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Development of a High Performance Concrete Deck for Louisiana’s Movable Bridges:
Numerical Study

Hadi Baghi Ph.D.%, Fatmir Menkulasi Ph.D., P.E., AAM.ASCE?, Jacob Parker P.E.3, Joaquim
A. O. Barros Ph.D.4

Abstract: Louisiana has approximately 160 movable bridges, mostly in the southern part of the
state. This places Louisiana among the states with the highest inventory of movable bridges in the
nation. The typical deck systems in these movable bridges are steel grids. Records show that steel
grids have had maintenance issues. An alternative ultra-high/high performance concrete
(UHPC/HPC) bridge deck system is proposed for Louisiana’s movable bridges. This system
consists of precast waffle slab deck panels, which are reinforced with glass fiber reinforced
polymer (GFRP) bars as positive moment reinforcement, and a two-way carbon fiber reinforced
polymer (CFRP) mesh as top reinforcement. Several validated nonlinear finite element analyses
were performed to simulate the behavior of the precast panels from the onset of loading to failure.
It is concluded that the precast concrete waffle slabs provide a viable alternative to steel grids by
supplying load capacities that surpass service level and ultimate level load demands and deflection

capacities that are within code specified limits.
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Introduction

Louisiana has approximately 160 movable bridges, mostly in the southern part of the state.
This places Louisiana among the states with the highest inventory of movable bridges in the nation.
These transportation arteries are important for the economic well-being of the state, as well as for
the safety of the inhabitants in hurricane vulnerable regions during evacuations. Most of the
movable bridges in Louisiana are either swing-span or lift-bridge type structures. Very few
movable steel bridges are of the bascule type.

The typical deck systems in movable bridges are open steel grids, which typically consist of
either diagonal or rectangular grids (Fig. 1). The diagonal grids were first used in the 1920s and
represent the oldest lightweight deck system (Gase 2008). The traditional steel grid decks are
supported by steel stringers at typically 1.22 m on center. On average these decks weigh less than
1.20 kN/m?; while some others can weigh as little as 0.67 kN/m? (Mirmiran et al. 2009). This deck
system is attractive because it is light weight, the panels are prefabricated and they are easy to
install and replace. Also, deck crowning, scuppers, and drains are not required, since rain water
drains through the openings in the deck (Mirmiran et al. 2009). Additionally, the light weight helps
with imposing as little of a demand as possible on the mechanical system. However, records show
that steel grids have exhibited durability issues. The proximity of these exposed steel systems to
humid environments leads to rapid deterioration. As a result, decks become loose, causing extreme
noise. Furthermore, inhabitants in areas close to movable bridges often complain about noise levels
resulting from vehicles crossing over the steel grids. These problems are aggravated by trapping
foreign debris throughout the deck grids. The lack of traction in steel grid decks is another concern

with respect to safety.
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The Louisiana Department of Transportation and Development (LADOTD) has an interest in
using concrete decks to replace deteriorated steel grids on existing movable bridges as well as in
new construction. However, the mechanical systems of moveable bridges are highly sensitive. As
a result, any decking used to replace or rehabilitate the existing steel grid decking should match
the weight of the existing steel grid such that the mechanical system operates as designed. The
weight to strength ratio of conventional concrete decks will have a negative impact on the load
demand imposed on the mechanical system. Accordingly, a light ultra-high/high performance
concrete (UHPC/HPC) deck is proposed as an alternative to steel grid decking. The current
definition of UHPC under review in the technical committee of the American Concrete Institute
(ACI 239) (2015) is: “Concrete that has a minimum specified compressive strength of 150 MPa
with specified durability, tensile ductility and toughness requirements; fibers are generally
included to achieve specified requirements”. High-performance concrete is defined as concrete
meeting special combinations of performance and uniformity requirements that cannot always be
achieved routinely using conventional constituents and normal mixing, placing, and curing
practices (ACI CT 2013). The UHPC/HPC deck system is intended to provide a continuous driving
surface that mimics monolithic construction, provides integral connections with the supporting
stringers as well as between adjacent deck panels, and provides traction, which should improve
traffic safety.

Florida Department of Transportation (FDOT) in collaboration with URS Corporation
identified several potential alternative lightweight solid deck systems to replace steel open grid
decks on typical Florida bascule bridges (Mirmiran et al. 2009; 2012; Phillips 2014; and Mirmiran
and Ghasemi 2016). These deck systems include a sandwich plate system, a fiber reinforced

polymer (FRP) composite deck, an aluminum orthotropic deck, a prismatic concrete deck with
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FRP tubes, a non-prismatic concrete deck with FRP tubes, a FRP deck, and a waffle slab UHPC
deck. The sandwich plate system and the FRP composite systems are vulnerable to delamination,
debonding and cracking of wearing surface. The aluminum orthotropic deck is a patented product,
and requires expansion joints, periodic replacement of the wearing surface, galvanic corrosion
mitigation, as well as the potential use of blind-type fasteners (Mirmiran et al. 2009). The UHPC
deck with FRP tubes was not investigated with respect to the performance of panel to stringer
connections, panel to panel connections, and fatigue performance of the system. The deflection of
the FRP deck system under service load significantly exceeded the deflection limit suggested by
the American Association of State and Transportation Officials (AASHTO) Load and Resistance
Factor Design (LFRD) Specifications (2014) (Article 9.5.2). The stiffness of the FRP deck was
enhanced by adding an UHPC layer on the top. The dominant mode of failure in the FRP deck
with an UHPC overlay was either at the interface of FRP and UHPC, or through buckling of the
FRP web.

