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Field studies were made of an orthotropic steel deck bridge to 
investigate (a) correlations between observed structural behavior 
and that predicted by theoretical analyses, either existing or 
derived in the course of the project; (b) construction and fabri
cation problems; and (c) durability of two types of wearing sur
faces and various methods of application. The nature of the 
structure, the large number of transducer circuits (over 1,200), 
and the requirement for expeditious acquisition of data required 
some unique loading methods as well as sophisticated machinery 
for transducer reading and data reduction, tabulation, and plot
ting. Equipment was constructed to apply large, single or mul
tiple, concentrated loads to the steel deck. Data reduction and 
plotting methods were developed. Cost of the structure was 
very high, as might be expected in the short-span range em
ployed. Moreover, it has demonstrated a particular vulnerabil
ity to icing. 

•THIS PAPER describes a research project pertinent to an orthotropic steel deck plate 
bridge. The program is being conducted by the California Division of Highways, Bridge 
and Materials and Research Departments, in cooperation with the University of Cali
fornia, Berkeley, and the U.S. Bureau of Public Roads. Work has been in progress 
since 1963. 

The specific objectives of the project are to (a) establish correlations between em
pirically observed structural behavior of an orthotropic steel deck plate bridge and 
theoretical behavior based on analyses either existing or to be derived as part of the 
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ture; and (c) determine durability of two types of wearing surfaces and several methods 
of application. 

'T'hP !'!'!!'Pr rlPA('r;hPA fiPlrl tPAtA of thP !'rntnty!'" ia:t r n dn r P Pm !'l n y<>rl i n thP Pm !'irfr.!:!l 

determination of structural behavior. Theoretical analyses and correlation of results 
with results of field testing have been fully described in a report (2) published by the 
University of California, Berkeley. A qualitative evaluation of the wearing surfaces 
has been discussed in a separate report (4) published by the California Division of High
ways, Bridge Department. Construction and fabrication problems have also been dis-
cussed elsewhere (!). , 

DESCRIPTION OF PROTOTYPE 

Field tests were conducted on one of four structures making up the 680/580 (old 
107/5) Separation near Dublin, California. ThecompletedstructureisshowninFigure 1. 

The prototype consisted of 2 two-span units, each continuous over a center bent, pro
viding 4 spans of 75, 85, 85, and 75 ft consecutively. Design features of the two units 
differed in certain respects to permit a comparison of two types of wearing surfaces. 
Typical sections of the structure are shown in Figure 2. 
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Figure l, View of completed structure. 
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Figure 2. Typical section of superstructure showing parametric 
deck surfacing conditions. 
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Design of the orthotropic deck plate, ordinarily a complex and tedious process, was 
greatly simplified for the prototype by employing a computer program written by the 
Bridge Department staff in FORTRAN IV language for an IBM 360. The program pro
vides most of the information required for analysis of the system II and system m 
stresses in a torsionally stiff floor system and deck plate, and is based on design meth
ods discussed elsewhere (.!., 2., .§_). 

DESCRIPTION OF LOADING METHODS 

Testing of full-sized field structures possesses certain advantages over that of small
scale models: 
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1. No questions are likely to arise among practicing engineers using test results 
pertinent to applicability of similitude relationships. 

2. Simulation of dead loading is difficult with models because volumetric-scale re
lationships differ from linear and areal-scale relationships. 

3. Difficult and expensive construction methods may be required in model construc-
tion to establish similitude for allowable prototype tolerances. 

4. Ordinarily, the model serves no useful purpose after testing has been completed. 

These advantages may be offset frequently by some distinct disadvantages: 

1. Testing of a full-sized bridge interferes with traffic or, on a going contract, with 
the contractor's operations. 

2. Testing of models in laboratories where temperature and humidity can be con
trolled eliminates some extraneous, undesirable parameters characteristic of testing 
out-of-doors. For example, during the course of this project, heating of the deck plate 
caused by insolation sometimes produced thermal strains comparable in magnitude to 
the smaller loading strains, and some effort was required to correct this problem. 

