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1. INTRODUCTION

1.1 Background

Unexpected fatigue cracking often occurs in a steel bridge super-

structure under re,latively few live load cycles. Fatigue cracking commonly

occurs in the vicinity of connections between primary and secondary

components such as main girders and lateral bracing. It is also common

in the vicinity of connections between primary bridge components such as

(1· 2)
main girders and floor beams 0 , ,

An example of the interaction of primary and second~ry bridge com~onents

is shown in Fig. 1. Vehicular loads on the bridge deck can produce dis-

placement of the lateral bracing member. If the transverse ~onnection plate

is n~t attached to the flange this displacement can produce an out-o£-plane

distortion of the girder web as shown in the figure. In the figure 0 is the

relative displacement of the girder fla~ge with respect to the bottom of

the transverse connection plate over the gap length. If the gap length is

short, high web bending stresses may result, leading to reduced fatigue life

of the girder. (2,3) A similar situation can also occur at the top flange

and may even lead to higher web bending stresses if the' flange is laterally

supported by embedment in a concrete slab. Although this type of problem is

more prevalent in welded' members" it has a15'0 been observed in riveted

(14)
structures. "

The occurrence of high secondary stres~es near attachments such as

shown in FigQ 1 normally go undetected during bridge design as a direct

result of the simplifi~d analyses normally used. In a steel girder

floorbeam-stringer superstructure, for example, each member is analyzed

for flexure and shear stresses assuming planar behavior of the membero
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The members are then connected together without a further analysis of the

now three dimensional superstructure. This procedure is conservative with

respect to static behavior but may be highly unconservative with respect

to fatigue behavior. In addition to the stresses resulting from the three

dimensional behavior of the superstructure, localized stresses occur in the

vicinity of attachments and connections, such as shown in Fig. 1, which are

highly sensitive to the ·type of connection used.

1.2 Objective and Purpose

The objective of this investigation is to study the forces in the

lateral bracing system of the George Wade Bridge which spans the

Susquehanna River on Interstate Route 81 near Harrisburg, FA. The bridge

is one of a twin bridg2 structure consisting of a 34 span girder bridge,

with the girders continuous over four or five spans, and ten approach spans.

The study w~s"confined to the 136 foot second span of the continuous

girder on the south end of the northbound bridge between piers 8 and 9 as

shown in Fig. 20 This span was near a power source and was readily

accessible. The span has two traffic lanes and an acceleration lane

"following an entrance ra~p. The test lanes discussed in Chap~ 3 are shown

in the figure 0,

The purpose of the studr of the lateral bracing forces is· twofold:

(1) To a~certain the magnitude of' the bracing forces to aid in the

future determination of the potential f~r fatigue crack growth .

in such bridge details.

(2) To determine the magnitude of the forces in the lateral bracing

system which indicates the degree to which the span under.inves

tigation functions as a three dimensional box section under truck

loads.
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2~ DESCRIPTION OF INSTRUMENTATION AND STRAIN RECORDING SYSTEM

2.1 Instrumentation of Bridge

Figure 3 shows the instrumentation used. A total of 6, 120 ohm,

~-inch long electrical resistance, temperature compensating strain gages

are located near panel point 11. One cross section of each of the two

bracing members of the lateral system at this location is gaged a distance

12 in. from the edge of the bottom flange lateral connection plate. The

gages are mounted in the longitudinal direction of the member. A

quarter-bridge, three-wire hookup is used automatically providing lead

wire length compensation. Other gages were installed on the floorbeam tie

plate connection to the longitudinal girders prior to placing the concrete

deck. Unfortunately, these gages were, destroyed during construction and

no measurements were obtained.

2.2 Strain Recording System

The Federal Highway Administration's automatic data acquisition system

shown schematically in Fig. 4 was used to record strains. This system,

housed in a van, consists of an amplifer, an analog-to-digital signal

converter, a computer and a teletype machineo As shown in the figure,

ultraviolet analog trace recordings of live load variation of strain with

time are made along with digitized strain signals recorded on magnetic tape.

The strain signal is not continuously recorded due to limited traffic.

Triggering of the recording system is done manually when truck traffic

er0s~e~ the bridge.
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3. FIELD INVESTIGATION

3.1 Loading Conditions

Strains were measured under two types of loading conditions: known

loads and random loads. The known loads consist of the axle loads from

the FHWA calibration truck shown in Fig. 5. Strains are recorded with

the truck crossing the. bridge in each of the three 'test lanes ind~cated

in Figo 2 at speeds of 10 and 20 mph. The prescribed use of the FHWA truck

permitted magn~tudes of live load strain to be related to a known loading

condition. - Measurements of live load strain under random loads in the form

of normal traffic conditions proved inconsequential due to an extremely

limited truck traffic volume during the field testing.

