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Abstract: The National Transportation Safety Board (NTSB) investigates accidents to identify the
probable cause and to make recommendations that would prevent similar accidents. Following
the collapse of the 1-35W bridge in Minneapolis on August 1, 2007, the NTSB worked with the
Federal Highway Administration, the Minnesota Department of Transportation and other parties
with information and expertise, including SIMULIA Central, to determine the circumstances that
contributed to the collapse of the bridge, completing the investigation in 15 months. The NTSB
concluded that the collapse of the bridge was caused by the inadequate load capacity of gusset
plates used to connect the truss members, as a result of an error by the bridge design firm, Sver-
drup & Parcel and Associates, Inc. The loading conditions included a combination of (1) substan-
tial increases in the weight of the bridge caused by previous bridge modifications, and (2) the traf-
fic and concentrated construction loads on the bridge on the day of the collapse. Evidence from
the collapsed bridge structure, engineering evaluations of the design, and results from the finite
element analyses used to support the investigation are reviewed.

Keywords: Bridge Collapse, Gusset Plate, Plasticity, Instability, Riks, Fasteners.
Introduction
About 6:05 p.m. central daylight time on Wednesday, August 1, 2007, the eight-lane, 1,907-foot-

long 1-35W highway bridge over the Mississippi River in Minneapolis, Minnesota, experienced a
catastrophic failure in the central deck truss span over the river. The 1,064-foot-long deck truss



portion of the bridge collapsed, along with adjacent sections of the approach spans that were sup-
ported by the deck truss. See Figure 1. A total of 190 people were confirmed to have been on or
near the bridge when the collapse occurred; 13 people died, and 145 people were injured. There

were 111 vehicles on the portion of the bridge that collapsed, with 17 recovered from the water.
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Figure 1. The collapsed deck truss portion of the |1-35W bridge.

The National Transportation Safety Board (NTSB) launched a team of investigators to the acci-
dent scene, with on-scene work beginning on the day after the collapse. The on-scene investiga-
tion, including documentation and analysis of the recovered bridge structure, lasted until Novem-
ber 10, 2007. The results of the investigation were presented in the NTSB’s final report [NTSB
2008K], which was adopted on November 14, 2008.

The NTSB is an independent federal agency charged with investigating all aviation accidents in
the United States and investigating major accidents involving highways, railroads, pipelines, ha-
zardous materials and marine transportation. The goals of every investigation are to determine the
probable cause of the accident and to make recommendations for systemic changes that would
prevent similar accidents.

In order to accomplish its mission, the NTSB collaborates with parties involved in the accident
who have specialized technical knowledge or expertise that can contribute to the investigation.

For the collapse of the 1-35W bridge, the parties to the investigation included the Federal Highway
Administration (FHWA); the Minnesota Department of Transportation (Mn/DOT) and their con-
sultant Wiss, Janney, Elstner Associates, Inc. (WJE); Jacobs Engineering Group, Inc. (Jacobs),
which purchased Sverdrup Corporation (successor to the original bridge design firm) in 1999; and
Progressive Contractors, Inc. (PCI), which was repaving part of the deck on the day of the acci-
dent.



Bridge design

The 1-35W bridge was designed by the engineering consulting firm of Sverdrup & Parcel and As-
sociates, Inc., of St. Louis, Missouri. The design was based on the 1961 American Association of
State Highway Officials (AASHO) Standard Specifications for Highway Bridges and 1961 and
1962 Interim Specifications, and on the 1964 Minnesota Highway Department Standard Specifica-
tions for Highway Construction. The bridge design was developed over several years. Plans for
the foundation were approved in 1964 and construction of some piers began in 1964. The final
design plans for the bridge were certified by the Sverdrup & Parcel project manager (a registered
professional engineer) on March 4, 1965. The bridge design plans were approved by the Minneso-
ta Highway Department on June 18, 1965.

