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ABSTRACT 
Recently, the PCI northeast bridge technical committee developed northeast extreme tee (NEXT)
beam sections that were able to serve as good substitutes for adjacent box beam bridges (w/o
deck type). The NEXT type F beam bridges can offer a good long-term durability and accelerate
the construction process. Despite of many advantages of the NEXT beams, in cold regions, the
conventional steel reinforced concrete bridge deck is the most vulnerable component in a bridge
as the deck is directly exposed to heavy de-icing salts in winter seasons. In this sense, in order to
achieve a 100+ year NEXT beam bridge in cold areas, a more durable bridge deck is needed.
Utilizing a GFRP RC bridge deck can be an excellent solution. In this paper, several GFRP RC
decks  on  the  NEXT  beams  and  AASHTO  I-beams  were  designed  in  accordance  with  the
AASHTO specifications for GFRP RC bridge decks, followed by 3-D finite element simulations
to examine the tensile stresses in the GFRP bars in the NEXT beam and I-beam bridges. The
results from this paper showed that the AASHTO specifications are suitable for designing bridge
decks in the NEXT beam bridges. Due to the 4 in. thick top flange in the NEXT beam, the
bottom GFRP bars in the deck can be designed with a reduced flexure moment. 
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INTRODUCTION

Nowadays,  it  becomes  very  important  to  develop  novel  bridge  systems  that  are  able  to
enhance the sustainability and long-term durability of highway bridges in the US. In past
years, the PCI northeast bridge technical committee developed a series of northeast extreme
tee (NEXT) beam sections which can offer several advantages over some of the existing
types of beams (e.g. adjacent box beams)1, including: (1) no intermediate diaphragms are
needed; (2) no installation or stripping of formwork is required in the field that can accelerate
the construction process1. According to the guidelines for Northeast Extreme Tee Beam14,
there are 8 different cross sections for the NEXT type F beams, in terms of beam depth and
beam width, as shown in Figure 11,14. 

Fig. 1  Section Properties of NEXT Beams (type F )1,14

As can be seen, the section depth varies from 24 in. to 36 in., whereas the beam width varies
from 8 ft to 12 ft. Note that each NEXT beam consists of two stems with a spacing of 5 ft on
centers.  Each side  of  the  NEXT beam has  a  4  in.  thick  top  flange,  which  can  act  as  a
permanent formwork for the top 8 in. thick concrete deck. The 8 in. concrete deck provides a
protection  for  the  NEXT beams from environmental  attacks,  especially  from the deicing
salts’ erosion. As reported, each year large amounts of de-icing salts were used for snow/ice
removal  in  the  cold regions  such as  northern US and Canada2,3,  which  has  caused early
deteriorations  of various reinforced concrete  (RC) bridge decks.  As stated in the Federal
Highway Administration (FHWA) corrosion report2: “…The annual direct cost of corrosion
for  highway bridges  is  estimated  to  be  $8.29 billion,  consisting  of  $3.79 billion  for  the
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annual cost to replace structurally deficient bridges over the next ten years plus $2.00 billion
for  maintenance  and  cost  of  capital  for  concrete  bridge  decks  plus  $2.00  billion  for
maintenance and cost of capital for substructures and superstructures (minus decks) plus
$0.50 billion for the maintenance painting cost for steel bridges.” It should be also noted that
indirect costs due to traffic delays and lost productivity were estimated to be more than 10
times the direct cost2.  In order to combat the corrosion and improve the sustainability of
bridge deck structures, significant efforts have been made in the past years by exploring the
use of special reinforcements, such as galvanized steel reinforcements and epoxy coated steel
reinforcements3.  However,  feedbacks  from  the  field  showed  that  such  solutions  cannot
eliminate the steel corrosion in the bridge decks3,4. In this regard, in order to achieve a bridge
with a 100+ year service life span, novel types of bridge decks shall be considered. In recent
years,  fiber  reinforced polymer  (FRP) reinforcements  have been considered as promising
substitutes to the conventional steel reinforcements since the FRPs are non-metallic3. In the
concrete industry,  Glass-FRP (GFRP) bars are preferred since they have lower costs than
Carbon-FRPs (CFRPs). To date, several design guidelines have been developed for the use of
FRP bars in concrete structures/bridges, including, (1)ACI 440.1R-06 (2006)3; (2) AASHTO
LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete Bridge Decks and
Traffic Railings (2009)5; (3) CHBDC (2006), Canadian Standards Association International6;
(4) CSA-S806 (2002),  Canadian  Standards Association7.  In order to validate  the existing
design guides, a number of GFRP RC bridge decks have been constructed in the US and
Canada8,9,10, many of which were instrumented and tested by moving vehicles9,10. Regarding
the FRP technology, one of the concerns is the long-term durability of GFRP materials in the
concrete3,8,13.  This  concern  was  raised  from various  durability  tests  in  the  lab3,11,12,13.  As
reported,  the GFRP bars  experienced  a  reduction  in  tensile  strength when the  bars  were
subjected to environmental exposures combined with sustained loadings11,12. In the current
GFRP RC design guides, a stress limit not exceeding 20% of the GFRP design strength is
required for a design at service limit states3,5. Huang (2014)13 assessed the creep requirements
for stress levels in the GFRP bars in RC bridge decks by a comprehensive parametric study
per AASHTO LFRD GFRP design guide specifications, which revealed that the stress levels
in the GFRP bars in real bridge decks are much lower than the guide-required limit13. With
this being said, the GFRP bars shall have an excellent durability in the concrete decks. In
light of the above discussions, utilizing GFRP RC bridge decks in the NEXT beam bridges
can provide an excellent  durability,  thus offering a  viable  solution  to  achieve  100+ year
bridges in the US.

