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Unlike bonded retrofit systems, un-bonded systems do not need any surface preparation prior to bond
application, which reduces the overall time and cost of a retrofit plan. Because the carbon fiber reinforced
polymer (CFRP) plate in the un-bonded (tendon) systems is not bonded to a metallic substrate, different
variants of the retrofit systems can be developed to ease application in the field. This paper presents four
different variants of the prestressed un-bonded retrofit (PUR) systems: trapezoidal PUR (TPUR), triangu-
lar PUR (TriPUR), Flat PUR (FPUR), and Contact PUR (CPUR) systems. Analytical solutions based on the
flexibility approach are developed to predict the behavior of the metallic beams retrofitted with the
PUR systems. A finite element (FE) model is created to simulate the behavior of the retrofitted beams.
The results of the analytical solutions are compared with those obtained from the FE model. The results
from the analytical and numerical models have been compared with the results of an experimental study
on steel and aluminum beams retrofitted with the PUR systems. A series of parametric studies are per-
formed to investigate the influence of different parameters such as the type of the PUR system and the
CFRP pre-stress level on the behavior of the retrofitted beams. The results show that for a specific
CFRP pre-stress level, all four different PUR systems result in approximately the same stress reduction
in the steel beam bottom flanges. Therefore, it is possible to use any of the four pre-stressing technique

depending on the requirements of the structure to be pre-stressed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last few decades, bridges have experienced a massive
increase in static and dynamic loads because of developments in
transportation technology worldwide [1-4]. While trains and vehi-
cles have become heavier and faster, roads and bridges have
become older and their ability to withstand the increased volume
of traffic loads has decreased. Because the reconstruction of defi-
cient bridges is expensive and time-consuming, bridge authorities
often consider a retrofit option.

1.1. Retrofit with pre-stressed carbon fiber reinforced polymer (CFRP)
plates

The usage of FRP materials instead of steel plates or tendons is a
new procedure for retrofitting purposes and their pre-stress tech-
nics are essentially different. The conventional methods for retro-
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fitting usually utilize bulky steel plates, which are heavy, difficult
to install and are prone to corrosion and fatigue of their own. Com-
pared to the CFRP material, steel plates are heavy, and their instal-
lation process often requires crane. Furthermore, using heavy steel
strands can increase the deadweight of the bridge, which is not
good for fatigue, as the mean stress level is increased and it results
in higher fatigue failure risks [5,6]. Since the 1990s, CFRP materials
have gained much attention for retrofitting and construction pur-
poses [7]. The CFRP material has a high strength-to-weight ratio,
high corrosion resistance and excellent fatigue performance [8].
Metallic members have traditionally been strengthened using
non-pre-stressed CFRP plates. However, in non-pre-stressed retro-
fit systems, the dead loads are not transferred to the CFRP plates
and only a portion of the live load is transferred to the CFRP plates.
As an alternative, by using pre-stressed CFRP plates, a portion of
the dead load is transferred to the CFRP plates in addition to the
live load [9,10]. The fatigue life of steel members has been substan-
tially increased by using bonded CFRP plates [11-18]. It has been
shown that pre-stressed CFRP laminate is capable of preventing
fatigue crack initiation in steel members [5,19,20]. Furthermore,
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Nomenclature

CFRP carbon fiber reinforced polymer
PUR pre-stressed un-bonded retrofit

TPUR trapezoidal PUR

TriPUR  triangular PUR

FPUR flat PUR

CPUR contact PUR

PBR pre-stressed bonded reinforcement

FE finite element

DOF degree of freedom

ei, initial deflection of CFRP plate(s)

e deviator height (eccentricity of CFRP plate from beam)

04, 0p, 0c slope of the beam at A, B and C cross sections, respec-
tively

® complementary angle of the angle between deviator
and CFRP plate

dp, Oc deflection of the beam at B and C cross sections, respec-
tively

Ly beam length

Le effective beam length between C and C’

L length of the CFRP plate after system deformation

L; initial length of the CFRP plate

Ly initial length of the CFRP plate before pre-stressing (in
FPUR and CPUR systems)

A change or elongation in the initial length of the CFRP
plate:A=L—L;

l loading distance from the deviator point (i.e., node C)

ok, ok vertical displacement of node B relative to node C
because of the external force F and tensile force of CFRP
plate T, respectively

d; vertical displacement at node i

Jji relative vertical displacement between i and j nodes

oM beam mid-span deflection

oy tensile strength of the CFRP material

E,, Es Young’s modulus of the CFRP plate and steel beam,
respectively

Ap. As cross-sectional areas of the CFRP plate and steel beam,
respectively

I moment of inertia of the beam cross-section

Gs transverse shear modulus of steel

F external vertical load applied by an actuator

T tensile force in the CFRP plate

K shear coefficient (equal to 0 or 1)

PSL pre-stress level (in percentage)

Op, &p stress and strain in the CFRP plate

o}, & stress and strain in beam upper flange

al, stress and strain in beam lower flange

ke, oL-  vertical displacement at node B relative to node C
because of the external force F and tensile force at CFRP
plate T, respectively

i vertical displacement at node i

Jji relative vertical displacement between i and j nodes

oM beam mid-span deflection

Ghafoori et al. [21,22] have shown that it is possible to arrest fati-
gue crack growth (FCG) in metallic members using pre-stressed
CFRP plates. CFRP materials have good long-term behavior. It has
superior fatigue behavior, much better than steel, and they have
high corrosion resistance.

1.2. Bonded vs. un-bonded retrofit system

The majority of the existing research on CFRP strengthening of
metallic members has used CFRP material bonded to the steel sub-
strate. The efficiency of the bonded retrofit system is mainly
dependent on the behavior of the CFRP-to-steel bond joint. Sophis-
ticated surface preparation is required prior to bonding the CFRP to
the steel member to maximize the efficiency of the composite sys-
tem and reduce the risk of debonding. Many studies have raised
concerns about the influence of environmental conditions (e.g., ele-
vated or subzero temperatures, water and moisture and ultraviolet
light) and dynamic loads (e.g., fatigue, impacts and earthquakes)
on the behavior of the CFRP-to-steel bond joint (e.g., [18,23,24]).

