechanical behavior
of T-beams of composite construction were carried out. Newmark et al. derived equilibrium and
compatibility equations to study the effect of incomplete interactiordas the loadslip
characteristics from the pustut test. Furthermore, the study by Newmark et al. (1951) also puts
forward an important conclusion that the proposed theory may be used not only for the composite
T-beams, but also for any kind of struetsl @mposed of two or more interconnected elements

under reasonable assumptions.

In the theoretical development of Newmark et al., the following assumptions and

limitations are specifically presented:

(1) The shear connectors between the concrete slalthandbeam are continuously

distributed along the length of the beam.

(2) The slip caused by shear connector is directly proportional to the transmitted force.

(3) It assumed that strains throughout the depth of the concrete slab axxkéme is in

linear distribution.

(4) The concrete slab and thbdam have the same transverse deflection at all points.

As shown in Fig. 2.2, considering the composieeBm with partial interaction under the
internal forces, the lower fibers of the concrete slab temhehythen, and the upper fibers of the |

beam tend to shorten. The governing differential equations for the Foraed the deflectiory

are derived in the following:
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where F = forces acting on the centroids of the concrete slab andabanh; M = theexternal

moment; y = the deflection of the compositebéam;k = modulus of shear connectoris;=
spacing of shear connectois;= the distancerbm the conrete slab centroid to that cbkeam;

E, = the elastic modulus of concrete sldf; = the elastic modulus ofdeam; |, = the moment
of inertia of concrete slald, = the moment of inertia oftbeam; A,= cross section area of the

1_1 1.
EA EA EA’

concrete slab;A = cross section area ofbbam; § EI=E_ I, €, I,;

El =4 E| €AZ. Similarly, the relative inconvenience is that the analytical model of Newmark

et al. does not consider the effect of the different shear connectors spacings.

|
Neutral axis of slab B F ~ _
'''''''''''''''''''' 1 ‘j
T T Ms‘
p4
Neutral axis of beam 'y : F -~ \
e | — _—'— L s A |
Mb

Fig. 2.2 Cross section of the composite-ieam with partial interaction [2]
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Therefore, as an attet to provide a more reliable and effective theoretical basis for
practical design, the method for the analysis of concrete structures strengthened by FRPs in this
dissertation is developed based on the bslipd relationship betweenoocrete and FRP

reinforcements from the available pullout tests.

In 1968, the research by Goodman and Popov [3] was devoted to establishing a general
theory for the analysis of | ayered beams with
study 949) onthecompasie beam t heory i s comparabl e with
incomplete interaction. It clearly shows the influence of interlayer slip on the deflection of the
layered beam through experiments by Goodman and Popov (1968), iwldohtained in the
proposed theory. The analytical method is based on the assumption that is same as those from the
theory presented by Newmark et al. (1951). In addition, it is also assumed that friction effects

between the layers are negligible.

The geometry and notatth for a thredayered beam crossection subjected to internal

forces are illustrated in Fig. 2.3, and the governing equation for the deflectisrgiven as

follows:

dy Kn1a_, dy
3EI—2- = 2p| —2
dx* S A ° dx

<

M

(®)

6_d
27 ok
whereF = F, = F, = axial forces acting on each layér;= the thickness of each laye¥],, M, ,
M, = the internal moment acting on each laydt;=M, M, M, F#Hh Fh; y = the

deflection of the thretayered beamK = modulus of each shear conne¢t8 = spaing of shear

connectorsn = the number of shear connectors per r&wvs= the elastic modulusA = cross
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section area of each laydr;= the moment of inewdi of each layer|; = the moment of inertia of

equivalent solid beam.

b ]
* h;’f_’ ‘ I ‘ M; A
I ~
lil - M, M
% h!‘:’ Fj ‘ l

Fig. 2.3 Cross section of thre¢ayer beam under the internal forceq3]

With the @apid application and development of composite structures in the fieldsilof civ
engineering and construction, researchers are more and more aware of the importance of interface
slip effects on the partial composite sections, even for full composite secildrere have been
numerous studies conducted in the different aspectsngbasite theories since then. In addition
to the closedorm solutions mentioned above, the layered wood systems is analyzed with finite
element method developed by Thompson e{Gl(1975). Murakami [7] (1984) developed a
Timoshenko beam theory with ittuin interlayer slip for the analysis of the simply supported
sandwich beam under a concentrated load in which the effect of transverse shear was considered.
Based on the anadis method by Newmark et al. [2], theoretical study of concrete beams
strenghened by epoxyponded steel plate was carried out by Vilnay [8] (1988). During the same
period, Roberts and Hafazemi [9,10] (1989) developed a staged analysis approach that
predicted interfacial stress distributions for the case of the uniformlytiited load acting on the

reinforced concrete beam with externally bonded steel plate. It should be noted that the previous
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solutions [8,9,10] assume fully composite action betwamncrete and externally bonded plates,
which means that the slip effects ieignored. The conventional method used to predict
interfacial stresses in these existing studies have a common feature, which is beginning with the
compatibility expression dsllows:

£(9=32(u, u) ©

a

where (x) = interfacial shear stres&, = shear modulus of the adhesive layter;= thickness of
the adhesive layen, = displacements ahg theX axis of the bottom fiber of concreta, =

displa@ments along th& axis of the top fiber of the bonded plat&ccordingly, mechanical
constitutive equations were estahked acting on thadhesive layer, which provides a starting
point for deriving the governing differential wations for interfacial shear and normal stresses.

However, a large number of experimental and analytical studie$7[Lhave indicated that the

bond behavior between concrete and FRP laminates is not only affed&dthyfrom adhsive,

but also affected by some other factors, such as the bond width of FRP laminates, FRP material
types, the roughness of concrete surface,red@strength. Therefore, the analysis of the behavior

of concrete beams strengthened by externally bon&&t&minates should be conducted based

on the partial composite action rather than full composite action. For the partial composite beam,
even forfull composite beams, there are the slip effect which have to be taken actioeiptesent

study (presented in Chapter 4) however relies upon a novel and theoretically partial composite
beam theory developed specifically for determining the interfatiasses of reinforced concrete
beams strengthened by externally bonded FRP laesn#Most importantly, the proposed method

for the analysis of interfacial stresses in which the local bond sipseelationship between

concrete and FRP laminates isismlered.
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The closedorm solutions of beartolumn subjected to transverse amiabloading is
presented in the study of Girhammar and Gopu [18] (1993) with consideration-ofdiestand
secondorder cases. Compared with the fiostler, in the casef seconeorder, the deformed
geometry of the component is considered. Buckbiags for composite beaoolumn is analyzed
with the developed approximate formula, which considers the pure column in the-sedend
case. Adam et al. [19] (1997) extethe study involving partial composite action to analyze the
simply supported comsite beam subjected to dynamic loa&eraboschi [20] (2009) dealt with
the twolayer beam based on bilinear cohesive zone model in which the analytical model of
composite bams considering transverse shear deformation was carried out. It was also proved

that nonlinear interface slip is very important to accurately study the behavior of composite beam.

Similarly, there are also a large number of papers {233 Tocused onhe studies of finite
element formulations of composite beam model with parti@éisimteraction based on Newmark
model [ 2] . Dal | 6 Ast a B thodd of finie eler@ehty with ZGD@F2 ) pr
which couples two EuleBernoulli beams througldistributed deformable shear connectors
between the interfaces. Only the fledudtaformability and bending failure mode of each beam
component are considered. -HBnodel proposed by Ranzi and Zona [22] (2007) is composed of
EulerBernoulli beam and Tiwshenko beam representing the concrete slab and the steel
component, respectively.Zona and Ranzi [23] (2010) extended the nonlinear analysis of
composite beam with partial interaction by means of finite element models, developed 16DOF
displacemenbasedinite element of ¥T model formulated by coupling two Timoshenko beams.

In addiion, Zona and Ranzi also compared three different composite beam models, namely EB
EB model, EBT model, and 7T model. Moreover, as an alternative to the analytical solutio

some approximated analysis proceduwas be found in the literature [4,24,2%]hich devote
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much attention to the performance of composite beam with partial interaction using finite element
simulation. For example, based on a tkidgeensional FE modémplemented using an explicit
formulation in the Abaqus software packageBahmaebinia et al. [24] (2012) conduct a
probabilistic study on effect of material parameter uncertainties on the structural behavior of steel
concrete beams. Turmo et al. [2D(5) propose a-@mensional FE model with six different
types of elements to simate the behavior of composite beams. Nevertheless, the solution
accuracy ofnumeical simulations depends on convergemate, target scale, element type,
computational the, as well as computer memory, which discourages their application for complex
structures in the analysis of practical engineering problems. Thereforeesberchexplores a

novel and advanced composite beam theory, in particular, which is a sithplitdysis method

that is suitable for engineers to use.

For composite structures, such as composite-stewlrete beam bridges, nailed timber
systems, and sandwich panels, adepth and comprehensiveness understanding of the interlayer
slip is importam for mechanical response analysis. The relative iy@rlmmovement called slip
that occur as a result of deformation of shear connectors at the interface between all the
components of composite systems. In other words, this interlayer slip is catiezdogithe
flexibility of adhesive and subsequent delaation in the case of continuous contact surfaces, or
by the deformation of mechanical connectors, such as shear connectorsbetra & composite
steelconcrete as well as the sandwich struduitiistrated in Fig. 2.4. More importantly,
numerous sidies [4,7,27] in the literature have indicated that not only longitudinal interaction
should be taken into account for the interlayer slip, but also the effect of transverse composite

action shoulde included. For example, as demonstrated in Fig. [2e4istortionnear the end
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support is due to the transverse interaction between the interface of concrete wythes in the

composite sandwich panel under bending moment.

. displacement due to
iransverse interaction

| P
| middle T N e i |
Y layer B & !

. ‘slip due to longitudinal interaction

Fig. 2.4 Slip due to longitudnal and transverse interactions in the sandwich panel [27

Accordingly, Bai and Davidson [26,27] extendeomposite beam theory for insulated
concrete sandwich panels, and proposed clim®a solutions that are available for both
symmetrical and unsymmaetal wythes. It is worth noting that the longitudinadainansverse
interactions are coupled to have an impact on the deflection and stress of each component in the
sandwich panel. Subsequently, Bai and Davidson [28] developed composite beam theory to
analyze pretensioned concrete structures, and establidieedforce equilibrium between
prestressing strands and concrete by means of a linear relationship assumption between slip and

interface shear force.

Considering the influence of bond behavior betwamncrete and reinforcing FRP tendons
on the accurate asssment of structural performance, this dissertation (presented in Chapter 3)
provides an innovative method employed to determine the transfer length for FRP tendons in
prestressed concrete. Throughsociating the developed composite beam theory with the
nonlinear local bond stresdip relationship between FRP tendons and concrete, a diosed

solution is established.
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2.2 Pretensioned concrete members reinforced with FRP tendons

In the current gplication of practical engineering, FRP materials candiveded into
internal reinforcements and externally bonded reinforcements [29]. Internal FRP reinforcements
could be used both as FRP tendons or multidimensional shapes such as grid reinforcements,
whereas externally bonded reinforcements such as FRRd@siare applied to the surface of
existing concrete structures for strengthening or retrofitting. FRP tendons as an alternative to steel
reinforcement bars for strengthening concrete buildinge ladéivacted much attention in recent
decades, mainly bease of their superior performance over conventional steel materials, such as
light weight, noncorrosive, and nonmagnetic [30]. Among the structural application of FRP
composite materials, prestredssoncrete members with FRP tendons have become a prgmisi
research priority. For the prestressed concrete, it is very important to transfer the prestress force
to concrete through end anchors or direct bonding. In pretensioned prestressed concrets, memb
the transmission of prestress depends on directibgnathich means the investigation on bond
behavior between concrete and FRP tendons is essential for understanding the nature of structure
[31]. The part of postensioned prestressed concrete merslds beyond the scope of this

dissertation, and relatestudy will be discussed in future work.

2.2.1 Bondslip relationship for FRP tendons in concrete

According to a large number of experimental studies by Eligehausen et al. [32] (1983), the
bond stessslip behavior was investigated in which the deforrhads embedded in concrete as

specimens are installed in a testing frame illustratdeig. 2.5 and subjected to monotonic and
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cyclic loading, respectively. The expression of bond stressl relatbnship called Bertero

EligehauserPopov (BEP) model is gen as follows:

()= ¢(99)° (7)

whereft (s) = bond stress acting on the contact surface as a functglipd, s = the slip, the

unknown parameters,, s,, @ can be determimefrom test data.

Fig. 2.5 Local bondslip relationship test setup [33]

An analytical model presented in Filippoubd
response of a single reinforcing bar anchored in the interior 4semmn joint under random
cyclic excitation. Based on the equilibrium and complibequations it is assumed that the
function of bond stress along the bar anchorage length is approximately piecewise linear, and the

effect of concrete strains on slip is ignored. In 1990, Russo et al. [35] presented the analytical
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solution for the sgtem of reinfocing bar anchorage using the bond stsgsrelation expressed

by the exponential functions from Eligehausen et al. [32].

¢'s_pq,
dX E, A

£(s) (8)

where A, = cross section area of reinforcing bals,= diameter of reinforcing bai, = elastic

modulus of reinforcingbars. For FRP materials, the characteristic of anisotropic results in
different mechanial bond behavior compared to that of steel reinforcements. Therefore, Malvar
[36] (1994) initially evaluated bonrslip performance between FRP rebars and surrounding
concrete through experimental investigation on four types of GFRP rebars characterized by
different surface deformations. Subsequently, the modified BEP model as an alternative to BEP
model by Eligehausen et al. [32] is developed by Cosenza et al1@])(and is defined by the

following expression:
a, S
t(s)=Cs A = (9)
c S

In the case of modified BEP model, three unknown paramé&era , and S can be
calibrated by pullout tests. Since most of the wisrkfocused on the structure within the
serviceability state levgbrevious study by Cosenze et al. [37] (1997) has showiit teaufficient
to build a refined CosnzaManfrediRealfonzo (CMR) model for the ascending branch. The

expression of CMR modé& as follows:

(10)

LR

e a
L= fél expe
¢

S
é S
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wheret = peak bond stress, unknown parameierand s, are also based on the cuifitting

of experimental data.

Based on experimental results of FRP tendons pullout tests, Focacci et al. [38] (2000)
calibrated tle set of parameters of previously given local bond ssigsselationshipsnamelythe
BEP model, modified BEP model, and CMfiddel. In this dissertation (presented in Chapter 3),
the expression of BEP model wi udhisgssumed foethteer s f

bond stresslip relationship between FRP tendons and concrete.

2.2.2 Transfer length of prestressed FR tendons

In a pretensioned concrete beam, the distance from the end of member over which the
effective prestressed force is rbad is defined as the transfer length. As an important parameter
for the analysis of the flexural and shear strength, the letlge of transfer length is essential for
the design guidelines and performance evaluation of prestressed concrete membeosth®ue
lack of a thorough understanding of the mechanical behavior at the interface between concrete and
FRP tendons, variousmpirical formulas have been presented to define the transfer length of

prestressed FRP tendons in the literature [3439

Nanni et al. [31] (1992) investigated the transfer length of AFRP tendons (diameter of 8
mm to 16 mm) by measuring strain chanigesoncrete. The results showed that transfer lengths
of AFRP tendons ranged from 300 mm to 400 mm and 250 mm to 450 mm,tiredpec
corresponding to the low and high level pretension. In the experimental study of Ehsani et al. [39]

(1997), five commeeially available FRP tendons, including three AFRP tendons and two CFRP
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tendons, were measured to analyze the bonding behdwisrconcluded that the prestress level
affects the transfer length significantly, which is also proved through theoretalgb in this
dissertation (presented in Chapter 3). Lu et al. [40] (2000) investigated three types of nominally
5/16-inch dianeter FRP tendons made of Carbon Lead¥néramid Technora, and a carbon fiber
reference material. The result of the studiggest that the ACI equation should be modified based

on the fact that nominal bond stress of FRP materials is higher tharf steelatendons. It was

also recommended that 50 bar diameters should be used for FRP tendon transfer length. A
comparative @idy by Issa et al. [43] (1993) was carried out to determine the instantaneous and
long-term transfer length of identical fibeagls and steel pretensioned members. The experimental
results show that the transfer length of fiberglass and steel tenddtoid 1 inches. and 28 times

the nominal diameter, respectivelA more detailed review on FRP tendons transfer length will

be extended in Chapter 3.

