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STRENGTHENING OF BRIDGEDECK OVERHANGS FOR SOUND
WALL ADDITION USING NSM
FRP COMPOSITES
Abstract
Increasing urban sprawl is resulting in buildings and inhabited
areas being located closer to highways resulting in complaints
regarding noise from traffic. Sound walls and noise barriers are
often used to decrease noise. In the case of elevated bridges,
the barriers have to be added to existing decks resulting in the
need for substantial addition of overhang steel reinforcement
to carry the additional load. In many cases related to older
box-girder bridges, this either is not feasible structurally or
requires substantial demolition of the existing structure with
the consequent extensive disruption of traffic. The use of near
surface mounted (NSM) fiber-reinforced composite (FRP) strips
as additional reinforcement on the overhang region is shown
to be an effective strategy enabling efficient and cost-effective
rehabilitation of box-girder type bridge decks without extensive
modification of the existing structure and much less disruption
of traffic.
Keywords: Bridges, Fiber-reinforced composite, Near surface
mounted, Noise barrier, Overhang, Strengthening, Sound walls.

1. INTRODUCTION
The increase in population and commerce in cities has resulted
in increasing traffic. In the past, major roads carrying large
amounts of traffic were away from residential areas as well as
areas of business. However, urban sprawl and expansion through
flyovers and elevated roadways has resulted in major highways
and traffic routes carrying heavy traffic being situated in
residential areas, next to schools, hospitals, and parks, causing
significant disruption due to noise emanating from traffic. The
noise is not only annoying but can result in other issues that
affects the quality of life[1] and can also be the cause of issues
that affect human wellness. Noise pollution from traffic increases
as the volume of traffic increases and has become an aspect of
significant concern globally resulting in it now being treated as
an environmental issue of importance in planning. Increasingly,
the level of noise and its effects are treated as important criteria
in the placement of new roads and cities and have ordinances
and policies associated with these.
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However, there are many instances where roads already exist,
and traffic volumes have increased substantially, or there are
no reasonable options for placement in order to enable the
effectiveness of commerce. In such cases, mechanisms to reduce
the level and transmission of noise become extremely important.
Ohiduzzaman et al.[2] have reviewed a range of techniques to
reduce noise and hence these will not be repeated here. Among
the more popular techniques is the placement of noise barriers
or sound walls constructed along the roadway to mitigate
noise from vehicles as well as from the interaction between
tires and the road surfaces[3]. These are structural elements
placed between the road/highway and the area that needs to
be shielded from the noise with the goal of the barrier being to
reduce the overall levels to between 7 dB and 10 dB at locations
closest to the roadway[4] through both absorption of the noise
by the barrier and reflecting it back onto the roadway itself.
Sound waves can, however, carry over and around obstacles
such as barriers and hence their viability can be constrained by
distance[5]. Effective barriers are able to reduce the level of noise
by as much as 50% with a barrier capable of effecting a 10 dB
reduction reducing the sound level of a tractor-trailer to that of
a car[6]. Aspects such as materials used in the barrier, its height,
and details of placement all impact effectiveness[4,7]. A historical
perspective of noise control on highways as well mechanisms for
attenuation of its effect and various forms of barriers have been
discussed by Ekici and Bougdah[8].
While noise attenuation mechanisms can be affected through
changes in road surfacing and placement of walls/barriers/
berms during the construction of new roads and highways, the
modification of existing roadways continues to be a growing
concern. In these cases the placement of sound/noise barriers
can be complicated by issues such as space limitations and
presence of K-rails, and in the case of elevated roadways, the
lack of sufficient reinforcement in the existing overhang regions
can cause further difficulties. As with a number of agencies, the
California Department of Transportation has been retrofitting
select roadways with sound barriers placing these on top of
existing K-rails where necessary following their “memo to
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designers”[9]. Other similar guidelines are provided by Wassef
et al.[10] and AASHTO[11]. Of special import is the rehabilitation
of elevated roadways such as those on box-girder type bridges
where the addition of sound walls on the overhang generally
necessitates the addition of steel reinforcement to strengthen
the overhang region primarily due to the substantial increase
in dead-load on a narrow concentrated region at the extreme
of the overhang in excess of the original design loads. The
most common solution is to remove the entire edge region
and rebuild it with additional reinforcement to accommodate
the additional vertical and moment loading which results in an
expensive and time-consuming process that also requires lane
closures[12].
This paper investigates the use of near surface mounted
(NSM) fiber-reinforced polymer (FRP) reinforcement as a
means of rapidly and cost-effectively strengthening the
existing overhang regions of box-girder type sections using
the NSM FRP to provide the additional reinforcement without
having to remove existing structural concrete or having to
substantially delay traffic due to closures that might have been
necessitated by conventional construction. Details related to
the use of externally bonded FRP for strengthening of beams
and slabs have been reported extensively in the literature and
specifications were provided through a Transportation Research
Board project[13, 14], and hence will not be repeated herein.
Rather the focus is on experimental testing to show viability
of use for rapid rehabilitation without necessitating extensive
additional construction and lane closures, and to validate results
of the design. In that vein, the assessment of load capacity,
strain development, and failure modes are the primary focus of
the research so as to assess the suitability of the technique for
rapid and effective strengthening using near surface mounted
FRP strips as an alternative to the extensive removal of existing
concrete for the placement of additional steel reinforcement as
would be done conventionally.

