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This paper discusses the beneficial influence of compressive membrane action in fibre reinforced polymer (FRP)
reinforced in-plane restrained slabs in bridge deck slabs and the improved service performance when arching
action occurs. Bridge deck slabs that are exposed to extreme environmental conditions can experience severe
corrosion damage. Expansive corrosion in steel reinforcement significantly reduces the design life and durability
of concrete structures; for example, on one short section of the M1 in Northern Ireland, nearly £1 million was spent
last year on the maintenance and repair of bridges due to corrosion. Corrosion-resistant composite reinforcement
such as basalt fibre reinforced polymer (BFRP) and glass fibre reinforced polymer (GFRP) provides a durable
alternative to reinforcing steel. In this research, two BFRP reinforced slabs and two GFRP reinforced slabs were
constructed using high-strength concrete with a target cube compressive strength of 65N/mm?2 The slabs
represented typical full-scale dimensions of a real bridge deck slab 475 mm wide by 1425 mm long and 150 mm deep.
The service and ultimate behaviour of the slabs are discussed and the results are compared with the relevant design

guidelines.

Notation P, arching load capacity

A cross sectional area of the slab Pact ultimate failure load predicted using the
b breadth of the slab section ACI 440.1R-06 guideline

d effective depth of the reinforcement Py flexural bending capacity

d, available depth for arching Pgc ultimate failure load predicted using

E. modulus of elasticity of concrete Eurocodes

fex cylinder compressive strength of concrete Pqus arching strength of restrained slabs predicted
Jek.cube cube compressive strength of concrete by compressive membrane action theory
Iy yield/rupture strength of the reinforcement proposed by Queen’s University Belfast
h depth of the slab P, measured ultimate load of test model

K axial stiffness R McDowell’s non-dimensional parameter
K, in-plane stiffness (elastic deformation)

L. half the span of the arch length u McDowell’s non-dimensional parameter
L, half the span of the rigidly restrained arch (deflection)

M, arching moment of resistance w deflection under the load point

My, flexural bending moment I3 strain

M, arching moment resistance € idealised plastic strain of concrete

P applied load Py reinforcement ratio

208

Downloaded by [ Curtin University] on [09/05/22]. Copyright © ICE Publishing, al rights reserved.



Bridge Engineering
Volume 168 Issue BE3

Corrosion-resistant FRP reinforcement for
bridge deck slabs
Tharmarajah, Taylor, Cleland and Robinson

1. Introduction

Research by Wallbank (1989) estimated that the UK spent
approximately £616-5 million to repair 10% of the country’s
entire bridge stock due to damage as a result of steel corrosion.
The study further suggested that the total cost to repair the
entire stock would be much higher. A recent study in the USA
(ASCE, 2009) estimated that the authorities may need $8:3
billion/year to repair all the structurally deficient bridges due
to corrosion damage, and the indirect cost such as traffic
delays and loss of productivity may exceed $83 billion.

Several steel protection methods have been trialled to reduce
the damage caused by corrosion, namely less permeable and
higher quality concrete, cathodic steel protection, epoxy coated
reinforcement and waterproofing of deck slabs. However, the
reliability of these methods has been a concern as they have
not been proved in the long term (Clarke, 1999; Keesler and
Powers, 1988). It is possible to construct highly durable con-
crete structures using corrosion-resistant fibre reinforced
polymer (FRP) bars that replace steel. The lower modulus of
elasticity and brittle failure of FRP bars have raised concerns
over the serviceability and the failure mode of FRP reinforced
concrete structures, but when arching action occurs the struc-
tural performance is similar to steel reinforced structures. In
the case of Thompson’s Bridge, the basalt fibre reinforced
polymer (BFRP) reinforced slab had slightly less deflection
than the equivalent steel reinforced slab (Taylor et al, 2013).
There is currently design guidance in the USA in the form of
ACI 440.1R-06 (ACI, 2006) but the lack of design guidance
for FRP reinforced structures in Europe has discouraged the
choice of FRP bars to replace steel.

