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Abstract: This paper evaluates the capacity of hybrid reinforced curb-deck connections of post-and-
beam bridge barriers. The test prototypes consisted of a slab measured 2.5 x 3.0 m with a 225 mm
thickness and a curb of 3.0 m long. Two barrier prototypes were fabricated and tested under quasi-static
loading until failure. The first one was totally reinforced with epoxy-coated steel bars while the second one
was reinforced with epoxy-coated steel bars in the slab and glass fiber-reinforced polymer (GFRP) bars in
the curb. The main objectives are to verify whether: 1) the resistance to out-of-plane quasi-static loads
and the associated transverse deflection of the hybrid reinforced curb-deck connection and steel barrier
system are comparable to those of the steel RC counterpart; and 2) the transverse strength exceeds the
CHBDC equivalent static load demand. The behavior of the barrier prototypes was evaluated in terms of
cracking pattern, crack width, and strains in reinforcing bars. The results revealed that the behavior of the
hybrid reinforced curb-deck connection is similar to that of the steel RC counterpart. In addition, the
capacity of the hybrid reinforced curb-deck connection is higher than that of steel reinforced one by 37%.

1 Introduction

The use of glass fiber-reinforced polymer (GFRP) bars as internal reinforcement is a viable solution to
provide corrosion resistance to concrete bridge decks (Nanni and Faza 2002), barriers (El-Salakawy et al.
2003, Matta and Nanni 2009), and piers (De Luca et al. 2010). The recent advances in the fiber-
reinforced polymer (FRP) technology led to the development of FRP bars with enhanced mechanical and
durability properties. As a result, bridge design specifications have been published in Canada (CSA 2006)
and the US (AASHTO 2009) to enable practitioners to deploy the technology.

Due to the lower cost of GFRP bars compared to the other types (carbon and aramid), they gained
significant attention in research and applications. Successful field implementation in bridges in North
America (Benmokrane et al. 2004, 2006, 2007a; b) provided evidences on the durability of GFRP bars in
real service conditions. Furthermore, CSA S807 (CSA 2010) provided a step forward towards
standardizing the FRP bars which is expected to increase the use of GFRP bars in many applications.

Recently, with the increase in the use of GFRP bars in bridge applications, the hybrid reinforcement
technigue gained some attention. Ahmed and Benmokrane (2012) reported the use of hybrid
reinforcement in bridge deck slabs in Quebec where the bridge decks were reinforced with a bottom mat
of steel bars and a top mat of GFRP bars. The curbs of the steel-and-beam bridge barriers, however,
were reinforced with steel bars.

This paper evaluates the performance of the steel-and-beam bridge barriers whose curbs are reinforced
GFRP and epoxy-coated steel bars while the deck slab reinforcement is maintained as epoxy-coated

MEC-114-1



steel bars. This study is conducted on PL-2 barrier (CSA 2006) which is being used in Alberta (known as
double tube PL-2 barrier and referred to as S-1642).

1.1 Barrier prototypes

Two full-scale steel post-and-beam barrier prototypes (PL-2 barrier (CSA 2006); referred to as S-1642 by
Alberta Transportation) were constructed and tested. The horizontal deck slabs measured 3.0 m long x
2.5 m wide x 0.225 m deep. The curb measured 3.0 m long x 0.51 m wide at the base and 0.475 m wide
at the top x 0.29 m high over the slab surface. The geometry and the dimensions are shown in Figure 1.
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Figure 1: Geometry and reinforcement details

The slabs of the two barrier prototypes were reinforced with epoxy-coated steel bars (15M and 20M).
However, the curb of first prototype was reinforced with 15M epoxy-coated steel stirrups and that of the
second prototype was reinforced with GFRP C-shaped stirrups of size No. 15. The reinforcement of the
steel and GFRP-reinforced barrier prototypes was provided by the Alberta Transportation which is the
most commonly used reinforcement for bridges. Figure 1 also provides the reinforcement details of
GFRP- and steel-reinforced prototypes. Figure 1 shows that the curbs are reinforced with the same
amount of steel and GFRP reinforcement (15M steel or GFRP No. 15).

The guaranteed tensile strength of straight GFRP bars as provided by the manufacturer (PB automation,

Alberta, Canada) was equal to 860 MPa and the modulus of elasticity was 43.6 GPa. The tensile bend
strength of the GFRP bent bars was about 385 MPa.
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Each of the barrier prototypes was cast on two stages. Stage | included casting the horizontal slab after
preparing the reinforcement cages for slab and curb. Before casting of the horizontal slabs, 75-mm
diameter PVC tubes were installed in the slabs creating 75-mm diameter holes through the slab thickness
(Figure 1) to enable anchoring the slabs to the laboratory strong floor during the test. The barrier
prototypes were cast using a ready-mixed normal density concrete. The concrete compressive strengths,
determined based on the testing of 150 x 300 mm cylinders, of the slabs and curbs were 45 and 33 MPa
respectively. Figure 2 shows the fabrication of the barrier prototypes.