Because of these concerns, which are mainly associated with
the long-term performance of the CFRP-to-steel bond joints, Gha-
foori and Motavalli [25-27] have designed and tested a pre-
stressed un-bonded retrofit (PUR) system. In contrast to the
bonded system, the un-bonded system works without using any
bond; instead, it uses a pair of friction clamps to connect the CFRP
plates to the steel member.

1.3. Advantages of the PUR systems

The developed un-bonded system has advantages over the tra-
ditional bonded systems that are briefly mentioned in the follow-
ing. The PUR system offers a fast installation procedure because
there is no need for extensive surface preparation prior to the bond

application. It has been shown that the required amount of time to
prepare the metallic beams that were retrofitted with the bonded
retrofit system was nearly twice that required for the preparation
of beams that used the un-bonded retrofit system [25]. The un-
bonded retrofit system can be used for strengthening of metallic
members with rough (e.g., because of corrosion) or obstructed
(e.g., because of rivet heads) surfaces. In particular, the proposed
retrofit system is suitable for retrofitting of cultural structures,
where no additional element is allowed to be attached or bonded
permanently to the original members. In contrast to CFRP bonded
systems, the elements of the un-bonded retrofit systems can be
easily detached from the original structures.

The un-bonded retrofit systems need mechanical clamps to
connect the CFRP plates to the steel member. The clamps are
constructed from steel that is compatible with the steel member
to be retrofitted. The concerns related to corrosion of the steel
clamps are irrelevant because the system is used for retrofitting
of a steel structure. Bridge authorities usually apply anti-
corrosion coatings and paints to bridge members every few years.
Similar measures can be taken to protect the clamps against
corrosion.

1.4. Different variations of the PUR systems

In the bonded retrofit systems, CFRP plates are always attached
to the steel member using a type of adhesive bond. Unlike bonded
retrofit systems, un-bonded retrofit systems offer different vari-
eties of retrofit configurations. A trapezoidal PUR (TPUR) system
has already been developed and tested [27]. The system was used
for fatigue strengthening of riveted girders in a 120-year-old rail-
way metallic bridge in Switzerland [28]. In this paper, analytical
and numerical models are developed to estimate the behavior of
the TPUR system. The results from modeling are then compared
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with existing experimental results on steel and aluminum beams
retrofitted with the PUR systems.

The TPUR system is not applicable for all different structures,
for instance, for the case when there is not enough space beneath
the bridge to attach the system. Because the system is un-bonded,
it is possible to design different variants of the retrofit system. In
this paper, three new PUR systems, namely Triangular PUR
(TriPUR), Flat PUR system (FPUR) and Contact PUR (CPUR), are
presented. Analytical models are developed to predict the linear-
elastic behavior of the systems. A critical comparison between
the behavior of the PUR systems (i.e., TPUR, TriPUR, FPUR and CPUR
systems) is performed. The aim of this paper is to compare the per-
formance of different PUR systems. The results provide a better
understanding of the behavior of different PUR systems and will
help engineers choose the retrofit solution that eases the field ret-
rofit application based on the geometrical limitations of the steel
element to be retrofitted. Performing numerous experiments to
investigate the effects of each key factor (i.e., beam dimensions
or material, CFRP cross-section, pre-stress level, retrofitting sys-
tem, loading point, etc.) is difficult, therefore, in this study, a series
of analytical solutions was proposed to make this comparison
easier.

2. Pre-stressing technique and assumptions

A schematic view of the TPUR system developed by Ghafoori
and Motavalli [27] is shown in Fig. 1, as well as different parame-
ters. Furthermore, Fig. 2(a) and (b) depicts a schematic view of the
system before and after the pre-stressing. The two ends of the CFRP
plates are fixed inside a pair of friction clamps that transfer the
force from the CFRP plates to the metallic beam. The CFRP plate
without any tension is gripped inside the mechanical clamps but
initially has an eccentricity, e, as shown in Fig. 2(a). As the eccen-
tricity, e, between the CFRP plate and the steel substrate is
increased (using a deviator with adjustable height), the CFRP pre-
stress level increases, and a negative bending moment is applied
to the beam, as shown in Fig. 2(b). The height of the deviator is
increased until the desired level of CFRP pre-stress is reached. Note
that while pre-stressing, there is no vertical load on the beam. After
strengthening, vertical loads are applied to the top flange of the
metallic I-beam. As the vertical load increases, the upward deflec-
tion in the beam decreases, and for the larger value of vertical
loads, the beam deflects downward (see Figs. 2 and 3). The advan-
tages of the proposed retrofit system are i) there is no need to bond
the CFRP to the metal, ii) installation is fast because there is no
need for surface preparation, iii) there are no traffic interruptions
for bond curing, iv) there is no damage to the existing metallic
beam (e.g., no need for holes, grinding and gluing), v) pre-
stressing is easy, vi) the CFRP pre-stress level can be increased/
decreased easily by adjusting the height of deviator and vii) if nec-
essary, the retrofit system can be uninstalled without any residual

damage to the original steel member. Details about the design of
different components of the TPUR system, including the friction
clamps and the deviators, can be found in [27,28]. The pre-
stressing technique presented in this paper for the TPUR system
is manual, however, the same method can be implemented using
hydraulic jacks.

It is assumed that CFRP laminates are only loaded axially and
that their bending stiffness is negligible. A linear elastic material
behavior is considered for all elements. It is also assumed that
the clamps and the deviators are rigid and do not deform. The fric-
tion between the saddle and the CFRP plate is assumed to be neg-
ligible. Note that although the materials are considered linear
elastic and the deformation of the beam is small, there is a large
geometric deformation in the CFRP plates caused by the change
in length of the deviators (see C and C' in Fig. 2). Therefore, the sys-
tem is geometrically non-linear and statically indeterminate.

