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Abstract

The dominant failure modes of bridge deck are either flexure-shear or punching shear. Bridge decks strengthened with fiber reinforced

polymers (FRPs) have an increased punching shear strength as well as improved flexural strength. This transforms the failure mode from

biaxial bending to punching shear. Therefore, it is desirable to design the strengthened bridge deck so that it fails due to similar ductile

behavior and with similar failure patterns as unstrengthened bridge decks, even though the ultimate strength of a strengthened deck with

external reinforcements is much greater than its punching shear strength. For this reason, the concept of a strengthening limit criterion is

introduced in this paper to ensure that strengthened decks have ductile dominant failure modes. The concept of failure mode transition, which

is dependent on the amount of strengthening, is introduced in the practical design procedure, and a criterion for selecting the strengthening

ratio is developed.

D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Permanent deformations of decks caused by excessive

repeated heavy traffic loads are one of the main deterioration

phenomena leaded to failure of decks. The deteriorated

bridge decks then fail either due to spalling of the concrete or

a punching shear failure [1–6]. During the last decade, many

studies have focused on repair and rehabilitation techniques

for concrete structures, and more efficient strengthening

techniques and design methods have been reported [2,6]. The

authors have verified the failure mechanisms of bridge decks

strengthened with fiber reinforced polymers (FRPs) based on

static and fatigue test results, and proposed an efficient

strengthening method and simplified flexural design proce-

dure [7–9]. In previous studies, the authors have also reported

that two-directional strengthening with FRP strips is the most

effective strengthening technique; it increases the ultimate
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strength of the deck and the fatigue resistance. A simplified

strengthening design procedure to control brittle failures and

extend the life cycle of deteriorated decks has also been

developed.

The typical failure patterns of strengthened decks have

been classified as bending failures due to the flexural stress

and punching shear failures due to the shear stress. However,

it is difficult to estimate the optimal amount of strengthening

for a deteriorated bridge deck, because practical analysis

methods for strengthened decks have not yet been devel-

oped. Oh and Sim [9] used static tests with various FRPs to

experimentally assess the enhanced punching shear strength

of strengthened decks. They proposed a modified yield line

analysis for strengthened decks, which considered the failure

characteristics of the FRPs. To prevent compressive failures,

Bae [10] derived a maximum strengthening ratio, which

corresponded to the existing reinforcement ratio, based on

test results of strengthened beams.

In this study, we contemplate why the failure patterns

of bridge decks strengthened with various materials change
35 (2005) 999–1007
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Nomenclature

a the loading width in the transverse direction

ab the depth of equivalent stress block

Ap the area of strengthening material in unit width

As the area of reinforcing steel bars in unit width

b the loading width in the longitudinal direction

b1 the width of beam section

bp the width of strengthening material

cb the depth of neutral axis

Cp the compressive force of concrete corresponding to
the strengthening materials
Cs the compressive force of concrete corresponding to
the steel bars
d the effective depth of beam section

D the diameter of the anchor bolt

dV the effective depth of compression reinforcement

da the maximum aggregate size

Ep the elastic modulus of the strengthening material

Es the elastic modulus of reinforcing steel bar

fcV the compressive strength of the concrete

fp the ultimate strength of the strengthening material

fp* the maximum strength of the strengthening material

fpsy the stress of the strengthening material when the
reinforcements yield
fs the stress of steel bar

fsp the spalling strength of concrete

ft the tensile strength of the concrete

fy the yield strength of steel bar

hp the height of beam section

l the clear span of deck panel

la the length of anchor bolt

mn the positive yield moment per unit width

mnV the negative yield moment per unit width

np the ratio of Ep to Es

Panchorthe resistance of the anchor bolts

Pbond the pull-out strength by bonding effect

Pcone the pull-out strength by concrete cone

Pc1 the vertical component of the tensile force from the
compression side to 0.1d
Pc2 the vertical component of the tensile force from 0.1d
to d
Pc3 the vertical component of the tensile force from d to
hp

Pdow the dowel action of the flexural reinforcement

Ppun,s the punching shear strength of deck panel

Py,s the flexural strength of deck panel

rs the radius of an equivalent column circle in a slab-
column system
tp The thickness of strengthening material

