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Abstract

Many existing reinforced concrete (RC) structures very often do not
satisfy building codes used nowadays to design both buildings and infrastructures
because they have either deteriorated due to environmental attacks (e.g. chloride
induced deterioration) or because they were originally designed according to old and
inadequate criteria. Retrofitting and/or strengthening are necessary in order to increase
the safety level of the structure according to the building codes today in use and to
save the cost for replacing the existing structure. A recent methodology to enhance the
flexural strength of RC beams uses FRP plates or sheets glued to the tension side of
the beam. A commonly observed failure mode for the beams strengthened in flexure
with externally bonded plate is the one associated with debonding of the strengthening
plates at lower loading levels than the theoretical values. Consequently, the inclusion
of the plate-debonding failure into the analytical model is necessary in developing the
reliable numerical tool. This paper presents a higher-order displacement-based frame
clement with covercrete-interface. The covererete-interface slip between the beam and
the plate is taken in account through separating displacement fields in the beam and in
the strengthening plate. The proposed model is employed to confirm and investigate
premature failure modes observed in experimental tests.

keywords: frame model, displacement-based formulation, nonlinear analysis, FRP
composites materials, RC beams strengthening, debonding failure.

Introduction

Several techniques have been used to strengthen or to rehabilitate the
existing reinforce concrete (RC) or prestressed concrete (PC) structures (Emmons,
Vaysburd, and Thomas, 1998). Enlarging structural sections usually result in a
monolithic element of increased dimension. The common use of sectional
enlargement technique is in bridge deck rehabilitation and strengthening, where it
has the advantage of being comparative simple to implement and can be both
economic and effective. There, however, exists a high potential of concrete
deterioration induced by the incompatibility of old and new concrete, hence
resulting in corrosion of the embedded steel reinforcement. In addition, it can
change significantly the structural dimensions with a corresponding loss of
clearance. External prestressing techniques are an alternative method  for



wouasslandouiiudugedmivnmsinnsiuoulidadursnu aas. 393
ARUMRIMIAAS WM IAAUHUETUREITINMIBUAN

strengthening and have been widely used to remedy excessive deflections and to
enhance the load-carrying capacity (Klaiber, Dunker, and Sanders, 1987,
Saadatmanesh, Albrecht, and Ayyub, 1989). Nevertheless, the provision of sufficient
anchorage for the post-tensioning strands, the durability of the exposed strands, the
lateral stability of the beams during post-tensioning, and the preservation of existing
clearance dimensions are problems possibly putting the limitations of this
strengthening technique.

Epoxy-bonded steel plate has been used efficiently throughout the world
to enhance the load-carrying capacity of existing reinforced concrete structures
(Dussek, 1980; MacDonald and Calder, 1982; Swamy, Jones, and Bloxham, 1987).
This strengthening technique has been found by civil engineers to be economical
and effective to implement. The concept of this strengthening method is somewhat
simple. Steel plates are bonded to the tension region, thus increasing the strength
and stiffness of the beam. The advantages of this structural system include the ease
of application and elimination of special anchorages required in the post-tensioning
method. Strengthening process can be performed while the structures are still
functioning and it does not change the structural dimensions. However, a major
hamper of this technique is the risk of corrosion at the epoxy-steel interface that
contrarily affects the bond-interface strength.

To overcome the corrosion problem, the steel plate is replaced with
corrosion-proof Fiber Reinforced Polymer (FRP) plate. Since the early 1990s,
extensive researches have been conducted on tests of FRP strengthened RC beams
and have shown that the substantial improvement can be gained in structural
performance under both service and ultimate loading stages. Concurrently, the new
brittle failure mechanism of strengthened beams has been found, mostly due to,
premature plate debonding (Oehlers, and Moran, 1989; Saadatmanesh, and Ehsani,
1991; Arduini, Tommaso, and Nanni, 1997, Arduini, and Nanni, 1997; Zarnic,
Gostic, Bosiljkov, and Bokan-Bosiljkov, 1999). In order to realistically predict the
beam loading capacity and the failure mode associated with plate debonding, it is
crucial to use analytical model capable of describing the bond-force evolution along
the covercrete-interface between the beam and the strengthening plate.

