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Curved steel I-girder bridges: experimental and analytical studies
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Abstract

This paper describes the large-scale experimental and analytical program, initiated by the Federal Highway Administration
(FHWA), aimed at developing new rational design guidelines for horizontally curved steel bridges. Analytical and experimental
efforts dedicated to establish the size of the full-scale components that will be tested as part of an entire three-girder bridge system
are also presented. 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Due to the need to augment traffic capacity in urban
highways and the constraints of existing land use, there
has been a steady increase in the use of curved bridges
in the past 25 years. In many cases these bridges are
located in on- and off-ramps with very tight radii of cur-
vature and are characterized by complex vertical and
horizontal geometries. For this application, curved steel
girders are the preferred choice because of the simplicity
of fabrication and construction, speed of erection, and
serviceability performance. Although horizontally
curved steel bridges constitute roughly one-third of all
steel bridges being erected today, their structural
behavior is not well understood. To address this need,
in 1992 the Federal Highway Administration (FHWA)
initiated the Curved Steel Bridge Research Project
(CSBRP), a large-scale experimental and analytical pro-
gram aimed at developing new, rational design guide-
lines for this type of bridge. This on-going project is
divided into six major tasks: synthesis of previous
research, construction issues, determination of nominal
bending and shear strength, connection details, ser-
viceability considerations, and determination of the lev-
els of analysis required for horizontally curved girders.

Presented in this paper are (a) a short discussion of
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past research and current research needs, (b) a descrip-
tion of the planned full-scale component tests and some
early results, and (c) some results of the analytical study
used to size the cross-frame components.

2. Previous research

Since 1843, when the first treatment of the analysis
of curved beams was presented by Barre´ de Saint Venant
[9], thousands of articles on the subject have appeared
in the literature. However, serious studies pertaining to
the analysis and design of horizontally curved bridges
began only in 1969 when in the United States the FHWA
formed the Consortium of University Research Teams
(CURT). This team consisted of Carnegie Mellon Uni-
versity, The University of Pennsylvania, the University
of Rhode Island, and Syracuse University, whose
research efforts, along with those at the University of
Maryland, resulted in the initial development of working
stress design criteria and tentative design specifications.
The American Society of Civil Engineers and the Amer-
ican Association of State Highway and Transportation
Officials [5] compiled the results of most of the research
efforts prior to 1976 and presented a set of recommen-
dations pertaining to the design of curved I-girder
bridges. The CURT research activity was followed by
the development of Load Factor Design criteria [16,10]
adopted by AASHTO [2–4] to go along with the work-
ing stress design criteria. These provisions appeared in
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the first Guide Specifications for Horizontally Curved
Highway Bridges [2–4].

The first comprehensive bibliography on curved steel
girders, containing over 200 references, was presented
by McManus et al. [13]. Only four of these references
dealt with box girders. McManus’ paper was discussed
by other authors who added additional references to the
original list [12,15,17]. In 1978, the ASCE-AASHTO
Committee on Flexural Members [6] presented another
state-of-the-art report that contained 106 references deal-
ing primarily with horizontally curved box girders. The
Committee also presented results of a survey pertaining
to the geometry, design, detail, construction and per-
formance of box-girder bridges constructed in the United
States, Canada, Europe, and Japan [7]. The survey was
an update of a more limited survey published by the
AASHO-ASCE Committee on Flexural members [1]. In
1988, Nakai and Yoo [14] published a book that offers a
comprehensive listing of numerous modern papers, with
particular attention paid to Japanese literature.

The first task of the CSBRP project was to produce
a synthesis of the state-of-the-art in horizontally curved
bridges. This led to the compilation of an up-to-date bib-
liography containing almost 900 references. A synopsis
of the information contained in each of the references
deemed most relevant was placed in an electronic datab-
ase that is easy to access, query, and update as additional
research is completed. A synthesis of the research into
analytical methods commonly in use today indicated
that [18]:

I The plane grid and space frame methods treat curved
members as straight members, and hence are rec-
ommended only for preliminary design purposes.
Similarly, the V-load method, which can be applied
to I-girders only, underestimates innermost girder
stresses, does not consider the bracing effect in the
plane of the bottom flange, and its reliability depends
on the selection of the proper live-load distribution
factors. Thus, the V-load method can also only be rec-
ommended for preliminary analysis.

