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Abstract

Concrete bridge decks supported by main girders develop initial cracks in the longitudinal or transverse direction by applied loads,
Thetefore, it is important (o consider the crack patterns and deflections if such decks are to be strengthened, This study investigated the
effectiveness of strengthening using carbon fiber sheets. The experimental variables were the direction and the amount of strengthening
material. To simulate the real behavior of the bridge deck, static structural tests were conducted on six specimens, with a built-in concrete
girder on each side. The structural behavior was then observed through the crack pattern and the load—displacement relationship of each
specimen. Also, the yield line theory that adopts the modified Johansen’s yield criterion was applied to estimate the vltimate strength.
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1. Infroduection

Bridge decks are structural members which support
vehicle loads and transfer these to bridge girders. It is
known that repeated application of vehicle loads can cause
damage of both bridge deck and girders [1-3}. As the
damage in the girder increases under repeated load
application, so do the residual deformations, which in turn
can cause damage in the deck, especially if there are Iarge
deformation differentials between adjacent girders. If such
damage in the deck progresses sufficiently, it can eventually
lead to failure [1-3]. For this reason it appears to be more
critical to strengthen the deck rather than the girders of a
deteriorated bridge [4,5]. Observations of actual bridges in
service tend to support this assessment.

1t is well known that a reinforced concrete deck, because
of its deformational characteristics, carries concentrated
wheel loads through two-way bending [6]. Therefore, if a
strengthening maierial such as a carbon fiber sheet (CFS) is
applied, which affects the slab bending strength and stiffness
in one direction only, the amount of such sirengthening as
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well as the orientation need to be considered very carefully
[7-10].

The cracking patterns and failure modes caused by
repeated load applications can be different from those due
to monotonically applied loads [1-5]. Also the dynamic
nature of the loads caused by tnoving vehicles can affect
cracking and failure modes. It is the purpose of
strengthening a bridge deck to assure that its load-carrying
capacity, which may have deteriorated in time, be restored
such that the deck can again safely resist the applied loads.
Previous research conducted by Swamy et al. [11]
determined that lapped plate, pre-cracking prior to
strengthening and the presence of stress concentrations in
the adhesive of strengthened comcrete beams had no
adverse effect on their structural behavior. Also, in a
separate study by the authors [12], it was observed that it is
possible to estimate the structural effectiveness of varions
strengthening materials applied to pre-damaged concrete
deck panels [12]. In that test, some of the deck panels were
loaded up to 60% of yielding loads of transverse rebars and
then repaired by epoxy injection prior to strengthening.
Other decks were loaded only up to initial cracking loads
and not repaired at all. The test results showed that
structural response to static loads was not influenced by the
existence of pre-cracks.
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This paper addresses the problem of strengthening bridge
decks subjected to monotonically applied loads. A sub-
sequent paper will deal with aspects of fatigue failure under
repeated load applications [10}. Prototype deck panels were
tested under static loads to evalnate different strengthening
methods. Also the load-carrying capacity and failure
patterns of strengthened decks are evaluated using yield
line theory and are compared with test results.

2. Crack propagation in bridge deck

The crack propagation and failure behavior of bridge
decks caused by moving vehicle loads is difficult to simulate
numerically, especially if the various restraints and support
conditions are taken into account. In general, the behaviar of
bridge decks supported by girders is dominated by one-way
bending action. Therefore, the primary reinforcement is
oriented perpendicular to the girders and direction of traffic,
However, concentrated wheel Ioads by their very nature
impose two-way bending, so that initial cracks in the bridge
may form in either the transverse or the longitudinal
direction, or beth, Fig. 1 (steps 1 and 2). On the other hand,
drying shrinkage and temperature gradients will generally
cause cracks in the transverse direction.

It the load acting on a deck panel is increased
monotonically, it will cause further crack propagation,
geverate new cracks, and eventnally lead to either a fiexural
or a shear failure (Fig. 1). However, if a load is applied
repeatedly, as in the case of a real bridge deck, the crack
patterns and failure modes may be quite different, as flexure-
shear and punching shear failure modes tend to dominate,
This phenomenon will be explored elsewhere [10].

In the past, bridge decks have been strengthened in
either the fransverse or the longitudinal direction only, by
applying CFS to the bottom surface along the entire length
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of the bridge, because of the expected cracking of Step 1 in
Fig. 1. However, the crack patterns of subsequent steps that
have been observed in actual bridges in service are quite
different. Therefore, such traditional strengthening tech-
niques may be less than optimal. The experimental test
program reported herein was planned to investigate in some
detail failure modes of bridge decks that are strengthened in
vatious different ways in order to improve the efficiency of
such strengthening techniques.

