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DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the official views or
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report does not constitute a standard, specification, or regulation.
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ABSTRACT

This study was carried out to evaluate fatigue cracking in tie plates in a multi-span, non-
redundant, steel plate-girder bridge. The plates are needed to provide continuity for the
transverse floor beams. Repairs have been on-going, and the goal was to explain the
cause of cracking and provide guidelines for those responsible for designing the repairs to
assure that there would be no further cracks. The designers expected that these bolted
plates would act in simple tension, which is a reasonable assumption based on the plans
and actual bridge. Field monitoring has demonstrated however that the plates are acting
as bending members, with bending occurring in the horizontal plane. The field testing,
combined with a finite element analysis, has been used to explain the behavior causing

bending and to provide guidance on how best to make the repairs.

INTRODUCTION

The bridge studied is a forty-three year-old plate girder bridge that crosses the
Connecticut River. The non-redundant bridge has two main longitudinal girders set back
from the edges. There are transverse floor beams, both between the longitudinal girders
and that cantilever out from the longitudinal girders. The top flange of the longitudinal
girders is connected with tie plates, originally designed to as tension connectors. Fatigue
cracking in the tie plats has raised concerns that the tie plates are being subjected to

stresses that are significantly different than those assumed in design.
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As a result of cracks, emergency repairs were mandated in 2005. Continued
inspection has shown that cracks are continuing to develop in additional tie plates. Strain
monitoring along with a detailed finite element analysis were carried out to provide
designers with an explanation of the cause of cracking and to provide information needed

for renovations.

LITERATURE REVIEW

For over two decades, the University of Connecticut and the Connecticut
Department of Transportation have been conducting both short-term and long-term
structural health monitoring on approximately three dozen bridges throughout the State
(1). Short-term studies in Connecticut have involved strain monitoring on a variety of
bridges ranging in age, construction type, and usage (2-8). These strain monitoring
studies have been a useful tool in assessing the behavior and structural integrity of a
variety of bridges in the State’s infrastructure. The results have provided information

needed for repairs and renovations, often demonstrating that repairs are not needed.

Other researchers have also used strain monitoring to evaluate bridges. Nowak,
Sanli, and Eom (9) analyzed steel multi-girder bridges and determined that the American
Association of State Highway and Transportation Officials (AASHTO) load distribution
factors are conservative. Shenton, Jones, and Howell (10) developed a web-based
system for measuring live load strain in bridges that was used for load rating, fatigue

assessment, and permit vehicle monitoring. Bhattacharya, Li, Chajes, and Hastings (11)



Troiano & DeWolf

used a strain monitoring system to determine load ratings using in-service data from
normal traffic loading. Chajes and Shenton (12) conducted controlled load tests in order

to determine load ratings.

BRIDGE DESCRIPTION

The bridge discussed in this report was built in 1964 and carries four lanes of traffic of a
major state route over the Connecticut River and an AMTRAK Railroad. It is located in
the Windsor area and is shown in Figure 1. The Average Daily Traffic on the bridge is
25,500, of which 6 % are trucks. The bridge also carries gas and water pipes, as well as
communication and data cables. It is a non-redundant structure with two travel lanes in
each direction, as well as a pedestrian walkway on the northern side. There are 8 spans,
with an overall length of 1345 feet and a maximum span length of 200 feet. A typical
cross-section of the structure is shown in Figure 2. The width is 49.5 feet. All elements
of the structure below the bridge deck are symmetrical. Note that the centerline of traffic
does not coincide with the centerline of the structure. There are five simply supported
spans at the ends and a continuous three-span segment in the center portion over the river.
The fatigue cracks are occurring in the tie plate connections on the transverse floor beam

connections located at the ends of the simple spans.
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FIGURE 1 Aerial View of Bridge.
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FIGUREZ2 Typical cross-section of bridge structure for simple spans.
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Each simply supported span consists of two main, welded longitudinal steel plate
girders that support seven equally spaced transverse welded steel plate-girder floor
beams. The transverse floor beams span the interior between the longitudinal plate
girders with cantilevers exterior to the longitudinal girders on each side. The elevation of
the top flange of the transverse floor beams is approximately 1.25 inches above that of
the top flange of the longitudinal girders. The transverse floor beams support
longitudinal W21x68 stringers that are non-composite with the concrete deck slab. The
stringers are continuous across three spans of the transverse floor beams. The bottom
flange of the interior portion of the transverse floor beam is braced in the horizontal
direction using a WT7x37.5. There is no lateral bracing on the cantilevered portion of

the transverse floor beam. All original structural steel had a yield stress equal to 36 ksi.

