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EXECUTIVE SUMMARY

While for decades horizontally curved steel girder bridges have been a solution for constructing
interchanges between state and Interstate highways, concerns remain regarding their design and
construction. The cross-frames in these bridges are especially critical because, unlike in straight
bridges, they are major load carrying elements.

The design and analysis of cross-frames in curved bridges is complex due to complexities in how
loads are transmitted throughout these types of bridges. The configuration of cross-frames has
generally been based on standard designs that have depended principally on gross geometries,
slenderness limits for tension and compression members, and other minimum requirements. As
such, a unique opportunity exists to improve the design of these components using modern
computer software and short- and long-term monitoring. The reconstruction of the Interstate
system in western lowa offers a unique opportunity to monitor the behavior of several yet-to-be-
constructed horizontally curved steel girder bridges.

To estimate the forces in the cross-frames of horizontally curved bridges, this project
investigated a horizontally curved bridge located in Story County near Ames, lowa, on
northbound 1-35 and westbound US 30. The goal of this research project was to understand the
behavior of cross-frames during various stages of construction and over the service life of the
bridge. Special consideration was given to identifying critical locations for instrumentation on
such components of the bridge superstructure as the main girders, cross-frames, and diaphragms
as part of data collection efforts to evaluate the long-term performance of the cross-frames.

This project involved a numerical investigation using finite element modeling and short-term and
long-term monitoring of the cross-frames in the field to achieve the following objectives:

e Identify the sections of the bridge to instrument under dead, live, and temperature loading
e Evaluate the performance of cross-frames through long-term monitoring
e Evaluate the performance of cross-frames using live load tests

The following general conclusions were made based on the results of this study:

e From the finite element analysis (FEA) carried out for this project, the following conclusions
can be drawn: The maximum and minimum forces in the cross-frames were found within the
third and fourth span of the bridge and near the interior supports. The girders were subjected
to forces vertically as well as radially. This bidirectional translation confirmed that the
displacement of girders does not follow a particular path.

e From the FEA, it was confirmed that the load within the top chord of the cross-frame varies
significantly at the two ends of each connection. The cross-frames in the interior bays were
found to carry higher forces than those in the exterior bays. The observations from the FEAS
led the research team to identify the cross-frames that are critical for instrumentation. In
addition, considering all the contributing load combinations, it was concluded that attention
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is required for the design of the top chords of the cross-frames, especially at the support
locations.

e From the long-term monitoring data, the maximum compressive stress level, 11 ksi, was
found in the diagonal strut during the minimum temperature period. As also determined from
the FEA, a stress difference of about 6 to 8 ksi is present within the top chord member in the
cross-frame located near the middle of the span. Top chords and their connections may
become vulnerable to higher stress differences during extreme sustained and fluctuating
temperatures.

e From the field tests carried out for this analysis, the girder flanges’ maximum responses were
as follows: In the longitudinal direction, the maximum response was 80 microstrain (2.4 ksi),
measured in the bottom flange of Girder 5 during load case (LC) 12 (i.e., one semi-truck). In
the transverse direction, the maximum response was -20 microstrain (-0.6 ksi), measured in
the bottom flange of Girder 5 during LC 12. As for the cross-frames’ responses, for the
interior bay, both diagonal members and the bottom chord showed higher response values
than the other members, with maximum stresses of 0.6 ksi; for the exterior bay, the two
diagonal members showed higher response values than the top and bottom chords. The
maximum stresses were recorded during LC 12, with values of 0.9 ksi (tension) and -0.9 ksi
(compression).

Overall, the research results suggest that the cross-frames close to supports may experience high
stress levels, and therefore special attention is required for their design compared to the other
cross-frames. The cross-frames within the interior bays were also found to carry higher forces
than those in the outer bays. This situation requires additional analysis during design to ensure
the safety and performance of curved girder bridges.
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INTRODUCTION
Background

Horizontally curved bridges are generally constructed to ease the layout of roadways at
interchanges on state and Interstate highways. As a result of the difficult geometries of
interchanges, limited right of ways, and the need for uninterrupted traffic flow, horizontally
curved bridges have become popular in the bridge industry since the 1960s (Itani and Reno
2000). According to a 1991 survey, 20% to 25% of the bridge inventory in the United States
consists of curved steel bridges, and the use of curved steel bridges is likely to increase as time
progresses (Hall et al. 1999).

A limited number of studies have been conducted on horizontally curved bridges. In the late
1980s and early 1990s, the American Association of State Highway and Transportation Officials
(AASHTO) and the Federal Highway Administration (FHWA) recognized the need to formulate
guidelines and specifications for horizontally curved steel girder bridges. The efforts of these
organizations and others resulted in the publication of the AASHTO Guide Specifications for
Horizontally Curved Bridges in 1980. These specifications were based on work performed by
research groups collectively known as the Consortium of University Research Teams (CURT)
and were written in allowable stress design (ASD) format. In 1993, the guide specifications were
updated and written in ASD as well as load factor design (LFD) format.

However, the portions of the AASHTO guide specifications addressing the design and
construction of horizontally curved steel bridges demonstrated major deficiencies (Hall et al.
1999). In 1999, a multiyear research program conducted under National Cooperative Highway
Research Program (NCHRP) Project 12-38 resulted in a report, Improved Design Specifications
for Horizontally Curved Steel Girder Highway Bridges, that updated the guide specifications for
horizontally curved highway bridges. The report provided recommended load factor design and
construction specifications that addressed many of the problems associated with the design and
construction of horizontally curved bridges.

AASHTO, FHWA, and NCHRP have since significantly increased their efforts to understand the
behavior of horizontally curved bridges through a number of analytical and experimental studies.
NCHRP Project 12-52 was initiated to develop design specifications for curved bridges in
AASHTO load resistance factor design (LRFD) format. The provisions specified in the report for
NCHRP Project 12-52 were published in AASHTO’s 2006 interim revisions to the guide
specifications. The revisions significantly improved the AASHTO specifications related to
horizontally curved steel bridges, yet a few issues remained unanswered, in large part because
the behavior of curved bridges is more complex than that of straight girder bridges. In 2012,
NCHRP Report 725 (White et al. 2012a) provided guidelines for the construction and analysis of
curved and skewed steel girder bridges that included many aspects of three-dimensional (3D)
finite element modeling (FEM), as well as one-dimensional (1D) and two-dimensional (2D)
analysis methods that can be used in place of 3D analysis and require less computational time
and cost.



Around the same time as NCHRP Project 12-38 was underway, the FHWA in cooperation with
AASHTO began a multiyear research program on horizontally curved steel I-girder highway
bridges. Research conducted by Grubb and Hall (2019) under this FHWA project focused on
experimental testing as well as an elastic analysis of a three-girder simple span curved bridge
using commercially available software packages such as the BSDI 3D system, GTSTRUDL,
MDX, and VANCK. MDX and VANCK are software applications that mainly use grid analysis
and V-load analysis, respectively, while the BSDI 3D system and GTSTRUDL are 3D analysis
programs. A comparison of the results from the different software applications showed
reasonably good agreement among all programs except VANCK. Vertical deflections computed
in VANCK were significantly lower than those computed in the other three programs. The
research comprehensively focused on the behavior of all bridge components and the overall
behavior of full-scale curved I-girder bridges in laboratory conditions. The cross-frames of the
bridges were designed based on the forces estimated from the elastic analyses using 3D computer
models. The researchers also presented the philosophy of the component bending tests used in
the study and a detailed description of the experimental design for the curved steel bridge
research project.

Nationally, concerns remain regarding the design and construction of horizontally curved steel
girder bridges due to difficult-to-predict girder displacements, fit-up issues, and locked-in
stresses. Some of the more complicated components to analyze and design in these bridges are
the cross-frames due to complexities associated with how loads are transmitted throughout the
bridges.

In steel bridges, cross-frames provide lateral load resistance, distribute traffic loads throughout
the system, and reduce the buckling length of compression flanges. During the construction
process, and in the absence of a hardened concrete deck, cross-frames provide lateral support to
steel girders against wind loads along with overall stability. In the case of horizontally curved
bridges, the radial forces in the top and bottom flanges of the girders cause the girders to twist
about their horizontal axis. Therefore, due to the interaction between bending and torsion in
horizontally curved bridges, the cross-frames become major load carrying elements.

The importance of cross-frames in horizontally curved steel girder bridges is very well known to
the bridge industry. However, while research on the behavior of curved bridges has progressed
over the past few decades, little research has been conducted on the behavior of cross-frames,
and the analysis and design of cross-frames is still a vague, poorly understood area.

The configuration of cross-frames has generally been based on standard designs that have
depended principally on gross geometries, slenderness limits for tension and compression
members specified in the American Association of State Highway and Transportation Officials
(AASHTO) LRFD Bridge Design Specifications, and meeting minimum requirements. As such,
a unique opportunity exists to improve the design of these components. Using modern computer
software, the forces in cross-frames due to common loads on curved bridges can be accurately
determined and sized accordingly. Additionally, including the effects of field-recorded
temperature loads on cross-frames can expand our understanding of the overall behavior of
cross-frames under a combination of dead, live, and temperature loads.



A recent study conducted on six curved girder bridges in lowa revealed that, for modest amounts
of curvature, the primary girders can be designed using design principles used for noncurved
girders (Greimann et al. 2014). However, that study focused on bridges with steel diaphragms
and primarily focused on the main bridge girders. Furthermore, the project focused on the
influence of integral abutments, thermal expansion/contraction, and response under live loads.
As a result, many questions remain about how cross-frames behave, including during various
phases of construction.

The reconstruction of the Interstate system in western lowa offers a unique opportunity to
monitor the behavior of several yet-to-be-constructed curved girder bridges. The opportunity to
collect data on a yet-to-be-constructed bridge could provide a better understanding of the ways
cross-frames participate in the global response of a horizontally curved bridge. Additionally, the
data collected from such bridges will form a strong baseline from which our understanding of the
whole-life forces acting on horizontally curved steel girder bridges can be expanded.

Research Objective and Scope

To address the issue of estimating the forces in the cross-frames of horizontally curved bridges,
this project investigated a horizontally curved bridge located in Story County near Ames, lowa,
on northbound 1-35 and westbound US 30. The goal of this research project was to understand
the behavior of cross-frames during various stages of construction and over the service life of the
bridge. Special consideration was given to identifying critical locations for instrumentation on
such components of the bridge superstructure as the main girders, cross-frames, and

diaphragms as part of data collection efforts to evaluate the long-term performance of the cross-
frames. This project involved a numerical investigation using a well-known computer application
and short-term and long-term monitoring of the cross-frames to achieve the following objectives:

e Identify the sections of the bridge to instrument under dead, live, and temperature loading
e Evaluate the performance of cross-frames through long-term monitoring
e Evaluate the performance of cross-frames using live load tests

Report Organization
The remainder of this report is organized as follows:

e The second chapter provides a review of the literature related to the behavior of horizontally
curved bridges, particularly focusing on cross-frames.

e The third chapter provides the details of a numerical modeling study that used computer
software to identify critical locations in the bridge under consideration for live load tests and
long-term monitoring of the cross-frames.

e The fourth chapter provides the details of long-term monitoring efforts of the cross-frames in
the Story County bridge and field-observed data.

e The fifth chapter provides the details of live load tests that were carried out on the Story
County bridge.



e The final chapter provides recommendations and conclusions drawn from the results of the
numerical modeling, long-term monitoring, and live load testing.



