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Abstract: Skewed supports complicate load paths in continuous steel I-girder bridges, causing
secondary stresses and differential deformations. For a continuous bridge where tensile stresses
are developed in the top flange of the steel girders over the intermediate supports, these effects
may exacerbate potential fatigue issues for the top flanges. There is a gap in knowledge regarding
the level of stress one can expect at these locations, and the stress level can render the problem
either serious or trivial. This paper has been successful in providing this information, which was
not available before. The study examines the fatigue performance of the top flange in girders over
skewed supports. Results are presented from a detailed investigation consisting of 3D finite element
modeling to evaluate 26 skewed bridges in the State of Florida that represent the wide range of
geometries found in practice. The analysis focused on stress ranges in the top flanges and axial
demands on end cross-frame members under fatigue truck loading. A preliminary analysis helped
to select the appropriate element type and support conditions. The maximum factored stress range
of 3.63 ksi obtained for the selected group of bridges remains below the 10 ksi fatigue threshold
for an AASHTO Category C connection, alleviating the concerns about the fatigue performance
of the continuous girder top flange over the intermediate pier. Hence, fatigue is unlikely to be a
concern in the flanges at this location. Statistics on computed stress ranges and cross-frame forces
that provide an understanding of the expected values and guidance for detailing practices are also
presented. A limited comparative refined FE analysis on two different types of end cross-frame to
girder connections also provided useful insight into the fatigue sensitivities of the skew connections.
Half-Round Bearing Stiffener (HRBS) connections performed better than the customary bent plate
connections. The HRBS connection reduces girder flange stress concentration range by at least 18%
compared to the bent plate connection. The maximum stress concentration range in bent plate
components is significantly higher than in the HRBS connection components. The work documented
in this paper is important for understanding the fatigue performance of the cross-frames and girders
in support regions in the upcoming 10th edition of the AASHTO Bridge Design Specifications that
may include plate stiffeners oriented either normally or skewed to the girder web, or Half-Round
Bearing Stiffeners.

Keywords: skewed bridges; steel I-girder bridges; fatigue analysis; finite element analysis; end
cross-frames

1. Introduction

According to the Federal Highway Administration (FHWA) report in 2022 [1], the
United States boasts 619,622 bridges, many of which are skewed bridges. Support skew
is a measure of the orientation of the longitudinal axis of the bridge relative to the line
of the abutment or pier supports. Normal or right bridges have a perpendicular line of
supports relative to the longitudinal axis of the bridge. However, due to geometrical
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constraints, intersecting roads, and local terrain, the line of supports often must be offset
by a skew angle—the angle between the bridge’s end supports and a line perpendicular
to its longitudinal axis (Figure 1). This definition aligns with the skew angle description
provided by the AASHTO LRFD [2].

Intermediate girder

Corner girder

Connection

Cross frames

Figure 1. A skew angle in a steel I-girder bridge under construction before casting concrete deck.

Figure 1 illustrates a skewed steel girder bridge, showing structural elements such
as steel I-girders, cross-frames, and piers. The design of skewed bridges demands careful
consideration due to their unique structural behavior, which significantly differs from
that of bridges with normal supports [3,4]. The skewness affects the force transfer within
the girders and cross-frames, altering their interaction and leading to increased live load-
induced stresses.

The force flow in skewed bridge decks is complex. The unique force distribution
in girders with skewed supports often results in out-of-plane distortions and secondary
stresses in the steel elements, particularly at skewed corners where maximum support
reactions typically occur [5]. In bridges with skew angles larger than 20 degrees, AASHTO
requires that intermediate cross-frames be oriented perpendicular to the longitudinal axis
of the girders. Larger skew angles result in significant differences between the vertical
deformations at the two ends of a cross-frame, intensifying the interaction between the
cross-frames and girders, which increases the potential for fatigue in both the braces and
the girders, as noted by Wang [6].

It is understood that fatigue becomes a concern for an element under tension that
experiences stress variation. One major fatigue concern at the connection is the distortional
fatigue that increases the joint sensitivity to the fatigue. Distortion effects can occur at
the skewed end cross-frame connection regardless of whether the span is continuous or
not. An example of a distortion-induced fatigue crack is shown in Figure 2. In addition
to distortional fatigue, there is another mechanism involving the stiffeners welded to the
girder flange in tension and/or constraint against flange bending, which has the potential
to initiate fatigue cracks in the flange. An example of a fatigue-prone zone at the connection
of the stiffener to the girder flange is shown in Figure 3. It should also be noted that this
paper focuses on the specific skewed connection of the cross-frame to the girder and does
not include fatigue mechanisms in other locations, e.g., deck/diaphragm under the effect
of wheel loading.
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Figure 2. An example of fatigue-prone zone at the connection of the stiffener to the girder web [7].

atiglie critical

Figure 3. An example of fatigue-prone zone at the connection of the stiffener to the steel I-girder
flange [2,8].

The differential deflections between adjacent girders at the cross-frame locations
increase with the skew angle [9], leading to distortion-induced fatigue at the location of
intermediate cross-frame connections. This type of fatigue, responsible for about 90%
of fatigue cracking in steel bridges, results from out-of-plane forces transmitted through
cross-frames, causing secondary stresses and cracking [10-12].

The severity of distortion-induced fatigue in skewed bridges can be affected by several
factors. A major influencing factor is the geometry of the bridge, including parameters
such as skew angle, span length between supports, spacing between adjacent girders,
cross-frame layout, and thickness of the bridge deck. Larger skew angles result in increased
differences in bending moments and deflections between adjacent girders under uniform
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loading conditions, heightening susceptibility to distortion-induced fatigue. While the
design for load-induced fatigue is focused on the stress range and expected number of
cycles over the life of the bridge, distortion-induced fatigue is generally controlled by
proper detailing to minimize the distortion. A recent study by McConnell and Almoosi
(2022) [13] investigated distortion-induced fatigue in a skewed steel I-girder bridge us-
ing field testing and finite element modeling and it considered the details of connection
plates, which are web stiffeners used to connect cross-frames to the girders. The results
show that modern connection details with full-depth connection plates welded to both
flanges generally mitigate distortion effects, except at highly skewed bent plate connections.
Comparing inline and staggered cross-frames revealed increased principal stress ranges
exceeding recommended thresholds at web locations with staggered frames in higher skew
bridges. This indicates that staggered cross-frames may increase distortion-induced fatigue
susceptibility despite other advantages with these layouts. The study provides important
insights into detailing practices to control distortion in skewed steel bridges [13].