Bridge construction

The bridge was 1,907 feet long and carried eight lanes of traffic, four northbound and four south-
bound. The bridge had 13 reinforced concrete piers and 14 spans, numbered south to north. Eleven
of the 14 spans were approach spans to the deck truss portion. The bridge deck in the approach
spans either was supported by continuous welded steel plate girders or by continuous voided slab
concrete spans. The south approach spans were supported by the south abutment; by piers 1, 2, 3,
and 4; and by the south end of the deck truss portion. The north approach spans were supported by
the north abutment; by piers 9, 10, 11, 12, and 13; and by the north end of the deck truss portion.
The 1,064-foot-long deck truss portion of the bridge encompassed a portion of span 5; all of spans
6, 7, and 8; and a portion of span 9. The deck truss was supported by four piers (piers 5, 6, 7, and
8).

The original bridge design accounted for thermal expansion using a combination of fixed and ex-
pansion bearings for the bridge/pier interfaces. The fixed bearing assemblies were located at piers
1,3,7,9, 12, and 13. Expansion (sliding) bearings were used at the south and north abutments and
at piers 2, 4, 10, and 11. Expansion roller bearings were used at piers 5, 6, and 8.

The deck of the I-35W bridge consisted of two reinforced concrete deck slabs separated by about 6
inches. The total width of the deck slabs was about 113 feet 4 inches. When the bridge was opened
to traffic in 1967, the cast-in-place concrete deck slab had a minimum thickness of 6.5 inches. As
discussed later in this report, bridge renovation projects eventually increased the average thickness
of the concrete deck by about 2 inches.

Deck truss portion of the bridge

In a deck truss bridge, the roadbed is along the top of the truss structure. The deck truss portion of
the bridge consisted of two parallel main Warren-type trusses (east and west) with verticals. A
Warren truss has alternating tension and compression diagonals and has the advantage that chord
members are continuous across two panels, with the same force carried across both panels. This
arrangement simplifies some of the design calculations.

The upper and lower chords of the main trusses extended the length of the deck truss portion of
the bridge and were connected by straight vertical and (except at each end of the deck truss) di-



agonal members that made up the truss structure. The upper and lower chords were welded box
members, as were those diagonals and verticals that were designed primarily for compression. The
vertical and diagonal members designed primarily for tension were H members consisting of
flanges welded to a web plate.

Gusset plates were used to connect the truss members. The gusset plates were primarily attached
to the truss members with rivets, but a few bolts were used at each joint, presumably to expedite
the initial connection during construction.

The east and west main trusses were spaced 72 feet 4 inches apart. The deck was supported by 27
transverse welded floor trusses spaced on 38-foot centers along the main trusses and by two floor
beams at the north and south ends. The floor trusses were cantilevered out about 16 feet on either
side past the east and west main trusses. The concrete deck for the roadway rested on 27-inch-deep
wide-flange longitudinal stringers attached to the transverse floor trusses and spaced on 8-foot-1-
inch centers. The 14 stringers were continuous for the length of the deck truss except for five ex-
pansion joints. Diaphragms connected the webs of adjacent stringers to transfer lateral loads and
maintain structural rigidity and geometry.

The main truss nodes were numbered from the south beginning from 0, reaching node 14 at the
center of the deck truss above the river. Because the bridge was nearly symmetric north to south,
the nodes on the north end of the bridge were numbered in reverse order and given a prime sym-
bol, so that U10 and U10” indicate symmetric nodes with respect to the center of the deck truss.
The letters U (for upper chord) and L (for lower chord) further identified the nodes, along with E
or W to specify the east or west main truss.

These node humbers were also used to identify the connecting main truss structural members. For
example, the upper chord member that connected the U9 node to the U10 node was designated
U9/U10 (or U10/U9). Again, E and W were used to designate the east or west main truss.

For the most part, forces were only transferred between truss members at the nodes where the di-
agonals connected to the upper and lower chords. These nodes alternated between the upper and
lower chords along the bridge, so that, for example, L9, U10 and L11 are nodes where forces are
transmitted. Conversely, the chord members were continuous through nodes U9, L10 and U11,
with only a token connection to the verticals for stability, and no forces were intended to be trans-
ferred to other members at those nodes. Loads from the transverse floor trusses tied into the ver-
ticals at a point between the upper and lower chords. As a result, at U10, the vertical was in ten-
sion, while at L9 or L11, the vertical was in compression.