3. Because models are ordinarily expendable, they may be tested in higher loading 
ranges than those in which full-sized structures are tested, where care must be exer
cised to preserve structural integrity. 

4. The imposition of live loads of sufficient magnitude to produce measurable and 
meaningful strains and stresses in full-sized structures may pose difficult problems. 
This problem is, perhaps, one of the most significant ones in full-sized prototype test
ing, and its solution may involve much effort and expense. 

The usual methods of applying large live loads to full-sized prototypes employ heavily 
loaded vehicles parked on the structure or crossing it at low speeds. Disadvantages of 
using such vehicles are that (a) the minimum number of reactions that may be applied 
in all locations is usually four (two axles), although two may be applied to some areas 
if the vehicle is long enough to park partially off the span; and (b) the reactions are usu
ally of fixed magnitude. 

Multiple reactions introduce complexities into analytical treatments. Invariable re
actions afford little opportunity for extrapolating measured results into higher loading 
ranges unless validity of superposition concepts can be safely assumed. 

The nature of structural behavior of the orthotropic deck suggested that single con
centrated loads of large magnitude and the capacity for variability be employed. More
over, two types of loads were advisable: (a) a system completely free of the structure 
that would simulate an actual wheel reaction and permit determination of structural be
havior of a floor system supported by differentially deflecting main girders; and (b) a 
second system that would apply large, variable, concentrated loads or multiple reac
tions between the deck and a cross beam tied to the main support girders, which, in 
this case, would not deflect differentially. Also desirable was a third loading system 
that would combine the effects of the first two, the independent system being used to 
impose a large differential deflection of the main support girders while the second sys
tem was applying loads to the deck plate against downward reactions furnished by the 
main support girders. 

In order to apply the first type of load on this project, a gantry system was con
structed above the deck of the prototype bridge. A row of temporary, timber, braced 
pile bents was driven on either side of the structure, and a continuous, spliced, rolled 
beam was placed atop the bents on either side on a one percent grade. A light rail sec -
tion was mounted on the top flange with standard hook bolts. The rolled beams were 
heavily braced on the bents to prevent overturning. 

A carriage system, made up of cast, double-flanged wheels mounted between pairs 
of channels, rode on the rails and supported the cross-beam system that carried the 
ballast required to produce the heavy concentrated loads. Two pairs of cross beams 
spanned the deck, carrying a total ballast load consisting of 55 tons of steel ingots. 
The cross beams were separated from the carriages by stiff boxcar springs surround
ing large-diameter bolts. 
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A short I-beam was suspended just below the cross beams on their lower flanges, 
on Camrol guide rollers. This longitudinal beam could be moved easily by hand trans
versely to any position above the deck. Placement of a hydraulic jack on the deck plate 
below this beam permitted application to the deck plate of large reactions caused by 
dead load of the ingot ballast. Variability of reactions was provided by supporting the 
ballast partly on the jack and partly on the boxcar springs. 

Mobility of the gantry was provided by two winches mounted at the ends of the sup
port beams, so that the gantry, which had a total weight of 130,000 pounds, could be 
pushed quite easily by hand in the downgrade direction or moved in the other direction 
by the winches. 

The second type of loading was applied by jacking between the deck plate and a single 
crossbeam that rested on supports on either side of the deck over the main girders. In 
order to provide reactions for the jacking loads, long, heavy bolts were placed through 
holes drilled in the deck plate at selected locations to bear on short channel sections 
bolted on either side of the main girder webs. Thick, steel plates at the upper ends of 
the bolts bore down on the cross beam during the jacking operation. 

Most of the loads comprised single, concentrated jack reactions. In some instances, 
however, the effects of superposition were investigated by applying multiple reactions. 
The effects of one truck axle or two axles side by side were evaluated by placing two or 
four jacks in a line under the type 2 (tied down) loading frame at intervals of 6 ft or 6 
by 2 by 6 ft respectively. 