The UHPC waffle slab system was investigated further by Mirmiran et al. (2012) and Mirmiran
and Ghasemi (2016). Both MMFX: bars and carbon fiber reinforced polymer (CFRP) bars were
investigated as reinforcement alternatives for the waffle slab configuration. The overall thickness
of the waffle slab configuration varied from 102 mm to 127 mm, and the spacing between the
stringers was 1.22 m. The weight limitation was 1.01 kN/m?. The waffle slab configuration proved
to be a viable alternative to steel grid decks for Florida’s movable bridges by meeting AASHTO’s
(2014) load demands.

As it will be described in the next section there are some differences between the characteristics
of the steel grid decks in Florida compared to those in Louisiana. The predominant depth of the

existing steel grids in Louisiana is 132 mm compared to the 102-127 mm range investigated in
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Florida. The maximum weight limitation for Louisiana’s movable bridge decks is 0.96 kN/m?
compared to the 1.01 kKN/m? weight limit for Florida’s bascule bridge decks. The majority of
movable bridges in Louisiana featured steel grid spans, defined as the distance between the
centerlines of stringers, less than or equal to 1.27 m compared to 1.22 m in Florida. At first glance
these differences may appear small or negligible taking into the consideration the accuracy
typically employed in structural engineering work. However, given the strict limitation on the
maximum weight imposed on the mechanical system, such small differences required the
development of a unique deck configuration for Louisiana’s movable bridges. The UHPC deck
configuration developed in Florida, while viable for Florida’s bascule bridges could not be directly
applied to Louisiana’s movable bridges for the following reasons: 1) the maximum weight limit is
greater than that determined for Louisiana’s bridges, 2) the depth of the deck was shallower than
the predominant depth recorded for Louisiana’s bridges, thereby increasing the overall depth
would further exceed the maximum weight limit, 3) the span between the centerlines of stringers
is 51 mm shorter than that determined for Louisiana’s bridges.

Aaleti et al. (2011; 2013) developed an UHPC waffle slab for non-movable bridges. There was
no limitation on the maximum weight of the deck. The overall depth of the slab was 203 mm. The
thickness of the flange was 64 mm and the thickness of the transverse ribs varied from 76 mm at
the bottom to 102 mm at the top. The range of spans considered varied from 1.22 m to 3.05 m. The
weight of this deck system far exceeds the maximum weight limitation for Louisiana’s movable
bridges (0.96 kN/m?) because the deck configuration was developed for non-movable bridges.
However, the female-to-female type panel to panel connections provided a good starting point and
are similar to the detail proposed for Louisiana movable bridges.

The goal of this research is to develop an UHPC/HPC deck system for Louisiana’s movable
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bridges. A modified version of the waffle slab UHPC deck investigated in Florida is proposed for
investigation in this study because: 1) it can meet the limitations on weight and overall depth for
Louisiana’s movable bridges, 2) it can meet load and deflections demands specified in AASHTO
(2014), 3) it uses high strength corrosion resistant reinforcement, 4) it uses panel to panel and
panel to stringer connections that are intended to emulate monolithic action, and 5) it includes
either a chip seal surface coating or a controlled broom finish to provide skid resistance and
increase traction.
Compilation of Louisiana’s current moveable bridge deck system details

A list of movable bridges that utilize steel grid decking was obtained from LADOTD. The
bridge plans including as-built drawings and shop drawings were searched to collect all relevant
information such as: panel thickness, panel weight, panel length, cantilever length, span length,
and stringer size. Cantilever length was defined as the distance from the centerline of the exterior
stringer to the edge of the steel grid. Span length was defined as the distance between the
centerlines of stringers. The bridge plans for a total of 17 bridges were investigated during the
period of time allocated to complete this task. The minimum and maximum deck thickness were
129 mm and 150 mm, respectively. The predominant deck thickness was 132 mm. There was a
minimum deck weight requirement only for two bridges (0.77 kN/m? and 0.84 kN/m?). The
maximum deck weight limitation based on stringer reactions was typically 0.96 kN/m? with the
exception of one bridge for which this limitation was 0.86 kN/m?. The most common stringer type
was W410x54. The spacing of stringers varied from 1.12 m to 1.42 m, however the majority of
bridges featured stringer spacing less than or equal to 1.27 m.

Based on the collected information the following recommendations were made with the respect

to the development of UHPC deck panels (Table 1). The panel thickness is recommended to be
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132 mm to be consistent with the predominant existing grid deck thicknesses. The maximum panel
weight should be limited to 0.96 kN/m? so that specified maximum stringer reactions are not
exceeded. The span length should be 1.27 m to cover the majority of the investigated bridges. The
panel length should be such that it covers at least three spans to take advantage of continuity and
reduce the number of joints exposed to traffic. Alternatively, continuity for superimposed loads in
the transverse direction can be achieved by placing a site cast UHPC/HPC diaphragm between the
ends of the individual precast waffle slab deck panels. This detail is illustrated in the next section.
The stringer size that should be considered during the development of the UHPC deck is W410x54
because this was the most common size.
Proposed Precast Deck System

The proposed system is illustrated in Fig. 2, 3 and 4. Two deck configurations are investigated
with respect to the number of longitudinal ribs. These two deck configurations (denoted as Deck
System 1 and Deck System 2 in Fig.2a) were determined based on preliminary work performed by
Menkulasi et al. (2016). In the first configuration there is only one partial depth longitudinal rib at
mid-span of the panel, which helps distribute loads to the adjacent ribs. The dimensions of this
partial depth rib are 22 mm wide and 70 mm deep from the bottom of the top flange. In the second
configuration there are a total of six partial depth longitudinal ribs. The width of these ribs is 22
mm whereas the depth is 19 mm. Both panel configurations will receive a chip seal surface coating
or a controlled broom finish to provide traction. The weight of the chip seal surface coating is
negligible.

