
NATIONAL TRANSPORTATION SAFETY BOARD 
Office of Research and Engineering 
Materials Laboratory Division  
Washington, D.C. 20594 
 
August 21, 2008   
 
 
MATERIALS LABORATORY STUDY Report No. 08-086 
 
 
A. Accident 
 
 Place : Minneapolis, Minnesota 
 Date : August 1, 2007 
 Vehicle : I-35W Highway Bridge 
 NTSB No. : HWY07MH024 
 Investigator : Mark Bagnard 
 
B. Report Subjects 
 

1) Truss Analysis of Member Loads during Construction  
2) Angle Between Adjacent Members at Node U10 

 
C. Truss Analysis of Member Loads during Construction 

 
 The forces in the main truss members of Bridge 9340 varied as the structure was 
being erected.  The magnitude and direction of the member loads depended on which main 
truss members had been erected, and whether the structure was in a cantilevered or 
continuous phase.  Construction loads, for the cantilevered1 and continuous2 structures, 
were obtained from documents produced by both the Minnesota Highway Department and 
the bridge design consultant Sverdrup & Parcel and Associates (Sverdrup & Parcel).  
Design service loads were taken from the Construction Plans for Bridge 9340 approved 
June 18th, 1965. 
 
 While the Minnesota Highway Department and Sverdrup & Parcel independently 
reported the construction loads, no record of any supporting calculations for the erection 
procedure were found among the archived documents.  To evaluate the reported loads, a 
2-D model was created using a general purpose frame analysis software program, 
VisualAnalysis 5.5.  The model was used to calculate the loads in the truss during 
construction.   
 
 The 2-D truss was created with the node geometry provided in the design drawings.  
The main truss members were defined according to cross sectional area and moment of 

                                            
1 The cantilevered structure is the stage during construction just before the trusses are joined at nodes U14 and 
L13.  
2 The continuous structure is the stage during construction just after the trusses are joined at nodes U14 and L13.  
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inertia, as defined by the design drawings and verified in the field.  The self weight of the 
main truss members was calculated by the software as a function of material and cross 
sectional area.  The lateral and sway bracing self weight transferred into the main truss at 
the lower nodes and at the floor truss connection 10.25 feet below the upper nodes.  The 
self weight of the lateral bracing was estimated based on the length of the box members to 
be 7,000 pounds (7 kips) at each panel point.  The sway frames from nodes L1 to L5 and 
from L11 to L14 had a single chevron brace and were estimated to weigh 3 kips at those 
panel points.  The sway frames from nodes L6 to L10 had two chevron braces and were 
estimated to weigh 6 kips at those panel points.  The floor truss was estimated to weigh 12 
kips.  The deck stringers were assumed to not be installed, and the self weight of the 
stringers was not applied to the truss model.   
 
 The truss was modeled with ideal pins at the nodes that did not transfer moment at 
the ends of the members, except those members that were unsupported at one end during 
erection.  To stabilize the unsupported member, rotational restraints were placed on the 
connected end of the unsupported member and the other members framing into the 
supporting node.  The truss was modeled with vertical restraints at L1 and L8, and 
horizontal restraint at L8.  Additional out-of-plane rotational restraints were applied to the 
model to allow the analysis program to run.  For consistency tension loads are designated 
as positive values, compressive loads are negative.   
 
 Starting with the structure on the Erection Sequence Drawing ES-4.1, found in figure 
3 of the Erection Sequence Report (Materials Laboratory Factual Report No 08-073), a 
series of models were created by adding members in the same order as appeared in figure 
3.  The models were analyzed with respect to dead load only.  It was determined that the 
model with the highest loads in the members around node U10 was when all of the steel, 
from nodes 0 to 14, was erected just prior to closure of the center span.  Table 1 presents 
the results of the VisualAnalysis model and the Minnesota Highway Department estimates.  
Also included in table 1 and subsequent tables is the load for the lower chord below node 
U10. 
 