Figure 1(a): Schematic of sound wall placed onto the overhang of a
box-girder bridge deck

2. SPECIMENS AND TEST CONFIGURATION
In order to replicate field conditions where the placement of
sound walls would be difficult using conventional rehabilitation
measures, the case of a sound wall as required by code in the
case of placement on the overhang of an existing box-girder
bridge section on top of the K-rail was considered [9]. This is
shown schematically in Figure 1.
The overall test specimen was configured to be a reinforced
concrete two-cell box-girder [as shown in sectional view in
Figure 2(a)] with a center-to-center span of 1830 mm between
each of the girders and a length of 3660 mm. The specimen
deck is 178 mm thick and the distance from the stem wall to
the edge of the overhang is 483 mm. The bottom slab was 152
mm thick and the widths of the outer and center girders were
254 mm and 305 mm, respectively. All steel reinforcements
were implemented as per AASHTO-LRFD specifications[15]. The
deck steel reinforcement consisted of a top and bottom layer of

Figure 1(b): Details for the sound wall following Caltrans[9]
(All dimensions are in mm. Note that #16 and #19 bars have nominal
diameters of 15.875 mm and 19.05 mm, respectively)
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Figure 2(b): Schematic of deck specimen on left without cuts and on
right with the central cut separating the specimen for two tests

Figure 2(a): Cross-section of box-girder (all dimensions in mm)

15.9 mm diameter (#5) rebar with the transverse rebar spaced
at 203 mm on center and variable spacing for the longitudinal
rebar in order to accommodate the location of the girder
stems. The remaining steel reinforcement consisted primarily of
15.9 mm diameter (#5) rebar for the bottom slab and the stem
reinforcement, with two 22.2 mm diameter (#7) rebar at the
bottom of each girder web and 9.5 mm diameter (#3) rebar used
for shrinkage and temperature reinforcement in the longitudinal
direction of the girder webs. Grade 60 steel was used for all the
steel reinforcing bars. The specimen was constructed in two
separate concrete pours with the initial pour for the bottom
slab and the lower portion of the stems and the second pour for
the deck slab and the upper portion of the stems using cement
concrete with a nominal design compressive strength of f'c = 34.5
MPa at 28 days and an average aggregate size of 12.7 mm. In
order to enable two representative tests, i.e. the as-built and the
rehabilitated tests, two 203 mm deep cuts located 305 mm (12
in) apart from each other were created that ran longitudinally
along the entire width of the specimen as shown schematically
in Figure 2(b). The two edge segments of the deck, bounded by
the longitudinal cuts, were also removed so to allow for multiple
independent loading on the edge slabs 1676 mm long. For
purposes of comparison, two tests were conducted on adjacent
sections of the test specimen, first in the as-built condition
and then on the adjacent section, separated by the cuts, after
placement of the NSM FRP strips to rehabilitate the specimen to
meet the added demand from the sound wall.
The shear capacity of the existing overhang slab can be
computed according to ACI 318[16] using both the general and
the more detailed calculations. The general calculation given by
Equation (1)
(1)
where
f c'

