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Flexural Behaviors of Damaged Full-Scale Highway Bridge Girder
Strengthened by External Post Tension
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Abstract: Problem statement: Prestressed Concrete (PC) | section girder witinfBeed
Concrete (RC) topping slab has been widely appbeldng span bridge girders for several years.
A bridge girder is subjected to severe conditioasised by an aggressive environment and
overloading. A crack can be initiated and propageben the tensile stress exceeds the tensile
strength of concrete due to overloading. Deterionadf the girder may be caused by a wide crack
due to corrosion of the reinforcement and other haetsms. Prestressing force and flexural
stiffness (El) of PC-I section girder are reducegehding on the level of overloading and the
corresponding damag@pproach: Full scale tests of Type lll AASHTO highway girdsith a 20

cm thick RC topping slab were performed to studythbthe degradation process due to
overloading and also the effects of external pessibn in the recovery of structural performance
of a damaged highway PC bridge girdBesults: The results showed that degradation, loss of
internal prestressing force in the PC-I girder #agural stiffness of the composite girder depend
directly on Damage Index (DI) expressed in termspefmanent deformation. External post
tension with three levels of prestressing forces wapplied to strengthen the damaged girder to
recover its structural performance, flexural s&fs and strength. A simplified analytical model,
verified by test results, was developed to prefietural behaviors, loss of internal prestressing
force and flexural stiffness of highway girder doeoverloading and also structural performance
of the strengthened girdeConclusion: It was found that the required external prestresforce

to effectively recover structural performance ofdamaged girder depended directly on the
damage index of the girder.

Key words. Moment-curvature, degradation, effective flexurggidity, flexural stiffness, pre-
tension, post-tension, external post-tension
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Flexural behavior of concrete girder can be
expressed in terms of a moment curvature@Msr
load deflection (RA) diagram as shown in Fig. 1.
Reinforced concrete has been developed and applie
to flexural members for several decades. Flexura
cracking, a crack width less than the permissiljle b
the code of practice, can occur at service loading
conditions in reinforced concrete members. This
causes excessive deflection and wider cracks ig lon
span RC structures. Sectional properties, for examp
cross sectional area and moment of inertia, changgig_ 1: Typical
from the gross to cracked section. This problem is
reduced when prestressed concrete has been applied.
CI’aCking in the tension zone of the concrete SBCtiOThiS pre_compressed force reduces short and |Ong
can be delayed by pre-compressed force which iferm deflection at the service loading stage inCa P
produced by tensioning of the high strengthgirder. Overloading due to high traffic load on a
reinforcing steel. A crack is generally not peretdtat  highway girder may cause cracking and some
service loading conditions for PC members so grospermanent deformation, leading to loss of internal
or uncracked sectional properties remain unclénge prestressing force and flexural rigidity or stifése
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(El) of the damaged PC girder. Flexural behavior ofperformed in the same manner as the 1st test to
highway girder can change from fully prestressed tdllustrate the degradation processes which were
partially or non-prestressed (RC) due to degradatioquantified by permanent deformation and reduction
with loss of prestressing force and flexural séfa, Of flexural rigidity expressed in terms of secalops
caused by cracking and permanent deflection a8f Ioad-def_lection or moment-curvature relationship
shown in Fig. 1 (Naaman and Siriaksorn, 1979). at the service loading stage. The degraded specimen
In this study, external post tension was applied t after the 2nd test was strengthened by18-2 mm
add prestressing force, to close the crack, reducgXternal strands with initial stress of 70% of

permanent deflection and enhance both flexuraPr€aking stress (0.f) before the 3rd test. Camber

stiffness and strength of damaged full-scale tesfil mid span section due to external post tensios wa

irder. Full scale tests of Tvoe Il AASHTO hiahwa recorded and then the same process of testing was
girder with a 20 cm thicIZpRC topping slak? wer}; performed. It should be noted that anchorage and

performed to study the degradation process due t%Oewator for external post tension were adequately

. esigned for various additional external prestressi
overloading. The degree of damage of the overloade rces in the 3rd-5th tests. External strands were

girder was quantified in terms of Damage Index (D) romqved after the 3rd test specimen and replaced by

as structural performanges were dependent on thI@-andlZplS.Z mm diameter external strengthening
index. External prestressing forces from extermstp i ands with initial stress of 0gffor the 4th and

tensioning were obtained to give the most effectives; tests respectively. Information of all tests is
amount of prestressing force to control a crackgymmarized in Table 1.

permanent deformation, strength and stiffness ef th
damaged girder.