LITERATURE REVIEW
Horizontally Curved Steel Girder Bridges and Cross-Frames

Previous research undertaken at lowa State University (Greimann et al. 2014) focused primarily
on the behavior of horizontally curved bridges (with integral and semi-integral abutments)
specifically to understand their behavior under varying thermal loading. Over the years, a
number of studies on the behavior of curved bridges have been undertaken. However, few
research studies and/or guidelines have focused specifically on the behavior of cross-frames in
horizontally curved bridges.

Helwig and Wang (2003) focused on the behavior of cross-frames and diaphragms in skewed
bridges. The primary focus of the research was on the bracing requirements of skewed bridges.
The outcome of this research lead to the introduction of the lean-on bracing system, which is
aimed at reducing the number of cross-frame members in the intermediate cross-frames.
However, the sizing and design of the cross-frames was mainly based on the bracing stiffness
requirement.

Out of the handful of research studies focused on the cross-frames of horizontally curved
bridges, Maneetes and Linzell (2003) carried out studies on the influence of cross-frames and
lateral bracing on the free vibration response of horizontally curved steel bridges. The study
found that providing bracing in the exterior bays of curved bridges led to a reduction in dynamic
stresses and hence was more effective than not bracing. However, bracing all bays did not lead to
an appreciable reduction in dynamic stresses. The behaviors of K-type and X-type braces were
identical. McConell et al. (2014) investigated the cross-frame forces in skewed bridges. The
findings from the field investigation indicated that a significant amount of bending was present
in some cross-frames. Sharafbayani and Linzell (2014) investigated cross-frame optimization to
enhance the performance of horizontally curved steel bridges. The study evaluated the
orientation, spacing, and framing combinations of the cross-frames. Keating et al. (1997)
performed an investigation of cross-frame diaphragm fatigue and load distribution behavior in
steel highway bridges. The findings from this investigation suggested that sizing individual
members for maximum design load conditions results in an increase in member sizes. The
increased member sizes then lead to an increase in the overall stiffness of the diaphragms,
increasing their load carrying contribution to the structure and resulting in even larger member
sizes. Therefore, the authors suggested that diaphragm members be the minimum size necessary
to provide girder stability.

Yoo and Littrell (1986) investigated the response of horizontally curved girders connected by
slabs and cross-frames under dead and live loads using a set of finite element analysis (FEA)
models. The investigation found that the cross-sections of the plate girders deform (warp)
excessively under a combination of dead and live loads if they are not adequately braced and that
warping stresses are sensitive to bracing spacing. The authors recommended that warping
stresses to be included in design methodologies.



A study by White et al. (2012a) conducted under NCHRP Project 12-79 provided a set of
detailed analytical methods for designing and evaluating curved and skewed steel girder bridges.
The authors argued that engineers practically never consider the effects of lack of fit in the initial
analysis and design phases and noted that locked-in forces can significantly influence the girder
layovers, cross-frame forces, and girder major-axis bending and/or flange lateral bending
stresses. Davidson et al. (1996) investigated different parameters, such as degree of curvature,
span length, and flange width, that affect the behavior of cross-frame bracing systems. A
nonlinear statistical equation was developed to determine the preliminary design limit for the
cross-frame spacing interval. The study was primarily focused on the warping and bending
stresses induced in the girder flanges and their effects on cross-frame spacing. Of the parameters
investigated in the research, span length, radius of curvature, flange width, and cross-frame
spacing were found to have the greatest effect on the warping-to-bending stress ratio. Greimann
et al. (2014) and Hoffman (2013) investigated the performance of horizontally curved integral
abutment bridges that were part of the reconstruction of the Northeast Mixmaster, an intersection
between 1-35, 1-80, and 1-235 near Des Moines, lowa. The findings from the research related to
thermal stresses in horizontally curved girders were not alarming, but the research emphasizes
the importance of thermal loading in the design of horizontally curved bridges that incorporate
restrained supports with increasing degrees of curvature.

According to the Hanshin Guidelines (Nakai and Yoo 1988), in horizontally curved girder
bridges the resisting normal stresses due to load effects have four basic components, as shown in
Figure 1.
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Figure 1. Four normal stress components described in the Hanshin Guidelines



The figure includes the normal stresses due to bending in the first three components and stresses
caused by nonuniform torsion effects in the fourth component. The comprehensive effects of
loading on curved steel bridges are summarized in the next section. However, for further reading,
the handbook on bridges published by U.S. Steel (1984) can be referenced. For I-girder curved
steel bridges, the Hanshin Guidelines uses a linear interaction equation that includes the effects
due to vertical bending stress and lateral bending stress, as shown in the following equation (Hall
et al. 1999, Nakai and Yoo 1988):

fo | fi
—+—=<1.0
Fy +Fl -

where f;,= vertical bending stress, f; = lateral flange bending stress, F;, = allowable vertical
bending stress, and F; = allowable lateral flange bending stress.

1D Line Analysis

Before computing power was used in the analysis of curved bridges, the 1D line girder method
was the most basic method used in the engineering of bridges. The V-load method presented in
Fiechtl et al. (1987) and U.S. Steel (1984) was used to extend the 1D line girder method to
curved bridges by including the effects due to horizontal curvature. As the use of computers and
computing software increased, soon the place of VV-load analysis was taken by more advanced
2D and 3D computer models. However, for the purposes of a literature review, it is important to
summarize the classical method used for the analysis of curved bridges. The V-load method for
approximate analysis of horizontally curved bridges is summarized in this section.

The method has some limitations that are pointed out in various sources. Some of the limitations
are summarized in this section. This method assumes that approximate forces on horizontally
curved girders connected with radial diaphragms can be determined from equilibrium. In the case
of curved bridges, the outer girder experiences an increase in load due to curvature while the
inner girder experiences a decrease in load. Figure 2 shows the details of a curved bridge unit
with two girders spaced at distance D.



Girder 1

Girder 2

Fiechtl et al. 1987, Center for Transportation Research, University of Texas at Austin

Figure 2. Two-girder horizontally curved bridge unit

In this configuration, the angle of curvature of the bridge is 6, the radius of the outside girder
(Girder 1) is R, and the arclength is L,. The radius of the inside girder (Girder 2) is R,, and the
arclength is L,. The radial cross-frames/diaphragms are spaced at distance d.

In this configuration, assuming the bending moment M; generated in the outer curved steel I-
girder (Girder 1) is resisted by the longitudinal forces in the flanges, the flange force in each
flange of the girder is M, /h,, where h; is the depth of Girder 1. Similarly, if the bending
moment M, generated in the inner curved steel I-girder (Girder 2) is resisted by the longitudinal
forces in the flanges, the flange force in each flange of the girder is M, /h,, where h, is the depth
of Girder 2. Due to the curvature of the flanges, the longitudinal forces due to bending are not
collinear. Thus, the chord of the diaphragm develops a radial force to maintain the radial
equilibrium of the flange. The top and bottom flanges develop equal and opposite radial forces
with respect to the compressive and tensile forces in the flanges of the curved steel girder. Figure
3 shows a free body diagram of the cross-section of a bridge and the cross-frame location.
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(b) Force action on the cross-frames

Fiechtl et al. 1987, Center for Transportation Research, University of Texas at Austin

Figure 3. Horizontally curved twin girders

The horizontal radial forces developed in the cross-frame of Girder 1 and Girder 2 are given as

Md Mad
_ 11andH2= 2d2

H, = hyR4 hyR, ()

The moment equilibrium of the diaphragm when the two girders are of the same depth, the
vertical shear, then becomes

V= (H, + HZ)% )



After substituting the expressions of H; and H, and, from geometry, d,/R; = d,/R, = d/R,
the expression of shear force in the diaphragm becomes

y = Mathy ©)
Ra

The bending moments of Girders 1 and 2 in equation (3) are due to the applied loads and the

additional forces due to the curvature and are calculated as

M, = Myp, + My, (4)

Mz = sz + MZU (5)

The V-load moments are assumed to be proportional to their respective girder lengths (U.S. Steel
1984), which can be further expressed as

Myy My

L - (6)

The equation then may take the form
L
M + My = My, + My + My, (1= 2) (7)

Neglecting the term (1 — L, /L,) because it is small, the equation becomes
M1 + Mz = Mlp + sz (8)

Thus, substituting this in the equation leads to

V:% (9)
d

In the summary, the V-load method involves analyzing the girder system twice. The first analysis
provides the response of the P-loads, which are applied loads. After analyzing the V-loads, the
moments due to the V-loads are once again calculated and added to the total moment M; and M,,
and then the overall shear forces at the diaphragm panels or cross-frames are calculated. This
method is easily extended to multi-girder bridges, as shown in Figure 4.
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Figure 4. Typical cross-section of a horizontally curved bridge

For a bridge with N, girders, where D is the distance between the outer and inner girders, the
shear force in the diaphragm panel is given as

N , (D
X2 H =XV, (N_h) (10)
V; is the shear in diaphragm or cross-frame i, h is the depth of the girder, N is the number of
diaphragm panels in cross-section N = N, — 1, and d and R are the cross-frame spacing and
radius of curvature of the girder, respectively.

M;d

H;, the lateral force in girder i, is given by H; = e

After substituting H; in equation (10), equation (10) becomes

N dN ,
> M = Z{V=1V] (11)

i=1"lgp —

The shear in any panel j, which is equal to the sum of the shear forces on Girder 1 to j, is given
as

v/ =%,V (12)

Due to the horizontal curvature of the bridge, the girders must resist torsional forces. The shear
forces on an individual girder are calculated as

vi=v[1-22] (13)

where V is the shear force on the outer girder.

Substituting equation (13) in equation (12) and equation (12) in equation (11) yields equation
(14) and equation (15), respectively:

11
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Rearranging equation (15), we get

N
T Mi
c¢'(RD/dN)

Solving equation (16), the coefficient C' in terms of N is given as

c’ =%(N+1)2—%(N+1)(2N+1)

Defining C = %and substituting that into equation (17), we get

_nhm
" C(RD/d)

Where C =
6

For multiple girders, the coefficient C is shown in Table 1 (U.S. Steel 1984).