= concrete compressive strength (psi),

bw = width of the concrete slab (in), and
d

= distance from the extreme compression fiber to the
centroid of the tension reinforcement (in).

results in a predicted capacity of 236 kN, which translates to an
applied force of 118 kN per hydraulic jack, whereas the more
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detailed approach given by Equation (2)
(2)
where
ρw = steel reinforcement ratio of the slab in the direction
perpendicular to traffic,
Vu

= factored shear in the slab at the edge of the outer vertical
stem, and

Mu = factored moment in the slab at the edge of the outer
vertical stem.
results in the slightly more conservative result of 233 kN, for the
slab, which translates to an applied force of 116 kN per hydraulic
jack. The moment capacity of the slab was calculated as 97.0
kN-m using ACI 318 [16] as
(3)
where
As

= area of steel reinforcement in the direction perpendicular
to traffic flow,

fy

= yield stress of the slab steel,

d

= distance from the compression fiber to the centroid of
the tension reinforcement, and

a

= depth of the equivalent rectangular compression stress
block.

A level of 117.2 kN-m is determined from a moment-curvature
response calculation using RESPONSE [17], indicating that
flexural failure would govern. Following Caltrans guidelines [9],
the combined dead weight of a typical sound wall and traffic
barrier used for bridges in California were determined to be
13.5 kN/m and 8.1 kN/m, respectively, for a combined weight
per unit length of 21.6 kN/m. The resulting total load applied
to the specimen from the sound wall and traffic barrier can be
determined as the product of the weight per unit length (21.6
kN/m) and the length of the test specimen (1676 mm) to be
36.2 kN, of which only the traffic barrier can be sustained by the
original design. The loads due to the addition of the sound wall
would traditionally be addressed through removal of concrete
and addition of new steel in the overhang region followed by
recasting of concrete in the area of repair.
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Using criteria from Caltrans guidelines [9], the additional load
with a moment demand of 10.91 kN-m using the recommended
factor of three for new methods translates to an additional
demand of 32.7 kN-m which would need to be provided by
the rehabilitation strategy. As reported in the next section, the
experimentally determined moment capacity of the as-built
reinforced concrete deck slab overhang prior to rehabilitation
was found to be 110 kN-m. Therefore, the new moment capacity
after strengthening should be at least 142.7 kN-m, which
corresponds to a minimum required moment capacity increase
of 29.7% over the capacity of the as-built specimen.
For the purposes of the current investigation, Sika Carbodur
S512 strips were selected as the FRP reinforcement to be used
in near surface mounted form for purpose of rehabilitation.
The strips have a width of 50 mm, thickness of 1.2 mm, a
tensile modulus of 165 GPa, and mean and design tensile
strengths of 3100 MPa and 2800 MPa, respectively [18]. The
quantity of additional reinforcement can be estimated through
determination of the additional moment capacity required.
The increased moment capacity due to FRP-strengthening can
be taken to be the sum of the contribution from the tension
steel (compression steel is ignored for this calculation) and the
contribution from the FRP reinforcement as