I Among the refined analytical methods (finite strip,
finite difference, closed form solutions to differential
equations and the slope-deflection method), the finite-
element method is probably the most involved and
time consuming. It is still the most general and com-
prehensive technique that has been applied to
static/dynamic elastic/inelastic analysis with different
mechanical and thermal loading. The other refined
methods can be as good as the finite element method,
but are limited to certain configurations and bound-
ary conditions.

I Although a number of publications have addressed the
geometrically and/or materially nonlinear behavior of
horizontally curved bridges, the issue of when, why,

and what level of inelastic analysis needs to be perfor-
med has not been resolved.

The following experimental research needs were
identified with respect to behavior during construction
and calculation of the ultimate strength of cross-sec-
tions [18]:

I Knowledge on stability issues related to curved box
and I-girder bridges during construction is limited.
The effects of ties, bracing, and web stiffeners on the
distorsional behavior of these bridges during construc-
tion need to be studied, particularly with respect to
box sections.

I A field experimental program to measure internal
forces and deformations in the main girders and the
bracing during construction is needed so that analyti-
cal models can be calibrated.

I Experiments demonstrating local and lateral-torsional
buckling, both for composite and non-composite sec-
tions with different slenderness ratios are needed to
clarify the validity of currently available methods. In
the limit, a new set of theoretical solutions will need
to be developed if it is found that existing methods do
not provide for consistent reliability over the common
range of design variables.

I Experiments demonstrating the limit states in a trans-
versely and/or longitudinally stiffened web, including
cases with spacing/depth ratios greater than 1, need
to be conducted.

I Experiments addressing the effective width of the
concrete slab in both curved I- and box girders need
to be carried out.

I Cost-effective construction methods and erection
guidelines that incorporate the experience of steel fab-
ricators and erectors need to be developed.

In addition, the conclusions of this task reinforced the
original objective of the CSBRP study, i.e. that a careful
set of full-scale experiments was needed to clarify some
of the more important fundamental issues related to both
analysis and design of horizontally curved steel girder
bridges.

3. Experimental design

To address a small portion of the research needs dis-
cussed above, a comprehensive series of tests was
planned for the five remaining tasks in the CSBRP. The
test series include specimens for determining the nomi-
nal strength in both bending and shear for non-composite
I-girders. Curved box girders will be the subject of a
future program if deemed necessary.

In the past, many of the laboratory tests on curved
girders were conducted on either (a) full-scale girders
with boundary conditions dissimilar from those encoun-
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tered on a real bridge, and/or (b) small-scale specimens
of real bridges where similitude could not be properly
maintained for all relevant variables. Field investigations
also have been performed [11]. Because of the short-
comings, as well as the lack of extensive material and
geometrical data for several of these tests, most of the
past experimental data cannot be used directly to cali-
brate analysis methods or design guidelines.

Based on this information, a key initial decision in the
experimental design was that the test sections be part of
a larger system that models an entire bridge rather than
isolated specimens. In addition, because of the need to
test at full-scale, the constraints of the available test
space, and the desire to produce data that could be
reliably utilized, a simply supported, rather than a con-
tinuous structure, was chosen. It was concluded that a
minimum of three girders was needed to simulate the
system behavior properly, but that only the central por-
tion of the most heavily loaded girder (the outside girder)
would be allowed to reach its full inelastic capacity.

The test frame “bridge” (Fig. 1) currently under con-
struction at the FHWA Turner-Fairbank Research
Center, consists of three concentric girders G1, G2, and
G3 with radii of curvature 191.25 ft, 200 ft, and
208.75 ft, respectively (Fig. 1a). The center span of sup-
port girder G2 is 90 ft measured along its arc length. In
the initial phase of the experimental program, I-girder
component specimens B1 through B6 will be tested.
Each of these components will have an arc length of
25.4 ft but with varying compression-flange and web-
slenderness ratios, and will be spliced into the center of
the outside girder (G3). The loading will be applied by
jacks at roughly the third points of the span (Fig. 1b),
and thus the test section will be subjected to nearly con-
stant vertical bending moment.

