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A paramelric study of the flexural strength of
concrete girders externally prestressed with
epoxy bonded fiber reinforced plastic (FRP)
plates is presented. The girders are exter-
nally prestressed with FRP plates epoxy
bonded to the fension face of the girders,
while the girders are held cambered by
means of upward jacking forces. The vari-
ables considered in the study are the type of
FRP piate, the area of the plate, and concrete
compressive strength. A design example is
also presented fo show the effectiveness of
this strengthening technique for upgrading
the load carrying capacity of a typical con-
crete bridge originally designed for H15 load-
ing to that of HS20 loading.

any ol the bridges in the United States are in need
M of replacement and/or rehabilitation. A large num-
ber of these bridges were originally designed to
carry smaller vehicles, lighter loads and lower traffic vol-
ume than are common today. This has lell most of these
bridges with inadequate load carrying capacity for today’s
traffic. Therefore, in addition to maintenance, strenpthening
is also necessury in older bridges (o bring their load carrying
capacities up 1o current standards.
in many cases rehabilitation akes precedence over replace-
ment for its cost elfectiveness. The more castly bridge replace-
ment can be avoided by rehabilitating the bridge early, before
detcrioration reaches an advanced stage. Tn facr, the lederal
Highway Administration recominends that before replacing a
bridpe, rehabilitation be given primary consideration.
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Fig. 1. External prestressing of concrete girders with epoxy bonded FRP plates —
{a) camber by jacking, (b jacks are removed when epoxy has cured.

Several different methods can be
uscd ko increase the live load capacity
of cxisting bridges: external post-ten-
sioning. epoxy bonding of stecl plates to
the tension Nange. and epoxy bonding
of plastic plates 1o the tension tlange.

There arc a number of existing bridpes
in which eaternal posi-tensioning has
been used successfully to mcreasc the
strength of wirders, In this technique,
high strength stee] cables are anchored
o stecl or concrete girders and ten-
sioned Lo improve elastic response, ul-
timate capacity and fracture behay-
ior.' ' This method poses several
problems at the tme of construction
and during service lile, including the
anchoring of posi-tensioning strands,
maintenance ol laterai stability of the
girders during post-tensioning and pro-
tection of strands against corrosion,

Epoxy bonded steel plates have also

been uscd to increase the strengeh of

girders in existing bridges and build-
ings. This technigue involves attach-
ing a steel plate o the tension flange,
using cpoxy, o increase the strength
as well as the stiffness of the struc-
turc. Even though this technique has
met with success in many countrics,
its major prohlem has been corrosion
of the steel plate, which adversely af-
fects the bond strength at the epoxy-
conercte interface.

An effective method for elinlinating
the corrosion problem in the plawe
bonding technique is te replace the
steel plate with corrosion-proof fiber
reinforced plastic (FRP) plates. Other
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advantagey of FRP plates include high
strength and light weight. [n the plate
bonding technique, it is advanlageous
o externally prestress the girder an the
e of sirgngthening,

External prestressing is scecom-
plished by cambering the girder with
hydraulic jacks while in loose contacl
with an epoxy coated FRP plate, us
shown in Fig. 1{a). When the epoxy is
cured, the jacks are removed |see Fig.
I{bil. The I'RP plate, placed in len-
ston, will prevent a complete elastic re-
turm of the girder. This results ininital
vompression and tensile stresses in the
hottom and Lop flanges that oppose Lhe
stresses induced by service loads. Ad-
ditionally. this technigue of prestress-
ing does not require the use of anchor-
ages, so construction s simplified.

PREVIOUS STUDIES

Several researchers have studied the
behavior of concrete girders strength-
ened with epoxy bonded steel plates.

The work of MacDonald and Calder
involved testing a serics of 6 x 10 1n,
(150 x 250 mm) rectangular beams,
with lengths varying from 1 1.5 10 16 (1
(3.5 10 4.9 m), that were strenglhened
with epoxy bonded steel plates.” They
reported significant improvements in
the ultimate strength of the strength-
ened beams. Several heams that had
been exposed 1o the outside environ-
ment showed a smaller ultimale
strength, This reduction in the ultimale
strength was attributed to corrosion at

the interface of steel and cpoxy,

Another study by Jones ¢t al. re-
ported the hehavior of plain and rein-
forced concrete beams strengthened
with steel plates hbonded by epoxy
the tension lace of the beams.” They
used two different types of adhesive
and two grades of steet plate, The ef-
fects of adhesive thickness, plate lap-
ping, multiple plates, and of precrack-
ing prior to bonding were investigated.,
They concluded thatl external pre-
stressing with steei plates resulied in
enhancement of elastic range, reduc-
ten in twensile siresses, increase in
strength and stiffness, and improve-
ments in ductility al (exural failure.