Based on ACI 440 [19], as above, and manufacturer
recommendations that center spacing of strips should be
limited to no more than the lesser of 0.2 times the span length
(L) or five times the slab thickness (h), the rehabilitation design
consisted of 9 strips spaced at 203 mm centers with the strips
extended past the point of inflection to achieve the necessary
development length of 300 mm. Rectangular grooves were cut
in the deck as shown in Figure 3(a) with a dimensional tolerance
of 70-76 mm in width and 6-13 mm in depth of total length of
2.74 m [(Figure 3(b)]. The grooves were maintained at a concrete
surface profile (CSP) of 3 as defined by the ICRI surface profile
guidelines. A high-modulus and high strength structural epoxy
paste, Sikadur 30, was used to bond the strips to the concrete.
The tensile strength and elastic modulus of the cured adhesive
were measured through tests to be 25.29 MPa and 6.93 GPa,
respectively, with standard deviations of 2.54 MPa and 0.48 GPa,
respectively. The installed strips with strain gauges attached to
the surface are shown in Figure 3(c).
Vertical loads were applied to the edge region of the deck slab
to simulate the load pattern from the addition of the sound wall
using two hydraulic jacks spaced 1.83 apart and mounted below

(4)
where
As

= total area of tension steel in slab overhang test specimen,

fy

= experimentally determined yield strength of steel
reinforcement,

d

= distance from extreme compression fiber to tension
reinforcement,

a

= depth of concrete compression block, assuming
rectangular stress distribution,

Figure 3(a): Saw being used to cut grooves for placement of the FRP strips

Ψf = additional reduction factor from ACI 440[19],
df

= distance from the compression fiber to the centroid of
the FRP,

ffe

= Ef·εfe effective stress in the FRP assuming elastic behavior,

Ef

= experimentally determined modulus of elasticity of FRP,
and

εfe

= effective strain in FRP reinforcement.

Figure 3(b): Grooves prior to placement of adhesive and FRP strips

A rearrangement of Equation (4) provides an expression for
the area of FRP reinforcement required in order to achieve a
specified moment capacity.
(5)
Note that the area of FRP required is the total area needed for
the specimen overhang and thus must be distributed along the
width of the slab overhang.

Figure 3(c): Specimen with strips installed in grooves with strain gauges
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Figure 4(a): Schematic of loading beam at the edge of the deck
overhang (all dimensions are in mm)

Figure 4(b): Side view of test specimen showing position of threaded
rods in relation to the deck and specimen

Figure 4(c): Front view of test specimen showing the loading beam and
linear potentiometers

Figure 4(d): Top view of test setup

the strong floor of the testing facility. The load was transferred

As seen in Figure 4(b), one of the threaded rods is set outside

through two 44.5 mm diameter threaded rods to a steel loading

the deck specimen, whereas the second is inserted in the

beam positioned 76 mm on-center back from the end of the

groove cut in the deck surface to separate the specimens.

overhang section of the deck. A 51 mm thick and 152 mm wide

Instrumentation for purposes of measurement and monitoring

elastomeric bearing pad was placed between the steel beam

consisted of linear potentiometers, load cells, and in the case

and the deck slab in order to reduce stress concentrations

of the FRP strips, strain gauges. 12 potentiometers were used

and provide more even loading of the test specimen as shown

to measure deflections of the slab as shown schematically

schematically in Figure 4(a), as a side view in Figure 4(b)

in Figure 5(a). It is noted that the schematic represents the

indicating placement of the threaded rods in relation to the deck

FRP-strengthened slab test section, but the configuration is

and specimen, as a front view showing linear potentiometers in

a mirror image for the as-built test section. The deflection of

Figure 4(c), and with the overall test setup viewed from the top

the elastomeric bearing pad was measured using four linear

in Figure 4(d).

potentiometers placed at each corner of the loading beam. Of

Figure 5(a): Schematic of positioning of linear potentiometers. The figure on the left is the plan view of the entire specimen and that on the right
provides details on the deck section being tested. (all dimensions are in mm)
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Figure 5(b): Strain gauge placement. Pattern and designation on the left and positioning on the deck at right (all dimensions are in mm)