Cracking has occurred in the top plate used to make the interior transverse floor
beam continuous with the exterior cantilevered transverse floor beam. The web is made
continuous through the longitudinal girder using bolted double-angle connections. The
bottom flange of the transverse floor beam is also made continuous through the
longitudinal girder using a bolted seat connection. The top flange of the transverse floor
beam is not rigidly connected to the top flange of the longitudinal girder. A tie plate is
used to make the top flange of the transverse floor beams continuous over the top of the
longitudinal girder, as shown in Figure 3. A filler plate exists between the tie plate and
the top flange of the longitudinal girder. Significant corrosion is present between the tie
plate and the filler plate at the end joints in the concrete deck, located at the ends of the

simple spans. The corrosion has caused an upward vertical deformation of the tie plate

12
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with respect to the top of the longitudinal girders, with magnitudes up to approximately ¥4

inch (1.91 cm).
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FIGURE 3 Detail of tie plate connection between interior transverse floor beam and exterior

cantilevered transverse floor beam.

Prior to this study, eight tie plates on the transverse floor beams at the ends of
each simply supported span exhibited fatigue cracks. The cracks occurred on the edge of
the tie plate, on the interior side of the longitudinal girders. All cracks were on the
interior side of the tie plate. Each crack developed adjacent to the first bolt of the bolted
connection to the top flange nearest the longitudinal girder. The cracks have occurred in

similar locations on each tie plate, but only on the southern side of the bridge, towards

13



Troiano & DeWolf

which the centerline of traffic is shifted. A small crack was also noted on the leading
edge of the connection of the bottom flange of the transverse floor beam, located on the
exterior of the longitudinal girder. The crack at the bottom flange of the transverse floor

beam was only noted on one of the girders. This crack was repaired.

The first set of cracked tie plates were repaired two years prior to this study. The
repair design consisted of removing the cracked tie plate and filler plate, and replacing
only the tie plate. The filler plate was not replaced because it was believed that the rust
between the filler plate and the original tie plate was a major contributor to the cause of
the crack. The new tie plate had the same dimensions as the one it replaced, but it was
made using steel with a yield stress of 50 ksi, whereas the original tie plates had a yield
stress of 36 ksi. A recent inspection revealed a crack on a tie plate that was not
previously replaced. This is what prompted the strain monitoring reported in this study.
This report presents the findings of two sets of strain gage monitoring. Monitoring was
first conducted to collect strain data from two original tie plates, one with a crack and one
without a crack. Additional monitoring was carried out to collect data from a recently

repaired tie plate.

MONITORING SYSTEM DESCRIPTION

A portable strain measuring system was utilized to obtain strain data from the structure
under normal vehicular traffic loading. A detailed description of the system and its

capabilities is given by Sartor, et. al (2).

14
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The initial monitoring was carried out with 2 strain gages located on an un-
cracked tie plate and 2 gages located on a cracked tie plate. Neither tie plate had been
replaced during repairs to the bridge. The cracked tie plate was on a transverse floor
beam located at the end of a simple span. The crack developed on the interior edge of the
plate, located on the interior side of the longitudinal girder. The un-cracked tie plate was
on the girder adjacent to the girder with the cracked tie plate. The location of the gages is

shown in Fig. 4.
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FIGURE 4 Strain gage layout for the first stage of strain monitoring, with gages located both on an

uncracked tie plate and a cracked tie plate.

As noted, the initial tests raised a number of questions, resulting in a second set of
monitoring tests. This second set used 8 strain gages, 4 on a repaired tie plate, 2 on the
top flange of the cantilevered portion of the transverse floor beam, and 2 on the bottom
flange of the cantilevered portion of the transverse floor beam. Gages were placed on

each edge of the tie plate to determine if the tie plate is acting in axial tension, as

15
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anticipated from the design, or if there is some other type of action. In the second set of
tests, half of the gages were installed on the flanges of the exterior cantilever to monitor
the behavior observed in the first set of data collection. The location of the gages is

shown in Fig.5.
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FIGURE 5 Strain gage layout for the second stage of strain monitoring, with gages located on a

repaired tie plate and on the flanges of the cantilevered portion of the transverse floor beam.