Fig. 1 shows a three-dimensional (3-D) view of a
finite element model of the test frame, which was used
for the analytical studies. Table 1 shows the dimensions
of the component specimens to be inserted in the middle
portion of girder G3. Only this middle portion of girder
G3 is intended to reach the inelastic range. The rest of
the system has been designed to remain elastic and be
reused for all tests. This represents a rational compro-
mise between economy and the need to test a realistic
3-D model of the structure. Table 2 shows the sizes and
nominal material properties for the main girders.

An important initial design decision was that the
cross-frame members (Fig. 2) remain elastic so that they
could be reused throughout the test series. Since the
cross-frames are a key to the redistribution of forces in
the structure, the use of typical cross-frame angle or T
sections was ruled out because of the difficulty in inter-
preting experimental data. For this reason, pipe members
were chosen. To minimize the differences in the load
distribution in the elastic range as a result of using pipes
instead of angle or T members, the pipes were designed

to have both axial and bending stiffness and strengths
similar to those encountered in practice.

A major analytical and experimental effort in the first
part of this program was dedicated to establishing the
sizes of the cross-frame members. Table 3 shows the
final sizes for the cross-frame elements. Because of the
need to maintain the cross-frames and girder G2, the
most heavily loaded girder, in the elastic range, these
components are being fabricated using high strength
steel (70 ksi). The main result of these studies, a portion
of which are discussed in detail within the following sec-
tions, was a resizing of the pipe thickness from the orig-
inally assumed 1/8 in. to the final 1/4 in.

As should be expected, careful thought and planning
has gone into the development of the instrumentation
and testing plans. The instrumentation will consist of
approximately 800 data channels that include a mix of
load cells, displacement transducers, inclinometers, and
resistance and vibrating wire strain gages. Innovative
techniques will be used to monitor both the forces at the
supports, where all three components of force will be
needed in order to properly check equilibrium, and the
displacements of both the critical section of G3 and the
main girders. For the former, it should be remembered
that the spherical bearings which are being employed
have a frictional component. Although small, usually in
the range of 5% to 10% of the vertical force, these radial
and tangential forces have a large impact on the overall
equilibrium calculations and must be obtained in order
to verify the integrity of the experimental data. Displace-
ments will be measured, using both an elaborate system
based on LVDTs and a state-of-the-art laser targeting
system. The long-term performance of the frame, which
is expected to be in use for about 2 years, will be moni-
tored from the erection phase with the use of vibrating
wire strain gages, which will ensure minimum long-term
drift. Every effort has been made to incorporate inde-
pendent checks on all key data channels.

4. Experimental determination of cross frame
member forces

Before developing the experimental plan for the test
bridge, considerable effort went into testing individual
cross-frame members. This was done in order to deter-
mine their proportional limit and to optimize the number
of strain gages necessary to monitor the forces in the
cross-frame members. These forces are needed so that
equilibrium of each girder, as well as of the whole sys-
tem, can be ascertained. Each of the 21 cross-frames is
made up of five individual elements, which in general
are subjected to axial, bending, shear, and torsional
forces. Since each cross-frame is a redundant structure,
each element has to be instrumented. Taking advantage
of the geometry of the pipe section, however, it can be
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Fig. 1. Test configuration.

shown that four single-arm gages per member are suf-
ficient to determine axial, shear and bending compo-
nents. Although torsion occurs within the cross-frames,
results from analytical studies of the curved bridge struc-
ture at hand indicated that the torsional effects would be
small relative to axial, shear, and bending effects.