302 Strain Record

A portion of a typical analog trace of strain versus time generated on

ultraviolet recording paper is shown in Fig. 6. Strain is recorded

vertically and time horizontally to the scales shown. Traces marked Gage A

and Gage B correspond to gages shown in Fig. 3. In Fig. 6, position 8

corresponds to the approximate location of the front wheels of the test

truck (Fig. 5) passing over pier 8, where the truck is moving from left to

right in the figure. Position 9 corresponds to the rear wheels leaving

pier 9. The segment of interest therefore corresponds to the distance equal

to the span length plus the truck length. Since the recording of strain is

triggered manually, the exact location of the truck producing the maximum

strain can only be. approximated. The maximum strain is the product of the

measured height from the trace times a conversion f~ctor, which converts

height to strain, times a calibration factoro
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4. F •E •M. MODELLING OF THE BRIDGE

4.1 Assumptions

Other than the basic assumptions of structural analysis and the

assumptions inherent to the finite element method (F.E.M.), further

assumptions are made to simplify the finite element model. Exact modelling

of,t~e, bridge- requires many more computer resources in the. stress analysis

than are available or cost effective at t~e Lehigh University Computing

Center. To reduce the ~equired computer resources, the following addi

tional assumptions are made.

1) As shown in Fig. 7, only four spans of the entire bridge are

actually discretized. This model corresponds to the section of

the bridge between piers '7 and 11 where h~nges occur and in which

strain measurements are made. Only the span between piers 8 and

9 containing panel point 11 is discretized in detail. A much

coarser discretization is used in the other spans. Simple girders

and a limited number of floorbeams are used to model these spans,

so that the actual flexural and torsional continuity to,the

finely discretized ~pan is simulated.

2) A1typical cross sectio~ of the finely discretized span is shown in

Fig-. 8'. . It is ass1.111led that this span, containing the panel p.oint

under investi'gation, can be realistically modelled using only

three horizontal layers of nodal points. The top layer of nodal

points corresponds to the mid-depth of the conc~ete decko The

bottom flange of the £loorbeams is represented by a middle layer

of nodal points, 79.5 in. below the top layer. The bottom layer

of nodal points is 33.5 in. lower, corresponding to the bottom
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flange of the main girders ..Utilizing these three layers of

nodal points to provide connectivity, structural components of

the span are modelled.~" Since these layers -do not correspond

to all of the axes of all of the structural components, various

transformations are performed on th'e components' actual section

properties yielding fictitious, yet realistic, properties for the

finite elements.

3) As discussed previously , the outside rna"in girder of the finely

discretized span is skewed approximately one degree in order to

accommodate an entrance ramp. The local longitudinal axis-of the

skewed girder does not correspond to one of the chosen global

axis, therefore the most convenient method of specifying boundary

conditions about the global axis is not completely realistic.

Since this girder is on the opposite side of the bridge from the

point under investigation and this point is at mid-span, far

from the boundary conditions, the assumption is made that boundary

conditions about the global axes are satisfactory. The added

complexity of skewing the boundary conditions ,is then eliminatedo

4~2 Modelling Techniques

4~ 2'01 Girder.s and Floorbeams

Since out-af-plane movement of the girders and floorbeams is possible,

the usual method of modelling flanges as simple truss elements and webs

as plane stress elements is not realistic. In order to model the degrees

of freedom associated with out-af-plane displacement, the flanges are

represented by three-dimensional beam elements, combining axial stress
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with flexural stresses. The ·webs are modelled as plate bending elements,

superimposing bending capabilities upon membrane stresses.

4.2.2 Lateral Bracing System and Description of Variations

The lateral, bracing system connected to the main girders near the

bottom flange acts as a horizontal truss. Therefore, the diagonal and

transverse cross bracing members are modelled as simple- truss elements.

These are the members-in which actual live load 'strains are measured and

for which the model is designed to accurately predict.

A catwalk connecting the bracing system to the bottom flange of the

floor beams, influences the behavior of the bracing members.

Four variations of the discretization of the catwalk in the overall

structure are included. Variation 1 is the basic discretization as previously

described, with no catwalk members present. For variations 2 and 3, vertical

and then longitudinal catwalk members are added respectively. Variation 4

consists of the basic discretization with all catwalk members in pl~ce but

with the strength of the concrete deck reduced to a negligible magnitude.

40203 Boundary Continuity

Continuity of boundary conditions at piers 8 and 9 is maintained

be~ween the finely discretized span and the outer spans by the connection

shown in Fige 90 The three levels of nodal p~ints in the inner span are

connected together by a rigid link over the piers. This rigid link is in

turn rigidly connected to the girders of the outer spans. As such, defor

mations and ro.tations are transferred from one type discretized span to

the other.
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4.3 Description of FoE.M. Model

4.3.1 Connectivity of Nodal Points

Detailed plan views of the finely discretized span consisting of

three horizontal layers of nodal points are shown in Figs. 10, 11, and 12.