Continuity for live loads in the transverse direction is achieved by placing a cast-in-place (CIP)
UHPC/HPC diaphragm between the ends of the precast deck panels when they are fabricated as

single span panels (Fig. 2a and Details Cla and C2a in Fig. 3 and Fig. 4). There is a distance of 24
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mm between the end of the panels and the centerline of the stringers to allow for the placement of
the cast-in-place UHPC/HPC diaphragm. The top flange at the ends each panel is coped 76 mm in
length and 11 mm in depth to allow the C-grid to project past the ends of the panels, be immediately
above the coped flange and lap with the C-grid from the adjacent panels. The C-grid projects 76
mm past the ends of the panel to create a 152 mm lap with the grid coming for the adjacent panel
(Details Cla and C2a in Fig. 3 and Fig.4). All the interfaces between precast and cast-in-place
UHPC/HPC in the proposed connections should be sandblasted and kept moist at surface saturated
dry conditions to enhance bond.

When deck panels are fabricated such that they cover two or more spans the details will be
similar with the exception that the flange and transverse ribs will be continuous over the supports
and the cast-in-place concrete diaphragm will be placed through access holes from the top of the
precast deck (Fig. 2b and Details C1b and C2b in Fig. 3 and Fig. 4).

Continuity in the direction of traffic is provided by using female-to-female type panel to panel
connections and a cast-in-place UHPC/HPC fill (Details B1 and B2 in Fig. 3 and Fig.4). The steel
stringers are spaced at 1.27 m on center. The width of a single precast panel is 1.22 m. The overall
depth of the deck panels is 132 mm. The thickness of the flange is 22 mm. The width of the
transverse ribs, which will act as T-beams to support the superimposed loads varies; it is 51 mm
at the bottom of the stem and it tapers down to 22 mm (Details Al and A2 in Fig. 3 and Fig. 4).
The width of end ribs at the bottom is equal to 38 mm for deck configuration 1 and 32 mm for
deck configuration 2.

The spacing of the transverse ribs is 406 mm center to center for the interior ribs and 406 mm
from the center of the interior rib to the outside face of the exterior rib. The weight of a single

panel considering the cast in place UHPC/HPC diaphragm is 0.964 kN/m? for deck system 1 and
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0.955 kN/m? for deck system 2. The weight of deck system 1 is slightly over the target weight of
0.96 kN/m? and was calculated using a measured unit weight of 2500 kg/m? for Ductal. Ductal is
a commercial UHPC/HPC formulation provided by Lafarge North America and was supplied to
the research team by Lafarge as part of this study. The panel weight was calculated by ignoring
the presence of the reinforcement bars and mesh because the unit weight of reinforcement was less
than that of concrete.

Glass fiber reinforced polymer (GFRP) bars (GFRP V-ROD HM - 60GPa Grade Ill) are
proposed as positive moment reinforcement in the transverse and longitudinal ribs. GFRP bars are
corrosion resistant and are produced by Pultrall Inc. Each interior transverse rib is reinforced with
a No. 16 GFRP bar at the bottom and each exterior rib is reinforced with a No. 13 GFRP bar. The
partial depth longitudinal ribs in both configurations are reinforced with a No. 10 GFRP bar to
help distribute wheel loads in the longitudinal direction. The clear bottom cover to positive
moment reinforcement is 11 mm in the interior ribs and 10 mm in the exterior ribs. The clear cover
in all other cases is equal to 6 mm or greater.

Flange reinforcement consists of a two-way non-corrosive carbon fiber grid (C-grid)
developed by Chomarat North America. C-grid is an epoxy-coated composite grid made with
cross-laid and superimposed carbon fiber. The diameter of the strands in the C-grid is 2 mm and
the spacing of the strands is 41 mm in the longitudinal direction and 46 mm in the transverse
direction (C50 —46 x 41).

Finite Element Analysis
Introduction and Validation
Several nonlinear finite element analyses were performed to investigate the behavior of the

proposed deck panels from the onset of loading to failure. The commercially available finite
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element analysis software Abaqus was used in all numerical simulations. The finite element
models were validated based on laboratory tests performed in Florida for the deck system
developed by Mirmiran et al. (2009). The results from the finite elements models were compared
with Florida’s test results in terms of load displacement curves, peak loads, and crack patterns at
failure. Four different simulations were performed: 1) a typical T-section in a single span condition
(1T1S), 2) a typical T-section in a two-span continuous condition (1T2S), 3) a simply supported
panel that featured four spaces between the ribs (4T1S), and 4) a two span continuous panel that
featured three spaces between the ribs (3T2S). Single symmetry and double symmetry were
utilized as much as possible during the numerical simulations to reduce analysis time. Fig. 5 shows
the finite element mesh, boundary conditions and the double symmetry used during the simulation
of the 1T1S specimen.

3D continuum elements were used in all simulations. The size of the mesh was selected
such that each element side did not exceed 13 mm in length and was determined based on results
from convergence studies to provide a balance between accuracy and computational expense. The
nonlinear behavior of concrete was simulated using the concrete damage plasticity approach
available in Abaqus developed by Lubliner et al. (1988) and Lee and Fenves (1998). The uniaxial
behavior of concrete in compression and tension as well as that for the MMFX: bars was based on
the data reported by Mirmiran et al. (2009) and is provided in Fig. 6. The uniaxial tensile stress of
concrete past tensile strains of 0.01 was maintained at 1 MPa to avoid convergence issues. Table
2 provides the parameters used in the concrete damage plasticity model. These parameters were
based on calibration as well as on recommendations from Abaqus documentation (2016) and Malm

et al. (2006). Dilation angle represents concrete’s internal friction angle. Malm et al. (2006)
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showed that low values of dilation angle correspond to brittle behavior, while higher values
correspond to ductile behavior. The value of dilation angle used in this study is 45°.

