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a b s t r a c t

External bonding of FRP plates or sheets has become a popular method for strengthening reinforced con-
crete structures. Stresses along the FRP-concrete interface are critical to the effectiveness of this tech-
nique because high stress concentration along the FRP-concrete interface can lead to the FRP
debonding from the concrete beam. Although the short-term stress distribution along the FRP-concrete
interface has been studied extensively, very few studies have been conducted on the long-term stress dis-
tribution, which closely simulates the behavior of the structure during the service-life. In this study, we
develop a viscoelastic solution for the long-term interface stress distribution in a FRP plate strengthened
reinforced concrete beam. In this solution, the RC beam and the FRP plate are modeled as elastic mate-
rials; while the adhesive layer is modeled as a viscoelastic material using the Standard Linear Solid model.
Closed-form expressions of the interface stresses and deflection of the beam are obtained using Laplace
transform and calculated using the Zakian’s numerical method. The validation of this viscoelastic solution
is verified by finite element analysis using a subroutine UMAT based on the Standard Linear Solid model.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Fiber reinforced polymers (FRPs) have emerged as important
structural materials in the last three decades [1]. Among their
many applications in civil infrastructure, retrofitting/rehabilitating
reinforced concrete (RC) structures is most popular due to many
advantages of FRP, such as high corrosion resistance, high
strength-to-weight ratio, and easy of handling. In this application,
FRP plates/fabrics/strips are either externally bonded (EB) [2] or
near-surface mounted (NSM) on RC structures [3]. To improve
the strengthening efficiency, prestress can be applied to FRPs [4].
This technique has evolved into one of primary techniques to ad-
dress the deterioration of civil infrastructure system caused by se-
vere environmental exposures, natural extreme events, excessive
use, and intentional attacks. Stresses along the FRP-concrete inter-
face are critical to the success of this technique because the high
interface stress concentration can lead to debonding along the
FPR-concrete interface, which has been shown to be one of the
most common failure modes of the FRP-strengthened RC struc-
tures. Extensive studies have been conducted, and various models
have been proposed to estimate the stresses along the FRP-con-
crete interface [5]. A comprehensive review on these studies was
given by Smith and Teng [5] and a recent study by Wang and Zhang
[6]. However, all these existing studies are limited to the elastic
analysis, which only gives the instant response of the structures.

Epoxy, the most widely used adhesive in bonding FRP, exhibits
viscoelastic properties [7–11]. Its material properties vary with
time under different situations, especially in the regions of high
stress concentration. Such variation of material properties can in-
duce redistributions of stresses and additional deformation, which
could be significant during the service life of the structure and
cause potential failure of the strengthening, as demonstrated re-
cently by Meshgin et al. [12]. Meshgin et al. [12] found that the
creep of epoxy could result in failure at the interfaces due to the
combined effect of relatively high shear stress to ultimate shear
strength ratio and a thick layer of epoxy. For this reason, the
time-dependent behavior of the FRP strengthened concrete struc-
tures has become the focus of a number of recent studies [12–
18] both experimentally and numerically. All of these studies show
that the concrete-FRP interface exhibits significant time-depen-
dent behavior, and that the shear stress to the shear strength ratio
within the adhesive layer is a primary factor affecting the long-
term behavior of the FRP-concrete interfaces [18].

Several rheological models were proposed to simulate the creep
behaviors observed in the tests [12,13,17,18]. Based on these rhe-
ological models, numerical methods [13,18] have been proposed to
simulate the time-dependent behaviors of the FRP-strengthened
RC structures. Numerical methods are usually very time-consum-
ing in simulating the time-dependent behavior of structures be-
cause sufficient small step must be used to avoid error
accumulation. Analytical solutions are much more efficient.

The existing analytical solutions of the interface stresses of FRP-
strengthened RC beams [5,19–24] are based on the classical adhe-
sively bonded joint model of Goland and Reissner [25] (G–R model).
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In this model, the strengthened beam and the FRP plate were mod-
eled as two beams connected by a linear elastic adhesive layer,
which is modeled as a layer of continuously distributed spring with
shear and normal stiffnesses. However, all these analytical solu-
tions are limited to elastic case. Delale and Erdogan [26] developed
a viscoelastic solution for a symmetric adhesive joint by treating
two adherends as elastic simple beams and the adhesive as a line-
arly viscoelastic spring. Mirman and Knecht [8] proposed another
simple viscoelastic model to study the creep behavior of the adhe-
sive layer, in which the peeling stress and the creep deformation of
the adhesive layer were ignored.

So far no rigorous viscoelastic solutions for the interface stres-
ses and deflection of the FRP-strengthened RC beams are available.
The major objective of this research is to fill this gap through
developing viscoelastic solutions of the interface stresses and the
deflection of a FRP-strengthened RC beam. These new solutions
can be used as an efficient tool to evaluate the long-term behavior
of the FRP-strengthened RC beams.