Suadatmanesh and Ehsani tested
severgl concrete beams externally re-
mlorged with glass fiber reinforced
plastic {GFRP)Y plates.” They lirst con-
ducted 4 series of tests on small-scale
beams to examine their behavior and
o select a suitable epoxy for this
strengthening technique. They esled
live beams, cach having a cross sec-
tion of 3.5 x 6 in. (940 x 150 mm) and a
length of 66 in. (1.67 m). The beams
had one No. 3 Grade @) bar for ten-
sion reinforcement and Y in. {3 mm)
diameter wires placed at 3 in. (75 mm)
for shear reintforcement.

The GFRP plates were 'ox 3 in. (6 x
75 mm) in cross section and were al-
tached to only four of the five beams
tested. The fifth beam was the conurol
beam. They also used different tvpes of
cpaxy on each of these four beams. It
was concluded that the behavior of
these beams was very similar to that of
their counterparts strengthened with
steel plales, with the added advantage
of resistance to corrosion. They at-
Libuted the suceess of this technigue Lo
the use of o suitable epoxy. It was sug-
gested that the epoxy should have sulli-
vient stillness, strength and toughness
Like thaat of rubber-toughened cpoxies.

On completion of small-scale rests,
they carried oul unother series of tests
on five rectangular beams and one T-
beam.” The rectangular beams were 18
X 8 in. (455 1 205 mm} in cross sce-
tion. The flange widih and thickness
of the T-beam were 24 and 3 in. (610
and 75 mm), respectively. The overall
height was 1% in. {455 mm} and the
thickness of the web was 8 in. {205
mm). The overalt Jength of each beam
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was 16 10 {4 88 m1) and the beams were
supporled on g clear span of 15 11
{(4.57 m) during Lhe tesi.

Three dilferent reinfloreement ratios
were used lor the beams. The GFRP
plates were 6 £ '4in. (152 % 6 mm} in
cross section and 14 11 (426 m) long.
These plates were attuched Lo the len-
sion flanges of the beams. They re-
ported a signiflicunt increase in the
flexurul strength. The increase in the
flexural strength was much greater in
bearns that had lower sieel reinforce-
ment ratios. They also Tound that plai-
ing vontributed, in parl. o reduction in
duoctility. Reduction in crack sizes was
observed at all Toad levels.

Ritchic ct al. recently investipated the
cxternal reinforcement of concrete
beams using fiber reinforeed plastics.
Sixteen heams woere tested in their
study. They utilized three different
types of fiher composite plates — glass,
carbon, and aranid. Two of the beams
tested were control beamns. Glass fiber
reinforced plates were used on cight
beams. carbon on two beams, aramid on
one beam. and stecl plates on the re-
maining two. The reinforcing steel
viclded in most of the beams hefore
failure. Shear failure occurred in the
beam strengthened by aramid plates.

It was reported that o significant in-
erease in the ultimate moment capac-
ity of the beams was observed. Their
proposed theoretical mode] was in rea-
sorahle agreement with their experi-
mental work. They suggested the use
of rubber-tonghened epoxy for this
structural system. Tt was also Tecom-
mended that, while choosing epoxies,
due consideration he given o their
strength, creep, fatigue, environmental
stability and compatibility with mae-
rials heing bonded.

Strengthening of concrete boams
with carbon platcs has been in use for
some time in Switzerland. There are
several field application cascs for
buildings and bridges, as suimmarized
by Meicr ot al.” In addinon, Triantafil-
lou ¢t al. have demonstrated the effec-
tiveness of strengthening beams with
prestressed carbon sheets,'™ Five 47 in,
{1.2 my long beams were tested, Car-
bon sheets were stretched and cpoxicd
ta the tension flanges ot the beams.
All beams cxhibited superior strength
ang stiffness improvements.
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FIBER REINFORCED
PLASTICS

Fiber Reintorced Plastics (FRT) are
becoming increasingly popular as
siructiral components. FRPs have sev-
cral distinct advantages over steel.
Their high strength o weight ratio,
corrosion resisiance and light weight
make them attractive materals for the
solution of many civil cngineering
problems where conventional materi-
als de not perlorm well.