The 1st edition of the guidelines for the Northeast Extreme Tee Beam (NEXT beam) was
published in 201214, whereas the current AASHTO design specifications for GFRP bridge
decks was released in 20095, which implied the NEXT beam sections were not considered in
the current AASHTO GFRP specifications5. Thus, it is necessary to examine the suitability of
the current AASHTO specifications5 for designing a GFRP deck on the NEXT beams. Unlike
I-shaped beams, the NEXT beams have a 4 in. thick flange, which may act as a part of the
top deck and participate in carrying deck loads. In this paper, the tensile strains in the GFRP
bars in the NEXT beam bridge decks were compared to that in the I-beam bridge decks,
through using 3-D finite element (FE) simulations.
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VALIDATION OF 3-D FINITE ELEMENT MODELING IN ABAQUS

In order to assure the accuracy of FE simulations as proposed in this paper, a field-tested
bridge was adopted for verification. Abaqus15, a popular FE program, was employed for the
numerical simulations. EI-Salakawy et al. (2005)10 conducted a field load test on a GFRP RC
bridge deck as located in Canada. In this bridge10: it was simply-supported and had a span
length of 85.4 ft (26.04 m); it consisted of five AASHTO Type IV girders spaced at 8.86 ft
(2.7 m) on centers, with an overhang of 4.6 ft (1.40 m) on each side; the deck had a thickness
of 8 in. (200 mm), and a concrete strength of 5 ksi (35 MPa); No.6 GFRP bars were used
with a spacing of 3 in. (75 mm) and 4 in. (100 mm) for the top and bottom transverse bars,
respectively;  the GFRP bars had an E-modulus of 6091.6 ksi (42 GPa) and a guaranteed
tensile strength of 78 ksi (540 MPa)10. After the bridge was constructed, a field load test was
conducted to measure the tensile strains in the GFRP reinforcements10. As reported, for the
single truck for Path D, the maximum measured strain at Gauge B2 in the bottom transverse
GFRP bar was 30 με10.

The above tested bridge was modeled in Abaqus with solid elements for the concrete deck
and girders, whereas bar elements were used for the GFRP reinforcements. The test truck
was  mimicked  as  point  loads  placed  at  the  specified  location  (single  truck,  Path  D)  as
indicated in EI-Salakawy et al. (2005)10. Linear material properties were used for both GFRP
bars and concrete since the loadings in the load test was under service limit states. The FE
simulation gave a tensile strain of 33 με at B2 gage location, as shown in Figure 2, which
indicated the FE result has an excellent agreement with the reported strain10 (i.e., 30 με). As
can be seen, the FE modeling can accurately capture the structural response of the GFRP RC
decks under external loads. With confidence, Abaqus was employed in this paper to simulate
the NEXT beam bridges and I-shaped beam bridges, as discussed in the following sections.