3. Experimental study

The flexural strength of a singly reinforced concrete
section is generally assumed to be

- _ A
o =40 775 @
where A, is the steel area, f, is the yield strength, £ is
the concrete strength, & is the it slab width, and d is the
distance from the tension steel to the compression face.

By applying a CFS to the tension face, additional
moment capacity is being created, Fig. 2. The combined
nominal fiexural capacity is now

_ Agfy + Aces0-8fces
Ma =454 )
Af, +Acps0.8
+ Acrs0-8fces (h - J—yr%ﬂ) (2)

where Acgs is the cross-sectional area of the CFS per unit
width, and its average stress at failare assumed to be equal
to 80% of its ultimate strength fops [13], & is the total slab
thickness.

Similar expressions can be derived for the deck
strengthened in the longimdinal direction. According to

Spalling or punching

Crack propagation
shear failure

Fig. 1. Typical failure steps of bridge deck.
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Fig. 2. Strengthened RC section at failure.

the Korean Highway Design Specification [14], the
transverse moment due to a concentrated wheel load P is
given by

_ ({L+06)P(1 +1IM)
- 9.6

where L is the clear span length between girders (in meters)
and IM is the impact factor. Eq. (3) is based on the classical
Westergaard theory (6]. When strengthening the section, it
is useful to introduce a so-called strengthening ratio, defined
as Ac[:s/ hb.

For the experimental test program, a prototype deck
panel of dimensions 160 X 240 cm® was selected fo
simulate a real bridge deck, supported by two girders, as
shown in Fig. 3. The 28-day compressive strength of
the concrete was 31 MPa. In the transverse direction, the
deck reinforcing ratio was 0.551%. In the Iongitudinal
direction, the reinforcement was about 67% of this amount,
i.e. 0.367%. The material properties are listed in Table 1.
Fig. 3 also shows the position of strain gages and LVDTs to
measure sirains and deflections.

The two strengthening variables considered in the
experimental test program were the strengthening ratio
and the direction of the CFS, i.e. transverse (T) or
longitudinal (L). The specific strengthening patterns are
shown in Fig. 4 (Table 2), i.c. the CFS are cither applied
over the entire soffit area or only in strips,
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Fig. 3. Details of specimen (unit: em).

The CFS were bonded to the prototype deck panel in an
upside-down position as follows. To remove all laitance
and smoothen the surface, the deck area was ground by
hand and cleaned afterwards with air-pressure. A resin was
applied as a primer by roller and cured for 24 h with a
protective cover to keep it dry. After blending the epoxy
adhesive in a suitable container, it was spread evenly over
the bottom suiface of the deck by roller. CFS were attached
to the epoxy-coated surface, with the protective paper still
in place, by pressing them into the epoxy with a rubber
putter. After removing the protective paper, the sheets were
further pressed into the epoxy coating with a screw type
roller until they were completely immersed and no air voids
between the concrete and the sheets remained. About
30 min to 3 h after the first epoxy application, another layer
of epoxy was applied to assure that the CFS were
completely immersed within the epoxy. The strengthened
test panels were then cured for at least 10 days before
testing. For panels with both longitudinal and transverse
CFS strengthening, the CFS sheets in the longitudinal
direction were attached first.

The static load was applied by a hydraulic jack of
2000 kN capacity to an area of 25 X 50 cm® at the deck
center to simulate the tire contact area of an actual
vehicle, Fig. 5. During the test, displacements and strains
in the strengthening material and reinforcing bars were
measured by the gages shown in Fig. 3 and recorded
automatically.

All six test panels were loaded up to 100 kN, unloaded,
reloaded up to 200 kN, unioaded again, reloaded up to
300 kN, and unloaded again. Thereafier, panels CON and
CS-L1 were loaded to failure, whereas the other four panels

Table 1
Material properties
Yield Ultimate Elastic Ultimate
strength  sirength (MP2) modulus (MPa)  strain
Concrete 31.0 25900 0.003
Epoxy 88.3 7000
Rebar 394 562 197 210 -
Carbon fiber - 3500 231 722 0.015
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(a) CS-L1 () CS-L2

(c) CS-TIL1

(d) CS-T1L2 (e) CS-T2L2

Fig. 4. Strengthening details in specimens.

were once more unloaded at 400 kN, before being loaded ta
failure,

4. Experimental test results

4.1. Crack patterns and failure modes

Fig. 6 shows the crack patierns of the six test panels at
failure. The photo of Fig. 6(a) shows the cracks in the
unstrengthened reference panel CON, whereas all the other
images show the cracks in the CFS after panel failure. The
crack patterns in the concrete were revealed after removal of
the CFS but are not shown here.