To determine the minimum number of strain gages
required to measure the different force components, con-
sider a tubular member occupying a region of three-
dimensional space referred to a fixed Cartesian coordi-
nate system in which thex- and y-axes lie in the plane
of the cross-section while thez-axis coincides with the
longitudinal axis of the tubular member (Fig. 3). Con-
sider also the strain gage arrangement shown Fig. 3,
where a total of eight single-arm and rosette gages are
alternated every 45° around the tube’s periphery. The
rosettes are aligned so that their center arms are parallel
to the specimen’s longitudinal axis while single-arm

gages were placed at alternating 0° and 45° angles along
the longitudinal axis. The axial force, moments about the
cross section’sx andy axes, and torsional moment about
the longitudinal axis (z-axis) can then be expressed in
the forms:

PA 5 eavgAE (1)

Mx 5
EI
2ro

(eG2 2 eG6) (2)

My 5
EI

(1 2 n)ro

(eG4 2 eG8) (3)

Tz 5
EJ

4ro(1 2 n)
[2(eG4 1 eG8) 2 (1 2 n)(eG2 (4)

1 eG6)]
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Table 1
Cross-sectional properties for test sections

Test Flanges (in.) Bottom flange (in.) Web (in.) Stiffeners (typical) (in.) Diaphragm plates (in.)

B1 3
4

3 17
1
2

3
4

3 17
1
2

5
16

3 48
7
16

3 5 at 47 on center
5
8

3 7

B2 3
4

3 17
1
2

3
4

3 17
1
2

3
8

3 48
7
16

3 5 at 47 on center
5
8

3 7

B3 None3
4

3 17
1
2

3
4

3 17
1
2

3
8

3 48
5
8

3 7

B4 3
4

3 17
1
2

1
1
4

3 20
5
16

3 48
7
16

3 5 at 47 on center
5
8

3 7

B5 15
16

3 16
7
16

15
16

3 16
7
16

5
16

3 48
7
16

3 5 at 47 on center
5
8

3 7

B6
1

3
16

3 16
3
16

1
3
16

3 16
3
16

5
16

3 48
7
16

3 5 at 47 on center
5
8

3 7

All dimensions in inches.

Table 2
Geometry and material properties for test specimen

Girder Nominal yield stress Top flange (in.) Bottom flange (in.) Web (in.) Stiffeners (typical) (in.)
Fy

(ksi)

G1 50
1

1
16

3 16 1
1
16

3 16
7
16

3 48
7
16

3 5 at 44 on center

G2 70
1

3
16

3 20 1
3
16

3 20
1
2

3 48
7
16

3 5 at 48 on center

G3 50
2

1
4

3 24 2
1
4

3 24
1
2

3 48
5
8

3 7 at 51 on center

All dimensions in inches.

Fig. 2. Typical cross-frame configuration.

whereP is the axial force,Mx andMy are the moments
about thex and y axes, respectively,A is the area,I is
the moment of inertia,r is the radius of gyration,J is
the torsional constant,E is Young’s modulus,n is Pois-
son’ ratio, eavg is the average longitudinal strain for
opposite gage pair, and theeGi(i 5 2, 4, 6, 8) are the
strains corresponding to gages 2, 4, 6, and 8 as shown

in Fig. 3. If more accuracy is desired for the axial load
and torsional and shear forces are small or not important,
it is also possible to derive the axial forces and moments
directly from four longitudinal gages.

To confirm the above mathematical calculations
experimentally, full-scale replicas of the upper cross-
frame member, shown in Fig. 4, were tested concentri-
cally in tension, concentrically in compression, and
eccentrically in both tension and compression. The
eccentric tests included cases in which single and double
curvature moment gradients were induced. Shorter mem-
bers, representing the diagonals and bottom chords, were
later tested. In each test, four three-element strain gage
rosettes and four single-element strain gages were
mounted at the mid-height of the tubular member with
the orientation shown in Fig. 3. A load cell was used to
monitor the applied load. For brevity, only set-up and
results of the concentric tests are presented hereafter.
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Table 3
Cross-frame members

Diaphragm component Length Diameter Thickness Minimum yield stress
(in.) (in.) (in.) (ksi)

Top member 5 70
76

1
2

1
4

Bottom member 5 70
27

1
4

1
4

Diagonal member 5 70
22

5
8

1
4

Fig. 3. Mid-height strain gage detail.