Figure 2: Fabrication of the barrier prototypes
1.2 Instrumentation

The barrier prototypes were instrumented with electrical-resistance strain gauges to measure strains in
reinforcing bars and in concrete at critical locations as shown in Figure 3. Each barrier prototype was
instrumented with 40 strain gauges attached to the reinforcing bars and 5 strain gauges attached to the
concrete surface. The strain gauges attached to the reinforcing bars were arranged at three different
transversal sections and the strain gauges in one of those sections are shown in Figure 3. However, the
concrete strain gauges were attached in the critical locations to capture the compressive strains of the
concrete during the test. The induced displacement and deflection in the tested barrier prototypes were
also measured using many Linear Variable Differential Transducers (LVDTSs) as shown in Figure 3.
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Figure 3: Instrumentation details
1.3 Test setup and procedure

The barrier prototypes were supported on two parallel steel beams spaced at 1.0 m with an overhang of
1.0 m to simulate the actual barriers in real bridge decks. The slab of the barrier prototypes was tightened
to the laboratory rigid floor by six 38-mm diameter Dywidag bars (anchors) and nuts. A tensile force of
100 kN was applied on each anchor bar to assure that no rigid body displacement occurs during testing.
45-mm thick square steel plates (200 x 200 mm) were used as bearing plates between the nuts and the
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slab. A clear distance of 114 mm was used between the bottom surface of the barrier and the laboratory
strong floor to allow for deflection and rotation of the barrier wall and slab during testing. Figure 4 shows
the test setup.

The load was applied horizontally to the center of the steel railing at a distance of 810 mm from the slab
surface as shown in Figure 4. The load was transmitted from the hydraulic jack to the barrier prototypes
through a 1.5 m-long spreader I-beam. The load was applied using a 1000 kN-capacity hydraulic actuator
connected to a manual pump with a load-controlled rate of 5 kN/min. The load was measured with a load
cell having a capacity of 500 kN.

It should be mentioned that the designed setup is similar to that of Ahmed and Benmokrane (2011) at the
University of Sherbrooke which is in agreement with that of Deitz et al. (2004), Matta and Nanni (2009),
and Mitchell et al. (2010). These setups are devoted to simulate the actual deck-barrier connection which
is usually provided through a cantilever deck slab supporting the barrier. Besides, this setup allows
investigating the behaviour of the deck-barrier connection under the real case of stresses which includes
flexure, shear, and axial forces. More details about the instrumentation and test setup can be found
elsewhere (Ahmed et al. 2010)

Figure 4. Test Setup

2  Test Results and Discussion
2.1 Ultimate capacity and mode of failure

Table 1 presents the ultimate capacities and modes of failure of the two S-1642 barrier prototypes. Tthe
GFRP-reinforced prototype had an ultimate capacity of 313.6 kN which is higher than that of the steel-
reinforced prototype (228.3 kN). The ratio between the ultimate capacity of the S-1642-GFRP and that of
the S-1642-Steel was 1.37. Thus, regardless the mode of failure, replacing the epoxy-coated steel
reinforcement of the S-1642-Steel prototype with the GFRP reinforcement enabled achieving an increase
in the ultimate capacity of about 37%. Furthermore, the capacities of both prototypes (S-1642-Steel and
S-1642-GFRP) were more than two times the mandated value P, = 100 kN for PL-2 barriers (CSA 2006).

Figure 5 shows the failure of the S-1642-Steel and S-1642-GFRP prototypes, respectively. The
S-1642-Steel prototype failed by diagonal tension failure at corner of curb-deck joint after yielding of the
slab reinforcement. On the other hand, S-1642-GFRP prototype failed due to the buckling of the steel
posts. Corresponding to the load at which buckling of the steel posts occurred, which was the failure load,
the strains of the steel of the slab were beyond the yield strain and the final crack pattern was similar to
that of the steel-reinforced one (S-1642-Steel). In addition, diagonal tension crack at corner of curb-deck
joint was observed but it did not control the failure.

Considering the ultimate capacities listed in Table 1 and the mode of failure shown in Figure 5, it can be
noticed that the behaviour of the S-1642-GFRP prototype was very similar to that of the S-1642-Steel
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prototype up to the failure. However, the capacity of the S-1642-GFRP was higher than that of S-1642-
Steel because the steel posts could not resist and failed due to excessive buckling.

Table 1: Details of the test prototypes
Ultimate capacity

Barrier prototype Mode of failure

(kN)
S-1642-Steel 228 3 D|§gonal tension failure at corner of curb-deck joint
(Fig. 5a).
S-1642-GERP 313.6 Buckling failure of steel post. Diagonal tension crack at

corner of curb-deck joint was observed (Fig. 5b).

(b) S-1642-GFRP
Figure 5: Cracking pattern at failure

2.2 Deflection

Figures 6 and 7 show the load-deflection relationships of the curb and the slab, respectively. The
maximum deflection was recorded by the two LVDTs at the top of the bridge railing (No. 1). Besides,
there was no significant difference between the deflection of the curb and the slab measured from the left
and the right side of the barrier prototypes. The comparisons presented in Figure 6 and 7 show that both
of the GFRP-reinforced and steel-reinforced prototypes had the same load deflection relationships till the
failure of the steel-reinforced one which was lower than that of the GFRP-reinforced one.