Tp the tensile force of strengthening materials

Ts the tensile force of steeel reinforcing bars

u the length of the unbonded part of anchor bolt

us the bond strength

xc the critical depth of the first cone failure of anchor
bolt
Pbars
As the sum of the cross sectional areas of the
reinforcing steel bars embedded in the punching cone
b the tan / in failure surface of anchor bolt

b1 0.85

ep the ultimate strain of the strengthening material

ep* the maximum strain of the strengthening material

f the ratio of fs to fy
g the coefficient of loading area effect

h1 the first inclination angle of the failure surface from
the top of the compression side to dV

h2 the second inclination angle from dV to d

h3 the third inclination angle from d to hp
k the experimental coefficient for strength reduction
factor of strengthening material (0.72)
l The efficient of orthotropy

la the coefficient of aggregate size effect

n the coefficient of reinforcement effect

qs the reinforcement ratio

qs,b the balanced reinforcement ratio

qs,max the maximum reinforcement ratio

qequi the equivalent reinforcement ratio of FRP

qp the strengthening ratio

qp,b the balanced strengthening ratio

qp,max the maximum strengthening ratio

/ the apex angle of the cone

/s the diameter of steel bar

cot w/2
ffiffiffiffiffiffi
mn

mnV

q

from flexure to shear. We also use yield line and punching

strength analyses to analyze the theoretical flexural and

shear strength of strengthened prototype decks according to

the amount of strengthening. From this analytical approach,

a strengthening limit criterion is proposed for the design of

strengthening in bridge decks. A design criterion that can be

used to select an appropriate strengthening ratio that ensures

the ductile failure of a strengthened deck is also suggested

from the results of a parametric study of the relationship

between the reinforcement ratio and the strengthening limit

criterion.
2. Failure criteria of strengthened decks

2.1. Maximum strengthening ratio

Without strain hardening, most strengthening materials,

such as FRP plastics, have a perfect elastic behavior up to

their ultimate strain. Therefore, the balanced steel reinforce-

ment ratio and balanced strengthening ratio of a strength-

ened beam indicate when the tensile failure of the FRP

reinforcements and compressive failure of the concrete

occur at the same time, as shown in Fig. 1. The relationship

between the reinforcement ratio ðqs ¼ As

b1d
Þ, strengthening

ratio ðqp ¼
Ap

b1hp
Þ, and failure pattern of a strengthened

concrete member is depicted in Fig. 2.



Fig. 1. Equilibrium state of strengthened R/C beam.
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A typical compressive failure that results in crushed

concrete and occurs without either the rebar or the FRPs

failing, which would arise in an over-strengthenedmember, is

indicated by dRegion CT in Fig. 2. A section that has a

reinforcement ratio located in dRegion AT has a dominant

ductile failure mode when the strengthened material ruptures

after the rebar yields but the concrete is not crushed. This is

defined within the range of the maximum steel reinforcement

ratio qs,max and the maximum strengthening ratio qp,max.

The boundary of the above two failure modes is defined

as a balanced failure, dRegion BT in Fig. 1, in which the

strengthening material ruptures after the rebar yields and the

concrete is crushed at the same time. The reinforcement

ratio and strengthening ratio of a balanced failure are

indicated by qs,b and qp,b,, respectively. According to

previous studies, the strengthening ratio selected in the

design process should be located in Region A [7,10]. From

the equilibrium condition shown in Fig. 1, the balanced steel

reinforcement ratio and strengthening ratio of a strengthened

section can be derived as follows. First, Cs=Ts, where Cs is

the compressive force of the concrete corresponding to the

tensile force of steel reinforcing bar, Ts, so that

0:852fcVcbb1 ¼ fyAs ð1Þ
where CcV is the compressive strength of the concrete,

b is the unit width of the beam or slab, and As is the
Fig. 2. Strengthening d
area of the steel bars. Eq. (1) can be divided by b1dfy so

that

qs;b ¼
As

b1d
¼ 0:852fcVcbb1

b1dfy
ð2Þ

The depth of the equivalent stress block ab=b1cb, where

b1 is 0.85 for concrete with CcVV27.6 MPa. The depth of the

neutral axis cb can be determined from a strain diagram so

that

cb ¼
0:003

ð0:003þ ep4Þ
hp ð3Þ

where 0.003 is the compressive strain of the concrete at

failure, ep* is the maximum strain of the strengthening

material that is actually bonded to the concrete surface on

the tension side, and hp is the height of the beam or slab.