MATERIALSAND METHODS

Experimental studies. Flexural behavior of PC
girder is clearly visible and understood on fultesi
specimen, so pretension | girder conforming to
ASSHTO Type Il standard was chosen to test as a
full-scale specimen, as shown by Fig. 2. The top
slab, 20 cm thick and 1.60 m wide (half lane width)
was cast in the full scale lab at Faculty of
Engineering, Chulalongkorn University, Thailand.
The concrete strength of pre-cast | girder and
topping slab were designed to be 35 and 30 MPa
respectively. ASTM Grade 270 (specified breaking
strength = 1890 MPa) low relaxation 7 wire strands
with nominal diameter 12.7 mm were used for
internal prestress of precast | girder. The total
number of PC strands at mid span was 14 and some
strands were debonded near the support to reduce
tensile stress at the top fiber in the transfepgesta
Reinforced concrete bar used for the topping slab
conformed to Thai standard TIS SD40 (specified
yield strength = 400 MPa). Total test span and shea
span were 12.00 and 5.00 m respectively as shown?,
in Fig. 2. The test girder was designed to standard
truck load AASHTO-HS20-44. 5000mm  Flectrics) 5000 mm

: 1 stram T

A total of 5 tests with the same specimen was’ fgagef ' gE
b
1

{u.

performed. Static load was gradually applied to theg = = Standard 46127

specimen by 2-2000 kN hydraulic jacks from the ;\\k\@ 3 m S ASSHIO | | e 20,

elastic uncracked stage to inelastic crack staghen 4000 mm | isplacement Fyternal strend — + External strand
i i i i 6000 mm (vary)

1st test. Static load during loading and unloadifg et Viidspan st

read by load cell while deformation data, straiml an * == '

deflection, were scanned by a data acquisition unit

and recorded by personal computer. The 2nd test wdgg. 2: Details and test set up of full-scale spei
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Table 1: Information of all tests of the full scalgecimen

External External prestressing

Test strand force (kN) Wpsex w Remark

1 - - - 0.040 Internal strand: ¢412.7 mm

Internal prestressing force: 1820 kN
S
2 - - - 0.040 Internal steel ratig,, = —
bd,
External steel rati =B
@psex bdpsex
f
3 4915.2 mm 750 0.017 0.057 Internal reinforcing indax = ppS% =0.04
f
4 8p15.2 mm 1500 0.033 0.074 External reinforcing indey,, = ppw:%
5 12p15.2 mm 2250 0.050 0.090 Total reinforcing iN@ex wys + Wpsex
1201
Sthtest
100+ f  dthtest

z

=

z

=

E

0 50 100 150 200
Mid span deflection (mm )

Fig. 3: Relationship of load and mid span deflettio
of all tests

Load and mid span deflection of all tests are Crack pattern after test 3-3
summarized and illustrated by Fig. 3. It was found
that permanent deflection, flexural stiffness and
strength were recovered by external post-tensibe. T
degradation due to overloading and effects of exster
post-tension are discussed in detail in the folhgvi Deflection of the beam can be calculated by direct
topic. Crack patterns of the test girder are shawn integration to solve the differential equation bsit
Fig. 4. complicated. Engineers in the past have developed
simpler practical methods such as, conjugate beam,
Analytical models: The response of a slender beam,moment area and virtual study methods (Beer and
for which effects of shear deformation can be johnston, 1985: Hsieh, 1988foment area method
neglected, subjected to transverse applied loadean 5 solve the differential equation of beam byrigki
characterized by a d|ffe.rent|al equation  for thethe moment area of curvature diagram [M/EI] about a
flexural member as follows: . . . .
certain point of the beam and using geometrical
theory to calculate the deflection of beam subjktbe
=¢@=Curvature @) the applied loading. The concrete section of trembe
remains uncracked if the maximum tensile stress is
where, curvature is the change of tangent sl@)e ( less than the modulus of rupture or tensile stiegt
per unit length and ratio of moment divided byconcrete, so the deflection of beam can be