In steel bridges with skewed piers and abutments, cross-frames or diaphragms at the
supports are typically oriented parallel to the skew angle. An important design considera-
tion for fatigue exists in the connections between cross-frames and continuous steel girders
at the interior supports. Specifically, the top flange of these girders above the interior sup-
ports experiences significant tensile stress range cycles due to live load effects, necessitating
considerations to prevent crack growth due to fatigue. This scenario demands that the
design of cross-frame connections to steel I-girders not only efficiently addresses forces and
distortions but also safeguards the integrity of the girder flanges considering fatigue.

This paper investigates the behavior of the tension flange at interior piers of continuous
skewed bridges. After a review of pertinent studies documented in the literature is provided
in the next section, the results of finite element analyses considering nonlinear geometrical
effects on 26 representative skewed bridges located in the State of Florida are utilized to
quantify top-flange stress ranges based upon the passage of the fatigue design truck. The
26 bridges provide a robust sample that provides a good sample of geometrical variations
found in practice, including skew angle, radius of curvature, girder spacing, and number
of spans. For these analyses, comprehensive modeling of all bridge components is carried
out, including the concrete deck, steel girders, cross-frames, bearings, and intermediate
supports. In addition to the flange stress ranges, the range of axial forces in skewed end
cross-frame members due to fatigue truck loading is compiled. Statistical analysis of
the stress ranges and axial forces provides distributions and maximum expected values
useful for fatigue research and development. The paper ultimately presents observations
and conclusions regarding the fatigue performance of the tension flange detail in skewed
continuous span girders. Specific recommendations are made regarding allowable stress
range thresholds and detailing practices to mitigate distortion-induced fatigue. Directions
for future research are also discussed, including experimental fatigue testing to further
qualify the expected performance of novel connection details such as Half-Round Bearing
Stiffeners (HRBS).

1.1. Background
1.1.1. Cross-Frames in Skewed Steel Girder Bridges

Cross-frames are important structural elements in steel girder bridges that provide
lateral stability to the bridge girders and help distribute live loads and resist transverse
loading [14]. In some instances, the cross-frames can potentially provide for reserve stiffness
and capacity after certain failure mechanisms [15]. There are a variety of geometrical
configurations that are used for cross-frames. A very common geometry consists of a
top chord, a bottom chord, and a pair of diagonal members, arranged in an X-type truss
configuration as depicted in Figure 4 [16]. Alternatively, cross-frames may also adopt a
K-frame geometry as shown in Figure 5. The truss members in cross-frames are most
often single-angle members, but also may consist of channel, double angles, W-shapes, or
WT-Shapes [16].
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Figure 4. X-type cross-frame configuration (No scale).
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Figure 5. K-frame Cross-Frame Configuration (No scale).

In addition to cross-frames, diaphragms are also a common bracing system in steel
bridges (Figure 6). While cross-frames derive their stiffness from truss action, diaphragms
provide bracing through flexural or shear stiffness. Shallow diaphragms resist distortion
through flexural resistance, whereas deeper diaphragms rely on shear stiffness in the web

of the diaphragm.

r Concrete Deck

Steel I-girder

Full-depth Diaphragm

Figure 6. Full-depth diaphragm member detailing (No scale).
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End cross-frames are typically defined as truss members located at the end of each
bridge span. In a multi-span bridge, end cross-frames would be located at the end supports
(abutments) and intermediate supports (piers). On the other hand, other cross-frames
located in between the bridge supports along the bridge spans are defined as intermediate
cross-frames. As noted earlier, if the bridge skew angle is more than 20°, intermediate
cross-frames must be placed perpendicular to the steel girders (AASHTO LRFD 6.7.4.2 [2]),
while end cross-frames should be in line with the support centerline (Figure 7).

End Cross Frame
Location

Figure 7. End cross-frame location in a steel bridge with 60° skew in Lubbock, TX [17].

The focus of this study is specifically directed toward bridges equipped with X-frame
and K-frame end diaphragms. Bridges with full-depth diaphragms at the supports are not
considered. The major roles of end diaphragms include controlling the twist of the girders,
supporting the deck and expansion joint, and transferring lateral loads such as seismic
and wind loads from the bridge deck to the bearings. Astaneh-Asl [18], Bruneau [19], and
Shinozuka [20] have shown seismic load transferring and the importance of the end cross-
frame design [21] by reporting damages within end cross-frames during severe earthquakes.

1.1.2. Skewed Connections in Bridges

In a standard steel connection such as cross-beam to girder, beam to girder, or beam to
column, the structural elements are generally connected at an angle of 90 degrees. However,
some structures and bridges in certain circumstances have elements that do not have a
perpendicular connection to other elements. A connection that links two elements at an
angle other than a right angle is called a skewed connection. In order to ensure safety
and economical construction, the application of skewed connections often requires unique
design considerations [22].

In bridges with skewed supports, geometric requirements often call for skewed con-
nections between the end cross-frames and girders. As noted earlier, when the skew angle
is larger than 20 degrees, the AASHTO LRFD Bridge Design Specifications [2] require inter-
mediate cross-frames to be oriented perpendicular to the girder, but the end cross-frame
or diaphragms usually frame in at an angle equal to the skew angle. In addition to the
conventional and newly recommended details for steel girder bridges with skewed sup-
ports discussed in the following sub-sections, there are also some innovative connections
that have recently been suggested [23,24]. However, these require further investigation
prior to implementation. These connections vary in terms of their performance and ease
of installation.
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Bent Plate Connection

As noted above, for skew angles larger than 20 degrees, AASHTO LRFD [2] requires
intermediate cross-frames to be aligned perpendicular to the girders. End cross-frames,
regardless of skew angle, must be parallel to the skew and hence in line with the supports
or abutment center line. This implies that the end cross-frames will connect the girder at
a non-perpendicular angle, potentially causing welding and fit-up complications. Bent
plates (as shown in Figures 8 and 9) between the cross-frame braces and stiffeners are
commonly used to facilitate the connection, resulting in perpendicular orientations of
the stiffeners [25]. Although bent plates make the fabrication easier, they can reduce the
cross-frame effectiveness due to their flexibility.