The deck truss portion of the bridge was also stiffened by sway braces at each panel point below
the floor trusses, and by angled lateral braces extending between panel points.

Bridge history

The bridge was opened to traffic in 1967. The original dead weight of the deck truss portion of the
bridge was estimated to be 18.3 million pounds. Two later modifications to the bridge caused sig-
nificant increases in the weight of the deck truss portion of the bridge. In 1977, a renovation
project involved milling the bridge deck surface to a depth of 1/4 inch and adding a wearing
course of 2 inches of low-slump concrete, adding some 3 million pounds to the deck truss portion



of the bridge. This project was intended to provide additional protection against corrosion for the
steel reinforcing bars in the deck. In 1998, the median barrier and outside railings were upgraded
to meet revised standards, adding 1.2 million pounds to the deck truss portion of the bridge.

During the summer of 2007 until the day of the collapse, renovation work was underway to re-
move the concrete wearing course to a depth of 2 inches and add a new 2-inch-thick concrete
overlay. At the time of the bridge collapse, four of the eight travel lanes (the two outside lanes
northbound and the two inside lanes southbound) were closed to traffic. The preexisting wearing
surface was still in place on the two inside lanes northbound, where the average deck thickness
was 8.7 inches. The new overlay was already in place on the two outside northbound lanes (aver-
age deck thickness of 8.8 inches) and the two outside southbound lanes (average deck thickness of
8.9 inches). The surface of the two inside southbound lanes had been milled for the entire length
of the bridge, removing about 2 inches of material.

On the day of the collapse, aggregates and equipment for the repaving project were staged on the
center span of the deck truss portion of the bridge. The construction aggregates were distributed in
eight adjacent piles (four truckloads of sand and four of gravel) placed along the median in the
leftmost southbound lane just north of pier 6. Along with the aggregates in this area were a water
tanker truck with 3,000 gallons of water, a cement tanker, a concrete mixer, one small load-
er/excavator, and four self-propelled walk-behind or ride-along buggies for moving smaller
amounts of materials. The documented delivered weights for the aggregates staged on the bridge
were 184,380 pounds of gravel and 198,820 pounds of sand. The estimated weight of the parked
construction vehicles, equipment, and personnel in this area was 196,000 pounds. Figure 2 is a
photograph showing the sand and gravel piles about 2 hours before the collapse.

Piles of aggregate
383,000 pounds

Construction equipment
and vehicles

196,000 pounds at the
time of the accident

Figure 2. The locations and weights of the construction materials and vehicles.



A post-accident survey was made to identify all of the vehicles, workers and construction mate-
rials on the bridge at the time of the collapse [NTSB 2007]. The locations of the vehicles, workers
and materials were determined from witness statements and photogrammetry. Each vehicle was
weighed if possible, or the weight estimated from a vehicle database. Weather data was also col-
lected for the area on the day of the collapse.

Findings from the wreckage and the video

The disposition of the wreckage indicated that the collapse initiated in the central span of the deck
truss portion of the bridge, with the structure north and south of the river being pulled toward the
river. The bridge components were examined and the damage documented [NTSB 2008b], and the
locations of the bridge components and the observed damage were used to identify the sequence of
the collapse [NTSB 2008g].

The deck truss portion of the bridge separated into three sections. The separations occurred at
symmetric positions north and south of the center of the bridge, through both the east and west
trusses. Fractures through the U10 and U10” gusset plates severed the connections of the upper
chords and the connections between the L9/U10 and L9/U10" compression diagonals and the cen-
tral section of the bridge. The lower chords were severed by fractures through the L9/L10 and
L9’/L10" members adjacent to the gusset plates at the L9 and L9” nodes. The positions of the frac-
tures are indicated in Figure 1 and in a pre-collapse photograph in Figure 3.

Figure 3. Identifying the L9, L9", U10 and U10" nodes on the west main truss. Short yellow lines mark the frac-
tures that separated the west truss.



Evidence from a motion-activated video surveillance camera on the south side of the river indi-
cated that the south end of the bridge began to fall before the north end, so the investigation con-
centrated on the fractures in the U10 gusset plates and the L9/L10 lower chord members [NTSB
2008e]. The video also showed that the bridge fell without appreciable side-to-side rotation, indi-
cating that the fractures on the east and west trusses occurred nearly simultaneously.