flexural rigidity (EI) which can be proved by calculated using elastic theory, moment area method
geometric theory and mechanics of nelee based on gross or uncracked moment of indgia (
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Fig. 4: Crack pattern of test girder
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P P of ultimate moment capacity compared to a bonded
l ' PC member. Large crack size but fewer cracks occur
grossssssssssssscsessssssssssssssssssssessssses ' at the ultimate limit state for unbonded PC girder.
;—'-<—~—-— e Nonprestressed steel is generally provided to
A asnsenee B distribute cracks and increase strength and diyctifi
— unbonded PC members. For and external post-tension
» s . - S N girder, not only unbonded behavior of PC steel, but
| also second order effects, caused by incompatyblili
~ L . between member deformation and the change of
[ Before cracking | tendon profile and eccentricity (#-effects), can
(a) occur at the inelastic stage with large deformation
beyond the elastic stage (Alkhairi and Naaman, 1993
TR Matupayont, 1995; Tan and Ng, 1997; 1998; Diep
and Umehara, 2002). This causes significant
c o reduction of ultimate moment capacity of the exa¢rn
A c B PC girder compared to bonded PC girder. Stress in
2573 Ly e unbondgd external strands at the ultimatg stage,
depending on the geometry of tendon profile and
} S J‘L_mj shear span to effective depth ratio, was empisicall
A = Moment area from A to € of M. about A proposed by previous researchers (Alkhairi and
®) H Naaman, 1993; Matupayont, 1995; Tan and Ng,
1997) for bonded PC steel as stress multiplied by
Fig. 5: Deflection of uncracked beam using momentbond reduction coefficient which is less than 1.0.
area method In this study, load and deformation at the end of
o ) each test were not large and secondary effectsadue
The similar shape of moment and curvature diagranmember deformation and unbonded behavior did not
along the beam can be expected (Fig. 5). Deflectiojgnificantly affect the flexural behaviors, so the
of a beam subjected to symmetrical two point logdin strain  compatibility method can be applied
using moment area method is illustrated by Fig. 5. approximately in moment curvature analysis of the
After cracking, the moment of inertia changes togirder section. This has been verified by test Itesu
cracked moment of inertiacf) so flexural rigidity  \which will be discussed in the next topic.
becomes E| which varies for each step of increased  The cross section of PC girder was divided into
load. In this stage, the shape of the bending mémemnog |ayers (or elements) so strain and stresscit ea

and curvature diagram will not be similar but the|ayer could be computed by compatibility condition
moment area method is still applicable. The momengng constitutive relationships as shown in Fig. 6.
curvature diagram of concrete section for both groscajculation is made for a certain concrete strain i
and cracked sections must be constructed by th@,p fiber €op)-
following assumptions: The material model (Stress-strain relationship)
. . L roposed by Popovics (1970) which can be used for
TI?(e be_am is slender s_[(_)h_shelargeformart:on IIS ndEoth normal and high strength concrete, is shown in
taken into account. This leads to the planeri, 75 ang is used in this analytical method. A
section remaining plane after bending and perfechjinear, elastic perfectly plastic model is usedtiae
bonding between steel (for PC and RC) andmaterial model of RC steel as shown in Fig. 7b.The
concrete(Compatibility condition) modified Ramberg and Osgood function, Eq. 2 and

+ Summation of forces in concrete and steel are ifrig. 7c, is used as the material model for PC steel
equilibrium and the internal couple moment ﬂMattock, 1979):

developed by the force in the concrete and stee
is equal to the external applied moment

Constant El; along the beam

(Equilibrium condition) , f . =200x10¢,) 0.025 — 29 | 1860mp (2)
¢ The stress-strain relationship of concrete and® ? [1+(11& )10]'
steel must be known(Constitutive relation) ke

It should be noted that assumption 1) cannot be
applied for an unbonded PC system due to the fac(Eoncrete and steel can be calculated using the
that the PC strands and concrete slip from eacér oth compatibility condition, so:
in unbonded PC girder at high load level beyond the T
cracking or elastic stage. This leads to strain in
unbonded PC steel of less than the concrete sitain foo =& _ 88 _ B€pse @)

the same location (incompatibility) leading to thes ¢ d-c dy-c dg-C
653

The relationship between strain at the top fiber




Am. J. Engg. & Applied S

A

i, 3 (4): 650-662, 2010

—T.

psex

— Tps

Fig. 6: Formulation of moment curvature relatiopshi

Stress (M)

Material model of concrete

T T

0.002 0.004

4504
4§00 4

Material model for RC-steel ]

0.001 0,002 0.003 0.004 0.005 0.006

0 0.001 0.003
Strain g3
@ (b)
2000 4

Fis (Mpa)

Material model for PC-steel

0 \ T

0.01 0.02

(©

0.03 0.04 0.05
Es

Fig. 7: Material model for concrete, RC and PCA{stee

By fixing concrete strain at the top fiber and m =M M M M M

psext

()

varying c (distance from top fiber to neutral axise

strain in PC/RC steel can be calculated. Stress and

resultant forces in concrete and steel can be atedu
by constitutive relationship (Fig. 7) as follows.