FRPs are made ol small fibers
placed in o resio matrix, The {ibers
provide the composites with their
unique structural propertics. The resin
functions printarily as a bonding agent
for the fibers. FRPs are generally
anisotropic. Their mechanical proper-
tics vary depending on the amount and
the oricntation of fibers in the direc-
tion of measurement. Additives can be
used in composites o improve their
fire retardancy and resistance 1o ultra-
violot rays.

The mest common type of fiber
used in FRPs is glags, Glass fiber rein-
forced plastics (GERPs) are the deast
cxpensive and have satisfactory struc-
tural propertics. The wensile strength of
unidirectional GFRPs is in cxcess ol
106 ksi (689 MPa); however, they
have a relatively low moedulus of clas-
ticity, t.c., in the order of 7000 ksl (48
GPa). The RPs behave lincarly elas-
tic to failure. The strengeh and stift-
nzsy of FRPs can be significantdy in-
creased by using more advanced
fibers. such as carbon. Carbon ftiber
reinforced plastics (CIFRPs) can reach
ultimate strengths in cxcess of 350 ksi
(2400 MPay with a modulus of clastic-
ity of 23,000 Ksi (160 GPa) ar morc.

The fatipue and creep behaviors of
composites are alse very good. Unidi-
rectional glasy reinforced composites
do not fatigue when stressed below 50
percent of their tensile strenpth, baost
of the commercially available fibers,
such as glass, carbon, and boron, do
not creep.”

OBJECTIVES

1. Present analytical models lor
flexural analysis of concrete girders
cxternally prestressed with composite
plates.

2. Lxaminc the effects of design
variables. such as concrele compressive
strength, type of composite plale and
stiftness and arca of plate. on the static
strength of the prestressed irders.

3. Demonstrate, through a design
example, the cffectivencss of this
strengthening technigue tor upgrading
the load carrying capacity of an exist-
ing bridge originally designed for H1S
truck loading to thar of H320 truck
levading.,

ANALYTICAL STUDY

Analytical models are prescnted to
caleulate moment and curvatuee for
concrete girders externally prestressed
with FRP plates throughout the entire
range of loading up to failure. The fol-
[owing assumptions are made in the
analvsis:

* Lincar strain distribution across full
depth of beam

Smadl deformation

No creep and shrinkage deformations
= Complele composite action between

FRP plate and concrete bean, Le.,

o slip
* No shear deformations

These assumptions arc the samc as
those made in classical theories of re-
inforced concrete members subjected
o MNexure.

The stress-strain curve is idealized
by Hognestad's parabola with a maxi-
mum conerete strain of G003, The
stress-strain relation tor Grade 60 steel
used in the study is assumed to be
elastic-perfectly plastic with a yicld
stress of 60 kst (411 MPa). A linear
stress-strain relation up to tailure is as-
sumed for FRP plates. The stress-
strain curves for Grade 60 reinforcing
bar, and GFRP and CERP platcs arc
shown in Fig. 2. The strain compati-
bility method is used to calculate the
forces and deformations across the
depth ol the cross section.

The basic steps taken in this proccss
are as follows. Given the value of con-
crete strain in the extreme compres-
sion fiber, the depth of the ncutral
axis, ¢, i obtained from equilibrium
of forces acrosy the depth of the cross
secuen. After the location of the neu-
tral axis iy determined, the strains in
the concrete. steel reinforcing bar and
FRP plate can be calculated using the
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he applied to
prevent severe
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150} /

1000/

300! ; _ Rebar 42100

..CFRP {1800

cracking of the
top face of the
beam. Fig, 3{a)
shows with a
solid hine the
measured load
vy, defiection 1o
lailure. The cai-
culaled load ws.
deflection s
shown with the
dashed line, As
can be seen from

MPa

1500

<1200

300

600

50} 7

the tigure, the
mecasured  and
calculated values

<300

STRAIN

. ] ; . 1] .
0.005 0.07 0.015 0.07 0.025 0.02 correlated well

throughout the
cnlirg range of

Fig. 2. Stress-strain curves for reinforcing bar, CFRP,

and GFRP.

linear strain disgram. The stresses in
the concrete, steel reinforcing bar and
plastic plate are then obtainad from
their respective stress-strain curves,

The internal forces are caleulated by
multiplying the siresscs by (heir corre-
sponding arcas. The moment capacity
ol the section is found by summing the
moments of all internal forces about
the neutral axis. The corresponding
curvature is caleulated by dividing the
strain in the cxtreme compression fiber
by the distance 1o the neutral axis. A
compuler program was developed to
carry out the above computations,

The experimental results of a con-
crele beam externglly prestressed with
GFRP platc were used o verify the
compuler program, The heam tested
had an & x 14 in. (205 x 455 mm) rect-
angular cross sectien and was 13 fi
(4.57 my long. It way reinforced with
two No, 4 Grade 60 tension bars aind
wo No. Jd compression bars. The con-
crete compressive strength was 5040
psi (35 MPa).