1Ng(Ng+1)

Ng

1

Table 1. VValues of coefficient C

No. of girders | Coefficient,

in system C
2 1
3 1
4 10/9
5 5/4
6 7/5
7 14/9
8 12/7
9 15/8
10 165/81
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The V-load acting on the outer girder at the cross-frame location is given by

Ng )
— Zi:l MPL (21)

~ C(RD/d)

Thus, to calculate the total forces in V-load analysis, the analysis procedure is performed twice.
The first analysis gives the P-load moments, shear, and reactions. Based on the P-load responses,
self-equilibrating V-load forces are calculated. The moments and shear forces due to the self-
equilibrating V-load forces are then added into the P-load responses to get the total forces acting
on the cross-frames.

The V-load method assumes that the internal torsional load on the bridge is resisted by the shears
that develops in the diaphragms or cross-frames. Any additional torsion is resisted internally by
the girders. The horizontal girders in curved bridges are required to resist the torsional forces on
the entire cross-section of the bridge as a single unit. The I-shaped steel girder has two types of
torsional resistances: St. Venants torsion stiffness and warping torsional stiffness. When both
torsional effects, shown in Figure 5 (a), (b), and (c), are combined, they cause additional bending
stress and shear stress on the girder sections and must be accounted for in the design.

(2) I-glrtig;;létr)]Jected 0 (b) St. Venants torsion (c) Warping of cross-section

U.S. Steel 1984
Figure 5. I-girder subjected to torsion and warping

In bridges, the bottom flange of each curved I-girder is not braced in its plane, and as a result the
St. Venants stiffness in each I-girder is less than its warping stiffness. Thus, the St. Venants
torsional stresses are generally less than the warping stresses, and St. Venants torsion is
neglected in the approximate analysis of curved girder units for which bracing is not provided in
the plane of the bottom flange. For this reason, warping torsion is important in the approximate
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analysis of curved I-girders. The effects of warping torsion can be included by applying lateral
forces to a straight model of the girder. The lateral force . on the flange changes along the
length of the girder and is proportional to the bending moment as required for radial equilibrium:

=2 (22)

Where M is the total bending moment in the girder at the location of interest, h is the distance
between the flanges, and R is the radius of the girder. The lateral bending moments resulting
from such loading are the flange warping moments M. The flange warping moments also

change along the length of the girder. The warping stress g, at the tip of the flange is given by

M
Oy = S_}{ (23)

Where S is the section modulus of the bottom flange for lateral bending. The warping stresses
alone are usually in the range of 5 to 10 ksi and should not be ignored (U.S. Steel 1984). The
warping stress is combined with the longitudinal bending stress in order to determine the
maximum total flange stress, as shown in Figure 6.

(a) warping torsion (b) Warping shear stress (c) warping normal stress
U.S. Steel 1984
Figure 6. Stress distribution in an I-girder

2D Analysis

The 2D grid method is an approximate analysis usually employed in the analysis and design of
steel I- and tub-girder bridges. In this approach, the girders and cross-frames are modeled as line
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elements that have three degrees of freedom (DOFs) per node, two rotational and one
translational, as shown in Figure 7.
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White et al. 2012b, NCHRP
Figure 7. Beam element in 2D analysis

The vertical depth of the superstructure is not included in a 2D grid model. The girders and their
cross-frames or diaphragms are theoretically connected together at one common elevation;
internally, it is taken as the centroidal axes of the girders (White et al. 2012a). All of the
bearings, supports, diaphragms, and cross-frames theoretically are located at this same elevation
in the model. The analysis software calculates only the vertical displacements and the rotations
within the plan of the bridge. In addition to 2D grid analysis, steel bridges are also analyzed
using the 2D frame method. In the 2D frame method, each node has six DOFs. Unlike the
elements in Figure 7, these elements have three translational and three rotational DOFs at each
node. The additional DOFs are translation in the X and Y direction and rotation about the Z
direction. However, the 2D frame method does not provide additional information beyond that
resulting from 2D grid analysis.

3D Analysis

According to the guidelines presented in White et al. (2012a), any matrix analysis software in
which the structure is modeled in three dimensions may be considered three-dimensional finite
element analysis (3D FEA) software. According to the G13.1 guidelines developed by AASHTO
and the National Steel Bridge Alliance (2014), an analysis method is classified as a 3D FEA if all
of the following are true:

The superstructure is modeled fully in three dimensions.

The individual girder flanges are modeled using beam, shell, or solid type elements.

The girder webs are modeled using shell or solid type elements.

The cross-frames or diaphragms are modeled using truss, beam, shell, or solid type elements
as appropriate.

15



e The concrete deck is modeled using shell or solid elements (when considering the response
of the composite structure).

Discussion of Analysis Methods

Each of the methods have limitations. In line girder models, the girders are analyzed separately
without considering their interactions with other framing. The dead loads applied to the
individual girders are based on their tributary areas, and the interactions between the cross-
frames and girders are neglected. Therefore, line girder analyses do not predict any torsion of the
girders. The V-load method is required to extend the line-girder method to include the effects
due to curvature. Additionally, the line-girder method does not include any information about the
bridge’s skew and therefore cannot accurately represent the effects due to skewed supports.

2D grid models are generally sufficient to represent the behavior of cross-frames, girders, and
diaphragms. However, the components are generally modeled using elements that are based on
Euler-Bernoulli or Timoshenko beam theory, and these elements are not sufficient to represent
the physical behavior of the structural components (White et al. 2012a). The cross-frame forces
cause lateral bending in the girder flanges, and it is necessary to have an accurate prediction of
the cross-frame forces to compute the expected levels of girder flange stress. Conventional 2D
grid models are not able to predict the lateral bending responses of flanges with reasonable
accuracy.

More information about a structure’s behavior is provided when the structure is modeled fully in
three dimensions. The 3D analysis method is deemed the most accurate analysis method among
the bridge engineering community but is time consuming and complicated and is deemed most
appropriate for complicated bridges (AASHTO and NSBA 2014). There are fewer concerns
associated with 3D analysis methods than with the other methods described above. However,
when and how to use refined 3D FEM analysis methods in engineering design is an issue of
debate. Detailed guidelines about 3D analysis have not been incorporated into AASHTO
specifications as of March 2021.
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NUMERICAL ANALYSIS
Introduction

As previously discussed, the objective of this research was to gather information that will assist
in the design and construction of cross-frames in horizontally curved bridges. For this purpose,
this project investigated a horizontally curved bridge located in Story County, lowa, on the
southeastern edge of Ames.

This chapter describes a finite element model developed to identify critical areas of the bridge
for instrumentation. A preliminary analysis of the bridge was carried out to ensure that the
moments in the girders were similar to those reported in the analysis and design of the bridge.
The analysis was established using the commercial finite FEM analysis software package
CSIBridge (Computers & Structures, Inc. 2017).

The Story County bridge serves as a ramp from northbound 1-35 to westbound US 30 with a total
span of 1,970 ft and a radius of curvature of 1,100 ft. The bridge layout is shown in Figure 8, and
a cross-section is shown in Figure 9.
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Figure 8. Layout of Story County bridge
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Figure 9. Cross-section of Story County bridge

The bridge has six spans and span lengths of 190, 240, 251, 271, 271, and 200 ft, respectively. It
consists of an 8 in. composite deck supported by five curved I-girders. The bridge is braced at
the abutments, pier, and intermediate cross-bracing by the use of L 6 X 6 X 5/8, W 16 X 67, and
plate girder diaphragms. At the abutments, W 16 X 67 is used as the top chord and L 6 X 6 X 5/8
is used as inverted V bracing and the bottom chord. For the intermediate cross-bracing, L 6 X 6
X 5/8 is used as the top chord, inverted V bracing, and bottom chord. At pier locations, plate
girders consisting of 80 X 1 for the web and 20 X 1 1/8 for the top and bottom flanges are used
as diaphragms. The girders are spliced at different locations along the length of the bridge and
have different cross-sections. The smallest cross-section (for Girders A, B, and C) consists of 1
X 18 for the bottom flange, 7/8 X 18 for the top flange, and 3/4 X 106 for the web; Girders D
and E consist of 1 X 22 for the bottom flange, 7/8 X 20 for the top flange, and 3/4 X 106 for the
web.

Bridge Geometry, Loads, and Assumptions in the Analysis

A bridge model was prepared using FEM guidelines specified in various guidance documents
and reports (AASHTO and NSBA 2014, White et al. 2012a, White et al. 2012b, AASHTO
2017). To account for cross-sectional warping, girders were modeled with a combination of a
shell element and two separate beam/frame elements. The top and bottom flanges were modeled
using frame elements, whereas the web of the girders was modeled as a shell element. Cross-
frames, diaphragms, and lateral bracing at the top flanges in the inner girders near the pier were
modeled using frame elements. In the preliminary analysis phase, two analysis models of the
same bridge were prepared. In the first model, moment releases at the ends of cross-frames were
assigned. In the second model, no moment releases were assigned.
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The bridge geometry was prepared using existing information from lowa DOT drawings. For
example, the horizontal and vertical layout of the bridge, the heights of the columns, and the start
and end elevations of the abutments were modeled in CSIBridge using existing information. At
the abutments and at Piers 1, 2, 5, and 6, a free bearing was modeled, and at Piers 3 and 4 a fixed
bearing was modeled. The concrete deck was estimated to be about 8 in., and the haunch was
assumed to be a constant 2 in. along the length of the bridge. The bent properties were modeled
as specified in the engineering drawings provided by the lowa DOT. A 4.8% superelevation was
included in the model for this bridge.

The bridge model is shown in Figure 10, and a closer look at one of the spans is shown in Figure
11.

Figure 10. Bridge model in CSIBridge

Figure 11. Closer look at Span 1

The noncomposite uniform dead load for the entire bridge section was 1.186 kips/ft on the
internal girders and 1.21 kips/ft on the external girders. The DC2 load was estimated to be about
0.52 kips/ft and was applied on both edges of the concrete deck. The DW load was about

0.02 kips/ft? and was applied as a surface/area load directly on the concrete deck. The HL-93
load was considered to be a governing case based on observation. The load placements for the
positive and negative moments are shown in Figures 12 and 13, respectively.
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The following configurations were used to determine the maximum negative

and positive moment effects. For a uniform temperature, a temperature range of 150°F was
considered. A load case (LC) consisting of positive and negative temperature gradients was
considered in the analysis of the bridge. To reflect lowa’s climate, the positive temperature
gradient was considered to be 46°F for T1 and 12°F for T2, whereas for the superstructure below
the thickness of the slab a constant temperature linearly interpolated between 0°F and 12°F was
considered.