The value of ep* is slightly different from the ultimate strain

of the strengthening material, ep. Substituting Eq. (3) into

Eq. (2), the balanced reinforcement ratio is

qs;b ¼
0:00217fcV

ð0:003þ ep4Þfy
hp

d
ð4Þ

In the same manner, the balanced strengthening ratio can

be derived from the relation Cp=Tp, where Cp is the

compressive force of the concrete that corresponds to the

tensile force of the strengthening material (Tp=Cp�Ap). The

balanced strengthening ratio is

qp;b ¼
0:00217fcV

ð0:003þ ep4Þfp4
hp

d
ð5Þ

According to the previous experimental studies, the

maximum strain of the carbon fiber sheet (CS), ep*, i.e.,
one which is bonded to the concrete surface, is 0.95% to

1.14%, while the ultimate strain of the CS, ep, is 1.4% to

1.5%. There is a difference of 0.72% between the maximum

strain and the ultimate strain, which introduces the
esign limitation.
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parameter k=0.72 (for CS) into the equations. Therefore, the
balanced reinforcement and strengthening ratios are

qs;b ¼
0:00217fcV

ð0:003þ kepÞfy
hp

d
ð6aÞ

qp;b ¼
0:00217fcV

ð0:003þ kepÞkfp
hp

d
ð6bÞ

and the maximum reinforcement and strengthening ratios

are assumed as follows.

qs;max ¼ 0:75qs;b and qp;max ¼ 0:75qp;b ð7Þ

2.2. Failure patterns of strengthened decks

The structural response of strengthened bridge decks

must be carefully considered in the design of strengthening

because bridge decks receive vehicle loads. A strengthened

bridge deck must fail after yield of rebars, even if it fails due

to punching shear. However, if the yield strength (Py,s) is

placed above the punching strength (Ppun,s) in the load-

displacement relationship, as illustrated in Fig. 3, the deck is

unlikely to behave in a ductile manner; rather, a brittle

failure will occur due to punching shear. This indicates that

dRegion AT, which covers the range of flexural failures for a

deck panel, actually consists of flexural failures and

punching shear failures. Therefore, to ensure the ductile

failure pattern of strengthened deck, strengthening materials

of only limited amount that is assessed in strengthening

design, should be applied. In this study, we use yield line

theory and a punching shear model to assess the theoretical

ultimate strength of a strengthened deck.

2.3. Yield line theory

Oh et al. [8] derived a theoretical method to determine

the flexural strength of strengthened decks. The assumed
Fig. 3. The relationship between flexural strength and punching shear

strength.
failure pattern of a strengthened deck is illustrated in Fig. 4.

The flexural strength of the deck can be calculated from the

following equations. The flexural strengths Py,s that

correspond to each yield line pattern are

Type 1 : Py;s ¼ 4 mn þ mnVð Þ b1
l

ð8aÞ

Type 2 : Py;s ¼ 8 mn þ mnVÞð ð8bÞ

Type 3 : Py;s ¼ 4ðmn þ mnVÞcot
w
2

þ 2 mn þ mnVÞwð ð8cÞ

Type 4 : Py;s ¼ 2ðmn þ mnVÞ
d

0:5l
bcot

w
2

þ 2mnw ð8dÞ

where mn and mnV are the positive and negative nominal

yielding moments per unit width of the slab, respectively.

The term cot w
2
¼

ffiffiffiffiffiffi
mn

mnV

q
; w is expressed in terms of radians.

In this method, the affinity theorem is used to determine

the yield strength of orthotropic slabs such as bridge decks.