3. Analytical solution for the TPUR system

In this section, an analytical solution based on the flexibility
method [29,30] is presented. Explicit solutions that can be used
to predict the behaviors of the retrofitted systems are derived.
Because of the symmetry of the system, A'B’ and B'C’ sections need
the same calculations as AB and BC, respectively. The axial force in
the CFRP plates is T and is assumed to be constant along the CFRP
length (friction at the saddle point is ignored). The beam has ten
degrees of freedom (DOF), but because of the symmetry, they will
be reduced to five DOF (04, 0, 0c, 3 and J¢). The CFRP plates have
one longitudinal DOF (A). The TPUR system is statically indetermi-
nate (one degree of indeterminacy). Therefore, to use the flexibility
approach, the CFRP plates are assumed to be cut at the ends, which
makes the beam statically determinate. As observed in Fig. 3, the
deformations of the beam and the CFRP plate at the clamps are
linked by a compatibility equation.

Note that the vertical loads, F, can be applied to any arbitrary
points between B and B’ on the top flange of the beam, as shown
in Fig. 2(a). The distance between the deviator and the vertical load
is I. When the vertical load is applied between the deviator and the
mid-span, “1” has a positive value, while when the load is applied
between the deviator and the clamp, “1” has a negative value (see
Fig. 2(a)). The middle part of the beam (CC’) behaves like a simply
supported beam with two symmetric bending moments, Mc,
applied at its ends (see Fig. 2). Because the beam behaves within
the linear elastic domain, the principle of superposition can be
used when the loading position is between C and the beam mid-
span (0 <I<X%). The rotation of point C can be found by the
Conjugate-Beam Method [31] as

McLe
HC—{ZE" -b<1<0
) McLe Fl Le
st Taile =) 0<I<3F

(1)
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Fig. 1. Schematic view of a metallic I-beam retrofitted with the TPUR system.
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Fig. 2. (a) Vertical loads are either applied between C and the mid-span (I > 0) or between B and C (I < 0), (b) when the deviator height, e, increases, the CFRP pre-stress also

increases, which applies a negative bending moment to the metallic beam.

Fig. 3. To make the beam statically determinate, it is assumed that the CFRP plate is cut.

where F is the external vertical point load, E is the Young’s mod-
ulus of elasticity of the metal, and the subscript s refers to steel. I is
the moment of inertia of the beam cross-section and L. is the
length of part CC'. M; and 0; are the moment and the rotation at
node i. Subscript i refers to the desired node along the beam
(e.g., node B or C) and is positive counterclockwise. In this paper,
angles are in radians. [ is the loading position and is the distance
from the deviator (node C), as shown in Fig. 2(a). M¢ is considered
to be the total moment at the node C and is given by

M¢ = Mce + Mqi (2)

where Mc and M are the external and the internal bending
moments at node C, respectively. Because the friction between
the deviator and the CFRP plate (the friction at the saddle) is
ignored, Mc. and M¢; are given by

Me. = —T(e + ho)(cos 0, — cos @) 3)

and
| F(a+b)+Fl-T(bsing+(ec+ho)cosp) —b<1<0 4
7 F(a+b)—T(bsing + (ec + hy) cos ) o<i<y @)
where T is the tensile force in the CFRP plate(s). a and b are the
distances between the support and the clamp and between the
clamp and the deviator, respectively. hy is the vertical distance
between the neutral axis of the beam and the bottom surface of
the beam’s bottom flange (see Fig. 1). ¢ is the complementary
angle of the angle between the deviator and the CFRP plate(s), as
shown in Fig. 2, and is defined as
e—ec

sing = (5)
b” + (e —e.)?

cos ¢ = b (6)
b* + (e —e.)?
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where e, is the thickness of the clamps. a is the length of part AB,
and b is the length of part BC. e is the eccentricity between the CFRP
plate and the beam’s bottom flange (i.e., the deviator height).
Substituting Eqgs. (3) and (4) into Eq. (2) yields

(@+b+1F —T(bsin + (e; + hy) cos @ + (e + hg)(cos Oc — cos ¢))
7 ) (@+b)F = T(bsin ¢ + (e + hy) cos ¢ + (e + hy)(cos O — cos )

Substituting Eq. (7) into Eq. (1) gives

o — s5l(a+b+1)—T(bsin @ + (ec + ho) cos @ + (e + ho)(cos O — cos @))]
‘< ZLE"S,[(a+b)FfT(bsin<p+(ec+h0)c05(p+(e+ho)(Cosé)C7c05(p))}+%,(Le—l) 0<I<3

Considering part BC as a cantilever beam, the rotation of the
beam at point B is given by

OC—é@sin(p-s-b(ec—s-hg)cosgo) +§(#+ab) -b<1<0
05 =

|

HC—%<§sinqo+b(ec+hg)cosqo) +%<§+ab) 0<l<t

™)

9)

where 0pc = 03 — 0c and can be obtained from Egs. (8) and (9).
As the deformations are small in the beam, it can be assumed that

sinO¢c ~ O¢ (15)
-b<l<0 7
oIt @

2

-b<l<O
L (8)

and
cosfOc ~ 1 (16)
Considering the above simplifications, by substituting Egs. (8)

and (9) into Eq. (14) and then replacing the obtained expression
for A into Eq. (10), T can be calculated as

by3 (41(2b-+Le)+4As (bec (ec +e)+eLe(e+h)) +Ash(2b(h+e)+(hLe +6bec))) +4by41(27, +Le)
2935 (4Esl (1 —7p)+F(2e+h)(I(Le—)+Le(a+b))+y: (2a+h)(2ec+h)))
73(41(2b+Le)+4As (bec (ec-+e)+eLe(e+h))+Ash(2b(h-+e)+(hLe+6bec))) +4741(2y, +Le)

293 A (Fb(2eLe (a+b+1)+bh(y; +Le)+2y1 (bec+ah)+hLe (a+1)+4aecy; ) —FI2y; (2ec+h)+4EsIb(y1 —75))
T =

Note that in Eq. (9), 6 and ¢ are expressed in terms of T. On the
other hand, the axial deformation in the CFRP plates is

TL;

A=Ea,

(10)