Residual plastic deformation showed that the fractures in the L9/U10 lower chord members adja-
cent to the L9 nodes occurred under severe bending, which would only have been possible if the
truss was already fractured at another location and the opposite ends of the members were free to
move. These fractures were therefore not primary, and the focus of the investigation shifted to the
U10 gusset plates.

The deformation and fractures in the U10 gusset plates surrounding the upper ends of the L9/U10
compression diagonals were consistent with the in-plane loads expected in the truss. See Figures 4
and 5. The damage was consistent with bending and tearing of the gusset plates under compres-
sion above the ends of the L9/U10 diagonals, with fractures under tension through the bottom
rows of rivets on the L9/U10 diagonals adjacent to the verticals. These fractures in the U10 gusset
plates left a portion of each gusset plate attached to the upper ends of the separated diagonals
L9/U10, with a V-shaped piece of each gusset plate extending beyond the ends of the diagonals.
On both the east and west diagonals, these V-shaped pieces were bent toward the east, indicating
that the upper ends of the diagonals shifted laterally to the west as the gusset plates deformed and
fractured, and the east side plates of the diagonals penetrated through the interior structure of the
nodes.

U10/L11
tension

L9/U10 compression diagonalr g ¢ diagonal

Figure 4. Reconstructed U10W components, looking at the east gusset plate.
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Figure 5. A map of the fractures in the east gusset plate of the U10W node.

The loss of structural support from the bending and fracturing of the U10 gusset plates and the
lateral shift of the L9/U10 diagonals allowed the remainder of the U10 nodes to drop downward.
This downward displacement resulted in bending loads that fractured the gusset plates between the
upper chord members. The direction of bending showed that the U10 nodes had dropped below
the levels of the U9 and U11 nodes.

The fractures on the north side of the bridge (in the U10” gusset plates and in the L9’/U10” lower
chord members) were very similar to the fractures on the south side of the bridge.

Because the fractures and deformations in the U10 gusset plates were consistent with the expected
loading in the truss, these gusset plates were likely points of initiation of the collapse, and there-
fore a primary focus of the investigation. A detailed study of the U10 gusset plates was the initial
task undertaken using finite element analysis.

There was no evidence that the U10 gusset plates had any pre-existing cracking (such as from fati-
gue) or corrosion damage before the bridge collapse, indicating that the gusset plates failed as a
result of overloading. It was therefore necessary to compare the loads on the bridge to the capaci-
ty of the design.

Review of the design

The bridge was designed using an Allowable Stress methodology, whereby the stresses arising
from specified design loads were required to be less than material-specific allowable stresses.
This methodology built in safety both in the specification of the design load and in the allowable



stress level. The design loads included the dead load of the weight of the bridge plus a worst-case
live load approximating multiple lanes of heavy trucks, and an added 50 percent of the live load to
account for dynamic effects (referred to as impact). Under the applied design loads, the stress in
each component was required to be less than the allowable stress for that component. This allowa-
ble stress would have been no more than 55 percent of the yield stress, depending on the type of
load applied (tension, compression, or shear). The allowable stresses for truss members in com-
pression were further decreased to guard against buckling.

Following the bridge collapse, the Safety Board received sets of design documents from both
Mn/DOT and Jacobs. In addition to the design drawings, both entities provided identical collec-
tions of several hundred pages of sequentially numbered and indexed compilations of checked
computation sheets showing calculations performed for the final design of the bridge. The compu-
tation sheets for the deck truss superstructure contained design calculations for the welded gusset
plates used in the floor trusses, but none of the records from Mn/DOT or Jacobs Engineering
showed any calculations for the gusset plates on the main trusses.

Using a basic design methodology consistent with that used by Sverdrup & Parcel to design the
gusset plates for the floor trusses, FHWA engineers calculated the stresses on the main truss gus-
set plates that would be generated by the design loads (demand) in the members secured by the
gusset plates [Holt 2008]. Comparing these stresses to the allowable stresses (capacity) in the AA-
SHO specifications resulted in demand-to-capacity (D/C) ratios that illustrate the expected per-
formance of the gusset plates. A D/C ratio of slightly greater than 1 (demand exceeds design ca-
pacity) are sometimes acceptable based on the professional judgment of an engineer. A D/C ratio
significantly greater than 1 likely indicates a design error.