Several analytical models have been proposed in the research community
for the calculation of the stresses developing at the covercrete-interface interface in
the uncracked RC beams (Roberts, 1989; Tiljsten, 1997; Malek, Saadatmanesh, and
Ehsani, 1998; Rabinovich, and Frostig, 2000). However, these analytical models are
valid only for elastic analysis and uncracked sections, which are far from reality
during ultimate loading stages.

Recently, significant advances in modeling the nonlinear response of RC
members were achieved in recent years, lead by the development of beam models
that rely on the fiber section model. Fiber section models naturally account for the
coupling between axial and bending effects (Spacone, Filippou, and Taucer, 1996)
and can be combined with any beam element model including displacement-based
and force-based models. Fiber section models are typically based on the assumption
that plane sections remain plane, and thus neglect bond-slip effects. The bond-slip
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effects can be added in different ways: (a) by using nonlinear springs at the element
ends (Rubiano-Benavides, 1998). This approach, however, is not readily extended to
the study of RC beams strengthened with externally bonded thin plates; (&) by
modifying the fiber section model to relax the compatibility between concrete and
steel strains (Monti, and Spacone, 2000); (¢) by modeling the steel rebars and the
concrete beam with different degrees of freedom (Limkatanyu, and Spacone, 2002).

The numerical model used in this paper is the higher-order modification
of the displacement-based RC frame element with bond-interface (Limkatanyu, and
Spacone, 2002). The element is very easy to formulate and to implement. The model
can properly describe the shear stress distributions that arise during loading of the
RC beam up to failure. This model introduces an elasto-fragile bond law for the
covercrete-interface behavior and takes into account the nonlinear behavior of the
materials including the tension stiffening of concrete in tensile areas. Available
experimental data are used to validate the proposed modeling technique and to
investigate different failure mechanisms.

Higher-Order Displacement-Based Fiber Frame Model
with Covercrete-Interface

The displacement-based RC frame model with covercrete-interface used
in the present study is shown in Figure 1. The element formulation is presented
hereafter. In this model, the covercrete springs are laid along the interface between
the concrete beam and the externally bonded plate. Plates bonded to the sides of the
beams for shear strengthening are not taken into account, since this study
emphasizes primarily on the flexural behavior. The strengthening plate is assumed
thin, thus it only carry axial load, and has no shear or flexural stiffhess.
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Figure 1 Node and Element displacements for RC Frame Model with Slip in the
Strengthening Plate

The RC frame element with covercrete-interface consists of two
components: beam-column element representing the RC beam and bar element
representing the strengthening plate. These two ingredients are mutually interacted
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through continuous tangential springs along the covercrete-interface. The nodal
degrees of freedoms of the RC beam and of the strengthening plate are different in
order to create the tangential slip field along the covercrete-interface. The element
nodal displacements and element displacement fields are indicated in Figure 1 and
are grouped in vectors U and u(x), respectively. The internal node is introduced in
order to enhance the element accuracy over the 2-node displacement-based element
[19]. The fiber-section discretization is used to derive the sectional response of the
RC beam. The section-deformation fields are written in the vector format as

d(x)= [5}3 (x) xz(x) ME(x)]T , where €5 (x) represents the beam-section axial
strain, Kp (x) represents the beam-section curvature, and 's"(x) represents the plate

axial strain. The kinematics of beam deformations is based on the Euler-Bernoulli
beam hypothesis, thus implying that plane sections are assumed to remain plane and
are normal to the beam longitudinal axis. Based on the small-deformation theory,
the beam-section deformations are related to the beam displacements through the
compatibility equations:

dx
2
kp(x)= 4 zz(x) (1)
(3)= dﬁdgx)

where ug(x) is the beam axial displacement, vg (x) is the beam transverse.

displacement, and E(x) is the plate axial displacement. The sectional forces
— T

conjugate of d(x) are D(x)= LNB (x) Mp(x) ™ N(x)J , where Ng(x) is the

beam-section axial force, Mg (x) Ma(x) is the beam-section moment, and N(x) is

the plate axial force. The slip field u,(x) along the covercrete-interface can be
described as:

dx

uy (x) =1 (x)—ug (x)+yp Fﬁ)] )

where dvg (x)/dx represents the beam section rotation and yp represents the plate
distance from the beam reference axis as shown in Figure 1.