Table 1: Loading protocol (steps 11-22 relate to the
strengthened specimen only)
LOAD
STEP

LOAD PER EQUIVALENT
HYDRAULIC UNIFORMLY
JACK (kN) DISTRIBUTED
LOAD (kN/m)

LOAD LEVEL DESCRIPTOR
(WALL LOAD IS 21.6 kN/m
AND LOAD LEVELS ARE
INDICATED WHERE POSSIBLE
AS APPROXIMATIONS OF
MULTIPLES OF WALL LOADS
AS DESCRIPTORS)

the 12 potentiometers, 9 were in contact with the top surface
of the overhang [rows 1, 2, and 3 in Figure 5(a)] and 3 were in
contact with the bottom surface of the overhang [row 4 in Figure
5(a)]. 47 strain gauges were applied to the top side of the FRP
strips after they were bonded into the grooves cut in concrete.
Two patterns were used as shown in Figure 5(b).
Load applied to the specimens was monotonically increased
following the sequence shown in Table 1 with the load held

1

24

30

2

36

45

3

48

60

4

60

75

5

72

90

6

84

105

7

90

112.5

8

96

120

9

102

126.3

Predicted moment capacity of
as-built specimen

10

114

142.5

Ultimate capacity of as-built
specimen

11

116

145

12

130

162.5

13

136

170

14

142

177.5

15

148

185

16

160

200

17

166

207.5

18

172

215

19

178

222.5

20

184

230

21

190

237.5

22

196

245

~2 (Wall load)

briefly at each load level to enable observation of cracks and
deterioration.

~4 (Wall load)

3. TEST RESULTS
An overall comparison of the load-deflection response of the

~5 (Wall load)

two specimens is shown in Figures 6(a) and (b). The load reflects
the level in each hydraulic jack and the deflection is as measured
at center of the overhang. For purposes of comparison with
theory, the vertical deflections of the deck slab overhang were
predicted using a piecewise linear structural analysis that
employs varying sectional properties throughout the system
incorporating moment-curvature data from RESPONSE 2000 [17],
with the moment profile for the deck slab being determined
using RISA-2D [20]. The deck slab was modeled as a beam which

~8 (Wall load)

was placed on three pinned supports located at the center of
each vertical stem. The deck slab was sectioned into multiple

~9 (Wall load)

pieces that maintain continuity throughout the member in
order to allow different properties to be assigned to each
piece. Moment values at different points along the deck slab
were determined from the moment profile due to a downward

~10 (Wall load)

vertical load applied to the end of the overhang region of the
deck slab. The average moment acting within each section was
determined and the moment of inertia value for each section

~11 (Wall load)
Ultimate capacity of
strengthened specimen

was changed based on the input from moment-curvature data to
determine the deflections of the deck slab overhang as loading
was increased.

THE INDIAN CONCRETE JOURNAL | JUNE 2021

13

220

10

200

9

180

8

160

7

140
120
100
80
60
40

1

2
3
4
5
6
7
8
Vertical Deflection of Overhang (mm)