Fig. 2  Strain contour in the bottom GFRP bars under the test truck
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DESIGN  OF  GFRP  BAR  REINFORCED  CONCRETE  DECK  PER  AASHTO
DESIGN GUIDE SPECIFICATIONS FOR GFRP RC BRIDGE DECKS5

The following summarizes  the  deck design methodology in  the AASHTO GFRP design
specifications5.  Unlike steel reinforced concrete,  both over-reinforced section (ρf  >ρfb) and
under-reinforced section (ρf  <ρfb) are allowed for the GFRP reinforced concrete3,5, where ρf is
the reinforcing ratio and  ρfb is the balanced reinforcing ratio,  which can be calculated as
below:
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Where ffd is the GFRP design strength, which is defined as below: 
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Where CE is the environmental reduction factor (CE=0.8 and CE=0.7 for concrete elements
non-exposed and exposed to the earth and weather, respectively5). 

For a flexural design, when  f  < fb , the nominal flexural strength  Mn is calculated with

AASHTO Eq. 2.9.3.2.2-3, while AASHTO Eq. 2.9.3.2.2-1 is used to compute Mn when f  >
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Where “a” is the depth of equivalent rectangular stress block;  ff  is the effective tensile
strength in GFRP bar, as follows:
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In the LRFD design method, resistance factors,   , shall be applied to the nominal flexural
resistance to account for structural ductility, as follows:
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                                                          nr MM                            (AASHTO 2.9.3.2.1-15)

In order to avoid the creep rupture of a GFRP bar under sustained loadings, or failure due to
fatigue loading, the stress levels, ffs, in the GFRP bars are limited not exceeding 20% of the
GFRP design strength5. In addition, the minimum flexural tensile reinforcement requirement
shall be checked, as follows: 
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Furthmore, the maximum crack width shall be limited within 0.02 in, as follows: 
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Table  1  showed  the  AASHTO  LRFD  load  combinations16 for  each  requirement  in  the
AASHTO GFRP design specifications5.

Table 1 Load combinations for different limit states
Limit states AASHTO Requirements5 LRFD load combinations16

Flexural resistance Mu <  Mn Strength I
Creep rupture ffs<0.2ffd Service I
Fatigue rupture ffs<0.2ffd Fatigue II
Maximum crack 
width requirements

w < 0.02 in. Service I

DESIGN PARAMETERS

Dead loads: dead loads (DL) for a GFRP bridge deck shall include the deck itself, future
wearing surface, and barriers5,16. The following unit weights were assumed and used in this
study, as shown in Table 2.

Table 2  Unit weights for the deck dead loads5,16,17

Concrete for
deck

Barrier/each
future wearing

surface
Unit weight 0.150 kcf 450 plf 25 psf

The  positive  and  negative  flexural  moments  due  to  the  dead  loads  on  a  deck  can  be
determined by using M=wL2/10, as indicated in Wassef et al. (2012)17. 

6



Huang and Davis                                                                                                 2017 PCI/NBC

Live  loads:  in  this  paper,  the  AASHTO LRFD Specification  Table  A4-116 was  used  to
determine the live load (LL) effects on a bridge deck. Since the NEXT beam bridges have
uneven stem spacing1,14, the larger one was used to produce the positive and negative LL
moments. More specifically,  a girder spacing of 5 ft is used for the 8 ft wide NEXT beam
bridges, whereas a spacing of 7 ft is used for the 12 ft wide NEXT beam bridges. 

Material Properties: Normal weight concrete with 4 ksi compressive strength was used in this
study. The material properties of the GFRP bars as used in this study were shown in Table 3.

Table 3  GFRP bar materials properties3,9,18 
GFRP bar size db (in.) Af (in.2) ffu (ksi) Ef (ksi)

#5 0.625 0.31 95 5801.5
#6 0.750 0.44 90 5801.5

Concrete Cover 
In this study, concrete covers (center of GFRP bar to concrete surface) of  2.0 in. and 1 in.
were used for top and bottom GFRP bars, respectively. 

Two NEXT beam bridges (named as Bridge I & II) were considered in this paper, one was
constructed with 8 ft wide beams, whereas the other was with 12 ft wide beams. Figure 3
showed the bridge cross sections. For comparisons, this paper also investigated another two
bridges with AASHTO type III beams (named as Bridge III & IV), as shown in Figure 3 as
well. 