The element displacements u(x) are related to the element nodal
displacements U through the displacement shape functions Ny(x) as follows:
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where N,z (x) is the matrix containing the shape functions of a three-node beam
element. They are polynomial functions that define a quadratic axial displacement
field and a 5"-order vertical displacement field. Ny (x) contains the polynomial
functions of the strengthening plate axial displacement field, which are quadratic in
the present formulation.

The compatibility conditions of beam and of covercrete-interface are
satisfied in the point-wise sense. The section and covercrete-interface deformations
are directly related to the nodal displacements U through the following equations:

d(x) =B, (x)U, u,(x)=B,(x)U (4

where B, (x) =8N, (x), B, (x)=3,N,(x) when & and &, are linear differential
operators and are defined as:

d :
2 9 0
dx i
d? d (3)
oo 43 ok Ay
0o 0 e
dx

Element equilibrium, however, is enforced in the integral sense.
Application of the principle of virtual displacements, substitution of Eq.(4) and
subsequent elimination of the virtual nodal displacements 38U , yield the following
weak form of equilibrium statement:

fB‘::'(x)[)(x)dx+jB;{,'(x)Db(x)dx:p (6)
L L

where P is the applied nodal forces conjugate of nodal displacements U; and D, (x)
is the bond force along the covercrete-interface between the beam and the plate.

In arder to obtain the incremental form of equilibrium, the total internal
forces are expressed as the sum of the initial section forces D" (x) and D (x) plus
the force increments AD(x) = k(x) Ad (x) and AD, (x) =k (x)/_\.ub (x) . k(x) is
the beam section stiffness matrix and k, (x) is the covercrete-interface stiffness.
Then:

B] (x) [D° (x) k() B (x) AU Jdx+

B] () [ D (x)+ ko (x) By () AU |ds=P

e



wuudreaslandaudedusugsdniumilieneiuuvhiduduesnu aes. 397

AESUANRINIARGID M TRAUHWETUMINAIIN B REN

or, upon simplification:

Kau=P-Q" (8)
where the element stiffness matrix K can be described as:

K=Kg+K, 9

where Kz and K, are the contributions of the beam and of the covercrete-interface to
the element stiffness matrix, respectively.

K= [ B (x)kgB, (x)ax (10)
L

T
Kp = ] By (x)kpBp (x)adx (1
L
Q" is the vector containing the element resisting forces at the initial iterative step:

Q° =% +Q} (12)

where Q% and Qg are the beam and covercrete-interface contributions to the
element resisting forces, respectively and can be expressed as:

% =£Bi(x) DY (x)dx (13)

. 0
QY = 1B} (x) D) (x)ax (14)
L

It is noteworthy to point out that the right-hand side of Eq.(8) is the force
residual corresponding to the weak statement of the element equilibrium and
vanishes once the equilibrium configuration is gained.

In the present work, the fiber section model is used to compute the
response of the RC beam section. Well-established uniaxial cyclic constitutive laws
for concrete, steel and covercrete-interface complete the element formulation. The
loading envelopes of these laws are schematically shown in Figure 2. The Kent and
Park model (Kent, D. C., and Park, 1964-1990) is used for the concrete, with the
addition of the tension response, which is assumed linear elastic up to the cracking
stress /', with rapid linear stress degradation for increasing tensile strains. The

Menegotto and Pinto model (Menegotto, and Pinto, (Menegotto, and Pinto, 1973) is
used for the steel rebars. For the covercrete-interface between the beam and the
strengthening plate, a curve linear up to the point of bond failure is used. The above
element formulation can be implemented in any general-purpose nonlinear finite
element code. In the present study, the element is implemented in program FEAP,
documented in Taylor (Taylor, 2000). '
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Figure 3 Test Setup for Shallow RC Beams with Steel or CFRP Plates