At the peak load of the S-1642-Steel prototype (228.3 kN) the deflection of the curb and the slab were 37
and 16 mm, respectively. The deflection of the curb and the slab of the S-1642-GFRP corresponding to
that load were 28 and 15 mm, respectively. At the peak load of the S-1642-GFRP prototype (313.6 kN)
the deflection of the curb and the slab were 65 and 24 mm, respectively. The post-peak deflection of the
curb and the slab of the S-1642-Steel reached about 160 and 50 mm at failure, respectively. The buckling
failure of the steel posts of the S-1642-GFRP prototype did not enable achieving the deformation capacity
of the barrier. Consequently, the post-peak deformation (deflection) was low.
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Figure 6: Load-deflection relationships of posts and curbs
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Figure 7: Load-slab deflection relationships

2.3 Strains in concrete

Figure 8 shows a comparison between the maximum measured concrete strains. The figure indicates that
at the same load level, the GFRP-reinforced barrier prototype showed lower strains values than that
reinforced with epoxy-coated steel. At failure, the maximum measured concrete strains were about 325
microstrains in the steel-reinforced barrier prototype (S-1642-Steel) and was 370 microstrains in the
GFRP-reinforced barrier prototype (S-1642-GFRP).
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Figure 8: Maximum measured concrete strains
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24 Strains in the reinforcing bars
2.4.1 Transverse reinforcement of the slabs

Figure 9 shows the load-strain relationships in the slab’s top transverse reinforcement. It is worth
mentioning that the maximum measured strains in the top transverse reinforcement of S-1642-Steel
prototype occurred at the sections that pass through the posts (left and right sections). In the S-1642-
GFRP prototype, however, the slab reinforcement of the three instrumented sections reached the yield
strain. This implies that the load distribution in case of the GFRP stirrups in the curb is better than the
case of epoxy-coated stirrups. The comparison shown in Figure 9 confirms that the strains in the
transverse steel bars of the slabs of S-1642-Steel and S-1642-GFRP are the same.

acn
356 - . . T - —

—“‘—--

F---300- ""”"% ”””””” ""3 541““"5'*“’?’6"— - —‘r-’-“i ””””
; 4, GFRP Relnforced ; ;
R R A R ! fffffff S’lGﬁZGFRP""’r""""T ffffffff

2
—531 (L)
—s1(©C) |-
——S1(R)
-=51() |

; : ‘ ‘ | - =S1(R) [

—_— Steel Relnforced - GF‘RP Rem!orced - = 51(C)

Load (kN)

-1000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Strain (microstrain)

Figure 9: Measured strains in the top reinforcement of the slab

2.4.2 Transverse reinforcement of the curb (stirrups)

Figure 10 provides a comparison between the maximum measured strains in transverse reinforcement of
the curbs (stirrups). It can be noticed that the stains in the GFRP stirrups of the S-1642-GFRP prototype
were in good agreement with that of the S-1642-Steel prototype till the failure of the S-1642-Steel one.
Besides, the strain increasing rate at very late loading stage becomes high due to the widening of the
separation crack between the slab and the curb. This was observed for the two tested prototypes (GFRP-
and steel-reinforced).
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Figure 10: Reinforcement strains in the curb
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3  Summary and Conclusions

This paper presents the test results deck-curb connection of post-and-beam bridge barriers whose curbs
are reinforced with GFRP and steel bars. Based on the results and the discussion presented above, the
following conclusions are drawn:

1. The S-1642-GFRP prototype showed an ultimate capacity of 313.6 kN which exceeds the strength of
the steel reinforced ones (S-1642-Steel) with 37%, regardless the mode of failure.

2. The S-1642-Steel prototype failed by the concrete splitting of the slab. However, The S-1642-GFRP
prototype failed due to the buckling of the steel posts at higher applied load than that of the S-1642-
Steel (37% higher).

3. The capacities of both prototypes (S-1642-Stell and S-1642-GFRP) are higher than the mandated
values provided by the CHBDC (CSA 2006).

4. The S-1642-GFRP barrier prototype had almost the same load-deflection relationships and load-
transverse reinforcement strain relationships as S-1642-Steel prototype till the failure load of the S-
1642-Steel, which was lower than that of the GFRP-reinforced prototype (S-1642-GFRP).

5. The sudden failure of the S-1642-GFRP due to the buckling of the steel posts did not enable
achieving the deformation capacity of the S-1642-GFRP prototype. The post-peak deflections
recorded at all points of the prototype were lower than that of the S-1642-Steel due to this mode of
failure.

6. The GFRP stirrups of the S-1642-GFRP prototype had a strain values very close to that resulted
from the epoxy-coated steel stirrups of the S-1642-Steel prototype regardless the lower axial
stiffness of the GFRP bars compared to that of steel.

7. From the test results, both prototypes (S-1642-GFRP and S-1642-Steel) have very similar behaviour,
however, the GFRP-reinforced prototype failed at higher ultimate capacity than that of the steel-
reinforced one by buckling of the steel posts.
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