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Abstract. This article discusses issues of structural design revealed by the collapse of I35W Bridge on August 1st, 2007. The article
is based on analysis of the original bridge design drawings, a series of detailed finite elements computations, and material evidence
disclosed by National Safety Transportation Safety Board (NTSB) official investigation. These issues include (i) redundancy
considerations for multi-span bridge; (ii) reason for under-designed bridge elements; (iii) effects of lateral force on gusset plates’
load capacity in a steel-truss structure; (iv) criterion of gusset plate’s stability and thin-plate theory-based model for load-rating.
This analysis concludes that the lessons learned from the I35W Bridge collapse may have certain significance for the safety
assessments of similar steel bridges. According to recent surveys, there are scores of this kind of aged bridges that are still in

service [38, 41].

1. Introduction

The past century can be remembered as the most
successful period for bridge engineering, which has
also brought up great challenges to bridge engineers
to digest rapidly-developed ideas, new tools, and novel
methodologies in related engineering sciences while
to assure new designs and existing bridges’ operation
being safe, economic, and technologically advancing.
While enjoying great success for decades, we did have
suffered several significant setbacks. One example is
the collapse of the Minneapolis I35W highway bridge.

August Ist of 2007, 6:05PM, the interstate I35W
Bridge in the City Minneapolis, Minnesota, collapsed
suddenly. The 8 traffic-lane, 1000-foot-long deck of the
1907-foot-long bridge fell into Mississippi River within
seconds, resulted in 13 fatalities and 145 injuries, see
Figs 1 and 2.

Designed in 1964 and opened to traffic at 1967, the
I35W Bridge stretches from north to south over the
Mississippi River in the City Minneapolis in Hennepin
County, Minnesota. The major part of the bridge is a
1000 foot (304.8 meters) long, 108 foot (32.92 meters)
wide, three-span steel deck-truss superstructure, which
collapsed completely. The bridge originally had six traf-

fic lanes. After two major rehabs in last century, it has
been widened into eight lanes with two auxiliary lanes
and its concrete deck has been reinforced from 6.5
inches to 8.5 inches thick. NTSB’s official investigation
[34, 35] indicates that, at the moment of the collapse,
two lanes of the bridge were occupied by piled con-
struction materials and heavy trucks; four lanes were
opened to traffic; and the other two lanes were empty.

This article summarizes an independent investiga-
tion of this disaster based on material evidences and
advanced computations. The theoretical background
and the analytical methodologies applied can be found,
for examples, those in the references list [2—4, 6-8, 10,
17,20,21,24-27,29,30-33, 36, 37, 39,40, 42-49, 52].
A part of preliminary results of this analysis have been
submitted to the related investigation and administra-
tive agencies since the second week after the bridge’s
collapse [14-16].

This article is organized as follows: The next sec-
tion introduces the structural and material’s models
applied in the analysis. The third section analyzes the
results obtained and compares the data with materials’
evidences. The following section discusses the rea-
sons that had caused this bridge’s undersized design.
The fifth section explores further the underlying struc-
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Fig. 2. Layout of the superstructure: (a) main frame; (b) lateral bracings and floor trusses.

tural issues that triggered the collapse, from which the
lessons learned do have certain significance for the pro-
cedure of gusset plates’ assessment currently applied.
A model based on two-dimensional plate buckling the-
ory has been introduced. The last section summarizes
the conclusions.

2. Methodology and model applied
2.1. Structural model

Asdepictedin Fig. 2, the steel superstructure of 35W
Bridge contains three parts: (i) two main truss-frames,
west and east; (ii) lateral bracings and 27 floor trusses,
(iii) reinforced concrete-slab deck. Figure 3 is a two-
dimensional model of the bridge’s main frame and the
locations of major gusset plates, i.e. the nodes in the
truss-network. Additional subscript “E” or “W’ may
be used in the following text to denote a node at east-
ern or western main frame. As illustrated in Fig. 4a,

a two-level computational model has been developed,
i.e. using 3D finite element to obtain force-deflection
behavior of gusset plate, which is implemented into
truss network of the bridge superstructure.