The two axles of an AASHO trailer were simulated by laying two I-beams longitudi
nally 6 ft apart and carefully centered longitudinally under the type 2 frame. Bearing 
pads were placed on the deck plate m1der these beams, near their ends, 7 ½ ft on either 
side of the loading frame. A jack was placed between the frame and each beam at its 
center to produce four equal reactions at the corners of a 6- by 15-ft rectangle. The 
type 1 loading frame is shown in Figures 3 and 4, and both loading frames are shown in 
Figure 5. 

A number of single- and multiple-reaction loadings were applied individually and 
then repeated after inducing a differential deflection between the main support girders 
by means of a 55-kip load applied by the type 1 (independent) loading frame over one of 
the main girders. The arrangement for the in-line, two-axle loading by the type 2 
frame, combined with the superposed deflection loading by the type 1 frame, is shown 
in Figure 6. 

One additional condition involved the use of an augmented stiffness for the end floor 
beams. European designs frequently have incorporated heavier beams at the ends of 
spans or at smaller intervals for wind bracing. Actual augmentation of the end floor 

Figure 3. Type 1 (independent) loading frame during erection and prior 
to placing ingot ballast. 
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Figure 4. Type 1 loading frame after completion showing ingot ballast, pile bents, longi
tudina I beam and rai I, traction winch, and sunshade. 

Figure 5. Type 2 (tied down) loading frame with type 1 frame in immediate background. 
On the left is the arrangement for simulating the AASHO truck by loading the 
four corners of a 6- by 15-ft rectangle. 



Figure 6. Looding arrongementsimulatingtwoolignedtruckoxlesot6- by 2- by 6-ft spac
ing under the type 2 frame. In left background is the jock under the type 1 
frame used to superpose a large main girder differential deflection. 
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beams would have been difficult on this project; however, such a condition was simu
lated for each loading increment by jacking the end floor beam back into its unloaded 
position for certain loading conditions in the end panel, thus simulating an infinitely 
stiff beam. Jacks were placed on the bearing seats at the floor-beam third points, and 
restoration of the beam to its unloaded position was checked by means of Ames dials 
placed at the quarterpoints and midspan of the floor beam. 

Jacking reactions were applied by means of five Simplex, Model RC6010, 60-ton, 
hydraulic jacks. Overall height of each jack was 18½ in. and maximum plunger travel 
was 10 in. The total deflection of the fully loaded boxcar springs was about 3½ in., and 
the 10-in. jack stroke was adequate for the upward spring deflections and those of the 
various members of the loading frames. 

The hydraulic jacks were operated by an electric pump through a manifold system 
that permitted individual operation of each jack. An accurately calibrated load cell 
placed between the plunger and the loading frame provided instantaneous evaluation of 
applied load by the jack operator at the deck level. 

Single, concentrated loads were applied in three 10-kip increments, O, 10, 20, 30, 
followed by a second no-load reading. Loads used to induce the large differential de
flections in the main girder were O, 30, 40, 50, and 55 kips. When superposed multiple 
reactions were being applied, the individual load magnitudes were restricted to O, 8, 12, 
16, and O kips to avoid damage to the structure. 

Two types of bearing pads were employed in the application of reactions. Each con
sisted of a rectangular elastomeric pad surmounted by groups of steel plates to simulate 
the loaded rectangles used in the design of orthotropic decks. The second type was 
more flexible than the first and was used for improving distribution of load over the ribs 
in some locations. 

Loading operations were conducted by operators on the prototype deck, while the 
strain recording was carried on in an instrumentation trailer parked beneath the struc
ture. To facilitate communications pertinent to load locations, a Cartesian coordinate 
system was established on the deck plate. Prior to loading the structure, the elasto
meric pads at the abutment and pier bearings were replaced with steel plates of the 
same thickness to eliminate deflections at these points. 
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DESCRIPTION OF INSTRUMENTATION 

Transducers 

Prototype instrumentation was made up of a total of 1,254 transducer circuits in
cluding SR-4 gages, (45 deg rosette, cross, and single-element), deflectometers, and 
flexagages. Transducers used in the test were of common varieties except for the 
flexagage, which consists of a pair of single-element, SR-4 gages placed on either side 
of a separator of accurately known thickness. Separate readings of each strain gage in 
conjunction with the separator thickness permit extrapolation of strains across a plate, 
only one side of which is accessible. A number of gages of this variety were used on 
the ribs to determine plate moments and axial stresses. 