Bearing Stiffener

Bent Plate, Typ

Crossframe

Figure 8. Skewed end cross-frame bent plate connection [17].

Bent Plate

Figure 9. Bent plate end cross-frame connection.

Although a bent plate will often suffice for small skew angles, significant issues can
arise for highly skewed bridges [17]. Experimental studies and finite element modeling
(FEM) results have shown that the main cause of out-of-plane bending and deformation
of the elements is the eccentricity of the bent plate connection [26]. Eccentric connections
cause member bending, which has a negative impact on stiffness, fatigue performance,
and strength.
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Half-Round Bearing Stiffener Connections (HRBS)

In an extensive research study, Quadrato et al. (2010) [17,27] investigated existing
connection details for end cross-frames to steel girders in heavily skewed systems and
considered new details. The study focused on bent plate connections and proposed a new
Half-Round Bearing Stiffener (HRBS) detail to facilitate connection fabrication in skewed
girder applications. The configuration of this connection assures the connection stiffener
plate is perpendicular to the half-round plates regardless of the skew angle and avoids the
use of bent connection plate (Figure 10).

15° Skew AngleJ

Figure 10. Small-scale connection test specimens by Quadrato et al. [17].

In addition to improved constructability, there are also structural advantages to utiliz-
ing curved stiffeners. The large-scale test demonstrated the effect of the HRBS in increasing
the warping restraint for the girder, therefore improving the lateral-torsional buckling
resistance of the girders (Figure 11). The HRBS also showed lower values of the end twist
for the girders compared to girders with conventional plate stiffeners and bent plate con-
nections. Also, staggering the intermediate cross-frames was shown to have reduced the
intermediate cross-frame forces but it did not significantly impact the girder end twist.

Figure 11. Large-scale test specimen with the HRBS (left) and a single stiffener prepared for welding
(right) Quadrato et al. [17].
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Quadrato et al. used finite element (FE) models to validate experimental results on
cross-frame and girder connections, focusing on elastic, eigenvalue buckling, and nonlinear
geometric analyses (Figure 12). Their study, which included comparisons of the HRBS and
bent plate connections, led to the development of design guidelines for end cross-frame
connections. The study included parametric analyses on various girder cross-sections and
skew angles, assessing the effect of factors such as plate thickness and bend radius on
stiffness. The HRBS connection was found to offer higher connection stiffness and improved
warping stiffness in girders, enhancing the buckling strength and reducing girder twist and
cross-frame forces. Additionally, the research evaluated fatigue performance in the HRBS
connections, especially at interior girder supports. Comparing stress concentrations in the
HRBS versus inclined plate stiffeners, the researchers concluded that the HRBS detail fits
into the AASHTO’s Fatigue Category C, suggesting its suitability over bent plates in terms
of fatigue resistance [17].

Rigid Constraint at
Girder Cross Frame
Interfaces

Vertical and

LT .

Lateral Shell ""ll - _ Applied
Support Element / ] Moment
Tube

Braces

W30x90 3
(shown for reference only) \ ik

Figure 12. Finite element models of the HRBS connection (left) and an end cross-frame to girders
(right) Quadrato et al. [17].