Subscript p refers to the CFRP plates, and Ap is the total cross-
sectional area of the CFRP plates. L; is the initial length of the CFRP
plate

Li=Le+2y/b” + (e — e.)? (11)

The compatibility equation that involves geometrical character-
istics of the system is

A=L-L (12)

where L is the final length of the CFRP plates and is written as
(see Fig. 3)

L:Le—s-z{ b2+(e,~—ec)2+(e+h0)smec+w
CoSs @
=T+ 2m) (13)
EA; " °

In Eq. (13), the first term and the first term in the bracket are
from Eq. (11) (i.e., the initial length of the CFRP plates). The other
terms in the bracket refer to deformation because of the rotation
of the cross sections at node C and B, respectively. The last term
refers to deformation in the CFRP plate because of the axial defor-
mation of the beam. e; is the initial height of the deviator (i.e., the
initial eccentricity between the CFRP plates and the beam’s lower
flange) at which the tension in the CFRP plates is equal to zero
(i.e,e = e;, + ec). Substituting Eqs. (11) and (13) into Eq. (12) yields

A:2<\/(e—ec)2+b2—\/(e,»—ec)2+b2+(e+h0)sinec

n Opc(ec + ho) T
cos ¢ E,A

(Le +2b) (14)

-b<lIl<O 17
0<Igk {an
~ ~ 2
where
"=V b+ (e— 96)2
7o =\ b + (e —eo)? (18)
V3 = EpAp
V4 = EdAs

Here, h is the height of the I-beam (see Fig. 1) and h = 2hy (for
symmetric cross-sections). After calculating T, the system becomes
statically determinate and other parameters (e.g., mid-span deflec-
tion, Jy, stresses and strains) can be calculated based on the
method [31] presented in Appendix A.

4. Analytical solutions for the TriPUR, FPUR, and CPUR systems

As has been mentioned in Section 1.3, there are situations in
which the TPUR system cannot be installed or is difficult to install
on the bridge members. For instance, in some cases, there is not
enough space under the bridge to place the deviators, or there
might be concerns about the aesthetic aspects of the structure after
retrofitting. In this section, three different configurations of the
PUR system are presented, as shown in Fig. 4. Among the different
presented PUR systems (i.e., TPUR, TriPUR, FPUR and CPUR) for
strengthening of a bridge member, the one that best fits the geo-
metrical limitations of the structure can be selected. The analytical
solution for these PUR systems can be obtained by modifying the
solution presented for the TPUR system in Section 3 and will be
explained in this section.

4.1. The TriPUR system

The TriPUR system includes two clamps that fix the CFRP plate
to the beam’s bottom flange. The system includes a deviator with
an adaptive length under the beam mid-span, as shown in Fig. 4
(a). The eccentricity, e, between the CFRP plate and steel beam
can be adjusted by setting different heights for the deviator. The
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Fig. 4. Three other configurations of the PUR system: (a) the TriPUR system, (b) the FPUR system and (c) the CPUR system.

system works in the same way as the TPUR system; however, it has
only one deviator. Note that it is possible to add this section to end
of Section 3 (because of their similarities), but given the long
length of Section 3, the description about the TriPUR system is
given in this section. Accordingly, the analytical method developed
for the TPUR system in Section 3 can be modified for the TriPUR
system. The parameter L, should be set to a small value (e.g.,
10 mm), which implies that the deviators are at the same position
and act like one deviator. Other parameters mentioned in Section 3
remain the same. Note that for the TriPUR system, it is always the
case that -b <1 <0.

4.2. The FPUR system
In the FPUR system, the deviators in the TPUR system are

removed (see Fig.4(b)). A hydraulic jack can be used to pre-
stress the CFRP plates from the right or the left end of the CFRP

plate. Based on the method presented in Section 3, the parameter
b should be set to a small value b =~ 0, which means that the devi-
ator and the clamp are at the same position. This would result in
0p = Oc, and therefore, 0c =~ 0. Furthermore, the deviator height
has to be set equal to the thickness of the clamp, e=¢; =€,
because node B and node C (see Fig. 2(a)) are in the same position.
Hence, based on Eq. (11), L; will become equal to L, (i.e., L; = L.).
There are two approaches to pre-stressing the CFRP laminates
in the FPUR and the CPUR systems. One method is to fix the left
end of the CFRP plate to the steel beam using a clamp and pull
the right end of the CFRP using an actuator that is fixed to the
beam. Once the required CFRP pre-stress level is reached, the right
end of the CFRP plate is fixed to the beam using a clamp. The sec-
ond method is to pull the CFRP plate using an independent reaction
frame, as shown in Fig. 5. In this method, the pre-stressing is
applied by a hydraulic jack that is connected to the independent
reaction frame. Upon achieving the desired CFRP pre-stress, the
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Fixed end End grip Clamp CFRP Steel bar Actuator
~Load cell - ‘ |
——EO———amgli e iy —————

Reaction frame

Fig. 5. Schematic of the details of the pre-stressing set-up with an independent reaction frame for pre-stressing CFRP laminates (mainly for laboratory uses) [25].

force in the CFRP plate is locked using two clamps. The latter pre-
stressing technique is mainly suitable for laboratory applications,
while the former is good for on-site pre-stressing of the CFRP lam-
inates, because it does not need any reaction frame. More details
about the first method of strengthening will be published in a
future paper.