Deflections were measured by means of potentiometers having an accuracy to 0.003 
in. and a range of 1.3 in. These were bracket-mounted on the scaffold and connected 
to the undersides of the ribs with spring-loaded beaded chain. Early results indicated 
that neither this type of connection nor any method where wire was used to connect the 
ribs and deflectometers was wholly reliable; so, small wooden supports were constructed 
on the main scaffold to permit mounting of the deflectometers directly under the ribs 
with their plungers being in contact with the ribs. At several locations, the deflections 
and rotations of the ribs were both evaluated by mounting an 18-in. long angle iron on 
the bottom of a rib and measuring the deflection of the angle at each end. 

Because the prototype structure was part of a going contract at the time of testing, 
minimization of interference with the contractor's operations required that each facet 
of the testing be geared for expeditious completion. Contract special provisions stipu
lated a maximum of 45 working days for state forces to instrument the structure and 
complete all testing. 

As many transducers as could conveniently be placed were applied to the bridge 
members in the fabricator's yard. To facilitate and expedite placement of remaining 
gages and connection of lead wires and to provide a stable platform for the deflectome
ters, a temporary scaffold was erected just below the superstructure, made of planked 
open-web beams and joists in span 1, and pipe scaffolding in span 4. 

Floor beams divided span 1 into five panels, of which the first, third, and fifth were 
most heavily instrumented to evaluate structural bep.avior under conditions approximat
ing semicontinuity, full continuity, and continuity adjacent to a support respectively. 
The third panel of span 4 was more lightly instrumented, primarily with deflectometers, 
to evaluate the effects of the different plate thicknesses. Some feeling for the magnitude 
of the project may be gained from the fact that over 30 miles of electrical conduit were 
used in conducting the test. 

Recording Equipment 

The very large number of transducers employed in the test precluded acquisition or 
reduction of data by old-fashioned methods because of (a) the short time available for 
completing field tests; (b) the large number of loading conditions to be examined; (c) 
the need for reducing thermal strains during loading application as much as possible; 
and (d) the need for spot checks of data and detection of errors in gage placement or 
behavior during the course of the project. 

Heart of the data-acquisition system was a Hewlett-Packard, 2401A, Integrating 
Digital Voltmeter that measured the data circuit signal, determined signal polarity, 
and passed these data onto a magnetic-tape coupler and printer. Use of a DYMEC re
corder permitted scanning the transducer circuits at a speed of 8 per second, although 
this rate was reduced to 5 per second when the visual paper-tape printer was in opera
tion. The paper readout tape was made throughout the entire project because it pro
vided the only instantaneous means of spot-checking the data and because it provided 
records of incorrect entries for use in tape-correction programs . An entire bank of 
400 gage circuits could be scanned in about 1 ½ minutes . The use of only two mechani
cal crossbar switches limited the number of transducer circuits that could be covered 
in a single scan to 400, thus necessitating division of the 1,254 transducers into five 
separate groups. 



Figure 7. View of transducer recording equipment housed in instru
ment tra i ler. 
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Three-wire cables from the transducers were carried along the deflectometer scaf
fold into the instrumentation trailer, where they were connected to the male components 
of 33-circuit Amphenol plugs. Twelve female components provided temporary connec
tions to the DYMEC recorder, so that a change from one bank of transducers to another 
was a relatively simple process. However, the cost of the deflectometers precluded 
purchasing enough of these gages for all five banks, and some downtime was required 
with each change of gage group to alter their locations and check operation. 

Completion of a loading sequence for a given location usually required about 10 min
utes, including the time required to apply the jack reactions, read the load cells, make 
the required manual entries, and scan the gages for five magnitudes of loading. Even 
in this short interval, on sunny days, noticeable changes in strains were observed from 
the initial to final zero-load conditions. These changes were assumed to result from 
thermal strains, because the steel superstructure, with its low specific heat and large 
area to volume ratio, follows the diurnal temperature changes very closely. An attempt 
was made to reduce these thermal strains by keeping the loading interval as short as 
possible and by building a large plywood sunshade atop the type 1 loading frame, so that 
the loaded area, at least, was in the shade. Figure 7 shows the recording equipment 
housed in the instrumentation trailer. 