An orthotropic slab can be transformed into an affine slab

by the coefficient of orthotropy,

l ¼ mny

mnx

ð9Þ

where mnx and mny are the nominal moments per unit width

in the transverse and longitudinal directions, respectively.

These can be calculated in any direction as follows:

mn ¼ Asfy

�
dx � 0:59

As f y þ bptp f psy

fcV

�

þ bp�xtp f psy

�
hp � 0:59

As f y þ bptp f psy

fcV

�
ð10Þ

Here, As is the area of the reinforcing steel, and bp and tp are

the width and thickness of the strengthening material. The

parameter Cpsy is the stress of the strengthening material

when the reinforcements yield.

2.4. Punching shear analysis

Ménetrey proposed an analytical model to predict the

punching strength of slabs [11] that was expressed in terms

of the tensile strength of the concrete and the dowel action

of the steel reinforcements. The effective section of the

punching shear in unstrengthened slabs was assumed to be a

truncated cone in shape, between 0.1d and d in slab section,

because the concrete cover beneath the reinforcement can be

ignored in strength analyses. However, if a strengthening

material is externally bonded to the bottom of the slab, the

concrete cover has a crack restraint effect due to the

strengthening material [7,9]. Oh and Sim [9] extended the

Ménetrey model to predict the punching strength of

strengthened bridge decks, as depicted in Fig. 5. The

proposed model consisted of the following equation:

Ppun ¼ Pc1 þ Pc2 þ Pc3 þ Pdow þ Panchor ð11Þ
where Pc1 is the vertical component of the tensile force from

the compression side to 0.1d, Pc2 is the vertical component

of the tensile force from 0.1d to d, Pc3 is the vertical
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Fig. 4. Proposed yield line types of bridge decks by Sim and Oh.
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component of the tensile force from d to hp, and Pdow is the

resistance due to the dowel effect of all bars that cross the

punching crack. These terms can be expressed as

Pc1 ¼ dVftcoth1 2pdVcoth1 þ 2 aþ bð Þ�nlag½ ð12Þ

Pc2 ¼ d � dVð Þftcoth2½2pðdVcoth1 þ d � dVð Þcoth2Þ
þ 2 aþ bð Þ�nlag

ð13Þ

Pc3 ¼ hp � d
� �

fspcoth3½2pðdVcoth1 þ d � dVð Þcoth2
þ hp � d
� �

coth3Þ þ 2 aþ bð Þ�nVlag ð14

Pdow ¼ 1

2

Xbars ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcVfy 1� f2

�
sinh1

�q
ð15Þ

XN�ns1

n¼0

Panchor ¼
XN�ns1

Pcone þ Pbondð Þ ð16Þ

The punching strength of concrete includes the parameter

n and nV, which represents the influence of the percentage
Fig. 5. Punching shear model for
of reinforcing bars (qs, %) and strengthening material (qp,

%), respectively, the size effect (la), and the influence of the

loaded area (g). Thus

n ¼ � 0:1q2
s þ 0:46qs þ 0:35 qb0:02

0:87 qz0:02

	
ð17aÞ

nV¼ � 0:1q2
p þ 0:46qp þ 0:35 qb0:02

0:87 qz0:02

	
ð17bÞ

la ¼ 1:6 1þ d=dað Þ�1=2 ð18Þ

g ¼ 0:1 rs=hp
� �2 � 0:5 rs=hp

� �
þ 1:25 rs=hb2:5

0:625 rs=hz2:5

	
ð19Þ

where /s is the diameter of the reinforcing steel bars, Cs is

the tensile stress in the reinforcing bar that crosses the

punching crack, qs and qeq are the steel reinforcement ratio
strengthened bridge decks.
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and the equivalent strengthening ratio (qeq=Ep /Es�qp),

respectively, and da is the maximum aggregate size. The

parameter qeq is considered only in Pc2. The parameter rs is

the radius of the equivalent circular loaded area, as

described by Kinnunen and Nylander [4].