Zarnic et al. RC Slabs Strengthened by Externally Bonded CFRP
and Steel Plates

Zarnic et al. (Zarnic, Gostic, Bosiljkov, and Bokan-Bosiljkov, 1999)
performed an experimental test on a series of RC beams strengthened in flexure with
externally bonded CFRP and steel plates. During the tests, several failure
mechanisms were observed. Of particular interest to the present work is the test of
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shallow beams strengthened in flexure with externally bonded steel and CFRP
plates. The specimen dimension and the test setup are shown in Figure 3. The
strengthening plates are 100 m- wide and 4 and 1.2 mm thick for steel and CFRP,
respectively. The displacement-control technique was used for both experimental
and numerical investigations. In the numerical model, only half of the specimen is
considered due to the symmetry of the loading and of the specimen. The specimen
is discretized into 24 elements as shown in Figure 4 to obtain a smooth bond-stress
distribution along the covercrete-interface. 7 elements, however, are sufficient to
gain the same overall result.

Following Zarnic et al. (Zarnic, Gostic, Bosiljkov, and Bokan-Bosiljkov,
1999), the following material parameters are used in the numerical analysis: for

concrete  ff=25MPa and f/=1MPa; for steel f, =460MPa
E; =210,000 MPa; for steel plate fy =360 MPa and Esp = 210,000 MPa; for
CFRP plate f, =2,400MPa and Egpgp =150 GPa; for covercrete-interface

£, =3.0MPa and E; = 2,384 MPa/mm. For this study, the covercrete-interface law

is linear elastic up to the point of failure as shown Figure 2 and the material
parameters are obtained the calibration with the interface model proposed by Chen
and Teng (Chen, and Teng, 2001).

and
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CFRP Strengthened RC Slab

In the case of CFRP strengthened RC slab, Figure 5 shows the correlation
study between experimental and numerical results. Clearly, there are good
agreements between experimental and numerical results in terms of both stiffness
and strength. Four distinct loading stages are indicated on the numerical response
curves. Point A4 indicates the loading stage at which the middle third (constant
moment region) of the beam cracks, followed by a decrease in the beam stiffness.
Point B represents the loading stage at which cracking propagates toward the beam
end but the bottem steel reinforcement is still elastic. The steep change in stiffness
between Points 4 and B is due to the initial rapid propagation of the cracking toward
the beam end, which advances with the inverse of the applied force F. Point C
represents the loading stage at which the bottom steel reinforcement yields, hence
resulting in another significant drop in the response stiffness. Finally, Point D
represents the loading stage at which the CFRP plate debonds. At this point, both
experimental test and numerical response show a large drop in beam strength due to
the loss of the plate contribution. The residual strength is that of the control
(nonstrengthened) slab. It is also worthwhile to point out that the force-displacement
response of the control (nonstrengthened) slab is much more ductile than that of the
CFRP strengthened slab.

The tensile force distributions in the CFRP plate along the beam for
Points B, C, and D in Figure 5 are shown in Figure 6. The tensile force in the plate
has a fairly smooth distribution. It has zero value at the plate end (200 mm from the
beam end), then increases up to the point of the applied load (1,100 mm from the
beam end), and finally, remains constant in the constant moment region. Two
distinct points on the force distributions mark a clear change in the force slope
between the plate end and the point of load application. The first point, labeled as b
in Figure 6, distinguishes cracked and uncracked sections. Cracking never reaches
the section at the plate end, because it is preceded by the plate-debonding failure.
The second point, labeled as d in Figure 6, corresponds to the section where the
bottom steel reinforcement yields. The bottom steel reinforcement has yielded to the
right of Point d, and is still elastic to the left. Point d moves to the left from
distribution € to D in Figure 6. resulting from yield penetration as the applied load
increases.