The beam was cambered betore a
fox Oin 16 x 150 mm) GFRP plate
was bonded o the tension face along
the full length of the bearn. The dead
lvad of the beam was small because it
did nat have a deck as un actual bearn
in a bridge would have. As a resull,
only a smali cambering force could
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loading,

Fig. ikt shows
the measured
and caleulaled
load vs. sirain in wnsion steel reinfore-
ing bars. The two curves corrclaled
well up o a load of aboul 18 kips (80
kN). Beyond this point the measured
strains were smaller than the caleu-
lated values, This can be attributed o
cracking of the conurele in the vicinity
of the strain gauge and possible dam-
age w the gauge,

The messured and predicted louad vs,
strain in the GI'RP plate are shown in
Fig. 3(c). In the initial stages of load-
ing, the measured strains in the plate
were slightly less than the predicted
villues, As loading increased, so did
the difference between the two strains,
This small difference can be attributed
1o a slight slip in the epoxy at the in-
terface of the plate and concrete. Fig,
Jidy shows the load vs. strain in the
extreme compression lber of con-
crete. Initially, the agreement between
the measured and caleotated values
was very good. At higher levels of
loading, the difference between the
Wwo curves increascd.

Iig. 3(e) shows the beam at failure,
which occurred as a result of shear
failure of the concree layer between
the plate and longitudinal steel rein-
forcing bars. No delamination andfor
hond failure was ohserved at the inter-
face of the plate and concrete, indical-
ing satistactory performance of the

epoxy. It is noted that the flexural
strength of this beam increased by a
factor of four gbove that for the same
beam with no plate.

A comparison ol the analvtical and
experimental results indicates that the
hehavior of externally prestressed con-
crete girders can be predicted with
reasonable accuracy. The data shuwn
in Fig. 3 indicate that the measured
strains compare Tavorably with the
predicted values. As expected with
higher loads, some differcnces exist
between these values. This is because
the strains are measured over a very
short gauge length and are. therefore,
significantly influenced by the forma-
tion of eracks in their vicinity.

Nonetheless, there is close agree-
ment in the trends of the messured and
caleulated walues. Furthermore, there
is close agreement between the mea-
sured and calculated load vs, deflee-
tion behavior. This is because the de-
flections are calculated by integrating
the curvature over the cotire length of
the beam. Hence, they are not signifi-
cantly affected by the small variations
in local strain measurements shown in
Figs. 3tb) through 3td),

PARAMETRIC STUDY

In the parametric study, the effects
of the initial camber and type and arca
of the coniposite plaie on the moment-
curvature relationship of the girder
wete examined. Two different types of
composite piate — glass fiber rein-
foreed plastic (GFRPY and carbon
fiber reinforced plastic (CFRP) — arc
used in the parametric study. The ulti-
male sirength and the modulus of elas-
ticity of the plates are 170 ksi (1166
MPay and 7500 kst (31 GPa) for the
GFRP plate, and 350 ksi (2400 MPa)
and 23.000 ksi (158 GPa)y (ot the
CFRP plate.

The stress-straimn curves of GERP
and CFRP plates are shown in Fig, 2,
To show the effect of plate sive on the
strength and ductility of upgraded gird-
ers. two different plate arcas are used
for cach 1ype of compositc plate: Apt =
4 s in. (258 e’k and Ay = B sq in.
{(51.6 cm¥). where Agy is the cross-sec-
tional area of the composite plate, The
concrele compressive strength for the
girder is 6000 psi (41 MPa).
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Fig. 3.(a} Load vs. defiection; (b} Load vs. sirain in reinforcing bar,

The girder used i the parametric study
hits the following cross-sectionad proper-
tics: overall height of 54 in, (1370 mm);
33 x 8 i (2110 x 208 mm) flange; and

24 x 46 in, (610 x 1170 rmm) web, The
areas of tension and compression rein-
lorcement in the girder arc 9 and 6 s in,
(38 and 39 o), respeetively.