Fig. 4. Typical cross-frame specimen schematics.

5. Concentric cross-frame specimen tests

Four cross frame specimens, designated as 1C, 2C,
3C, and 6C, were tested under concentric compressive
load and one specimen, 1T, was tested under concentric
tensile load. Wall thickness for specimens 1C through
3C was 1/80, and for specimens 6C and 1T was 1/40.
All specimens, except 3C, were fabricated using groove
welds to connect the end plates to the pipe (Fig. 3).
Specimen 3C utilized fillet welds and results from its
test were compared to those for 2C to investigate the
effects of fabrication changes on the member capacity.
Specimen 1C was tested to establish an initial member
capacity and to validate the data reduction system.
Therefore, the specimen was placed directly into the test-
ing machine with no load transfer or support mech-
anisms and loaded past its yield point. A schematic of
this configuration is shown in Fig. 5.

Tests on specimens 2C and 3C were carried out not
only to check the accuracy and robustness of the data
reduction algorithms, but also to examine the effects of
the fabrication method on capacity. Since direct com-
parisons were going to be made, pinned-pinned simu-

Fig. 5. Elevation of concentric compression, Test 1C.
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Fig. 6. Results of compression tests on concentrically loaded cross-frame pipe component.

lated end conditions, using knife edges top and bottom,
were utilized. The carefully constructed knife edges,
made of hardened steel, facilitated alignment, improved
repeatability of test results, and allowed accurate com-
parisons to be made. Specimen 6C, which was tested in
a similar configuration to specimens 2C and 3C, was
utilized to check capacity increases resulting from doub-
ling the wall thickness.

A complete overhaul of the testing configuration was
required for the concentric tension test conducted on
specimen 1T. Pins were inserted through vertical plates
welded to the ends of the 1/40 thick specimen (Fig. 4).
These pins were then connected to additional steel
plates, which were either gripped by or bolted to the
testing machine.

Fig. 7. Comparison of calculated vs. applied load.

The eight alternating single-arm gages and rosettes
were placed at 45° intervals around each tube’s periph-
ery at mid-height. Rosettes were aligned so that their
center arms fell on the longitudinal axis (z-axis) of each
specimen, while single-arm gages were placed at alter-
nating 0° and 45° angles with respect to this axis, as
shown in Fig. 4. For all specimens except 1C, the mid-
height deflection, and loaded end axial deformation and
rotation were measured using LVDTs, potentiometers
and inclinometers.

Each specimen was placed into the testing machine
and a pre-load ranging from 1 to 2 kips was applied to
keep the system stable. After stability was achieved and
all instrumentation was checked, the specimen was
loaded at a constant rate of approximately 10 kips/min
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Fig. 8. Coordinate system and boundary conditions.

until yielding was first observed. Once yielding began
to propagate through the tube section at mid-height, load
was incrementally applied until appreciable plastification
of the section, signified by a plateau of the load–strain
curve, was obtained. Then, the specimen was unloaded
to near original conditions using the same loading rate.

After completing the initial loading cycle, specimens
2C, 3C, 6C, and 1T went through two additional testing
cycles. These additional tests were used to validate
repeatability of the linear response of the specimens and
to observe their post-yield capacity. During each of the
two cycles, specimens were reloaded until appreciable
plastification was again observed and then the specimens
were unloaded to the starting point. Specimen 1C, used
to establish a benchmark cross frame specimen capacity,
as stated earlier, went through one loading and unloading
cycle before being terminated.

Fig. 6 shows the results of one of the concentric com-
pression tests conducted on pipes simulating the top

Fig. 9. Cross-frame components.

Fig. 10. Reactions at left support versus total applied load for speci-
men B6.