The analytical method in this paper assumes that the second
pre-stressing technique (i.e., using an independent reaction frame)
is used. Therefore, in the FPUR system, the pre-stressing is applied
before attaching the CFRP plate to the beam flange, while in the
TPUR system, the pre-stressing was applied after installation of
CFRP plates (by using deviators). Hence, the meaning of L; in the
FPUR system is slightly different from that in the TPUR system.
Here, L; refers to the initial length of the CFRP plate after the pre-
stressing and installation procedure (i.e., just before vertical loads
are applied). After the pre-stressed CFRP is attached to the beam,
the pre-stress level is decreased because of deformation of the
beam. To calculate the reduced pre-stress level, it is assumed that
the initial length of the CFRP plates before pulling (without any
tension) is L) and that after pre-stressing, it becomes L; (i.e.,
L; = L,). Therefore, it is given by

Ly=L—A (19)

where A, is the initial deformation of the CFRP plate because of pre-

stressing with the actuator and is given by
PSL

100E,

gl is the ultimate tensile strength of the CFRP plate and PSL is

the percentage of the “pre-stress level” in the CFRP plate. By con-
sidering Eq. (13), Eq. (14) can be rewritten as

L) — L} (21)

AL = Ugl,i (20)

i T
A=L-1L :Le+2(ec+ho)65—m(

Because 0 < I <%, Eq. (17) can also be rewritten to calculate T
(in the FPUR system):

L
Ly
B 10092AsF(ho + ec)(I(Le — 1) + aLe) + ;7,1 - Ap - Le - PSL - ol‘j
B 10093 (ILe + AsLe (€2 + hﬁ + 2echg)) + 7,1L.(100y, — A, - PSL - o))
(22)
where
Y, = E,A
o= EA, @

Other parameters have been determined similar to the method-
ology described in Section 3 and Appendix A.

4.3. The CPUR system

The CFRP plate in the CPUR system has direct contact with the
bottom flange of the beam. The system is implemented by remov-
ing the deviators and placing the CFRP plates between the clamp
and the beam lower flange, as shown in Fig. 4(c). The two pre-
stressing methods that have been explained in Section 4.2 for the
FPUR system can also be used for the CPUR system. Note that the
analytical formulations for the CPUR system are developed for
strengthening using an independent reaction frame (see Fig. 5). It
is assumed that the curvature of the lower flange surface can be
approximated by three straight lines, BC, CC' and C'B/, as shown
in Fig. 6. The proposed method in Section 3 can be used for this
system by setting the height of the deviator (i.e., e and e;) and
the thickness of the clamps all to a unique small value (e.g.,
e =¢e; =e. =1 mm). It is also considered that L; = L, + 2b. There-
fore, to obtain the final CFRP pre-stress level (after pre-stressing
loss), a similar procedure to that described in Section 4.2 is fol-
lowed here:

A=L-1L
- . 93((65 + ho) T i
=L, +2(b+ (ec + ho) sinfc) + “cos¢ EA (Le +2b) — Lyb
(24)
7=y (25)
LO

Here, Eq. (24) is used to rewrite Eq. (17) (instead of Eq. (17)) for
e = e; = e.. Substituting Eq. (24) into Eq. (25) gives T (for the CPUR
system). Other parameters and equations can be obtained by the
same procedure as described in Section 3 and Appendix A.

5. FE modeling

FE modeling of an I-beam that has been strengthened with the
TPUR system is explained in this section. The FE model helps to
provide a better understanding about the state of stress distribu-
tion along the steel beam after retrofitting, for example, see
Fig. 7. Note that in Fig. 7, the tension in the CFRP plate is much big-
ger than the tension in the beam flanges. Therefore, in order to see
the stress distribution in the beam clearly, the upper limit of the
stress is restricted to 450 MPa, which is the reason why stress in

A!

Fig. 6. It is assumed that the CFRP plate in the CPUR system has three straight segments.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+3.556e+03
+4.500e+02
+4.143e+02
+3.786e+02
+3.429e+02
+3.072e+02
+2.715e+02
+2.358e+02
+2.001e+02
+1.644e+02
+1.287e+02
+9.299e+01
+5.729e+01
+2.159e+01

Fig. 7. The stress distribution (in MPa) along the beam can be predicted using the FE model.

Table 1
Geometrical properties for the two test sets A and B (dimensions are in mm).
Test-Set Beam Section Lb a b Le 1 h by b'f tw tr ec e{) e = e; +ec
First Set A IPBI240 5000 825 825 1700 0 230 240 230 7.5 12 55 104 159
Second Set B IPE120 1200 220 180 400 0 120 65 65 44 6.2 1 0 1
" Ly is the length of the beam.
Table 2
Type of PUR system and the CFRP pre-stressing level used for the First Set and the Second Set.
First Set Second Set
Sample System Pre-stress Sample System Pre-stress
AR - Unstrengthened BR - Unstrengthened
ATO TPUR 0% BCO CPUR 0%
AT15 TPUR 15% BC20 CPUR 20%
AT30 TPUR 30% BC40 CPUR 40%
Table 3
Mechanical and geometrical properties of the CFRP and the steel used for the First Set and the Second Set.
Test-Set oY (Mpa) Ep (GPa) Es (GPa) Ap (mm?) As (mm?)
First Set 2450 158.5 209 180 7350
Second Set 2800 165 199.3 70 1350

the CFRP plates is shown in gray. All geometrical and material
properties are identical to those from the experiment performed
by Ghafoori and Motavalli [27]. This information is briefly summa-
rized as the ‘First Set’ in Tables 1-3. All materials were assumed to
have linear-elastic behavior. Eight-node shell elements with
reduced integration (S8R) were used to mesh the beam (with a
general mesh size of 40 mm). The boundary conditions of the
model simulate the actual support condition of a simply supported
beam, as shown in Fig. 8. Rigid body constraints were used at the
ends of the beam to prevent stress concentration at the supports.
Different parts of the retrofit system are connected with different
constraints, as illustrated in Fig. 8. Four-node discrete rigid ele-
ments (R3D4) were used to mesh the clamp and the deviator parts

(i.e., the base and the saddle) at a general mesh size of 40 mm. The
base and the saddle are connected to each other using a translator
connector (see Fig. 9). Furthermore, the clamp and the deviator
bases were connected to the lower flange using a “tie constraint”.
Four-node shell elements with reduced integration (S4R) were
used to mesh the CFRP plate. The mesh size was not uniform and
was reduced from 40 mm at the clamp location to 5 mm at the
contact area where the CFRP plate is in direct contact with the sad-
dle (see Fig. 9). The contact between the CFRP plate and the saddle
is assumed to be frictionless. The simulation consisted of the two
static steps of CFRP pre-stressing and loading. The first step simu-
lates the pre-stressing procedure. In this step, the length of the
deviators between the base and the saddle is increased, and there-
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I Rigid Part '
Rigid Body Constraint F F " Shell Secqon (S8R)
* Reference Point ---- Shell Section (S4R)

Steel Beam

. . Connector
(a)
W
-
A
e—e Tie Constraint >~/ 44" Surface-to-Surface Contact
(b) (c)

Fig. 8. (a) Constraints between different parts of the TPUR system. (b) Rigid parts (i.e., clamps and deviators) are tied to the lower flange, and also clamps are tied to the end of
the CFRP plate. (c) A frictionless contact between the saddle and the CFRP plate is defined.