2.2. Materials model

A structural failure is often started by material’s fail-
ure in one or several key-structural components, which
introduces extra complexities to an analysis of a struc-
tural collapse like I35W Bridge. In a new sustainable
structure’s design, it is generally required to keep the
stress level in all components within material’s yield
limit. By contrast, a failure means applied stress reaches
a material’s strength limit while the material’s strain
surpasses yield strain. As explained by the example in
Fig. 4b, for the defect-free plate under uniaxial tension
on left-upper corner, the corresponding average stress-
strain curve is the solid line that linearly increases from
the origin and connects the thick dash line that ascends
nonlinearly, plotted in middle. A material’s failure is
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Fig. 3. Nodes and support piers of the main truss frame, where U and L stand for the nodes on upper and lower chords, respectively; a prime is

attached to denote the nodes in south half span (right).

(b)

Fig. 4. (a) A two-level 3D FE Models of the bridge; (b) Model to represent a material failure, e.g. damage-induced-crack, resulted structural

failure.

the result of evolution of one or many defects. When a
defect in the form of crack exists in the plate, as plotted
in the lower-left, the average stress-strain relations can
be represented by the linearly solid line connected with
these thin short-dashed lines corresponding for differ-
ent crack lengths. When the material elements at crack
tip fails, the crack grows, for example, from ay to a,
the plate’s elongation will increase continuously while
applied stress decreases, as illustrated by the solid line
connected through the dots. For common 30-50 grade
mild structural steels at room temperature, such a crack
growth is an accumulation of micro-scaled damages in
the form of voids nucleation, growth and coalescence
[10, 25, 29, 30, 37, 42-44, 49]. The “spring model”
or “cohesive model”, developed in [37, 42], have been
implemented into finite element analysis to count such
a damage-induced material’s failure.

2.3. Cases analyzed

In the first report that was finished seven weeks
after the disaster [14], a primary object was to iden-
tify the locations that might initiate the failure through
computer simulations of various possible failure pro-
cesses, so as to assist official investigation to identify
the actual location and causes. Due to limited data and
information at the time, 2D and 3D computer simula-
tions for about 20 cases of the bridge’s superstructure’s
failure have been performed to consider various cir-
cumstances which include (a) the effects of supporting
bearing conditions to superstructure’s load path and
stress amplitude; (b) whether the bridge-deck’s slop
(about 1 degree, see Fig. 2) caused extra horizon-
tal forces; (c) temperature’s change-induced thermal
stresses, which include two cases: day-night and sea-
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sonal shifts caused uniform changes and the case with
non-uniform temperature distribution, for example, the
upper chords (the trusses near deck) are warmer than
other parts; (d) pre-existing defects at various locations;
see Fig. 5. In all of these computations, uniformly dis-
tributed deck load and the weight of trusses members
are accounted as live and dead load, respectively.

3. Results and discussion
3.1. Forces and bending moments distributions

Plotted in Fig. 6(a) are the uniaxial forces in the
four groups of truss members in main frame, which
are upper chords, lower chords, truss diagonals, and
truss verticals. The force in upper chords, the solid line
connecting small solid dots, reaches its positive maxi-
mum above the piers of center span while the negative
maximum at the center. By contrast, the force in lower
chords, the light dash-dot line, has a positive peak at
the center and two negative maximums above the piers.
The distribution of the force in truss diagonals (solid
line) is characterized by the peaks around the spots

where the upper chord’s force decreases from posi-
tive to negative while the lower chord’s force inversely
uprises. As plotted in Fig. 6(b), the bending moment in
truss-verticals is ignorable whereas that in other reaches
positive maximum in the centre of middle span and neg-
ative maximum just above two piers. In this case the
bending moment in the diagonal members is generally
lower than that in upper and lower chords.