Experimental methods vary among researchers, and inconsistency will inevitably exist in
the process of diming the strain plateau. However, the proposed model (presented in Chapter 3)
attempts to develop an appropriate and rigonhenry, specifically for prestressed concrete
reinforced with FRP tendons in which a simple mechabi@sed explanation is gingo the nature
of the transfer length. Perhaps just as important, the methodology explains how various
mechanical variables angarameters influence the transfer length, which has not been

mathematically defined before.
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2.3 Externally bonded FRP laminaes strengthening concrete

The importance of using FRP laminates for retrofitting or strengthening of existing
concretemembers is rapidly increasing in the field of structural design and engineering recent
years for their prominent advantages, such agsim resistant, low installation costs, and readily
available in several forms. Detailed information about mater@egrties, design, installation,
and maintenance of FRP systems for externally strengthening concrete structures is provided by
ACI [44]. In addition, a large number of theoretical analysis and experimental investigations have
been adopted to assess thechanical performance of concrete beams strengthened with
externally bonded FRP laminates. It is important to predict the FRP debdaitiimg with the
aim of improving the flexural and shear strength of this type of beam. Research has shown that
prematre failures are primarily attributed to the distribution of interfacial shear stress and normal

stress.

2.3.1 Interfacial stresses

There are many research efforts of available literaturd(J&5,46] focused on the
debonding failure, and it was confirchéhat the existence of a combination of interfacial stresses
concentration near the cutoff end of plate caused the debonding failased Bn the elastic
analysis, Vilnay [8] (1988) conducted the early analysis of concrete beams strengthened by epoxy
bonded steel plate. For the case of applying a concentrated load in the midspan of a simple support
beam, the shear and peeling distrilbuferces were studied, and it was concluded that the
maximum stress value appeared at the end of the bonded platp. &Conre d t o Vi | nay ds

Taljsten [47] (1997) considered the curvature of the beam and different boundary conditions to
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provide an malytical solution for the interfacial stresses in plated beams. The analytical solution
of Malek et al. [45] (1998) as developed for predicting interfacial shear and normal stresses at
the plate ends in strengthening RC beams with FRP plates, whichaligeted by comparison

with the results of finite element analysis. However, the bending deformation was neglected in
Mal ek et al . 6s [ 45] soluti on, resulting 1in
parameters on interfacial stresses at failuBased on the deformation compatibility approach,
Smith and Teng [46] (2001) made predictions for interfacial sted plated beams in terms of

three load cases.

Instead of the above approaches, Robert and Hajikazemi [9] (1989) developestayévo
model used to analyze interfacial shear and normal stress distributions for the case of the uniformly
distributed lad acting on the RC beam with externally bonded steel plate. Robert [10] (1989)
established an analytical method consisted of threestagestimate the interfacial stress, in which
full composite action was assumed between the bonded plate and coRlaw®ver, the analysis
of the behavior of concrete beams strengthened by externally bonded FRP laminates that should
be performed basedn the partial composite action rather than full composite action.
Consequently, the prediction of interfacial strgesn this dissertation is based on an innovative
partial composite action, taking into account the shear stiffness from experimeultalregsorted
in the literature [17,48]. For this reason, the proposed model (presented in Chapter 4) leads to an

improved understanding of the nature of the response in terms of mechanics.
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2.3.2 Bond behavior between FRP laminates and concrete

As mentiomed above, an accurate knowledge of the bond behavior between FRP laminates
and concrete plays a substantial role iveli@ping a reliable solution for the evaluation of
interfacial stresses, thereby helping understand the debonding failure. Some stuslie®)[48
51] have found out that the bond performance of FRP laminates to the concrete substrate mainly
depends osurface preparation, concrete strength, bond length, FRP laminates to concrete width
ratio, FRP laminates axial stiffness, and adhestvength. There are three basic methods
commonly adopted to explore the besig relationship between concrete and F&Rinates, pull
test [1213,16,17,48], theoretical analysis [49], and mssale finite element simulation
[14,52,53]. Lorenzis et §48] (2001) evaluated the slip modulus based upon flexural tests, which
was performed on a plain concrete beam extgri@mnded with an inverted shape CFRP
laminate, and a lineaglastic analysis was carried out by the shear lag approach. As antiakerna
to the conventional method for recording the strain distribution, Dai et al. [13] (2005) accurately
measured pullat forces and end slips in pullout tests for FRP laminates to concrete through
experimental study and theorical analysis. Accordingbtdfiodel Code for concrete structures
2010 [54], Ko et al. [17] (2014) calibrated three primary parameters of the lgiiuezar local
bondslip model by means of experimental results of 18 desbéar bond tests. Compared with
the other two nonlinearmd stress | i p model s, Ko et al . 6s model
the elastic ascending branch in the bilm@adel by Ko et al. [17] is used as the constitutive bond
slip definition between the FRP laminates and concrete in this dissertagser{fed in Chapter
4), associating with developed composite beam theory, to further evaluate the influence of various

mechanical variables and parameters to the interfacial stresses.
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Chapter 3 Analysis of Transfer Length for Prestressed~RP

Tendonsin Pretensioned Concre¢ using Composite Beam Thery

3.1 Introduction

The use of fiber reinforced fyoner (FRP) for concrete construction as important research
has attracted much attention at many research institutes around the world over recent decades.
FRP materials offer sigiicant advantages over conventional steel reinforcement: excellent
corrosion resistance, high strengtb-weight ratio, lineaelastic behavior to a failure of the former
and nommagnetism [1]. In general, FRP reinforcement can be categorized basedypethef
fiber use to form the reinforcement: organic fibers, such as ilr&iber Reinforced Polymer
(AFRP), and inorganic fibers, such as Carbon Fiber Reinforced Polymer (CFRP) and Glass Fiber
Reinforced Polymer (GFRP). The applications of FRPs candibigled into internal
reinforcements and externally bonded reinforcemeitsernal FRP reinforcements have been
used both as omdimensional FRP tendons or multidimensional shapes such as grid
reinforcements whereas externally bonded reinforcementsasuERP sheets are applied to the

surface of the concrete for strengthenimgepair.

As early as the 1960s, the U.S. Army Corps of Engineers Waterways Experiment Station
stated that pioneering developments were being established for FRP in polymereconcret
reinforcement applications [2]. In the 1970s, the University of Stuftg&ermany studied GFRP

as prestressing tendons [3]; experimental FRP studies were also carried out in Japan in the 1970s
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[4]. In 1995, the Canadian Network of Centres of Exoelieon Intelligent Sensing for Innovative
Structures (ISIS Canada) was édished to investigate the development of the FRP used in

bridges as a replacement for steel reinforcement [5].

One significant challenge with pretensioned concrete members idenstemding how the
prestressing force is transferred from the prestresseimdpn to the concrete. The distance along
the tendon over which the effective prestressing force is gradually reached is referred to as the
transfer length [6]. The sum of transfer length and the flexural bond length is referred to as the
developmat length, which significantly influences the bending and shear strength of prestressed
concrete members. As an important parameter for checking the flexural and shear strength, th
determination of transfer length is absolutely necessary for the devetopindesign guidelines
and performance evaluation of prestressed concrete members. Prestressing force transferred to the
concrete depends primarily on the bond behavior in thderegion of the pretensioned concrete
structures. It should be noted tktz material properties and the mechanical behavior differences
between FRP tendons and steel strands are very significant, as demonstrated by a large number of
experimental studigsresented in the literature [7,13,33,34]. Therefore, it is believeth#nabnd
characteristics used for steel strands in concrete members cannot be assumed for FRP tendons, and
therefore standardization and guidelines for the design of FRP reintancectte members should

be based on knowledge specifically dedicated to FRtrials.

Several equations intended to define the transfer length of prestressed FRP tendons in
pretensioned concrete members have been presented in the literature [8,11,Th&%¢
equations were primarily developed by measuring strain changetsn desl accordingly, pure
mechanicsdased definitions of these important relationships is lacking. Therefore the overall

objective of this study is to develop a new method of deteng the transfer length for FRP
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tendons in pretensioned prestressed i@aanembers by means of combining the local ksdipd
nonlinear relationship for FRP tendons in concrete with composite beam theory. The transfer
length is solved with closefdrm solutions based on composite beam theory as well as the
knowledge of thedcal bond stresslip relationship between FRP tendons and concrete. The
transfer length model is solved through an exact solution of piecewise functions. This novel
approach is flered as a potentially more accurate method than the conventional numerica
methods that involve excessively complicated formulas. Furthermore, the result of comparisons
between the modgiredicted data and the existing experimental data demonstrdttdsethbsed

form solutions of the piecewise functions are effective ardirate. The proposed model

improves convenience and accuracy compared to the conventional use of empirical formulations.

3.2 Background

3.2.1 Transfer length for FRP tendons

As illustrated by Fig. 3.1, to obtain the effective prestrBsm a pretensioned concrete

member, the stress in the concrete at the free end is zero, which increases over the transfer length.
The transfer length of prestressed FRRIt&rs in concrete flexural members is affected by many
factors, including the diamet of tendons, concrete compression strength, initial prestress force,
bond characteristics between FRP tendons and concrete, release method, etc. However, these
factors hae not been completely agreed on in specifications and literatures used forigheotles
prestressed concrete beams. The conventional method for determining transfer length during
testing is by measuring the strain change in concrete or in the tendlogstgin gauges before

and after prestressing force release.
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In ACI 4404R04 [ 9] , APrestressing Concrete Stru

used for the design of structural concrete members reedownith FRP bars, the transfer length
of carbon FRP is recommended as Eq. (1)civis based on test data by Mahmoud et al. [10].

fpedb

:10.67
a, f.

L = (1)

where f  is the effective stress in tendd, is the diameter ohie reinforcing tendonf is the

specified concrete compressive strength, ands 1.9 and 4.8 for Nnm units (10.0 and 2518r

inchpound wunits) for Leadl ineE and Caectvelyn Fi be
Cousins et al. [11] conducted an experimental investigation for determining the transfer length of
epoxy-coated and bare (uncoatquestressing strands, and altadied the effects of time on

transfer length. Based on experiments using botoated and epoxy coated strands, Cousins et

al. [12] developed analytical equations that assumed a plastic zone and an elastic zone within the

transfer length. Nanni et.a]13] examined the transfer length for the AFRP tendons using
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nondestructive measement of the strain variation in the tendons and in concrete. The results
proved that adhesion of sand to the tendon surface, tendon size and concrete strength ¢ould affec
the transfer length of AFRP tendons. In addition, the study showed differéticegransmission
mechani sm between AFRP tendons and steel strart
ratio of the AFRP tendons. From the measurement madeunkBet al. [14], the transfer length

of CFRP rods was estimated as 80 and 9@lizaneters for a prestress level of 50 and 70 percent,
respectively. It was also found that the equations for steel strands in the provision of the ACI Code
(31808)[15]wa not applicable to CFRP LeadlineE rod
studyondoubleT gi rders prestressed with CFRP Leadl i:
basis of modification in an avail abldensand del ,
CFCC strands was predicted. The test from RaRbddenberry et al. [18] éused on CFCC in
prestressed concrete piles for bridge foundations. Strain measurements indicated that the transfer

length of CFCC tendons was 16.7% less than that reconaddrydACI 440.4R04, 30.6% less

than AASHTO [19] provisions of 5@, (30 in.) and 60d, (36 in.), and 35.9% less than predicted

by the equation from ACI Code (3Im) [15]. The transfer length for prestres$eRP tendons

recommended by the equation from different sources is summarizedlea 3.1.
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Table 3.1 Transfer length for FRP tendons from literature

L[ fpedb
ACI 440.4R04 [9 =
[ ] at fC|0.67
a o)
iy fy d¢ f_A
Cousins et al. [11] L = O.SiJt 3 84- se’ s
c —pdUiyf;
Soudki etal. [14] L, =80d, or 90d,
f ~
ACI Code (31808) [15] L =2 afls, &, . inch
AASHTO [19] L = 50d or 60d

3.2.2 Composite beam theory

The earliest composite beaimebry was presented in 1949 by Granholm [20] for nailed
timber structures. In short, this theory was developed for beams composed of two separate
elements in which the horizontal shear is transmitted from one element of the membetherthe
through theshear connectors, as illustrated in Fig. 3.2. The set ofrgiogeequations for this

situation is derived and is solved for the composite beam under external load.
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Fig. 3.2 Differential element in composite beam member subjected to axial load (N),

moment (M), shear force (V) and distributed load (q(x))

In the study by Newmark et al. [21], the theoretical analysis of composite beams with
incomplete interaction was compared with results from the testdehiins consisting of a rolled
steel tbeam and a@oncrete slab. The goafreement between the test and analytical results
indicated the feasibility and effectiveness of composite beam theory. The research presented in
Goodman and Popovds [22] paper showoeoflagered el | e n
wood beams, ahalso confirms the feasibility of the theories previously developed. Girhammar
and Gopu [23] dealt with the composite beenotumns with partial interaction and presented
closedform solutions for first and seconarder cases. &ed on Girhammar and Bas [ 2 4]
dynamic analysis of composite members, flexural vibration of elastic composite beams with
interlayer slip was analyzed by the different dynamic responses in Adam et al. [25]. Foraboschi
[26] presented the analytical solutiof composite beams Wwihonlinear interlayer slip and proved
that nonlinearity cannot be ignored. Bai and Davidson [27] provided closed form solutions for the
analysis of foam insulated concrete sandwich panels considering both the longitudinal and
transverse interactions ugincomposite beam theory. Subsequently, Bai and Davidson [28]

applied this theoretical development to pretensioned concrete structures and established the force
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equilibrium between prestressing strands and concrete by means péaa telationship
assumpbn between slip and interface shear force. The composite beam theory may be used for
any kind of structures composed of two interconnected elements as long as the underlying

assumptions are satisfied.

3.2.3 Bond stressslip of FRP tendons to concrete

An accurate formulation of the local bostp relationship between the tendon and
surrounding concrete is critical to any analytical model intended to describe the behavior of
pretensioned concrete with prestressing tendons. Téa loond stresslip reldionships
expressed by an exponential monomial function were proposed from extensive experiments in the
study of Eligehausen et al. [29]. The same model was used iFFFEBlodel Code 90 [30]; the

function of the bond stressésand slips is defined in Eq. (2) and illustrated in Fig. 3.3:

Tél‘max(s/sl)a, 0¢ s ¢s
14 s s ¢s ¢s
_1 n
t=| &s- 0 (2)
T[max_( (;ax Tt ﬁ—% 082 ¢ $
i ¢3-S =+
te,, s¢s

46



Tmax

T = Tmax(5/5)"

Bond stress

!

0 5; S5 83

Slip
Fig. 3.3 Analytical bond stressslip relationship

where the analytically obtained coefént a =0.4 agreed with bond stres$ip test data [30].

Other parameters depended on factors such as confinement, bond condition and concrete strength.

In Russo et al. [31], the analytical solution for the system of reinforcingrudrorage wasiade
by using the bond stresdip relation expressed by the exponential functions from Eligehausen et
al. [29]. Eligehausen et al. established that experimental bond-&ipesslationship data from

research using conventional steel sfisaris not accurate fothe case of FRP tendons in

pretensioned prestressed concrete members. Because FRP tendons may be composed of aramid,

car bon, or glass fiber embedded in a resin
ratio and from thexial strain ratio wi respect to that of the steel materials. As the first FRP
bondslip analytical model, the Malvar model [32] was obtained by conducting experiments on
four types of GFRP rebars characterized by different surface deformations. é¥aini33]
provided aperimental results obtained with a braided AFRP tendon having a nominal diameter of

16-mm and initial prestress force of 156.6 KN and used Finite Element Method (FEM) analysis to

a7
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predict the performance of AFRP tendon during prestfferce transfer. Cenza et al. [34]
proposed a modified BertefeligehausesPopov (MBEP) model as an alternative to Bertero
EligehauserPopov (BEP) model by Eligehausen et al. [29] and the CoddanfrediRealfonzo

(CMR) model, which represented thatiee - s curve shown in Fig. 3.3 and the ascending

branch of the curve, respectively. In the experimental investigation focused on ineetiavior

of FRP tendons by Lees et al. [35], the comparison of the transfer behavior tgpes of AFRP

tendms with steel strands was addressed by assuming both a constant and a nonlinear relationship
between the bond stress and slip through the transfer zone. Focacci et al. [36] calibrated the set of
unknown parameters of two given lodat ¢s) relationships using energy approach based upon
experimental results of FRP tendons pullout tests. The proposed model and parameters
characterize the local bond stressslip relationship resulting from the average behavior of FRP
tendons with diametef&.4 mm, 9.5 mm, 12.7 mm, and 15.9 mm. In the present study, the BEP
expression with parameters from Focaceslip et al

relationship between FREndons and concrete, as given by E}. (8 metric (SI) uni:

£(s)=8.847%7 3)

3.3 Methodology

The development of theory and analysis approach presented herein for pretensioned
concrete members with prestressed FRRIdea is based on thellowing assumptions and

limitations:
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(1) Since this development focuses on transfer length that will involve small strains under
typical conditions, linear elastic constitutive law behavior and small displacement of structures are

assumed.