2. Methodology
2.1. Selection of the Representative Bridges for Analytical Study

Before a discussion of the analytical investigation is provided, the representative
bridges to be analyzed that cover the practical range of the major parameters of continuous
skewed steel girder bridges need to be identified. These parameters include skew angle,
type of continuous spans (one-sided or two-sided continuity), span length, bridge width,
number of steel girders, cross-frame configuration, and girder spacing. The Florida Depart-
ment of Transportation (FDOT) research identified 26 bridges to be considered, providing
a good representation of the range of geometries found in practice. The list of bridges
adopted for this study with the alternative numbering to be referred to hereafter is shown
in Tables 1 and 2. The analysis of these bridges is focused on evaluating the behavior of
the half-round stiffener connection for potential use with bridges with similar geometries.
The table also includes information on the number of spans, span lengths, skew angle and
index at piers and abutments, curvature (angle, radius, and span/radius ratio), total width,
framing width, number of girders, and number of lanes.
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Table 1. Bridge matrix and geometry information used for the analytical study (Part 1).
q Span Length (ft) Skew Angle at Pier (Degree) Curvature
Bridge
Number Span1 Span2 Span3 Span4 SUM Ilfieerrlt{ I]iee?té l]’aiirrlt; I]fizrrlti Ilfieerrlté 0 R (ft) L/R
1 190 140 - - 330 52.8 56.1 57.2 - - 1°44'46" 3281.4  0.058
2 204 160 - - 364 56.2 56.2 56.2 - - - - 0
3 123 137 - - 260 23.0 23.0 23.0 - - - - 0
4 217 234 - - 450 39.8 39.8 39.8 - - - - 0
5 210 234 - - 445 36.1 39.2 42.7 - - 1°30'0”  3819.7  0.061
6 186 167 156 - 509 40.8 27.0 0.0 0.0 - 4°45'0" 738.2 0.252
7 218 250 - - 468 40.6 45.0 45.0 - - 1°59'59”  2865.0  0.087
8 187 154 149 - 491 41.1 50.9 34.7 0.0 - 5° 11459  0.163
9 159 239 235 176 809 0.0 57.0 50.5 39.7 0.0 8°14/38” 695.0  0.344
10 198 213 - - 411 441 48.7 46.8 - - 7°04/25" 810.0 0.263
11 172 253 253 202 880 0.0 50.1 50.1 50.1 0.0 - - 0
12 189 157 159 228 732 53.0 36.0 8.0 45.0 45.0 15°34'32" 57251  0.040
13 156 145 - - 301 40.5 40.5 40.5 - - - - 0
14 172 172 - - 343 55.0 55.0 55.0 - - - - 0
15 262 255 - - 517 52.2 53.3 54.7 - - 0°29'14”  11,758.0 0.022
16 178 178 - - 355 25.6 25.6 25.6 - - - - 0
17 253 253 - - 505 50.4 50.4 50.4 - - - - 0
18 252 252 - - 503 50.2 50.2 50.2 - - - - 0
19 149 174 - - 323 23.4 23.4 23.4 - - - - 0
20 230 210 - - 440 43.8 43.8 43.8 - - - - 0
21 208 209 - - 416 36.7 36.0 35.3 - - - - 0
22 170 170 - - 340 52.7 52.7 52.7 - - - - 0
23 199 199 - - 398 54.5 54.5 54.5 - - - - 0
24 181 174 - - 355 25.0 0.0 25.0 - - 1°48' 3183.1  0.057
25 167 185 - - 353 35.5 35.5 35.6 - - - - 0
26 204 196 185 - 585 442 44.7 58.7 58.7 - - - 0
Table 2. Bridge matrix and geometry information used for the analytical study (Part 2).
. Skew Index (Is)
. Girder Deck Max End
1\]13::11%; Spacing T:ﬁ:sf (1;:&3:5 Width r\flf) Is = wy - tan q/Ls Skew Cross-Frame
(in.) (ft) Span1 Span 2 Span 3 Span 4 Index (Is) Type
1 123 3 6 58.2 51.3 0.40 0.57 - - 0.57 Inverted-V
2 114 3 6 54.3 47.5 0.35 0.44 - - 0.44 Inverted-V
3 120 2 4 37.1 30.0 0.10 0.09 - — 0.10 v
4 144 3 5 56.1 48.0 0.18 0.17 - - 0.18 v
5 144 4 6 67.1 60.0 0.23 0.24 - - 0.24 v
6 150 2 4 48.4 37.4 0.17 0.11 - - 0.17 v
7 132 1 3 30.1 22.0 0.10 0.09 - - 0.10 Inverted-V
8 111 2 5 43.1 37.0 0.24 0.29 0.17 — 0.29 v
9 144 1 4 44.0 36.0 0.35 0.23 0.19 0.17 0.35 Inverted-V
10 116 1 4 37.3 29.0 0.17 0.15 - - 0.17 Inverted-V
11 144 2 4 43.1 36.0 0.25 0.17 0.17 0.21 0.25 v
12 148 3 5 60.2 49.2 0.35 0.23 0.31 0.22 0.35 Inverted-V
13 117 2 5 47.1 39.0 0.21 0.23 - - 0.23 v
14 150 2 4 47.1 37.5 0.31 0.31 - - 0.31 Inverted-V
15 144 2 4 43.1 36.0 0.18 0.20 - - 0.20 Inverted-V
16 161 2 4 50.2 40.3 0.11 0.11 - - 0.11 Inverted-V
17 140 2 6 65.0 58.3 0.28 0.28 - - 0.28 Inverted-V
18 153 2 5 59.0 51.0 0.24 0.24 - - 0.24 Inverted-V
19 160 4 8 101.1 93.3 0.27 0.23 - - 0.27 Inverted-V
20 127 4 7 71.1 63.4 0.26 0.29 - - 0.29 Inverted-V
21 127 3 6 59.1 52.9 0.19 0.18 - - 0.19 Inverted-V
22 97 2 7 55.3 48.3 0.37 0.37 - - 0.37 Inverted-V
23 141 2 4 43.1 35.3 0.25 0.25 - - 0.25 Inverted-V
24 96 1 4 30.1 24.0 0.06 0.06 - - 0.06 Inverted-V
25 108 3 6 54.4 45.1 0.19 0.17 - - 0.19 Inverted-V
26 105 2 5 425 35.0 0.17 0.29 0.31 - 0.31 Inverted-V

2.2. FEM Modeling

For finite element (FE) analysis, the research team gained access to a few viable finite
element analysis programs for consideration of their use in the analyses. Two of the
programs that were considered were mBrace3D [28] and MIDAS Civil [29]. One of the
representative bridges was selected as a benchmarking case to evaluate these FE programs.
The preliminary analyses that were performed on this bridge showed agreement between
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different programs. For this study, because of the easier input along with better modeling
options, the MIDAS program was selected to carry on with the main body of the analysis.

There have been earlier attempts to analyze the effect of cross-frames in general and
skewed end cross-frames in particular. One of these studies (NCHRP 725- FDOT Report)
used various methods, including the grid model and 3D finite element method, in which
only the girder web was modeled with plate elements, and the beam element was used for
other components. The analysis results obtained in the study reported in this paper using
more sophisticated modeling, i.e., plate element for deck, girder web, and girder flange,
were compared to the results of the previous work, and a good agreement was observed.
Additionally, for the selected FE program, various modeling approaches were applied in
a preliminary analysis including the type of FE elements and modeling of the support
conditions. The results were compared, and the most effective method was selected to
continue with the analysis of all 26 bridges.

There are several options for FE modeling of bridges. These include type of FE
elements for the girder, deck, and bracing, as well as support conditions. To select the
most appropriate and representative option, a skew steel girder bridge was selected for
preliminary analysis using advanced 3D finite element analysis (FEA) with MIDAS Civil
Software [29]. Selective modeling options were adopted and compared to investigate the
sensitivity of the model to various conditions related to the stress ranges in the top flange
of the girder over the intermediate pier. Figure 13 shows the 3D FEM model of this bridge.
The global coordinate system of the FE model is shown in the figure. Three types of support
conditions were compared: Case A—simple rigid supports, Case B—neoprene bearings
over rigid supports, and Case C—neoprene bearings over the pier, as shown in Table 3.
For Case C, the pier substructure was also modeled. Moreover, for considering the type
of FE element, two cases were modeled, one with plate elements for all members except
the cross-frame members that were modeled as beam elements. For the other case, deck
and girder webs were modeled using plate elements, and a beam element was used for
modeling girder flanges and cross-frame members. Table 4 contains the factored fatigue
stress ranges for combinations of support and element type conditions. The results show
that firstly, simplifying the modeling of girder flanges using beam elements alters the
results noticeably. Therefore, it was decided to model the bridges using plate elements for
all members except for the cross-frames. Secondly, simplifying the support condition with
the use of rigid supports changes the results considerably and should not be adopted. On
the other hand, there is negligible difference in the results between the models with and
without pier substructure. Hence, the model using neoprene bearings over rigid supports
was used for subsequent analyses.