Figure 10 shows the top layer of nodal points. Finite elements in the

plane described by this layer represent the concrete deck, and the top

flanges of the girders and floorbeams. The node lines labelled as piers

8 and 9 are where this span is rigidly connected to the coarsely discretized

outer spanso Changes in main girder cross sections are' shown as node lines

marked with the symbol, ~.

A plan view of the middle layer of nodal points is given in Fig. 11.

Elements in this- plane are beam elements along the center line of the

floorbeams representing their flanges. Plate bending elements along the

centerlines of the main girders and floorbearns represent the webs connecting

this layer to the layer above.

Figure 12 shows the bottom layer of nodal pointso Beam elements

representing the main girder flanges, truss elements representing the

lateral bracing members, and beam elements with transformed section proper

ties calculated to simulate the catwalk are in this plane. The lower

portion of the main girder webs are modelled as plate bending elements

connecting this layer to the layer immediately abovee Additional beam

elements representing the catwalk system connect the lateral bracing system

to t~e floorbeam flanges above along the catwalk centerline~
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4.3.2 Loading Conditions

Figure 13 shows a schematic diagram of the 15 positions of the FHWA

calibration truck statically analyzed using the SAP IV. The 15 loading

conditions comprise a matrix of 3 transve~se locations by 5 longitudinal

locations across the span.

Since concentrated loads are most easily modelled as nodal point

loads, the six tire patch loads were reduced to the three axle loads shown

in Fig. 5. The longitudinal node lines nearest the center of each eest

lane (see Fig. 2) are assumed to be the test lane centerlines~ The

longitudinal line of axle loads was then placed along the assumed lane

centerlines with the drive axle at the five arbitrarily chosen transverse

node lines shown in Fig. 13. The truck axles loads were placed to simulate

the test configuration of the truck moving from pier 7 toward pier 11.

Using a simple lever rule, the axle loads are proportioned to nodes along

the assumed lane centerlines. From the resultant output, bracing member

force vs. longitudinal truck location can be plotted and maximum force

determined .'
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5 • RESULTS OF INVESTIGATION

5.1 Calculated Lateral Bracing Member Forces

Sample calculations of the axial force in the lateral bracing members

made from recorded strains are shown in Appendix A. Maximum strain recorded

under the specified loading conditions is converted to stress by multiply-

~ng boY Young '·s modulus of- elasti~ity. Inherent with this procedure is the
1

assumption that the members are under pure axial load. The resulting

stresses are averaged over the web and flange. Through integration of

these average str-esses ov.er the cross sectional area, maxim~ load is

determined.

Utilizing the technique described above, maximum forces for the

lateral bracing members at panel point 11 are calculated. The maximum

forces with the calibration t~uck in each of the three lanes are shown in

Table 1. The maximum force in the cross bracing member varies from -105

kips to 7.0 kips producing a force r~nge of 8.5 kips. For the diagonal

bracing member, the force varies from -1.5 kips to 1.0 kip, for a force

range of 2.5 kips.

5:-,,2 Results of the Finite Element Analysis

The axial forces in the lateral system as calculated using SAP IV(5)

for variations 1 through 4 (Art. 4.2.2) are shown in Tables 2, 3, 4, and 5.

From the force versus longitudinal location of the truck in the- lane shown

in the tables, maximum forces can be extrapolated. The approximate maximum

forces obtained from the F.E.M. results are shown in Table 6.
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SQ3 Comparison of F.E.M. and Field Investigation Results

The results from the F.E.M. analyses and the field investigations are

in agreement in that all the calculated forces are extremely low in

magnitude. However t large differences in·th~se small magnitude values

are seen between the F.E.M. and field results. While the cross bracing

compression forces are basically comparable in both the F.E.M. and field

results, the cross bracing tension forces in the F.E.M. analyses fall far

below the 7.0 kips observed in the field. ~he compression and tension

forces in the diagonal bracing members from the F.E.M. analyses are two

or threefold greater than those observed in the field.
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6. CONCLUSIONS

The results of the F.E.M. analyses and the field investigations are

not as close to each other in magnitude as had been anticipated. Originally,

it was anticipated that the F.E.M. analyses would simulate the actual

bridge behavior such that only small differences in the calculated and

measured values would be observed. Then, the various parameters, such as

the stiffnesses of the bridge components, could be varied in the model to

study the effects. In actuality, while both phases of the investigation

yiel~ small forces ~ the lateral system'members, ~ignificant differ-

ences between the values of both phases are evident.