(2) The appliation of interest is towards relatively slender concrete members and therefore
EulerBernoulli beam theory is applied in which shear deformation of the cross section is

negligible.

(3) FRP tendons provide no bending resistance.

(4) Thetendons are straigldnd occupy the same position at each cross section; the

eccentricity of the prestressing strands is constant along the length.

3.3.1 Axial force equilibrium

The geometry and notation for a pretensioned concrete membersentiss vith

prestressed FRrdons is illustrated in Fig. 3.4.
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Fig. 3.4 Crosssection of prestressed FRP reinforced concrete member under internal

forces

The prestress forchl(X) in the concrete is transferred by the bond stfessthe interface

between the concrete and FRP tendons. The bond étiessomposed of three parts: adhesion,

friction, and shearing resistance [37]. The axial direction equilibrium condition of the forog acti

on the infinitesinal element shown in Fig. 3.4 is given by Eq. (4):

tCdx=[N(® +N( ¥ dk -N X Mixc

(4)

where t = bond stress generated in the concrete surrounding the FRP te@dengptal

circumferences of FRP tendons aN@x) = resultant axial force acting on the cross section of the

member as well afdN(x)+ Ni( ¥ = the first degree Taylor polynomial for a given function of

resultant axal force acting on the cross section.

It can be noted that the bond strésat the interface exists not only in the concrete but

also in the FRRendons. The resultant axial fordiz-(X) dx in the FRP tendongsults, which
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is the same magnitude and the opposite direction relative to the resultant axidll fiogedx in

the concrete shown in Fig. 3.4. Thiglefined by Eq. (5) without considering the sign:
t Cdx=Ni( % dx=Ngi( X d (5)

Substituting N(X)= A s, and Ngzp(X) = AgpeS e INto the Eqg. (5), wheres, = the
concrete stress due to axial direction deformatg, = the RP tendons stress due to axial

direction deformationA = the cross section area of the concrete Apd= the total cross section

area of the FRP tendons:

tC=(A 8) {Am &) (6)

Substituting the concrete stress=E_ ¢ into Eq. (6), yields Eq. (7), wherk, = the

elastic modulus of the concrete agd= the concrete axial strain:

IC=AFE ¢ (7)

Eqg. (8) is obtained by substituting the expressioe.efs, i into Eq. (7), wheres,, = the
concrete displacement due to the bxiarce. Correspondinglys,z, = the FRP tendon

displacement dut the axial force.

tC=AEsd (8)

The relative movement between the FRP tendons and teixefined as the slig. To

illustratethis further, the slips is broken into three parts;, s, ands,. The slips associated

with bending is illustrated in Fig. 3.5, wheee= eccentricity,&/ = the delection of the elastic curve
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and g = the slope angle. Using° tan g=i, the relationship is established as Eq. (10). The slip
S, is the displacement difference between the concrete andgrR@énis under the axial force, and
the slip s, =, dX is the result of prestressing tendon retraction, wiggris the strain associated

with the prestresforce before transfer.

90° /L\ )\ 90°
‘% Neutyal axis of beam

/Y
: ~ *
o

S

S \/ \\.\_&Wam & /

0 - ]

Fig. 3.5 The slips resulting from curvature

S=§ 13 % (9)
s=eq =l (10)
S, = Sere 180 (11)
S =g, dx (12)

Takingthe second derivative of Eq. (11) with respect to the independent vaxiable

S} H Serel 1S (13)

Accordingly,
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N(X) = Negp (¥

Establishing the equilibrium condition given by Eq. (15):

AS.=Agp Sre

(14)

(15)

Substitutings,=E, € and S =E > @z Into  Eq. (15), whereE.,, = the elastic

modulus of the FRP tendons agg,, = the axial strain of the FRP tendons:

A E 6= Agrp Ergp €

(16)

Substituting the expressions @f=sj, and &, =Sjxp iNt0 Eq. (16) yields Eq. (17)

'At EC %C: ARP EFRP §FiRF

Taking the first derivative of Eq. (17):

A: Ec %c$ A#RP EFRP §FRF

Eq. (19) is obtained by combining Eq. (13) with E)(1

i "gre ErrP
AE

(o FRP

- on
O %ﬂ)o

& AE
S Sed H o
¢ AERP EFRP

Substituting Eg. (8) into Eq. (19), results in Eq. (20):

_ S i
tC=AE
d, AE
¢ A:RP EFRP
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In terms of average = ¢s) relationships proposed by Focacci et al. [36], the curve

reported in Fig. 3.6 assumes a relationship between the bond stress and slip for FRP tendons in
concrete corresponding to Eqg. (3). The empirical models based directly on regression analysis of
ted data is only for a general indication of the average stipdoehavior of the FRP tendons with

diameters of 6.4 mm, 9.5 mm, 12.7 mm and 15.9 mm.

16 . T .

- -
N B

-
o

Bond stress (MPa)

(8} = 8.8475%9%7

0 1 1 1 |
0 1 2 3 4 5

Slip (mm)

Fig. 3.6 BPE Model fort = ¢s) relationship with calibrated parameters

In certain situdons, such as when the serviceability criteria is dealt with in structural
analyses, the ascending branch of the curve is applied as a refined modeling of the bond stress and
slip, and the horizontal branch and descending branch of the bondséireasve presented in

CEB-FIP Model Code can be considered negligible. Focacci @&&lhas verified the reliability
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and accuracy of the BPE model using the parameters presented in their paper.

Eq. (3) is substituted into Eq. (20). Iretmc (SI) units:

8.847°% C= A E— 3 |
%+A&
¢ AERP FRP

For these reasons,

(21)

Substituting Eqg. (10), Eq. (11), and Eqg. (12) into Eq. (9), then taking the second derivative

of the result, Eqg. (22) can be written as:

SjSS -@/]

Substituting Eg. (22) into Eq. (21), yields Eq. (23):

8.8478°%C= A E 21 |
?@+ AE
¢ AERP FRP

To simplify the expression by settitige new symbok , Eq. (24) is obtained:

- AE _  EgAET
i At Ec g ZA:RP AFRP rreT A EL)
¢ A:RP EFRP -

(22)

(23)

(24)

wherer = the radius of the single FRP tendon. By merging the same tEqng5), which is

relevant to axial force, is as follows

Sj - I&Mé) 337 =27

V4
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3.3.2 Bending moment equilibrium

As illustrated in Fig. 3.4 and Fig. 3.5, the internal bending moment consists of two parts:
(1) the component of internal moment duedacrete bending, and (2) the component of internal
moment due to force couple resulting from prestressing forces istitheds. The bending
resistance provided by the FRP tendons is assumed to be negligible relative to these two moment
components. Theond forces at the interface between the concrete and FRP tendons can be

replaced by a couplM (x) and a forceN(X) acting at the centroid of the concrete beam. These

two moments can be written in terms of Km®wn external moment &sllows:

M_ =M, M(x) (26)

where M, = the external moment = concrete moment due to bending avidx) = pure

moment due to equivalent force couple systems. Algebraically, they are defined as the following:

M, = -E, I uj 27)
M (X)=e N( (28)
M, = -E | ui ieN(® (29)

where | .= the concrete member moment of inertraom Egq. (14) and Eq17):

N(X) = Are Ecre 9 rre (30)

Eqg. (31) is obtained by taking the first derivative of Eq. (11):

Si= S i tSerp (31)
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Eq. (32) is obtained by combiningiE(31) with Eq. (17), and becomes:

a 0 a Are E 0
Si=a - AL &.i & — Grrp (32)
c AERP EFRP - ¢ Ac Ec -
Substituting Eq. (24) into Eq. (32), yields Eq. X33
-_ZCs (33)

Sirp =
= Arp Erp

Eq. (34)evolves from substituting Eq. (33) into Eq. (30), and Eqg. (29) becomes Eq. (35).

N(x)=zC9g (34)

M= -E l Ui i¢zZCs (35)

Taking the first derivative of Eq. (9) with respectxdhen substituting Eqg. (10) and Eq.

(12) into it, EQ. (36) can be written as:

§=s i/ g (36)
Substituting Eg. (3pinto Eg. (35) results in:
M= E Ui i#z2C(s & u .} (37)
Simplifying by establishing two new symbols, and T:
K.=E I, €zC (38)
e€zC
T?= (39)
K
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As a result of rearranging Eq. (37), the expression with regard to bending moment is

generated as following:

T2 M. T2
Ui-i-=-s =i—2 = ¢ (40)
e K, e

The governing equations capnw be defined by combining Eq. (25) and Eq. (40):

IeSl -iMSO'S‘W -

' z 41)
’:\ T52 — M ex Ts2 (
U -1—S =

f e K e

3.3.3 Exact solutionof piecewise functions

Generally speaking, specimens from experimental investigations were placed on the
ground without any external loading before prestress release and only subjected to their own
weight after release. On the other hand, according tmBaid Da v i d sudyrbénding|[ 2 8 ]
moment due to dead weight of the pretensioned concrete members has little influence on the
transfer length. Therefore it is reasonable to assume that the external moment is equal to zero,

M., =0. Toillustrate this, the agter of the simply supported beam with the spah a$ located

at the origin of the coordiate system as shown in Fig. 3.7.

58



Concrete
FRP tendons
<7 ) " c |
I 4 a A T4 3 / " ’
sl,777,777,77-7,-774777%47757777777 T e ]
. b < 4 4 A
-L72 — <4 o | L2
T—
o 0 EORE
-—71-44— RLIH
L

Fig. 3.7 The coordinate system of theimply supported beam

The boundary conditins for the governinggmations, Eq. (41), with respect to the

coordinate system can be defined as:

At x=0, the slips(0)=0;

At x=L/2 or x= -L/2, the deflectiornw(L/2)= ¢ -L/2) ©and the bending moment
ui(L/2)= u( 1/2) 6.

Eq. (42), which is a nonlinear second order ordinary differential equation with rational
exponent that defines the prestressed FRP tendons slip alongathe, is generated by

differentiating Eq. (40) after substituting the result into Eq. (25).

(1-12)si 8847 0a31 g (42)
Z

Due to the bending moment being zero at both ends of beam as illustrated in Fig. 3.7,

ui(L/2)= u( 4/2) 6is substituted into Eq. (40). The result, known as Dirichlet and Neumann
boundary conditions, are given by the following expression:
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gs(0)=0

(si(y2)=s(i-y2) & )

It is extremely difficult to deriva closed form expression to solve the nonlinear differential
equation Eq. (42). However, a piecewise function solution approach provides a feasible and

reasonald approach to solving the GDEs. PBot O, the solution is:

_§0, 0¢x /2

S(X)_T A(x- L/2 4,)°, otherwise (44

Eq. (45) is obtained by introducing the sympoi

8.847

) “9

In order to makéhe solution process clea#,= 0.337 is used, and Eq. (42) can be rewritten

as:
si(R=y ¥ (46)

and the transfer length, can be expressed as following, in metric (SI) units:

1
ee_(1+ A(05 ¥ w»
L =é (L 4 & U (47)
¢ (-4 ¥
n 2(1+a)
y(aLl)2
A=e ! (48)
2
B=—2_ 49
1 (49)



It can be observed that Eq. (42) has a solution of the &)= AX. By substituting this

function into Eqg. (42) and equating the exponentx afnboth sides,A and B can be determined,
which results in Eqg. (49). Equating the coefficientsxabn both sides, the expression Afis

shown in Eq. (48).

The boundary conditions as shown in Eqg. (43) are associated with the property of
pretensioned concrete members as described in Fig. 3.1. The transfer length is referred to as the
distance from which the prestress force transfeogethe bond stress in@ases from zero to the

effective prestressing force, which ends with the location ofsstip. This accounts for the bond
stresst =0. In the mathematical model, the transfer lengthtrhasshorter than or equa half

of the beam span. However, recall the boundary condsiioty2) =e, , which conflicts with the

hypothetical solutions(X)= AX for 0¢x /2. si(X=e, is reached by setting the/mabol

K=L/2 -L,. Consequentlys(X= AX turns intos(X) = A( X - K)B. It should be noted that the
transfer lengthl, must be shortethan L/2 . The expression ok, is shown in Eq. (47) by
solving the equatioffAB) L.** =g, in terms ofsj(L,)=¢e,. Finally,the solution otthe slip can

be proposed as Eq. (44), which also satisfies the boundary conditions.vahtagéd of usinthis
type of piecewise function (Eq. (449 that it allows avoidance of eomplicated numerical

solution and simplifies the computation of the @mopl formula.
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3.4 Comparison with experimental results

To confirm the accuracyof the proposedmethod the results from three different
experimental studies on FRP tendon transfer length by other investigators were compared with
those of this study. The @dls of the experimental programs can be found in Soudki et al. [14]
Nanni et al. [13], and Gradd6]. The characteristics of the parameters for all specimens are

reported in Table 3.2.
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Table 3.2 Specimen characteristics

Elastic Area of .
Diameter of | Ol &€ | o iulus concrete | Castic Inertia
i Eccentricity,
| FRP tenda, tof ERP of ERP Prestressing for each o cross n::c::]lélrtgeof moment of | Span length,
Specimen d endons. | tendon, tendon, f (mm) section, , cross L
rr:: Are = (MPa) A E section, | (mm)
(mm) (mm?) (MPa) (mm?)
(MPa) (mm?)
25% release
€,=2.274e03
50% release
€.=4.549e03
R1to R4 1 is 38000
. 100 45000 3.375e8 3000
%8mm 46.1 150000 75% release ~44000
€,=6.823e03
100% release
€,=9.098e03
50% release
B1-S8 €,=0.052e01 23000
1%d2mm 90 67600 35 25200 ~25000 9.261e7 4000
100% release
€.=0.103e01
33% release
2 92.2 19.05
%8mm €.=0.010
€DT1-4 4 67% release
(two top . 184.4 e - 57.15
draped, %8mm 147000 s =0.010 100645 41000 1.131e9 5890
bottom 4
straight) %8mm 208 100% release 124.0
2 €,=0.010 ‘
%d.0mm
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In the test program d@oudki et al. [14], four rectangular beams R1, R2, R3, and R4 were
tested with 3.0 m in length, depth of 0.3 m and width of 0.15 m, as shown in Fig. 8. Each beam
adopted a single 8 mm nominal diameter CFRP Leddlined with strenth of 2300 MPa, which
provided 60% of strength as the prestress level of specimen in the measurements. Strain gauges
were attached to the concrete surface at the level of the FRP tendons to determine the strain profile.

The results were recorded at 2580%, 75%, and 100% g@irestress force release, which made

the initial straine,= 2.274e03, 4.549603, 6.823e03, and 9.098€3, respectively. The concrete

modulus of elasticity was calculated by specimen strength reported inptiiegeaording to ACI
Code (31814). The transfer length results were compared to the predictions from Eq. (47) and

are summarized in Table 3.3.

=150~

3000

I N - I
Location of electric gauges |
100

R e T %%ﬂ%%#%k%
Y 75 L * 8mm diameter

1500 Leadline™ rod

300

All dimensions in mm

Fig. 3.8 Rectangular beam R1 to R4 with a single 8 mm CFRP Leadliftrod [14]
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Table 3.3Comparison of transfer length for FRP terdons

. Measured Predicted ACI 440.4R AASHTO
Description (mm) (mm) 04 i
(mm)
R1
(25% release) 54510695 265 168 400 to 480
R2
Soudki et al. (50% release) 54510695 374 336 400 to 480
[14] R3
(75%release) 545 to 695 457 504 400 to 480
R4
(100% retase) | > © 09 527 672 400 to 480
81-58 400 296 230 600 to 720
. (50% release)
Nanni et al. [13] 518
(100% release) 450 417 461 600 to 720

The comparison between the measured speofiles using strain gauges and predicted
strain profiles using #napproach in the present study is illustrated in Fig. 3.9, which demonstrates
reasonable agreement; for example the error between effective prestress strain analysis results and
test valus at the midspan is less than 7%. From the different prestrass @tfile levelsas
summarized in Table 3.3, the transfer length value is actually increasing with increasing levels of
prestress. As expected according to Eq. (47), this is the oéshé different initial strain caused
by a different value of prégss force. Note that the predicted transfer length is a little shorter than
the experimental data; one possible explanation for this behavior is that the bond strength for the
8 mm CFRPLeadliné™ rods used in the experiment is lower than the one ustitkicurrently
proposed model. Therefore, thoretransfer length is needed along the CFRP Lealfimed

over which the effective prestressing force is reached.

65



Concrete strain

5
a5 =10

N
T

-
T

Measured R1 (25% release) strain profile (Soudki et al.)