Nevertheless, FRP has been used in the construction industry
for strengthening and retrofitting of existing structures. The past
two decades have seen FRP being used routinely to replace steel
plates for strengthening of concrete structures. Several research
studies have investigated the behaviour of simply supported
FRP reinforced slabs, beams and parapet walls (Benmokrane
et al., 2004; Michaluk et al, 1998; Ospina and Bakis, 2006).
However, a very limited number of studies have investigated the
behaviour of FRP reinforced in-plane restrained slabs, such as
those typically found in practice. Previous research studies
(Kirkpatrick et al., 1986; Rankin and Long, 1998; Taylor et al.,
2001) on steel reinforced restrained flexural members have found
that in-plane restrained slabs fail by concrete crushing due to
compressive membrane action (CMA) and almost independent
of the reinforcement percentage. If the CMA in restrained slabs
can be exploited, it would be possible to construct high-strength
FRP reinforced deck slabs using a lower percentage of reinforce-
ment with high performance concrete.

This research assessed the behaviour of glass fibre reinforced
polymer (GFRP) and BFRP reinforced in-plane restrained

slabs under service and ultimate loads and the influence of
CMA. The choice of GFRP and BFRP bars was based on
their cost competitiveness, durability and lighter weight com-
pared to other corrosion-resistant materials.

2. Background to CMA

Slab and beam bridge decks are one of the most common types
in Europe and elsewhere (El-Gamal ef al., 2007). The deck slabs
in slab and beam bridges such as in M-beam, Y-beam and steel
girder bridges are in-plane restrained. In-plane restrained slabs
inherit the beneficial influence of CMA or arching action pro-
vided that they meet the span/depth criteria and required lateral
stiffness (Taylor et al., 2001; Tong and Batchelor, 1971). Stiffer
end restraint to in-plane expansion can induce a higher degree
of CMA (Figure 1) thus further increasing the ultimate strength
above that predicted by flexural theory.

Tests by Ockleston (1955) on a three-storey hospital building
demonstrated that in-plane restrained slabs failed at a much
higher load than predicted by yield line analysis, which was
considered an upper bound prediction. Design codes (BS EN
1992-2:2005 (BSI, 2005) and ACI, 2006) often consider the
flexural capacity as the first ultimate limit state check, but this
underestimates the real strength of in-plane restrained slabs as
it does not account for the benefits of arching action. The
existence of arching strength had been empirically acknowl-
edged by Turner (Faulkes, 1974) and also in a Russian design
code (Gvodzev, 1939). The Russian design code suggested a
lower amount of reinforcement for restrained slabs than the
amount required for those without in-plane restraint. However,
the tests by Ockleston (1955) provided a better understanding
of CMA, which led to further research studies.

The research of Ockleston (1955) created an interest among
researchers to understand the behaviour of in-plane restrained
slabs. Early research studies by Wood (1961), Christiansen
(1963), Liebenberg (1966) and Park and Gamble (1980) devel-
oped theories for CMA in restrained slabs but they were semi-
empirical. Research into CMA at Queen’s University Belfast
(QUB) started in the 1980s to investigate the influence of
various parameters on the behaviour of in-plane restrained
steel reinforced concrete slabs. The research studies by
Kirkpatrick et al. (1986), Rankin and Long (1998) and Taylor
et al. (2001) at QUB have influenced the modification of the
Northern Ireland bridge design specification (Department of

External lateral restraint Ky % lAPP“ed load, P i
- in thrust//

[l ]
% Z

Figure 1. Arching analogy. The figure shows the arching action in
in-plane restrained slabs
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Regional Development, 1986). The addendum to the Northern
Ireland bridge design specification currently recommends 0-6%
steel reinforcement for top and bottom longitudinal reinforce-
ment for Y-beam type bridge deck panels when the slabs
satisfy CMA criteria. These research studies have further con-
tributed to the Highways Agency code BD 81/02 (HA, 2007),
which has also included guidelines to design restrained deck
slabs using arching theory from QUB. Although the behaviour
of steel reinforced in-plane restrained concrete slabs has been
studied for many years, there has been less research on the be-
haviour of in-plane restrained FRP reinforced slabs and in par-
ticular BFRPs, which have shown slightly better durability
characteristics than GFRPs.