Temperature Loading for the Bridge

In the field, bridges are exposed to temperature variations throughout their service life. The
temperature variations induce movement in bridges. Due to temperature fluctuations, the steel
members in steel girder bridges expand and contract. Generally, in continuous steel girder
bridges, restraints on movement are provided by means of fixed and free bearings. These
restraints can cause internal forces in the steel girders. In bridges with expansion joints, bearings
have been observed to produce limited displacement because of corrosion and general wear and
tear. In such cases, the bridge’s movement solely depends on the deformation of the bridge’s
piers and abutments. The free bearings are typically oriented on tangents or on chord. (For the
bridge investigated in the present study, the free bearings were oriented on chord.) Using too
many fixed bearings can over-constrain the structure, whereas using too many free bearings can
lead to stability issues. Thermal deformation can occur in multiple directions, such as
tangentially, on chord, or radially, and therefore guided bearings that allow unidirectional
translation are used in almost all horizontally curved bridges.
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The remainder of this chapter reviews current AASHTO provisions for considering design loads
in light of thermal effects, describes the analysis in CSIBridge, and presents the results of the
analysis.

Thermal loading on horizontally curved steel girder bridges has not been studied
comprehensively. The current AASHTO specifications provide minimal guidelines on the
behavior of steel bridges in the presence of thermal effects. The AASHTO specifications also fail
to provide guidelines on the behavior of cross-frames in horizontally curved bridges for different
types of loads, including temperature loads. The orientation of bearings and bearing movement is
extremely important in the case of horizontally curved bridges. In the case of horizontally curved
bridges, curvature can induce lateral thermal forces at the supports when only tangential
movement is allowed. In a tangential movement system, a particular path is imposed on the
structure. In such systems, excessive transverse forces are generated. To minimize the thermal
forces, a chordal system uses guided bearings that allow unidirectional translation; these are used
on most horizontally curved bridges. Restraints at the supports can cause internal forces within
the structure, and these forces can damage the components of the bridge in terms of irregular
bending, warping of the cross-section, and damage to the bearing devices, which may lead to
costly repairs.

In addition to irregular deformation and other damage, thermal loading has been found to
negatively affect the structural capacity of steel girders. Previous experiments by Moorty and
Roeder (1992) and field investigations by Reynolds (1972) and Beckett (2013) have shown that
thermal movement does not follow a particular path. Field observations have shown that in
horizontally curved bridges, thermal movements do not only occur in the tangential direction or
on chord. Radial movements can result in the same amount of movement as tangential or on
chord movements.

In the present analysis, the focus was on the behavior of the cross-frames. In order to understand
the effects of temperature loading on the cross-frames, it is necessary to observe the behavior of
the curved steel girders because, as described in Hall et al. (1999), U.S. Steel (1984), and Fiechtl
et al. (1987), the forces in the cross-frames depend on the behavior of the curved steel girders.

AASHTO (2017) Temperature Loading Guidelines

AASHTO design specifications require that temperature loading be considered in the analysis of
steel girder bridges. However, engineers tend to neglect temperature loading effects when
designing structural members. AASHTO (2014) provides two load cases for temperature
loading: uniform temperature and temperature gradient. The temperature changes in a bridge do
not occur uniformly; rather, bridges are designed for an assumed temperature range for
maximum movement. According to the current AASHTO design guide as of the writing of this
report, a uniform temperature range is assumed to design for the movement of the bridge, while
in reality bridges experience a temperature gradient. The free bearings are designed in
consideration of the maximum movement due to the temperature range. AASHTO (2014)
provides temperature ranges for different types of superstructure such as steel or aluminum,
concrete, or wood (Table 2).
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Table 2. AASHTO 3.12.2.1-1 Procedure A temperature ranges

Climate | Steel or Aluminum | Concrete Wood
Moderate 0°F to 120°F 10°F to 80°F | 10°F to 75°F
Cold —30°F to 120°F 0°F to 80°F | 0°F to 75°F

The United States is divided into two climate zones: moderate and cold. For steel or aluminum,
the temperature range varies from 0°F to 120°F in moderate climates, whereas in cold climates
the range varies from -30°F to 120°F. Concrete bridges are categorized in terms of the same
climate zones; in moderate climates, the range varies from 10°F to 80°F, and in cold climates it
varies from 0°F to 80°F. Concrete bridges have a greater thermal mass and a slower rate of heat
transfer than steel bridges.

Because of continuous temperature variations, bridges are always in a state of heat transfer. The
heat transfer takes place via three mechanisms: direct radiation from the sun, convection of heat
between the surface and the ambient air, and re-radiation of the surface to or from the
surrounding environment. The bridge deck is directly exposed to solar radiation, whereas the
temperature in the rest of the superstructure below remains less exposed to that heat. Thus, a
nonlinear temperature loading situation takes place. The four solar radiation zones in the United
States are shown in Figure 14, and the temperature gradients for the zones are listed in Table 3.

© AASHTO 2017, used with permission

Figure 14. Solar radiation zones in the United States

Table 3. Temperature gradients for the solar radiation zones in the United States

Zone | T1(°F) | T2 (°F)
1 54 14

2 46 12
3 41 11
4 38 9
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AASHTO provides guidelines for considering positive and negative temperature gradients. For
steel superstructures, the temperature below the concrete is taken as a constant. The value of A in
Figure 15 is taken to be 12.0 in.
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Figure 15. Temperature gradient for concrete and steel superstructures
Verification of CSIBridge Thermal Load Applications

Three-dimensional analysis tools can facilitate the process of analysis and design; however, it is
of utmost importance that the load application that the engineer chooses provides accurate
results. The application of temperature gradients within the environment of CSIBridge required
the research team to verify the automatic application of temperature to elements of the bridge
such as the deck, girder web (shell elements), girder flanges (beam elements), and so on.
Application of incorrect temperature gradient values may result in incorrect calculation of
moments and forces, which may lead to erroneous selection of critical locations for long-term
health monitoring. The stress distribution of a temperature gradient is calculated as EaT. The
temperature gradient is specified initially and applied to the transformed section, and then the
axial forces (P) and moment (M3) are calculated. After the calculation of said parameters, an
equivalent temperature distribution (constant + linear) is applied over the depth of the section. It
is possible to solve for the axial force by integrating this equation over the depth of the section
that accounts the web and flange areas.

Results

The axial forces and moments in the individual members of the exterior cross-frames of the first
four spans are reported in this section. It was determined during the analysis phase that a limited
number of braces would be instrumented to ensure the efficiency of the instrumentation plan.
Therefore, during the analysis phase the exterior cross-frames were analyzed in detail to identify
the most critical members.
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The overall results for the girder moments and shear values were compared with the data
provided in the lowa DOT design documents to confirm the validity of the structural model
prepared by the ISU research team, with the following results:

e The results were found to be in accordance with the data provided by the lowa DOT. The
observed difference was about 5% to 10%.

e The inner girders experienced fewer loads than the outer girders. In the case of the inner
girders, the values resulting from the CSIBridge modeling were less than those provided by
the lowa DOT, but the results for the outer girders were relatively close, with a difference of
2% to 5%.

e Effects like torsion and moment about the vertical axis due to radial forces are significantly
influenced by cross-frames.

Summary of Results

The effects due to the temperature and gravity load cases are discussed in this section, and the
forces predicted by the numerical analysis are presented. Three cases of temperature loading are
discussed: uniform temperature, positive temperature gradient, and negative temperature
gradient. The effects of uniform temperature loading are certainly the largest when the three load
cases are compared. In reality, however, uniform temperature loading does not occur. Therefore,
temperature gradient was included in the analysis to capture any irregularities in the behavior of
the steel girders, cross-frames, or diaphragms. The nomenclature used for the cross-bracings is
shown in Figure 16.
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Starting from an axial load distribution, uniform temperature loading induced a compressive
force within the section near the support and a positive tensile force within the spans. This trend
is visible in the axial force diagram for each individual girder. The negative force was at
maximum at the location of the fixed bearings, whose purpose is to prevent translation in any
direction. Hence, a high restraining force was generated. Similarly, at the location of the free
bearings, a comparatively low negative force (axial compression) was seen. This low axial
compression was due to a combination of the presence of the full depth of the diaphragm and a
relatively low stiffness due to the free bearings.

As the bridge expanded, the right exterior portion (the right exterior girder and the third interior
girder) of the second, fourth, and sixth spans experienced an upward deflection. The upward
deflection was significant in the fourth span. In contrast, when the bridge contracted, the exterior
portion of the first, third, fifth, and seventh spans experienced an upward deflection, although
this upward deflection was not as significant as the upward deflection in the fourth span when
the superstructure underwent expansion. It is important to highlight that the girders were forced
to translate both vertically as well as radially. This bidirectional translation confirmed that the
displacement of girders does not follow a particular path. As a result, there is a high likelihood of
high lateral forces acting on the bridge piers in both directions.

It should be noted that the observations from the three load cases that focused on temperature
(i.e., uniform temperature, positive temperature gradient, and negative temperature gradient) do
not include other gravity-based load components. The investigations covered this separate set of
individual load cases because the primary focus of this research project was on identifying the
critical cross-frames where the loading demands are highest.

From the simulation results, it was found that when the bridge expands under the uniform
temperature case, the right exterior girder and the third interior girder move up (in Span 2, 4, and
6). Because both of its ends are fixed, Span 4 experiences forces higher than those in the other
spans (due to the uniform temperature). As reported in the literature, bridges do not follow one
particular movement pattern when subjected to temperature loads, as they may move tangentially
as well as radially. As a result of the upward moving demand and due to the curved nature of the
bridge under consideration in this research project, the girder system was forced to translate
vertically and radially. Under a positive temperature gradient, for example, an upward deflection
was recorded for Span 1 and 7.

It is important to highlight that these observations are purely based on the numerical simulation
results and do not include deflections due to gravity-based load components, which counteract
upward deflections. The field investigations did not cover the deflection profile of the girders,
although that can be a topic of interest that may complement the findings of the current research
project on cross-frames.

For the moment about the vertical axis (M2), the cross-frames influenced M2, especially near the
supports for the left exterior and first interior girders. The temperature loading caused alternating
twisting of the steel girders at different cross-frames and between cross-frames. This resulted in a
zigzag pattern of torsional forces. The forces in this zigzag pattern were generally higher than
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those witnessed within the spans. At the fixed supports, the bottom portion of the web was found
to deflect. For the positive temperature gradient, no significant twisting was seen in the first and
seventh spans, but all other spans twisted. The direction of twisting was such that the girders (the
entire system) within the supports rotated in a clockwise direction. The negative temperature
gradient had the exact opposite effect on the system, where the twisting direction was in a
counterclockwise direction. The first and last spans were observed to be sagging.

Forces in the Members of the Left Brace

Figures 17 through 32 show the axial forces and moments in the individual members of the
exterior cross-frames of the first four spans in the left brace.