The tensile strength of concrete is Ct=0.3CcV
2/3 MPa

from the relationship between the compressive and tensile

strengths of concrete proposed by Raphael [12]. The

spalling strength of concrete is fsp ¼ 0:183
ffiffiffiffiffi
fcV

p
MPa

(Matsui [13]) and f=Cs /Cy. Experiments have shown that

the punching crack inclination in a typical slab varies from

25 to 358 [9]. An inclination of 348, suggested by Eurocode

2, was used for Pc1 in the same manner as described by

Ménetrey. In the strengthened slab, the crack inclination in

the concrete cover was 258, except for the one-directionally
strengthened slab, for which the angle of the cracks in the

bottom layer was 308, based on the test results.

According to ACI349-85 [14], which uses the effective

projected area of a stress cone, Pcone and Pbond are given by

Pcone ¼ fspp

(
b2y2 �

�
D

2

�2
)

ð20Þ

Pbond ¼ us la � xcð Þ ð21Þ

where u s is the bond strength, y is expressed as

uþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ Du

b

q
þ D

2b, fsp is the spalling strength of the concrete,

b is tan /, / is the apex angle of the cone, which is equal to

(90�h)=558, xc is the critical depth of the first cone failure,

D is the diameter of the anchor bolt, and u is the length of

the unbonded part.
3. Experimental results

For the experimental tests, a prototype deck panel with

dimensions of 160 by 240 cm was selected to simulate a

real bridge deck supported by two girders. The slab

thickness was 18 cm and the 28-day compressive strength

of the concrete was 22.5 MPa. The tensile rebar spacing

in the transverse direction was 10 cm and the reinforce-

ment spacing in the longitudinal direction was 15 cm.
Table 1

Experimental variables and results

Sepcimen Strengthening ratio (%) Strengthening Yield line theory (kN)

T L
limit criterion

Yields of rebar Fra

CON – Under- 450

SP-I 2.5 Under- not yield 960

GP-I 4.4 Over- not yield 990

CS-TA 0.12 – Under- not yield 470

CS-I 0.061 0.061 Under- 620 740

GS-I 0.65 0.65 Over- 640 840

CFR-I 0.34 0.34 Over- not yield 101

GCFRP-I 0.18 0.18 Under- 720 910

Here, T is transverse direction, L is longitudinal direction, FP is punching shear failur
The strengthening materials used in the tests were steel

plate (SP), glass fiber reinforced plastic (GP) woven in

two directions, carbon fiber sheets (CS), glass fiber sheets

(GS), carbon fiber rods (CFR), and grid-type carbon fiber

plastic (GCFRP). An dIT indicates that the specimen was

strengthened two directionally, and dTAT indicates that the

specimen was strengthened only in the transverse direc-

tion. The test and theoretical results are summarized in

Table 1.

From the test results, the load-carrying capacity of

strengthened panels SP-I and GP-I, which had the greatest

strengthening ratios, was 30% greater than that of the

unstrengthened reference panel CON. Despite the lower

strengthening ratio of panel CS-I, which was isotropically

strengthened with CS strip methods to a level not more than

2% of the strengthening ratio of panel SP-I, the ultimate

strength increased by 10% as compared to the reference

panel CON. However, the increase in the punching shear

strength was relatively small as compared to the flexural

strength of the strengthened slab. Yield line theory and the

punching shear model predicted the ultimate strengths of the

strengthened slab systems with a reasonable degree of

accuracy when compared with the test results. As reported

in previous researches [1,3,4], the punching shear strength

of the deck largely depended on the concrete tensile strength

and the thickness of the deck, whereas the flexural strength

of the deck relied on the tensile reinforcement. Therefore, if

a concrete deck panel with a similar punching shear strength

and flexural strength were strengthened with an externally

bonded plate, the dominant failure mode of the strengthened

deck would be transferred from a ductile flexural failure to a

brittle punching shear failure.

However, as depicted in Fig. 6, panels SP-I, CS-TA

and GCFRP-I, which were under-reinforced as compared

to the maximum strengthening ratio given by Eq. (7),

and were therefore expected to fail with typical flexural

failure patterns, collapsed due to brittle punching shear

failure in the tests. Panels CS-I and CS-TAwere both under-

reinforced; panel CS-I failed after structural yielding and

panel CS-TA exhibited a typical punching shear failure.