The value of eccentricity is related to the ratio between the tensile strength and compressive
strength of concrete and typically is taken equal to 0.1. Therefore an eccentricity value of 0.1 was
adopted in this study. ono / 6co is the ratio of initial equibiaxial compressive yield stress to the initial
uniaxial compressive yield stress. This value was assumed to be 1.77 based on the work performed
by Sercombe et al. (1998). K is the ratio of the second stress invariant on the tensile meridian to
that on the compressive meridian at initial yield for any given value of the pressure invariant such
that the maximum principal stress is negative (Abaqus 2016). This ratio varies from 0.5 to 1.0 and
a typical assumed value in the concrete damaged plasticity approach is 0.67. Therefore K was
taken equal to 0.67. The viscosity parameter was assumed to be zero in this study.

Fig. 7 compares the experimental and numerical load versus mid-span displacement curves
for all four specimens. The numerically obtained load versus mid-span displacement curves for
specimens 1T1S, 4T1S, and 3T2S compare rather well with the experimentally obtained curves,
featuring only minor differences during the entire loading. The experimental and numerical curves
for 1T1S and 4T1S are almost identical. For the 1T2S specimen the curves are different up until a
displacement of 13 mm. After that the curves become very similar. It should be noted that both
numerical and experimental models showed an increase in stiffness for the two-span continuous
configurations compared to the single span configurations with the exception of tested specimen
1T2S, which did not show this expected trend. Considering the test setup, one possible explanation
for the differences between experimental and numerical load displacement curves for specimen
1T2S could be a delayed proper sitting of either the loading plate on the specimen or the specimen

on the supports.
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Table 3 shows a comparison of peak loads obtained analytically and experimentally. The
average of the ratios between the numerically obtained peak load and that obtained experimentally
is 1.00 and the coefficient of variation is 6%. In all four cases the ratios vary from 0.92 to 1.05,
which indicates that the numerical models predict fairly well the capacity of the panels. Such small
differences in terms of peak loads suggest that the numerical model can estimate the capacity of
the precast panels with good accuracy. Additionally, a comparison between the numerically
obtained principal plastic tensile strains (PE) and crack patterns observed experimentally at failure
was performed for all four considered specimens. In this study the principal plastic strain contours
are used to qualitatively illustrate the induced damage due to crack formation and propagation
rather than provide an accurate depiction of crack patterns such as crack width, length, spacing,
etc. Such an endeavor was outside the scope of this paper. The results are shown in Fig. 8. The
plastic principal tensile strain contours suggest that the general location of the diagonal tension
crack (shear crack) in the web of the 1T1S specimen was simulated fairly well in the numerical
model. Additionally, two of the flexural cracks below the longitudinal rib marked in black in the
tested specimen match those illustrated by the principal plastic strain contours at the same location
in the numerical model. A diagonal shear crack was also observed during the testing of specimen
1T2S, and this was replicated in the numerical model near the intermediate support. In both
specimens 1T1S and 1T2S the failure mode was one-way shear, whereas specimens 4T1S and
3T2S exhibited a combination of punching shear and yield line failure. Fig. 8 shows how the
outline of the major crack on the top of the precast panels 4T1S and 3T2S was captured in the
numerical simulations.

The similarity in terms of load displacement curves, peak loads, and crack patterns at

failure suggests that the numerical models can simulate fairly well the behavior of the precast deck
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panel under monotonic loads. This modeling protocol was used in the development of the movable
bridge deck panels for the state of Louisiana. The next section provides a comparison between the

two proposed deck configurations in terms of load versus mid-span displacements.

Comparison of deck configurations 1 and 2

The two proposed deck configurations were loaded to failure and their performance was
compared in terms of the applied load versus mid-span displacement. The investigations featured
a single span deck panel simply supported at the steel stringers (Fig. 9). The edges of the panels
were assumed to be free. This approach was taken to examine the relative performance of the two
deck configurations under service level and ultimate level loads in a simple setup before studying
the benefits of continuity and redundancy.

Ductal was used as the concrete material in both deck configurations. The uniaxial
behavior of Ductal in compression was characterized by testing in compression cylinders of 51
mm diameter and 102 mm height, and by obtaining the full stress-strain relationship. All specimens
were moist cured until the day they were tested. Fig. 10 illustrates the uniaxial stress-strain curve
used in the nonlinear finite element simulations. The stress-strain curve in compression covers the
range from the onset of loading to the peak load. The descending branch in compression was
conservatively ignored. The measured modulus of elasticity at 28 days (Ec = 56,312 MPa), peak
compressive stress (fom = 145 MPa), and the corresponding strain (ecy = 0.0026) are provided in
Fig. 10. The measured compressive strength for Ductal at 28 days did not quite meet ACI’s
definition for UHPC (145 MPa versus 150 MPa) but it was only 5 MPa short of doing so.

The uniaxial behavior of Ductal in tension was characterized by performing splitting

tensile strength tests using the approach recommended by Graybeal (2006), who concluded that
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an adaptation of ASTM C 496 splitting tensile test showed to provide a practical means for
determining the tensile cracking strength of UHPC. The splitting tensile strength tests were
conducted on cylinders of 102 mm diameter and 203 mm depth by recording the load that caused
the first crack and the peak load. The peak load was always higher than the load that caused the
first crack. Ductal was assumed to exhibit an isotropic behavior up to the formation of the first
crack. The measured cracking stress (fim = 11.2 MPa) and peak stress (f., =18 MPa) at 28 days are
provided in Fig. 10 and are similar to the values reported by Graybeal (2006) for untreated
specimens at 28 days. The material tested by Graybeal was also the commercial product marketed
by Lafarge. The strain corresponding with the peak stress (ew = 0.0065) as well as the softening
modulus (Es = 500 MPa) were based on data from direct tensile tests performed by Park et al.
(2012), who recorded both load and displacement to obtain the stress-strain relationship in tension
for ultra-high performance hybrid fiber reinforced concrete. The stress-strain curve reported by
Park et al. (2012) that most closely matched the first cracking and peak strength measured during
this study was used to correlate the peak strength to the corresponding strain. This was done due
to the fact that only loads were obtained during the splitting tensile test method. A tensile stress of
1 MPa was assumed for tensile strains exceeding 0.01 to avoid convergence issues.