(a) Bridge I (four 8 ft wide NEXT beams)

(b) Bridge II (three 12 ft wide NEXT beams)

(c) Bridge III (AASHTO Type III beams, same spacing as Bridge I)
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(d) Bridge IV (AASHTO Type III beams, same spacing as Bridge II)

Fig. 3  Cross sections of NEXT beam1,14 and AASHTO I-beam19 bridges

Note that Bridge III had the same girder spacings as Bridge I, whereas Bridge II and IV had
the same girder spacings. For the above four bridges, the top and bottom GFRP bars in each
bridge deck were designed in  accordance  with  the design  requirements  in  the  AASHTO
GFRP design specifications5 and in the AASHTO LRFD bridge design specifications16. Note
that an 8 in. thick deck was used for deck design for each of the four bridges above. Table 4
summarized the GFRP reinforcing details.

Table 4  GFRP reinforcing details
Bridge I & Bridge III Bridge II & Bridge IV

Top GFRP bars: #5 @ 4 in. Top GFRP bars: #6 @ 4 in.
Bottom GFRP bars: #5 @ 4.5 in. Bottom GFRP bars: #5 @ 4 in.

FINITE ELEMENT SIMULATIONS

In Abaqus, the above four bridges were constructed in the same way as the aforementioned
verified  bridge.  The  AASHTO  design  loading16 (i.e.  HL-93)  was  used  to  quantify  and
compare the tensile strains in top and bottom GFRP bars in the four bridges. Note that the
HL-93 loading consists of a design truck (i.e., HS-20) and a 0.64 k/ft design lane load (10 ft
wide)16.  In  the  FE  simulations,  the  AASHTO  design  truck  (including  a  33%  dynamic
impact16) was mimicked as a set of point loads, with the middle axle being placed at the mid-
span of the bridge. The design lane load was simulated as a pressure load over the design
lane. 

In accordance with the AASHTO LRFD specifications16, one lane loaded and two and more
lanes loaded cases shall be examined, if the bridge width permits16. Considering the bridge
widths of the above four bridges, only one-lane and two-lane loaded cases were explored in
this paper, as discussed below.

One Lane Loaded Cases
Figure 4 showed the loading profile that had only one design lane loaded, which was placed
right next to the left curb3 (named as case 1-1). In order to explore the maximum strains in
GFRP bars in the deck, a number of load cases were explored by moving the load case 1-1
transversely in 1 ft increments towards the right curb direction. Due to the symmetry of the
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bridge,  the  load  case  was  terminated  once  it  reached  the  centerline  of  the  bridge  cross
section. By doing so, the maximum tensile strains in the top and bottom GFRP bars in the
bridge deck were obtained for the one-lane loaded cases.

Fig. 4  Loading profile for one lane 
(note: bridge section adapted from [1,14])

Two Lane Loaded Cases
Per  AASHTO  LRFD  design  specifications16,  the  design  lane  load  can  appear  anywhere
within the traffic lane16. In this sense, in order to find out the most critical tensile strain in the
GFRP bars, two different load profiles were investigated for the two lane loaded cases, as
shown in Figures 5 and 6. 

Fig 5  Loading profile #1 (2 lane)
(note: bridge section adapted from [1,14])

Fig. 6  Loading profile #2 (2 lane)
(note: bridge section adapted from [1,14])

Similar to the one lane loaded cases, the two adjacent lanes were initially placed next to the
left curb, after which additional cases were explored by transversely moving the two loaded
lanes to the right in 1 ft increments. Once the center of the two lanes reached the centerline of
the bridge cross section, we stopped the exploration due to the symmetry of the bridge. 

For the Bridge I and Bridge III, a total of 10 cases and 9 cases were explored for the one-lane
and two-lane loaded cases, respectively. Whereas, for the Bridge II and Bridge IV, a total of
12 and 11 cases were examined for the one-lane and two-lane loaded cases, respectively.
After running the analysis of each case, the maximum tensile strains in the top and bottom
GFRP bars were obtained and compiled for further study, as discussed below. 