In the unstrengthened test panel CON, failure was caused
by biaxial bending. Initially, cracks developed in the
longitadinal direction, and as the load increased further,
also transverse cracks appeared, propagating from the initial
longitudinal cracks, until failure. At failure, reinforcing bars
yielded in both directions.

Failure of the CS-L1 specimen was initiated by diagonal
cracking of the CFS near the panel quarier point. The carbon
fibers experienced kinking across the crack without failure.
In the case of the CS-L2 specimen, with only CFS strips in

Table 2
Variables in experiment
Specimen  Strengthening ratio Stengthening
((Acps/hb) X 1074 direction
Transvezse (T) Longimdinal (L)
CON - -
CS-L1 - 4.688 Longitdinal only,
whole soffit arca
C8-L2 - 2,344 Longitudinal only,
strip iype
C3-T1L.1 1.875 4.688 Two-directional,
whole soffit area and
strip type
CS-TILZ 1.875 2.344 Two-directional strip type
CS8-T2L2 09375 2.344 Two-directional strip type

the longitudinal direction, similar cracking occurred, but
with smaller crack widths.

In pane) CS-T1L1, the initial crack pattern was similar to
the one in panel CS-L1, i.e. consisting of primarily
longidinal cracks. Unlike in the unstrengthened panel
CON, the crack pattern remained essentially longitudinal, as
the load increased. Prior to failure, the CFS ruptured,
forming a dominant longitudinal crack, as is clearly shown
in Fig. 6(d). Subsequently, the specimen failed in a
punching-shear mode.

The cracking patterns of panels CS-T1L2 and CS-T2L2
were very similar. As in the reference panel CON, cracks

' propagated towards the deck edges, but crack widths were

somewhat smaller than those of the other panels except for
CON. Even after yielding of the steel reinforcement in both
directions, no debonding of the CFS was observed. Both
panels failed ultimaiely in biaxial bending.

4.2. Load—displacement relationships

Fig. 7(a) and (b) shows load—dispiacement relation-
ships for all six test panels under the loading-unloading
cycles described in Section 3. Panels CS-1.1 and CS-L2

Fig. 5. Test sct-up.
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PFig. 6. Crack patterns of specimens.

exhibited very similar behavior as panel CON up to
yielding of the transverse steel reinforcement (about
300 kN). The longitudinal rebars did not yield because
the deck was strengthened by CFS in that direction.
Compared with these three panels, the panels strength-
ened in both directions experienced increases in yield
strength and stiffness. Also, with the exception of parel
CS-T1L1, all biaxially strengthened panels displayed
ductile failure modes and a large number of small
cracks.

4.3. Load--strain relationships of rebars and CFS

The load—strain relationships for rebar and CFS are
shown in Figs. 8 and 9. The unloading—reloading cycles are
omitted for clarity. Some similarities and differences of
results are compared in Table 3.

Transverse rebars in panei CS-L1 start yielding at a load
of about 370 kN, which is slightly higher than the value
experienced in panel CS-L2, Fig. 8(a) and Table 3a. Even
thongh the amount of transverse reinforcement is the same
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Fig. 7. Load—displacement relationships.

in both panels, the lower CFS strengthening in panel CS-L2
seems to affect the distribution between transverse and
longitudinal moments. However, from Fig. 8(b) it is
apparent that neither the longitudinal reinforcing bars nor
the CFS experienced any significant sirains and stresses for
loading below 200 kN. Although the concrete developed
initial cracks at about 150 kN, it took a considerable farther
load increase to force the load redistribution necessary to
cause significant strains in the longitudinal steel and CFS.
Since the CFS was further removed from the neutral plane,
its strains were noticeably larger than those recorded for the
reinforcing bars. Becavse panel CS-L2 was strengthened
with much less CFS than panel CS-LI, the strains were
correspondingly larger,