Using numerical techniques, ¢ is varied until
summations of forces in the horizontal directioe ar
in equilibrium:
> C+T=0,C+ G- (T+ T

psex

+T)= 0 @

After the equilibrium stage, curvature can be

computed by(pzﬂ. The corresponding moment can
Cc

be calculated by taking the moment of resultantand mid span deflection

Symbols in Eq. 4 and 5 are summarized and
described in Table 2.

The same procedure can be performed for any
top fiber strain of concrete section so the
corresponding moment and curvature can be
computed. The moment curvature diagram of any
section along the girder can be constructed so the
load deflection diagram can be determined by the
classical moment area method.

In this study, a simple method using the idea
proposed by Branson (197Was developed. Load
can be calculated

forces about the top fiber of concrete section aspproximately by the simplified method as shown in

follows:
654

Fig. 8.
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Table 2: Descriptions of variables in Eq. 3-5

Term

Description

C, =_c[fchmeAA‘
0

C.=fA,

Tpsex = fpse)A psex

TosfpAs

TAs

Ms :Csds: fﬁg <

M. =CF. =2y f.bA,
Mpsex=Tpselpsex= fpsexPpsepsex
Mps=Tpeps=fosA pellps
Ms=Tyd= fALs

Compressive resultant force on concrete

Resulting compressive force carried by compressieel

Resulting tensile force carried by external strand
Resulting tensile force carried by internal strand
Resulting tensile force carried by non prestresseel

Moment of resulting compressive force in compressieel about top fiber

Moment of resulting compressive force in concedieut top fiber

Moment of resulting tensile force in external sttabout top fiber
Moment of resulting tensile force in internal sttabout top fiber
Moment of resulting tensile force in nonprestresstedl about top fiber

Maay
El, EL, Y
| ElL: (Effective EI ) | la »la »]
| After cracking 3 3
(@ (b)
"[:‘.1.'\\ \[

t El,=— -
) A
1

Uncrack stage
A

F
HEY

Mer penmnsfm

e
Pl

©

Fig. 8: Concept of effective flexural rigidity

Branson (1977) proposed a simplified equationMa = The maximum moment at mid span for a

for calculation of deflection after the crackingge

simply supported beam

of RC beams at service loading stage. Since the use Deflection can be calculated by elastic theory

of such a distribution of El values along the beamsing effective moment of inertia or effective fleal
would make the deflection calculation tedious, anrigidity (El,). This concept can be represented by

overall average of effective El is used:

F[M ] |Q+HMa] }U

Ma M a

Where:

The effective moment of inertia
The cracked moment of inertia
The gross moment of inertia
The cracking moment

The maximum moment where
= Calculated

le

Q

«Q

=<
inonon

-
|

Fig. 8. The tangent slope of the ¢Mdiagram before
cracking represents gross flexural rigidity jBivhile
the tangent slope after cracking represents cracked
flexural rigidity (EL,). Secant slope (from 0-}) for
which deflection is calculated, represents average
effective flexural rigidity (EJ).This means that
cracked or uncracked section properties and tension
stiffening caused by concrete between cracks is
accounted for in El Extending this concept beyond
the service loading stage is used by the authotisein
simplified method.

The moment curvature relationship of the mid
span section was first constructed. Before cracking

655
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a PC girder section, deflection can be obtained by k =0.0961

elastic theory using gross flexural rigidi yp:M . o ] )
El, The simplified analytical model which has been

After cracking of the concrete section, deflectioms ~ developed was verified by the experimental results.
calculated at each step of loading for whichy Bl

changed to effective flexural rigidity (§! Ele lies RESULTSAND DISCUSSION
between the extreme cases,y Hgross flexural

r|g|d_|ty) anc_j ELF (cracked flexural rigidity), due to The analytical model was verified by the original
tension stiffening caused by concrete between

adjacent cracks. Using this concept, mid SIC)aﬁ;;irder test results, load-mid span deflection avat
deflection can be computed by the following top fiber strain at mid span section relationstap,

equation: shown by Fig. 9. It was found that there was good
agreement between the 1st test and the analytical

A=k (7)  results. In the 2nd test, internal prestressingefavas

) adjusted in the analytical model to give the best
Where: . .