Figure 7 shows the corresponding bond force distributions along the
covercrete-interface. It is important to note that the bond force is proportional to the
first derivative of the force in the plate. Furthermore, the slip field along the
concrete-interface contains the first derivative of the transverse displacement Eq.(2);
thus its approximation is less accurate than that of the transverse displacement field.
The bond stress has zero value in the central third of the beam, where the moment is
constant. Starting from the point of applied load and moving to the left toward the
beam end, the bond values gradually decrease. There are two points of
discontinuities marked on the bond-stress distributions as shown in Figure 7. The
first point, labeled as a in Figure 7 is located at the end of the plate and the second
point, labeled as ¢ in Figure 7 is located near the applied load. The bond
discontinuity at the free end is a well-known phenomenon, discussed in detail by
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Tiljsten (Téljsten, 1997). The jump in bond stress at this point is due to the sudden
change in cross section. The bond discontinuity at the point of load application is
due to the sudden drop in tensile force in the plate outside the region of constant
moment. This point is the beginning of the anchorage zone for the plate. The local
peak at the point of load application becomes sharper as larger loads are applied. For
the bond force distribution that corresponds to loading point B, bond increases
sharply near the point of load application, and then decreases until point b, which
separates cracked and uncracked regions. Bond drops to almost zero at point b. At
loading point B the bottom steel rebars are still linear elastic. At loading point C the
bottom steel rebars start yielding (in the middle third of the beam). After the peak
point (labeled ¢), bond drops drastically and remains constant over a cracked region
where the steel rebars are still elastic. A similar bond stress distribution is observed
at loading point D, but the bond-stress values are larger and there is a short plateau
of almost constant bond after point ¢. This plateau, which roughly corresponds to the
region where the bottom steel has yielded, ends at point d, beyond which the bottom
steel is still elastic. According to the bond distribution at load level D, the failure of
this specimen is caused by debonding of the plate at the loading point. This failure
mode was observed during the test.

plate end loading point
120 : :

- D
Z 100 -
=
T 80 -
o
T C
& 60 -
L
o
£ 40 A
@
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0 . .

0 400 800 1200 1600
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Figure 6 Tension Force Distributions in C-FRP Plate along Beam

Steel Strengthened RC Slab

In the case of steel strengthened RC slab, the correlation study between
experimental and numerical results is presented in Figure 8. Obviously, the proposed
numerical model can predict well not only the strengths but also the stiffness of the
specimens. There are five distinct loading points marked on the numerical response
curves in Figure 8. Point 4 marks the onset of concrete cracking in the constant
moment region of the beam and is followed by a decrease in the beam stiffness.
Point B represents a generic loading stage at which cracking propagates toward the
beam end but the bottom steel reinforcement and the strengthening steel plate are
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still in the elastic range. Point C indicates the point where the strengthening plate
yields. Point D represents the loading stage at which the bottom steel reinforcement
yields. As expected, the strengthening steel plate yields before the bottom steel
reinforcement yields. After the bottom steel reinforcement yields, the beam stiffness
is very small and mainly due to the hardening properties of steel reinforcements.
Point £ represents the loading stage at which the steel plate debonds.

350
300 +

plate end loading point

¢

250
200 +
150 ~
100

Bond force (N/mm)

50

0 400 800 1200 1600
Distance from beam left end (mm)

Figure 7 Bond Force Distributions along Covercrete-Interface
(CFRP Strengthened Slab)

The tensile force distributions in the steel plate along the beam for
different loading stages; B, C, D, and £ in Figure 8 are shown in Figure 9. Similar to
the case of CFRP strengthened slab, the force in plate is zero at the plate end (200
mm {rom the beam end), then increases up to the maximum value at the load point
(1100 mm from the beam end), and finally, remains constant in the constant moment
region. There are three points separating the beam-section stages along the beam.
The first point, labeled as a in Figure 9, separates cracked and uncracked sections.
Note that cracking never reaches the plate-end section, because it is preceded by the
plate-debonding failure. The second point, labeled as b in Figure 9, separates the
region where the steel plate has already yielded (to the right of b) from the region
where the steel plate is yet to yield (to the left of b). The third point, labeled as ¢ in
Figure 9, separates the region where the bottom steel reinforcement has already
yielded (to the right of ¢) from the region where the bottom steel reinforcement is
yet to yield (to the left of ¢). Points b and ¢ move to the left from distributions C to £
in Figure 9, resulting from the yielding penetration of the steel reinforcement as the
applied load increases.