Table 1. Parameters used in the analysis.

Ream ' Platetype |, Camher
Gl C Class u
Ge4 lass C
TiM Clarhon ¢
CCa Carbon C
GHR Glass 1]
GCH Cilass [y
Cos Carbon 1}
CCH Carbuon : T

Ap.l {in.‘;

4.1
44
4.0
4.0
A%
B0
5.0
8.0

%, (ki) Egp (x 10 kisi)

170
170
350
ol
170}
170
350
350

15
T3
230
230
1.3
13
23.0
230

Tablc | shows a summary of the
variables used in the study. Each
retrofitted beam 1 designatcd with
three characters; the irsr character de-
fines the type of composite plate used,
ig.. G for glass and C or carbon, The
second character indicates whether the
heam is cambered or not, i, C desig-
nates camber and 0 indicates no cam-
ber, meaning that the plate is bonded
tr the girder in its original position
without applying the jucking forces.
The third character indicates the arca
ol plate in sq in. units. For ease of
comparison, the tensile strength of the
plate (ap,,) and its modulus of elastic-
ity (£} are also listed in the table,

In arder 1y show the cffectiveness of
this strengthening technique, the ap-
plicd moment vs, curvature and the
applicd moment vs. stress in the con-
crete, steet reinforcing bar and com-
posite plate are discussed for the cross
scetion shown in Fig. 4, before and
after strengthening, The moment val-
ues shown on (he plots include baoth
dead load and live load nioments.

In the figures w follow, cach curve
belonging to an upgraded beam is des-
ipnated with three characters, as dis-
cussed previously, The curves with no
designation belong to the girder beiore
strengthening, ie.. the control beam.

tig. 5{a) shows the moment vs. cur-
vature relationship for the girder
strengthened with a GFRP plate with
no induced camber, The moment
vs. curvature for (he girder hefore
strengthemny 1s shown with a solid
line. By comparing the moment-
curvature relationships before and
after strengthening, it can be scen tha
bonding the GFRP plate o the tension
face results in o sigmficant increasc in
the moment carrying capacity of the
girder. This 1% due o the additional
maoment couple created by the teosile
force in the GFRP plate and an equal
compressive torce 1 the deck.

Increasing the arca ol the plate from
4t 8 sqin. (238 to 51.6 em?) further
increased the moment cammying capac-
ity of the section. The fuilure in the
upgraded beanis was reached as a re-
sult of rupture of the plate.

Fig. 3{b} shows the moment vs.
stress in the wop extreme fibers of con-
crete. In the control beam, the failure
occurred by crushing of the concrete,
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2273 kip-ft (3092 kN-m), resulting in
1 " " - a more rapid increase in concrete
- stress. The nonlinearity in the curves

o is duc to the parabolic form of the

- 1 160 .
Hognestad’s stress-sirain curve used
. in the analysis. Atter the tension bars
1120 yielded in the control beam, there was
little increase in the monient. The
strain in the concrete, however, con-
180 tinued to increase unul it reached its
___ MEASURED i crushing strain when the beam failed,
- _ CALCULATED For 4 given moment, the beam with
140 the & sq in. (51.6 cm’) plate exhibils
. lower concrete stress than the hearn
. 0 with the 4 sy in, (25.8 ¢cm®) plate. The
-2 0 2 4 & 8 10 12 plate failed in 1ension beiore the con-

STRAIN x 10° crete stress could reach its compres-
sive strength value in hoth cases. The
tracture af the plate in Specimen GOS,
however, was very close w the point
when the concrete was reaching its
compressive strength,

e Fig. 5(c) contains the moment vs.
o 1160 stress in tie reinforcing bars. [n all
three cases the reinforcing bars have
vielded before uctual failure of the
1120 beams. For a given moment, the rein-

MEASURED 1 forcing bar stress in ihe strengthened
:tCALCULATED {80 beams is slightly lower than that of the
control beant, i.c., the reinforcing bars
in the strengthened beams show de-
4 40 luved vielding,

Fig. 5{d) shows the moment vs,
stress in the composite plate. The plate
has reached its tensile strength value
of 170 ksi (1166 MPa) in both beams,
After the yielding of reinforcing bars.
the tensile force created by the addi-
Fig. 3.(c) Load vs. strain in GFRP plate; (d} Concrete at midspan. lional moment is carried entirely by
the piate, resulting in the increased
MOment capacity.