M = Curvature agreement with experimental .results as shown by
=g Fig. 9 because the damage index changed for each
L = Span length test. The remaining internal prestressing forcetsef
M = The maximum bending moment the 2nd test was approximately 50% of the original
El = Calculated force. Initiation, propagation and accumulation of
k = Constant depending on loading pattern cracking led to permanent deformation after the 1st

For a simply supported beam subjected to '[WOtGSt of the highway composite girder. This caused

point load, deflection can be calculated by medns Oaccumulated degradation of the previously tested

the moment area method as follows (Fig. 8): girder leading to reduction of initial prestressiiogce
and flexural stiffness expressed in terms of eiffect
A=1~us(zfsj+®(izsj(s+izj ®) flexural rigidity in the next test of the specimen.
273 2 4 Effective flexural rigidity of the test girder calpe

calculated by the secant slope of the moment-cureat

The shear span in the two point loading €Sty j0ad-mid span deflection curve using Eq. 9:

of this study was S =5.00 m while the test spas
L=12.00m, so S =0.4167 L. Deflection at midrspa

can be calculated approximately by Eq. 8 as follows M_PS_ PSkE

El,=— 9
R ©
2
A=0.057% B+ 0.038 £= 0.096d 2 KL
200 - Testresuls 200 Test results
_t””“_,__._._f———" I "
Z 600 :."" Analytical results = 600 Analytical results
= = e
£ 400 f = 400 S}f
= = [Test = = esté#2
200 § Test#1 200
o L
&
03 : . : . 08 : : : ,
0 100 200 300 400 500 [1] 100 200 300 400 500
Mid span deflection (mm) Mid span deflection(mm)
(@) (b)
800 4
700 4 e S00 Test results
~ Analytical results 200 t L
= & 00 'l Analyvtical results
= Test results Z 500 3
= = - ]
£ = 400 - T
= g 500 & | TESTS2
- !
200 48
100 -b
o0&
0 1000 2000 Z000 4000 i) 1000 3000 000
Top fiber concrete strain at mid Top fiber strain at mid
span section (micro strain) spam section (micro strain)
(c) (d)

Fig. 9: Load-deformation relationship of Tests & &n
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In this study, flexural rigidity was calculatedtae ~ more than the cracking strain of concrete at tmeesa
cracking load of the original undamaged specimeh anlocation (Park and Paulay, 1975). Initiation and
at the same load for the damaged and strengthendacation of the first crack was generally randond an
specimen. Initial prestressing force produced bycould not be predicted accurately so the straithén
internal strands in the pre-cast | girder reducednternal strands monitored by electrical strain egag
depending on the level of damage of the previosis te was reliable only before the first cracking of caaie
specimen. The level of damage was quantified byn the tension zone of the PC girder.

Damage Index (DI) expressed in terms of permanent  Strain data from the external strands for each tes
deformation divided by crack deformation of origina of the strengthened girder could be measured
undamaged girder as shown by the followingaccurately at each step of loading since they wete

equation: bonded to the surrounding concrete. After adjusting
internal prestressing force in the analytical matel
DI = 59 (10) account for changes that occurred in the earlistste

the load-mid span deflection relationship of the
strengthened girder in the 3rd-5th tests was catled|
After external post-tensioning permanentand shown in Fig. 10. Load-stress for internal and
deformation was reduced by external prestressingxternal PC strands from both test and analytical
force thus strengthening the damaged girder beforeesults are expressed by Fig. 11. It should bednote
the 3rd-5th tests. It was found from the resultalbf that initial stress in the internal strands in the
the tests, as shown in Fig. 3, that flexural stiff& analytical model can have a minus value since
due to damage caused by overloading could beéamage and permanent deformation of the test girder
recovered by external post-tensioning depending ofas recovered by the high force from external post-
the level of external prestressing force and lefel tensioning. This force probably caused initial
damage of the test girder. Flexural strength wagompressive stress in the internal strands in the
significantly increased by additional PC strands Ofanalytical model.
external _post-tensioning. The remaining internal It can be seen from test and analytical resalts i
prestressing force after each test could not bgg g gng 10 that maximum deformation in each test
measured directly since electrical strain gagesewer, -« much lower than the predicted ultimate

not attached to internal strands. After crackinmis : L -
data would not be reliable due to the redistributb deflection. So the significance of both unbondingd a
e second order effect (- effect) due to

strain in the concrete and the PC strands betwee] o .
adjacent stabilized cracks. Strain in PC strandheat ncompatibility between member deformation and
stabilized crack section was increased by the egpli external tendon profile in post-cracking or ineiast _
load due to deboning of concrete and strandsStage were low. Therefore, they can be neglected in
However, strain in the bonded PC strands betweefhe prediction of flexural behavior of the testdgir

the stabilized cracked sections could not increase by the simplified analytical model.