3. Experimental programme

Two GFRP and two BFRP reinforced slabs were tested. The
slabs had similar dimensions to the slabs tested by Taylor et al.
(2001) as typical of a full-scale bridge deck slab in practice and
for a comparison. High strength concrete with a target cube
concrete strength (fox cube) Of 65 N/mm? was used in exper-
imental investigation, as previous research (Taylor et al., 2001)
had shown an increase in slab ultimate capacity with increasing
concrete strength.

3.1 Test slabs

Previous research by Kirkpatrick ez al. (1986) suggested that
the enhanced strength due to arching action can be considered
to be equivalent to an amount of reinforcement if the slab
satisfies the criteria for the arching effect. Therefore, it was
decided to use 0-6% GFRP and 0-6% BFRP bars for the tests,
as recommended by the Northern Ireland bridge design speci-
fication. Two slabs discussed in this paper were constructed
using BFRP bars and the other two were constructed using
GFRP bars with 0-:6% reinforcement for the effective area of

the section. The details of the test slabs are given in Table 1
and mix design details are given in Table 2.

The GFRP and BFRP bars were tested for their ultimate
tensile strength and modulus of elasticity using the test method
proposed by Castro and Carino (1998) for composite bars. The
tensile strength and modulus of elasticity for the 12 mm dia.
GFRP and BFRP bars are given in Table 3.

3.2 Test set-up

A steel frame was used to provide the lateral restraint to the
slabs. The frame provided similar restraint to that in a typical
slab and beam bridge deck with in-plane stiffness (K;) of 855
kN/mm. The in-plane stiffness of 855 kN/mm is equivalent to
70% of the rigid restraint stiffness as described by Rankin and
Long (1998), and in a real bridge deck is provided by the
bending stiffness about the minor axes of the supporting
beams in combination with the surrounding area of unloaded
slab. The test arrangement of the slab is shown in Figure 2.

3.3 Test procedure

The test slabs were allowed to cure for 28 d under adequate
moisture conditions using wet hessian to ensure full curing.
Control sample concrete cubes were taken at the time of
casting and tested in accordance with BS EN 12390 Part 3
(BSI, 2009) for compressive strength. The test set-up is shown
in Figure 3. The test slabs were loaded using a 25 mm wide
knife edge line load applied at the mid span to represent an
equivalent axle load of up to 600 kN using an accurately cali-
brated hydraulic actuator. The deflection at mid span was
measured using two 50 mm linear variable displacement trans-
formers (LVDTs) positioned directly below the applied load
at the soffit and 25 mm from the side face. Another pair of
25 mm LVDTs were used to monitor the in-plane movement of
the steel frame.

Concrete Balanced

Test slabs® Provided condition strength  reinforcement: % Rationale
G-0-6%-12-125T&B  0-6% of 12 mm bar at 681 1-08 Northern Ireland design

125 mm spacing in two layers specification recommends 0-6%
G-0-6%-16-300 T&B  0-6% of 16 mm bar at 657 1-09 steel reinforcement for

125 mm spacing in two layers restrained slabs. Maximum
B-0-6%-12-125T&B  0-6% of 12 mm bar at 69-3 0-57 allowable spacing according to

300 mm spacing in two layers Eurocode is 300 mm.
B-0-6%-16-300 T&B  0:6% of 16 mm bar at 66-1 0-54

300 mm in two layers

@Naming convention: G-0-6%-16-300 T&B, type of reinforcement-amount of reinforcement — rebar size — rebar spacing — top

and bottom reinforcement

Table 1. Details of the slabs tested by the authors
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Concrete Cement GGBS Super plasticiser

Total water

20 mm aggregate 10 mm aggregate Sand

Ordinary 450-0 — 9-0°

175-0

639 547 639

2% by mass of cement

Table 2. Concrete mix constituents (kg/m® concrete) for target
strength of 60-70 N/mm?