26



Span 1

Axial Load Member 1
15
10

-5
-10

Axial Load (kips)

Corss Frames

—e—-Dead e DC2 DW

(a)

Major Axis Moment Member 1

Move Max —e—Move min

Moment Kip-ft
N

Cross Frames

| —e—-Dead —¢ DC2 DW

(©)

Axial Load Member 1

Move Max —e—Move Minl

-5

Axial Load (kips)
o

-10

Corss Frames

—e-Dead o DC2 DW

(€)

Major Axis Moment Member 1

Move Max —e—Move min

15

10

Moment Kip-ft
(6]

-5
0 2 4 6 8 10 12
Cross Frames

—e—-Dead —* DC2 DW

(9)

Move Max —e—Move Minl

Axial Load Member 1

Axial Load (kips)
=
o
o O

0 2 4 6 8 10
Cross Frames

—e—Uniform Temperature —e—Positive Gradient
Negative Gradient

(b)

Major Axis Moment Member 1

D
o

12

N
o

e o o o

- —

Moment Kip-ft
o
«

N
o

0 2 4 6 8 10
Cross Frames

—e—Uniform Temperature —— Positive Gradient
Negative Gradient

(d)
Axial Load Member 1
50

12

Axial Load (kips)
&
o

0 2 4 6 8 10
Cross Frames

—e—Uniform Temperature —— Positive Gradient
Negative Gradient

(f)

Major Axis Moment Member 1

12

o o

e o o o -0 o—95 o 2

Moment Kip-ft
=
o o

KN
(6]

0 2 4 6 8 10
Cross Frames

—e—Uniform Temperature —— Positive Gradient

Negative Gradient

(h)

Figure 17. Forces in Member 1 within Span 1, left brace
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Figure 22. Forces in Member 2 within Span 2, left brace
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Figure 23. Forces in Member 3 within Span 2, left brace
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Figure 24. Forces in Member 4 within Span 2, left brace
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Figure 26. Forces in Member 2 within Span 3, left brace
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Figure 27. Forces in Member 3 within Span 3, left brace

37



Axial Load Member 4

15
- 10
=%
< 5
E 0 —o—§ 090 o o o 0 O
a
g W
B3
< -10 ‘\‘\'\'\H—Q—Q——.—’./.—’./.

0 2 4 6 8 10 12 14
Corss Frames

—e-Dead e DC2 + DW

(a)

Minor Axis Moment Member 4

Move Max —e—Move min

o
©

Moment Kip-ft
=) o
N o »

o
o

e
N

0 2 4 6 8 10 12 14
Cross Frames

—e-Dead ¢ DC2 « DW

(©)

Major Axis Moment Member 4

Move Max —e—Move Min

[y

It
o1

Moment Kip-ft
o

0 2 4 6 8 10 12 14
Cross Frames

—e-Dead —* DC2 —+ DW

(€)

Move Max —e—Move Minl

Axial Load (kips)

Moment Kip-ft

Moment Kip-ft

Axial Load Member 4

-5

-10

-15

0 2 4 6 8 10 12 14
Cross Frames

—e—Uniform Temperature —e—Positive Gradient
—o—Negative Gradient

(b)

Minor Axis Moment Member 4

0 2 4 6 8 10 12 14
Cross Frames

—e—Uniform Temperature —— Positive Gradient

—o-Negative Gradient

(d)

Major Axis Moment Member 4

0.6
0.4
0.2

-0.2
-0.4
-0.6

0 2 4 6 8 10 12 14
Cross Frames

—e—Uniform Temperature —e—Positive Gradient
—o—Negative Gradient

(f)

Figure 28. Forces in Member 4 within Span 3, left brace
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Figure 30. Forces in Member 2 within Span 4, left brace
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Figure 31. Forces in Member 3 within Span 4, left brace
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Figure 32. Forces in Member 4 within Span 4, left brace

Forces in the Members of Right Brace

Figures 33 through 48 show the axial forces and moments in the individual members of the
exterior cross-frames of the first four spans in the left brace.
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Figure 33. Forces in Member 5 within Span 1, right brace
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Figure 34. Forces in Member 6 within Span 1, right brace
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Figure 35. Forces in Member 7 within Span 1, right brace
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Figure 36. Forces in Member 8 within Span 1, right brace
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Figure 37. Forces in Member 5 within Span 2, right brace

Axial Load Member 6

8
~ 6
g4
52| o
go o T ® ® ® T~e—2
-
E_Z
oy W
<6

-8

0 2 4 6 8 10 12 14

Corss Frames

DwW

(a)

Major Axis Moment Member 6

—e-Dead o DC2 Move Max —e—Move min

Moment Kip-ft
RSN

0 2 4 6 8 10 12 14
Cross Frames

DwW

(©)

—e—-Dead —* DC2 Move Max —e—Move Min|

Axial Load (kips)

Moment Kip-ft

Axial Load Member 6

0 2 4 6 8 10 12 14
Cross Frames

—e—Uniform Temperature —®—Positive Gradient

Negative Gradient

(b)

Major Axis Moment Member 6
0.2

-0.2

-0.4

0 2 4 6 8 10 12 14
Cross Frames

—o—Uniform Temperature —e—Positive Gradient
Negative Gradient

(d)

Figure 38. Forces in Member 6 within Span 2, right brace
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Figure 39. Forces in Member 7 within Span 2, right brace
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Figure 40. Forces in Member 8 within Span 2, right brace

50



Span 3

Axial Load Member 5

8
~6| 2 A
a4
=2

[

S0
% -2
5 N \H—H—FH—H/

-6

-8

0 2 4 6 8 10 12 14

Corss Frames

~e-Dead ¢ DC2 * DW

(@)

Major Axis Moment Member 5

Move Max —e—Move min

15
e 1
2o
¥ 0.5
5
g o —
o
= .05

-1

0 2 4 6 8 10 12 14

Cross Frames

—e-Dead —# DC2 + DW

(©

Axial Load Member 5

Move Max —e—Move Min

Axial Load (kips)

-20

0 2 4 6 8 10 12 14
Corss Frames

—e-Dead ¢ DC2 * DW

(€)

Move Max —e—Move min

51

Axial Load (kips)

Moment Kip-ft

Axial Load (kips)

Axial Load Member 5

5
0 ——C—0—0"0—0—0—0—0—00—¢
-5
-10
-15
20 '\‘\0\.__&——0—0—0—.—-._/\
-25
-30
0 2 4 6 8 10 12 14
Cross Frames
—e—Uniform Temperature —o—Positive Gradient
—o—Negative Gradient
(b)
Major Axis Moment Member 5
0.3
0.2 ._H’—‘.—.‘Q—H—Q—Q-—Q\./.
0.1
0 090 0 o ¢ o ¢ o o o O
-0.1
-0.2
-0.3
-0.4
-0.5
0 2 4 6 8 10 12 14
Cross Frames
—e—Uniform Temperature —e—Positive Gradient
—o—Negative Gradient
(d)
Axial Load Member 5
5
R e == = = = == = = =]
-5
-10
-15
-20
s M
-30
0 2 4 6 8 10 12 14

Cross Frames

—e—Uniform Temperature —e—Positive Gradient
—o-Negative Gradient

(f)



Major Axis Moment Member 5

»

o o
N

Moment Kip-ft
o
q
[
[

o000
RSN

0 2 4 6 8 10 12 14
Cross Frames

DW

(9)

—eo—Dead —#-DC2 o Move Max —e—Move Min|

Moment Kip-ft

%

Major Axis Moment Member 5

N

ot =
(S I .S

)

wu
o
N
IN

6 8 10 12 14
Cross Frames

—e—Uniform Temperature —o— Positive Gradient
o Negative Gradient

(h)

Figure 41. Forces in Member 5 within Span 3, right brace
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Figure 42. Forces in Member 6 within Span 3, right brace

52



Axial Load Member 7

o

Axial Load (kips)
N
o

0 2 4 6 8
Corss Frames

10 12 14

—e-Dead e DC2 + DW

(a)

Minor Axis Moment Member 7

Move Max —e—Move min

Moment Kip-ft
o

Cross Frames

~e-Dead - DC2 —* DW

(©)

Major Axis Moment Member 7

Move Max —e—Move Min

Moment Kip-ft
N

0 2 4 6 8
Cross Frames

10 12 14

—e-Dead —# DC2  DW

(€)

Move Max —e—Move Min|

Axial Load (kips)

Moment Kip-ft

Axial Load Member 7

0 2 4 6 8 10 12 14
Cross Frames
—e—Uniform Temperature —e—Positive Gradient
—o—Negative Gradient
(b)
Minor Axis Moment Member 7
0.2
0.1
0 W
-0.1
-0.2
-0.3
-0.4
-0.5
0 2 4 6 8 10 12 14
Cross Frames
—e—Uniform Temperature —o—Positive Gradient
—o—Negative Gradient
(d)
Major Axis Moment Member 7
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
-1.2
0 2 4 6 8 10 12 14

Cross Frames

—e—Uniform Temperature —e—Positive Gradient
—o—Negative Gradient

()

Figure 43. Forces in Member 7 within Span 3, right brace
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Figure 44. Forces in Member 8 within Span 3, right brace
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Figure 45. Forces in Member 5 within Span 4, right brace
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Figure 46. Forces in Member 6 within Span 4, right brace
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Figure 47. Forces in Member 7 within Span 4, right brace

57



Axial Load Member 8

40
30

1R /
10 \

-30

Axial Load (kips)
o

0 2 4 6 8 10 12 14
Corss Frames

—eo—-Dead —o-DC2 DW

(a)

Minor Axis Moment Member 8

Move Max —e—Move min

Moment Kip-ft
’ o
[6;]

0 2 4 6 8 10 12 14
Cross Frames

—eo—-Dead o DC2 DW

(©)

Major Axis Moment Member 8

Move Max —e—Move Min

2
o1
20
¥
c-1
£
5 -2
=
-3
-4
0 2 4 6 8 10 12 14
Cross Frames
—e-Dead —* DC2 DW Move Max —e—Move Minl

(€)

Axial Load (kips)

Moment Kip-ft

Moment Kip-ft

-0.1
-0.2
-0.3
-0.4
-0.5

-0.2
-0.4
-0.6
-0.8

-1.2
-1.4

Axial Load Member 8

12
10
8
6
4
2
0 —8—3 8 o
2 8 ®
-4
0 2 4 6 8 10 12 14

Cross Frames

—e—Uniform Temperature —e—Positive Gradient
Negative Gradient

(b)

Minor Axis Moment Member 8
0.1

0 2 4 6 8 10 12 14
Cross Frames

—e—Uniform Temperature —— Positive Gradient

Negative Gradient

(d)

Major Axis Moment Member 8
0.2

0 2 4 6 8 10 12 14
Cross Frames

—e—Uniform Temperature —e—Positive Gradient

Negative Gradient

(f)

Figure 48. Forces in Member 8 within Span 4, right brace

Observations from the Numerical Analysis

The following observations resulted from the numerical analysis:

During the upward movement due to temperature loading, the girders were forced to translate

vertically and radially.
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At the fixed support, the bottom part of the web experienced excessive warping.

Similar to the torsional response due to gravity loads, the girder cross-sections twisted within
the unbraced length of the girders, creating a zigzag pattern of torsion forces. At the supports,
the forces from this type of load distribution were substantial. (For the gradient load cases, no
significant behavior was seen.)