L&D -

ACT (’TCT

1600
1400 4 1400 4

Test results

Test results Analytical results
1200 -4 1200 4 -— - — -

1000 + | Analytical resulis 1000 4

Y e  a — -

Lowd (kN)
Laoad (KN

4000 500 o 100 200 300 100 500

Mid span deflection (mm) Mid span deflection (mm)

(@ (b)

Loaul (kM

300 100 500

deflection (mim)

Fig. 10: Load-mid span deflection relationship e&T3, 4 and 5
657



Am. J. Engg. & Applied Sci., 3 (4): 650-662, 2010

2500 - o External strand (rest) L
- # External strand (analvtical) 5 External strand (analytical)
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S 1500 Mﬁ z 20004 A
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Fig. 11: Load-stress in PC strand relationship idtspan section of test cycle 3, 4 and 5

N
) 39 Tests
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1.5 25 4
Testl Tesi 4 | -4—Force in
1¢ vy external strand - 2 )
| Test 2 Test 3 - _E Test4
9 | Approximated Tl
Fo0s 1“'77:_ - .  foree 5 15
3 -0
Py 0 - nal strand 1
' Test3
500 05 |
s inde i intermal
-1 Damage index nd duse 10 external 0 T T T 1
0 0.5 1 1.5 2
L waitial corce of Py
P, = Imitial prestressing force of the oniginal test girder 13
o

Fig. 12: Reduction of internal prestressing foree i g 13: pifferential between external and internal
PC I girder prestressing force due to external

The relationship of damage index and reduction prestressing force

of internal prestressing force of the test girder i 700

expressed by Fig. 12. It was found that reductibn o G;ﬂ 04 0% popos
internal prestressing force can be approximated 1 o W
directly from analytical results of the 2nd test.the z 500 -,- ‘,oﬁ? A7

395th tests, it was found that the differential of z w04 f o AR
external and internal prestressing force varieedity S 3001g 4 55 ATest#3. DI =9.56
with the level of external prestressing force aswsh 200 ,‘.':aﬂ OTest#4, DI =13.72
by Fig. 13. This means that remaining internal 100 \f" ;I;ili"“'lzlil:j"'
prestressing force can be approximated by the od R
average value of internal and external forces as o 50 100 150
shown by Flg 12. Mid span deflection (mm)

A degradation model due to overloading of the
highway PC girder expressed in terms of load-midFig. 14: Degradation model of full-scale highway
span deflection relationship was constructed by girder due to overloading (analytical results)
varying the internal initial prestressing force, )
approximated from Fig. 12 in the analytical mods, It should be noted that the calculation of
shown by Fig. 14. Degradations of internal initial €ffective flexural rigidity (secant slope of M-
prestressing force and effective flexural rigiditye ~ diagram) was made at the same applied load or
to overloading the damaged girder versus damageoment at the cracking stage of the original
index are expressed in Fig. 15. undamaged girder using Eq. 9. The analytical tesul
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corresponding to the 1st and 2nd tests conditions The load-deformation relationship of the
were verified by the practical test results as show  strengthened specimen in the 3rd-5th tests (Fiy. 10
Fig. 9, but the 3rd-5th tests could not be verifiedshows the total effects of external post-tensiod an
directly by the practical test results. Strain datan  current damage for each girder test. The load
the external strand was used to determine the loablalancing force produced by external post-
deformation relationship of equivalent damagedtensioning was indirectly measured by data from
girder without external post-tension in the 3rd-5thelectrical strain gages attached to the external
tests, using the concept of load balancing propbged strands and was used in calculations of the
Lin and Burns (1982). balancing force for each step of loading. Flexural
behavior of the equivalent damaged girder without
strengthening for each test of the strengthened
girder using the concept of load balancing is shown
in Fig. 16. It should be noted that the balancing
force produced by external pre-stressing force was
not as fully effective for the damaged girder as fo
the undamaged girder. The approximate average
balancing force was obtained in the same manner by
determining the remaining internal pre-stressing
force in pre-cast | girder (Fig. 12 and 13).