U10/U11 Upper chord U9/U10 Upper chord
924,000 lbs 2,147,000 Ibs
compression tension

q ﬁ
Uniform Shear Allowable
on this Section Shear

=30 ksi =15 ksi
(Demand) (Capacity)
ui10/L11 L9/U10
Tension Compression
diagonal . diagonal
U10/L10 Vertical
2,288,000 lbs
1,975,000 lbs 540,000 Ibs
tension

Figure 6. Calculating the gusset plate shear stress on a horizontal section from the design loads indicated.



The evaluations considered stresses on two critical sections in each gusset plate - one horizontal
section near the center of the gusset along the edge of the chord members, as shown in Figure 6,
and one vertical section adjacent to the vertical member of the node. Results of the horizontal sec-
tion calculations are provided in Figure 7, showing that the gusset plates at the U4, U10, and L11
nodes had D/C ratios for shear that exceeded 2. In addition, the gusset plates at two other nodes
had D/C ratios slightly over 1 for shear. The analysis indicates that the gusset plates at the U4,
U10, and L11 nodes were only half as thick as necessary to meet the design requirements.
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Figure 7. D/C ratios for the gusset plates along the truss, shown with a sketch of the south end of the bridge.

Lines of corrosion were found on the L11 gusset plates along the upper edges of the lower chord
members. The L11 gusset plates were fractured at or near the lines of corrosion, separating the
vertical and diagonals from the lower chord members. The gusset plates were intact along the
lower chord members, maintaining continuity along the lower chord through the node. Because
the stress evaluation showed that the L11 gusset plates were only about half as thick as required,
there was concern that the inadequate gusset plate thickness coupled with the corrosion might have
played a role in the collapse. A detailed study of the gusset plates at the L11 nodes with corrosion
was therefore an additional task undertaken using finite element analysis.

Finite element analyses

The NTSB formed a group to perform finite element analyses in support of the investigation. In
addition to participation in the group by parties to the investigation, the NTSB acquired added
expertise and resources through an external contract with the State University of New York at
Stony Brook and a subcontract with the Central Office of Dassault Systemes SIMULIA Corpora-



tion (SIMULIA Central). All of the analyses were performed using Abaqus/Standard. A parallel
investigation was undertaken by the Federal Highway Administration Turner-Fairbank Highway
Research Center (TFHRC) in collaboration with this effort, and the investigation relied heavily on
global models of the bridge that were constructed at the FHWA TFHRC. Details of the analyses
are provided in several reports [Ocel 2008, NTSB 2008c, NTSB 2008j].

Information gained from examining the wreckage was used to guide the modeling effort and eva-
luate results. Based on findings from the accident scene, the modeling was initially focused on the
U10 nodes. The modeling effort was expanded to include the L11 nodes as a result of the
FHWA'’s gusset plate adequacy analysis, which showed that the gusset plates at both the U10 and
L11 nodes had inadequate load capacity, coupled with the fact that the L11 gusset plates were
found to have areas of corrosion, which further reduced their load-carrying capacity.

Inputs to the modeling effort

The models were based on the original Sverdrup & Parcel design plans and the Allied Structural
Steel shop drawings. The FHWA developed a three-dimensional global model of the entire deck
truss portion of the bridge, constructed with beam and shell elements. See Figure 8. In addition,
both the FHWA and SUNY/SIMULIA created detailed models of the U10 and L11 nodes to ex-
amine the fine details of stress distribution. These detailed models were built into the FHWA
global model of the bridge. See Figure 9. The FHWA detailed model generally used shell-element
representations for the truss members and the gusset plates, while the SUNY/SIMULIA detailed
models used solid-element representations; the solid-element approach was in part motivated by a
goal of considering stress concentrations associated with the riveted connections.

Beam elements connect
at points

+ No gusset plates
« 300,000 DOF ;

Figure 8. The FHWA global model consisting of beam and shell elements.
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Figure 9. U10W and L11W detailed models built into the FHWA global model.