Fig. 6ta) shows the monient vs, cur-
vature for the girder externally pre-
stressed with a GFRP plate bonded to
the tension face while the girder was
held camhered. The upward jucking
forces were calculated te result in
stresses on the top extreme fibers of
the concrele equal 1o the modulus of
rupturc. in other words. jucking lorces
resvited in 4 negative moment equal to
the dead load motment plus the crack-
ing moment.

External prestressing induced a neg-
alive moment in the girder. This nega-
tive moment resulted in initial strosses
i the girder as shown in Figs, 6(h)
Fig. 3{e}. Beam at failure. through 6(d}. These initial stresses op-

kN

{c) )

& kip
kN

LOAD

20

10

i}

0 0.5 1 1.5 2 2.5 3
’ STRAIN x 107
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i pose stresses indueed by gravity loads., —
14 g3 >-| _‘iL Cambering did not change the moment
3 vapacity of the beam tront that of the
8 E " ’ iy previous case under no camber, The
Ky failure in the beam resulted fron frac-
ture of the plate.
75 .
Fip. 61h) shows the moment vs. B
stress in the top extreme fibars of the =
51" beam, The cambenng resulted in an :
initial tensile stress of 380 ps1 (4 MPa) E
1in.=254 mm in the top extreme fiber, The corre- =
sponding initial compressive siresscs C
i in the bottom extreme fibery will delay =
S — e 15 &N crucking of the hcams under applied
; . & aravity loads.
247 Hip, 6(c) shows the moment vy, )
Fig. 4. Cross section of the girder used in the parametric study. stress in the reinforcing buars. The ex- ) (a
E MPa £
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Fig. 5. (a) Moment vs. curvature; (b) Moment vs. stress in Fig. 5. () Moment vs. stress in reinforecing bar; {d) Moment plal
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Fig. &. {a) Moment vs. curvature; {b) Moment vs. stress in

concrete.

ternal prestressing resulted in initial
compressive stresscs of aboul 4 ksi
(27.6 MPa} in the bars. This toitjal
stress acls in the opposite direction of
the stresses induced by gravity loads
and, therefore, will entarge the elustic
range of the structure; in uther words,
it will delay vielding of the hars,

Fig. 6id) shows the moment vs.
stress in the GURP plate throughout
the entire range of loading up (o the
tupture of the plate. The behavior is
similar (o that of the beam with no
camber. The moment at fracture of the
plate is slightly icss than that in the
bearm with no camber. This 1s because
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Fig. &. (c) Moment vs. stress in reinforging bar; {d) Moment

vs. stress in GFRP plate.

part of the tensile strength s con-
sumed Tor prestressing. Higher
strength plates would be needed o
achicve the sime moment capacity.
Fig Ha) depicts the moment vs. cur-
vature relationship of the girder
strengthened with carbon fiber rein-
Torced plastic (CHRP). The higher ten-
sile strength of the CFRP plate resulted
in a significantly greater increase in the
moment capacilies conipared to that
for the GFRP plate. The greater suft-
ness of the CFRP plate, however, re-
duced the curvature at failure of the
beam compared 10 the beam strength-
cned with the GFRP plate. This re-

duces the overall ductility of the beam,

The moment vs, stress in the com-
pression lunge of the concrele is
shown in Fig. 7(b), The beam strength-
cned wilth a plate of arca 8 sq in. (51.6
cm?) reached concrete compressive
strength value at failure. In other
wards, the (ailure in the beam was
reached as a result of crushing of the
concrele, not rupture of the plate. The
strengthened beams also cxhibit sig-
nificantly higher moment capacities
because ol the additional internal mo-
ment generaled by the place.

Fig. 7(c) shows moment vs. sitess in
the reinforcing bars, The reinforcing
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Fig. 7. (a} Moment v curvature: {b) Moment vs, stress in

concrete.

bars vicld at a higher moment com-
pared to beams strengthened with
GI'RP plates. The moment vs, stress in
the CFRP plate throughout the entirc
range of loading, up to failurc, is
shown in Fig. 7{d). lor Bean CO4, the
plate reached its tensile strength at
failure of the beant,

Iigs. Bla) through ¥(d) show the be-
havior of the same beam when oxter-
nally prestressed. The cambering force
wis the same as thar for the bean exter-
nally prestressed with GUERP plawe; i.c.,
the initial cambering force eliminated
the dead load stresses on top cxtreme
congrels fibers at midspan. The ctfect of
cambering is similar to that observed
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Fig. 7. (c) Mement vs. stress in reinforcing bar; (d) Mament

vs. stress in CFRP plate.

for the beam cambered with the GFRP
plate. The lailure capacity in all cases is
higher for the beam due 1o the higher
tensile sirength of the CFRP plate.

