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SUMMARY 

Curved bridges are often 

constrained by critical vertical 

clearance dimensions.  The 

point of minimum vertical 

clearance is usually located at 

the inner girder of the bridge 

cross section, toward the curve 

radius point, and on the low side 

of the deck superelevation.   

Traditional practice in bridge 

design would provide for all 

girders at a cross section to be 

of the same depth.  Since curved 

bridges are superelevated 

downward toward the curve 

radius point, the inner girder 

sets the low elevation of the 

bridge cross section.   

However, if the girders are 

made shallower toward the 

inside of the curve making a 

“wedge” shaped girder envelope 

cross section, those girder 

bottoms are raised up, and 

greatly improved vertical 

clearance may be obtained.   

This approach was successfully 

used for a contractor’s Value 

Engineering Cost Proposal to 

design and build two single span 

curved steel girder bridges, in 

lieu of the as-bid two-span and 

three-span concrete slab 

bridges, providing significant 

savings to the owner, 

MaineDOT, while minimizing 

approach roadway slope 

encroachments into sensitive 

wetlands. 

The concept is further described 

with an example two-span 

continuous steel bridge, along 

with modeling information. 
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WEDGED CROSS SECTIONS FOR CURVED STEEL BRIDGES 
 

Background 
This paper describes why and how a horizontally 
curved plate girder bridge may be arranged in a 
“wedged” superstructure cross section, where girder 
depths decrease toward the inside of the horizontal 
curve, as an alternative to the traditional equal depth 
girders in a superstructure cross section.  This paper 
illustrates the approach, showing two medium span 
bridges constructed using wedged superstructure 
cross sections, and summarizes the modeling and 
conceptual design of a third multi-span bridge 
superstructure. 

Traditional horizontally curved steel plate girder 
bridges utilize constant web depths at a given 
transverse section, as shown in Figure 1A.   

Figure 1A: Traditional Curved Deck Section 

Horizontal curvature in roadway alignment requires 
superelevation to equilibrate centrifugal forces on a 
vehicle traversing the curve, and typical roadway 
superelevation rates of 4% to 6% demand a larger 
girder space envelope, compared to a typical bridge 
section on tangent alignment with normal crown of 
2% cross slope.  Vertical underclearance is most 
often controlled by the girder depth toward the 
inside of the horizontal curve on the low side of the 
superelevated road surface.  However, due to 
torsional forces, girder structural demands decrease 
toward the inside of the horizontal curve, which 
suggests that girder depths may also decrease 
progressing toward the girders on the inside of the 
curve.  And indeed, this is true.     

Figure 1B shows the combined effects of reducing 
girder depth with decreasing structural demand, 
while offsetting the depth effects of superelevation, 
creating a “wedged” superstructure cross section. 

This wedged cross section concept was used for two 
bridges on curved alignments on a recent bridge 
replacement project in Milford, Maine.  We 
designed two steel bridges for a contractor who won 
a bid for plans showing the bridge replacements with 
multi-span precast concrete slabs, but wished to 
substitute single span steel bridges as a value 
engineering proposal to MaineDOT.  The multi-span 
precast concrete slab bridge designs were acceptable 
designs, but the contractor wished to avoid 
construction of the costly piers, by redesigning with 
single span steel bridges. 

Figure 1B: “Wedged” Curved Deck Section 

Reed & Reed, Inc. of Woolwich, Maine, won the bid 
for reconstruction of two highway bridges on U.S. 
Route 2 over Sunkhaze Stream and Lower Trestle 
overflow.  The as-bid plans showed a two-span 
bridge of 96 feet, and a three-span bridge of 126 
feet, constructed of shallow precast concrete slabs 
with piers of FRP jacketed piles socketed into 
bedrock.  After winning the bid, the contractor 
approached us to redesign the multi-span concrete 
bridges using single span steel plate girders, at a 
significant construction cost savings.   

The substituted single span curved steel girder 
bridges were constructed successfully and are 
currently in operation.  After being fabricated to a 
predicted cambered shape to conform to design 
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grades after concrete placement, the girders 
deflected into their final position within tolerance, 
without needing stability bracing or shoring during 
erection.    

Figures 2, 3, and 4 show the plan, profile, and 
typical section of the 3-span concrete slab 
arrangement for one of the as-bid concrete slab 
bridges.  The bridge length is 129 feet, with three 
spans of 43.0 feet.   

 

Figure 2: Plan of 3-Span Base Bid 

 

 

Figure 3: Profile of 3-Span Base Bid

The bridge width is about 40 feet.  The 
superstructure is superelevated at 4.7%, and the 
minimum vertical clearance toward the inside of the 
curve controlled the profile and waterway area to be 
provided.  The piers included piles set in drilled rock 
sockets and clad with fiber-reinforced polymer 
(FRP) shells. 