Figure 7a shows a comparison of the upper chords’
uniaxial forces for the cases 0, 1, 2, and 5, which
indicates that the deck’s slope and the horizontal con-
straint/forces from approaching spans do not have
remarkable effects on this force’s distribution. By con-
trast, Fig. 7(b) are the bending moments in upper chords
when temperature changes while supporting bearings
are locked, i.e. the cases 3 and case 4 in Fig. 5, respec-
tively; compared with the case 2 that is the normal
design condition. It demonstrates a significant com-
bined effect of temperature change and locked bearing.
In practice, severe corrosion may drastically increase
the friction resistance of a bridge’s roller bearing; an
extreme case is that a roller bearing eventually is fully
locked so it becomes a pin point that does not allow
horizontal movement. This induces considerable high
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Fig. 5. Case 0: no deck-slop and all bearing assumed to be rollers; case 1 : the same as 0 but the bearing above pier 7 was locked; case 2 : design
condition - the same as 1 but with deck slope; case 3 : design condition but with locked bearing above pier 6 under different temperatures; case 4 :
design condition but under various temperatures; case 5 : design condition but assuming no horizontal elongation; case 6 : design condition but
with pre-existing defects at various gusset plates locations; see [14]. Each case contains several respective sub-cases with different parameters.
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Fig. 7. The same plots as that in Fig. 6 but considering temperature change and locked bearings, where RT refers to room temperature; (a) Uniaxial

forces in upper chords and (b) the corresponding bending moment.
thermal stress when temperature changes, as demon-
strated by this plot.
3.2. Scenario of the collapse

Now we discuss the following two issues: The

sequence of the bridge’s superstructure’s collapse and
what we can learn from it. One may notice that the

force and bending moment distributions in Figs 6 and 7
are nearly symmetric to the central span of the bridge.
Just after the disaster, there was an argument regard-
ing the sequence of the failure, i.e., which approach of
the bridge failed first. An opinion gained many echoes
was that all structural components between the two
piers over the river failed almost simultaneously, i.e.
a horizontal fall of the central span. To clarify this
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Fig. 8. The scenario of the progressive collapse presented by I35 W
(Army Corps’ Video).

issue, Fig. 8 are the photographic pictures recorded by
Army Engr. Corp. from south side of the bridge, which
was reported by medium (CNN). The water splashes
at the moment that middle span was fallen, i.e. Fig.
8(d), reveals the collapse initiated from south side [14].
The north approach span failed subsequently without
showing any capacity to resist the collapse.
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Fig.9. The influence-line solutions explain the benefit of a three-span
bridge’s design like that in I35 W because the peak bending moment
in case (c) is much lower than that in case (a) and case (b) for the

9

same span length “b” and uniformly distributed load density “g”.

In bridge design, the three-span like I35W is a com-
mon structure; the underlying idea is to gain long central
span with minimized cost. This can be explained by
the influence-line solutions in Fig. 9. By comparing the
bending moments in the three cases with the same mid-
dle span length “b” and under the same distributed load
“q”, one can find that the maximum bending moment
of the case (a) is about 80% higher than that in case (¢);
similarly, the moment of case (b) is about 20% higher
than case (c).

However, from the viewpoint of structural integrity,
the advantage of the three-span design (c) is traded-
off by lower redundancy. This is because, when one
of three spans is severely damaged or fails, the force
distributions in other two shift back to the situation|
similar to the case (a). Such a scenario is illustrated
in Fig. 10. This, the author believes, was a reason that
caused the progressive collapse of I35W Bridge. This
leads to a conclusion that states as following: to avoid
a similar progressive collapse that occurred in I35W
Bridge, an additional safety factor may be necessary
for those key single-load path structural components
in a multi-span bridge if its design of load capacity is
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Fig. 10. A scenario that a material’s failure induces a progressive
structural failure in a three-span bridge, where the material’s failure
occurs first at the location just above the bearing support C, which
results in the material’s failure around the bearing support B; subse-
quently the beam AB becomes a simple span that is the same as the
case (a) in Fig. 9.

merely based on the influence-line analysis described
in Fig. 9(c).

3.3. Where the collapse started

The early study [14] suggested that damage-induced
material’s failure caused the structural failure. Such a
material’s damage can be, for example, fatigue-induced
cracks or significant corrosion-resulted section loss.
Obviously, an undersized design has the same effect
as such a damge. Three possible failure patterns were
focused, see Fig. 11, and the case (c) was considered
as mostly close to reality [14]. Although this simula-
tion was done just a couple of weeks after the collapse
(submitted to NTSB at August 17th, 2007), it does
demonstrate significant deflection around the node U’9
and U’10. The “undersized” gusset plate U’ 10 actually
initiated the bridge’s failure [22, 34, 35].