2. Viscoelastic model of a FRP plate strengthened RC beam

Consider a simply supported RC beam (beam 1) with thickness
of h1 strengthened by a thin FRP plate (beam 2) with thickness of h2

through external bonding with a thin adhesive layer with thickness
of h0, as shown in Fig. 1. A uniform load with magnitude of q is ap-
plied to the RC beam. Since the creep of the concrete and the FRP
plate occurs within a much longer time period compared with
the adhesive [15], only the adhesive layer is modeled as viscoelas-
tic material in this study. Both the FRP plate and the RC beam are
modeled as elastic material. It should be pointed out that this sim-
plified model is only a first step to understand the adhesive creep-
ing effect of the FRP-strengthened RC beams since the creep
behaviors of both the FRP plate and the RC beams are not
considered.

A notable recent development in the FRP strengthening tech-
nique is that the FRP plate is prestressed before bonding to the
RC beam. This technique can make better use of the tensile
strength of the FRP plate [27] and reduce the crack development
in the RC beam [28]. Although a number of experiments have been
conducted to study the short-term behaviors of the RC beams
strengthened by this technique [29–31], their long-term behaviors
have not been addressed sufficiently, especially the prestress loss
due to the creep of adhesive layer, which is critical to the success
of the prestressing technique. To make this study also applicable
to the prestressed FRP strengthened RC beams, a prestress of N0

is applied to the FRP plate in the formulation thereafter. This pre-
stress is applied as following: First the FRP plate is pretensioned;
then the prestressed FRP plate is bonded to the tension side of
the RC beam; finally, cut the FRP plate at two far ends once the
adhesive achieved its fully bonding strength.

2.1. Shear deformable beam theory

Both the RC beam and the FRP plate are modeled as Timoshenko
beams, beam 1 and 2, respectively. The displacement fields can
then be written as

U1ðx1; z1; tÞ ¼ u1ðx; tÞ þ z1/1ðx; tÞ;
U2ðx2; z2; tÞ ¼ u2ðx; tÞ þ z2/2ðx; tÞ � u0ðx; tÞ
Wiðxi; zi; tÞ ¼ wiðx; tÞ;

ð1Þ

where subscript i = 1, 2, representing the beams 1 and 2 in Fig. 1.
The xi and zi axels are local coordinates and xi is located at the neu-
tral axis of the beam i and x1 = x2 = x � ui(x, t), /i(x, t), and wi(x, t) are
the axial displacement, rotation and deflection at the neutral axis of
beam i. u0(x, t) is the initial displacement of the FRP plate before the
pretension is released. Ui(xi,zi, t) and Wi(xi,zi, t) are the axial and
transverse displacements of the beam i. The strains along the neu-
tral axes of these two beams can be written as

e0
1ðx; tÞ ¼

@u1 x; tð Þ
@x

; e0
2ðx; tÞ ¼

@u2 x; tð Þ
@x

� @u0 x; tð Þ
@x

;

jiðx; tÞ ¼
@/i x; tð Þ
@x

; cixyðx; tÞ ¼ /iðx; tÞ þ
@wi x; tð Þ

@x
:

ð2Þ

The constitutive equations for the beam i can be written as:

N1ðx; tÞ ¼ C1
@u1 x; tð Þ

@x
;

N2ðx; tÞ � N0HðtÞ ¼ C2
@u2 x; tð Þ

@x
� @u0 x; tð Þ

@x

� �
;

Miðx; tÞ ¼ Di
@/i x; tð Þ
@x

;

Q iðx; tÞ ¼ Bi /iðx; tÞ þ
@wi x; tð Þ

@x

� �
;

ð3Þ

where Ni(x, t), Qi(x, t) and Mi(x, t) are the resultant axial force, the
transverse shear force, and the bending moment of the beam i,
respectively. H(t) is the Heaviside step function. N0 is the prestress
applied to the FRP plate. Ci, Bi and Di are the axial, shear and bending
stiffness coefficients of the beam i, respectively. For plain stress con-
dition, we have

Ci ¼ Eibhi; Di ¼ Eibh3
i =12; Bi ¼ jGibhi; ð4Þ

where Ei and Gi are the longitudinal modulus and the transverse shear
modulus, respectively; j is the shear correction coefficient chosen as
5/6 in this study; b is the width of the beam. The bending stiffness of
the RC beam D1 can be modified to account for a cracked section.

Considering an infinitesimal free body diagram of the FRP-
strengthened RC beam shown in Fig. 2, the following equilibrium
equations can be established

@N1 x; tð Þ
@x

¼ bsðx; tÞ;

@M1 x; tð Þ
@x

¼ Q 1ðx; tÞ �
h1

2
bsðx; tÞ;

@Q 1 x; tð Þ
@x

¼ brðx; tÞ þ bqHðtÞ; ð5aÞ

Fig. 1. An FRP strengthened RC beam. Fig. 2. Free body diagram of a FRP-strengthened RC beam.

C. Zhang, J. Wang / Composite Structures 93 (2011) 3200–3208 3201



Download English Version:

https://daneshyari.com/en/article/252869

Download Persian Version:

https://daneshyari.com/article/252869

Daneshyari.com

https://daneshyari.com/en/article/252869
https://daneshyari.com/article/252869
https://daneshyari.com