Table 1:  Cantilever Truss Loads 
 

Member Visual Analysis 
Member Force 

(kip) 

MN Hwy Dept3 
Member Force 

(kip) 
U8/U10 723 769 
U10/U12 351 379 
U10/L10 48 Not Available 
L9/U10 -342 -342 

U10/L11 305 270 
L9/L11 -533 -572 

 

                                            
3 G. McNerney, Minnesota Highway Department, (Truss Construction Stress Calculation) June 1967. 
[9340_F032_017.pdf] 
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 When the truss was closed at mid-span the loads in the members changed in 
magnitude and some members experienced a load reversal.  Table 2 presents the forces in 
the main truss members around U10 from the steel self weight after closure at mid-span, as 
calculated from the VisualAnalysis model, by the Minnesota Highway Department, and by 
Sverdrup & Parcel. 
 
Table 2:  Continuous Truss Loads Steel Only 

 
Member Visual Analysis 

Member Force 
(kip) 

MN Hwy Dept4 
Member Force 

(kip) 

Sverdrup & Parcel5 
Member Force 

(kip) 
U8/U10 340 391 370 
U10/U12 -114 -108 -111 
U10/L10 48 Not Available 86.3 
L9/U10 -403 -422 -437 

U10/L11 327 359 367 
L9/L11 -109 -141 -142 

 
 The model data from Tables 1 and 2 was then compared to the design dead load 
and service loads of the completed structure.  Table 3 contains data results from the 
VisualAnalysis model when the truss was cantilevered and continuous with steel weight 
only, and the design dead and service loads presented in the 9340 Bridge Design 
Drawings. 
 
Table 3:  Comparison of Truss Loads During Stages of Construction 
 

Member Model Cantilever
 
 

(kip) 

Model Continuous 
Steel Only 

 
(kip) 

Completed 
Structure 

Dead Load6  
(kip) 

Completed 
Structure Service 

Design Load7  
(kip) 

U8/U10 723 340 1551 2179 
U10/U12 351 -114 -486 -972 
U10/L10 48 48 271 540 
L9/U10 -342 -403 -1680 -2238 
U10/L11 305 327 1432 1975 
L9/L11 -533 -109 -559 -919 

 
 
 
 

                                            
4 G. McNerney, Minnesota Highway Department, (Truss Construction Stress Calculation) June 1967. 
[9340_F032_017.pdf] 
5 Sverdrup & Parcel and Associates, (IBM Calculations), June 23, 1964.  See the Appendix. 
6 Construction Plan for Bridge No. 9340, Sverdrup & Parcel and Associates, Approved June 16, 1965. 
7 Construction Plan for Bridge No. 9340, Sverdrup & Parcel and Associates, Approved June 16, 1965. 
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D. Angle Between Adjacent Members at Node U10 
 
 In order to compensate for the deflection of the bridge under its own self weight, the 
main truss members were fabricated to lengths longer or shorter than the final design node-
to-node dimensions, referred to as cambered lengths.  Without gravity, this process would 
cause the bridge to have a slightly arched shape (camber).  The deflection of the individual 
components due to the structure’s dead weight then resulted in a completed bridge with an 
upper chord that was approximately straight.  The lengths of the deflected members 
subjected to the structure dead weight are referred to as geometric length. 
 
 The change in member lengths would also change the angles between adjacent 
members.  The change in angle at node U10 between the stage of erection and after 
application of dead load is of interest as a possible contributor to the bowing of the U10 
gusset plates between upper chord U8/U10 and diagonal L9/U10.  Table 4 summarizes the 
node-to-node dimensions according to the Allied Structural Steel Company’s fabrication 
drawings, both for geometric and cambered member lengths.  Dimensions in the drawings 
are listed in feet and inches to the nearest 1/32 of an inch.  The dimensions from the 
drawings are listed in Table 4 along with conversions to decimal notation. 

 
Table 4: Cambered and Geometric Lengths 
 

Member Geometric 
Length8 
(ft-in) 

Geometric 
Length 

(ft) 

Cambered 
Length9 
(ft-in) 

Cambered 
Length 

(ft) 
U8/U9 38’-0” 38.0000 37’-11 3/4" 37.9792 
U9/U10 38’-0” 38.0000 37’-11 23/32” 37.9766 
U8/L9 63’-10 7/16” 63.8698 63’-10” 63.8333 
L9/U10 63’-10 7/16” 63.8698 63’-10 3/4" 63.8958 
U8/L8 60’-0” 60.0000 60’-5/16” 60.0263 
L8/L9 38’-11 23/32” 38.9766 38-11 15/16” 38.9948 
U9/L9 51’-4” 51.3333 51’-4 1/8” 51.3438 