9

4

1
10

Figure 6(a): Comparison of load-deflection profiles

For the unstrengthened specimen, the predicted moment
capacity of 117.2 kN-m found via moment curvature analysis
was within 6.5% of the actual moment applied, 110 kN-m, of
the structure at the max loading of 114 kN per hydraulic jack. It
is noted that the use of ACI 318 [16] results in a lower prediction
of moment capacity of 97.0 kN-m. As seen in Figure 6(a), the
predicted deflection values of the overhang compare well
with the experimentally measured deflections through the
loading range, with the predicted deflection of 6.03 mm at the
ultimate load of 114 kN per jack being only 5.2% less than the
experimentally measured value of 6.36 mm. In the case of the
NSM FRP-strengthened specimen, predictions following ACI 440
and moment curvature analysis were 166 kN-m and 185 kN-m,
which were within 12% and 2% of the experimental results,
respectively. The predicted deflections for the overhang provide
good correlation till a load of approximately 160 kN/jack. The
over-prediction past this load is due to the assumption that full
composite action is maintained for the section throughout the
loading range, whereas experimentally, it was noted that there
was a level of concrete cracking directly adjacent to the NSM
FRP after this load level.
The ultimate capacity of the NSM FRP strip-rehabilitated slab
was reached at an applied load of 196 kN, equivalent to a
uniform distributed load of 245 kN/m. This ultimate capacity is
78% greater than that seen with the as-built specimen, which
occurred at 114 kN per hydraulic jack, equivalent to a uniform
distributed load of 142.5 kN/m. At the failure load level, the asbuilt specimen had a center deflection under the loading beam
of 6.36 mm, whereas the FRP-rehabilitated specimen deflected
approximately half that of the as-built specimen, 3.33 mm. The
level of ultimate deflection of the unstrengthened specimen is
reached by the NSM FRP-strengthened specimen at a load level
of about 170 kN/jack which is about a 49% increase in equivalent
capacity at that level. At ultimate capacity of the NSM FRPrehabilitated specimen, the center deflection under the loaded
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0

24

36

48

60 72 84 96 102 114 136 160 184 196
Load per Hydraulic Jack (kN)

Figure 6(b): Comparison of deck overhang deflection at key load levels

beam was 8.73 mm, which indicates the rehabilitated specimen
exhibited a 31.8% increase in deformation capacity over the
as-built specimen with an increase in load of 72% per jack. In
addition to increasing the overall load and deformation capacity
of the system, the NSM FRP strips act to increase the stiffness
and improve the stability of the system as can be seen from the
increased stiffness and greater linear profile in Figure 6(a).
It is instructive to further compare the behavior of the individual
specimens in terms of deflections and cracking. The ultimate
capacity of the as-built specimen was reached at an applied load
of 114 kN per hydraulic jack, equivalent to a uniform distributed
load of 142.5 kN/m, which is 6.33x the nominal wall load. As
the loading of the edge of the slab was increased, the top
layer of transverse reinforcement above the outer edge of the
stem yielded, followed by loss of aggregate interlock resulting
in failure. Cracking was first observed on the top side of the
overhang at the 84 kN load level per jack in the form of thin
discontinuous cracks which approximately followed the two top
longitudinal steel reinforcement bars adjacent to the edge of
the stem wall, as shown in Figure 7(a), along with minor diagonal
cracks along the exterior edge. Additional small cracks were
observed with increasing load across the width of the specimen,
till the load reached 114 kN per jack at which point a large
diagonal crack opened and quickly propagated along the width
of the overhang as seen in Figure 7(b). After the loading of the
specimen was completed, loose concrete was removed in order
to better observe the failure surfaces which are shown in Figures
7(c) and (d). Some yielding of the rebar in the areas of the crack
was noted as well.
In comparison, the ultimate capacity of the NSM FRPrehabilitated overhang was reached at an applied load of 196
kN per hydraulic jack, equivalent to a uniform distributed load of
245 kN/m. The first cracking observed in the as-built specimen
occurred at the load level of 84 kN, whereas the first set cracking
observed in the NSM FRP-rehabilitated specimen occurred at

TECHNICAL PAPER

(a) Initial cracking along the longitudinal rebar

(c) Overhang edge prior to removal of loose concrete

(d) Overhang edge after removal of loose concrete

(b) Diagonal crack on edge going below concrete cover

Figure 7: Details of damage to overhang region

116 kN, which corresponds to a 38% greater load. A comparison
of the deflection profiles along the center of the specimens at
these loading levels, as shown in Figures 9(a) and (b), shows the
clearly evident stiffening and strengthening effect of the NSM
FRP strips.