Base
Saddle

Translator
connector

©

Fig. 9. (a) The beam retrofitted with the TPUR system. (b) Mesh size in the CFRP plate becomes finer near the saddle. (c) Parts of the deviator (i.e., the base and the saddle) are

connected using a translator connector.

fore, the CFRP plate is pre-stressed. In the second step, the external
vertical loads are applied to the upper flange of the steel beam.

6. Numerical and experimental verifications

In this section, the qualitative results of the analytical method
developed are presented and compared with the numerical and
experimental results.

6.1. Numerical verifications

Fig. 10 shows the pre-stress level in the CFRP plate as the length
of the deviator increases. In the absence of external vertical loads,
as the height of the deviator, e, increases, the stress in the CFRP
plate increases. Ghafoori and Motavalli [27] developed a method
for predicting the pre-stress level as a function of the eccentricity,
e. Their method is based on the assumption that the beam is rigid,
and therefore, it has negligible upward deformation when sub-
jected to a negative bending moment. Fig. 10 compares the CFRP
pre-stress level obtained from the so-called “rigid beam” assump-
tion with the results of the presented analytical and numerical
method. From Fig. 10(a), it is seen that the numerical and analyti-

cal solutions show good agreement, while the rigid-beam assump-
tion overestimates the CFRP pre-stress level. As observed in Fig. 10
(a) and (b), both the pre-stress level and the mid-span deflection
have a nonlinear relation to the deviator height. Fig. 11 shows
the strain in the CFRP plate and the beam flanges as a function of
the deviator height for Beam A, which is retrofitted using the TPUR
system as described in Tables 1-3.

6.2. Experimental verifications with aluminum and steel I-beams

Zhu et al. [32] have performed a series of static tests to study
the flexural behavior of aluminum I-beams retrofitted using pre-
stressed CFRP tendons. The FPUR, the TriPUR, and the FPUR sys-
tems, each with different pre-stress levels, have been used for
strengthening of the beams. Aluminum 6061-T6 with a Young’s
modulus of 70 GPa and a yield strength of 236 MPa was used.
The retrofitted aluminum beams have been tested in a four-point
loading set-up. Further details about the material and geometrical
properties of the tests can be found in [32]. Fig. 12(a) shows the
load deflection behavior of the aluminum I-beams retrofitted with
the TriPUR and the FPUR systems with 40 kN and 80 kN pre-stress
levels, respectively. Fig. 12(b) demonstrates the strains at the bot-
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Fig. 10. (a) The CFRP pre-stress as a function of the deviator height for the I-beam
strengthened with the TPUR systems (for e;= 159 mm and F = 0 kN). (b) The mid-
span upward deflection as a function of the deviator height (for e;= 159 mm and
F=0kN).

tom and the upper flanges of the aluminum beams when the exter-
nal vertical load increases from 0 kN to 35 kN. The results of exper-
iments are compared with those obtained from the proposed
analytical solutions and show good agreement between theory
and practice.

Ghafoori et al. [19,25] have studied the behavior of steel I-
beams retrofitted with the TPUR and the CPUR systems. The tests
were performed in a four-point load set-up. Details about the geo-
metrical and material properties can be found in Tables 1-3.
Although, the focus of [24] is on the ‘lateral torsional buckling’,
their experimental results in the linear-elastic domain (before
the buckling) are useful for the current research to provide a good
understanding of the elastic flexural behavior of the retrofitted
girders. Fig. 13(a) shows the load-deflection behavior of the steel
I-beams retrofitted by the TPUR system with different CFRP pre-
stress levels of 0.0%, 15%, and 30% (see Table 2). The vertical loads
are applied to the upper flange at the cross-section where the

20000 == CFRP Plates (Proposed method)
Beam Lower Flange (Proposed method)
Beam Upper Flange (Proposed method)
15000 4 — - — CFRP Plates (FE) _—
— - - = Beam Lower Flange (FE) >~
— — — Beam Upper Flange (FE) :
g | | | | s
é 10000 +- : i 1’:;"4 ******
3 Beam A | LF |
= 1 |
E 5000 fommooe e et
& T | |
P \ | |
4_/ 1 1 |
0 e t ]
| | | | maas
-5000 1 1 1 1 1
150 175 200 225 250 275 300

Deviator height, e [mm]

Fig. 11. The strains on the CFRP plates and the beam upper and lower flanges as a
function of the deviator height for the TPUR system (for e; = 159 mm and F = 0 kN).

deviators are located (i.e., 1 =0). The results of the experimental,
numerical and the proposed analytical models are shown in
Fig. 13(a). It is seen from this figure that as long as the system
behaves in the elastic domain, there is a negligible difference
between the results of the analytical, the numerical and the exper-
imental methods. It is also seen that the stiffness of the retrofitted
beams slightly increases as the pre-stress level increases. The rea-
son for this increase in the stiffness is because the eccentricity, e,
between the CFRP plate and the steel beam is larger for beams ret-
rofitted by high pre-stress levels. Therefore, as the eccentricity
increases, the moment of inertia of the beam cross-section
increases, and therefore, the stiffness increases.