Table 3. Substructure and supports for FEM modeling assumption case properties.

. Neoprene Piers
Case Name Rigid Supports Bearings Modeled
Case A v - B
Case B - v J
Case C - v v

* Symbol “v” indicates that the condition is applicable to the case.

Table 4. Factored fatigue stress range at the top flange on the intermediate piers (ksi).

1 2
Case Plate: Deck, Girder Web, and  Plate: Deck and Girder Web
Flanges Beam: Girder Flange &
Beam: Cross-Frames Cross-Frames
A Simple Rigid Support 1.45 1.22
B Neoprene Bearing 1.39 1.44

C Piers Modeled 1.40 1.57
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Figure 13. 3D FEM steel I-girder bridge model.

After identifying the appropriate modeling options through preliminary analysis, the
comprehensive modeling of all 26 bridges was performed. The structural configuration of
the selected skew bridges comprises continuous steel I-girders interconnected by intermedi-
ate cross-frames and end cross-frames, topped with a concrete deck. The support condition
was modeled using neoprene bearing pads over rigid supports.

2.2.1. General Assumptions
Structural Elements

All bridges were modeled using plate elements to accurately represent the concrete
decks, top and bottom flanges, and the web of the steel I-girder, with a mesh size of approx-
imately 50 inches, as shown in Figure 14. Additionally, beam elements were employed for
the cross-frame members, encompassing the top and bottom chords along with diagonal
members. The study also incorporated the specific cross-frame configuration as depicted in
the design drawings, which included various types of braces such as X-frames, K-frames,
or inverted K-frames. To assess the structural response and stability of these bridges, a
thorough linear static analysis was methodically conducted.

Figure 14. 3D FEM steel I-girder bridge model using plate and beam elements.

In the development of the 3D models, careful consideration was given to the effects
of connection eccentricity on the axial rigidity of the cross-frame members, as illuminated
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by the works of Wang et al. (2012) and the National Cooperative Highway Research
Program Report No. 962 (NCHRP, 2021) [30]. These studies underscored the impact of
end connection eccentricities on the axial rigidity of single-angle and flange-connected
tee-section cross-frame members, leading to a reevaluation of stiffness parameters in the
bridge analysis. Consequently, modifications to the axial rigidity were incorporated into
the models, adhering closely to the guidelines set forth in AASHTO LRFD [2] Article
4.6.3.3.4c and the associated commentary, and NCHRP 962 [30]. In this context, the focus
was primarily on the composite condition of the structures in service. An axial stiffness
modification factor of 0.75, as recommended for composite conditions, was uniformly
applied to all relevant cross-frame members. This approach was selected based on the
conservative nature of the modification factor for composite conditions, aligning with the
specific requirements and characteristics of the bridges under consideration.

Materials

Two primary structural materials, steel and concrete, were used to model these bridges.
Both materials were assumed to be linear elastic based upon the combined effects of
construction and service load levels from the passage of the AASHTO fatigue truck. The
properties of the materials are shown in Table 5. These properties were consistent with
24 of the 26 bridges based on information in the design drawings. The specified material
strengths on the other 4 bridges only differ marginally.

Table 5. Material properties.

. Strength Modul.u.s of Poisson’s Welg.h t Damping
Material (ksi) Elasticity Ratio Density Ratio
(kips/in?) (Kips/ft®)
Steel Fy =50 2,90 x 104 03 0.49 0.02
Concrete fle=45 3.86 x 103 0.2 0.15 0.05

Dimensions and Quantities

For all bridges, the dimensions for span length, support skew angle, radius for curved
bridges, deck width, girder spacing, number of girders, deck thickness, and haunch heights
were taken into account in accordance with the information provided in the design draw-
ings. The top 0.5 in. of the bridge deck slab thickness was considered sacrificial and
included in the dead load of the deck slab but was not considered in the computation of
the section properties of the slab or the composite section properties of the girders.

The selected bridges were modeled with intermediate cross-frames, skewed cross-
frames over piers, and abutments as specified in the bridge plans. It is important to note
that in three of the bridges, design drawings did not indicate any skewed cross-frames over
the piers. For these systems, skewed cross-frames were still modeled, assuming member
sizes similar to those in the cross-frames over the abutments in the bridge. The geometry
of the intermediate cross-frames modeled in each span was close to values obtained from
the design drawings. Although in some cases the plans had variations in the intermediate
cross-frame spacing, equally spaced cross-frames were modeled based upon the FEM
program modeling interface, resulting in slight differences from the spacings shown on
the drawings.

2.2.2. Fatigue Loading

Variation in tensile stresses under live loading is the main precursor for the fatigue
of the top flange of a girder at the negative moment region over an intermediate pier, as
well as the design of the cross-frame connection at this location. While for the AASHTO
LRFD Strength 1 design [2], loading consisting of multiple trucks on either side of the
negative moment region and in multiple lanes is required, the AASHTO LRFD [2] methods
for fatigue design consider the passage of a single fatigue truck. In other words, the fatigue
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truck is modeled considering passage along each potential lane individually to develop an
envelope that represents the critical position of the truck for fatigue in a given cross-frame.
The AASHTO BDS identifies the fatigue truck as a HS20 truck (Figure 15) for which the
spacing between the second and third axles is 30 ft. Longitudinal positioning of the truck is
selected based upon the critical stress range for the detail of interest. This position is not
based upon striped lanes but at a constant transverse position that creates the critical results.

14’

14’ - 30’
Figure 15. HS-20 Design truck load.

According to Section 3.4.1 of the AASHTO LRFD [2] Bridge Design Specifications, it is
required that the stresses obtained from fatigue truck loading be multiplied by a factor of
1.75 for Fatigue-I design, which pertains to the combination of fatigue and fracture loads
related to infinite load-induced fatigue life, and a factor of 0.8 for Fatigue II, which relates
to the combination of fatigue and fracture loads related to finite load-induced fatigue life.
Furthermore, for fatigue design, it is necessary to take into account the Dynamic Load
Allowance (IM) multiplier equal to 1.15.