1500

0 Predicted R1 (25% release) strain profile
05 L L L . L
-1500 -1000 -500 0 500 1000
Distance from the midspan (mm)
g X 10°
i
N
/ s | A |
/ AN ""

Concrete strain

Measured R3 (75% release) strain profile (Soudki et al.)
Predicted R3 (75% release) strain profile

-1000

-500 0 500 1000

Distance from the midspan (mm)

1500

Concrete strain

12

10

Concrete strain

-2
-1500

%107

= Predicted R2 (50% release) strain profile

Measured R2 (50% release) strain profile (Soudki et al.)

%107

-500 0 500
Distance from the midspan (mm)

-1000

1000 1500

s Predicted R4 (100% release) strain profile

Measured R4 (100% release) strain profile (Soudki et al.)

-500 0 500
Distance from the midspan (mm)

-1000

1000 1500

Fig. 3.9 Predicted strain profiles for rectangular beam R1 to R4 [14] at 25%, 50%, 75%

100% release

Comparisons to the test data by Nanni et al. [13] were also performed. The specimens had

span length of 4000 mm and a 120 mm by 210 mm rectangularsgatssn. The pretensioned

concrete beam was prestressed with a single braided -@pprggnated AFRP tendon.

Two

levels of 50% and 100% initial prestress force were used in the test, wadsthe initial strain

e,=0.0052, and 0.0103, respectively. The concrete elastic modulus ranged from 22660 to 25070

MPa; othe specimen characteristics are defined in Table 3.2. The transfer length was examined
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by means of measement of the strain variation, gluing the contact points close to both ends of
the beam at the depth of the AFRP tendons with 5 cm spacing. Figh®8 the predicted strain

profiles for specimens B$8 on 50% and 100% level released prestress force.

%107 %10

I""\ NN

Concrete strain
s
Concrete strain

Measured B1-S8 (100% Release) strain profile (Nanni et al.)
Predicted B1-S8 (100% Release) strain profile

Measured B1-S8 (50% Release) strain profile (Nanni et al.)
Predicted B1-S8 (50% Release) strain profile

-2000 -1500 -1000  -500 0 500 1000 1500 2000 -2000 -1500 -1000  -500 0 500 1000 1500 2000
Distance from the midspan (mm) Distance from the midspan (mm)

Fig. 3.10 Predicted strain profiles for B1S8 [13] at 50% and 100% release

As can be seen from Fig. 3.10, the predicted results for 50% and &0f8%er levels are
in good agreement with the strain measurements presented in Nannil8{;ahe differences
between the modeling values and experimental values are less than 15%. It is worth noting that
the slope of both curves within the transfene@xperienced the greatest rate of strain change,
which is accurately calculated using.K44). These results demonstrate the reliability of bond
stressslip relationship defined as Eq. (3), which further supports the feasibility of the present
method. On the other hand, the predicted transfer lengths are also slightly shorter than the test
results, which may be due to the variable behavior of the concrete properties examined in the test
since they are influenced by external factors such as temperatatire humidity, etc. Another

reason may be associated with the methods used to mdhsutransfer length. Only minor
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discrepancies occurred to the strain plateau of both curves, which may be caused by prestress loss

as a consequence of using anshdurring the process of FRP tendons released at different levels.

Fig. 3.11 and Fig. 3.1&present bar chart comparisons of transfer length predicted by the
present study with measured results and those in the specifications, respectively. In Soudki éts
tests, the method of measuring the transfer length is not clear, and all of ticeeprediues are
lower than the results from the measurement. However, the agreement between the predicted
strain profiles and the measures is good enough to deratentste accuracy of the present method.

By comparing the obtained values from Nanniletabs t est, the predicted
the test results. As demonstrated in the comparisons, regardless of which specifications are used
to calculate thdransfer length, it is almost impossible to be completely consistent with the
measured Maes from testing. Determining the transfer length during testing is based on the 95%
Average Maximum Strain (AMS) method. In defining the strain plateau, incensystand
preference may exist between different research&gsin, the theoretical equah proposed by

Guyon [38] for determining transfer length was as following:

L=aid (50)

pi

Where d = the end slip,g, = the initial strand strainzi= a factor depending the bond stress

di stribution, which was varied fr odncoBfirmesd 3.
that the lower bound corresponds withancoefficient of 2.0, and upper bound representa an
coefficient of 3.0. Furthermore the determination of transfer length using 95% AMS method is
relevant to the transfer length calculated by using equation (50)avitoefficient of 3.0. Since

the proposed transfer length defioit, which is in the average level, is approximately equivalent

68



to that withai coefficient of 2.5. That is the reason why the proposed model underestimates the

values measured in the tests.
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Fig. 3.11 Comparison of transfer lagth in Soudki et al. [14]
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Fig. 3.12 Comparison of transfer length in Nanni et al. [13]

The diffeeence between sequential release and simultaneous release of the tendons during
manufacture of prestressed concrete members is now demonstrated n g @EBlacebs
experimental investigation on doublegirders prestressed with CFRP Leadithéendons. The

specimen was designated as CBH which is a simply supported beam. It had a total length of

69



5890 mm with a crossection of 1016 mm flange by 343 mm depihe details of the geometry

and reinforcement are shown in Fig. 3.13.

1016

k—114.3—ﬂ

8 mm Draped CFRP
Leadlineg™ Tendons

10 mm Sﬂ'aight CFRP
Leadline™ Tendons

*‘ 88.9 L *1 88.9 L’

All dimensions in mm

Fig. 3.13 Crosssectionfor Double-T Girder CDT1 -4 [16]

The transfer length calculation method presented in this paper cannot be compared to the
the results from Graceds tests since those te:
Grace tests involved three leval$ prestressing force release tttitlepended on which group
(position) of tendons were released, i.e., 33%, 67%, and 100% release refer to the prestress force
acting on tendons being sequentially released from top to bottom, respectively. Assuming all of
the FRP tendons are straight, itlvee interesting to see how the performance of strain profiles
allows simultaneous releasing of prestress force, which means 67% release represents that the top
four prestressed tendons are being released at the sam&hieamodel for 100% release iogtes
that all prestressed FRP tendons were released at the same time. The details of two levels of

releases are respectively summarized in Table 3.4.
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Table 3.4 Details of 67% release and 100% release sequentially comgémith

simultaneously

- 67% 100%
Description . - - -
Sequentially | Simultaneously | Sequentially Simultaneously

€ 0.01 0.01 0.01 0.01
The number
of tlme§ for 5 1 3 1

elastic

shortening

Cert 0BT TP T U @ pp Tt C&@oypm & XUp T
Df, (MPa) 13.24 12.29 41.72 39.37

Where g, refers to the initial strain in each FRP tendon due to prestress fggcés thestrain in

the concrete after undergoing immediate loss, namely the value shown in the strain plateau. The

drop in prestres®f | in the FRP tendons refers to the immediate prestress losses.

As Fig. 3.14 demonstrates, straiatglaugiffer from that computed previously. In another
words, the concrete strain at the level of the FRP tendons due to prestress force being released
simultaneously decreased compared with that of being released sequentially. The concrete strain
is equivalert to the change in strain in the FRP tendons on the basis of strain compatibility, which
means that prestress loss was reduced by using the simultaneous release method. In this case, the
prestress loss due to being released simultaneously decbyas&h and 5.6% more than that of
being released sequentially for 67% and 100% release, respectively. Thus, releasing prestressing

tendons simultaneously helps to improve the strength of pretensioned concrete members.
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Fig. 3.14 Comparison of 67% relese and100% release sequentially and simultaneously

On the contrary, using the proposed approach illustrates how that various factors influence
the FRP tendon transfer length. As illustrated by Fig. 3.15, by normalizing the parameters the
influential factors orthe transfer length of FRP tendons that takes into account the relationship
given by Eq. (47) has been clearly quantified through the study of experimental data [13,14,16].
ConsideringFRP tendons show higher bond strength tharl steends as well as ¢he is little
tendon slippage proved in experiments [13], which is the reason why 1 mm is chosen as the
maximum value of the slip shown in Fig. 3.16. It is noted that the bond strength decreases with
an increasing coefficiere within the range of slip less than 1 mm in Fig. 3.15. Meanwhile, the
solid line from Fig. 3.15 demonstrates that the transfer length is increasing with an increasing bond

stress coefficiena (a =0~ 0.6), which mean that the stronger bond will shorten the distance of

transmission force within the range of slip less than 1 mm.

Fig. 3.15 also shows that the transfer length is related to the initial s&a#0(005- 0.0)
andthe radii of FRP tendong £6~16mm). This is because the larger amount of initial strain is

equivalent to the larger slip as illustrated by Egs. (9) to (12), which further affects the bond stress.
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The larger radius of FRP tendons resuttincreasing the interfaarea between the tendons and

concrete, increasing the bond strength. Furthermore, it can be seen that the effect of the concrete

elastic modulus g, =20000~ 41230/Pa) and the eccentricityg=0~120mm) on transfer length

are not aevident. Due to the dependence of bond strength of FRP tendons on fiber and resin

properties rather than on concrete strength,

Therefore the accuracy of the transfer lbngft prestressed FRP tendongpretensioned concrete

members primarily depends on the bond stress distribution.

700 T T T
Bond stress coefficient o
= == -|nitial strain
600 - Radius of FRP tendons
#  Elastic modulus of concrete
-------- Eccentricity
€ 500 -
£
5
2
@ 400 [
Q
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s =
= 300T-1-=¢T-+ B A Y
200
100 1 | 1 |
0 0.2 0.4 0.6 0.8

Fig. 3.15 Influence of parameters on FRP tendon transfer length

Normalized parameter
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Fig. 3.16 Influence of coefficient on bond stress

3.5Conclusions

A set of governing equationsahdefine the flexural behavior of FRP tendon reinforced
prestressed concrete beams in which the nonlinear relationship between FRP tendons and concrete
is takeninto account was derived using composite beam yhedro establish a clos€drm
solution, apiecewise function was applied to determine the transfer length of prestressed FRP
tendons impretensioneaoncrete members. Through comparing the strain profiles predicted by
this method with experimentaésuls from literature, as well as formulas pided in design

specifications, the following conclusions wel@awn:
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1. The feasibility and effectiveness of the proposed method are demonstrated in terms of
comparison withvariable materials (i.e. AFRP, CFRP) @nexperimental studies by other

investigatos.

2. Using the developed formulation it is demonstrated that different release methods result
in prestress losgariations. The prestress loss due to FRP tendons being released simultaneously
is slightly less lhan that of being released sequentially haulti-level pretensionecconcrete

member prestressed by FRP tendons.

3. An accurate definition of the bond strength between the FRP tendons and concrete is

critical to accurately determining the transfer length

4. Although other predictors based upempirical data exist and are being used, and
importance of the developed formulation is that it defines the primary parameters that affect the
transfer length based upon mechanics theory, namely the bond s&#issetn, initial strain, and

the FRP tenon radii.

5. The development presented herein represents an advancement in theory associated with
the flexural behavior of FRP tendon reinforced prestressed concrete beams. However, there are
practical and theotieal issues that must be further addresgear example, additional calibration
of local bond stresslip relationship parameters through pullout tests on AFRP, CFRP, and GFRP
tendons is needed. Also, the development of analytical equations and solatipnestressed

concrete members with grad FRP tendons is needed.
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Chapter 4 Analysis of Interfacial Stresses in Concrete Beams
Strengthened by Externally Bonded FRP Laminates Using

Composite Beam Theory

4.1 Introduction

Externally bonded fiber reinforced polymer (FRP) lamisatee a valuable technique for
the repair and retrofit of existing concrete structures due to the superior properties of FRP
composites, such as high strength to weight ratio, excellentsgamroesistance, nemagnetism,
and low axial coefficient of theral expansion. Another benefit of using externally bonded FRP
laminates with epoxy resins for strengthening concrete structures is that it does not require changes
of member dimensions; evehthe structure is still in use, the repair or retrofit work dze

conducted quickly and easily.

Over the last three decades, many studies have been carried out on strengthening concrete
structures by externally bonded FRP laminates. The resultst@fistve investigations have
indicated that premature failuresedto loss of bond between the FRP laminates and concrete
structures are one of the key factors that reduce the level of safety of the strengthened structures
[1-8]. Such loss of bond refets debonding failures thatccurat or near the FRP laminates end
either by separation of the concrete cover beneath the bottom layer of reinforcement or interfacial

debonding of FRP laminates from the concrete substfatethermore, those that initiate at any
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flexural crack then propagate to the end of the FRP kesn This paper focuses on analytical

modeling of the first type, referred to herein as FRP end debonding failures.

For reinforced concrete (RC) beamsntithened by externally bonded FRP laminates,
FRP end debonding failures depend largely on intaffatresses, including shear and normal
stresses in the adhesive layer {24. Numerous studies have shown that such brittle failure
mechanisms induced/B-RP end debonding failures begin early in the loading phase of the beam,
which results from intedcial stress concentration at the end of the FRP laminate [1;49].10
As a result, it is critical to develop a sound understanding of interfacialestriessveen the FRP
laminate and the concrete substrate. Therefore, many interfaciallsisestmdels intended to
predict FRP end debonding failures for concrete beams bonded by FRP laminates have been
presented in the literature [1,2,10,13,15]. Thesedels were primarily developed based on linear
elastic behavior of the concrete, resulting in reddy simple approximate closddrm solutions
to predict interfacial stresses. Nevertheless, the constitutive mechanism-slipdretween FRP

laminatesand concrete was not taken into consideration.

In this study, two sets of governing equations tthefine the mechanics behavior of
concrete beams strengthened by externally bonded FRP laminates in whiglipoeldtionship
between FRP laminates andncrete is taken into account are derived using composite beam
theory. The interfacial shear andrmal stresses between FRP laminates and concrete are solved
with closedform solutions. Validation is performed to compare the analytical solution with the
published finite element (FE) model and existing analytical solutions in the literature to @lesure t
accuracy and feasibility of the present method. This novel approach is offered as a more rigorous

and accurate model than existing models that invalgemprehensible formulas. Furthermore,

81



the effect of various parameters on the interfacial behasioexternally bonded FRP for

strengthening concrete beams is evaluated based upon the developed model.

4.2 Literature review

4.2.1 Interfacial stresses

For a simply supported beam strengthened by externally bonded FRP laminates, as
illustrated by Fig. 4L, it is very significant to provide a rigorous analytical solution for predicting
the interfacial normali and sheatl stresses between the bonded FRP laminates and concrete.
All existing prediction modsl were based on the assumption of linear elastic material behavior

and that the interfacial stresses are constant along the thickness of the adhesive.
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Fig. 4.1 Differential element in a simply supported beam strengthened by externally

bonded FRP laminats
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Early development work on an analytical method for concrete beams strengthened by
epoxybonded steel plate was carried out by Vilnay [9]. Based on the elastic analysis, both the
shear and the peeling distributed forces were investigated for the cassavdoncentrated load
was applied at the center of a simply supported beam, indicating that maximum stress values
occurred at the ends of the bonded plate. Robert and Hajikazemi [12] developedagevwmodel
that predicted interfacial shear and nokrsiess distributions for the case of the uniformly
distributed load acting on the RC beam with externally bonded steel plate. Taljsten [13] also
carried out the derivation of an analytical solution to the interfacial stresses in plated beams with
a poirt load using linear elastic theory. The difference with the method by Vilnay [9] was that the
curvature of the beam was taken into account, as well as different boundary conditions. The
analytical models of Malek et al. [1] show good agreement withtsasfuFE analysis, providing
closedform solutions for calculating shear and normal stresses at the plate ends in strengthening
RC beams with FRP plates. However, it should be noted that the bending deformation was
neglected in the analytical procedureNal e k et al . 6s [ 1] solution,
information about how various parameters affect interfacial stresses at failure. Based on the
deformation compatibility approach, the solution of Smith and Teng [2] focused on predicting
interfacial $resses in plated beams for three load cases, namely, a uniformly distributed load
(UDL), a single point load, and twmoint loads. From the solution by Zhang and Teng [10],
interfacial stresses were estimated for curved plated beams, plated beamsfavithlyimarying
load and tapered beams. Similar to the study of Robert [11], an analytical procedure was conducted
with the threestage analysis that assumes full composite action between the concrete and the
bonded plateHowever, a large number of expaental and analytical studies [23;28,40] have

indicated that the bond behavior between concrete and FRP laminates is not only affected by
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adhesive lay, but also affected by other factors, such as the bond width of FRP laminates, FRP
material types, th roughness of concrete surface, and concrete strength. Therefore, the analysis
of the behavior of concrete beams strengthened by externally bonded FRP laminates should be
conducted based on the partial composite action rather than full composite &ctitime partial
composite beam, even for full composite beams, slip effects must be considered [21,41,42]. For
this reason, the aim of the current work is to take into account the slip effect between the interface
of concrete and the externally bondedF-Rminates, so as to develop rigorous closed form
solutions for interfacial stress in which the mechanics behavior of concrete beams strengthened by

externally bonded FRP laminates is analyzed in terms of partially composite action.