A test load, equivalent to one third of the predicted failure
load was applied to pre-crack the slab and the recovery in
deflection was measured at the end of each test load. After the
removal of all load, vibrating wire strain gauges (VWSGs)
were fixed perpendicular to the cracks. Strain (equivalent to
crack width) was measured using VWSGs at each increment of
load. Electrical resistance strain gauges were also used to
measure strain at the rebar—concrete interface at the mid span
and support region at each increment of load.

4. Results and discussion

4.1 Serviceability behaviour of FRP reinforced slabs
The behaviour of the FRP reinforced slab under service load is
of interest due to the perceived drawbacks with the lower
elastic modulus of FRP bars compared to steel. Therefore,
cracking load, crack pattern, mid-span deflection and the
stress in FRP bars at service load are discussed in detail.

All of the test slabs showed the same stiffness up to the first
crack, as shown in Figure 4, independent of the type of
reinforcement and modulus of elasticity. Deflections of the test
slabs at the service load level shown in Table 4 indicate that
the test slabs did not exceed the recommended (BS EN 1992-
2:2005) span/250 (BSI, 2005). A wheel load of 150 kN by the
tandem load system model 1 suggested by Eurocode 1 (BS EN
1991-3:1995) (BSI, 1995) was considered as the service load.

The first crack on all the slabs occurred during the test load
and further cracks parallel to the first crack were observed at
the soffit under subsequent load increments. Similarly, cracks
were noticed at the top surface of the slab adjacent to the

restrained edges. Both BFRP and GFRP reinforced slabs
showed similar crack patterns. The maximum crack width at
the service load of 150kN was 0-33mm (Figure 5). The
current design code limits the crack width at service load to
0-3mm in steel reinforced concrete slabs to protect the steel
from corrosion. However, FRP reinforced slabs have no such
requirements other than for aesthetic reasons as FRP bars are
resistant to corrosion. The American Concrete Institute (ACI)
guideline (ACI, 2006) and Canadian design code (CSA, 2006)
allow larger crack widths up to 0-5mm for FRP reinforced
flexural members.

The strain measured on the reinforcing bars of the slabs
showed that the strain was up to 20% of the rupture strain at
the service load of 150 kN (Table 4). The difference noticed
between BFRP and GFRP strain values can be attributed to
the difference in the elastic modulus of BFRP and GFRP. The
strain on FRP bars can be compared with the Canadian
highway bridge design code (CHBDC) (CSA, 2006) rec-
ommendation that limits the maximum strain on FRP bars to
25% of the ultimate rupture strain at service load level.
Eurocode 2 does not provide any recommendation to limit the
strain on FRP bars. Therefore, the CHBDC recommendations
have been used as a limiting strain value for the FRP bars at
service load.

4.2 Ultimate load behaviour

Brittle behaviour of FRP bars can cause catastrophic structural
failure due to FRP rupture. The ductility of steel bars ensures
a more gradual energy dissipation in steel reinforced concrete
slabs. Therefore, the steel reinforced concrete slabs are often
designed with less than the balanced amount of reinforcement.

Tensile tests loading rate 0-2 kN/s

Manufacturer’s reported values loading rate 1 kN/s

Tensile Elastic Ultimate Tensile Elastic Ultimate
Reinforcement strength: MPa modulus: GPa strain: pe strength: MPa modulus: GPa strain: uS
12 mm GFRP 6820 67-4 10120-0 >1000-0 >60-0 16666-0
12 mm BFRP 9200 54-0 17037-0 1200-0 50-0 24000-0

Table 3. FRP material properties
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| 1425 mm clear span |

Test model

1590 mm C/L support

25mm dia.

HSFG bolts 305mm x 102 mm channel

Plan

Figure 2. Plan view of the test arrangement to test in-plane
restrained slabs; CL — centre line; HSFG — high-strength friction grip

203 mm x 76 mm channel

At the balanced amount of reinforcement the slabs can be
expected to fail by simultaneous steel and concrete failure.
Both FRP bars and concrete are brittle materials, so the con-
crete crushing failure mode is more desirable in FRP
reinforced concrete structures (ACI, 2006). As it has been
established that in-plane restrained slabs generally fail by con-
crete crushing due to the influence of CMA, replacing steel
with FRP bars in restrained slabs does not require any
additional provision as a concrete crushing failure mechanism
occurs.