along both the edges of the slab initiating from the top surface

At a level of 184 kN per jack, hair-line cracking was observed on
the top of the overhang surface following the top longitudinal
steel reinforcement bars. Minor diagonal cracks were noted

opening and propagation of a large diagonal crack along the

of the deck at this load level. At a load level of 196 kN per
hydraulic jack, the ultimate tensile strength of the top concrete
cover layer was exceeded and the bond between the FRP and
the concrete was lost. This damage was quickly followed by the
strut formed, as shown in Figure 8(a), indicating attainment of
ultimate capacity of the overhang for resisting vertical loads.

Figure 8: Damage at ultimate capacity showing concrete cracking and local debonding of the NSM FRP adhesive from the concrete in the right figure
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M1

M2

M3

M1

M4

60 kN

2

M4
24 kN

1

60 kN

2

84 kN

84 kN

4
100 kN
5
6

114 kN

Deflection (mm)

3

3

Deflection (mm)

M3

24 kN

1

116 kN

4

136 kN

5

160 kN

6

7

7

8

8

9

9

10

10

184 kN

Figure 9(a): Deflection profile along center line of overhang [M-line in
Figure 5(a)] in the unstrengthened state

196 kN

Figure 9(b): Deflection profile along center line of overhang [M-line in
Figure 5(a)] in the NSM FRP-strengthened state

It is noteworthy that removal of loose concrete after testing
showed that bond between the NSM FRP and concrete was
largely maintained except in the area of diagonal cracking in
the concrete [Figure 8(b)] in a manner similar to that of the
as-built specimen but at a significantly higher load due to the
strengthening action of the NSM FRP strips. The maximum
strain value recorded in the CFRP strips at ultimate capacity was
3846 microstrain indicating that the FRP itself was not close to
rupture.

It should be noted that position 2 [see Figure 5(a)] represents a

It is of interest to compare deflection profiles as measured
by the linear potentiometers between the as-built and
strengthened specimens. Figures 9(a) and (b) compare profiles
along the center line of the specimen denoted by line M in the
layout in Figure 5(a), while Figures 10(a) and (b) compare profiles
along line A in the layout in Figure 5(a) which is adjacent to an
outer edge of the specimen.

being between 68% and 78% of those in the unstrengthened

A1

A2

A3

location above the outer stem of the box-girder and therefore
represents the end of the overhang. In all cases, it is seen that
there is virtually no discernable deflection past this point. In
both cases (center line and edge), the addition of the NSM FRP
strips results in a decrease in deflection at comparable loads as
measured by the two potentiometers closest to the overhang
edge [points 3 and 4 in Figure 5(a)] with the deflections in the
strengthened case as shown in Figure 10(b), as an example
case in Figure 10(a). The effectiveness of the NSM FRP strips is
further highlighted by the fact that the deflection away from the
edge is lower in the strengthened case even at the higher load
levels.

A1

A4

0

0
24 kN

1

Deflection (mm)

3
4

1
60 kN

84 kN
102 kN

5
114 kN
6

2

A4
24 kN
60 kN
84 kN

116 kN

5

136 kN

6

160 kN

7

8

8

9

9

10

10

THE INDIAN CONCRETE JOURNAL | JUNE 2021

A3

4

7

Figure 10(a): Deflection profile along a line of linear potentiometers
adjacent to the edge of the unstrengthened test specimen

A2

3

Deflection (mm)

2

16

M2

0

0

184 kN
196 kN

Figure 10(b): Deflection profile along a line of linear potentiometers adjacent
to the edge of the test specimen in the NSM FRP-strengthened state
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136 kN
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84 kN

Strain (microstrain)
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1000
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0

0
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E

D

C

B

A

Gauge Location

Figure 11: Strain profile along the central FRP strip. Location A is closest
to the edge as shown in Figure 5(b)