 

Figure 4: Typical Bridge Section 

Replacing a 3-span concrete bridge with a single 
span steel bridge on a curved alignment was a 
challenge at these sites.  The wedged superstructure 
cross section was essentially dictated by the 
geometric constraints of the project, including the 
required vertical clearance over the stream below, 
minimum waterway opening, keeping approaching 
roadway slope limits within narrow rights-of-way to 
avoid encroachment into wetlands, matching 
adjacent driveways kept open during construction, 
and minimizing limits of pavement reconstruction. 

Figures 5, 6, and 7 show the plan, profile, and 
typical section of the single span steel bridge 
designed in lieu of the three-span concrete slab 
bridge.  The section is simple, and doesn’t look too 
unusual, but is technically unconventional in that the 
girder depths are shallower toward the inside of the 
horizontal curve.  The profile shows the deletion of 
two piers from the as-bid design, while providing the 
required waterway opening and clearance to water 
surfaces. 
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Figure 5: Plan Single Span VECP 

 

 

Figure 6: Profile Single Span VECP 

 

The superstructure design was prepared using 
SIMON (1) for the basic design, then checking and 
modifying the basic design with commercial three-
dimensional finite element bridge design software, 
and confirming the design with a second finite 
element bridge software package.  One particularly 
disconcerting aspect of the design was determining 
the cambering requirements, from erected steel 
shape to deflected composite final design grade for 
the driving surface.  Fortunately, the two finite 
element programs produced similar deflected shape 
predictions, and the actual erected steel positions 
were very close to the predicted positions. 

 

Figure 7: Wedged Bridge Section 

We had convinced ourselves that the wedged deck 
section was the best design solution for the project 
described.  But until the girders were fabricated and 
erected with good agreement between the actual and 
predicted girder deflections, we were a bit nervous.   

Utility 

Why promote this concept for further use?  From a 
roadway design perspective, lowering the profile 
also results in narrower slope limits, with less 
encroachment into wetlands and private property, 
and less earthwork volume and surcharge of 
subsoils.  Consider that a 1-foot lower profile, with a 
roadway approach embankment at 2:1 slope, results 
in a 4-foot narrower embankment footprint (2 feet 
each side).   

Lowering the profile allows shorter approach 
roadway reconstruction limits, provides simpler ties 
to existing driveways and intersections, with better 
access during construction, and with fewer impacts 
to utilities.  The shallower bridge structure also 
improves aesthetics. 
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Design Approach 
To further the use of the wedged deck section, the 
bridge engineer needs to work through some 
practical issues.  The first is to overcome one’s own 
skepticism in trying something new.  We were not 
aware of the “wedged” superstructure design 
approach on any existing bridges, and we were 
cautious at being the first to try it.  If other bridges 
have used this design approach unbeknownst to us, 
then at least we have further confirmed the concept 
as viable, with many advantages. 

Another possible barrier to this concept, is DOT 
acceptance.  Fortunately, MaineDOT bridge design 
personnel are progressive in technical approach, and 
welcome innovation.  Hopefully this paper will 
provide more conservative DOT’s some comfort in 
the wedge concept.  We believe this concept may be 
extended to cast-in-place post-tensioned concrete 
box girder bridge sections as well, but is likely 
difficult to extend to straight prestressed girder 
bridge sections, thus making steel plate girders the 
single best choice in some markets. 

The current AASHTO LRFD Bridge Design 
Specification (2) provides for refined analysis 
methods, and the excellent design literature provided 
by NSBA (3) and associated researchers have 
relaxed the structure constraints of outdated bridge 
codes. 

Currently available non-linear finite element 
analysis software can accurately model complex 
structures, when operated by competent engineers, 
with results properly verified.  Three-dimensional 
finite element analysis tools include analysis for 
large displacements, second order effects, actual 
primary and bracing member forces, and erection 
stability during staged construction from non-
composite to composite superstructure arrangements  

Fabricator and detailer buyin are also necessary 
when trying something new.  The fabricator for the 
Milford bridges, Casco Bay Steel Structures, and the 
steel detailer, Tensor Engineering, had no issues 
with the differing dimensions of every girder and 
diaphragm, with their work facilitated by modern 
computerized detailing and CNC steel cutting and 
semi-automated welding in fabrication.    