This proves that the transition limit of the failure pattern
Punching shear Test results (kN) Failure

cture of plate
strength (kN)

Yields of rebar Ultimate
mode

635.2 633 FP

810 not yield 823 P

810 not yield 813 P

688 not yield 684 P

712 690 732 FP

713 600 710 P

0 724 not yield 698 P

714 not yield 710 P

e after flexural yields, and P is punching shear failurewithout structural yields.



Fig. 6. Relationship between failure mode and strengthening ratio.

J. Sim et al. / Cement and Concrete Research 35 (2005) 999–1007 1005
changed from a flexural to punching shear in dRegion AT.
The transition limit was dependent on the relationship

between reinforcement ratio and strengthening ratio.
4. Strengthening limit criterion

4.1. Transition line of failure patterns

Generally in a strengthened deck, the punching strength

increases less than the flexural strength. If the flexural

resistance of an unstrengthened deck is slightly less than the

punching resistance and the deck is strengthened using an

external bonding technique, the failure mode can be

changed from dfailure after the rebar yieldsT to dfailure
before the rebar yieldsT, as illustrated in Fig. 7. In this case,
Fig. 7. Transition line of failure pattern from flexural to shear in Region A.
the strengthened deck will not be ductile, and the structural

safety and necessary redundancy of the strengthened slab

cannot be assured. The change of the failure pattern is

defined by the dtransition line of failure pattern in dRegion
AT, as shown in Fig. 7.

To theoretically verify the dtransition line of failure

patternT in dRegion AT, the flexural strength and

punching strength of two types of strengthened bridge

decks, corresponding to two design traffic loads, were

analyzed using yield line theory and the extended

punching shear model. The applied strengthening ratio

varied from an unstrengthened case to the maximum

strengthening ratio given by Eq. (7). The properties of the

decks were typical of bridges for secondary design vehicles,

i.e., DB-18 given by the Korea Highway Bridge Stand-

ardization [15]. The applied design traffic load for this

category is similar to the HS-20 in the AASHTO design

specification [16]. The specified compressive strength of the

concrete was 24 MPa, and the tensile strength of the steel

reinforcements was 300 MPa. The thickness of the decks

was 180 mm, and the assumed loaded area was 500�250

mm, which is the same as a wheel load area. Deformed bars,

#5 bars has 15.9 mm in diameter, were used to reinforce the

slab panels.

The main reinforcement ratios in the transverse direction

were 0.01324 per unit width for the secondary highway

bridge. The percentage of longitudinal rebars was 67% of

the transverse reinforcement ratio, and the amount of

compressive reinforcing steel bars was half the amount of

tensile rebars. The adopted strengthening material was CS,

which is popular because of its good physical properties. We

assumed that the CS was bonded to the bottom surface of

the decks in both the longitudinal and transverse directions,

and that the amount of CS in both directions was equal. The



Fig. 8. Change of failure pattern by the strengthening ratio.

Table 3

Strengthening variations for each strengthening case

Case 1st grade design traffic

loads (DB-24)

2nd grade design traffic

loads (DB-18)

Strengthening

amount

(cm2/m)

Strengthening

ratio

Strengthening

amount

(cm2/m)

Strengthening

ratio

1 – – – –

2 0.33 0.00015 0.44 0.00024

3 0.66 0.00030 0.66 0.00037

4 0.99 0.00045 0.88 0.00049

5 1.32 0.00060 1.10 0.00061

6 1.65 0.00075 1.32 0.00073

7 1.98 0.00090 1.54 0.00086

8 2.20 0.00100 1.76 0.00098

9 2.64 0.00120 1.98 0.00110

10 2.97 0.00135 2.20 0.00122

11 3.30 0.00150 2.47 0.00138
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points indicated by dexp.T in Fig. 8 are the test results

described above.

Fig. 8 shows that the theoretical punching shear strength

improved somewhat when the deck strengthening was

applied using external bonding techniques without any

additional enlargement of the concrete deck section.

However, the flexural strength of the strengthened deck

increased proportionally with the strengthening ratio until a

compressive failure occurred due to over-strengthening.