3.4. NTSB’s findings and conclusions

After thorough examination of the wrecked pieces
of the bridge, at January 15, 2008 and November of
2008, respectively, NTSB has released the results of
the official investigation [22, 35], which disclosed that

Pier7

Fig. 11. Three failure patterns of the bridge.
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Fig. 12. Gusset Plates Thickness in I35 W Bridge [22, 35].

the gusset plates at the nodes U10, U’10, L11, L’11 in
main frames of central span and U4, L3, U4, '3 of
the approach-spans are undersized, which are half inch
thick.

By contract, all other gusset plates in the nodes that
connect four or five truss members were one inch in
thickness or more, see Fig. 12. Also, the NTSB’s anal-
yses of the video recorded at the instance of the collapse
indicates that the half-inched gusset plate at node U’ 10
failed first, which triggered the subsequent collapse of
the bridge. The record of the design firm of the I35W
bridge reveals the bridge designed without appropri-
ated calculation, which resulted in the undersized gusset
plates.
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Fig. 13. Comparisons between the gusset plate thickness and the uniaxial forces in horizontal truss members plotted in Fig. 7 a: (a) upper chords;

(b) lower level chords.

4. Why the gusset plates undersized

Plotted in Fig. 13 are the comparisons between the
actual gusset thicknesses from Fig. 12 and the uniaxial
forces of upper and lower-chards that were given in
Fig. 6(a). An obvious coincidences between the force
distributions and gusset thicknesses can be seen except
near the end nodes (UO, L1). All half-inch gusset plates
(U4, U010, L3, L11) are at or close to the locations with
the lowest truss force. This fact seems implying that the
plates’ thicknesses were designed based on the forces
in horizontal trusses.

However, by checking the results plotted in Fig. 6(a)
carefully, one can find another fact: the force in diagonal
member almost reaches its peak value at the location,
for example, between U10L9 and U10L11, where the
upper and lower chords forces change signs. The reason
is obvious: at this location the diagonal truss U10L9
transfers the deck load-induced compression force flow
in middle upper chords of central span into lower chords
and supporting bearings; whereas UIOL11 transfers the
tension force flow in middle lower chords into upper
chords above the piers; whereby the gusset plates like
L9, U10 and L11 are the “pivots” for these load paths
of force flows, as explained in Fig. 14.

Therefore, a statement has been given in the third
paragraph, section 5 of the report [14]: “Due to the
limited computation capability in past, it seems that
the original design and subsequent early investigations
could only treat the 9340 bridge” as a truss-assembled

* The 135W Bridge is numbered as 9340 in national bridge inven-
tory.

structure, which led to the focus onto the forces and
damage conditions in truss members...”. Obviously,
the truss force in upper and lower level chords had been
used as the governing parameters for the gusset plate
design, whereas the corresponding stress concentration
in the gusset plates did not obtain sufficient considera-
tion at the time.

Based on an examination of all original design
drawings and the material evidences disclosed by
NTSB’s investigation, several other “undersized” struc-
tural components have also been identified in the
analysis [11]. These components are the upper and
lower chords attached to those undersized gusset plates
inFig. 12. Ithas been found that the thicknesses of upper
chords’ wall and gusset plates are actually proportional
to the bending moment solution of the one-dimensional
influence line analysis illustrated in Fig. 10c. This
fact reveals that the NTSB-disclosed undersized gusset
plates are the consequence of a bias toward a “one-
dimensional model” in the original design, which did
not give sufficient consideration to the effects of the
forces from diagonal truss members input into gusset
plates [11].

5. “Truss approximation” and gusset plate

A practical question is: how to determine a gusset
plate’s capacity in practical applications? Conventional
consideration treats gusset plates as additional stiffen-
ers that do not have significant effect to a truss network
load capacity. The author of this paper had also been
convinced for while that “truss-approximation”, i.e.
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Fig. 14. An illustration of the main “load path” in central span of 135 W, where the blue solid-line arrows represent compression and the red
dotted line arrows represent tension. The compression is mainly corresponding to the resistance from the pier and the global bending moment;
whereas the tension is mainly corresponding to span’s weight and deck load. The gusset plates U10, L11, U12 are the pivots to balance load and
resistance forces transferred by diagonal members. The major function of vertical trusses is to provide redundancy to the truss cells except the

member L8-U8.