When comparing the curves for panel CS-L1 of Fig. 8
with those for panel CS-T1L1 of Fig. 9, which has been
strengthened also in the transverse direction, one would
expect a delay of yielding of the transverse reinforcement as
aresuit. In fact, the transverse reinforcin g bars of panel CS-
L1 started to yield at a load of about 370 kN, while the
correspending load in panel CS-T1L1 was 350 kN. For
inexplicable reasons the CFS in both the transverse and the
longitudinal directions experienced the first large strain
increase already at 150 kN, followed by a second change in
slope at 300 kN. At about 430 kN, debonding occurred
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Fig. 8. Load-strain relationship of one-directionally strengthened
specimens.

between the concrete and the transverse CFS, whereupon
the corresponding strain dropped to zero. The transverse
CFS did not seem to affect the yielding of the transverse
rebars, but have a restraining effect on the longitudinal CFS.

We can further gauge the effect of transverse strengthen-
ing by comparing the results for panel CS-L2 with those for
CS-T1L2 and CS-T2L2 (Figs. 8 and 9, and Table 3b). Since
pavel CS-L2 was not strengthened in the transverse
direction, the transverse rebar started to yield at a load of
about 320 kN, whereas this oceurred at 450 kN in panel CS-
T1L2 with some transverse CFS strip and at 370 kN in panel
CS-T2L2 with less transverse strengtheming. Additional
comparisons can be made in Table 3b concerning strains in
the longitudinal rcbars and CFS strips. Likewise, by
comparing the results for the panel CS-T1L2 with those
for C5-T1L1 and CS-T2L.2, Table 3c, further insi ghts can be
gained into the effect of increasing longitudinal strengthen-
ing or reducing transverse strengthening. It might be pointed
out that in panel CS-T1L2, the transverse CFS was directly
bonded to the concrete surface and therefore more effective
than those of panel CS-T1L1, in which the transverse CFS
was bonded to the longitudinal CES only.
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specimens.

4.4. Strain distriburions in CFS sheets
Figs. 10 and 11 display the strain distributions recorded
in the CFS at various load levels. The initial behavior of

Table 3a
Comparison with strain variation between CS-1.1, C3-L2 and CS-T1L1

¢ panel CS-L.1 prior to crack propagation showed that the CF3S

was perfectly bonded to the concrete, but the macro crack
propagation observed beyond a 300kN load led to
debonding and a redistribution between transverse and
longitudinal directions.

In panel CS-T2L.2 that was half as much strengthened in
the transverse direction as panel CS-T1L2, a remarkable
strain increment of almost 0.0085 in the transverse CFS
occurred at 500 kN, whereas the corresponding sirain in
panel CS-TIL2 was only 0.0051. But the strains in the
longitudinal directions were of almost equal magnitude. By
comparing the strain increments between 300 kN (before
yvielding load of transverse rebar) and 500 kN (after or near
the yield load), it becomes apparent that panel CS-T1L2
distributes stress very effectively.

4.5. Load carrying capacity

In order to investigate the efficiency of the various
strengthening techniques, 3-dimensional nonlinear finite
element analyses were carried out before and after the
physical experiments. The concrete slab was modeled with
8-node solid elements, reinforcing bars with beam elements,
and the CFS was represented by membrane elements with
stiffness properties only in the appropriate directions
[15-19]. Both beam and membrane clements were assumied
to be perfectly bonded to the concrete. The material
properties were obtained experimentally. The rubber
snpports were simulated by spring elements with a
hyperelastic material law.

The computed stress paiterns of Fig, 12 are consisient
with the crack pattemns depicted in Fig. 6. It may be noticed
that the stress contours for the unstrengthened specimen
CON are very similar to those for specimen C3-T1L2 which
was strengthened in two directions. This seems to indicate

Panel C5-L2

Transverse rebar
Load at first slope change 200 kN
Strain at 350 kN 0.002

Yield load (second slope change) 370N
Longitudinal rebar

Load at first change slope 200 kN
Strain at 350 kN 0.0013
Strain at 430 kN 0.0018
Longitudinal CFS

Load at first slope change 200 kN
Strain at 350 kN 0.0025

Strain at 430 kN 0.0038

200 kN 150 kN
0.0023 0.002
320kN 350 kN
200 kKN 180 kN
0.0015 0.002
0.002 0.002
200 kN 150 kN
0.004 0.002
0.0045 0.0025
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Table 3b
Comparison with strain variation between CS-L2, CS-T1L.2 and CS-T2L2

Transverse rebar

Load at first slope change 200 kN
Strain at 350 kN 0.0023
Yield load (second slope change) J20KN
Longitudinal rebar

Load at first slope change 200 kN
Strain at 330 kN 0.0015
Strain at 450 kN 0.002
Longitudinal CFS

Load at first slope change 200 kN
Strain at 350 kN 0.004
Strain at 450 kN 0.0045

250 kN 200kN
0.002 0.0023
450 kN 370 kN
220kN 220 kN
0.0015 0.002
0.002 0.002
250 kN 300 kN
0.003 0.001
0.0035 0.0025

that two-directional strengthening is more efficient than
strengthening in only the transverse direction.