4.2.2 Composite beantheory

Composite beam theory, as the name suggests, is applicable to a composite beam composed

of two or more elements. As illustrated by Fig. 4.2, two separate elements of the member are
connected by means of discrete connectors, and in this casantivertse forcep, and horizontal
shearq, are transmitted from one element to the other through the connector. Simultaneously,

the effect of relative movements between each other, referred to as thgenstipawill be taken

into account.
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Fig. 4.2 Differential element in composite beam member with axial loadNj, moment (M),

shear force /) and distributed load (q(x))

Granholm [17] originally developed the fundamental governing differential equations
(GDE) for nailed timber structures in 1949. During the same period, the theoretical analysis of
composite beams with incomplete interaction was studied by Newmark &8Jain [L951. The
results from tests of-beams composed of rolled stedddam anatoncrete slab were consistent
with the theory, which wvalidated the feasi
Furthermore, it also proved that composite béheory may be used for any kind of structures
composed of two or more interconnetiements as long as the underlying assumptions were
satisfied. Girhammar and Gopu [19] conducted fiastd seconabrder analyses for composite
beamcolumns under trangvse and axial loading through the consideration of partial composite
action, and a&o determined the critical buckling loads for a pure column in the sexded
analysis. The study proposed by Foraboschi [20] addressed the exact analytical sothi&on of
two-layer beam based on the bilinear model of the relationship between tfeciateshear stress
and the slip. Bai and Davidsondés [21,22] r
concrete sandwich panels provided a clefech soluton to symmetrical and unsymmetrical

wythe structures that included both longitudiaall transverse interactions. Subsequently, Sha
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and Davidson [16] developed a new approach to estimate the transfer length in pretensioned
concrete with FRP prestressedidens using composite beam theory. The set of governing
equations waderivedby combining with the nonlinear borslip relationship for FRP tendons in

concrete.

4.2.3 Bondslip (U -) relationship

As mentioned above, accuratelyfidang the bondslip (U -) relationship is a key
challenge irdeveloping an analytical model for the evaluation of concrete beams strengthened by
externally bonded FRP laminates. A number of existing models can be found in #terkténat

are based on theoretical analysis and experiments, and that rangengamalnd bilinear to
nonlinear mechanics. Lee et al. [23] obtained the slip modddy}y §t FRP laminateoncrete

interfaces through experimentaéasurements of three different types of FRP laminates, which is
based on a linear rdel assumption between bond stress and slip. Lorenzis et al. [24] conducted
flexural tests on a plain concrete beam externally bonded with an imniestebe CFRP lamirat

and carried out lineaglastic analysis by means of the shear lag approach; line efithe slip
modulus was evaluated. Doulfece shear type tests were carried out by Nakaba et al. [25], who
proposed the local bond stresigp relationship defined irEq. (1), which was based on the
Popovi csd [ 3 1-ktraimrelatibnshidfer a&oncreset Merenweer, the effective bond

length in terms of the proposed model was determined.

E:_S n 1
G 5 An+iy’ =
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G=13.'5 (2)

where { is the maximum local bond stresk,is concrete compressive strength for the limited

rangeof 24 to 58 MPas,, is the slip corresponding tﬁln with a value of 0.065 mm is a
constant that is calculated using the least square method and in moshea3eshree bond

slip models were proposed onthé&lbondbehaviomof GFR® s [ 2
laminateconcrete interfaces that cha used to define the nonlinear bond steigsrelationship:

logarithmic model, modified Popovics model and hyperbola model. Dai et al. [26] provided
experimental and analytical resulbbtained using a method for accurately measuring pullout

forces ad loaded end slips in pullout tests for FRP lamirtatecrete interfaces, instead of the
conventional method for recording the strain distribution of FRP laminates to define the local bond

stressslip relationship. The resulting interfacidl - model is defined in Eq3}:
U= 2,B,[G exp--B,s) 3)

where G; is the interfacial fracture energy a} is the interfacial material parameter, bofh

which are obtained from the regression analysis of test data. The expressmndod dy by

Dai et al. [26] are defined as the follmg:
G, =0446(G/{ F** ™ (£ { F* 4
B, =6.846E, 1, ' G/, ™ 5)

where G, is the shear modulus of the adhesileis the thickness of the adhesivegda, E, is the

elastic modulus of the FRP laminates, znpdis the thickness of the FRP laminates. As defined in
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the fib Model Code for concrete structures 2010 [32], Ko ef38] calibrated three primary

parameters of the given bilinear local besigh model based upon experimental results of 18

doubleshear bond tests: the maximum local bond stré],s% the slip &,,) correspading to L}n

and the ultimate slipy,;). The proposed model is as follows:

é,, o ~
G 6 ¢0¢s

=} S * ©)
IQ' l'An( S m)S g; qﬁ
S PEICS "

where the parametefs,, S, , ands,, were defined as the following, and concrete compressive

strength is limited to the range of 16 to 76 MPa; in metric (SI) units:

0=0.1 (7)
s,= -0.001f #©.12 (8)
s:= -0.002f #.30. 9)

Fig. 4.3 compares the bond strafip models for externally bonded PRaminateconcrete

interfaces by different researchers using a concrete compression strength of 50 MPa.
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== Nonlinear model by Nakaba et al.
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Fig. 4.3 The bond stresslip models with f, =50 MPa

It can be seen that the bilinear model by Ko et al. [30] is in reasonablenegritegith the
other twononlinear models [25,26]. The fracture energy of these three-dlipgndhodels is
approximately same, especially the elastic ascending branch of Ko et al. [30] is consistent with
that of the others. However, the advantage of tineslar model by Ko etla[30] is in its simplicity
without significant loss of accuracy compared to other models. Consequently, the ascending
branch in the bilinear model by Ko et al. [30] was used as the constitutivesiyjoragfinition

between the FRRminates and concreite this study.

4.3 Methodology

As shown in Fig. 4.4 (athe simply supported beam strengthened by externally bonded
FRP laminates is subjected to a Uibiat can be decomposed into the three cases illustrated in Fig.

4.4 (b), Fig4.4 (c), andFig. 4.4 (d), considers the concrete and FRP laminates as separate parts
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connected by adhesive. In the case of Fig. 4.4 (b), the load that the concrete and RRiedami
have at the same the deflection is set, whereas Fig. 4.4 (c) defweibeacrete and FRP laminates
at the same deflection magnitude but different signs. For the remaining loads shown in the case

of Fig. 4.4 (d), the concrete and FRP laminate® [thfferent deflections. In the present stuqy,
is the uniformly distributed load on the beaf,is the support reaction equal @5 q L at both

ends,a is thedistance between the FRP cutoff point and the support of the sphan tfe

coordinate originX=0 is located at the left FRP cutoff point defined in Fig. 44,is the
modulus of elsticity of concrete E, is the modulus of elasticityf the FRP laminated, is the

moment of inertia of concrete, and]lp is the moment of inertia of FRP Ilaminates,
Q=qE I/(E I *E,1,) ., Q=qEI,/(EI 1) , R=05Q(L-29 |,

R,=05Q(L-29.
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Fig. 4.4 The decoupling process for the simply supported beam strengthened by externally

bonded FRP laminates and subjected to UDL

91



4.3.1 Assumptions

The following assumptions and limitations were involved in the theoretical development

presented herein:

(1) Linear elastic constitutive behavior and small displacement.

(2) Shear deformatiothrough the concrete beam cross section is negligible and shear

deformation through the laminate cross section is negligible.

(3) FRP laminates provas$ no bending resistance.

(4) Interfacial stresses are constant through the adhesive thickness.

92



4.3.2 Interfacial shear stress

4.3.2.1 Axial force equilibrium

The equilibrium of forces in the axial direction of the concrete member-seasi®n

strengthead with FRP laminates illustrated in Fig. 4.5 is given by Eqg. (10):

i
Neutral
Axis
Concrete
-~
he
de | = i = |N®)+N'®)dx
Nx)
) M(x) M(x)+M’(x)dx
Adhesive [ ot
| | £t i
tﬁ o 1 - 7 e EE
FRP laminates- by - dx

Fig. 4.5 Crosssection anddifferential length section of concrete member strengthened by

externally bonded FRP laminates under internal forces

¢ b, dx= Ni(x)dx (20)

where? = interfacial sheastress between concrete and FRP Iamindups, the width of FRP
laminates, andNj(x) = the first derivative foa given function of resultant axial force acting on the

cross section. Substitutily(x)= A0, =A [into Eq. (10), whereA, = the cross section area
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of the concrete(l, = the concrete stress diethe axial force A, = the cross section area of FRP

laminates, andl,, = FRP laminates stress due to the axial force.

th=(AbY A §f (11)

Eqg. (12 is given by substituting, = E ., 0,= E .. andQ= is, Q= ig into the Eq. (11),
WhereQ = the concrete axial strahﬁl = FRPlaminates axial strairgj, = the first derivative of

concrete displacement due to the axial force, gjpa= the first derivative of FRP laminates

displacement due to the axial force.
tb,=AE A E g (12)

It should be noted that the total skpcan be divided into two partne is relative

movements, due to axial force and the other is relative siglue to bending. In order to better
understand the slig, associated with bending, it is demonstraied-ig. 4.6, wherdy, = the
distance from the concrete beam centroid to therakaxis,g. = the deflection of the concrete
beam,gj = the first derivative of the deflection of camte, which is approximated as the slope

angle of concrete. Correspondingly, = the distance from the centroid of FRP laminates to the

neutral axisg, = the deflection of FRP laminates, agjd= the slope angle of FRP laminates.
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Fig. 4.6 The slips, due tobending

S=§+5 (13)

where
Si=9: *S, (14)
s=ha +h, (15)

The second derivative of Eq. (14) with respect to the independent vaxable
SiFS. 9y (16)

Combining Eg. (12) with & (16), Eq. (17) is given by:

BNLLG LY. a7)
TEAE B EE &

Substituting Eq. (12) into Eq. (17), results in Eq. (18):
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th=AE-—3 ' -AE_
a AE O 1aApEp
A

Taking into account the rationship between the slip and the bond stress, namely, that of
the total slips and interfacial shear stress

t=Ks (29)

where K = the shear stiffness, which is based on regression analysis of pullout tests for FRP

laminateconcrete interfaces. Substitgiieg. (19) into Eq. (18):

Si i S il
Ksh,= AéEcaJr/At QAbEp 1éApEp (20)
;?ApEpﬁ ¢ CAE,

Then substituting the second derivative of Eq. (13) into the Eq. (20) yields:

Ks=3( ist,): (21)
where
" éAZDEC 5. Agsz (22)
~b 1 p
"B e, 8% AL

Rearrangig Eq. (21) and substituting the second derivative of Eq. (15) into Eqg. (21), Eq.
(23) can be written in the form:

Si 'ig s =hg, i i (23)
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4.3.2.2 Bending moment equilibrium

By means of the equidrium between the internal bending moment and the known external

momentM,, Eq. (24) is given by:

M =M, M, H N hiN, (24)

where M = concrete moment due bending,M ; = FRP laminates moment due to bendihg,

= axial force acting at the centdoof concrete, andN,, = axial force acting at the centroid of FRP

laminates. It should beoted that the bending resistance provided by FRP laminates is negligible,

i.e. M =0, since it is much lower thahat provided by concrete. Accordingly,

—A G = Si o
N, = A E—* =
c A:Uac c J-:z%‘_'_AtEC 6 ﬁ‘h (25)
G '%Ep@
N =AO, =A E—2 =g (26)
T TR A 8 T
¢ AE 2
Mc: _Eclcgi: (27)
Consequently, Eq. (24) can be written as:
M= E gt h Hh, e (28)

The first derivative of Eq. (13) after combining with Eq. (14) and E5) is as follows:
si=s tha. dhi, (29)
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Substituting Eq. (29) into Eq. (28), Eq. (30) with regardénding moment is expressed

as:
Mo= El G f h §h & Bi.s ih)« (30)
The governing equations can be given by combining Eq. (23) and Eq. (30):

.
fsi-i;s g Mg Qi

1 (31)
:’Mex: _Eclcgi: I'( ch -p')_) h pg3~ lé-l ¢ R p'h;) (

4.3.2.3 Solutions of thgoverning equations

The superposition technique illustrated in Fig. 4.4(¢))facilitates a rigorous analysis of

longitudinal and transverse interactions in an accessible and systematic way. The cases shown in

Fig. 4.4 (b) and Fig. 4.4 (d) are applieddetermine the interfacial shear stress, whereas the case

of Fig. 4.4 (c) has no slip beeen concrete and FRP laminates that result in the interfacial shear

stress is zero. The solutions for estimating the interfacial normal stress based on Fygarfd4 (c

Fig. 4.4 (d) will be discussed in a later section. In the case shown in Fig.,4Re(bdncrete and

FRP laminates have the same the deflecgoand therefore Eq. (31) can be rewritten as:

IéSi-l—SZGJo [
1
32
PRUSSN >
[ Z,
where
e:h)+f‘k (33)

98



Z,=€xh +E | (34)

e 3
AR (35)
ZS
Accordingly, with the boundary conditions, the slip is zero at—midns% %0 due to
g -

symmetry, and as a result of zero moment at the end of the FRP langjr{afh= , combining
with external moment for the case (M= -0.5qX @.5g(L 2a) x, the general solution for

a slip § from the case (b) is given by the following expression:

5=C cosfe x+,C i h h &> (36)
where
e3 (
A= 37
7 K (37)
e3 .
B=——g05q L -2 38
7 EodL-29 (38)
K
o= 39
clzgtanhae—a‘zL 8. 62345 i‘a - (40)
% T s
SIE*Q >
c,= 2 (41)
o



Consequelty, the shear stresL% from the case (b) is expressed as:

4= K, 42

In the case shown in Fig. 4.4 (d), the concrete and FRP laminates hawntdédtections.

Recall that the slip due to bendisg=h.gj +} , can be rearranged as follows:

s=eg - p( .9-) (43)

It should be noted that, (g& g)i can k& negligible compared with the value egj .

Therefore, Eq. (43) then becomes:
S, = e (44)
Similarly, considering thah, (g“ g) can be negligible compared with the valueegj ,
will result in h.gi+ h o= je-g( ) 5) g 9 Substitutig Eq. (44) into Eqg. (21), the set of

governing equations for case (d) is given by:

. .K .
SI'I;S = i
(45)

— = ——> (p

In accordance with the boundary conditions from case (d), the slip is zero-apamd

535 "80 due to symmetry, and as a result of zero moment at the end of the FRP laminates
g -

1
gi(ig)= ((a )_ combining with external moment for the case (d),

2E. I
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M, =0.5qa L -, the general solution for slig, from case (d) is given by the following

expression:
s,=C coslfe x+,C i} (46)

where

= e & Lo a 1

= tanhge— L 47
1T 2NZa 8 2%8( e)ge_szclg 47

_ ail 1
C, = al L - 48
TV qa( @ge—z E (48)

Consequently, the shear strégsfrom the case (d) is expressed as:

t,=Ks, (49)

Therefore, in terms of the principle of superposition, the shear gtrésshe sum of the

shear stresg, from case (b) and the shear stréssfrom case (d) can be expressed a®ve:

z‘=KgCl él)cosf(a»y (+2C_3L)C Ei)nh+a> (50)
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4.3.3 Interfacial normal stress
4.3.3.1 Governing equations of interfacial normal stress

Considerirg that the concrete and FRP laminates parts are connected by the adhesive for

interfacial trasverse and longitudinal stresses transfer, the equilibrium can be established as

illustrated by Fig. 4.7:

Vf‘ I A A « M.+M. dx
M.
N“‘C | N:"‘N(, dx
| | ﬂf 1 1 1
-, V(,"' Vc’dx
% e R
p, BT '
Mp | q- : : :“-v : : : hé Mp+Mde
B t_.:L_lllJA l_l.l
N, N =N, dx
e dx - VptV,dx

Fig. 4.7 Differential element in concrete beams exteraly bonded FRP laminates with

adhesive

For concrete on the top, the shdaection equilibrium condition of the force acting on the

differential element shown in Fig. 4.7 is given by:
Vidx= 4 p dx (51)

where U = interfacial normal streseBetween concrete and FRP laminates, ¥id= the first

derivative of a given function for transverse shear force acting on the cross section of concrete.