DESIGN EXAMPLE

The following example illustrales
how a typical reinforced concrele
bridge orginally designed for HIS
truck loading can be upgraded w HS20
truck loadiag by bonding composite
plates to the twension flange of the girder.
The cross section of the girder in the
original bridge before strengthening is
the same as the T-beam used in the
parametric study shown in Fig. 4, but

with compression and tension steel
areas of 3.09 and 11.04 sq in. (1993
and 71.22 em?}), respectively.

The bridge is 60 ft (18.3 m) long
and 24 11 (7.3 m) wide. with four gird-
ers spaced at 83 in. (2.1 m). The con-
crete strength is 6000 psi (41 MPa),
The dead load, DL = 1.54 kips per fi
{26.86 kN/m). consists of the weight
of the girder and the siab. The super-
imposed dead load. DL2 = 0.16 kips
per fU (2,48 kKN/m). consists of the
weight of the curbs and wearing sur-
faces. Fig. 9 shows the curves for
maximum moment due to live. dead
and superimposed loads. The curves
Tor live load are shown for both HIS
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Table 2. Summary of stresses and deflections for conventional beams. and 11520 lruc.k !oadings. .
. — Four retrofitting aliernatives were
I Compression Tension Concrete Maximum iidered For the bridec:
Type of I steel stress steel stress fange stress deflection consioere . orthe . 111 EC: .
Joading i ksi (MPa) ksi (MPa) . psi (MPu) in. {mm) 1. Bonding a GFRP plate, with a
. e . cross-sectional arca Ay, = 2 sq in.
(a1 H15 Truck Loading i {13 cm*), ta the tension flange.
DL1 | 340238 18.9¢129.8) | 7R1{-52) 261 {F6.3) 2. Cambering the pirder with the
DL2Z | -O3-L% L9129 S5T-0.4) 2446 same plate as in Alternative 1
11+l 07040 A1QRD - -MBLLO)  D39{RD) A I';' o e e
Tou 440303 | 289(TL0) © 966(-66) 324815 - Bonding a CFRP plate, with a
= T E N Ci S . cross-sectional arca of Apr =1 5q in.
(b) HS20 Truck Loading | i {6.5 co’). to the tension flange.
DL 34 (-23.4) 18941298 | -761 (-5 2.6] {66.3) 4. Cambering the pirder with the
(5] %) RORFSIN ] 1.9¢12.4 i =57 {-0.4) 023 {6.b) Lame p]‘dre a5 in Altcrnaﬁ\;c .
LL+l l4¢-9.4) 9.3 064.0) | 298 {24 OS2{E2R) In all cases. cambering is performed
Tutal S0 | e | 116(77) 3.37 (85.2) by jacking the bridge upward while
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in loose contact with epoxy coated
E composite plates. The jacking forces E
2 4 6 g m Z consist ol two concentrated loads of -
g W Kips (276 kN) scparazed by 2 dis gird
T < DL1 _.1230 62 kips {2 M} separate _ y i _|.s— ific
= 80O} o LL+| HS20 tance nf_‘] fi {2.74 m) and gp_ph-:d s
700k *1 L4 H15 J1000 synnmglncally tlb()lft the n11dhp_an, Uy
+ L2 resulting in g maximum negative the
600 800 moment ol 1572 ki.p_ﬂ {2131 kN-m). clos
li 500 X 'l'abla_:: 2 SUMMaTLZes lhelstrcsscs a‘md cult
g 600 deflections in Lh:_s bridge girder, betore des
5 400 sirengthening, for hath the 1115 and pra
= 200 400 11520 truek loading. The allowable T
stresses for steel and concrete calcu- ect
200 lated from AASHTO equations arc as of t
100 200 follows: f, = 24 ks {165.2 MPa) and 4 %
i f.o= 2400 psi (16.5 MTPa).- epe
0 o 0" As can be scen from the table, the this
DISTANCE FROM END SUPPORT stresses due to H15 truck loading are mal
: below their allowable values and, ula
Fig. 2. Curves for maximum mement for DL1, DL2, therefore, the design of the bridge is can
and LL+1. satisfactery for the loading. However, bt
the stresses due to HS20 truck loading ers
are in excess of the allowable values
Tabie 3. Summary of stresses and deflections for beam with GFRP plate, and are not acceptable. Tables 3 and 4