 

A Bit of Theory 
Fortunately, horizontally curved girders in positive 
primary bending, torsionally shift load toward the 
outside of the horizontal curve, with the outer 
girders supporting increased load demand, and the 
inner girders supporting a decreased load demand.  
Matching the increased load demand on the girders 
to the outside of the curved, where the roadway 
superelevation has raised the grade of the roadway, 
is a deeper available girder space.  Conversely, the 
girders toward the inside of the curve have reduced 
load demand and may be made shallower to match 
the lesser space provided on the low side of the 
roadway superelevation.   

Thus, the wedged deck section provides a better fit 
for the spacial constraints and structural demands 
peculiar to curved bridges.  This allows a lowering 
of the roadway profile, while also providing the 
minimum vertical clearance below.  Since the 
structure depth is decreased at the girders toward the 
inside of the horizontal curve, and deeper girders are 
provided at the outer (high side) of the curve, the 
deeper girders may allow elimination of pier 
substructures, as seen in the constructed project. 

Some discussion of curved girder behavior, touched 
on above, is relevant to this discussion.  The 
conceptual behavior of a curved girder bridge is well 
presented elsewhere as V-load analysis (4), and is 
briefly described here.   

Similar to a straight girder, a non-composite curved 
girder under distributed gravity load has a primary 
moment diagram as shown in Figure 8.  The flanges 
accordingly develop primary axial forces caused by 
primary bending, with the flange axial force being 
equal to the primary bending moment divided by the 
girder depth.  

 

Figure 8: Two Span Girder Elevation and
Primary Moment Diagram
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Due to horizontal curvature, each flange also has a 
lateral force demand in its horizontal plane, which is 
roughly equal to its primary axial force divided by 
its radius of curvature.  Since the primary axial force 
in the flanges are proportional to the primary 
moment, the lateral forces on the flanges also are 
proportional to the primary moment, as shown in 
Figure 9. 

 

Figure 9: Lateral Forces on Flanges, Plan Views 

When a flange is in primary compression, the 
direction of the flange lateral force tends to push the 
flange to increase its curvature (bow outward), 
Figure 10.   And when a flange is in primary tension, 
the lateral force tends to pull (straighten) the flange 
toward the curve center. 

 

Figure 10: Lateral Forces on Flange Segments 

For the positive moment section of a curved multi-
girder bridge superstructure, the lateral forces on 
each flange tend to twist the girders as a couple, with 
the top (compression) flange being pushed toward 
the outside of the curve, and bottom (tension) flange 
being pushed toward the inside of the curve, per 
Figure 11.  

 

Figure 11: Lateral Force Couple on Flanges 

These locally varying flange forces accumulate 
along the flanges between cross frames, Figure 12, 
collect at the cross frames, and resolve themselves to 
result in a global torsion in the superstructure, which 
increases the vertical demand on the girders toward 
the outside of the curve, and decreases the vertical 
demand on the girders toward the inside of the 
curve. 

 

Figure 12: Lateral Forces on Girders 

Primary positive moment regions tend to twist the 
superstructure toward the outside of the curve, 
pushing down on the outer girders, and lifting up the 
inner girders. The reverse is true for the primary 
negative moment regions, located near piers.  Figure 
13 conceptually shows the cross frame restraint of 
individual independent girder rotation between cross 
frames resulting in a global torsion applied to the 
girder group, with vertical load to each girder in 
proportion to the girder’s offset. 

 

Figure 13: Vertical Forces (V-Loads) at Cross 
Frame Location 
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Multi-span Conceptual Design 
In considering whether to propose the wedged deck 
section for more widespread use, we evaluated a 
larger multispan bridge arrangement.  The results 
showed that the wedged section works well for the 
larger bridge, with a considerable savings in 
structure depth at the (usually) critical depth girder 
on the inside of the horizontal curve, allowing the 
profile grade line to be lowered by about 1.67’ for 
the chosen geometry.  The superstructure modeled 
has two spans at 152 feet each, using a typical urban 
two-lane roadway with deck section as shown in 
Figure 14.  Design data is shown in Table 1. 

Figure 14: Wedge Deck Section 2-Span 

 
Table 1: Superstructure Design Data 

40 miles per hourDesign speed

950'Centerline radius

5.0%Roadway superelevation

39.0'Deck width

8.25'Girder spacing

3.0'Deck overhang

62" to 42"Web depth, varied

0.625"Web thickness

18" x 0.75"Positive moment top flange

24" x 1.25"Positive moment bottom flange

22" x 2.375"Negative moment top flange

27" x 2.375"Negative moment bottom flange

Single angle 6” x 6”Cross frames, K configuration

50 ksiSteel yield strength

Figure 15 shows the conceptual framing plan, with 
radial substructures and cross frames.   

 

Figure 15:  Framing Plan 2-Span. 