 
 Refer to figure 1 for a graphical representation of the geometric lengths and angles.  
The main truss members and gussets were laid out and reamed to the final geometry.    In the 
layout, the angle between L9/U10 and U9/U10 was as specified in the steel detail drawings to 
be: 
 
θR = 53° 29’ 21” = 53.4892°10 
 
 
                                            
8 Bridge 9340 Steel Details, Industrial Construction Division Allied Structural Steel Company, Approved January 
1965, Sheet L1. 
9Bridge 9340 Steel Details, Industrial Construction Division Allied Structural Steel Company, Approved January 
1965, Sheet L2. 
10 Bridge 9340 Steel Details, Industrial Construction Division Allied Structural Steel Company, Approved January 
1965, Sheet L1. 
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Figure 1:  Geometric Lengths  
 

The erection of main truss members at cambered lengths resulted in angles between 
adjacent members that were different than the design geometric angles.  Two scenarios were 
examined to assess the possible range of angles that might have occurred.  Figures 2 and 3 
illustrate the two scenarios at erection. 

 
Figure 2: U8-U10-L9 Triangle Cambered Lengths 
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Figure 3: U9-U10-L9 Triangle Cambered Lengths 
 

The law of cosines was used to determine the angle between top chord U8/U9 and 
diagonal L9/U10, as found in equation 1.  The change in angle between cambered and final 
geometry positions was calculated using equation 2. 
 
Equation 1:  Law of Cosines 
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Equation 2:  Change in Angle 
 

Δθ = θC - θR 
 

Table 5 presents the angles calculate from the scenarios illustrated in figures 1, 2 and 3 
from equations 1 and 2. 
 
Table 5:  Angle Calculations 

 

Geometric 
Shape 

Cambered 
Angle 

U8-U10-L9 

Cambered 
Angle 

U9-U10-L9 
a (ft) 76.0000 75.9611 37.9766 
b (ft) 63.8700 63.8958 63.8958 
c (ft) 63.8700 63.8333 51.3438 
    
a2 (ft2) 5776.00 5770.08 1442.2221 
b2 (ft2) 4079.38 4082.68 4082.6771 
c2 (ft2) 4079.38 4074.69 2636.1807 
    
θC (deg) 53.4903 53.4706 53.4708 
Δθ (deg) 0.0012 -0.0186 -0.0184 

U9 U10 

L9

37.9766 ft

63.8958 ft 
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 The change in angle, Δθ, is small, so horizontal displacements were assumed to be 
negligible and that the width of the gusset plate, from centerline of node U10 to the edge, did 
not change.  Vertical displacements at the free edge of the U10 gusset plate between the 
upper chord and diagonal L9/U10 could cause distortion of the U10 gusset.  The length of the 
gusset plate, from centerline of node U10 to the south edge, was verified as 48.25 inches.  The 
vertical distance, d, from centerline of the upper chord to the centerline of diagonal L9/U10 was 
calculated using equation 3. 
 
Equation 3: Vertical Distance 
 

d = 48.25 tan (θ) 
 

The angles and the vertical distances are compared in table 6 for the reamed, 
geometric and cambered geometries.  
 
Table 6: Vertical Distance Calculations and Displacements 
 

 

Reamed 
Angle 

Geometric 
Shape 

Cambered 
Angle 

U8-U10-L9

Cambered 
Angle 

U9-U10-L9 
θ (deg) 53.4892 53.4903 53.4706 53.4708 
d (in) 65.1804 65.1831 65.1361 65.1367 

 
Table 6 shows that the angle and the vertical distance along the edge of the U10 gusset 

plate would increase from the initial cambered position to the final geometric (or reamed) 
shape under the bridge dead weight, as illustrated in figure 5. 

 
Figure 5:  Comparison of Cambered and Geometric Deflections 
 
  

      Samuel Pond 
      Civil Engineer 
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Appendix 
 
 

Sverdrup & Parcel and Associates, IBM Calculations for Bridge 9340, June 23, 1964. 
 
 

Documents provided to the Safety Board by Jacobs Engineering. 
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