The boundary conditions at the piers for the global model were calibrated using live load strain
gauge data obtained by the University of Minnesota as part of a 1999 fatigue assessment of the I-
35W bridge. The data fell between results from a model with fixed bearings and a model with free
bearings. Good agreement was obtained with a model using fixed bearings, but including flexibili-
ty in the concrete piers. The approach spans supported at each end of the deck truss portion of the
bridge were replaced with spring elements.

Loads were applied in steps to mimic the history of the bridge. The original weight of the as-built
bridge was calculated by the FHWA from a careful audit of the steel called out in the shop draw-
ings. The thickness of the deck in different areas of the bridge was based on cores taken after the
accident. In the initial load step, the weight of the concrete was applied using forces only to model
wet concrete. In the next load step, the concrete forces were replaced with shell elements to model
the hardened concrete. Subsequent load steps included the increase in weight associated with the
1977 increase in deck thickness, the increase in weight associated with the 1998 change in the
median barrier and outside railings, and the decrease in weight associated with the removal of part
of the deck in the repaving operation that was underway at the time of the collapse. The final load
steps introduced the traffic and the construction loads on the bridge at the time of the accident
[NTSB 2007].

Photographs from 1999 and 2003 were used by NTSB to estimate the magnitude and direction of
bowing distortion in the U10W and U10E gusset plates for input to the models [NTSB 2008f]. See
Figure 10. The bowing distortion was included as an initial imperfection. The estimate of the max-
imum bowing magnitude used for input to the models was 0.60 + 0.15 inch. To generate bowing
consistent with that shown in the photographs, it was necessary to use an initial maximum deflec-



tion of 0.5 inch in the unloaded model, which increased to 0.6-0.7 inch after application of the
original bridge dead load plus the added deck and the modified barriers (the loading condition at
the time the bowed gusset plates were photographed).

Gusset Plate Distortion
(all four U10 Nodes)

Compression
diagonal

\

%

2003 Photo

Figure 10. Gusset plate bowing distortion at one of the U10 nodes.

Measurements of the loss of thickness in the L11 gusset plates were made using a point
micrometer and with a laser scanner attached to a coordinate-measuring-machine arm [NTSB
2008h]. The measurements from the four different gusset plates (two each at L11E and L11W)
were averaged and incorporated in the models as a strip of reduced thickness in the gusset plates
along the upper edges of the chord members being connected.

Gusset plate material properties were based on tensile tests performed by the FHWA on samples
from undamaged areas of the four U10E and U10W gusset plates [Beshah 2008]. The measured
yield stresses of all of the tensile test samples exceeded the final design plan specified minimum
tensile yield stress of 50 ksi. Rivet properties were estimated from hardness measurements per-
formed by the NTSB [NTSB 2008a, NTSB 2008d].

Selected results from the modeling effort

The models showed that the U10 gusset plates were loaded beyond their yield stress under the
dead weight of the as-built 1967 bridge (Figure 11). At that stage of loading, the areas of yielding
were confined to a small area above the ends of the L9/U10 compression diagonals. As the weight
of the bridge was increased by the 1977 and 1998 modifications, the areas above the yield stress
expanded around the ends of the L9/U10 compression diagonals, and the areas above the ends of
the U10/L11 tension diagonals began to yield as well (Figure 12). Under the added weight of the



traffic and construction materials and vehicles on the day of the accident, almost all of the U10
gusset plates surrounding the upper end of the L9/U10 compression diagonal were yielding (Fig-
ure 13). Because the construction materials were staged on the west side of the bridge, the U10W
gusset plates were yielding to a greater extent than those at U10E, with instability therefore occur-
ring first at ULOW.

Mises
Stress

Yield
stress

Allowable

—.0
Yield Stress
=51.5ksi

North
—-—

Tension Compression
diagonal diagonal

Figure 11. Mises stress contours under the dead load of the original 1967 bridge.

The yielding of the U10W gusset plates surrounding the upper end of the L9/U10W compression
diagonal created a plastic hinge in the structure, and the finite element analysis indicated that the
collapse initiated by a local bending instability in the U10W gusset plates. This instability allowed
for a lateral shift of the upper end of the L9/U10W diagonal, as indicated in Figure 14, removing
support from the central portion of the bridge.