For the positive temperature gradient, the first and seventh spans experienced negative
vertical translation (upward deflection), whereas the entire bridge cross-section twisted in the
other spans. The direction of twisting was clockwise. For the negative temperature gradient,
the opposite behavior was seen.

As result of the upward deflection within the fourth span, there is a good chance of
significant lateral forces acting on the bridge piers.

The significant load pattern varied for the top chords of individual braces. For example, the
top chord of the left brace was under heavy compression near the supports compared to the
top chord of the right brace.

Because of high torsion, large shear forces can form in the cross-frames, with high axial
forces developing in individual members

Removing the moment releases did not affect the bending moment, torsion, and shear of the
girders. The results were found to be in accordance with the data provided by the lowa DOT.
The observed difference was about 5% to 10%.

As a result of removing the moment release, the W-shaped members that formed the top
chords at the abutments saw an increase in the axial forces and moments carried by those
members.

No significant increase in the axial forces of the individual members within the spans was
observed as a result of removing the moment release. However noticeable differences were
observed in the forces in the cross-frames near the supports.

The forces in the top chords varied at the start and end locations. These are potentially
important locations for strain gauges.

The moment effects were minimal for the dead, DC2, DW, live, and temperature effects in
the L 6 X 6 X 5/8 beams in the cross-frame sections. However, the W 16 X 67 beams had a
higher moment demand when used as a top chord than when used in the angle sections. This
may be because of the latter beam’s higher stiffness compared to that of the L 6 X 6 X 5/8
used in the cross-frame sections.

The axial load effects are most important because of the internal demand on individual
members.

The inclined struts (Members 3, 4, 7, and 8) had moments about their local two and three
axes. The moment about the local two axis was greater than that about the local three axis.
However, the magnitude was in the range of 0.5 to 0.9 kip/ft in some cases. The moments in
the cross-frames near the supports are important for the combined axial load and flexure
capacity of the members.

The axial loads, too, are higher near the supports in the struts as well as in the top and bottom
chords.

Compared with the cross-frames within the spans, the moments and axial forces are larger at
the cross-frames that are near the occurrence of the maximum positive moment.

The axial forces in the interior cross-frames were observed to be minimal except in the high
positive moment region.
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e Member 1 (the top chord of the left brace) was observed to carry higher forces compared to
Member 5 (the top chord of right brace). This pattern was observed in all intermediate cross-
frames in all spans.

e The top chord of the left brace (Member 1) carried the maximum temperature loads,
particularly when the member was closer to the supports. This was observed in all four spans.

e The magnitude of forces varied by as much as 50% between the start and end points of
Member 1.

e The compressive forces caused by uniform temperature loads were at maximum for the top
chord of the left brace for first and last three cross-frame locations in Spans 2, 3, and 4.

e For the inclined struts, the moments about the minor and major axes made a significant
contribution.

e The temperature gradient magnitudes were observed to be small when compared to the
uniform temperature range (about 2% to 5%).

e The results of the analysis suggest that the left brace was greatly affected by temperature
loading.

e Within the positive bending moment region, the magnitude of loads was similar to the
magnitude for the adjacent members.

As a general overview, following the labels provided in Figure 16, the set of plots presented in
Figures 17 through 48 report the magnitude of force/moment (i.e., axial load as well as major-
axis and minor-axis moment) expected in each cross-frame member of Span 1 through 4. This
helped identify the most critical cross-frames from the numerical simulation results. In particular,
Figure 49 below shows the demand/capacity ratios (DCRs) of the cross-frames located at the
midspan and near the support of all four spans. Furthermore, Figures 56 through 59 below
present the strain gauge readings, which have been paired with their corresponding maximum
and minimum stress values, as presented in Figures 60 through 63 below. The DCRs suggest that
the top chord (i.e., Member 1) of the left brace (between Girders A and B) near the supports can
experience a high DCR in the case of the service load combination. A comparison of the service
load combination to the strength load combination was also made to evaluate the governing load
combination. This led to the conclusion that the top chords are fine when evaluated using the
strength load combination.

In the following section of this chapter, a summary of the DCRs is provided for the cross-frames,
where bullet points 4 and 5 highlight the higher forces observed in the top chord of the cross-
frames. A subsequent chapter in this report also presents the strains and stresses due to
temperature that were recorded in the field from September through November 2019 (Figures 56
through 59). During this period, the maximum equivalent stress observed in the top chord located
near the support of Span 4 was 5 ksi. Considering that the angles are made of A36 steel, which
has a yield strength of 36 ksi, it was evident that the top chord is not overly stressed. However,
when the DCR of the top chord was evaluated, the service load combination was found to be
critical. The following Strength I and Service | combinations were used to derive the maximum
DCRs, as per AASHTO:

e Strength Combination: 1.25xDL+1.25xDC2+1.5XxDW+1.75xLL+0.5xTU
e Service Combination: 1.0xDL+1.0xDC2+1.0xDW+1.0xLL+1.0xTU
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The service limit state is generally considered to limit the stress, deformation, and crack widths
under regular service conditions, whereas the strength limit state is intended to ensure that
strength and stability, both local and global, are provided to resist the specified load combination
(AASHTO 2014). Thus, the variation in DCRs stems from the difference in the load factors used
in the Strength | and Service | load combinations.

For the numerical simulations, a uniform temperature loading of 150°F was considered,
following AASHTO 3.12.2.1-1 (plus DL, DC2, and LL). This led to the finding that the DCR of
the top chord installed between Girder A and B can exceed 1.0 in service, which suggests a need
for further evaluation during the design phase. In reality, however, the temperature range
recorded by the research team in the field did not exceed 90°F during the period from September
through November 2019. The equivalent maximum forces recorded in the cross-frames during
the field tests were in the range of 6.5 kips. This loading demand is not significant, especially
with the angles stressed to only 4% (under compression) and 3% (under tension) of their
capacity. This led to the conclusion that the live load effect is not as significant as the thermal
load effect.

Demand/Capacity Ratios of Brace Members

To study the combined effect of all forces, the DCRs of the individual members of the cross-
frames at midspan and near the supports were plotted (Figure 49).
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Figure 49. Demand/capacity ratios of the members of the cross-frames at midspan and near
the supports
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Plotting the DCRs provided an opportunity to understand the capacity of the cross-frames. The
capacity of the members under combined axial tension, axial compression, and flexure was
calculated according to AASHTO 6.8.2.3 and 6.9.2.2:

If 1;—“ < 0.2, then

il + M”x+M”y <1.0
20P  \M,, M,

If 1;—“ > 0.2, then

M.
P_u+§(w+ﬂ)sl_o
Pr 9\ Mpx = Mypy

The following observations were made in the study of the DCRs:

e The results of the analysis suggest that the left brace was greatly affected by temperature
loading.

e Within the positive bending moment region, the magnitude of loads was in a similar range to
the magnitude for the adjacent members.

e When uniform temperature loading was present, the top chord of the left brace loaded to its
capacity. Thus, it was found that the cross-frames near the interior bridge supports would
require special design consideration compared to the intermediate cross-frames.

e The DCRs of the top chords show that even within the positive bending moment region, the
left brace carried as much as twice the load carried by the top chord in the right brace.

e The cross-frames near the supports were found to have higher DCRs than the other cross-
frames, and the loads predicted by the numerical analysis for the cross-frames near the
supports are three times higher than the loads predicted for the cross-frames at midspan.
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LONG-TERM INSTRUMENTATION LAYOUT
Instrumentaion Plan

The long-term instrumentation layout for the Story County bridge was designed to study the
effects of environmental conditions such as temperature on the cross-frames by measuring
changes in strains, displacements, and temperatures during the bridge monitoring period for the
project. During the analysis phase, it was noticed that there is a significant difference between
the left and right braces in terms of the start and end locations of the top chords. Regarding the
behavior of bridges under thermal loading, Moorty and Roeder (1992), Beckett (2013), and
Reynolds (1972) noted that significant movements and forces have been detected near the fixed
bearings of bridges. Therefore, to measure the maximum recorded forces within the cross-
frames, Span 4 was chosen for instrumentation. The exterior cross-frame at the midspan of Span
4 and the exterior cross-frame near the fixed bearing were instrumented. Figure 50 shows the
instrumented locations.

Figure 50. Layout of the instrumentation plan for the Story County bridge

Section A-A is the instrumented location near the support, while Section B-B is the instrumented
location at the midspan of Span 4. The vertical legs of the angle section were instrumented with
strain gauges, as shown in Figures 51 and 52.
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Figure 52. Figure 51 Location of strain gauges in Section B-B

Figure 53 shows the location of the strain gauges on the cross-frames.

L ol

Figure 53. Strain gauge location on the cross-frames

Strain Gauge Installation

The gauges that were selected for the purpose of measuring strain and temperature were Geokon
4150 vibrating wire strain gauges (Geokon 2017). The Model 4100/4150 strain gauge has a 51
mm gauge length (3,000 ue range, 1 pe sensitivity) and is specifically designed to measure
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strains on the surface of steel structures and, for Model 4150, on reinforcement bars where space
may be limited. The gauge consists of a steel wire tensioned between two mounting blocks that
are attached to stainless steel shim-stick tabs, which can be spot welded as shown in Figure 54.

(@) (b)
Figure 54. Geokon Model 4150 strain gauge

The gauge is installed quickly and easily by means of a capacitive discharge spot welder or, for
short-term use, with special epoxy adhesives; the latter method of attachment permits the use of
this gauge on concrete. In the instrumentation phase for the present project, the gauges were
installed using spot welds.

Deformation or movement in the structure due to load effects causes the welded ends of the
mounting blocks to move relative to one another, which causes a change in tension within the
wire and a corresponding change in the resonant frequency of the vibration of the wire. The wire
is plucked by means of an electronic coil and a permanent magnet connected by a signal cable to
a readout, which sends voltage pulses to the coil. The vibration produced in the wire by the
voltage pulse induces an alternating current in the coil. The frequency of the alternating current
is the same as the vibration frequency of the wire, which is measured using the readout. The
frequency is squared and multiplied by a constant so that the values displayed by the readout are
presented directly in microstrain. The Model 4150 strain gauges are small enough to be used in
confined spaces and have excellent long-term stability, maximum resistance to the effects of
water, and a frequency output suitable for transmission over very long cables. Each gauge is also
equipped with a thermistor to record temperature (Geokon 2017).

The guages were installed on the cross-frames of the Story County bridge during construction
while the girders were on the ground (Figure 55). Thus, the data analysis that was performed
included the effects of girder lifting on the forces generated in the cross-frames.
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Figure 55. Strain gauge installation on cross-frames
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Results
The initial readings taken while the girders were on the ground are presented in Table 4.