Calculated flexural behavior in terms of load vs.
deflection of the test girder without external post
tension in the 1st and 2nd tests and the equivalent
Fig. 15:Degradation of effective flexural rigidignd  response of damaged girder in the 3rd-5th tests was

internal initial prestressing force of highway verified by test results as shown by Fig. 17. Iswa
girder due to overloading found that there was good agreement between test
and analytical results so the degradation model due
External P P Anct to overloading, which is expressed in terms of
strand Anchoree load-deformation relationship (Fig. 14), loss of
T} T —-_-..:D internal initial prestressing force and flexural
F e el I _/{-"" stiffness (Fig. 15) depending on damage index can
: 3 — | . be reliably applied for practical purposes.
#™ Deviator § Strain gage } Strain Gd, Effects of external post tension on structural
P p*  gage performance above the fully damaged stage of the
girder after the 5th test are expressed in Fig. 18.
Flexural stiffness and strength were increased ebov
L3 | those of fully damaged girder by external forcenfro
e >l the additional strand. It should be noted that full
damage, or maximum damage index, of the test girder
@) in this test series occurred after the end of thetést.
In practice, this stage cannot occur by overloading

Degradation

0 5 10 15 20
Damage Index (DI)

=
Rl
|
-
3
-

Balncing force

i to dead and illegal truck live load plus impacttéac
) e However, the degradation model from this study can
11?‘;’{‘”::5‘:[“;:“ e still be used in structural evaluation to quantifhe
- e damage index and determine the appropriate external
¥ N , prestressing force to recover the structural perémce
" Approximated response of . . .
A YT damaged girder of the damaged girder. Using the proposed analytica
" Effectof damage model, flexural behavior of degraded and strengttien
7 Py - 3F¢ _ Balancing foree on girder can be reliably predicted.
/’ ] undamaged girder The main objective of prestressed concrete is to
F=Balancing force on improve structural performance in uncracked oriserv
T A loading states. Ultimate moment capacity depends
mainly on materials strength, steel area, concrete
(b) section and bonding between concrete and steel. In

this test series, internal strands of pre-tensid€d
Fig. 16: Approximated load-mid span deflection girder were bonded to surrounding concrete while
relationship of equivalent damaged girder external strands were unbonded, so ultimate moment
for the strengthened specimen capacity should lie between the extreme cases.
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Fig. 17: Load-deflection at mid span of damagedegir
1200 Parametric studies can be performed by the
s — simplified analytical model and the results arevahn
oo el Fig. 19b-d. It was found that significant improvarnef
200 C(’;ljsltgﬂl‘f;;ﬁ‘ﬁg) Test#4 L flexural stiffness and strength by external possiten
Z DI=0 Tested strongly depends on damage index and external
3 600+ Fully damaged girder prestressing fo_rce. Maximum damage index in _thaB te
3 (analytical results) series was quite large so a high external presigess
4004 DI=1422 force was required to recover the structural peréorce
200 Test#5, DI = 14.22, 12015.2 mm Ext. strands of the damaged girder. In practice, overload causin
B ¥651§4=D1=13-73= §¢15.2 mm Ext. strands damage can be slightly higher than the cracking loa
0 €St#3.DI = 9.56. 49152 mm Ext. strands leading to low damage index so the lower external
0 50 100 150 prestressing force to be strengthened is required.
Mid span deflection (mmn) Remaining internal prestressing force depending on

damage index can be approximated by the degradation

Fig. 18: Effects of external prestressing force onmodel in Fig. 12 and 15. A high level of external
flexural behavior of strengthened girder prestressing force for strengthening is requiredfoigh

level of damage. Flexural stiffness is effectively
If second order effects due to incompatibility beém  recovered by low prestressing force from exterasat{p
member deformation and tendon profile at high loadensioning for low damage index while ultimate maine
level close to the ultimate stage are neglected, thcapacity is strongly dependent on the area of madter
load-deflection diagram of the strengthened specimesteel strands.
in this test series as predicted by the simplified From experimental and analytical data in this
analytical model is shown in Fig. 19a. It was foundstudy, it was found that improvement of structural
that flexural strength of the specimen with extérnaperformance due to external post-tensioning in
post-tension increased depending on level of eatern terms of flexural stiffness, strength and recovered
prestressing forces while ductility decreased.permanent deformation can be expressed in
Stiffness, strength and ductility must be considéne  Fig. 20. It should be noted that uplift or balargin
design of girder strengthening. Load deflection ofmoment in the x axis, external or internal
strengthened girder from analytical data in Figa 19 prestressing force multiplied by eccentricity, is