This suggests that the failure pattern can change from

ductile yielding to brittle punching failure at the strengthen-

ing ratio where the two lines intersect, and that the

strengthened deck can fail by brittle manner if the

strengthening ratio is located above the transition limit in

Fig. 8. To ensure a ductile failure of a strengthened bridge
Table 2

Design parameters of the deck applied in analysis

Case Deck details Rebar diameter Main reinforcement Distributing bar

(mm)
Amount! (cm2/m) Ratio Amount" (cm2/m) "/! (%

1st grade 1 Material strength

(MPa): fcV=26.5,
fy=392.2;

Thickness/Eff.

depth (mm):

220/180

12.7 6.335 0.003519 4.223 67

2 12.7 7.240 0.004022 5.068 70

3 12.7 8.447 0.004693 5.631 67

4 12.7 10.136 0.005631 7.039 69

5 12.7 10.558 0.005866 7.240 68

6 12.7 12.670 0.007039 8.447 67

7 15.9 13.240 0.007356 8.827 67

8 15.9 14.186 0.007881 9.930 70

9 15.9 15.888 0.008827 11.033 69

10 15.9 16.550 0.009194 11.348 68

11 19.1 17.906 0.009948 11.937 67

2nd grade 1 Material strength

(MPa): fcV=23.5,
fy=294.2;

Thickness/Eff.

depth (mm):

180/150

12.7 6.335 0.004223 4.223 67

2 12.7 7.240 0.004827 5.068 70

3 12.7 8.447 0.005631 5.631 67

4 12.7 10.136 0.006757 7.039 69

5 12.7 10.558 0.007039 7.240 68

6 12.7 12.670 0.008447 8.447 67

7 15.9 13.240 0.008827 8.827 67

8 15.9 14.186 0.009457 9.930 70

9 15.9 15.888 0.010592 11.033 69

10 15.9 16.550 0.011033 11.348 68

11 19.1 17.906 0.011938 11.937 67
deck, it is desirable to use a strengthening ratio that is below

the intersection point in Fig. 8 when strengthening. In this

paper, we define the strengthening ratio at the intersection

point as the dstrengthening limit criterionT.

4.2. Parametric analysis

In this section, bridge deck details for different

reinforcement and strengthening ratios were analyzed to

obtain the strengthening limit criterion. The reinforcement

ratio and the strengthening ratio varied from the mini-

mum to the maximum values given by Eq. (7). A

strengthening ratio of zero indicated the unstrengthened

case and the applied design traffic load DB-24 is similar to
)



Fig. 9. Strengthening limit criterion for strengthening of bridge deck.
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the HS-25. The details that were considered are summar-

ized in Tables 2 and 3.

The results of an analysis of the strengthening limit

criterion corresponding to each reinforcement ratio are

shown in Fig. 9. dRegion BT is larger than dRegion AT in
Fig. 9(a), which indicates that the strengthening ratio for

first grade decks restricts the range of the maximum

strengthening ratio to assure the flexural failure of

strengthened deck. However, dRegion AT is also larger

than dRegion BT in Fig. 9(b), and the strengthening ratio

for second grade decks is greater. Therefore, it is more

useful to strengthen second grade decks from the

viewpoint of the failure patterns and strengthening effect.
5. Conclusions

The structural behavior of bridge decks changes after

strengthening; therefore, the relationship between the

reinforcement ratio and the strengthening limit criterion

must be considered in the strengthening design procedure.

This research presented a parametric study using yield line

theory and a punching shear model to obtain the transition

limit of failure patterns between the range of the minimum

and maximum reinforcement ratios.

The increase of the flexural strength and the punching

shear strength due to an external bonding technique are

quite different. An analysis was performed to obtain the

dstrengthening limit criterionT between the range of the

minimum reinforcement and maximum strengthening

ratios.

We recommend selecting a strengthening ratio in the

design procedure that is less than the strengthening limit

criterion. With such a selection, the load-carrying

capacity of bridge decks can be sufficiently increased to

support higher vehicle loads, as demonstrated by this

study.
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