Table 4. Initial readings from strain gauges on the Story County bridge

Gauge 11-Dec 12-Dec 13-Dec 17-Dec 20-Dec
No. RE °C pE °C RE °C pE °C RE °C
S16 24256 85 2469.1 19 2489 2.9 - - - -
S17 2483.6 5 22412 1.9 | 22482 2.9 - - - -
S18 2438.7 1.7 2363.3 161 | 2338.1 1.9 - - - -
S19 23854 45 25542 14 | 2576.8 1.9 - - - -
S20 2447.4 3 2440.7 1.4 | 24455 1.9 - - - -
S11 - - 2201.7 48 | 22335 3 - - - -
S12 - - 2309 59 | 23575 2.9 - - - -
S13 - - 2363.3 2.8 | 24135 15 - - - -
S14 - - 1508.7 3.4 | 1479.7 2 - - - -
S15 - - 2456.6 2.9 | 2463.3 2 - - - -
S6 - - - - - - 2466.8 17 - -
S7 - - - - - - 24553 16.6 - -
S8 - - - - - - 24335 56 - -
S9 - - - - - - 2483 17.7 - -
S10 - - - - - - 24906 7 - -
S5 - - - - - - - - 122769 24
S4 - - - - - - - - 12369.6 15
S3 - - - - - - - - | 27166 28
S2 - - - - - - - - 2650 1.5
Sl - - - - - - - - 2699.2 2.2

The time histories for strain and temperature over a two-month period between September 26
and November 25, 2019 were studied. These time histories are presented in Figures 56 through
59.

68



';" 100 Time vs. Temperature for S1 ';" 100 Time vs. Temperature for S2
S 'ﬂ | 2 W |
2 W A 2 W
50f R s e 50 P g, Ll
g;- %A\JW Af WM.AWMM\NKM w\ﬁ”” Jm,‘.f“wj\f %— M// uf e W \N\’\M JJ M \/\\Nﬁj\l
\
e 0 L . £ 0 I
() 0 500 1000 1500 ) 0 500 1000 1500
[ [
Time, Hours Time, Hours
Time vs. Strain for S1 T|me vs. Strain for S2
~ 2650 | ! A‘”L”H m ] §‘26OO f““/ J“m.ﬂ\r\mw
< L e £ il
£ Iy NJWU\M "{hw \NLf AJwVW ok GUARE g 5 2550 f\“ff\w.\,l.ﬁ\\'\ﬁf.ﬂw&”U Pt
& Wl it &
2500 2500 - !
500 1000 1500 500 1000 1500
Time, Hours Time, Hours
';" 100 Time vs. Temperature for S3 ';" 100 Time vs. Temperature for S4
g M o M
E I 2 1 U‘“\“ i
50 F \“u’\‘\‘ Ml | 50 F WA o Wby, "
g;- \ﬂ i J\U’\W(\N\M\r\nﬁ N\‘\JJ\ \W E;- W ‘J\H $/\J\W\V\ M AN\J
1S 0 : S 0 L \«
() 0 500 1000 1500 ) 0 500 1000 1500
[ [
Time, Hours Time, Hours
2680 Tlme vs. Strain for S3 Time vs. Strain for S4
w [ w
3 < \ ]
£2660 W i “ j j A/‘ﬁ/ MM\M \ ”’\‘W /W _§2450 ‘ el J JL M \, J WW
N R & 24401 | wH i Ui LUJ JWW il
£ seao i1 I Y 5 L JV u iR
0 | 9 2430¢
0 500 1000 1500 0 500 1000 1500
Time, Hours Time, Hours
';" 100 Time vs. Temperature for S5
o) \ ‘ '
3 Wl
& 50f N ‘.WW\AJW\J MUy N | “‘W\JAW»,JU‘V\‘”W ]
3 W \W“ W
E 0 :
|9 0 500 1000 1500
Time, Hours
9250 Time vs. Strain for S5
° ;
3
c et i ‘
£ 2200 w\W“W‘UWJW WWM MW il MW” | M i ﬂw\
& N
0 500 1000 1500
Time, Hours

Figure 56. Observed strain gauge readings for cross-braces 1 through 5 from September
through November 2019
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Figure 57. Observed strain gauge readings for cross-braces 6 through 10 from September
through November 2019
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Figure 58. Observed strain gauge readings for cross-braces 11 through 15 from September
through November 2019
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Figure 59. Observed strain gauge readings for cross-braces 16 through 19 from September
through November 2019

During the two-month period between September and November 2019, the two occasions when
the maximum and minimum temperatures were recorded were identified. A total window of 48
hours was studied for each occasion. The stress levels observed when these maximum and
minimum temperatures were recorded are presented in Figures 60 through 63.

72



Stress Levels at High Stress Levels at High
and Low Temperatures, S2

and Low Temperatures, S1

i1

High Low

Stress, ksi
A b N LN o
Stress, ksi

'
o

'
[«

High Low

Stress Levels at High Stress Levels at High
and Low Temperatures, S3 and Low Temperatures, S4

-0.5¢

Stress, ksi
Stress, ksi

-1.5¢

High Low

High Low

Stress Levels at High
and Low Temperatures, S5

0
| [
1.5} :

High Low

Stress, ksi

Figure 60. Observed stress levels at maximum and minimum temperatures for cross-braces
1 through 5 from September through November 2019
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Figure 61. Observed stress levels at maximum and minimum temperatures for cross-braces
6 through 10 from September through November 2019
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Figure 62. Observed stress levels at maximum and minimum temperatures for cross-braces
11 through 15 from September through November 2019
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Figure 63. Observed stress levels at maximum and minimum temperatures for cross-braces
16 through 19 from September through November 2019

Temperature versus stress plots were generated for each strain gauge. The mean stresses during
the maximum and minimum temperatures were plotted, and the maximum and minimum stresses
recorded during the entire two-month period were plotted for comparison. A negative sign
indicates compression, whereas a positive change in strain indicates tension. The difference in

strain was calculated using the following equation:
Aue = (R{ —Ry)) XBXGXE
where R, is the initial reading of the strain gauge taken when the girders were on the ground.

The temperature versus stress plots are presented in Figures 64 through 67.
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Figure 65. Temperature versus stress for cross-braces 6 through 10 from September
through November 2019
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Figure 66. Temperature versus stress for cross-braces 11 through 15 from September
through November 2019
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Figure 67. Temperature versus stress for cross-braces 16 through 19 from September
through November 2019

The following conclusions were made regarding the temperature load effects on the cross-
frames:

e The readings on Gauges S1, S4, S6, S7, S11, S12, S14, S16, and S17 illustrate that the forces
in the members were highly dependent on temperature fluctuations.

e The overall trends in the range of stress values observed suggest that during the maximum
and minimum temperatures, most members of the cross-frames experienced their maximum
and minimum stresses, except for the members in the inclined cross-frames.

e A maximum compressive stress value of 11 ksi was found in Gauge S14 during the minimum
temperature period.

e As anticipated from the FEM, a difference in stress of about 6 to 8 ksi was observed within
the top chord member in the cross-frame located on Section B-B near the middle of the span.
Top chords and their connections may become vulnerable to higher stress differences during
extreme sustained and fluctuating temperatures.
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LIVE LOAD TESTS

Introduction

To monitor changes in the cross-frames of the Story County bridge due to live loads, the cross-
frames were instrumented with strain gauges. It was decided that Span 4 would be instrumented
for live load testing because the maximum moments in the girders were observed in this span
during the numerical analysis. Additionally, fixed bearings had been installed at the ends of Span
4, and previous studies have suggested that forces are especially pronounced near fixed bearings,
where movement of the girders is restricted. Eighty strain transducers were installed at two of the

cross-frames and on the flanges of the girders based on the numerical analysis results. The
instrumented locations are shown in Figure 68.
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Figure 68. Structural steel framing plan for a section of Span 4 with the instrumented
cross-frames highlighted (top) and a photograph of the instrumented span (bottom)
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Instrumentation Plan

The proposed layout of the instrumentation for live load testing is shown in Figures 69 and 70.

/ /” y

o ) .\

— |l

=l

L = , Girder 5
Girder 3 Girder 4

Cross-Frame section at Pier 4

Girder 1

Girder 2

Figure 69. Strain gauge locations for live load tests (A-A)
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Figure 70. Strain gauge locations for live load tests (B-B)

Forty strain transducers were installed on both legs of the cross-frames at the midspan and end
span of Span 4 in the exterior bays only (twenty sensors per cross-frame). Twenty-four sensors
were installed on Girders 1, 3, and 5 at the midspan of Span 4 and at the location of the first
cross-frame near Pier 4. Eight strain transducers were installed in the transverse direction on the
top and bottom flanges of two exterior girders at the two cross-sections (sixteen sensors in total
for both girders). The locations where sensors were connected to the girders and cross-frames are
shown in Figure 71.
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(a) Strain Gauge location for (b) Strain Gauge location for (c) Strain Gauge location
Girders 1,3and 5 Girders 1 and 5 for cross-frames

Figure 71. Strain gauge locations for live load test instrumentation

Figure 72 shows the installation of the strain gauges and an installed strain gauge on a steel
girder.

83



(b)
Figure 72. (a) Instrumentation installation and (b) strain gauge installed on a steel girder

Loading Plan

The bridge was tested using ambient traffic with the aim of understanding the structural response
of the girders and the cross-frames under different truck loadings. The data were collected as the
traffic passed over the full length of the bridge, during which the type of each vehicle was
recorded. The load cases tested in this study are documented in Table 5 in chronological order.
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Table 5. Load cases used for live load testing

Load case Description
LC1 8 cars
LC?2 6 cars
LC3 A volume of large trucks
LC4 2 large trucks
LC5 2 trucks plus random traffic
LC6 1 semi-truck
LC7 1 truck hauling large equipment
LC8 1 large truck with livestock
LC9 1 smaller truck plus traffic
LC 10 1 small truck
LC11 1 small truck
LC 12 1 semi-truck
LC 13 | 1semi-truck plus random traffic
LC 14 1 unloaded truck
LC 15 1 UPS double trailer
LC 16 1 semi-truck
LC 17 1 semi-truck plus 1 dump truck
LC 18 2 semi-trucks
LC 19 1 semi-truck
LC 20 1 small truck

Among these load cases, six (LC 4, 12, 13, 16, 18, and 19) were chosen for further data
processing and analysis due to the greater traffic loading observed during these cases and the
response of the bridge. These six cases are highlighted in red in Table 5.

Load Test Results

The six data sets processed for this analysis were recorded by the strain transducers when larger
trucks passed over the bridge as part of the ambient traffic. Since the strain data recorded from
the two legs of the angle were similar, for data processing purposes the strain results were
analyzed by taking the average of the corresponding strain gauges. The strains ultimately
analyzed are shown in Figures 73 and 74. For instance, S1 is the average strain value taken from

G1 and G2.
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Figure 74. Strains measured during live load tests (B-B)

To facilitate the analysis of the live load data, the structural responses of both the girders and the
cross-frames were determined as a function of the vehicles that passed over the full length of the
bridge. Transverse lines were marked on the bridge to allow the time in seconds that it took for
each truck to cross the bridge to be measured consistently. The data were then plotted to show

the strain response versus time.