The modulus of elasticity for the C-grid was assumed to be 234,430 MPa and was based
on literature provided by the manufacturer. The stress-strain relationship for the C-grid was
assumed to be linear, and the ultimate strain (gr,) was taken equal to 0.0099.

The bond between reinforcement bars and concrete was assumed to be perfect. To validate
this assumption the computed maximum stress on the rebars computed from finite element analysis
was compared with the developable stress calculated using the guidelines provided in ACI 440.1

(2006). The developable stress was calculated using Equation (1).
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where
f ¢ = design concrete compressive strength (145 MPa)
o = bar location factor (taken equal to 1.0)
le = embedment length of reinforcement bar, (635 mm for No. 13, No. 16, No. 19, and
No. 22, 330 mm for No. 10).
dp = diameter of reinforcement bar (10 mm for No.10, 13 mm for No.13, and 16 mm for
No.16).
C = cover to the center of the bar (19 mm for No. 16, 17 mm for No.13, 11 mm for
No.10).
fru =design tensile strength of FRP, considering reductions for service environment
(1372 MPa for No.10, 1312 MPa for No.13, 1184 MPa for No.16).

Embedment length was calculated as the distance from the point of maximum stress in the
reinforcement to the end of the reinforcement. Table 4 provides a summary of the maximum
computed stress, developable stress and the ratio between the developable stress and maximum
computed stress for flexural reinforcement in the longitudinal and transverse directions of the
bridge. The ratio between the developable stress and maximum computed stress in the GFRP bars
is higher than 1.0 for both transverse and longitudinal bars. These results validate the assumption
of a perfect bond between the reinforcement bars and concrete.

Both deck configurations were loaded to failure using three different positions for the truck
wheel loads namely ai, a2, and a3 (Fig. 2). Position a; was used to maximize positive bending by
locating the center of the tire print at mid-span. Position a2 was used to maximize one-way shear

effects by locating the edge of the tire print at a distance d (113 mm) from the internal face of
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stringer support. Position az was intended to maximize punching shear effects, by locating the tire
print in deck configuration 1 in such a way that the top flange of the deck was the only component
providing resistance. In deck configuration 2 the components providing resistance are the top
flange and the longitudinal ribs.

Fig. 11 shows that the performance of deck configuration 2 under the various load positions
is better than that of deck configuration 1. In all cases the peak load obtained for deck configuration
2 is higher than both the service level and ultimate level loads. All numerical simulations that do
not exhibit a descending branch ended at the last converged load step. Service level load (95 kN)
was calculated as the load corresponding to one wheel for an HL-93 truck (71 kN) times the
dynamic load allowance (1.33). The ultimate level load (166 kN) was calculated as the service
level load times the live load factor of 1.75. The difference between the peak loads obtained for
deck configuration 1 and 2 for tire positions a1 and a varied from 53 kN to 85 kN. For tire position
as the difference between the peak loads was 75 kN. Deck configuration 2 exhibited larger
deflection capacity compared to deck configuration 1. Such deflection capacity is essential when
the deck is subject to ultimate level loads because it provides an opportunity for the adjacent ribs
or deck panels to share the load once cracking, yielding or softening takes place at the most critical
location. In general, deck configuration 2 was stronger and more ductile but it also softened at
lower loads. For example for load position a: the stiffness of the deck configuration 2 is noticeably
lower than the stiffness of deck configuration 1 even for loads lower than the service level load.
Because deck configuration 2 performed much better than deck configuration 1, this configuration
was selected for all subsequent analyses.

The influence of tire position on the capacity of the deck panel was further examined by

investigating three additional loading positions namely bs, b2, and bz on deck configuration 2 (Fig.
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2). These additional tire positions match with tire positions ai, a2, and as with respect to their
locations from the stringer supports, however the wheel loads in these cases are centered over the
ribs rather than in between them. Fig. 12 suggests that the peak loads for load positions a and b
were generally similar. The differences in peak loads varied from 13 kN to 22 kN.

Fig. 13 illustrates the principal plastic tensile strains at failure for all load positions
described so far. The black color represents principal plastic tensile strains that are equal to or
greater than 0.0065, which is the strain that corresponds with the peak tensile strength measured
during the material characterization study. Load position a; featured mid-span loading with the
load placed between the transverse ribs. As a result, there is significant cracking in the flange and
in the longitudinal ribs immediately underneath the load. Once the load is transferred to the
transverse ribs the majority of the cracks take place in the webs of the transverse ribs due to their
reduced thickness. Additionally, there are some flexural cracks in the bottom of the transverse ribs
at mid-span. The overall behavior of the deck panel for this load position can be characterized as
follows: flexural cracking will initiate at the bottom of longitudinal ribs followed by flexural
cracking at the bottom of top flange and bottom of stem; formation of shear cracks in the stem will
ensue; the ultimate condition is expected to be a shear failure of the stem.

For load position a2 the principal plastic tensile strain contours in the flange are similar to
those observed for load position a1. However, as expected, the plastic strain contour in the webs
of the transverse ribs is more pronounced in the more heavily loaded side of the span. In addition
to the shear cracks in the web of the transverse ribs, there are also shear-flexural cracks at the
bottom of the transverse ribs, flexural cracks near mid-span, as well as some cracking at the bottom

of the transverse ribs near the support. The overall behavior of the deck panel for this load position
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in terms of the sequence of cracking and the ultimate condition is similar to that described for load
position aj.