Typical failure modes of the test slab are shown in Figure 6.
All the test slabs failed by concrete crushing at a far higher
load than flexural and shear predictions using Eurocode 2
(BSI, 2005). However, the test results showed a good corre-
lation with the arching theory proposed for in-plane restrained
slabs by QUB (Taylor et al., 2002). The failure load prediction
indicates that significant CMA occurred and improved the

l Applied load, P

.

1425th mm clear span \
\

Restraint,

K >
l
I

b = 475th mm, h = 150th mm and d = 117th mm for 16th mm bar and 119th
mm for 12th mm bar

Figure 3. Test slab set-up

service and ultimate behaviour of FRP reinforced in-plane
restrained slabs.

5. Prediction of failure load using yield line
theory and arching theory

Arching theory developed at QUB demonstrated good accu-
racy in predicting the strength of in-plane restrained slabs by
taking into account the strength enhancement due to arching
action. The theory was developed based on a three-hinge
analogy, which takes into account the stiffness of the external
restraint and the influence of the concrete strength to predict
the ultimate strength capacity of the slab. The contact depth
takes into account the influence of the concrete strength to
predict the ultimate strength capacity of the slabs. QUB
arching theory provides a far more accurate prediction of the
strength of in-plane restrained slabs compared with Eurocode
2 (BSI, 2005), particularly in high-strength concrete slabs,
as Eurocode 2 does not consider the influence of CMA.
A comparison of strength predicted by arching theory (Poug)
and Eurocodes (Pgc) for the test slabs is given in Table 5.

Design codes, such as Eurocode 2, assume that the strength of
concrete slabs is based on pure flexure and shear capacities.
Equations 1 and 2 show the calculation of moment capacity of
a restrained slab using the Eurocode 2 method.

1. My =py x fyll = 0-5(py x fy/fex)] % bd®

2. PbZMb XS/L
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Load: kN
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& GFRP-0-6%-12 mm-125 T&B

GFRP-0-6%-16 mm-300 T&B
=< BFRP-0-6%-12 mm-125 T&B
== BFRP-0-6%-16 mm-300 T&B

0 5 10

15 20 25

Deflection: mm

Figure 4. Load against deflection behaviour of the test slabs

From Table 5, it can be noticed that the strength capacity
determined from pure flexure and rotational restraint for
restrained slabs provides a highly conservative prediction that
can lead to providing far more reinforcement than is needed.
In the case of GFRP-0-6%-16-125 T&B the Eurocode 2 pre-
diction was less than half the real ultimate load.

The contribution of the internal arching moment as a result of
in-plane restraint is not considered in the Eurocode 2 flexural
design equations. The shift of the neutral axis at the mid span
and at the restrained edge in opposite directions causes the for-
mation of an arching thrust (Figure 1). The enhancement of
the ultimate capacity due to arching action is not considered in
most of the design codes. Some acknowledge the enhanced
strength capacity but use an empirical design method.
Research at QUB proposed a method to evaluate quantitat-
ively the arching contribution. The method of Rankin (1982)
was based on the equation of McDowell et al (1956) by

(Equations 3 and 4).

3. R=exL}4xd

4. u=w/2d

The arching resistance of a fully rigid in-plane restrained slab
can be calculated using Equations 5 and 6.

If R > 0-26, then

5. M, =03615/R

Else, if 0 < R < 0-26, then

6. M,=43-161(33x 107 +01234R)"

extracting two non-dimensional parameters R and u
Maximum strain at Crack width

Concrete Deflection at  150kN: % of ultimate  at 150 kN: Deflection at Failure
Test slab strength: MPa 150 kN strain mm failure: mm load: kN
GFRP-0-6%-12-125 T&B 68-1 /407 20% 0-33 19-4 3435
GFRP-0-6%-16-300 T&B 65-7 /445 17% 0-31 154 364-9
BFRP-0-6%-12-125 T&B 69-3 /385 10% 0-33 14-6 300-4
BFRP-0-6%-16-300 T&B 66-1 /356 16% 0-28 16-0 2951
Table 4. Summary of the tests
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350 -