Data Acquisition and Processing 

Rapid processing of data was considered equal in importance to its expeditious ac
quisition. Some personal error seemed inevitable in the application of such a large 
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number of transducers, and some gage failures were anticipated. The short time pro
vided for testing required an early return of processed data so that such errors could 
be corrected before the testing had progressed too far. 

Requests from university personnel for empirical data for correlation with theroret
ical results obligated the state researchers to provide tabulations of almost 450,000 
pieces of data and plots of 70,000 points on 14,000 curves. Only the most sophisticated 
methods and machinery could be expected to process and return the data in the allotted 
time. 

The processing methods used were extremely successful, and complete tabulations 
and plots of strains, stresses, and deflections were available within a few days after 
loads were applied. Data processing was complete, and dismantling of the loading 
frames began shortly after the completion of field testing. Moreover, early compari
sons of empirical and theoretical strains showed that about a dozen rosettes had indeed 
been incorrectly placed. A thorough recheck of orientation of all gages followed. 

Data processing depended in large measure on electronic computing and plotting 
equipment. Five main machine programs were written to (a) correct errors in field 
tapes; (b) compute and tabulate strains and stresses for all transducers; and (c) plot 
strains and stresses for selected, designated transducers. 

ECONOMIC STUDIES 

It has been recognized that orthotropic construction is not economically competitive 
in the short span ranges required for ordinary roadway structures such as the 680/580 
Separation. The orthotropic design was used at this site primarily to obtain informa
tion that would be useful in design of spans exceeding 300 ft. The sizes of all members 
were kept to an absolute minimum consistent with the calculations and design assump
tions; no extra material was added. 

The cost of the orthotropic bridge was $195,903.30 for all contract items plus a 
$20,163.00 contract change-order for revising a fillet weld detail. The cost of another 
bridge in the same interchange that had identical spans and roadway dimensions but 
that consisted of a more conventional concrete deck and steel girders was $116,165.95. 
The unit contract bid prices for the orthotropic construction wer e as follows: 

Item 

2-in. wearing surface 
¼-in. wear ing surface 
A 441 steel deck plate 
A 36 plate girder steel 

Cost 

$3 . 40 per sq ft 
$2 . 70 per sq ft 
$0. 25 per lb 
$0 . 25 per lb 

The superstructure cost $16. 72 per sq ft of deck area, and the substructure cost $ 2.90 
per sq ft. 

DECK ICING PROBLEMS 

Bridge-deck icing poses a more severe hazard for California drivers than for those 
in other states, paradoxically because of California's milder climate. Formation of 
ice on pavement occurs relatively infrequently so that many drivers may not become 
experienced in handling their vehicles under such conditions. 

Of greater importance, perhaps, is the fact that a bridge deck, exposed on its upper 
and lower surfaces, may become coated with glaze while the adjoining highway pave
ment remains dry. A driver who has driven many miles on a dry pavement may sud
denly find himself experiencing serious difficulties controlling his vehicle when he en
counters an icy bridge deck at an unsafe speed. 

Shortly after being opened to traffic, the orthotropic deck at Dublin manifested a 
particular vulnerability to icing. The relatively low specific heat of the steel and its 
large area to volume ratio permit rapid radiational cooling, and the structure tempera
ture follows closely that of the air. Although the temperature may drop temporarily as 
much as 6 F below the freezing point without ice forming on a concrete deck, it may 
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readily form near the freezing level on the steel deck. The orthotropic deck has fre
quently been observed in an icy condition when the concrete decks on the three adjoining 
structures have been free of ice. 

During the winter prior to this writing, Bridge Department maintenance forces made 
a study of the feasibility of preventing icing by heating the underside of the steel deck 
with infrared lamps. Plans have now been completed for enclosing the entire area be
tween the lower flanges of the main girders and the deck and installing gas furnaces. 
Estimated cost of this work is $50,000. 
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