The corresponding bond force distributions along the covercrete-interface
are shown in Figure 10. The bond force is zero near the loading point, up to the
point b, which marks the separation between yielded and non-yielded steel plate,
Directly to the left of point b, the bond force precipitously increases from zero to an
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almost constant value until point a separating the cracked and uncracked sections.
As the applied load increases, the plate yield front (point b) propagates to the left
and, as a result, the bond discontinuity and the intermediate plateau values increase
as well. This bond force increase is resulted from the shortening of the plate
anchorage length spanning from point b to the plate end. As the anchorage length
decreases, the bond forces must increase in order to maintain equilibrium. At load
level D, the covercrete-interface strength is reached in several sections between the
plate end and the loading point and is not as locally as in the case of CFRP
strengthened slab (Figure 7). This can possibly explain why the failure mechanism
of this specimen was not clearly detected in the experimental investigation.

80 . ‘ ; ;
= Steel Strengthened Sial x¥'—\
20| ¢ 7 ZETEETCE
L | ' '
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8 . : ;
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Figure 8 Experimental and Numerical Responses of Steel Strengthened and

Control Slabs
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Figure 9 Tension Force Distributions in Steel Plate along Beam
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Observations of Numerical Investigation

A few important observations can be drawn from the experimental and
numerical results plotted in Figure 5 and Figure 8. First, due to the externally
bonded plate, the loading capacity of the specimens is substantially enhanced. In the
case of the CFRP strengthened slab, the increase is more or less 73% while in the
case of the steel strengthened slab, the increase is approximately 98%.
Notwithstanding, because of the plate debonding, the substantial increase in loading
capacity is followed by the loss of overall ductility of the strengthened specimens. It
is important to note that the control slab is under-reinforced. The steel strengthened
slab shows a ratio of failure-to-yield deflection that is sensibly larger than the same
ratio of the CFRP strengthened slab. Finally, a significant increase in stiffness after
cracking is detected: approximately 145% and 72% for the steel and CFRP
strengthened slabs, respectively. The larger stiffness increase obtained with the steel
plate is mainly because the axial stiffness of the steel plate is more than twice the
axial stiffness of the CFRP plate.

Both experimental and numerical results obviously show that the ultimate
failure condition for all strengthened specimens is associated with debonding of the
strengthening plate. Zarnic et al. (Zarnic, Gostic, Bosiljkov, and Bokan-Bosiljkov,
1999), observed that the CFRP plate detachment always initiates in the middle third
of the specimen under the loading point and propagates from there to the plate end.
In the case of steel strengthened slab, detachment initiates at a point between the
plate end and the loading point. Conclusively, the overall tendencies of numerical
simulations performed in the present study are supported by experimental
observations.
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Figure 10 Bond Force Distributions along Covercrete-Interface
(Steel Strengthened Slab)

It is worthwhile to point out that, although debonding always causes a
sudden failure, debonding in the steel strengthened slabs occurs long after the
strengthening plate has yield and the maximum loading capacity has been reached,
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thus providing good ductility in the force-displacement curve (Figure 8). On the
other hand, in the CFRP strengthened plate, the plate debonds when the slab
response is still hardening, before the plate reaches its ultimate strength.
Consequently, the strengthening efficiency is not totally exploited because of a
premature failure. As a matter of fact, the axial strain in CFRP plate at debonding
failure is only 5.5%. This value is more or less half the strain expected at the load
level that would cause concrete crushing (within the assumption that the covercrete-
interface strength is infinite).

conclusions

This study points out the importance of including covercrete-interface
into the numerical model for nonlinear analysis of RC shallow beams strengthened
in flexure with either thin steel or thin CFRP plates. The numerical simulations are
relied on a simple but accurate displacement-based frame element with covercrete-
interface between the RC beam and the strengthening plate. Numerical simulations
of a series of experimental tests by Zarnic et al. (Zarnic, Gostic, Bosiljkov, and
Bokan-Bosiljkov, 1999), indicate that the covercrete-interface forces and the
covercrete-interface failure between the RC beam and the strengthening plates are
the crucial issues in strengthening of shallow RC beams and must considered to
evaluate the effective stiffness and loading capacity of the strengthened members.
Especially, implementation of an elastic-brittle covercrete-interface law yields
thorough information on the evolution of the failure mechanism under increasing
applied loads.
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