300

250 A

200

Load: kN

150

100

50 -

-#-GFRP-0-6%-12 mm-125 T&B
=#GFRP-0-6%-16 mm-300 T&B
—+—BFRP-0-6%-12 mm-125 T&B
--BFRP-0-6%-16 mm-300 T&B

0 0-1 0-2 0-3

0-4 0-5 0-6 07 0-8

Crack width: mm

Figure 5. Crack width expansion with load increment

The arching moment (Equation 7) of the elastic arch can be
calculated using the rigid moment M, calculated in
Equation 6. Finally the arching strength can be calculated
using Equation 9.

7. M, =0168 x b X fuccuve X df X My x Le/L;

where

8. Ly=LEA/K.L.+1]"?

Figure 6. Crack on top surface and failure mode of FRP
reinforced restrained slabs
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Strength due to arching resistance

9. P,=M,x4/L

Table 5 shows that the failure load predicted by arching theory
gives a better correlation than the strength predicted by
normal flexural strength calculations. The standard flexural
equation is too conservative to predict the strength of in-plane
restrained slabs.

6. Comparison to existing design criteria

Eurocode 2 (BSI, 2005) provides recommendations for steel
reinforced concrete structures. Allowances are given for
minimum deflection and maximum crack widths to classify
steel reinforced concrete structures as serviceable. Minimum
reinforcement ratio, longitudinal bending capacity and shear
resistance are recommended for ultimate limit state. However,
Eurocode 2 does not provide service limit or ultimate limit
state recommendations for FRP reinforced structures.
Therefore, the recommendations for steel reinforced concrete
slabs were adopted with few inclusions from ACI (2006) and
CHBDC (CSA, 2006) to examine the service limit and ultimate
limit state behaviour of GFRP and BFRP reinforced slabs.

The FRP bars are corrosion resistant and do not require strin-
gent crack control measures recommended for steel reinforced
structures. The ACI (2006) guideline and CHBDC (CSA,
2006) recommend increasing the maximum crack width limit
to 0-5 mm where the crack width is limited to 0-3 mm for steel
structures. Therefore, the test slabs shall be compared for the
maximum crack width of 0-5mm. Steel reinforced decks are
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Concrete
Test slab Boundary conditions strength: N/mm? P kN Pec: kN Pqus: kN P/Pec P/Pqus
GFRP-0:6%-12-300 T&B In-plane restrained 68-1 3435 1936 294-2 177 117
GFRP-0:6%-16-125 T&B In-plane restrained 657 364-9 170:0 2726 214 1-34
BFRP-0-6%-12-300 T&B In-plane restrained 69-3 300-4 2594 284-5 1-16 1-06
BFRP-0-6%-16-125 T&B In-plane restrained 66-1 2951 2276 2753 1-07 1-07
S7a Simply supported 91-0 50-0 484 484 1-03 1-02
S8a In-plane restrained 100-1 183-0 64-6 153-0 2-83 1-20

Slabs tested by Taylor et al. (2001)

Table 5. Comparison of strength predicted by arching action
theory

designed to fail by yielding of steel reinforcement, by providing
a less than balanced amount of reinforcement. However, FRP
reinforced structures are designed to fail by concrete crushing,
as failure due to FRP rupture is considered more catastrophic.
Therefore, it requires limiting the allowable stress on FRP bars
at service load level to prevent FRP rupture. However, in slabs
with restraint typical of that in a beam and slab bridge, the
arching action tends to induce compression failure in both
steel and FRP reinforced deck slabs.

The comparison given in Table 5 shows the significant influ-
ence of CMA to enhance the strength of in-plane restrained
slabs. Furthermore, the slabs discussed in this paper were
reinforced with the same amount of reinforcement rec-
ommended by the addendum to the Northern Ireland bridge
design code for steel reinforced restrained slabs. The provision
of the same amount of FRP reinforcement (by area) and the
similar performance of the FRP reinforced slabs further
demonstrated the improved behaviour of restrained slabs com-
pared to the established perception of deck slabs in beam and
slab bridges. Although the ACI (2006) guideline recommends
more than a balanced amount of reinforcement to achieve con-
crete crushing failure, the failure mode of the restrained slabs
indicates that GFRP and BFRP reinforced slabs fail by con-
crete crushing due to the effect of CMA even when they were
reinforced with less than a balanced amount of reinforcement.