It is difficult to determine the load-carrying capacity of
the strengthened deck, because this is a function of the type
of loading, the type of sirengthening, and the restraint
conditions. Until now, only elastic beam theory or nonlinear
finite element analyses have been employed in practice to
estimate the capacity of strengthened bridge decks. Yet
elastic beam theory is too simplistic to yield realistic results,

Table 3¢
Comparison with strain variation between CS-T1L2, CS-T1L1 and CS-T2L.2

and nonlinear finite clement analysis is too complex for
practical design purposes.

For this reason it appears useful to provide a simple yet
reasonably accurate analysis method as a third alternative.
Yield Line Theory may be suitable for this task [20-22].
The different collapse mechanisms possible in strengthened
bridge decks are shown in Fig. 13. The plastic moment
capacity of a strengthened slab shail be designated as iy,
and m,, along the longitudinal and transverse directions,

Panel C5-T1L1 Panel CS-T2L2

Transverse rebar

Load at first slope change 230kN
Strain at 350 kN 0.0023
Yield load 450 kN
Longitudinal rebar

Load at first slope change 220 kN
Strain at 350 kN 0.0015
Yield load (or peak load) 520 kN
Transverse CFS

Load at first slope change 250kN
Strain at 350 kN 0,005
Yield load (or peak load) 580 kN
Longitadinal CFS

Load at first slope change 250 kN
Strain at 350 kN 0.003
Yield load (or peak load) 580 kN

150 kN 200 kN
0.003 0.0023
350 KN 370 KN
180 kN 220kN
0.0015 0.0015
430 kN (peak) 440 kN
150 kN 200 kN
0.005 0.003

430 kN (peak) 500 kN
150 kN 300 kN
0.002 0.001

450 kN 500 kN
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Fig. 10. Load and strain distribution of CFS in the longitudinal direction on
one-directionally sirengthened specimens.

respectively. Note that this capacity is slightly less than the
ultimate moment capacity of Eq. (2), because the reinfor-
cing bars are assumed to have just reached the yield strain
g, = 0.002, and neither the concrete nor the CFS have
reached their failure strains yet.

The classical yield line solutions for slabs have been
obtained for the case of isotropic reinforcement. Johansen
has derived the so-called ‘Affinity theoremn’, which enables
solutions for orthotropic slabs to be obtained from those for
isotropic slabs [20-22]. To determine the equivalent
isotropic slab, the span lengths of the orthotropic slab and
the loading are altered by a ratio that depends on the ratio of

0.0z

& 300 KN(CS-TILT)
< 500 KN{CS-T1L1)
~#- 300 KN(CS-T2L2)
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Fig. 11. Loads and strain distdbution of CFS on two-directionally
strengthened specimens.

Strain

the ultimate moment capacities per unit width in the two
directions: p = iy, = myfmy,, where the '-symbol
denotes negative moment capacity. Then the orthotropic
slab can be transformed 10 an equivalent isotropic slab known
as the affine slab, using the affinity theorem: An orthotropic
slab with negative and positive ultimate moment capacities
of resistance per unit width in the x-direction (), and my.)
and in the y-direction (m), and my,), may be analyzed as an
isotropic slab with negative and positive ultimate moments of
resistance per unit width m{, and m,,, in both directions, if the
following transformations are carried out:

Orthotropic — Isotropic
Dimensions : I, remains I,
I becomes l—y
’ J#
Loading : wy remains W,
Py
8 becomes ﬁ

where P, is the ultimate concentrated load and w, is the
ultimate uniformly distributed load.