Figure 75 presents the longitudinal strain response versus truck passing time at midspan for each
of the six ambient traffic loading scenarios.
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Figure 75. Longitudinal strain response of girders at midspan under six load cases

As the figure shows, the maximum strain (80 microstrain) was measured during LC 13 on the
bottom flange of Girder 5. As for the other load cases, the maximum strains measured during LC
16, 18, and 19 were each about 40 microstrain; these strains were also measured on Girder 5.
This may be because the passing truck in each of these four load cases was driving on the far
side of the curve.
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Figure 76 presents the transverse strain response versus truck passing time for each of the six
ambient traffic loading scenarios.
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Figure 76. Transverse strain response of girders at midspan under six load cases

As this figure shows, the maximum strain was again recorded during LC13 on the bottom flange
of Girder 5, but in this case the value was -20 microstrain, which indicates compression. The
ratio between the transverse strain and the longitudinal strain is about 25%, though the two
strains have opposite signs.

Figure 77 presents the strain response measured in the angles of the inside cross-frame.
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Cross Frame Strain (Inside) at Midspan
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Figure 77. Cross-frame (inside) strain response of girders at midspan under six load cases

As this figure shows, the maximum strain was recorded during LC 16 and 18, each of which had
the same maximum strain value of approximately 15 microstrain, which is approximately
equivalent to 0.6 ksi. The maximum response was recorded for S13 (i.e., the left diagonal
member) in compression and for S15 (i.e., the bottom chord member) in tension (refer to Figure
74 for the locations of these strains).
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Figure 78 presents the strain response measured at the angles of the outside cross-frame.
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Cross Frame Strain (Outside) at Midspan
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Figure 78. Cross-frame (outside) strain response of girders at midspan under six load cases
As the figure shows, the maximum strain was again measured during LC13, this time with a
value of 30 microstrain, which is approximately equivalent to 0.9 ksi. The maximum response

was recorded for S19 (i.e., the right diagonal member) in compression and for S18 (i.e., the left
diagonal member) in tension (refer to Figure 74 for the locations of these strains).
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Figure 79 presents the longitudinal strain response versus truck passing time at the end span for
each of the six ambient traffic loading scenarios.
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Figure 79. Longitudinal strain response of girders at the end span under six load cases

Similarly to the longitudinal strain response at midspan, the maximum response was recorded on
the bottom of Girder 5 during LC 13, but in compression. This may be because the section is
located in the negative bending region.

Figure 80 presents the transverse strain response versus truck passing time at the end span for
each of the six ambient traffic loading scenarios.
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Figure 80. Transverse strain response of girders at the end span under six load cases
For the transverse strain recorded in the girders at the end span, the maximum response was
again recorded on the bottom flange of Girder 5. The ratio between the transverse strain and the

longitudinal strain is similar to that of the midspan, about 25%, but again the two strains have
opposite signs.
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Figure 81 presents the strain response measured in the angles of the inside cross-frame at the end
span.
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Figure 81. Cross-frame (inside) strain response of girders at the end span under six load
cases

As this figure shows, the maximum strain was recorded during LC 16 and 18, each of which had
the same maximum strain value of approximately 10 microstrain, which is approximately
equivalent to 0.4 ksi. The maximum response was recorded for S3 (i.e., the left diagonal
member) in compression and for S4 (i.e., the right diagonal member) in tension (refer to Figure

73 for the locations of these strains).
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Figure 82 presents the strain response measured in the angles of the outside cross-frame at the
end span.
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Figure 82. Cross-frame (outside) strain response of girders at the end span under six load
cases

As the figure shows, the maximum strain was again measured during LC13, but with a value of
10 microstrain in compression. The maximum response was recorded for S9 (i.e., the right
diagonal member) in compression and for S8 (i.e., the left diagonal member) in tension (refer to
Figure 73 for the locations of these strains).
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In the field tests carried out by the research team, live load was not found to have any significant
effect on the cross-frames. The following observations were made based on the live load cases,
i.e., LC1 through LC20:

e The maximum strain in the inside cross-frames was determined to occur in the diagonal
members located at the midspan of Span 4. The magnitude of the strain was found to be in
the range of 15 microstrain, which is approximately equal to 0.6 ksi (Figure 77 a—f).

e While the maximum strain in the outside cross-frames was also found to occur in the
diagonal members located at the midspan of Span 4, the corresponding magnitude was in the
range of 30 microstrain, which is approximately equivalent to 0.9 ksi.

e Likewise, the maximum strain in the inside cross-frame located at the end-span of Span 4
was recorded in the diagonal members. The corresponding magnitude was in the range of 10
microstrain, which is approximately equivalent to 0.4 ksi.

e The maximum strain the outside cross-frame located at the end-span of Span 4 was similar to
that of the diagonal members, with a magnitude of 10 microstrain, which is approximately
equivalent to 0.4 ksi.

Considering that the cross-sectional area of L6x6x5/8 is 7.13 in.2 and the maximum stress
recorded during live load test was 0.9 ksi, the maximum force in the cross-frames was
approximately 6.5 kips. The capacity of this angle, as per AASHTO, is 165.8 kips under
compression and 243.8 kips under tension. Considering this capacity calculation, the cross-
frames are stressed up to 4% (in compression) and 3% (in tension) under live loads. The live load
employed in the numerical simulations, however, was different than that experienced during the
field tests. The bridge is 36 ft wide inside of the curbs. This, ideally, allows the use of three
design lanes. However, two design lanes were used in the initial analysis of the bridge. The
forces/moments due to dead, live, and temperature loads are plotted in Figures 17 through 38
above. From the axial load in Members 3 and 4 (i.e., the diagonal members in the cross-frame
located at the midspan of Span 4), the maximum compression and tension forces were found to
be in the range of 10 to 12 kips.

Field Test Summary and Conclusions

In this analysis, load tests using ambient traffic were performed for the Story County bridge,
with the goal of characterizing the structural response of the girders and the cross-frames. The
data were analyzed to determine the longitudinal and transverse strains in the girders and the
magnitudes and distributions of strains in the cross-frames at both the midspan and end span of
Span 4.

From the field tests carried out for this analysis, the following conclusions can be drawn
regarding the girder flange response:

e For the longitudinal direction, the maximum response was 80 microstrain (2.4 ksi), measured
in the bottom flange of Girder 5 during LC 12 (i.e., 1 semi-truck).
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For the transverse direction, the maximum response was -20 microstrain (-0.6 ksi), measured
in the bottom flange of Girder 5 during LC 12.

The following conclusions can be drawn regarding the cross-frame response:

For the interior bay, both diagonal members and the bottom chord showed higher response
values than the other members, with maximum stresses of 0.6 and -0.6 ksi.

For the exterior bay, the two diagonal members showed higher response values than the top
and bottom chords. The maximum stresses were recorded during LC 12, with values of 0.9
ksi (tension) and -0.9 ksi (compression).

104



SUMMARY AND CONCLUSIONS
Summary

While for decades horizontally curved steel girder bridges have been a solution for constructing
interchanges between state and Interstate highways, concerns remain regarding their design and
construction. The cross-frames in these bridges are especially critical because, unlike in straight
bridges, they are major load carrying elements.

The design and analysis of cross-frames in curved bridges is complex due to complexities in how
loads are transmitted throughout these types of bridges. The configuration of cross-frames has
generally been based on standard designs that have depended principally on gross geometries,
slenderness limits for tension and compression members, and other minimum requirements. As
such, a unique opportunity exists to improve the design of these components using modern
computer software and short- and long-term monitoring. The reconstruction of the Interstate
system in western lowa offers a unique opportunity to monitor the behavior of several yet-to-be-
constructed horizontally curved steel girder bridges.

To estimate the forces in the cross-frames of horizontally curved bridges, this project
investigated a horizontally curved bridge located in Story County near Ames, lowa, on
northbound 1-35 and westbound US 30. The goal of this research project was to understand the
behavior of cross-frames during various stages of construction and over the service life of the
bridge. Special consideration was given to identifying critical locations for instrumentation on
such components of the bridge superstructure as the main girders, cross-frames, and diaphragms
as part of data collection efforts to evaluate the long-term performance of the cross-frames.

This project involved a numerical investigation using finite element modeling and short-term and
long-term monitoring of the cross-frames in the field to achieve the following objectives:

e Identify the sections of the bridge to instrument under dead, live, and temperature loading
e Evaluate the performance of cross-frames through long-term monitoring
e Evaluate the performance of cross-frames using live load tests

Conclusions
The following general conclusions were made from the results of the study:

e From the finite element analysis carried out for this project, the following conclusions can be
drawn: The maximum and minimum forces in the cross-frames were found within the third
and fourth span of the bridge and near the interior supports. The girders were subjected to
forces vertically as well as radially. This bidirectional translation confirmed that the
displacement of girders does not follow a particular path.
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From the FEA, it was confirmed that the load within the top chord of the cross-frame varies
significantly at the two ends of each connection. The cross-frames in the interior bays were
found to carry higher forces than those in the exterior bays. The observations from the FEAS
led the research team to identify the cross-frames that are critical for instrumentation. In
addition, considering all the contributing load combinations, it was concluded that attention
is required for the design of top chords of the cross-frames, especially at the support
locations.

From the long-term monitoring data, the maximum compressive stress level, 11 ksi, was
found in the diagonal strut during the minimum temperature period. As also determined from
the FEA, a stress difference of about 6 to 8 ksi is present within the top chord member in the
cross-frame located near the middle of the span. Top chords and their connections may
become vulnerable to higher stress differences during extreme sustained and fluctuating
temperatures.

From the field tests carried out for this analysis, the girder flange’s maximum response was
as follows: In the longitudinal direction, the maximum response was 80 microstrain (2.4 ksi),
measured in the bottom flange of Girder 5 during LC 12 (i.e., one semi-truck). In the
transverse direction, the maximum response was -20 microstrain (-0.6 ksi), measured in the
bottom flange of Girder 5 during LC 12. As for the cross-frames’ responses, for the interior
bay, both diagonal members and the bottom chord showed higher response values than the
other members, with maximum stresses of 0.6 ksi; for the exterior bay, the two diagonal
members showed higher response values than the top and bottom chords. The maximum
stresses were recorded during LC 12, with values of 0.9 ksi (tension) and -0.9 ksi
(compression).

No distress or anomaly was found in the field. The maximum stresses (estimated from the
strain gauge readings) in the top chord and all of the other members were found to be small
and consistently less than 36 ksi.

Overall, the research results suggest that the cross-frames close to supports may experience high
stress levels, and therefore special attention is required for their design compared to the other
cross-frames. The cross-frames within the interior bays were also found to carry higher forces
than those in the outer bays. This situation requires additional analysis during design to ensure
the safety and performance of curved girder bridges.
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