omitting bending moment and shear in slender struc-
tural members of a truss network, was good enough for
applications. Under this approximation, a gusset, which
fastens connected truss-members, becomes a “hinge”
that allows free rotation between adjacent members
because of no bending moment exists. This approxima-
tion generally provides acceptable accuracy for long
beams/trusses while significantly simplifies analysis,
which has been successfully applied over centuries.
However, it should be noticed that the resulted “hinge
approximation” implies the ignorance of the secondary
stress caused by bending moment at a gusset plate and
the corresponding stress concentration. These stresses
may not have significant effect to truss members but can
be crucial for a gusset plate. To demonstrate this point,
two simple examples are given in Fig. 15 to explain the
differences.

Figure 15(a) shows a square truss-cell that is unsta-
ble when the nodes at the corners are hinges. Adding
gusset plates to keep the adjacent trusses perpendic-
ular to each other, which makes the cell becomes a
stable frame but results in bending moment at the gus-
set. When an additional diagonal truss is added to the
cell in (a), as illustrated in Fig. 15(b), the cell becomes
a stable structure despite hinges at the nodes. The cor-
responding bending moment in upper chord is plotted

when a concentrated force is imposed. As a compari-
son, the lower part of this figure is an analytical solution
when the nodes are stiffened by gusset plates; stronger
diagonal member results in higher bending moment at
the node, hence, the gusset plate.

It is no doubt that “truss approximation” can pro-
vide satisfied solution for the uniaxial forces of slender
members in many cases. However, when force flows
in a truss-network are not uniform, instead, varying
drastically, the corresponding bending moments, par-
ticularly, at gusset plates, can be remarkable. This may
occur at least under the following three conditions:
(i)concentrated load presents; (ii) inhomogeneous inter-
nal stress, for example, thermal stress; (iii) residual
stresses caused by, for example, in-appropriated weld-
ing or cambering. For a structural member like a gusset
plate with complicated geometry, a bending moment-
induced stresses and corresponding stress concentration
may have substantial effects on its load capacity and
fatigue life. The effect of bending moment can be
viewed directly by the numerical analysis presented
in Fig. 9(c), which shows significant relative rotation
between adjacent trusses around those pivotal nodes
such as Ul0, L11 when the superstructure starts to
fail. This result can be verified by the bowing of the
actual U’ 10 gusset plate observed four years before the
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Fig. 15. (a) The truss-cell is an unstable structure when hinges are at the corner. By contrast, gusset plates keep the adjacent trusses perpendicular
to each other, resulted in the bending moments at the corners; (b) An additional diagonal bracing stabilizes the frame; the bending moments
become more remarkable at the upper-right node gusset and its amplitude increases when the ratio of the widths of diagonal bracing (hp) and
vertical trusses (/) increases; when this ratio is large, the upper horizontal truss is like a cantilever fixed at right end by the gusset plate.

Fig. 16. Three patterns of gussets’ failures: (a) bowing, I35 W Bridge’s gusset plate U10” [34]; (b) a cut of the U10’ plate’s lower part; (c) buckling
due to the large ratio of unbraced length /gusset thickness, which occurred in the highway 190 Grand River Bridge, Ohio, 1997 [23].

bridge’s collapse, see Fig. 16(a), which could be caused
by a past deck’s overload or the result of cambering
during erection. In either case, such a bowing implies
reduction of the gusset’s load capacity and, thus, its
vulnerability to this kind of loads applied later.

6. Gusset plates’ load rating
6.1. Failure patterns of gusset plates
The gusset plates’ failure in I35W Bridge is not a

unique case. Figure 16(c) shows a gusset’s buckling
that occurred 1997 at the Grand River Bridge that car-

ried highway 190 of Ohio [1, 23]. Therefore, it can
be assure that gusset plate may fail at least by three
different patterns: (i) bending and associated rotation-
induced bowing, on the part of a gusset plate with
free-edge between two adjacent trusses, see Fig. 16(a);
(ii) tension-dominated ductile failure between the edges
of two adjacent trusses, which can be a cause or the
result of abowing presented at another edge of one truss,
or occurs independently; (iii) buckling in the unbraced
area in the front of an attached truss, which may be
accompanied by bowing nearby, as demonstrated in Fig.
16(c).