The arching phenomenon in steel reinforced restrained slabs
with varying concrete compressive strength was investigated by
Taylor et al. (2001) by comparing two slabs in which one was
simply supported (S7) and the other was simply supported but
with in-plane restraint (S8). The provision of the in-plane
restraint in slab S8 enhanced the strength of the slab by more
than three times that of the simply supported slab with no in-
plane restraint. In addition to the above comparison, Taylor
and Mullin (2006) also demonstrated the similar behaviour in

equivalent GFRP and steel reinforced slabs due to the benefits
of CMA.

7. Conclusions

The following conclusions can be drawn from the tests carried
out on BFRP and GFRP reinforced slabs. Eurocode 2 was
used to evaluate the maximum allowable deflection of the test
slabs and recommendations from CHBDC (CSA, 2006) were
considered for the allowable maximum crack width and
reinforcement stress at service load level as Eurocode 2 does
not include FRP. The comparison of the test results with the
design code recommendations show that both GFRP and
BFRP reinforced slabs satisfy the service load level require-
ments. The maximum deflection at service load level was less
than L/250 and crack width was less than 0-4 mm.

For ultimate limit state, the slabs need to carry a tandem load
system model I wheel load of 150 kN and also need to demon-
strate a non-catastrophic failure. Concrete crushing failure
mode is a preferred failure mode for FRP reinforced structures
(ACI, 2006). All four slabs failed by concrete crushing and
carried load in excess of 150 kN. The failure loads were higher
than the load predicted by both Eurocode 2 and ACI
guidelines.

The predictions using the flexural theory from Eurocode 2
and ACI guidelines give highly conservative failure loads for
in-plane restrained slabs. The test slabs in this research demon-
strated strengths far in excess of the flexural theory predictions
using the current standards. The variation noticed in ultimate
failure loads between BFRP and GFRP reinforced slabs can
be attributed to the different rupture strength of bars. This
study demonstrates that the FRP reinforcement can be a
durable alternative in bridge decks due to the beneficial influ-
ence of CMA. However, the provision of appropriate guide-
lines can improve the appreciation of GFRP and BFRP bars
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to replace steel in bridge deck slabs such as deck slabs in beam
and slab bridges.

7.1 Practical relevance and potential applications
Most of the concrete slabs in beam and slab bridges are con-
structed using steel reinforcement. Although steel is a popular
reinforcing material, the steel reinforced structures exposed to
corrosive conditions require constant monitoring for their ser-
viceability due to the damage caused by steel corrosion. This
research demonstrates the ability of corrosion-resistant FRP
bars to replace steel. Although FRP bars have a lower stiffness
and exhibit brittle behaviour, the research presented in this
paper proves that the GFRP and BFRP bars can be good
alternatives to steel in restrained slabs, such as deck slabs in
beam and slab bridges. The test results show that the slabs
reinforced with FRP bars, equivalent to steel satisfy the service
and ultimate limit state requirements recommended by design
codes. Successful application of corrosion-resistant reinforce-
ment in civil infrastructure can contribute to more economical
and durable bridges, as structures reinforced with FRP bars
require minimal maintenance. The practice of using corrosion-
resistant reinforcement can significantly reduce the cost of
repairing bridge structures.
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WHAT DO YOU THINK?

To discuss this paper, please email up to 500 words to the
editor at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editorial panel, will be published as
discussion in a future issue of the journal.

Proceedings journals rely entirely on contributions sent in
by civil engineering professionals, academics and stu-
dents. Papers should be 2000-5000 words long (briefing
papers should be 1000-2000 words long), with adequate
illustrations and references. You can submit your paper
online via www.icevirtuallibrary.com/content/journals,
where you will also find detailed author guidelines.
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