For load position as the cracking is concentrated in the top flange as well as in the webs of
the transverse ribs. Cracking in the transverse ribs is dominated by shear cracking in the web. The
failure mode for this load position is expected to be dominated by shear in the stem with the deck
panel exhibiting significant flexural cracking at the bottom of the top flange.

The principal plastic tensile strain contours for load position b; differ from those for load
position a1 because the majority of the cracks take place in the web of the loaded transverse rib as
well as in the bottom of the stem as opposed to the top flange. This is due to the fact that the load
is centered over the ribs. As stated earlier, cracking in the webs of the transverse ribs is dominated
by shear cracks and takes place due the reduced thickness of the web, while cracking in the bottom
of the stem features flexure-shear and flexure cracks. The overall behavior of the deck panel for
this load position can be characterized as follows: flexural cracking will initiate at the bottom of
stem, followed by the formation of shear cracks in the stem; the ultimate condition is expected to
be a shear failure of the stem.

The principal plastic tensile strain contours for load position b, are characterized mainly
by shear cracks in the webs of the most heavily loaded transverse ribs, as well as some flexure-
shear cracks and flexure cracks at the bottom of the stem. The cracking in the top flange is not as
severe as it is for load position a; because the load is applied directly over the transverse ribs. The
overall behavior of the deck panel for this load position in terms of the sequence of cracking and
the ultimate condition is similar to that described for load position bs.

Finally, the principal plastic tensile strain contours for load position bs suggest shear

cracking in the webs of the transverse ribs near the support. The overall behavior of the deck panel
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for this load position is characterized by the formation of shear cracks in the stem, followed by
flexural cracking at the bottom of the stem; the ultimate condition is expected to be a shear failure
of the stem. The next section describes the details of a parametric study that was undertaken for
deck configuration 2 to investigate the influence of a variety of parameters on the performance of
the deck panel.
Parametric study

Given that deck configuration 2 showed promise in providing an alternative solution for
Louisiana’s movable bridge decks, the influence of a variety of parameters on the performance of
the deck panel was investigated. These parameters were: 1) the addition of CFRP stirrups in the
webs of the transverse ribs, 2) the influence of more than one layer of C-grid in the top flange, and
3) the influence of the uniaxial behavior of Ductal in tension on the behavior of the deck panel in
terms of strength and stiffness. The single span deck panel simply supported at stringer locations
illustrated in Fig. 9 was used for the parametric study to reduce analysis time.

Fig. 14 shows the investigated layout of CFRP shear reinforcement in the transverse ribs.
The CFRP shear reinforcement consists of the C-grid used as top flange reinforcement. Loading
position b: was used to investigate the influence of CFRP shear reinforcement on the behavior of
the deck panel. Fig. 15a shows that the influence of CFRP stirrups on the performance of the deck
panel is negligible. This suggests that the contribution of the CFRP shear reinforcement to the
strength of the deck panel compared to the contribution of concrete is much smaller. Ductal’s
contribution to the shear strength of the panel is provided in terms of compression struts and
tension ties. The area of CFRP shear reinforcement is not large enough to make a marked

difference. Accordingly, given the small thickness of the web and the fact that the placement of
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such shear reinforcement will require additional labor and quality control the addition of this type
of shear reinforcement is not recommended.

Although all the deck panels investigated so far featured single panels simply supported at
the stringer locations, the influence of the C-grid on helping the top flange distribute loads between
the transverse ribs was investigated by varying the presence and amount of carbon fiber
reinforcement. Three cases were analyzed: 1) no C-grid, 2) one-layer of C-grid, and 3) two layers
of C-grid. Tire position a1 was considered in all cases because it featured a load position between
the transverse ribs. Fig. 15b suggests that the C-grid increases slightly the capacity of the deck
panel. The difference in peak loads is 6 Kips for cases that featured no grid and one layer of grid,
and 3 kips for cases that featured one layer of grid and two layers of grid. Additionally, the C-grid
serves as negative moment reinforcement in regions of negative moment and also helps in
controlling crack widths. It is therefore recommended to include at least one layer of the C-grid as
reinforcement in the top flange.

Finally, the influence of the uniaxial behavior of Ductal in tension on the performance of
the deck panel was investigated by examining three different uniaxial tensile behaviors. One of the
advantages of UHPC is that it can provide considerable resistance in tension compared to normal
strength concrete. However, the behavior of UHPC in tension varies widely and depends on fiber
orientation as well as the test method used to characterize this behavior. Fig. 16a illustrates the
three uniaxial stress-strain relationships in tension considered for this study. The first is the tensile
behavior of Ductal used in the study performed by Mirmiran et al. (2009), which is characterized
by linear elastic behavior up until the first crack and a slight softening behavior after the first crack.
The second is similar to the first except that the cracking stress is higher. The softening modulus

for both of these cases was assumed to be 35 MPa and the maximum tensile strain was limited to
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0.01. The cracking stress for the second tensile behavior was based on the measured value during
the splitting tensile tests performed for this study. The third behavior is characterized by linear
elastic behavior up until the first crack, a hardening branch between the cracking stress and the
peak stress, and a softening branch past the peak tensile strength. As stated earlier the softening
modulus for third case was 500 MPa and was based on data collected by Park et al. (2012). The
maximum tensile strain for the third case was also limited to 0.01. For tensile strains greater than
0.01 a tensile stress of 1 MPa was assumed to avoid convergence issues.

Fig. 16b suggests that the uniaxial tensile behavior of Ductal affects the overall behavior
of the deck panel under the applied load. The higher the cracking stress the higher the capacity of
the deck panel. Additionally, the hardening behavior after the first crack leads to a higher capacity
for the deck panel. While the difference in peak loads is not significant an improved uniaxial
behavior in tension leads to a stiffer and slightly stronger response of the deck panel.