Most gusset plates in steel bridges are made of 30-70
grade mild steels. This class of steels often fails in the
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form of ductile fracture except under some particular
circumstances such as temperature below ductile-brittle
transition point or within the area near or at a welded
joint. For a thin gusset plate, buckling or bowing is
when compression force reaches instability limit when
applied stress may be much lower than yield strength.
By contrast, a tension-dominated failure is an accu-
mulation of shear deformation along slip-planes of
polycrystalline matrix at yield limit, which may present
in two modes: the out-plane shear that induces neck-
ing; and the in-plane shear that often starts at a free
edge with stress concentration, for example, a rivet’s
hole or a crack, and then leads to a Lude’s band.
Both modes present in Fig. 16(b) but within different
areas.

6.2. Load-rating gusset plates

The “bowing” of the U’10 gusset plate of I35W in
Fig. 16a is considered as an early warning sign. That
tragedy proofs a failure of such a gusset can lead to
entire bridge’s fall. Therefore, in a new truss-bridge’s
design or an aged bridge’s load-rating, a practical issue
is to identify its load capacity based on each struc-
tural components’ capacities including all gusset plates,
whereby the following two steps are essential

1) Compute the forces and bending moments input
into a gusset plate in a truss bridge, when the “truss
approximation” applies, it should be aware of the
corresponding deviation in result.

2) Determine the limit state for each gusset plate
within engineering acceptable accuracy.

To this end, a procedure and associated computer pro-
grams have developed to investigate the failure process
of I35W Bridge based on the theories and methodolo-
gies introduced in [2-4, 6-8, 10, 17, 20, 21, 24-27,
29, 30-33, 36, 37, 39, 40, 42-49, 52]. A series of in-
depth three-dimensional computations of I35W Bridge
under the actual live loads at the instance of collapse,
see Fig. 17, as well as the bridge under various design
conditions, have been performed [11, 15] according to
original design drawings and in the light of the material
evidences of NTSB’s investigation[34, 35] and FHWA’s
technical advisory [9].

In addition to the discussions of more undersized-
components disclosed from original design drawings
and the evidence of the one-dimensional influence
line solution-biased original design, another conclu-
sion obtained in [11] is that the nodes connecting floor
trusses and main truss-frame, see Fig. 17b, was inap-
propriately designed. This is because it actually divides
deck load to two high-amplitude force flows input into
a weak gusset plate, i.e. compression on the plate’s top
and downward tension on its bottom edge. The partic-
ular structural features presented in this part and the
implications to load capacity are to be discussed in fol-
lows because they can be useful for other gusset plates’
load rating in general.

Plotted in Fig. 18 are the computed uniaxial stress
in the floor trusses that connected the south U10’ and

Fig. 17. (a) A fully-scaled computation of 135 W Bridge [7] based on design drawings and live load at the time of collapse, where the trucks, cars,
and construction materials are represented by the brick elements with the densities corresponding to their weights; (b) a finite element model for
the connection between floor truss and main flame at the node U10; (c) computed stress contour on an inside gusset plate [16], which indicates
the stress on the inside horizontal lateral bracing introduces lateral force that affects the deformation of the gusset plate.
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Fig. 18. Stress distribution in floor trusses connect to U10” and U11’, which result in the out-of-plane force Qy and bending moment M onto the

gusset plate; see the discussion in the text.

Ul1’ gusset plates of I35W. Here we focus on the stress
distribution in the diagonal members of the floor truss
attached to U10’, which is plotted as the empty dia-
monds linked by dash lines. One may notice that the
two highest stress peaks occur in the diagonal floor truss
members just inside the gusset plate on each side, by
which the amplitude of the peak near western U10’ is
about 13% higher than that near the eastern U10’. This
difference is denoted as Op in the figure, which, obvi-
ously, is caused by the eccentric deck live load at the
moment of the collapse, see Fig. 19a. Another notable
phenomenon in Fig. 18 is the difference in stress level
between the diagonal floor trusses member inside and
outside a gusset. On the western side, it is denoted
as Op. Because all floor truss diagonals are made of
the similar sized H-beams, therefore, the magnitude of
Qp means the force that inside diagonal input to the
node below the gusset plate is about 2.6 time higher
than the sum of the forces from two outside diagonal
members.