Similar to Fig. 13(a) and (b) shows the load-deflection behavior
of Beam B (see Table 1) retrofitted with the CPUR system (see
Table 2) with different pre-stress levels of 0% (specimen BCO),
20% (specimen BC20) and 40% (specimen BC40). The results of
the experimental, numerical and analytical methods show good
agreement in the elastic domain. The retrofitted specimens show
only 6% more stiffness than the reference unstrengthened speci-
men (i.e., BR). However, the load-deflection curves for different
CFRP pre-stress levels remain almost parallel to each another in
the elastic domain. The latter shows that the magnitude of the
CFRP pre-stress level does not have any effect on the stiffness of
the retrofitted specimens, provided that the eccentricity, e,
between the CFRP plate and the beam remains constant. From
Fig. 13(b), it can be observed that as the pre-stress level increases,
the negative bending moment increases, and therefore, a larger ini-
tial upward deflection at the beam mid-span is observed.

Fig. 14 shows the strain in the CFRP plates, the lower flange and
the upper flange at the mid-span of specimen AT30, which has
been strengthened with the TPUR system with CFRP pre-stress
level of 30%. Fig. 15 shows the strain in the CFRP plate, the lower
flange and the upper flange of the specimens retrofitted with the
CPUR system. Different pre-stress levels of 0% (specimen BCO
shown in Fig. 15(a)), 20% (specimen BC20 shown in Fig. 15(b))
and 40% (specimen BC40 shown in Fig. 15(c)) were used for
strengthening. It can be seen that the results of the experiments
show good agreement with those obtained from numerical and
analytical simulations. Based on Fig. 15, the difference between
the experimental and analytical results is less than 1% in the CFRP
plate and 3% in the steel beam flanges.
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Fig. 12. (a) The load deflection behavior of the aluminum beams strengthened by
the TriPUR and the FPUR systems with 40 kN and 80KkN pre-stress levels,
respectively. (b) The strains at the bottom and the upper flanges of the aluminum
beams when the vertical load increases.

7. Parametric study

In this section, a parametric study is performed to examine the
efficiency of different configurations of the PUR system. The effects
of different parameters such as the CFRP pre-stress level and the
position and magnitude of the applied vertical loads on the flexural
behavior of the retrofitted beams are investigated. Furthermore,
the influence of the location of the deviators along the beam and
the geometric and mechanical properties of the CFRP plates on
the strain distribution along the beam is discussed.

7.1. Effect of loading position

In the previous examples of strengthening using the TPUR sys-
tem, the vertical loads were applied at the beam cross-section that
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Fig. 13. Comparison between the load-deflection behaviors of the unstrengthened
beam with the beams strengthened by (a) the TPUR system with the CFRP pre-
stress level of 0% (specimen ATO), 15% (specimen AT15) and 30% (specimen AT30),
(b) the CPUR system with the CFRP pre-stress level of 0% (specimen BCO), 20%
(specimen BC20) and 40% (specimen BC40).

includes the deviators. Fig. 16 shows the effect of the position of
the vertical loads between the clamp and the beam mid-span. All
parameters that are used in analytical modeling are given in Tables
1 and 2 (see Beam A and the First Set); however, the loading posi-
tion [ is different. Fig. 16(a) shows the strain in the CFRP plate as a
function of the position of the vertical load for a beam retrofitted
with the TPUR system. The results are given for three different
pre-stress levels of 0% (specimen ATO), 15% (specimen AT15) and
30% (specimen AT30) with two different vertical loads of 50 kN
and 130 kN. From Fig. 16(a), as the load position approaches the
beam mid-span, the strain in the CFRP plate increases.

The strains in the lower and upper flanges of the beam are
shown in Fig. 16(b) and (c), respectively. As the loading position
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Fig. 14. The strains on the CFRP plate and the beam upper and lower flanges for
specimen AT30 (strengthened by the TPUR system with 30% CFRP pre-stress).

approaches the beam mid-span, the magnitude of the strains
in the lower and the upper flanges of the retrofitted beam
increases. Fig. 16(d) shows the mid-span deflections of the beam
retrofitted with different CFRP pre-stress levels of 0%, 15% and
30% subjected to vertical loads of 50 kN and 130 kN. The maximum
deflections are achieved when the loads are applied at the beam
mid-span.

7.2. Efficiency of different retrofit systems

In this subsection, the effect of retrofitting the beams by using
different PUR systems is discussed. Geometrical details of Beam
A (see Table 1) are used here. The CFRP pre-stress level and the
load position are identical for the different beams. Table 4 shows
the dimensions that were adopted for all of the PUR systems. In
the TriPUR system, it is assumed that e}') = 50 mm. All of the PUR
systems have a pre-stress level of 30%.

Fig. 17 shows the load-deflection behavior of the beam retro-
fitted with different PUR systems. From this figure, it can be seen
that the TPUR and TriPUR systems show slightly larger stiffness
compared to the other retrofit systems. Furthermore, the beams
retrofitted by the TPUR system have the maximum magnitude of
the initial upward deflection.

Fig. 18 depicts the strain in the CFRP plate, the lower flange and
the upper flange of the beam as the external vertical load increases
from O kN to 200 kN. It is observed that using the TriPUR system
reduces the strains in the bottom and the upper flanges of the
beams more effectively than the other retrofit systems. This is
because the CFRP plate has the largest eccentricity, e, compared
to the other retrofit systems, which increases the moment of iner-
tia of the beam cross-section at the mid-span.

It is clear from the results that the difference between the TPUR
and the TriPUR systems is insignificant and that the performance of
the retrofitted beams is mainly dependent on the CFRP pre-stress
level rather than the type of the applied PUR system. Nevertheless,
in some situations, for example, when there is no space to place the
two deviators in the TPUR system, the TriPUR system, which only
needs one deviator, can be used. Having said that, the TriPUR sys-
tem needs a larger eccentricity between the CFRP plate and the
beam. On the other hand, the FPUR or CPUR systems can be used
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Fig. 15. The strain on the CFRP plate and the beam upper and lower flanges for
Beam B strengthened by the CPUR system with (a) 0% (specimen BCO), (b) 20%
(specimen BC20) and (c) 40% (specimen BC40) CFRP pre-stress level.
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Fig. 16. The steel I-beams retrofitted by the TPUR system with different CFRP pre-stress levels of 0%, 15%, and 30% are subjected to vertical loads of 50 kN and 130 kN. The
graphs show the strain on (a) the CFRP plate, (b) the beam’s lower flange, (c) the beam’s upper flange, and (d) the mid-span deflection in terms of position of the vertical load.