Effect of Continuity

All the numerical simulations performed so far were done on single span deck panels
simply supported at the stringer supports. In reality the deck for the movable bridges will consist
of several precast deck panels in both the longitudinal and transverse directions of the bridge. To
investigate the influence of continuity on the load capacity of the deck panel a two span continuous
single deck panel configuration was investigated (Fig. 17a). Various load positions were
investigated with the purpose of selecting the one that leads to the lowest peak load for the two-
span continuous configuration. These load positions are illustrated in Fig. 17a and feature two HL-
93 truck wheel loads spaced 1.83 m apart. Each load position features wheel loads centered over
the transverse ribs. This orientation of wheel loads was previously determined to result in the

lowest peak load for the single span precast panels. The first two selected load positions were c1
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and cs. Load position c1 was expected to maximize shear stresses at the exterior left support. Load
position c3 was expected to maximize flexural positive stresses and deflections in the left span.
Load position ¢, was added to capture a loading case between load position ¢1 and cs. Load position
cs Was expected to maximize shear stresses at the interior support. Load position cs represents a
case in which half of the wheel load is supported by one panel and the other half by the adjacent
panel. Fig. 17b suggests that load positions c1, ¢4, and cs do not control, and that the most critical
cases are load positions c. and cs (i.e. when one of the wheel loads is placed near mid-span). Load
position ¢s did not control because the transverse joint features two exterior reinforced ribs side by
side. The differences in load displacement curves between load position ¢z and cz are small enough
to suggest that additional load cases that feature tire positions between c; and cz are not warranted.
For each load position a nonlinear finite element analysis was performed to obtain the full load
versus mid-span displacement curve. These curves are illustrated in Fig. 17b. The vertical axis
represents the ratio between the load applied to the deck panels and the ultimate level load for each
case. In some cases only a portion of the two wheel loads could be applied to the two span
continuous configuration because the spacing of the wheel loads specified in AASHTO is 1.83 m
and the span length for the deck panels is 1.27 m. The load position that led to the lowest peak
load was load position cs. This load position was used to investigate the efficiency of the C-grid
as negative moment reinforcement.

The influence of the C-grid as negative moment reinforcement was investigated by varying the
presence and amount of the carbon fiber reinforcement in the deck panel for load position cs (Fig.
18a). The service level load was calculated by multiplying the portion of the wheel loads that fell
on the two span continuous configuration by the dynamic load allowance (1.33). The ultimate level

load was calculated by multiplying the service level load by 1.75. Fig. 18b illustrates the
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relationship between the total load versus the displacement at the center of the load in the left span.
When no layer of C-grid is provided, the peak load (270 kN) is slightly smaller than the ultimate
level load (273 kN). When one layer of C-grid is provided, the peak load is increased to 301 kN,
and when two layers are provided the peak load is 319 kN. Fig. 18b suggests that there needs to
be at least one layer of C-grid in the top flange to meet the ultimate load demand.

The ratio between the peak load (301 kN) obtained for load position c3 in the two span
continuous configuration and the ultimate level load (273 kN) is 1.10. This is similar and actually
lower than the ratio between the peak load (187 kN) for load position b1 in the single deck singly
supported configuration and the corresponding ultimate level load (166 kN), which is 1.13. This
suggests that the ultimate condition is dominated by shear failure and that continuity in the
transverse direction does not help in increasing the load capacity of the deck panels. The inclusion
of adjacent panels in the direction of traffic may or may not increase the load capacity of the deck
system. This was not evaluated because it was outside the scope of work and because the service
level and ultimate level loads were surpassed in all investigated cases. The fact that the mode of
failure is primarily a shear failure is illustrated in Fig. 19a, which provides an isometric view of
the two span continuous configuration from the bottom and depicts the principal plastic tensile
strain contours. Regions in black represent areas in which the principal tensile plastic strain is
equal to or greater than 0.0065 and are located primarily in the webs of the transverse ribs.

Finally, all load displacement curves shown so far demonstrate that the proposed deck panel
configuration possesses significant deflection capacity in the nonlinear range regardless of the load
position and continuity. In all investigated cases the maximum recorded deflection was at least 20

mm. The softening of the load displacement curve typically occurred at a mid-span deflection of
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approximately 1 mm. As a result, the proposed deck configuration offers a deflection capacity that
is at least 20 times the computed elastic displacement.

Fig. 19b illustrates the principal plastic tensile strain contours at failure for the two span
continuous configuration for two cases. The first case features no C-grid reinforcement in the top
flange (left), and the second features one layer of C-grid in the top flange. Only the strain contours
for the left span in Fig. 18a are shown. The black color represents those regions in which the plastic
strain is higher than or equal to 0.0065, which is the strain that corresponds with the peak tensile
strength recorded during the material characterization study. The principal tensile plastic strain
contours corroborate the conclusion drawn earlier that there should be at least one layer of C-grid
in the top flange. The extent of damage in terms of crack formation is more pronounced in the case
that features no layers of C-grid in the top flange. As a result, the presence of the C-grid in the top
flange helps control the extent of cracking in addition to increasing the load capacity of the deck
panel.