All data was collected at a sampling rate of 30 Hz. The data collection was
triggered manually and recorded in 10-20 minute scans, each with 3 to 5 truck events
creating peak strains from 30 pe to a maximum of 120 pe. Shorter scans were conducted
for random single truck events using an observer on the bridge to note when monitoring
should begin. Additional tests were conducted using a fully loaded, known-weight test

truck.
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The strain data revealed that the strains in the tie plates varied, with tensile strains
on one side and compressive strains on the other side as the vehicle approached the
monitored location. The tests demonstrated that the tie plate, located on the trailing edge
of the longitudinal girder span, is subjected to loading any time the vehicle is in the

longitudinal girder span.

Figure 6 shows a truck event recorded during the initial set of tests. Gage 2 is on
the leading edge, i.e. it is located on the same side of the tie plate as the approaching
vehicle. This side is the interior side with respect to the end support. Gage 1 is on the
trailing edge of the tie plate, i.e. on the side opposite to the leading edge. Gages were
placed on both sides of the tie plate because the cracks always seemed to be aligned on
one side with respect to the direction of traffic crossing, even though the tie plates were
expected to be in uniform axial tension resulting from the continuity of the transverse
floor beams. The tests demonstrated that there is significant bending in the horizontal

plane.
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FIGURE 6 Strain data from a truck event on a cracked tie plate.

A typical set of strain data collected for a truck in the second set of tests is shown
in Fig. 7. The strain data was collected in the second set of testing on a repaired plate,
which, as noted before, no longer had a filler plate. As shown, the strains increased
approximately linearly during the initial loading stage, i.e. in the first half of the event.
Strain gages 1 and 2 are on the leading edge. Strain gages 3 and 4 are located on the
trailing edge. As shown, strain gages 1 and 2 recorded linearly increasing tensile strains

while strain gages 3 and 4 recorded linearly increasing compressive strains. All strains
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were approximately at their respective peaks at the same time during the event. Based on
the time period for the full event, it is clear that the vehicle is approximately in the middle
of the span when the strains are at their highest peaks. The magnitude of the strains then

decreases as the truck approaches the monitored girder, at the end of the span.
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FIGURE 7 Strain data from truck event on a repaired tie plate.

Just prior to the end of the event, all gages show a smaller tensile values, with a
much smaller variation in the strain magnitudes. This is believed to be the point at which

the truck is directly over the transverse floor beam being monitored. At this time during

19
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the event, the transverse cantilevered girder is behaving approximately in simple bending,
with the tie plate acting in nearly uniform tension. It is assumed that the variation in the

tensile strains is attributable to the fact that the actual truck has multiple axles.

Fig. 7 also shows that the magnitude of the tensile strains at the end of the event
are not as large as the peak strains that occur when the truck is approximately in the
center of the longitudinal span. This suggests that the cantilever action that is expected to
control the loading on the tie plate is not the worst case loading. The worst case for the

tie plate is, in fact, while the truck is in the center of the longitudinal girder span.

Looking at all events, the maximum recorded strain in the tie plate was
approximately 120 pe in tension, recorded during normal vehicular traffic on the cracked
tie plate. Typical truck events yielded peak tensile strains ranging from approximately 30
to 85 pe, with peak compressive strains ranging from approximately 35 to 60 pe. Each
respective peak occurred while the truck was approximately in the center of the
longitudinal girder span. When the truck crossed directly over the transverse floor beam
being monitored, the strains dropped significantly, with magnitudes equal to
approximately 40 to 60% of the peak strain recorded for the strain gage when the truck

was located approximately in the center of the longitudinal girder span.

An additional reason for conducting the second set of tests was to determine how
the transverse cantilever beams were actually deforming. The strain gages on the leading
edge of the top flange and the leading edge of the bottom were both in tension when the
truck was approximately in the center of the span. The strain gage on the trailing edge of

the top flange was in compression. The data recorded by the three strain gages

20
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demonstrated that the exterior, transverse cantilevered girder was bending about a vertical
axis in the longitudinal direction of the bridge away from traffic, i.e. the end of the
cantilever moved horizontally away from the center of the span. This is opposite to what
would normally be expected for the deformations of this bridge. Thus, the next phase of
the research was to conduct a finite element analysis to fully explore this behavior and to

better explain how to make repairs.