3. Results and Discussions
3.1. Fatigue Stress Ranges in Top Flanges over Skewed Piers

The determination of the fatigue stress range in top flanges over skewed supports
involved calculating the maximum and minimum stress in that element when a fatigue
truck traversed the bridge in a specific lane. Separate calculations of the stress range
for each lane were conducted to determine the critical location. The study employed an
influence surface analysis to ascertain the maximum and minimum impact of the fatigue
truck on top flanges over skewed supports. A representative influence surface is shown in
Figure 16. The figure shows the influence surface for the top-flange plate element internal
stress over the exterior left support in Bridge 23. Figures 17 and 18 depict the location of
the fatigue truck in the first lane, corresponding to the maximum and minimum stress in
that element. This procedure was replicated for other transverse lanes to identify the most
critical stress range for the element.
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FORCE-Fxx

2.19532e-02
1.84184e-02
1.48835e-02
1.13487e-02
7.81383e-03
4.273982-03
0.00000e+00
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-£.325572-03
-5.86043e-03
-1.33953e-02
-1.69301e-02

UNIT: kips/in

Figure 16. Influence surface for the longitudinal force in the top flange element over the skewed
support in the first lane of Bridge No. 23.
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Figure 17. The optimal position of the fatigue truck in the first lane of Bridge No. 23 to maximize
stress in the top flange of the steel I-girder over the skewed support.
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Figure 18. The optimal position of the fatigue truck in the first lane of Bridge No. 23 to minimize
stress in the top flange of the steel I-girder over the skewed support.

As previously discussed, a primary focus of the fatigue assessment is the top flange
located over the piers, particularly due to the tensile stresses arising from negative moments
in that region. To thoroughly understand the fatigue performance of top flanges, the stress
ranges were calculated based on the local stresses in the elements immediately above the
supports, accounting for the element’s local axis orientation. The stress range in the plane
of the top flange was calculated by finding the difference between the highest and lowest
local stress values in each main local direction. This was achieved using Equations (1)-
(3), where Afy, and Af, represent the stress ranges in the x and y directions, respectively,
and Afxy represent the shear stress range. 0y.uax and 0y.max denote the maximum local
stresses in the x and y directions, while ¢y, and ¢y, indicate the minimum local
stresses in these directions. Once the stress ranges for both directions are obtained, their
resultant is computed and considered as the overall stress range (Af) in the element based
on Equation (4). It should be noted that tensile stresses were considered positive and
compressive stresses negative. Hence, the results are based on the absolute stress range,
i.e., if the minimum stress was compressive, its value was added to the tensile stress.

Afx = Ox—max — Ox—min 1)

Afy = Oy—max — Oy—min 2)

Afxy = Oxy—max — Uxy—min 3)

aF =3 (arran) 2y (8- 1,) +4(a1,)’ @

Upon computing the Fatigue-I stress ranges for the top flanges across all 26 representa-
tive skewed bridges, the largest value for each bridge was identified. This maximum stress
range represents the most significant stress range that occurs in the top flange directly over
the intermediate supports. A conservative approach was utilized considering the envelope
of minimum and maximum stresses for the stress range calculation. Table 6 compiles these
peak values, and Figure 19 (the histogram) depicts the distribution of these maximum
factored stress ranges. The horizontal axis (x-axis) of the histogram represents the range
of top-flange fatigue stress in ksi divided into six intervals, while the vertical axis (y-axis)
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indicates the number of bridges that fall within each stress range interval. The range of
values is between 1.24 and 3.63 ksi, with an average value of 2.41 ksi.

Table 6. The top-flange maximum stress range over the intermediate supports for the Fatigue—

I envelope.
. Maximum Top-Flange . Maximum Top-Flange
Bridge Fatigue StresIS, Rangge Bridge Fatigue StresI; Rangge
Number . Number .
(ksi) (ksi)
1 2.23 14 2.53
2 1.24 15 242
3 1.60 16 1.84
4 1.70 17 2.04
5 1.93 18 1.46
6 2.86 19 2.17
7 3.63 20 2.76
8 3.17 21 2.48
9 2.84 22 1.66
10 3.14 23 3.13
11 1.94 24 3.57
12 2.40 25 2.90
13 2.35 26 2.79
7
6
S 405
55
£ 3
z " 2 —‘
1
0

[1.24,1.64] (1.64,2.04] (2.04,2.43] (2.43,2.83] (2.83,3.23] (3.23,3.63]

Top Flange Fatigue Stress Range (ksi)

Figure 19. Maximum top-flange Fatigue—I envelope stress range (ksi).

The top flange in steel I-girder bridges with a stiffener plate perpendicular to the web
is classified as Category C’, as per the criteria outlined in AASHTO LRFD Table 6.6.1.2.3-1
(4.1) [2], with a constant amplitude fatigue threshold (CAFT) set at 12 ksi. The CAFT is
defined as the stress level below which a material can theoretically withstand an infinite
number of load cycles without succumbing to fatigue failure. AASHTO Fatigue Category
C (CAFT = 10 ksi) was also recommended by a recent study by Quadrado et al. [17] for
steel girders with Half-Round Bearing Stiffeners (HRBS).

The analysis results show that the maximum fatigue stress range for top flanges
positioned over skewed piers was 3.57 ksi, a value notably lower than the CAFT associated
with such configuration. This finding suggests that fatigue in top flanges located over
skewed intermediate bridge supports is not likely to be a problem. This in major part can
be attributed to the presence of a solid slab atop the steel I-girder and a supporting element
beneath the bottom flange in the specified area. These robust structures restrict movement
or deformation of the steel I-girder, thereby mitigating the accumulation of stresses caused
by differential deformation of girders, which is identified as a primary source of twisting in
skewed bridges [31].

The above approach follows the screening method for fatigue-sensitive connections
using normal stress based on S-N curves at a global scale. If a specific connection detail is
in focus, a multi-scale modeling technique that bridges the gap between global structural
behavior and local detail-specific responses can be beneficial. By incorporating both global
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bridge models and finely meshed local models of critical details, multi-scale modeling
provides a comprehensive view of the bridge behavior [32-37].