Fig. 11. Radial and vertical displacements for the centerline of speci-
men B6.
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Fig. 12. Progressive deformation of specimen B6 as a function of total applied load.

cross-frame member. The plot shows strains measured
from individual longitudinal strain gages (Gages 2 and
6) and from rosette strain gages (Gages R1-2, R3-2, R5-
2, and R7-2). The output of the individual quarter-bridge
gages was combined into different full-bridge configur-
ations through the use of a spreadsheet to obtain the total
forces [8]. Typical results are shown in Fig. 7, which
shows a plot of the calculated vs. applied load for the
linear range. Comparison of the result indicates very
good agreement once the actual dimensions of the tube
are used. Nominal values were used for area of the tube
for the data shown in Fig. 7, resulting in a ratio of 0.96
in the linear range rather than the 1.00 desired. Similar

results have been obtained for eccentric and tension
tests.

6. Analytical studies of the test frame

Figs. 1 and 8 show the typical mesh used during the
evaluation of the three-girder test configuration. The
model shown was developed using the solid modeling
package PATRAN Version 3.0, which was then con-
verted to ABAQUS/Aqua Version 5.5 for the detailed
analyses. Fig. 1 shows two general levels of discretiz-
ation: one for test specimens (B1 through B6) and one
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for the support test frame. The latter includes the support
girders (G1, G2 and G3), the cross frames, the bottom
lateral bracing at the ends, the loading fixtures and the
bearings. The tests specimens are bolted into the outside
girder of the test frame, indicated as support girder G3,
through field splices and are laterally supported by the
cross frames at stations 6L and 6R. The test frame con-
sists of several components, which can be further broken
down into subcomponents. The major components of the
test frame consist of the three support girders G1, G2,
and G3, the loading fixture, cross frames, bottom flange
bracing system, and the bearings, which are supported
by concrete abutments.

The geometry of the three-girder test configuration
lends itself naturally to being described within a cylindri-
cal coordinate system with the origin located at the
center of curvature of the three concentric girders, as
indicated in Fig. 8. Fig. 8 also indicates the boundary
conditions used for the analyses: vertical restraints at the
six bearing locations, radial restraints applied at both
ends of the center support girder G2, and a tangential
restraint at the neutral axis of support girder G2 at station
1L. The bearings, spherical and radial, are modeled
using unidirectional gap elements with a coulomb fric-
tion of 5%, thus making it possible to account for the
radial and tangential forces experienced at each of the
bearings. The bearings are mounted on to steel abut-
ments, which are assumed to be very stiff and are not
specifically included in the model.

Presented in Fig. 9 is the model of a complete cross
frame which consists of the pipe section top, diagonal
and bottom members, and the connecting brackets and
center gusset assembly (see also Fig. 2). The pipe section
members are retained in the basic model and are capable
of undergoing nonlinear plastic deformations. The brack-
ets and gusset assembly are substructured and are thus
restricted to linear elastic behavior. Each bracket and
gusset assembly represents a separate superelement
within the model; thus each cross frame is made up of
five superelements and five beam elements.

The FEM described in the preceding sections is com-
prised of four different element types, consisting of shell,
beam, unidirectional gap, and superelements. The gen-
eral doubly curved shell element S4R in ABAQUS was
selected to represent the girder web, flange and stiffener
plates because of its ability to represent either thin or
thick shells, finite membrane strains, and large rotations.

Fig. 10, Fig. 11 and Fig. 12 show some typical results
for specimen B6. Shown in Fig. 10 are the vertical reac-
tions at one end of the bridge versus the total imposed
load. This graph shows that the behavior is entirely lin-
ear up to a load of 360 kips where the compression
flange begins to deform. It also shows that the exterior
girder (G3) takes most of the load, and that the interior
girder contributes relatively little to the strength of the
system forthis loading condition only. This is true even

though a substantial number of stiff cross-frames exists
between G1 and G2. Fig. 11 shows the vertical displace-
ments of the compression flange at the centerline of G3.
The vertical displacements at maximum strength are
appreciable (10 in.), but the strength drops gradually and
by less than 10% as the buckling begins. Fig. 12 shows
the progression of failure in a highly distorted fashion.
The symmetrical shapes shown in Fig. 12 arise because
no eccentricities or out-of-straightness effects were
incorporated into these analyses.
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