FINITE ELEMENT ANALYSIS

The finite element analysis model consisted of approximately 37,000 elements,
representative of all aspects of the structure, including lateral bracing members and
stiffeners. The longitudinal girders, transverse floor beams, girder stiffeners, stringers,
and concrete deck slab were modeled with shell elements. The lateral bracing members
for the transverse floor beams were modeled with beam elements. Figure 8 shows a
three-dimensional rendering of the finite element model, including mesh lines used in the

analysis.
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FIGURE 8 Three-dimensional finite element model.

The analysis involved stepping a static load across the deck, designed to model a
typical semi-truck. Figure 9 shows an exaggerated deflected shape of the structure when

the load is in right lane in the center of the simple span.

FIGURE 9 Three-dimensional finite element model in deformed shape.
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A study of the deformations shown in this deflected shape confirms qualitatively
that the tie plate is bending in the horizontal plane, and that these deformations are
consistent with the field strain data. Figure 9 shows that the longitudinal girder deflects
in simple bending when the load is in the center of the simple span. This deflection
causes the end of the girder to rotate toward the center of the span, about the bearing
located at the bottom flange of the girder. As the longitudinal girder rotates inward, the
top of the transverse floor beam’s web, which is connected via bolted double angles to
the longitudinal girder, is pulled toward the center of the span. The stringers, which are
connected to the top flange of the transverse floor beam, provide lateral bracing restraint
and resist the inward movement of the transverse floor beam. This forces the tie plate to
bend in the horizontal plane, creating tension on the leading edge of the tie plate and

compression on the trailing edge of the tie plate.

The behavior is described in more detail in the M.S. thesis of the first author (13).
As shown, the deflection of the longitudinal girder decreases as the load is stepped across
the last transverse floor beam and away from the center of the span. Thus, the end
rotation of the longitudinal girder is lessened, reducing the horizontal bending of the tie
plate. When the load is directly over the last transverse floor beam of the span, the girder
is subjected to simple cantilever action that causes near uniform tension in the tie plate.
The tension caused in the tie plate from the cantilever action is much lower than the
tension caused by the bending forces in the tie plate when the load is in the center of the
simple span. This behavior reinforces the fact that the first, and highest, peak of the
strain data collected occurs when the truck is in the center of the span, which is where the

longitudinal girder is at its largest deflection, and therefore, it largest end rotation.
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CONCLUSION

This report documetns a strain monitoring study to determine the cause of cracking in key
tie plates of a non-redundant steel plate-girder bridge. The tie plates provide continuity
for transverse floor beams that cantilever beyond the main supporting longitudinal

girders.

Continuing field inspections noted the development of fatigue cracks in the tie
plates, and the study began with strain monitoring to develop guidelines for use in
repairs. All cracks developed at similar locations on the tie plates that were clearly
designed as simple tension members to provide continuity to the top flange of the
transverse floor beam. An initial strain monitoring study demonstrated that: 1) the tie
plates are subject to bending in the horizontal plane; 2) the bending is not consistent with
potential torsional deformations of the transverse floor beam that would be expected from
bending of the longitudinal stringers; 3) the largest tension strains occurred when trucks
are in the middle of the span and not directly over the cantilever, when maximum strains

of the cantilever would be expected.

Additional field monitoring was used to better understand the cause of the large
strains inducing cracks and to explain the behavior. The field data was correlated with a
three dimensional finite element model to fully explain how deformations were occurring

and to provide in sight into potential repairs.
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The study demonstrated that repairs were only necessary for tie plates at the ends
of the spans, greatly reducing the cost of the initial plan to replace all tie plates in the
bridge. The field strain levels and an explanation of the behavior of the structure were
used to provide the designers with guidelines on determining the dimensions of the

replacement tie plates.

The information provided by this study is being used to maintain the structural
integrity of the bridge and provide for an increased service life of this aging part of the

State’s infrastructure.

25



Troiano & DeWolf

REFERENCES

(1) J.K. Olund, A.J. Cardini, C. Liu and J.T. DeWolf. The Long-term Structural Health
Monitoring of Bridges in the State of Connecticut. Structures Congress, American
Society of Civil Engineers, Long Beach, CA, 7 pages. 2007.