The bending instability in the gusset plates first manifested itself as a failure to converge under
increasing load. The instability was further studied and confirmed as a structural instability using
Riks analysis and using an applied displacement approach. In the applied displacement approach,
the displacement increment associated with a small load increment just before the onset of insta-
bility was calculated, and that displacement increment was extrapolated and used as a boundary
condition. In the Riks analysis and the applied displacement approach, the bending of the gusset
plates and lateral shift of the upper end of the L9/U10 diagonal was shown to increase under de-
creasing load.

The majority of the analyses used simplified Abaqus fasteners to model the riveted connections.
Stress concentrations associated with rivets were investigated using submodels with detailed three-
dimensional models of the rivets in the most highly stressed areas. These models indicated that no
material failure would be expected in the gusset plates before the onset of instability.
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Figure 12. Mises stress contours after the 1977 and 1998 modifications.
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Figure 13. Mises stress contours under the estimated loads on the bridge at the time of the collapse.
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Figure 14. Indicating the lateral shift of the L9/U10W diagonal, with Mises stress contours.

Beyond the point of instability, the Riks analysis and the applied displacement approach showed
that the deformation in the gusset plates would reach levels where material failure would be ex-
pected. Peak stresses and strains appeared in locations consistent with the fractures observed in the
post-accident examination of the wreckage.

The design loads for the five truss members that joined at U10W are shown in Table 1. The loads
in those members over the history of the bridge are shown in Figure 15. The figure shows that the
members were at the most about 5 percent above their design loads under the best estimate of the
conditions on the bridge at the time of the collapse. The intent of the design methodology should
have ensured that, under the design load, the stress in the gusset plates would have been no more
than 55 percent of the yield stress. The yielding in the gusset plates under only the dead weight of
the original 1967 bridge confirms the inadequate thickness of the gusset plates identified in the
FHWA design review.

Table 1. Design loads for the five members of the main truss at U10W.

u9/u10 L9/U10 u10/L10 u1o0/L11 ulo/U11
Design load 2,147 2,288 540 1,975 924
(kips)
Mode Tension Compression Tension Tension Compression

Figure 15 also shows that the concentration of the construction materials and vehicles above
U10W increased the loads in the members significantly, but the most highly loaded member
(L9/U10) was estimated to be only about 5 percent above its design load. Properly designed gusset
plates should still have has a significant margin of safety under these loading conditions. Also, the




increase in load arising from the construction materials and vehicles was similar to that associated
with the 1977 increase in deck thickness. Thus, it was concluded that the concentrated stockpiling
of construction materials and vehicles on the bridge could not be identified as the sole cause of the
collapse. The increases in load over the history of the bridge were part of the circumstances that
triggered the collapse, but they would not have been sufficient to cause the collapse if the main
truss gusset plates had met their design requirements.
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Figure 15. Loads in the five truss members connected at ULOW over the history of the bridge.

In order to trigger the instability, it was necessary to increase the loads above the best estimate of
the loads on the bridge at the time of the collapse, as indicated by the two failure cases shown in
Figure 15. In one case, only the construction loads were increased, while in the second case, all of
the loads were increased. Figure 15 shows that the load in the L9/U10W necessary to trigger fail-
ure was the same in both cases, about 5 percent higher than the L9/U10W load under the best es-
timate of the collapse loads. Comparing the two failure cases showed that the instability was trig-
gered at a critical value of the load in the L9/U10W diagonal and a critical magnitude of the out-
of-plane bending displacement of the gusset plates. Figure 16 shows this result clearly for the two
failure cases (labeled Al and A2 in the figure). Figure 16 plots both the load in the L9/U10W
diagonal and the total load on the bridge as functions of the lateral displacement on a point on the
outside UL0W gusset plate. The load in the L9/U10W diagonal and the displacement follow near-
ly identical paths for the two failure cases considered, even though the total loads on the bridge are
significantly different.