3.2. Cross-Frame Forces for Fatigue Envelope

Determining the precise internal forces acting on structural elements is imperative
for proper connection design. However, the design of the existing connections and devel-
opment of novel connections require knowledge of the range and distribution of forces
a connection may experience over its lifetime, irrespective of parametric variations. In
this part, the results for maximum and minimum axial forces for the skewed cross-frame
members under the Fatigue-I envelope forces are shown in Table 7. Figures 20 and 21
illustrate examples of the maximum (tensile) and minimum (compressive) forces, respec-
tively, experienced by skewed end cross-frame members in Bridge 23 under Fatigue-1
envelope loading.

MIDRS/Civil
BOST-PROCESSOR

BEAM FORCE
AXIAL
13.81

PoSTCS
CBMAX: FATIGUE I
WX : 3
MIN : 191
FILE: B 25-MODE-
UNIT: kips
DATE: 01/02/2024

VIEW-DIRECTION

Figure 20. Maximum tensile forces in skewed end cross-frame members of Bridge 23 under Fatigue-I
envelope loading conditions (measured in ksi).

MIDAS/Civil
BOST-PROCESSOR

BEAM FORCE
AXIAL
-0.86
-2.31
-3.77
-5.22
-6.63

PostCs

CBMIN: FATIGUE I

WX : 281

MIN : 85

FILE: B 25-MODE-

UNIT: kips

DATE: 01/02/2024
VIEW-DIRECTION

Figure 21. Maximum compressive forces in skewed end cross-frame members of Bridge 23 under
Fatigue-I envelope loading conditions (measured in ksi).
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Table 7. Skewed cross-frame members’ axial forces for Fatigue-I envelope (measured in ksi).
Top Chord Force Diagonal Elements Force Bottom Chord Force
Bridge (ksi) (ksi) (ksi)
Number - - -

Min Max Min Max Min Max
1 -7.6 14.0 —15.8 47 —8.8 10.5
2 -89 10.3 —19.5 8.3 —11.5 18.0
3 —4.5 16.2 -8.0 4.9 —4.4 26.2
4 —6.8 15.9 —6.0 5.6 —174 14.5
5 -9.5 19.6 -5.7 5.7 -10.7 12.4
6 —8.5 16.2 —6.0 6.1 —17.4 25.6
7 —18.6 12.7 —12.5 9.1 —32.1 36.5
8 —4.8 17.1 —3.8 3.8 —114 13.9
9 —6.6 12.6 —20.3 6.3 —25.1 36.1
10 —6.5 7.7 —10.3 9.8 —13.7 21.1
11 -11.7 20.8 —12.8 12.2 -22.3 275
12 -71 16.1 —20.2 4.9 —9.2 16.1
13 —6.2 18.8 —9.0 6.6 -89 13.2
14 -7.6 14.2 —26.1 7.8 —9.4 20.9
15 —4.6 8.5 —24.5 7.4 —18.1 234
16 —6.3 17.0 —15.3 29 —5.2 12.4
17 —5.2 9.2 —14.7 5.1 -71 8.8
18 —6.0 11.5 —12.6 4.0 —8.8 9.9
19 —8.3 13.4 —13.8 5.5 -29 10.9
20 —5.8 11.9 -11.7 3.0 -21 7.2
21 -7.0 11.0 —14.2 5.2 —11.2 12.0
22 -5.1 8.9 —15.5 41 —4.3 8.8
23 —9.4 11.0 —16.9 7.1 —8.8 13.8
24 —13.0 10.0 —11.0 3.6 —8.9 12.5
25 -9.7 10.4 —11.3 4.6 —8.2 9.0
26 -7.7 9.7 —12.4 10.3 —13.2 16.9

The histograms provided in Figures 22-27 represent the distribution of the maximum
tensile and compressive axial force due to Fatigue-I loading in cross-frame elements
collected from the analysis of 26 representative skew bridges located in Florida. The x-axis
of the histogram represents ranges of axial force in kips (kilo-pound force), divided into
intervals, while the y-axis represents the number of bridges that fall within each axial force
range. Positive and negative force values represent tension and compression in the element,
respectively. The forces shown are factored forces. In Figure 22, the maximum tensile
internal force in top chord elements of cross-frames is between 7.7 and 20.8 kips, with the
most common value for 27% of the bridges being between 9.9 and 12.1 kips, while the
average axial force value is 13.3 kips. The histogram is also notable for its relatively narrow
range. The maximum internal force in all 26 bridges is within 10 kips of the average value.
This suggests that the maximum internal force in top chord elements of the cross-frames is
relatively consistent across the selected Florida bridges.

Furthermore, the histogram in Figure 23 illustrates the distribution of compressive
axial forces in cross-frame top chord elements of the 26 Florida bridges under Fatigue-I
loading. Most bridges fall into the range of (—6.9, —4.5) kips, indicating this as the most
common interval for axial compressive forces. The data suggest a higher frequency of
lower-magnitude compressive forces, with the number of bridges generally decreasing as
the force interval magnitudes increase.
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Figure 22. Tensile axial force distribution in top chord elements for Fatigue-I envelope (kips).
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Figure 23. Compressive axial force distribution in top chord elements for Fatigue-I envelope (kips).
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Figure 24. Tensile axial force distribution in diagonal elements for Fatigue-I envelope (kips).
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Figure 25. Compressive axial force distribution in diagonal elements for Fatigue-I envelope (kips).
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Figure 26. Tensile axial force distribution in bottom chord elements for Fatigue—I envelope (kips).
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Figure 27. Compressive axial force distribution in bottom chord elements for Fatigue-I enve-
lope (kips).



Infrastructures 2024, 9, 99

22 of 26

Similar observations can be made from Figures 24 and 25 showing tensile (maximum)
and compressive (minimum) forces from Fatigue-1 loading in diagonal elements, and from
Figures 26 and 27 for bottom chords of the end cross-frames.

3.3. Fatigue Consideration in Skewed Connections

Fatigue is also a significant concern for connection components, particularly in skewed
bridges. As previously noted, the two common types of skewed connections in such bridges
are the Half-Round Bearing Stiffener (HRBS) and Bent Plates. The fatigue category for the
connection itself, mainly for the HRBS, has not been defined. There is no detail in Table
4.5 of the AWS D1.1/D1.1M [38] or Table 6.6.1.2.3-1 of the AASHTO LRFD [2] that could
represent the HRBS connection. Consequently, this section aims only to identify potential
fatigue-prone zones to predict the likely locations of fatigue-crack initiation within these
connections, and stress risers that may affect the fatigue performance of the connection.