Table 4

Input parameters used in the proposed analytical model of the PUR systems (see Fig. 4).
System ec (mm) a (mm) b (mm) L, (mm) I (mm)
TriPUR 55 825 1645 10 -820
FPUR 55 825 10 3280 +825
CPUR 1 825 825 1700 0

as alternatives when there is not enough room beneath the bridge
(e.g., because of traffic) to apply the TPUR and the TriPUR systems.
In general, from Figs. 17 and 18, all of the presented PUR systems
result in similar improvements compared with the reference un-

strengthened beams. Any of the presented PUR systems could be
used for retrofitting of the metallic girders considering the ease
of application, the available space beneath the bridge and the geo-
metrical complexity of bridge elements.
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systems, all with 30% CFRP pre-stress level.

1
|
|
1 1
e Jm————
1 1
|
1 |
|
T

0

12000 — — TriPUR, CFRP Plates - - - = TriPUR, Lower Flange
TriPUR, Upper Flange FPUR, CFRP Plates
10000 FPUR, Lower Flange FPUR, Upper Flange
CPUR, CFRP plates = = CPUR, Lower Flange
8000 CPUR Upper Flange
~ 1
E 1 |
= 6000 i R
T P
(e 1 Beam A 30 A) | 1
RS | | |
£2000 4---- ; oo
T
1
1

-2000

-4000

0 25 50 75 100 125 150
Load [kN]
Fig. 18. The strains on the CFRP plates and the beam upper and lower flanges for

the steel I-beams strengthened with four different PUR systems, all with 30% CFRP
pre-stress level.

175 200

8. Conclusions

The concept of the un-bonded CFRP retrofit approach was
explained. The un-bonded retrofit system can be used for strength-
ening of metallic members with rough (e.g., corroded) or
obstructed (e.g., riveted or bolted) surfaces. The system offers a fast
application procedure because there is no need for surface prepa-
ration prior to bond application. In this paper, four different vari-
ants of the PUR systems (i.e., the TPUR, TriPUR, FPUR and CPUR
systems) were developed. The CFRP plates in the FPUR and the
CPUR systems are very close to the beam bottom flange, and there-
fore, these two systems are appropriate for retrofitting girders
where there is not much space beneath the bridge because of ongo-
ing traffic.

A series of analytical solutions to predict the linear-elastic flex-
ural behavior of the metallic beams retrofitted by the presented

PUR systems was presented. The analytical method is based on
the flexibility approach and can take into account the shear and
the axial deformations in the beams. Furthermore, a detailed FE
model was created to perform a numerical study on the behavior
of the retrofitted metallic girders. The qualitative results of the
developed analytical and numerical methods were compared with
the results of the experiments on the aluminum and steel beams
strengthened with the pre-stressed CFRP tendons and plates,
respectively.

A series of parametric studies was performed to investigate the
influence of the loading position, the CFRP pre-stress level and the
distance between the supports and the clamps as well as the
clamps and the deviators. The results showed that the efficiency
of the retrofit method is mainly dependent on the CFRP pre-
stress level rather than the type of the PUR system. Therefore,
any variant of the PUR system that can ease application in the field
can be considered for the retrofit solution.

Although strengthening using the PUR systems increases the
stiffness of the beams, the magnitude of the CFRP pre-stress level
does not make any contribution to the stiffness of the beams in
the elastic domain. An increased CFRP pre-stress will decrease
the deflections and increase the yield and ultimate load capacity
of the beams. The results of this study showed that the pre-
stressed un-bonded retrofit system could decrease the mid-span
deflection of the beams about 30% and increase the yielding load
capacity about 35% (compared with the reference unstrengthened
specimen).

Appendix A. Deformations and strains in retrofitted beams

In this appendix, the mid-span deflection and the strain and the
stress in different parts of the retrofitted beams (e.g., the upper
flange, the lower flange and the CFRP plate) are calculated. The
beam mid-span deflection, dy, is calculated as follows [31]:

Om = Oap + Ipc + S + K (™ + opee” (A1)

where §; is the total vertical displacement at node i and
@

F-
0a = 3EI + asin0g (A.2)

dpc = S5 — b + bsinfc (A.3)

ok and o5 are the vertical displacements at node B relative to
node C because of the external vertical force, F, and the tensile
force of the CFRP plate, T, respectively

F(b*+P Fa)b*  FP(b+l
oF = (35?1) %_ 2(&7) —b<1<0 A4
) e Fa? 0<l<k (A4)
3E " 2El SNENTD
b’ sm(p Tb* (e, + 1 cos ¢
5‘€C 3El CZESI (A-3)
and
Mcl -b<l<0
Sou = 8E,] (A6)

MLe Fl Lz Le
e (-5) +K(dk) o<is<h

where G; is the transverse shear modulus of the steel beam. The
shear deformation is calculated as follows:

Fa
" =g (A7)
sl
(F=Tsin @)(b+)+(Tsin @)l
bshear AsGs _b < l <0 (A 8)
(F-Tsin )b 0<l< Le .
AsGs A
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The shear deformation of the steel beam is considered in the
coefficient K. Coefficient K in Eq. (A.1) can be equal to zero or
one. It is commonly neglected (e.g., for slender members) by set-
ting K to zero.

In the above equations, J; is the relative vertical displacement
between nodes i and j

dij = 0 — 0 (A9)
In addition, the strain on the CFRP plate is given by
_ Op - T
&p = E —EA; (A10)
The stress and the strain in the beam upper flange are
- (MCTh“ + Als) -b<1<0
op = (A11)
f(MCf’WJrAlSJrL?“) 0<i<h
and
w_ T
g = E, (A12)
The stress and the strain in the lower flange are
Mch
R o “b<l<0 (A13)
SR g 0<ich
and
]
1 _%
& = E, (A14)
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