Figure 16 shows the finite element model sectional 
rendering, with the girders in a wedged arrangement. 
With the inside of the curve to the right, the girders 
decrease in depth following the roadway 
superelevation.  The bottom flanges are all at the 
same elevation.   

 

Figure 16: FEM Deck Section 2-Span. 

Figure 17 shows the underside from the finite 
element analysis model of the superstructure. 

 

Figure 17: FEM Underside 2-Span. 

The analysis proceeded sequentially from the non-
composite construction stages of girder erection and 
placement of concrete, to the stages of composite 
live and dead loads for the respective short term and 
long-term concrete modular ratios.  Design checks 
for strength, serviceability, stability, and fatigue all 
meet LRFD requirements and optional live load 
deflection limits.  Girder stresses and cross frame 
forces were manageable in terms of welding and 
connection sizes.   
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We also studied the path of loads applied near the 
midspan of the girder on the inside of the horizontal 
curve.  Table 2 shows the results of unit loads placed 
as a point load, a longitudinal line load, and an area 
load, as the percent of each load which is carried by 
the cross frame near the midspan, versus the 
innermost girder carrying load back toward the 
abutment and toward the pier.  The table clearly 
shows that the cross frame transfers loads away from 
the innermost girder, thus reducing the demand on 
the innermost girder, and showing why the cross 
frames are required to be designed as primary 
members in curved girder superstructures. 

Table 2: Load Distribution 

Load Distribution Interior Girder Vs. Cross Frame 

Non-ItemCase
Comp. 

Composite 

P
oi

nt
 L

oa
d 

Girder Toward 
Abutment 

31%35%

2%Slab Toward Abutment

34%40%Girder Toward Pier

2%Slab Toward Pier

14%26%Cross Frame

18%Slab Lateral

L
in

e 
L

oa
d 

Girder Toward 
Abutment 

26%31%

0%Slab Toward Abutment

33%41%Girder Toward Pier

1%Slab Toward Pier

16%28%Cross Frame

24%Slab Lateral

A
re

a 
L

oa
d 

Girder Toward 
Abutment 

35%35%

2%Slab Toward Abutment

48%53%Girder Toward Pier

2%Slab Toward Pier

11%12%Cross Frame

1%Slab Lateral

 

 

Design Thoughts 
A few thoughts on design are offered in closing: 

• Set the starting depth of the deepest girder 
based on the arc span discussion in LRFD 
2.5.2.6.3, and then decrease the girder 
depths toward the inside of the curve. 

• Select common plate thicknesses and vary 
flange widths between girders to meet 
demands.  This allows the fabricator to 
procure wide slabs of plate for a given 
flange thickness, to be nested for several 
girders. 

• The 2-span example provided only has steel 
sections sized for the maximum positive and 
negative moments.  Actual designs should 
be optimized at intermediate sections. 

• Use single angle cross frames where 
possible, to simplify connections and 
painting. 

• Use shell finite elements to model the girder 
plates and concrete slab, per stages. 

• Decrease the spacing of the cross frames or 
diaphragms, because this has a large effect 
(i.e. spacing squared) on girder lateral 
stresses, and cross frame/diaphragm forces.  
See LRFD 4.6.1.2.4b lateral bending notes. 

• Early in the analysis, analyze the forces in 
the cross frames and diaphragms, and their 
connections to the girders.  The forces and 
connection sizes are large and significant, 
and bulky connections should be avoided. 

• Consider stability of the piecewise erected 
structure as described in the FHWA Vol. 13 
(5).  Temporary bracing may be needed in 
interim erected conditions. 

• Review the concepts of AISC’s Direct 
Analysis Method (6) for second-order 
evaluation of stability, including the 20% 
reduction in steel modulus, and the use of 
destabilizing notional loads, and extend 
these ideas to horizontal structures. 

• Consider using bolted attachments of 
connection plates to girder tension flanges, 
and associated increases in fatigue stress 
range resistance. 

• Always check the camber using a second (or 
third) analysis, because setting the camber 
properly is crucial to bridge acceptance. 
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Summary 
In summary, we have successfully implemented an 
analysis and design approach for curved steel girder 
bridges with a “wedged” bridge cross section.  The 
method takes advantage of the reduced structural 
demand on the inside of the curve, and overall 
allows for more shallow depth superstructure and 
lowered roadway profile.  This resulted in 
substantial project cost savings.  For the constructed  
project, we used the method to justify a longer span 

within the same vertical and right-of-way footprints, 
leading to deletion of all piers, while maintaining 
access to adjacent properties, and minimizing 
roadway reconstruction and impacts to sensitive 
environmental resources.   

This paper also shows that the concept may be 
extended to larger curved steel bridges, providing 
similar cost savings and decreased environmental 
impacts.
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