Obviously, the difference Qp reflects the unbalance
of the forces at the node that connects main flame’s

vertical truss, the diagonals and lower (bottom) chord
in floor truss. Its horizontal resultant must be balanced
by the tensions shared by the bottom chord, the diag-
onal lateral bracing, and the lateral shear in the main
flame vertical truss. According to Fig. 18 there is no sig-
nificant stress in the bottom chord; whereas the inside
diagonal lateral bracing is a very slender beam that has
very limited capacity to carry horizontal force. There-
fore, the majority of the horizontal force induced by
the inside floor truss diagonal is balanced by the lat-
eral shear of the main flame’s truss vertical, which is
denoted as Q) in the figure. Q) produces a bending
moment to the attached gusset plate, denoted as M.
On the other hand, the Op in Fig. 18 represents the
difference of the forces that the floor truss input to
eastern and western main flames, respectively. Again,
because the stresses on the two ends of floor truss’ hor-
izontal members attached to the two main flames are
almost equal, Qp should be balanced by the lateral shear
on main truss vertical and the horizontal lateral bracings
of two main flames, i.e. the top horizontal lateral brac-
ing attached to gusset plate, as illustrated in Fig. 17(c).
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Fig. 19. (a) I35 W Bridge’s deck live load distribution at the moment of collapse, which causes the difference Qp in Fig. 18; (b) Eular’s instability
models with lateral force and bending moment under two boundary conditions; for gusset plate, the lateral force and bending moment are

out-of-plan force and moment.

Figure 19(a) gives the deck load’s distribution of the
I35W Bridge when it collapsed. Although majority
of the live loads laid on the western side, it should
be noticed that the stock-piled construction materials,
which is the heaviest part of total live-load, were on the
lane W1 that is just beside the central line. This is the
reason that the difference Qp is less than 15% of the
total force in the floor truss diagonal. Obviously, there
is no need to address the fact that the deck load-induced
vertical force on the western gusset plate is much higher
than that on the eastern main flame. In Fig. 19(a) the
live-load on the lane W1 equals the weight of several
design trucks (80 kips each). In practical application, a
worst scenario could be the case that multiple presence
of heavy trucks line on one side of a bridge’s deck, for
example, the lane W4 in Fig. 19(a). Under this situation,
QOp can be significantly higher.

The forces Qp and Qp represent eccentric effect,
caused by eccentric deck’s live load and original design.
They introduce extra out-of-plane forces and bending
moment to a gusset plate, which may have signifi-
cant impact to the plate’s stability. For an engineering
evaluation, conventional procedure often simplifies a

structure into a one-dimensional model, then apply-
ing Eular’s instability criterion, as illustrated in Fig.
19b. This criterion is exact for long slender structures
such as bars and columns. For a two-dimensional struc-
ture like a gusset plate, Eular’s criterion is generally
over-conservative when all external forces lie in the
same plane as the plate does. However, for either a
one-dimensional bar or a two-dimensional plate, when
lateral force or out-of-plane bending presents, see Fig.
19b, corresponding modifications are necessary. The-
oretical solutions of lateral forces have already been
obtained for one-dimensional bar, for examples, see
[3, 8]. Theoretical analyses in these literatures indicate
that, when an out-of-plane force Q or bending moment
M is proportional to in-plane compression force P, for
an elastic slender structure component the following
relationship holds:

P2
Tz M

PE

Minax <

where Mp,x is the maximum bending moment in the
component; Pg is the Eular’s prediction of the load at
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onset of instability. This relationship implies that a lat-
eral load does not affect instability criterion under elas-
tic condition. However, the maximum bending moment
in the structure may increase faster because it is propor-
tional to the square of in-plane load. This may cause
material’s yielding earlier than the case without out-of-
plane forces, resulted in reduction of system stiffness
and subsequent loss of stability even when applied load
is still lower than Eular’s prediction [26, 36].