(2) R. Sartor, M.P. Culmo and J.T. DeWolf. Short Term Strain Monitoring of Bridge
Structures. Journal Bridge Engineering, American Society of Civil Engineers, Vol. 4,
No. 3, 1999. pp. 157-164.

(3) K.J. Bernard, M.P. Culmo and J.T. DeWolf. Strain Monitoring to Evaluate Steel
Bridge Connections. Structures Congress XV, American Society of Civil Engineers,
Portland, Oregon, pp 919-923. 1997.

(4) J.T. DeWolf, T.R. Lindsay and M.P. Culmo. Fatigue Evaluations in Steel Bridges
Using Field Monitoring Equipment. Structures Congress XV, American Society of Civil
Engineers, Portland, Oregon, pp 26-30. 1997.

(5) M.R. DelGrego, M.P. Culmo and J.T. DeWolf. Monitoring of Century-Old Railroad
Truss Bridge. Annual Meeting of Transportation Research Board, Washington, D.C., 20
pages. 2004.

(6) M.P. Culmo, J.T. DeWolf and M. R. DelGrego. Behavior of Steel Bridges under
Superload Permit Vehicles. In Transportation Research Record: Journal of the
Transportation Research Board, No. 1892, TRB, National Research Council,
Washington, D.C., 2004, pp. 107-114.

(7) E.G. Feldblum, P.F. D’Attilio and J.T. DeWolf. Strain Monitoring of Bridges during
Paving Operations. Annual Meeting of Transportation Research Board, Washington,
D.C., 2005. 19 pages.

(8) S. Chakraborty and J.T. DeWolf. Development and Implementation of a Continuous
Strain Monitoring System on a Multi-Girder Composite Steel Bridge. Journal of Bridge
Engineering, American Society of Civil Engineers Vol. 11, 2006. No. 6:753-762.

(9) Nowak, A. S., Sanli, A. and Eom, J. Bridge Girder Distribution Factors for Live
Load. Structural Engineering in the 21st Century; Proceedings of the 1999 Structures
Congress, New Orleans, LA, 516-519, 1999.

(10) Shenton, H. W., Jones, R., and Howell, D. A Web-Based System for Measuring
Live Load Strain in Bridges, Structural Materials Technology VI, an NDT Conference,
Buffalo, NY, 339-346, 2004.

(11) Bhattacharya, B., Li, D., Chajes, M. and Hastings, J. Reliability-Based Load and

Resistance Factor Rating Using In-Service Data. ASCE Journal of Bridge Engineering,
Vol. 10, No. 5, 2004, 530-543.

26



Troiano & DeWolf

(12) Chajes, M.J., and H.W., Shenton III, "Using Diagnostic Load Test for Accurate
Load Rating of Typical Bridges," Proceedings of the 2005 Structures Congress and the
2005 Forensic Engineering Symposium, New York, NY, 2005.

(13) Troiano, G.P., “Evaluation of Cracking in a Non-Redundant Steel Plate Girder
Bridge and Development of an Automated Bridge Monitoring System, M.S. Thesis,
University of Connecticut, Storrs, CT 06268, 2008.

27



	Title Page
	Technical Report Documentation Page
	Disclaimer
	Acknowledgements
	Metric Conversion Factors
	Table of Contents
	List of Figures
	Abstract
	Introduction
	Literature Review
	Bridge Description
	Figure 1 - Aerial View of Bridge
	Figure 2 - Typical cross-section of bridge structure for simple spans.
	Figure 3 - Detail of tie plate connection between interior transverse floor beam and exterior cantilevered transverse floor beam.

	Monitoring System Description
	Figure 4 - Strain gage layout for the first stage of strain monitoring, with gages located both on an uncracked tie plate and a cracked tie plate.
	Figure 5 - Strain gage layout for the second stage of strain monitoring, with gages located on a repaired tie plate and on the flanges of the cantilevered portion of the transverse floor beam.
	Figure 6 - Strain data from a truck event on a cracked tie plate.
	Figure 7 - Strain data from truck event on a repaired tie plate.

	Finite Element Analysis
	Figure 8 - Three-dimensional finite element model.
	Figure 9 - Three-dimensional finite element model in deformed shape.

	Conclusion
	References