The moment acting on the differential element of concrete is expressed as:
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V. dx= M; dx+ b, % dx+g( d) < b dy (52)

where M = the first derivative for the resultant bending moment acting on the cross sgfction

the concrete. Eg. (53) is obtained by recognizing that the secondesrdés negligible compared

to the first order term:
) d
V, dx= Mj dx+ prC d> (53)

The governing equations for concrete can hemgiby combining Eq.5(1), Eq. (53), and

Eq. (27):

dg°—qup #ng (54)

Similarly, the shear direction equilibrium condition of the force acting on the differential

element of FRP laminates on thetbm is defined as following:
Vj dx=0 b (55)

whereVj = the first derivative for a given function of transverse shear force acting on the cross

o

section of RP laminates. The moment that ignores the second temnter %bp (dx)2 acting on

the differential element of FRP laminates is expressed as:
. 1 tp
V, k= Mj, dx 0 b (56)
Accordingly,
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M = E 1,0 (57)

The governing equations for FRP laminates can be given by combiningsiEdEg. (56),

and Eq. (57):

d4
E 1, 2=
dx’!

ap 40b (58)

2

Subtracting Eq. (54) from Eq. (58) yieldg.E59):

d'g d'g _ 8 p b0 8t d @
d¢ _uﬁgﬁlcﬁgwglp 261, B (59)

In accordance with the linear elastic constitutive law behavior for the adhesive:

i=K( ,9-) (60)
K,=— (61)

where K, = the normal stiffnessk, is the modulus of elasticity of the adhesi¥g,is the

thickness of the adka/e. Substituting the fourth derivative of Eq. (60) into Eq. (59), Eq. (62)

with regard to the interfacial normal stress is expressed as:

aq@ . -
——+¢, 0= yi B 62
K ° sl E. I (62)

n cC C

where
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&E, I, +E, |
%~ QE I.E I (63)
C —ccp'p

— é' tp dc
¥s= Q?ﬁ 2E I (64)

PP
4.3.3.2 Solutions of the governing equations

The cases shown Fig. 4.4 (c) and Fig. 4.4 (d) are applied to definarnkefacial normal
stress, whereas the case of Fig. 4.4 (b) has no relative transverse movement between concrete and
FRP laminates that result in the interfacial normal stress is zero. For théncaseirs Fig. 4.4

(c), the concrete and FRP laminategenthe same deflection magnitude but different signs:
%= -9 (65)

whereg,, andg,, refer to the deflection of the concrete and FRP laminates from the case (c),

respectively. In order to determine the deflection of the concrete and FRP laminates, consider that

case (c) is relative motion in which the adhesive in the inteateegortions treated as a spring
attached rigid bodies under uniformly distributed I63d The equation representing that motion

can be written as follows:
b,(L- 2a) kg, = L- } (66)
whereKk; is defined as the spring coefficient,

2E
k = ta 2K, (67)

a
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Therefore,

%= - g =% (68)

SubstitutingQ, =q E, Ip/( El. £, p) into EqQ. (68), and becomes:

q Ep IP
q.= - = (69)
4 2Kb,(E I,+E, 1,)
In accordance witEq. (60), the normal stress from case (c) is expressead:
° aq Ep Ip
uC = Iﬁ C| - CC g = (70)
Lok S Te e

In the case shown in Fig. 4(d), there is no distributed load acting on the area where concrete

is bonded to the FRP laminates, and governing equation Eq. (62) can be rewfitleowas

+6, § =Y (71)

b= (72)

And the characteristic equation representation of Eq. (72) is as follows:

(4)
a _
K +G, P (73)

n

106



where & = the chaacteristic roots that are given by the following expressions:

aﬂ/ Sl g B (74)
a=fns 5 (76)
= -‘\*/K“f g/ 8 77)

Consequently, the general solutioithe homogeneous equatiﬁgb is as follows:

U= e kp)gh,x (D)cto,s 0 X gD(si-h Bx( Jexp (b)x (78

where D,, D,, D,, D, are quantities that can be defih using the boundary conditions as

illustrated in a subsequent section, as well as

: (79)

The particular solutiortl,, of nonhomogeneous differential equation Eq. (71) can now be

calculated based on the rightnd side portionfdahe structure,
Yo b= K&, C gs)imh afk ) (80)

Hence, the particular solutidiy, is given in the form:
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Uy=Hs( nNhax( J (81)

where

K C
H:YS4 h< 1 (82)
&+ K (G
K K ,C
T=¥s KB L (83)
>+ K (G
Thus, the general solution of the governing equation Eqg. (71) is given by:
= fb +4f (84)
6= e fp)@.x (D)ovos b g (si-h Bx( fxp (D)

+Hsinh(a X+ T ok h & x

It should be noted thahé normal stres8, will approach zero with increasing, which

reallts in D, =D, #, and Eq. (85) can be rewritten as:
0= ekp )gh,x (D)ce,s 60X gBs{n bx (H (86)

Considering the boundary mditions for obtaining two unknown constariy, D, ,

M, (0)=0 and MC(O):q—;(L -a) for case (d), which leads to the second derivate of deflection

at the end of FRP laminateg(iP= and at the end of concreg(iY= thal (L),

respectively. Based on Eq. (60), tkddwing boundary condition wher=0 is given by:
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6i (0)= K( ,0-i)io =akio—( L (87)
eZEC Ic

Taking into accounthe third derivative of Eq. (60) and combining with Eq. (27), Eq. (57)

can be rewritten as fows:

i KeladM 0 1 & dM, ¢ (88)
§ ¥ Ihee e dx JE1,E dx ¢
Substituting Eq. (53) and Eqg. (56) into Eq. (88) results in:
. e v. bty . U

Gi + i e c p- ¢ 89

FFWREE . ZE1 EN. 2RI, (89)

At x=0 for the case (d)V,(0)= -B, VC(O):q%g -a gﬁ_’, as well ast,(0)=KC,

& ¢
(e e 9
- 3+7K
i (9= ”éECIC %2_907 21 ¢ (50)

Hence, substituting Eq87) and Eg. (90) into the second and the third derivatives of Eq.

(86), respectivelyP, and D, can be expressed as follows:

1P Caal _g.= 4t d 0 f
-1 e a QeChE S o gRR L e o
207 @lgfr 9 p2pE|CC%E|§,/
1 eK,ga ,
(L a) T 92
¢ 2b2é2CEC(| a) T 52)



Therefore, through applying the principle of superposition, the normal stresthe sum
of the normal stres8, from case (c) andhe nomal stresdl, from case (d), and can be expressed

as follows:

4.4 Validation andcomparisons

In orderto verify the accuracy of the proposed method, comparisons were made to
published finite element results [43] and existing models by other investigators [1,2], respectively.
Although many experimental studies have focused on therpshce of reinforcedoncrete
beams strengthened by externally bonded FRP laminates, it was found that measuring interfacial
shear and normal stresses is practically impossible [44,45]. Therefore, additional validation was
conducted to compare the pressolution with the phlished FE model [43] as an alternative that

cannot be compared with experimental results.

Beamspringbeam (BS-B) models [43] were developed for predicting interfacial stresses
and debonding failure in structural members strengthegebonded plates ugj the FE method
in which the beam and the bonded plate were both modeled by beam elements while the adhesive
layer was modeled by spring elements. As a result, interfacial stresses are constant through the
adhesive thickness, whigh consistent with thassumptions of the model developed in this study.

Also, it should be noted that the stiffness of the spring element adopted the stiffness of adhesives
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layer K=G, /t_ in B-S-B FE model. Therefore, comparisons aeef@rmed for validatio of the

present method with shear stiffneéss G, /t,. The example from Zhang and Teng is a simply
supported reinforced concrete beam strengthened by FRP laminates under UDL. The beam span

is L=3000 mmn, UDL acting on tle beam isq=30N /mI, and the distance from the support to

the FRP laminates cutoff point &= 300 mn. The geometric and material parameters are listed

in Table 4.1.

Table 4.1 Material parameters usd for comparison with FE analyses

Part ela'\ilc,(t)igiltjl/u(SMolia) Width (mm) Thickness (mm) Poi ssond
Concrete E. = 30000 b, = 150 d. =300 3 =0.18
Adhesive E, = 3000 b, =150 t,. =2 3, =0.35

FRP laminates E, = 200000 b, =150 t, =3 3, =0.3

As shown in Fig. 4.8 and Fig. %.the predictions of the interfacial stress distribution by
the present solution are in very close agreement with the corresponding FE results based on similar
assumptions, which demonstrates the accuracy of analytical solutibis study. The preded
interfacial shear stress peak value is 5.1% higher than that from FEM; the predicted interfacial
normal stress peak value is 3.8% lower than that from FEM. The reason why the discrepancy only

appears at the end of FRP laates is due to the stressaitarity [46].
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——FEM by Zhang & Teng|
|~ Present method

K =G,/t,

Interfacial shear stress (MPa)

—

0 100 200 300 400 500 600 700 800 900
Distance from the FRP laminates end (mm)

Fig. 4.8 Comparison between FE analysis and present results for the interfacial shear stress

[~e—FEM by Zhang & Tcng.
= Present method

0.5
K = Ga/ta

Interfacial normal stress (MPa)

e

-0.5
0 100 200 300 400 500 600 700 800 900

Distance from the FRP laminates end (mm)

Fig. 4.9 Comparison between FE analysis and present results for the interfacial normal

stress

The second validation example is from Smith anadr§], which is also the simply

supported RC beam with the spanlof 3000 mn, UDL acting on the beam i§=50N /m,

and the distance from the support to the FRP laminaitesf point is 8=300 mn as showrin

Fig. 4.10. The geometric and material parameters are listed in Table 4.2.
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Fig. 4.10 The simply supported concrete beam externally bonded FRP laminates subjected

to UDL used for validation

Table 4.2 Material parameters used for comparison analyses

Part ela'\g(t)igiltjl/uflvlo;a) Width (mm) Thickness (mm) | Poi s s on g
Concrete E. = 30000 b, = 200 d. =300 N/A
Adhesive E, = 2000 b, =200 t, =2 3, =0.35

FRP laminates | E, = 100000 b, =200 t,=4 N/A

The solution for interfacial shear stress from Eq. (50) baped K =¢,,/s,,, K=G, / t,

and K =383.6 MPa/ mnin the present study were compared to the predictions of Malek et al.
[1] and Smith et al. [2] and aprovided in Figs. 4.11, 4.12, and 4.13, respectively. Spaliyf,

the shear stiffnesK =¢,,/s,, is from the boneslip model proposed by Ko et al. [30], which is
based on a regression analysis of pullout tests of bondeecéiitiPete intdaces. The shear
stiffnessK:Ga/ta has leen widely applied to previous methods for the analysis of interfacial
stress in which the local bond strestip relationship between concrete and FRP laminates is not

taken into account. Thémmodulus K =383.6 MPa/ mnwas evaluated by Loreis et al. [24]
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by means of the shear lag approach together with the determination of the thickness of composite

systems using a Scanning Electron Microscope (SEM). As can be seen in Fitheldresent

method withK =¢, /s, andother e sear cher sd6 met hods have a di s«
stress peak values, which gradually vanishes as the distance to the midspan decreases. In contrast,

it can be observed from Fig4.12 and 4.13 that the results from the present method with
K=G,/t,and K=383.6 MPa/mnshow cl ose agreement with Sm

whereas it still has a small discrepancy with the results of Malek et al. [1$. iSThecause the

effect of bending deformation of concretaddfRP laminates on the interfacial shear is not taken

A

into account in Malek et al.dés [1] solution.
value of slip, resulting in the intedai a | shear stress predicged by

slightly larger than the values estimated by Smith et al. [2] and the current method.

The predicted results witK =G, / t, of the current method are almost identical to those
from Smith et al . 6s [ 2] s oillugtrated onnFig.w4il2, lvhich h e s a
demonstrates the accuracy in the interfacial shear stress calculations using composite beam theory
of this gudy. It is worth noting thaﬂnax at the end of the FRP laminates from this study is only
2 5% | arger than that of Smith et al.dds [2] so

FRP laminates is negligible. This furthiedicates that the effect of bending deformation of FRP

laminates on the interfacial shear stress is negligibtgeaoed to that of concrete.

As can be seen in Fig. 4.13, the agreement between predicted results with
K=383.6 MPa/mninthisstuy and those from Smith et al.os
demonstrate the accuracy and efficiency of the ptasethod by considering the shear stiffness

K between concrete and bonded FRP laminates. It should be notdebtHtarences between
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the predicted results based 6n=¢ /s, wi t h ot her r es elaertactheeshemrd ar

stiffnessK conducted by Ko et al. [30] is much lower thrFG, /t.. However, i fact, the

definition of the constitutive mechanism of besigp for FRP laminateoncrete is a complex
problem that is not only governed by properties of the adhesive but also depends on concrete
strength, FRP laminates and concrete width ratio and kRPsdiffness [30,335]. Therefore,

an accurate assessment of the bsli@(U -) relatinship for FRP laminateoncrete is essential

to the analysis of the mechanical behavior of concrete beams with externally bonded FRP

laminates.

===Smith et al.
=0 -Malek et al.
— Present method

K= Tm./sm

Interfacial shear stress (MPa)

— i, e

0 100 200 300 400 500 600 700 800
Distance from the FRP laminates end (mm)

Fig. 4.11 Interfacial shear stress distributions near the end of FRP laminates with

K=t.,/s,
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===Smith et al.
=0 -Malek et al.
= Present method

Interfacial shear stress (MPa)

K =Gu/t.

0 100 200 300 400 500 600 700 800
Distance from the FRP laminates end (mm)

Fig. 4.12 Interfacial shear stress distributions near the end of FRP laminates with

k=G, /1,

===Smith et al.
=0 =Malek et al.
= Present method

3L 5 T T T T n|

Interfacial shear stress (MPa)

K = 383.6MPa/mm

0 100 200 300 400 500 600 700 800
Distance from the FRP laminates end (mm)

Fig. 4.13 Interfacial shear stress distributions near the end of FRP laminates with

K =383.6 MPa/ mn
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From Figs. 4.14, 4.15, dm.16 the comparison between the predictions of the interfacial
normal stress based upon the shear stifffesd /s, K=G, /t. and K=383.6 MPa/ mn
presented in this study and the solutiondViaiiek et al. 1] and Smith et al. [2] are illustrated,
respectively. Fig. 4.14 shows that the present solution with the shear stifmes/s,, have a

discrepancy with results of other researchers near the end of the FRP lamindtesisuildpancy
gradually vanishes as the distance to the midspan becomes small. The reason is that the

determination of interfacial normal stress derived by Eq. (94) takes into account the results of the
interfacial shear stress, and interfacial sheassas based df =¢ /s, are different from those

of other researchers. However, as can be observed from Figs. 4.15 and 4.16, the predicted results
with K=G, /t. and K=383.6 MPa/ mnare in close agreement withe solutionsf Smith et

al. [2]. Also it can be found from Figs. 4.14, 4.15, and 4.16 that there are some discrepancies
between the results of Malek et al. [1] and others in the region of negative interfacial normal stress.
This is because the tensgiFess in FRPaminates was mistaken for the interfacial shear stress in

the process of Malek et al.o6s [1] solwution fo

solution of tensile stress without considering the effects of bending defonnaodtemncreteand
FRP laminates, resulting i, at the end of FRP laminates of Malek et al. [1] is 24.4% larger

than that of Smith et al.o6s [2] solution.
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Fig. 4.14 Interfacial normal stress distributions near the end of FRP lamates with

K=t.,/s,
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Fig. 4.15 Interfacial normal stress distributions near the end of FRP laminates with

k=G, /1,
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Fig. 4.16 Interfacial normal stress distributions near the end of FRP laminates with

K =383.6 MPa/ mn

As the interfacial shead and normal stresé have been determined in Eq. (50) and Eq.

(94), respectively, the peak value of interfacial stress at the end of FRP Ian(inal@)s can be

defined by the following:
(o= K CF,CH (95)

qEP IP

£ ILvE ) =

ljmax: Q +T
b,

The results of the maximum value of interfacial stress given by35) and Eq. (96) for

the example were compared to those of the former [1,2] and are summarized in Table 4.3. Thus,
it is evident thatL';!ﬂaX and 0, at the end of FRP laminates by the solution Wtk ? . /s, in the
present study are smaller than that of other solutions because the result depends on the shear

stiffnessK , whereas the shear stiffnes=z /s, from pullout tests for bonded FR®ncrete
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interfaces is smaller than the shear stiffness calculated from elastic properties of adhesive, which

has been proved in the extensive literature38B

Table 4.3 Comparison of peak values ahterfacial stress

Peak value of Peak value of
o interfacial sheay (- U interfacial O Uiy
Description stress(] Qi normal stress V.
(MPa) lt:Imax (Mpa)
Smith et al. [2] 2.740 0 1.484 0

Malek et & [1] 3.078 12.3% 1.846 24.4%
PresentK=U / 9 1.609 41.3% 0.803 45.9%
Present K=G, / t.) 2.808 2.5% 1.387 6.5%
Present 2.854 4.2% 1.408 5.1%

(K =383.6 MPa/ mn) 85 2% - %

4.5 Influence of parameters on the interdcial stress

In order to study the influence of various factors on the peak interfacial é};}ﬁ&md

normal U ., stress, parameters ranges were selected based on experiment data [25,30] and

normalized for bette quantification, i.e., the distance from the support to the end of FRP

(a=0~400mn), the thickness of FRP laminatgls, =0~ 4 mn), the width of FRP laminates
(b, =50~ 200 mn), the depth of concreted{ =100~ 400 mr), the elastic modulus of concrete

( E,=20000- 40000MP ), the elastc modulus of FRP laminates

120



(E,=100000- 300000 MF), the shear stiffnesd{ =30~ 3500 MPa mr) and the width of

concrete p, =100~ 400 mn).