A thin-plate theory-based model has been developed
which partitions a gusset plate into several zones char-
acterized by different failure modes [49a] and the model
enables to obtain analytical or semi-analytical solution
for each mode, as outlined in [49b]. For buckling, a
group of semi-analytical solutions has been obtained
based on Von Karman'’s thin plate stability theory [50].
Introductions of this theory and related applications can
be found, for examples, in [3, 5, 8]. Further theoretical
developments of structural stability can be found, for
examples, in [21, 26, 27, 36]. According to this theory,
the stability of this fan-shaped is governed by the sta-
tionary solution of the following equilibrium condition
(in polar coordinate system)

A gusset plate can be treated as “thin plate” because
its largest unbraced dimension is generally one order
greater than its thickness. Such a thin plate may fail
through two mechanisms: tension-induced material
failure or buckling under compression, as discussed
early in this paper. Accordingly, the two cases in Fig.
16 demonstrate the three corresponding patterns: (i)
buckling at unbraced area due to the large ratio of
the clearance between attached beams and the plate’s
thickness, Fig. 15c; (ii) compression-induced bowing
of the triangle area of a gusset, Fig. 16a; (iii) ten-
sion induced necking in another triangle area of the
gusset, together with shear failure around rivets, Fig.
16b. These patterns may occur concurrently or a dom-
inant one triggers another. The challenges for design
and load-rating a gusset plate are to identify the key
dimension-parameters that are able to characterize geo-
metric complexities and to compute the limit load at
critical conditions considering lateral perturbation.

After some additional geometric modifications to the
Whitemore model, a group of semi-analytical solutions
of gusset plates’ buckling has been obtained based the
theory in [3, 8] and the Von Karman’s thin plate sta-
bility criterion [50]. Introductions of this theory and
related applications can be found, for examples, in [3,
5, 8]. More advanced theoretical developments of struc-
tural stability, including elastoplastic buckling, post
buckling, imperfection sensitivities, can be found, for

examples, in [21, 26, 27, 36]. According to this class
of theories, the elastic stability of this fan-shaped plate
is governed by the stationary solution of the following
equilibrium condition (in polar coordinate system):

2w ow 2w
KAAU):N”'W"‘N@@ — 4+

ror  r2oo?
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— 2Ny [ o — —— 2
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where N,, Ngg, N9 denote in turn the in-plane radial,
hoop, and shear force densities; w is out-of-plane dis-
placement; and K is plate stiffness:

Eh3
K=—+
12(1 — v?)
The solved force, normalized to the dimension of

stress, is plotted in Fig. 20. A brief introduction of the
“Modified Whitemore Model” is given in [18].

3)

7. Conclusions

e To avoid a progressive collapse that occurred in
I135W Bridge, an additional safety factor for ASD-
Allowable Stress Design (or ng in LRFD) may be
necessary or those key single load-path structural
members in a multi-span bridge when the bridge’s
design is merely based on the one-dimensional
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Fig. 20. A semi-analytic solution of gusset buckling based on Von
Karman’s thin plate instability theory[50]. For a given geometric
parameter «, each curve in this chart defines the corresponding critical
load at buckling for a modified Whitmore mode [18]; Fy: the critical
load at buckling.
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influence-line analysis like that in Fig. 9(c).

e Roller bearing condition is crucial for maintain-
ing an aged bridge’s safety operation. Corrosion or
other deterioration induced roller bearing lock may
result in significant thermal stresses in a bridge.

e Stress concentration and bending moment: bend-
ing moment and induced-stress concentration
around truss-joints may have remarkable effect on
load capacity and fatigue life of truss-structured
bridges. Due to the limited computational means
in past, these effects might be treated in an ah hoc
way, for example, enlarged safety factor. In order to
avoid over-conservative or risky designs, relatively
accurate computation may be necessary.

e Evaluation of gusset plates’ load capacity: the
results of the finite elements computation of I35W
Bridge’s superstructure and gusset plates suggest
three failure modes of gusset plates, i.e. buckling,
bowing, and tension; the latter equals shear failure
for ductile steels. Both eccentric deck’s live load
and an inappropriated design of the joint between
deck floor truss and main trusses frames will cause
out-of-plane force and bending moment. These
kinds of lateral forces may significantly reduce
the critical load of a gusset plate’s buckling due
to localized nonlinear effects. Based on the the-
ories introduced in [3, 8] and Von Karman’s thin
plate stability formulation [50], a semi-analytical
solution for a modified Whitmore model of gusset
plate has been discussed. However, for broad appli-
cations, more detailed analysis and comparisons
with 3D numerical computations and experimental
results may be necessary.
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