The FE analysis was carried out to determine the stress distribution within the Half-
Round Bearing Stiffener (HRBS) and bent plate connection of a selected bridge. Bridge 9
with the largest steel girders was selected for this analysis. For the loading, the highest
range of the Fatigue-I envelope forces at the end cross-frames was selected. Hence, the
results will also compare these two connection types in relation to fatigue stresses and
stress concentration. The modeling focused on the cross-frame connection to a steel girder,
including nearby structural components such as the concrete deck, skewed pier, end
cross-frame members forces, and support bearings. Finer mesh (with approximately
1-inch size meshes) and more representative types of elements (solid vs. plate) were
used for this detailed analysis when compared to the analysis of bridges reported earlier.
Boundary conditions reflected the restraint provided by the composite deck and support
elements. The steel I-girder utilized ASTM A 709 GRADE 50 structural steel. The FE model
included discrete components interconnected through rigid weld connections. For the
HRBS connection, two cases were modeled, one with a stiffener plate welded to the girder
flanges and the other with unwelded stiffener plates. MIDAS FEA NX 2024 (v1.1) software
facilitated the use of Solid 3D elements, employing a hybrid mesh system to model complex
geometries effectively. Critical load combination using the highest envelope forces ensured
conservative yet practical load effects. The principal stresses from this refined analysis
are shown in Table 8. The results demonstrate that for the HRBS connection, welding
the stiffener plate to the girder flanges reduces the stress concentration in the HRBS and
stiffener plate. Also, as expected, the use of HRBS improves the stress distribution by
eliminating the bent plate, which is the point of concern for stress concentration. Fatigue-
prone zones and potential crack-initiation locations are highlighted in this table, providing
insights into the fatigue performance of the connections.

Table 8. SCR and positions in HRBS, stiffener plate, and girder from Fatigue I for Bridge 9.

Maximum Principal Stress Maximum Principal Stress Maximum Principal Stress
Skewed . . .
Weld C . Concentration Range Concentration Range Concentration Range
e onnection e . e . i .
Condition Type and Position in and Position in and Position in
P Steel I-Girder Stiffener Plate Skewed Connection
Half-Round
Unwelded Bearing

Stiffener

Max SCR = 2.62 (ksi) Max SCR = 16.42 (ksi) Max SCR = 14.71 (ksi)
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Table 8. Cont.
Skewed Maximum Principal Stress Maximum Principal Stress Maximum Principal Stress
Weld Connection Concentration Range Concentration Range Concentration Range
Condition Tyoe and Position in and Position in and Position in
M Steel I-Girder Stiffener Plate Skewed Connection
Stiffener
Half-Round Plate
Welded Bearing
Stiffener
Max SCR = 4.33 (ksi) Max SCR = 13.71 (ksi) Max SCR = 8.00 (ksi)
s Bent Plate
1
\
|
Welded Bent Plate \
Stiffener ‘
Plate “
Max SCR = 5.27 (ksi) Max SCR =9.19 (ksi) Max SCR = 23.33 (ksi)

4. Conclusions

The study outlined in this paper relates to the fatigue behavior of the tension flange

over intermediate supports in skewed continuous steel I-girder bridges. A wide range
of bridge geometries representing skew bridges in the State of Florida was included in
this study. Support skew generally complicates the load path, secondary stresses, and
differential girder movements. End cross-frames over piers and abutments normally
connect to the girders at an angle matching the skew to facilitate the force transfer. The
literature review covered cross-frame configuration, effectiveness, and connection types
like bent plates or half-round stiffeners. The following conclusions can be made from
this study:

Finite element analyses of 26 bridges representing the range of geometries of skew
bridges in the State of Florida were utilized to quantify flange fatigue stress ranges
and axial forces in the cross-frame members for fatigue assessment.

A preliminary analysis helped to identify the appropriate modeling details. This
included the use of plate FE elements for the deck and girders, and beam elements
for cross-frame members. Also, the analysis showed that the effect of modeling the
substructure is negligible when the neoprene bearings are included.

The maximum top-flange fatigue stress range at the intermediate supports under
fatigue truck loading was found to be 3.63 ksi. This condition is shown in Figure 3 in
relation to the weld between the stiffener plate and the girder flange.

The calculated factored fatigue stress ranges are well below the fatigue threshold of
10 ksi for AASHTO Category C or 12 ksi for Category C” normally associated with
such connections, shown in Figure 3. Therefore, fatigue is not likely to be a concern in
the flanges themselves.

Forces in the skewed end cross-frame members were also presented, providing data
for future studies.
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References

e A refined FE model of a skew connection of an end cross-frame to the steel girder
was constructed to investigate the connection under fatigue loading. The maximum
fatigue envelope force ranges were applied on this connection to study the stress
concentration range and location of stress risers. The results show that a Half-Round
Bearing Stiffener (HRBS) improves the stress distribution, especially when the stiffener
plate is welded to the girder flanges. The stress concentration range calculated in the
girder flange is around 18 to 50 percent lower for the HRBS connection compared
to the bent plate connection for the welded and unwelded conditions, respectively.
For the connection components, the maximum stress concentration range for the bent
plate is 23.33 ksi, which is significantly higher than the maximum stress concentration
range of 16.42 ksi for the stiffener plate connected to HRBS.

This study has addressed the knowledge gap on fatigue concerns for the top flange of
the steel girders over the intermediate supports for skewed bridges. It has also generated a
wealth of information for further investigations into the fatigue behavior of skew connec-
tions and the design and detailing of new types of connections addressing the shortcomings
of the currently available details. A limited connection refined modeling has pointed to
the positive effects of using HRBS details. Future study can focus on a broader parametric
study to make the results more inclusive regarding a larger population of bridges, con-
nection detail improvements, multi-scale refined FE modeling to facilitate the connection
design, and if needed, experimental fatigue and load-testing planning for verification
purposes. Additionally, alongside fatigue testing, conducting corrosion evaluations on
these connections is crucial, particularly in humid or marine environments where corrosion
detrimentally impacts structural integrity [24].
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