Figs.4.17 and 4.18 show how various factors affect the peak interfacial @annd

normal U, stress. The maximum interfacial stresses, Ug,,and U, bothare ncreasing as

the distance from the support to the end of FRP laminates becomes larger. Also, as the thickness
of FRP laminates increases, the maximum interfacial stresses increase. This is the reason why the
application of multiple layers will incese tle stress at the end of FRP laminates. In contrast, the
results indicate that the effect of FRP laminates width on the peak interfacial stresses are not
evident within limits. It is worth noting that the influence of concrete depth and width haee so
difference: as the depth of concrete becomes larger, the peak value of interfacial stresses decreases
significantly, whereas, as the width of concrete becomes larger, the peak value of interfacial
stresses decreases relatively less. This is becaulsegaalepth of concrete affects not only the

tensile force developed in the concrete, but also the bending moment. In turn, it has a greater

impact on the results. It is also found that larger elastic modulus of concrete and FRP laminates

results in icreasng (. and0,__ . As previously mentioned, Figs. 4.17 and 4.18 further illustrate

that the maximum interfacial stresses are closely related to the shear sifnedsch means

that thelarger shear stiffnesK will remarkably increase the peak value of interfacial stresses.
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Fig. 4.17 Influence of parameters on the peak interfacial shear stress
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Fig. 4.18 Influence of parameters on the peak interfacial normastress
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In addition, Fig. 4.19 through Fig. 4.26 demortstithe influence of various factors on the
distributions of the interfacial shelirand normaltl stress determined in Eq. (50) and Eq. (94),
respetively. The results from Fig. 4.19 and Fig. 4.25 revedl the interfacial stress is closely
associated with the distance from the support to the end of the FRP and the shear stiffness, and the
effect mainly occurs near the end of the FRP laminateshéather side, the concept of the active
bond length of eternally bonded FRP systems for strengthening concrete structures [39] also
confirms the accuracy of the results. In Fig. 4.21, again for FRP laminates width, the effect on the
interfacial stresss are not significant, as mentioned above. Fig. 4.20 stawv&RP laminates
thickness has a wide range of influences. As illustrated in Figs. 4.23 and 4.24, the effects of elastic
modulus of concrete and FRP laminates are relatively minor, but théytvoughout the bond
area. By comparing the effectof@con et e dept h with concrete widt
distribution illustrated by Figs 4.22 and 4.26, it is not difficult to recognize that the former is more
obvious and the latter is gnaally weakening. Furthermore, the similarity between tflaence
of the concrete depth and width on the inter

primarily reflected close to the end of FRP laminates.

(MPa)

Interfacial shear stress

) 2 100 100 2
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4.6 Conclusions

The interfacial sheaf and nornal s stress in concrete beams strengthened by externally
bonded FRP laminates subjected to UDL are analyzed by using composite beam theory in this
study. A rigorous analytical approach considering the ishipdrelationship betwee FRP
laminates and concrets developed for the determination of the mechanics behavior including
longitudinal and transverse interactions. Two sets of governing equations are derived for
interfacial stresses that include the interfacial shear stremsd the interfacial normal stress.

The closedorm solutions are given by means of superposition technique in which UDL is
decomposed into three simple subcases. Through comparing the distributierfacial stresses
evaluated based upon the developed model with those from the published finite element modeling

results and existing models by other investigators, the conclusions were drawn as follows:

1. The present approach associated with the s$téffmess K =G, / t, shows good

agreement with published FE results and analytical solutions by other investigators, and

demonstrates the feasibilignd effectiveness in the interfacial stresses predictiomdocrete
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beams strengthenedy kexternally bonded FRRPaminates using the composite beam theory

developed in this study.

2. Using the model with the shear stiffness based on pullout tests for bondedidR&te

interfaces improves the solution accuracy for interfacial stresses.

3. The effect of FRP lamiates bending deformation on the determination of interfacial
stresses is not obvious, but it is necessary to consider the bending deformation of concrete in order

to derive a more rigorous model.

4. ltis critical to define the lationship between FRRminates and concrete for accurately
determining the interfacial stress, which further predicts accurately the debonding failure for

externally bonded FRP systems for strengthening concrete structures.

5. The advantages of the thetical development agemonstrated by the parametric study.
The influences of various factors on the peak interfacial shear and normal stresses are quantified,
and the influence area of different parameters on the distribution of interfacial sthessrated

through the dveloped formulation.

Future work will be devoted to the composite beam theory solution for concrete beams
strengthened by externally bonded FRP laminates subjected different types of loading. In addition,
it will be essential tgrovide a more accurate assessment of the-blymdelationship between
concrete structures and externally bonded FRP laminates composed of different types of fiber,
such as Aramid Fiber Reinforced Polymer (AFRP), Carbon Fiber Reinforced Polymer (CBERP) an

Glass Fiber Reinforced Polymer (GFRP).
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Notations
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transverse force per length

Interfacial normal stress between concrete and FRP laminates

the ultimate slip

distance from the end of the FRP laminates to the support of the spar

span length

modulus of elasticity of concrete

modulus of elasticity of FRP laminates

width of FRP laminates

horizontal shear per length

interfacial shear stress between concrete and FRP laminates
total slip between concrete and FRP laminates

slip modulus at FRP laminat®ncrete interfaces

maximum local bond stress

concrete compressive strength

slip corresponding tcL”}n

n=3, constant ibondslip models

concrete stress due to the axial force

FRP laminates stress duethe axial force

the first derivative of concrete displacement due to the axial force

the first derivative of FRP laminates displacement duegi@tiel force
distance from the centroid of FRP laminates to the neutral axis
distance from the centbof concrete to the neutral axis

slope angle of concrete

Lo T

N(x)

e e .

L2 v » (o

interfacial fracture energy
thickness of thadhesive layer
thickness of FRP laminates

sheamodulus of the adhesive
support reaction

uniformly distributed load @ the beam
moment of inertia of concrete
moment of inertia of FRP laminates
interfacial material parameter
Q=aE 1/(E1. 1)
Q,=qE, lp/(EC le +Ep|p)
R=0.5Q(L-29
R,=05Q(L-29

resultant axial force in botime concrete|

beam and the FRP lamiest

cross section area of the concrete
cross section area of FRP laminates

concrete axial strain
FRP laninates axial strain
slip due to axial force

slip due to bending
deflection of concrete
deflection of FRP laminates

concrete moment due to bending
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slope angle of FRP laminates

axial force acting at the centroid @ncrete

axial force acting at the centroid of FRP laminates

external moment
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normal stiffness
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deflection of FRP laminates from the case (c)

general solution of normal stress from case (d)

maximuminterfacial shear stress

FRP laminates moment due to bendin|

transverse shear force acting on the

cross section of concrete

transverse shear force acting on the

crosssection of FRP laminates
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Shear stiffness

slip from the case (b)

slip from the case (d)

depth of theconcrete beam
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normal stress from case (c)

normal stress from case (d)

the characteristic roots

particular solution of normal stress

from case (d)

maximum interfacial normal stress
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Chapter 5 Verification of Composite Beam Theoy with Finite
Element Modelfor Pretensioned Concrete Membes with

PrestressingFRP Tendons

5.1. Introduction

Along with the strikingly rapid development composite materialin the field of civil
engineering, the applications of fiber reinforced polymers (FRPs) on strengthening concrete
structures have attracted more and more attention. The applications of FRPs can be divided into
the form of FRP tendws as internal reinfoements or FRPs laminates as externally bonded
reinforcements. In the previous decades, extensive analytical and experimental studies have been
conducted on the local borslip relationship of concrete flexural members reinforced-ByP
tendons [18] or concrete members strengthened by externally bonded FRPs laminai€y.[10
was found that a sound understanding of the bond behavior between FRPs reinforcement and the
concrete substrate played a major role in the developmensigindguidelines and permance
evaluation of FRPs strengthening concrete members. Therefore, a reliable and rigorous analytical
model based on the innovative partial composite action, taking into account the corresponding
bond characteristics, is essahtb accurately assethe mechanical properties of strengthening or
retrofitting concrete structures using FRPA. previously developed method [23] focused on
pretensioned concrete members with prestressing FRP tendons. The transfer length wag solved b

combining the locabondslip relationship for FRP tendons in concrete with composite beam
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theory. In the presented paper, finite element modeling of pretensioned concrete members with
prestressing FRP tendons is proposed in order to provide furthicatem of the develped

analytical methodology.

Composite beam theory proposed by Granholm [20] in 1949 and Newmark et al. [21] in
1951 was initially used to solve for the case of nailed timber structureslaeanis consisting of
a rolled steel-beam and a concrete slabspectively. In terms of p#ally composite action, the
theoretical analysis was developed for the member consisting of two separate elements connected
by discrete connectors. Furthermore, the influence of relative displacement between the two
elementsi.e. the effect of slip, wasllly considered. From this perspective, therefore, composite
beam theory is not limited to the types of structures mentioned above but is instead devoted to a
wide range of structures comprised of two or more interconnetézdents under reasonable
assimptions. For example, Bai and Davidson [25] implemented a rigorous analysis of foam
insulated concrete sandwich panels in whsthuctural deflection wasdivided into two
components, shear and flexural. The structural behavas taken into account asrtially
composite in terms of composite beam theory. Sha and Davidson [9,23] provided closed form
solutions using composite beam theory for determining the transfer length of pretensioned concrete
members strengthened by FiRRdons as well as predidagithe interfacial stress in concrete beams
with externally bonded FRPs laminateShrough the research on the developmental course of
composite beam theory [21,23,25], it has been observed that theoretical methods were mainly
verified against the existingxperimental data from the literature. However, in order to
comprehensively evaluate the accuracy and reliability of the developed method, as a
supplementary verification, finite element analyses (FEA), is an effective nodtlggdthat can

be employed teaompare with theoretical solutions.
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As an important numerical technique, FEA has been widely used to study the behavior of
prestressed concrete beams£®[. Most research has focused on pretensioned concrete members
with prestressing steel strands; yalvery limited number of FE models are specifically available
for pretensioned concrete with prestressing FRP tendons. The main reason for the {defptbf in
FE research in this field is the challenging nature of theaoten between FRP tendonsdan
concrete matrix. Hence, this paper establishes a-thmeensional FE model that simulates
prestressing FRP tendons in which the transfer length is determined. In addition, the different
friction coefficients between FRPrigons and the surrounding coete obtained by experimental

studies [30] are fully considered to improve the accuracy of FE modeling approaches.

One of the most compelling advantages of FEA over other analytical solutions is that a
simulation associated thi fewer assumptions may bser to the corresponding experimental
outcomes. Besides, visualizations of the pral pos{processing of FEA can help engineers easily
find vulnerabilities in the design. Despite some obvious advantages, mesh convisrgenitieal
issue that mudbe taken into account in the process of developing FE models. In this work, a
comparative study is conducted between numerical simulation with fine and coarse meshes to
illustrate the effect of mesh density on convergenawotider noteworthy point is é the concrete
model used for numerical simulation is based on the linear elastic assumption. Although the
concrete damaged plasticity (CDP) model from Abaqus [22] has often been used to simulate the
nonlinear behavior of canete in other studies, th&@ns associated with the present paper are
assumed to be in a range that essentially has a linear and brittless@messelationship in
compression. Furthermordetermining the development lengith pretensioned membeese
designed for zero tension in the concrete und:é¢

tests. The main focus of this study is to determine the transfer length at the serviceability state
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level in which concrete hasohyet cracked, antherefore it is reasonable to assume that the

concrete is within the lineaglastic range.

In this paper, the general approach of composite beam theory is summarized specifically
for FRPs strengthening concrete members and used tondetehe transfer fegth of prestressing
FRP tendons in pretensioned concrete. Taking account of the empiricasliponelationship
between FRP tendons and concrete matrix, governing differential equations are derived in terms
of the equilibrium of axiaforce acting on ezh element as well as the balance of the overall
bending moment. Using the FEA commercial software Abaqus [22], a comparison of numerical
results with those obtained by using composite beam theory is conducted. The present FE model
has been establishedt consideration of the friction coefficient from the experimental study on
the FRP tendons and prestressed concrete members. Additionally, different mesh densities are
compared for the convergence analysis. As a result, a satigfagi@ement has beeeached
between the theoretical solutions and FEA responses, which further demonstrates the feasibility

and effectiveness of the developed composite beam theory.

5.2 Background of the bond mechanism

Understanding the nature of bohéhavior plays a dical role in assessing how the
prestress force is transferred from the prestressing FRP tendons to the concrete. A large amount
of research [27,29,31,32] indicates that the chemical amlijesiiction, and mechanical
interlocking cold explain the inteaction between prestressing tendons and concrete. Chemical
adhesononly affect the bond strengtihthe minimal slip range. With the increase of slip, friction
and mechanical interlocking play a role in the bond strength when tlesiaglibond gradually
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decreases. For prestressed tendons with reughce, such as sewvarire strands, ribbed bars,

and deformed rebars, the mechanical action of the helical outer wire of a strand bearing against the
surrounding concrete matrix is refedrto as mechanicaiterlocking. It should be noted, however,

although the contribution of mechanical interlocking to bond strength is important, it is still not

the key factor. This is because the rough surfaciwbunding concrete that is in corttagth
prestressingendons will eventually be sheared off due to the mechanical interlock &dtien
pretensioned structure has sufficient confinement. However, that does not seem to be occurring
[32]. In other words, this would imply that frictiomko wn as theedwe&ddemienat

interaction between prestressed tendons and concrete.

Friction can be defined as a relationship that is responsible for transmitting the shear and
normal forces between contacting bodies, i.e., prestressing teaadnise surroundingoncrete
matrix. According to the commercial FE program Abaqus [22], friction behavior is generally
analyzed using the base form of the Coulomb friction model in which the critical shear stress is

given by the following expression:

l‘crit = /p (1)

wheret , is the critical shear stresg, is the contact pressure, amdis the friction coefficient.

In the Coulomb friction modedhown in Fig5.1, shear stresses between two contacting surfaces,

t ¢ /pis the case in which the two contacting bodies are in a state of sticking before sliding
occurs andf > /p is whenshear stresses exceed a certain magnitude defined as the critical shear

stresst .., which refers to the transition from sticking to slipping along the interface of contacting

crit ?
bodies. The slope of the function, the friction coeffiti@, is in therange of 0.3 to 0.7 according
to most research literature [28]32However AASHTO [34] reports that the value of friction
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coefficient m from a modified shealriction modelincreases from gproximately 0.6 to 1.4,
depending on the concrete surface conditions and the shapereinfoecement. Thus it can be
seen that some inconsist@gexist among the specification and literature used to explain the bond
behavior between concrete membansl the reinforcemeniyhich directly affects the reliability

of the analysis results baken the value of friction coefficient.

Sliding region

Sticking region

Fig. 5.1 Coulomb friction model [22]

It is worth mentioning that the current work using FEM to estimate the transfer isngth
based on the friction coefficient specifically for FRP tendons in pretensioned [gedtoesicrete
members. Previous studies on finite element analysi292 6f pretensioned concrete members
used the value of friction coefficient recommended by gpecification to address the bond
behavior, which is suitable for steel reinforcement pseatressed strand. However, when FRP
tendons are considered, it is necessary to redefine the friction coefficient through the available
experimental data. Khirt al. [30] carried out pulbut tests of Vinylon and Carbon FRP tendons
with cement mortaand confined by highly expansive material (HEM). During the test, the bond
stress versus confining pressure for specimens was recorded using high precision pressure

transducers to determine the friction coefficient of FRP tenffonsthe slope of curveThese
141



values from Khin et al. [30] are listed in TalBel and used as the friction coefficient in the

presented FE model.