This can be further elucidated through the strain measurements
from the NSM FRP strips. Figure 11 shows strain development
along the central NSM FRP strip at the same load levels as in
Figure 9(b). These strain profiles indicate that the maximum
strain in the FRP strips occurs directly above the edge of the
stem wall adjacent to the deck slab overhang, referenced as
location “B” in the figure [details of location are shown in Figure
5(b)]. At ultimate capacity, the maximum strain measured across
all strips was 3846 microstrain at a location along this line.
The strains are noted to drop off sharply for distances further
away from the end of the overhang, with the majority of the
strain gages on the inner side of the stem wall (location “C”)
exhibiting less than a third of the strain values shown at location
“B”. The sharp drop in strain values at distances away from the
stem wall and the minimal strains further away indicate that
significantly shorter lengths of FRP strips could have been used
to optimize material usage and improve constructability without
affecting load transfer and overall system response.
Details for strain development along line B, the location where
the maximum strains occur in the specimen, are shown in Figure
12, wherein it can be seen that the distribution of strains was
even along the specimen until a load level of 116 kN per jack
was reached. At this level, cracking was first observed in the
specimen and higher loading levels resulted in less uniform
strains along the specimen, as a result of local cracking and
redistribution. The average strain along line B in the specimen
at ultimate capacity was 3423 microstrain, whereas the minimum
and maximum strains along line B were 2943 microstrain and
3846 microstrain, respectively. Using the strain data throughout
the specimen and following the procedure described by Siem
et al. [21], the shear stress between the concrete and the CFRP
strips was determined to be 1.75 MPa in comparison to a listed
shear strength of 24.8 MPa [22] again indicating the effectiveness
of the NSM FRP and its ability to ensure a non-brittle failure.
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Figure 12: Strain along line B (483 mm from the edge of the overhang)

4. SUMMARY AND CONCLUSIONS
The use of NSM FRP strips is seen to more than adequately
strengthen the deck overhang to enable the addition of the
sound barrier without premature failure. Failure was seen to be
non-catastrophic within the concrete and at levels of moment
capacity higher than required. The NSM FRP-rehabilitated
specimen reached ultimate capacity under an applied load
of 196 kN per hydraulic jack which is equivalent to an applied
moment of 189.2 kN-m. This corresponds to a 72% increase in
ultimate capacity over the as-built unstrengthened specimen,
which failed under an applied load of 114 kN corresponding
to an applied moment of 110.0 kN-m. In comparison with the
unstrengthened specimen which showed significant drop in
stiffness at the higher load levels after initial cracking, the NSM
FRP-strengthened specimen showed better resilience and a
progressive mode of failure based on separation of isolated
individual strips within the concrete/adhesive. No fracture of the
FRP strips themselves was seen.
The tests clearly show the viability of strengthening deck
overhangs to allow for placement of additional weight on
the edge such as would be required by sound/noise walls
placed at the very edge of the overhang region due to space
considerations. The ability to conduct rapid strengthening
through the use of NSM FRP strips bonded to the concrete as
an alternative to substantial removal of concrete and placement
of additional reinforcing steel which would not require
significant traffic disruption and time intensive construction is
a major advantage. Since the FRP strips are prefabricated in
long lengths which can easily be cut to size on site and then
bonded into easily cut grooves with adhesives already used
in the construction industry, the risk of the newer technique
is extremely low since no special equipment or methods are
needed. Rapid cure of the adhesive also results in faster opening
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of the rehabilitated structure to traffic. The test program
validated both the concept and the design methodology and
demonstrated that the failure levels are significantly higher than
the capacities needed, and that final failure is staged rather than
catastrophic.

[10] Wassef, W. G., Kulicki, J. M., Withiam, J. L., Voytko, E.
P., and Mertz, D. M. "Application of AASHTO LRFD
specifications to design of sound barriers", Report for
NCHRP Project 20-07, Task 270, National Cooperative
Highway Research Program, 2010.
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