Deflections

Fig. 20 shows the load versus mid-span displacement for the single span simply supported
condition and load position by as well as for the two span continuous configuration and load
position ¢z up to and beyond service level loads. Load positions b1 and ¢z led to maximum
deflections at service for the single span and two span continuous configurations, respectively. The
dashed vertical line represents the maximum allowable deflection for steel grid decks specified in
Avrticle 9.5.2 of AASHTO LFRD Specifications (2014), which was calculated as L/800. For the
simply supported condition the deflection at service is 5.5 mm, which is greater than the allowable
limit (1.6 mm). However, when continuity is introduced the deflection at service becomes 2.2 mm,

which is 38% larger than the allowable limit. This suggests that while the introduction of continuity
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did not result in an increase in terms of load capacity for the panel, it resulted in an increase in
stiffness. The No.16 bars in the interior transverse ribs were replaced with No.19 and No.22 bars
to study their influence on the stiffness of the deck panels. Additionally, the bars in the exterior
transverse ribs were changed to No. 16 for both cases. When a No.19 bar is used, the maximum
deflection in the two span continuous configuration is 1.7 mm as opposed to the 1.6 mm allowable.
When a No.22 bar is used the maximum deflection is 1.5 mm, which is smaller than the allowable
limit. The perfect bond assumption was validated for both new bar sizes and the results are shown
in Table 4. These results suggest that simply increasing the size of the bottom bars helps satisfy
AASHTO’s requirement for deflection. Also, it is expected that the introduction of additional
panels, both, in the transverse and longitudinal directions should result in deflections that are even
lower than the allowable limit.

In the light of this discussion it is recommended that the deck panels be fabricated in at least a
two span continuous configuration to increase the stiffness of the system by taking advantage of
the inherent continuity in such a configuration. Additionally, it is recommended that No. 22 bars
be used to meet AASHTOQ’s deflection limit. Even in cases for which AASHTO’s deflection limit
may not be critical to the performance of the deck system it is recommended that the deck panels
be fabricated in at least a two span continuous configuration to reduce the number of joints exposed
to traffic.

Conclusions and Recommendations

The development of a high performance concrete deck for movable bridges in the state of
Louisiana was presented. The study was analytical in nature and consisted of several validated
nonlinear finite element analyses. The primary challenge in developing this deck system was the

limitation on the overall weight of the deck panel.
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Two deck configurations were investigated. The first deck configuration failed to meet ultimate
load demands for those load positions that maximized the effects of one-way shear and punching
shear. The second deck configuration performed satisfactorily under all load positions by
providing load capacities that surpassed service level and ultimate level loads. This deck
configuration was used in all subsequent analyses.

Ductal produced by Lafarge North America was used as the concrete material. An improved
uniaxial behavior of Ductal in tension appears to improve the overall behavior of the deck panel
under load. GFRP bars are recommended as reinforcement for the bottom of the stem because they
are light, corrosion resistant, can be fully developed in the available space, and are able to help
develop the computed deck panel capacities. One layer of C-grid is recommended to be used as
top flange reinforcement to provide negative moment resistance, control cracking, and distribute
loads in the longitudinal direction.

The presence of the C-grid as shear reinforcement had a negligible effect on the capacity of
the deck panel. Accordingly, while the proposed deck configuration satisfies AASHTO’s ultimate
load demand without any shear reinforcement, other potential shear reinforcement options will be
considered during future research provided that shear was critical for the UHPC/HPC waffle slabs.

Continuity in the transverse direction did not result in an increase in deck panel capacity
compared to the corresponding ultimate load, but it increased the stiffness of the deck system. This
increase in stiffness resulted in lower deflections at service. It is recommended that the deck panels
be fabricated in at least a two span continuous configuration to increase the stiffness of the system
by taking advantage of the inherent continuity is such a configuration. Additionally, it is
recommended that No. 22 bars be used for the interior transverse ribs to meet AASHTO’s

deflection limit (Article 9.5.2). Even in cases for which AASHTQO’s deflection limit may not be
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critical to the performance of the deck system it is recommended that the deck panels be fabricated
in at least a two span continuous configuration to reduce the number of joints exposed to traffic.

The ultimate condition determined based on the principal plastic tensile strain contours at peak
loads was dominated by shear failure in the webs of the transverse ribs, with the deck panel
exhibiting flexural cracking at the bottom of the stem and bottom of the top flange. Flexural
cracking in the top flange was more pronounced for those load positions which featured wheel
loading between the transverse ribs.

The analytical investigations presented in this paper were based on several assumptions.
Physical testing of single span and multiple span deck panels is scheduled in the near future to
validate some of the assumptions made during this analytical study. Additionally, in all cases the
loading was monotonic. Physical testing of the deck panels under cyclic loading will be conducted
to investigate the effects of fatigue on the performance of the deck panels. Also, additional concrete
mixes will be investigated and alternative deck panel configurations will be developed with the
purpose of arriving at an option that provides the best balance between performance and economy.
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Mid-span displacement (mm)
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1039 Table 1 Recommendations for UHPC deck panel

Recommendations

— Reason/Comment
Description Value
Panel Thickness (mm) 132 To be consistent with predominant existing grid deck thicknesses
Max. Panel weight (kN/m?)  0.96 Calculated based on stringer reactions
Max. Span length (m) 1.27 It covers the majority of existing steel grid deck spans
Continuity 3+ Min. of three spans or simple span made continuous
Stringer W410x54 Most common stringer
1040
1041 Table 2 Parameters for concrete damage plasticity model
Parameter Value
Dilation angle (degrees) 45
Eccentricity 0.10
Tbo. 177
O-CO
K 0.67
Viscosity parameter 0
1042
1043 Table 3 Comparison of peak loads obtained numerically and experimentally
Specimen Peak Loads (kN) L
Description Numerical  Experimental Ratio = Prun/Pex;
1T1S 168 182 0.92
1T2S 248 246 1.01
4T1S 387 377 1.03
3T2S 686 656 1.05
Average = 1.00
COV =0.06
1044
1045 Table 4 Computed stress versus developable stress
Transverse Longitudinal
Type Size ffe fcomputed fe/f ffe fcomputed fe./f
(MPa) (MPa) fel lcomputed (M Pa) (MPa) fel lcomputed
No.10 852 690 1.24
No.13 1064 830 1.28
GFRP No.16 926 758 1.22
No.19 822 634 1.30
No.22 750 482 1.55
1046

1047