RESULTS AND DISCUSSIONS
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The FE results  of the tensile strains in the top GFRP bars were compiled and plotted in
Figures 7 and 8. In the horizontal axis in Figure 7, cases No.1 to No.10 were one-lane loaded
cases, whereas cases No.11 to No.19 were two lane loaded cases. In Figure 8, cases No.1 to
No.12 were one-lane loaded cases,  whereas  cases No.13 to  No.23 were two lane loaded
cases. 

As can be seen from Figure 7, the maximum tensile strains in the top GFRP bars were very
close between the NEXT beam and I-beam bridges for all of the cases being explored. Since
the same GFRP reinforcements were used in Bridge I (NEXT beam) and Bridge III (I-beam),
it implied that the 4 in. thick flange in the 8 ft wide NEXT beams had negligible influence on
the stresses in the top GFRP bars. From Figure 8, the same observations can be made for the
12 ft wide NEXT beam bridge. These were interesting observations, which can be said that
the current AASHTO design specifications5,16 can be directly applied to the design of NEXT
beam bridge decks at negative moment regions with using the actual deck thickness in the
deck design. In addition, it can be noticed that the maximum tensile strains in the top bars in
all  the  four  bridges  were  less  than 120 με  (equal  to  a  tensile  stress  of  0.70 ksi),  which
accounted for less than 1% of the GFRP tensile strength. 

Fig. 7  Max. tensile strains in the top GFRP bars (Bridges I & III)
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Fig. 8  Max. tensile strains in the top GFRP bars (Bridges II & IV)

Figures 9 and 10 showed the FE results of the tensile strains in the bottom GFRP bars in the
bridge decks. In the horizontal axis in Figure 9, cases No.1 to No.10 were one-lane loaded
cases, whereas cases No.11 to No.19 were two lane loaded cases. In Figure 10, cases No.1 to
No.12 were one-lane loaded cases,  whereas  cases No.13 to  No.23 were two lane loaded
cases. In each figure, the tensile strains in the bottom GFRP bars were compared between the
NEXT beam and I-shaped beam bridges. As can be seen from Figure 9, the maximum tensile
strain in the bottom GFRP bars in Bridge III (I-beam) were higher than that in Bridge I
(NEXT  beam),  which  indicated  that  the  4 in.  top  flange  in  the  NEXT  beam  actually
contributed in  carrying the positive moments  in the deck. The same observations  can be
found in Figure 10 that the maximum strains in the bottom bars in the NEXT beam bridge are
less than that in the I-beam bridge, which reassure the contribution of the NEXT beam top
flange in carrying the deck positive moments. 

Fig. 9  Max. tensile strains in the bottom GFRP bars (Bridges I & III)
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Fig. 10  Max. tensile strains in the bottom GFRP bars (Bridges II & IV)

It should be noted that the maximum tensile strains in the bottom bars in all the four bridges
were less than 120 με (equal to a tensile stress of 0.70 ksi), which accounts for less than 1%
of  the  GFRP  tensile  strength.  Thus,  it  can  be  said  that  the  current  AASHTO  design
specification5,16 is also suitable for the design of the bottom GFRP bars in the NEXT beam
bridge decks. 
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CONCLUSIONS

In this paper, several GFRP RC decks on the NEXT beams and AASHTO I-beams were
designed in accordance with the AASHTO specifications5,16. The maximum tensile strains in
the  top  and bottom GFRP bars  in  the  bridge  decks  were  examined  by using  3-D finite
element simulations. By comparing the tensile strains in the GFRP bars in the NEXT beam
and I-beam bridge decks, the following conclusions can be made.  

 The current AASHTO GFRP design specifications5 are suitable for designing a GFRP
deck in a NEXT beam bridge.  

 The AASHTO GFRP design specifications5 can be directly applied to the design of
NEXT beam decks at negative moment regions. The 4 in. top flange in the NEXT
beam has negligible influence on the tensile strains in the top GFRP bars. 

 In  positive  moment  regions  in  a  NEXT beam bridge  deck,  the  AASHTO GFRP
design specifications5 are applicable as well.  If compared to a deck on an I-beam
bridge,  the design positive moment in a NEXT beam bridge deck can be slightly
reduced, but further research is required for such reduction. Analytical and numerical
study on this subject is under investigation by the authors.

Based on the findings as obtained in this paper, utilizing a GFRP RC bridge deck in a NEXT
beam bridge could provide a viable solution to achieve a 100+ year bridge, even in the cold
regions.
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