Compression  Tension Concrete  FRP plate | Maximum summarize the steesses in the ginder
Type of I steel stress . steelstress  flange stress Slress deflection and the delections in the girder ufter b
loading ksi {MPa) ki (MPa} ;. psi(MPa)  ksitMPa) | in {(mm) the strengthening for the four alterma-
o - A o o tive methods discussed above.
fa) Hfiﬂ:::;{cﬁoadmg ‘ The stresses tn bgams strengthened
LI D 2se193 | 1800239 | 60w 42 | 0w 261 6.3y With GFRP and CFRP plates but with-
DIz D320 1 LTOET 0 -SeiA04) | DS G3 0.24(6,1} out camber are slightly higher than the 2
L+ CC1ABTY o BEB0S5)  2914:20) | 2501710 052{12R) allowable stresses ay provided in the
Taotul S50 285(196.])  9564-6.6) 1| 30 (204) 337 (852 AASHTO specifications, The exter-
_;;mn Tm;;;mding R R nally prestressed beams, however, sat-
tcamber) 1sty tht AASHTO allowable stress re-
Prestress 033027 SAGASDL SB0D) 0dh 0320813 | quirements. The ultimate flexural
ju! Y | 28193 1800(1239) 80D (42} S.07 (3458 260 (66,3 strength was also calculated for the
DL: P RIClY LHILT) o -56(-0d) | 048 (33 | 024D strengthened gitders, The nominal mo-
o el __l__'_';'“_‘id‘_’_._.J'. REEOS) | -WLE20 25070 1652028 neng capacity of the strengthened
Total 127 | 2340610 | 3761:26) I BU3S.2)  30S0T[ beams cxeeeded the required moment
capacity lor HS20 loading by 150 per-
cent for both GFRP and CFRP plates.
Table 4. Summary of stresses and deflections for beam with CFRP plate. Therciore, the application of compos-
Compressian  Tension Concrete  FRPplate  Maximum ite laminates does provide a feasible
Type of stee] siress steel stress  flanpe stress stress deflection solution for strenglhening this bridge.
leading ksi (MPa) ksi (MPa)  psi(MPa)  ksl(MPa) | in. (mam) Beams that have been strengthened
T 7 o - for flexure may fail in shear. For the ex-
{a) HS20 Truck Loading : , ample presented here, sufficicnt shear
{no camber) | o .
LI D2g193) 11750204 | 6120420 | 00 261 (663}  reinforcement was provided (o prevenl
D2 R YEAT ! 16 (11.0} 55 (-0.4) 142 19.8) 024 6.1 this failure. In general, though, flexural
L+l C-lacEn 36(592] AR | TAGLLD) D52(128) strengthening may require that the shear
Totl AS503L1 0 20719061 0 95R(-A61 | RE(RLS  33T(EEN strength of the beam be inereased as
[ by 520 Truck Innding- 0 7 | well. This can be achicved by epoxy
{camber) \ bonding sheels of composite plates or
Prestress 334227} S50 0-35.0) SH0 0] i DIZ-E 1 fabrics 1o the web of the beam. The be-
B i 5D emme) S| heeco weh s oo s e
) 1L+ | 14094 ‘ 8.6{59.2: ‘ S29L200 L TALSII) L 0S20IZH) inf;lcr "Wcj'lll‘%mjun by Liniversity cln”
.- e L : Sguiuag rizona researchers at the Federal
Tatal | -1.207.8) | 22715641 | 378 (-26) [240(1655) 3.05(77.2) Highway Administration Laboratorics.
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CONCLUSION

Exlernal prestressing ol concrete
girders with epoxy-bonded plates vig-
nificanily increases the allowable and
ultimate loads. The sitain compatibil-
ity method used in the development of
the theoretical formulations provides
close agreement with expenmenital re-
sults. This method can be used for the
design of new struclures or ot up-
srading existing siructures.

The successtul application of this
technique requires careful preparation
of the conerete surface and the use of
a suitable epoxy. Rubber-toughened
epoxies are particularly suitable for
this application. The long-term perfor-
mance Of this type of structure, partic-
ularly the cresp of epoxy in the case of
cambered pirders and the faligue for
bath cambered and uncambered gind-
ers, needs 10 be studied.
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