Including the photographically documented bowing distortion of the U10W gusset plates in the
model reduced the load required to trigger instability and changed the direction of the deforma-
tion. With the U10W gusset plates bowed in the directions shown in the photographs, the upper



end of the L9/U10W diagonal shifts to the outside of the bridge at instability, consistent with the
direction that the diagonal was observed to have shifted by the examination of the collapsed bridge
structure. With initially flat U10W gusset plates in the model, the upper end of the L9/U10W di-
agonal shifted toward the inside of the bridge at instability, which is not consistent with the col-
lapsed bridge structure. The source of the bowing distortion was not identified, but a relatively
large initial imperfection was required to match the deformation under the loading conditions at
the time when the photographs were taken. Incorporating the stress that caused the bowing would
likely reduce the load necessary to trigger instability. The choice of the shape of the initial imper-
fection for the bowing distortion had an effect on the results.
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Figure 16. L9/U10W force and total load versus out-of-plane gusset plate displacement for failure cases Al and
A2. At failure, the L9/U10W force and gusset plate displacement are the same for both cases.

Both the FHWA and SUNY/SIMULIA models were also used to evaluate the effect of corrosion
in the L11 node gusset plates. The corroded condition of these gusset plates was modeled as a lo-
cal thickness reduction of 0.1 inch (section loss of 20 percent) running along the top of the lower
chord members. Stresses in both the U10 and L11 gusset plates exceeded the yield stress under
only the dead load of the original 1967 bridge design. The models showed that the maximum
stress in the gusset plates of the L11 nodes occurred in the area of corrosion at the lower end of
tension diagonal U10/L11W, but that the stresses in the U10W gusset plates were substantially
higher than the stresses in the corroded L11W gusset plates under the conditions at the time of the
collapse. The models also predicted that the corroded L11 nodes would support much higher loads
than those necessary to trigger the instability at U10W.

The effects of changes in temperature at the U10 nodes were also studied with the models. Data
from a weather station at the University of Minnesota showed that, on the day of the collapse, the



temperature increased from a low of 73.5° F earlier in the day to 92.1° F at 6:01 p.m [NTSB
2007]. In the FHWA global model, the bearings were assumed to be fixed (but with flexibility in
the piers), so that a temperature change would affect the stresses. The models showed that an in-
crease in temperature reduced the stress in the U10 gusset plates, and thus a slightly higher applied
load was required to trigger the bending instability and the lateral shift of the upper end of diagon-
al L9/U10W.

The FHWA investigated an additional case allowing for a difference in temperature on the east
and west trusses as a result of solar radiation [NTSB 2008i]. When compared to a case with a uni-
form temperature change, the effects of the temperature differentials between the two trusses were
minimal, with the member forces at the U10W and U10E nodes changing by less than 2 percent in
the chords and diagonals and by less than 5 percent in the verticals.

Summary

The NTSB concluded that the probable cause of the collapse was the inadequate capacity of the
U10 gusset plates, which resulted from an error by the original bridge design firm, who failed to
perform all of the necessary calculations to properly design the main truss gusset plates. The U10
gusset plates failed under the combined loads arising from the original bridge weight, the increases
in weight caused by modifications to the bridge, along with traffic and the construction vehicles
and materials staged on the bridge in an area concentrated above the U10 nodes. A review of the
design showed that the U10 and L11 gusset plates were only half as thick as necessary to meet the
design specifications. The finite element analysis confirmed the inadequacy of the U10 and L11
gusset plates, which were yielding under only the dead weight of the original 1967 bridge. Gusset
plates that met the design specifications would have retained a significant margin of safety under
the loads on the bridge on the day of the collapse.

The finite element analysis indicated that the collapse was triggered by a local bending instability
in the UL0W gusset plates, which occurred before any material failure or fracture. The computa-
tions also showed that the instability would have been triggered at U10W before U10E or either of
the L11 nodes, even when including corrosion on the L11 gusset plates in the models. Including
the bowing distortion in the U10 gusset plates that was observed in the photographs decreased the
load necessary to trigger the instability, and also directed the lateral shift of the upper end of the
L9/U10W diagonal to the outside of the bridge, consistent with the observations of the wreckage.
Finally, the finite element analysis indicated that the temperature changes on the day of the col-
lapse would have had a minimal effect on the load necessary to trigger the instability in the U10W
gusset plates.
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