shows that sufficient ductility was found for all more appropriate than prestressing force since it
strengthened specimens. accounts for the effect of tendon eccentricity.
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Fig. 19: Load-deflection at mid span of damagediagirand strengthened girder from analytical resi¥
Response of strengthened girder in this test sgbgfResponse of strengthened girder for DI =2; (
Response of strengthened girder DI = 4; (d) Respofshe girder strengthened bgl%.2 mm ext.
strand for difference damage index

2.5 M is the effective flexural rigidity of fully damaged
ElL Myo girder and N, is the ultimate moment capacity of the
2 Elnin reference girder from the analytical result.
s It is recommended that external tendon profile
a Muo should be placed at the locations which produce
maximum balancing force or moment along the
girder. Adequate and appropriate location of
054 \M deviators should be provided to reduce second order
pmaz effects on flexural strength of strengthened girder
0 . . : ‘ Repairing of a wide crack is standard practicerafte
0 0.5 1 1.5 2 strengthening to protect the concrete material from
deterioration and steel corrosion due to penetraifo
moisture and aggressive chemical substances from
the severe environment.

Fig. 20: Effects of external post-tension on Stueait CONCL USION
performance of damaged girder

Structural performance

(Fedext
(Fedint

. T Full scale tests were performed to study the
UItlmaFe moment capacity in Fig. 20. from test datadamage due to overloading of a highway bridge
(Myy) is the maximum moment carried by the testyirqer specimen. External post-tension was appbed
girder at the same maximum deflection as in the Sthgcover the structural performance of the damaged
test and ultimate moment capacity gMfrom the oqt girder by varying external prestressing farces
analytical model (Fig. 19) is the moment to causerpq following conciusions can be made:
crushing of concrete in the top fiber of the micsp
section. Additional symbols in Fig. 20 can be. A degradation model of full scale highway PC

described as followsymax is maximum permanent girder due to overloading is proposed based on
deflection at the end of the 5th test cyag,, is both experimental and analytical data. The model
recovered permanent deflection due to external was described by degradation of flexural
prestressing, Els the effective flexural rigidity, Ein behavior of the test girder in terms of load-
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deformation relationships, loss of internal initial Diep, B.K. and H. Umehara, 2002. Non-linear
prestressing force in pre-cast PC girder and loss analysis of externally prestressed concrete
of flexural stiffness in terms of effective flexlira beams. Elect. J. Struct. Eng., 2: 85-86.
rigidity (Ele). Such degradations depended on the  http://www.civag.unimelb.edu.au/ejse/Archives/
level of damage which can be expressed in terms  Fulltext/200201/07/20020107.pdf

of damage index (the ratio of permanentHsieh, Y.Y., 1988. Elementary Theory of Structures.
deformation divided by crack deformation of the 3rd Edn., McGraw-Hill, New York, ISBN:
reference undamaged girder) 0132615207, pp: 154.

» The degraded specimen was strengthened blin, T.Y. and N.H. Burns, 1982. Design of
means of external post-tension. Appropriate Prestressed Concrete Structures. 3rd Edn., Wiley,
external prestressing forces and tendon  New York, ISBN:0471890588, pp: 646.
eccentricity used in recovering the structuralMattock, A.H., 1979. Flexural strength of prestesbs
performance of degraded girder depended on concrete sections by programmable calculator.
damage index. High level of external prestressing  PCI J., 24: 32-54,
force was required for the degraded girder with http://www.pci.org/pdf/publications/journal/1979
high damage index. The most important key  /January-February/JL-79-JANUARY-
factors which must be considered in prestressed FEBRUARY-3.pdf
concrete bridge strengthening are flexuralMatupayont, S., 1995. Flexural behaviors of
stiffness, strength and ductility externally prestressed concrete beams. Ph.D.

« The proposed simplified analytical model, using  Thesis, Saitama University.
moment-curvature relationship (i-diagram) Naaman, A.E. and A. Siriaksorn, 1979. Serviceapilit

and concept of flexural rigidity (Bl in this based design of partially prestressed beams:
study can be used to predict flexural behavior of ~ Parti: Analytical formulation. J. Prestressed
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