The ultimate load capacity depends on which type of
yield line pattern of Fig. 13 is critical:

(@ Type 1:

Py = 4(m, + mL)? 4
(b) Type 2:

Py = 80y + i)+ 2y + ) ®
() Type3:

Py = 4(m, + mL)cot% + 2(my + my)d, (6)
(dy Type 4

Py = 4my + m’u)%cot% + 2my b, @

where b, [ =dimensions of deck panel in longitudinal
and transverse direction, respectively, a = b/2,
¢, =angle of the fan (in radian).

The solutions of Eqs. (4)—(7) may need to be modified if
there exists an in-plane shear crack in the deck such as
shown in Fig. 14 or a diagonal crack due to flexure. Any
substantial relative motion of the two crack faces may
introduce kinking of the CFS bands, Fig. 14, which reduces
the contribution of the CFS sheet to the ultimate flexural
strength of the section, because of the reorientation of the
fibers. The rednction factor will be cos @, where « is
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Fig. 12. Stress contours of deck. specimens (FEA).

the angle between the normal to the crack and the fiber A, + Acps0.8frs cos a
irecti i i My = Afyld ~ =X

direction. Then, the yield moment and ultimate moment ux ¥ 1.7%.b

capacity per unit width can be computed as follows

+ ACFS 0. SfCFS COs

_ Ady + Acwfors
My = Afy(d 177b xaln— Adfy +ACF50.’8fCFS cOS ©
1.7fLb
Agfy + Acpsfers
~ Ly T Acrsiers 8
T Acrsfors| b L7ftb ® where fcps == stress of CFS when rebar starts yielding.
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Fig. 13. Supposed yield lines of deck.
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Fig. 14. Kinking of CFS at crack face.

Table 4
Comparison between experimental and theoretical results
Specimen Failure mode Yield load (kN) (rebar’s yield Theory Failure load (kIN) (CFS5 rupture or Theory
. Test . Test
poinf) kinking)
Test Theory Test Theory
CON Flexural-shear 405 (Type 4) 378 (Type 4) 0.93 - -
CS-L1 Compressive 470 (Type 1) 468 (Type 1) 1.00 583 (Type 1) 605 (Type 1) 1.04
CS-L2 Flexural-shear 442 (Type 3) 459 (Type 3) 1.04 583 (Types 1, 3) 583 (Type 3) 1.00
CS-TiL1 Punching-shear 481 (Type 1) 547 (Type 2} 1.14 573 (Punching shear) 740 (Type 2) 1.29
CS-T2L2 Flexural-shear 450 (Type 4) 458 (Type 4} 1.02 605 (Type 4) 573 (Type 4) 0.95
Flexural-shear 520 (Type 4) 454 (Type 2) 0.87 638 (Type 2) 626 (Type 2) 0.98

CS-TIL2

Experimental and theoretical results are shown in
Table 4. As can be seen, discrepancies between theory
and experiment do not exceed 14%, except for panel CS-
T1L1, which failed in punching shear, so that yield line
theory was not applicable. Compared with the reference
panel CON, strengthening increased the yield strength from
9% (panel CS-L.2) to 28% (CS-T1L2). If we define as failure
the steel yielding in the unstrengthened reference panel
CON and rupture or kinking of the CFS sheets in the case
strengthened panels, then the strength increases due to the
CFS sheets ranged from 41% (panel CS-TIL1) to 58%
(panel CS-T1L2). According to the results panels CS-T2L2
and CS-T1L2 appear to exhibit the best strengthening
solutions. Although panel CS-T1L2 utilizes less CEFS
material than CS-T1L1, both yield and ultimate strengths
are higher, because the strengthening pattern of panel CS-
T1L1 leads to a punching shear failure,

5. Conclusions

The resuits presented here lead to the following
conclusions. Strengthening concrete bridge deck paneis
with CFS can substaotially increase their load-carrying
capacity, flexural stiffness and redoce cracking. The cracking

patterns of the strengthened panels depend on the sirengthen-
ing pattern.

Yield line theory can be used to predict with reasonable
accaracy the load-carrying capacity of bridge decks, even if
these are strengthemed with CFS sheets. For the determi-
nation of the amount of sirengthening neceded to improve the
load-carrying capacity of deteriorated deck panels, this
theory is more effective than ejther traditional beam theory
or FE analysis.

The load carrying capacity of panel CS-T1L:2, which was
strengthened in two directions, was 56% higher than that of
the unsirengthened reference papel CON. This seems to
indicate that two-directional strengthening with CFS strips
is more effective than any other strengthening scheme,
including the scheme of panel CS-T1L1, in which twice as
much CFS material was applied in the longitudinal
direction.
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