Table 5.1 Friction coefficient used for IRP tendons [30]

FRP tendons Concrete Friction coefficient
Vinylon FRP rods HEM 0.23
Carbon FRP strands HEM 0.30
Vinylon FRP rods HEM and mortar 0.20
Carbon FRP strands HEM and mortar 0.19

For another description of the bond behavior model, the bmral stresslip relationship

t = (s) was used in the analytical model [23] developed by using composite beam theory for

determining the transfer length for FRP tendons istpeesed concrete. The results of pullout

tests [14,6,8] shav that the local bond stress as a function of slip depends on a variety of factors,
including concrete strength, the roughness of reinforcement surface, concrete cover, bar diameter,
and epoxy esin properties. Over the years, numerous existing modée dfond stress and

slip s have been proposed to evaluate the bond performance that is established on the basis of

nonlinear local bond stresdip relationshipz = {s) between concretand the reinforcement.

Three wellknown models have been developed for steel and FRP tendons, namely the Bertero
EligehauserPopov (BEP) model [1], the modified BerteetigehauserPopov (mMBEP) model
and the CosenzilanfrediRealfonzo (CMR) model [6]. The BEP model is defined by Eq. (2),

which is adopted in CEBIP Model Code 90 [2]:

(2)

o EN
as C
1= de ¢
g -
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where¢, is the maximum shear stress, is the slip corresponding t,, anda is the coefficient

of 0.4 that is available for the case of steel [2]. Considering different requirements in the
engineering analysis process, the mBEP andR@Mpressions were proposed as the bond stress

slip alternative analytical models given by tbédwing Eq. (3) and Eq. (4), respectively.

—cs'q 3)
¢

vl »

t= g;el exp( =) (4)

[Nl SN

(2
S
For the mBEP modelf, is rewritten byC and assumings,=1mm from the BEP
expression§ is the slip elated tor =0. The expression of CMR,, is thepeak bond stress, and
unknown parameters, , b are determined by the curve fitting of experimental data. More

detailed reviews of these analytical models for the cdrve can be found in the literature

[1,6,8,23]. In previous work by Sha and Davidson [23], the BEP expression with calibrated
parameters o€ anda from Focacci et al. [8] was used as the constitutive stipddefinition
between the FRP tendons and concrete, as illustrated iB.EigThe ldter two models, i.e., the
mBEP and CMR expressions are equivalent to the BEP exqmesshe case of stctural analyses

in whichthe slip is sufficiently small.
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Fig. 5.2 BEP model of bondslip relationship [8]

Thick-wall cylinder theory [28] depends on the Coulomb friction model to perform the
analysis on prestress transfer in pnstenedconcrete members. The concretedaaeivedas a
hollow cylinder in which the inner diameter is equal to that of prestressed tendons and the outer
diameter is thalistance acrosthe short side (diameter) of the component. Accordingly, the
estimdion of bond behavior relies on the radial compressive stress as well as deformation
compatibility conditions of the interface between prestressed tendons and the surrounding concrete.
Based on extensive experimental and analytical investigations [4,6184)y esearchers
neverthelesgoint out that the confinement pressure has a small effect on the bond strength
between reinforcement (steel or FRP) and surrounding concrete for the situation in which
deformed rebar with spiral shape surfacased as reiforcemat. However the bond resistance
strongly depends on the confined stress known as radial compressive stress in other cases such as
smooth rods. Different from the thiskall cylinder theory, the nonlinear bond stratip
relationship is taken intaccounhfor deriving the governing differential equations using composite
beam theory developed herein for analyzing the behavior of pretensioned concrete members with

prestressing FRP tendons. Consequently, in addition to further verifying the preradusf
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predicting transfer length for prestressing FRP tendons by means of the developed FE model, the
second aim of the current study is to prove the superiority of composite beam theory considering

the slip effect through the comparative studies betwiee aalytical and numerical results.

5.3 Analytical solution for FRPs strengthening concrete members

5.3.1 General approach of composite beam theory

The following assumptions and limitations are specifically proposed for FRPs

strengthening concreteembers using the general approach of composite beam theory:

(1) Linear elastic constitutive behavior and small displacement are applied to each

component in the developed analytical models.

(2) FRPs®6 bending resi st anc d@ea bysthe comagetei gi bl

member.

(3) Slender beams are considered and therefore-Balaoulli beam theory can be applied
to each component of a composite structure and therefore the shear deformation is neglected

through the cross section of the concrete beanRRP components, respgety.
5.3.1.1 Axial force equilibrium

A differential element of the composite beam is composed of the concrete and FRPs, as
illustrated in Figur®.3; the upper part represents concrete and the lower part is FRPs. Axial forces

acting on the cross seati® of two separate infinitesimal elements are transmitted as the internal
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forces through bond stregsthat is a function of slip. As a result, equilibrium can be established

in the Eq. (5):

ad

Nec ' ’ = ‘e, Nc‘+ch'
——— ',J-"_,_.,___”.___._q_____;{__—_‘?—>

il e e A b - i

4 g 4 /
T e e

it e de— w e a w9 - b —
- a

T(s)

N,+dN,

Fig. 5.3 Differential element of thecomposite beam

t Cdx=dN =dN, (5)

in which N, and N denote the resultant axial force acting on the crodsosecf theconcrete

and FRPs, respectively, ai@ represents the contamtige distancef the interface between FRPs

and the surrounding concrete in the transverse directionexaonple C canbe used taefer to

the total circumferences of FRP tendons in prestressed concrete members. In the case of a concrete
beam strengthened by externally bonded FRP laminates, it is the width of FRP laminates.

SubstitutingN,=s_ A and N =s S A into Eq. 5 results in:

tc=(A 5) A, 5 (©)
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in whichA is the cross section area of concretg,is the concrete stress due to atate, A
is the cross section area of FRPs, ands the FRPs stress due to axial force. Accordingly,

s =E eapplies to both the concrete and FRIRsnents due to the assumption of lihear elastic

constitutive behaviorSince the slip is a relative motion, the sign convention of axial force are not

considered in the equatioitq. ©) then becomes:

tC=AE ¢=AES (7a)

IC=AE ¢ ARSs (7b)

where E, and E, refer to the modulus of elasticity of the concrete and FRPs, respectively. Since

si is the first derivative of the concrete displacement due to the axial force, the concrete axial

strain e, =sj. Similarly, e =sj, corresponds to FRP strains.

As mentioned above, the analysis of the behavior of FR&sgshening concrete members
is based on partial composite action. To some extent this means that relative movement between

FRPs and the surrodimg concrete, namely slip, is permitted.
S=§ *5 % (8)
$=8 5 9)

Thus, Eq. (8) indicates that the sBpcan be divided into three components: the s| due

to bending illustrated later, the relativisglacements, between the concrete and FRPs due to the

axial force as expressed by Eqg. (9), and the slipfg, dx resulting from prestssing tendon
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retraction, whereg, is the strain causeby prestress before transmission. For the case of a

concrete beam strengthened by externally bonded FRP lamisat®s,

In terms of thet = (s) relationship obtained by experimental studies on FRPs
reinforcement in concrete, combining with Eg. (9), the new equilibriums are established by Eq.

(10a) and Eq. (10b):

t(s)C=A Eﬁ (10a)
+
B AE,
t(s)C= A Epﬁ (10b)
2TAE

As a result, the governing equation relevant to the axial force is generated in the form:
()= 3 (11)

AEAE,
C(AE+AE)

in which z =

5.3.1.2 Bending moment equilibrium

The known external momemt _, is balanced by the internal moment and axial force acting

on the cross section of each element, as expressed fiollthweing:

Mo =M, M MN.h. Nth (12)
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where the internal bending momem_= -E_I|_uj in the concrete beam with the second
derivative of the deflectiowj and the momerof inertia|_. Bending resistance from the FRP
component is ignoredyl | =0. Combining Eq. (7a) andde (7b), the internal axial forces in the

concrete and FRPs are given by:
N,=N, ZCg (13)

As demonstrated in Figh.4, h, is the distance from the concreteabe centroid to the
neutral axis, and similarly corresponds to FRPs. Further@git can be observed that the slip
s Is associated with the neutral axis and the slope angle of each part when the inemaemg is

occurring. The slips, can be written in the general form:

s=hui #, 4 (14)

where uj denotes the slope angle of concreig,relevant to that of FRPs. Considering that

concrete flexural members reinforceg BRP tendons, the slig, in this case, can be expressed

as follows:

7
1
g

(15)

The reason for this change is that the structural behavior iiedirto elastic and small

displacement, the constitutive relation is assumed to be linear, and each component of the

composite beam has the same deflectipn = . Inthemeantime, it will be readily understood

thatthe eccentrictyisqual t o the distance from the neutra

i.e.e=h 4.
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] Neutral'Axis of concrete

4 . . “Neutral Axis

Fig. 54 The slip s, due to bending moment
Substituting Eq. (13) into Eq. (12), results in the expression for benaingent as follows:
Mex: _Eclcui: I-EC%(hé h-pl)) (16)

Consequently, plugging,=s -s s into the difierential equation Eq. (11) and Eq. (16)

and simplifying, the set of governing equations that specifically developed for FRPs

strengthening concrete members using composite beam theory can be given by:

t(s

fsl-ig Nu, K iy

| (17)

EU—‘!th uprs F=* ¢

fa, " ;

in which the new symbols are introduced for simplicity:
D,=zC(h, +) (18)
as:L (19)
EC IC+ DS hC
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According to the general form of governing equations Eq. (17), it can be observed that the
bond-slip relationshiptz = (s) corresponding to various forms FRPs strengtheningreta
structures would be taken into accourfor the application of prestressed concrete with FRP
tendons, the governing equations can be generatedilyirog the relationship of borslip, i.e.,

t (s)=8.8473%[8], in metric (SI) units:

£si-i 337 i
| Z
ST oM, TP (<0)
luj-i=~s = —= —=
f e K, e
where
K. =E_I, €zC (21)
e€zC
Tsz_ (22)
K

5.3.2Predictions of transfer length for prestressed FRP tendons application

It is critical to estimate the transfer length of prestressedrete beams, not only because
it affectsthe bending and shear strength of the structure, but also it is valuable for designers to
understand it for structural detailing. The effective prestressing fertansferred from the
prestressed tendons toetconcrete in the transfer zone, in whibk tistance is related to the
transfer length. The conventional experimental investigation used to measure the transfer length
mainly depends on the strain change in the concrete or the prestressed tendersnieddier

release. The determination odnsfer length is implemented in terms of the strain distribution
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along the length of the beam using the 95% Average Maximum Strain (AMS) method. For the
analytical solution, the proposed model relied upon @inexvd theoretically pure composite beam
theory developed specifically for pretensioned prestressed concrete members with FRP tendons,
the details of which were provided in the previous work [23]. Based on the boundary condition of
a simply supported beamithout any external loading as shown ig.F.5, correspondingly, the

closed form solution witta =0.337 for the governing equation Eq. (20) is given by the following,

in metric (SI) units:

£0, oex &7 L
s(¥) = % (23)
AKX |/2 #,)%, otherwise
in which
1
€e (1+ 3(05 ¥° &
-ttt (05§ B (24)
e v(- 4 B
n 2(1+a)
y(aLl)2
A=e (25)
2
B=—— 26
A (26)
8.847
= 27
z(1-72) @7
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Fig. 55 The coordinate system of the pretensioned concrete with prestressed FRP tendons

Transfer lengthL, expressed by Eq. (24) is derived by taking advantagbeofyipe of

piecewise function for the slig (Eq. (23)), considering the local bostp relationship [8]
resulting from the average behavior of FRP tendonis eiémeters of 6.4 mm, 9.5 mm, 12.7 mm
and 15.9 mm. Previously, it heeen validated through the comparison between the prediction of

strain profile and the available experimental data from literature.

5.4 Numerical implementation with finite element nodeling

5.4.1 Finite element modeling of pretensioned RC beamgth FRP tendons

Experimental studies on the transmission of prestressing force conducted by Nanni et al.
[36] are utilized herein to develop a FE model using the commercial software Abafué§a
result, the strain profiles are provided for the dateation of transfer length and further verified
the general approach of composite beam theory. The specimen is a simply supported beam with

the span o4000mm and the re@ngular crossection of210mm® 120mn. The pretasioned

concrete beam prestressed with a single AFRP tendon is modeled using two levels of 50% and
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100% initial prestress force. In order to simulate the prestressing process, the préstress o

698MPa and 349MPa are applied to the prestressing tendon in the initial step, respectively.

Taking advantage of doubymmetry conditions, a quarter of pretensioned RC beams with FRP
tendons modeled in the simtitan is given as shown in Fi$.6. As explained in the previeu
section, both concrete and FRP tendons are modeled as linear elastic, isotropic materials with

parameters reported in Tal@e.

2000 mm

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

e ot - : R TR Y | 210 mm

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 5.6 Geometric details of 1/4 of the beam using doulsbymmetry conditions in Abaqus

Table 5.2 Material parameters[36] used for FE simulation

Part Modulus of Poi ssoné Density
elasticity (MPa) (tonne/mn)

Concrete 25000 0.2 2.4e9

AFRP tendons 67600 0.35 1.4e9
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C3D8R with 8node linear brick israployed for modeling the concrete in Abaqus, which
is a reduced integration element with hourglass control. The C3D6 element, whicinizla 6
linear triangular prismis used for the FRP tendons. Themety of thesetwo elements are

illustrated by Fg.5.7.

8 e 7 « 0
5 L 2 . 6 4 L 05
Yy 3 ]
.] .2 j [ L ] 2
C3D8R element C3D6 element

Fig. 5.7 Geometric characteristics of elements used for concrete and FRP tendons

In order to optimize computing time and results precision, the mesh around the FRP
tendons is very refined and the mesh density increases as the distance frodspia@ increases.
The quarter symmetry FE model of pretensioned concrete beam with bowoaaitions is
represented in Figh.8. As can be seen, the symmetry restraints on tdeaWd XY symmetry
planes aré&J1=UR2=UR3=0 and U3=UR1=UR2=0, respectivelearwhile, a support condition

of UY = 0 is applied to the end of the beam.

The interactio between the concrete and FRP tendons modeled by FE consists of three
parts: tangential behavior, normal behavior, and cohesive behavior. According to theé obncep
Coulomb friction model as previously described, the tangential behavior between tactiognt

surfaces is defined in accordance with four different friction coefficiontisted in Table 1 from

Khin et al. [30]. The reasoffior this is to explain variable bond stress along the beam in the region
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of transfer | ength. Nor mal behavior is mode
overclosure relationship, which prevents penetration of the concrete intceR&hs inte FE

simulation of bond behavior. Another consideration is to prevent transmission of tensile stress
through the interface between the FRP tendons and concrete. Cohesive behavior adopted in
present FEA is due to the slip at the interfadd.the sane time,by defining initial values of

predefined field variables in Abaqubg initial stress is applied to the FRP tendon as a prestress
Moreover, since the purpose of this research is to predict the transfer length at the serviceability
state using EA and to further verify the previously proposed composite beam theory, creep and

shrinkage are not considered.

Fig. 5.8 FE model of pretensioned concrete beam with boundary conditions
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5.4.2 Convergence analysis and verification of FE model

In order toinvestigate the dependence of nonlinear solutions obtained from the proposed
FE model on the mesh size, two models with different mesh densities are simulated in Abaqus.
By means of the solution technique of full Newton and automatic corfttbedimeincrement,
the mesh convergence study is performed on the-thmensional FE model of pretensioned
concrete beam using coarse mesh and fine mesh, respectividlg. crosssectional and
longitudinal views corresponding tmththe fine and coge modelsre shown in Fig. 5.9 For
the coarse mesh shown in Figl0, the FE model is composed of 10000 hexahedral elements of
type C3D8R and 800 wedge elements of type C3D6. A similar meshing method is correspondingly
given in the fine model, whiclsimade up 1077500 hexahedral elements for concrete as well as
3200 wedge elements for FRP tendons, as shown i Eig. Two models associated with coarse
and fine are meshed by defining the number of elements along the selected edges, where the
numberof elementslefined on each edge of the fine model is twice as those applied in the coarse

model. As presented in Fg5.10 and 5.11, the result has very close agreement with a 1%

difference between the maximum von Mises stress that occurs at the nod§idn texdons.
Coarse Model

Coarse Model Fine Model Fine Model

Fig. 5.9 Mesh density for both coarsemodeland fine model
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Fig. 5.10 FE model with coarse mesh

Fig. 5.11 FE model with fine mesh

To further demonstrate the mesh convergency and the feasibility and accuracy-&f the 3
FEA solution, a comparisors made between the FE results and the strain profile from the
experiment [36]. Figh.12 represents a group of nodeatare located at #hposition on concrete
surface at the level of the FRP tendons within the fine FE model and coarse FE model, which
provides thdongitudinalstrain value along the beam, corresponding to the results recorded in the
test. The values predicted by the FE el@hd experimental results at 100% and 50% of prestress
force release are compared in Fgl3 and Fig.5.14, respectively. As can be seen, there is a

reasonable agreement with the strain measurements. Compared to the effective prestress strain of
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