The differences between the calculated and measured values indicates

that the model is not sensitive enough to yield more equal results. It is,

however, accurate enough to produce forces of the same order of magnitude

as those measured.

Under vehicular loads, the bridge's lateral system is loaded through

lateral displacement of the main girder bottom flanges 0 It has been shown

through both phases of this investigation that relatively small forces

exist in the lateral system members.

The conclusions drawn from the study of the lateral bracing forces

can be summarized as follows:

(1) The magnitude of the axial forces in the lateral bracing system

is relatively small. The effect of these small forces on the

potential for fatigue cracking must still be evaluated~

(2) The degree to which the span investigated functions as a three

dimensional box section under truck loads appears to be

relatively small.
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TABLE 1

Measured Bracing Member Forces

16

Lane
Occupied '.

+ ....:~'t---:--..... _+r;:-_, ... -

1-

3

Cross Diagonal
Bracing Bracing

Force Force
(kips) (kips)

1~50 1~50

compression compression

5050 1.00

tension tension

7eOO 0.50

tension tension



TABLE 2

Axial Forces f~om Variation No. 1
(kips)

Cross Bracing @Panel Point 11 Diagonal Bracing @Panel Point 11

Lane Position
Loaded in Lane

1

2 ....

3 ,,'

1

-0.044

01'039

00052

2

-Oe676

0.571

0.834

3

-1&416

10631

2&040

4

-1e593

1e097

1.892

5

-00957

-0.084

0.678

1

-10419

Oe448

-0.039

2

-20230

0.814

-0.072

3

-1.878

1.004

0.156

4

-0.269

1.106

0.027

5

0.439

20250

00024

t-A
.........u



Lane Position
Loaded in Lane

1

2

3

TABLE 3

Axial Forces from Variation No. 2
(kips)

Cross Bracing @Panel Point 11 Diagonal Bracing @Panel Point 11

1 2 3 4 5 1 2 3 4 5

0.123 -OGI02 -O~470 -0.750 -0.535 -1.518 -2.238 -1.491 ,0.775 10356

00106 0.747 1.866 1.322 0.074 -0.585 -0.819 -0.541 0.100 00311

OeDl7 00633 10655 1.602 0.599 0.194 0.295 0.055 -0.544 -00477

J--l
00



TABLE 4

Axial Forces from Variation No. 3
(kips)

Cross Bracin~ @Panel Point 11 Diagonal Bracing @Panel Point 11

Lane ~," Position
Loaded in Lane

11

2

3

1

00356

0.398

0.264

2

0.281

10127

0.961

3

-00172

20002

1.781

4

-00745

10171

1.454

5

-00616

-0.003

0.510

1

-2.203

-1.424

-0.494

2

-3.384

-00912

-0.600

3

-2.373

-00786

-0.112

4

0.801

0.753

0.145

5

1.615

00606

-0,,098

r-a
\.0



TABLE 5

Axial Forces from Variation No. 4
(kips)

Cross Bracing @Panel Point 11 Diagonal Bracing @Panel Point 11

Lane Position
Loaded in Lane

1

2

3

1

-00321

-0.104

00054

2

-0.782

00315

0.604

3

-10146

1.193

1.413

4

-10362

0.704

1.332

5

-10039

-00119

0.639

1

-0.893

-0.483

-0.200

2

-10080

-0.521

-0.246

3

0.220

0.513

0.107

4

.2.939

1.704

0.169

5

3.033

1.084

-0.274

N
o



Variation
No.

1

2

3

4

21

TABLE 6

Cross Bracing Force Diagonal Bracing Force
(kips) (kips)

Minimum Maximum Minimum ,Maximum

1.6 201 203 2.3

compression tension compression tension

OQ8 200 2c3 004

compression tension compression tension

008 281 304 0.8

compression tension s-ompressi-on tension

1.5 1.4 1.1 3.1

compression tension compression tension

(Refer to Art. 4.2.2 for description of the four variations)
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Transverse Connection Plate

Out - of- Plane
Distort ion of
the Web

8

Displacement

~ I·
Lateral Bracing' Member

Gap Length

Figo 1 Schematic of Transverse Connection Plate
Showing Possible Distortion of the Web in
Positive Moment Region due to Lateral
Bracing ,Member Displacement, 8
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DISCLAIMER

Prepared in cooperation with the Pennsylvania Department of Transpor

tation and the U. S. Department of Transportation, Federal Highway

Administration. The contents of this report reflect the views of the

authors who are responsible for the facts and the accuracy of the data

presented herein. The contents do not necessarily reflect the official

views or policies of the Pennsylvania Department of Transportation or

the Uo S. Department of Transportation, .Federal Highway Administration.

This report does not constitute a standard, specification or regulation.
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