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PREFACE 

This is the first report in a series of reports to be written 

covering the work of this project. The reports are: 

Report No. 1 - "Fatigue Testing of Ribbed Orthotropic 

Plate Bridge Elements" by A. A. Toprac and H. L. Davis; this 

report covers only the work performed on the orthotropic plate 

portion of the proj ect concerned with the "Fatigue Strength of 

Plate Girder Webs Under Constant Moment. l! 
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ABSTRACT 

A test program of four full-sized sections of a proposed 

orthotropic steel deck plate bridge was initiated at the University 

of Texas to determine the fatigue strength of two different rib to 

deck plate connections and two types of field rib splices. 

The ribs of the specimen were of the torsionally stiff 

trapezoidal shape design. Two of the specimens had a small flange 

at the upper edge of the ribs and were attached to the deck using a con .. 

tinuous fillet weld. The ribs of the other specimens were straight 

and were attached to the deck using a bevel weld. One of the rib 

splices consisted of a diaphragm plate that was fillet welded to the 

ribs. A butt weld and back up plate was used for the other splice. 

The straight ribs attached with a bevel weld and the butt 

welded splice were found to be satisfactory. The flanged ribs and 

diaphragm plate splice were not satisfactory; however, test results 

indicate that these configurations may be made acceptable by 

incorporating slight modifications. 

iv 



INTR ODUC TION 

A recent innovation in bridge construction is the use of cross­

stiffened steel deck plates to replace conventional concrete decks. In 

this type of structure, which has become known as an "0rthotropic 

Steel Deck Plate Bridge, I' the deck plate serves as the upper flange for 

the ribs, the floor beams. and the main girders (Fig. 1). Such an ar­

rangement of structural members results in a light-weight, but highly 

redundant structure. This is in sharp contrast to the conventional 

method of des~gn in which the structural members are stacked one upon 

another and analyzed independently. 

The first attempt to utilize orthotropic plate construction began 

* with the introduction of the "battle deck floor" system in the 1930's (1). 

This system was not particularly successful as the deck functioned only 

as the upper flange of the ribs and did not participate in the floor beam 

and main girder stresses. 

It was not until the end of World War II that the first bridges were 

built in Germany using the deck plate as the upper flange of the floor 

beams and main girders. Such a design concept was prompted by the 

necessity of rebuilding a large number of bridges in spite of a severe 

steel shortage. The successful completion of the first few bridges built 

in the period of 1950-1954, examples of which are given in References 2 

and 3. prompted the design and construction of many other orthotropic 

plate bridges both in Europe and elsewhere. Some outstanding examples 

* 
22. 

Numbers in parenthesis refer to references listed on pages 21 and 
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are the Save River Bridge in Belgrade, Yugoslavia, with its 856 foot span 

being the longest plate girder span in the world; and the Port Mann 

Bridge (4) in Vancouver, Canada, with a main arch span of 1200 feet. 

The most common method of analysis used in the design of ortho­

tropic plate bridges was developed by Pelikan and Es slinger (5) in 1957. 

This method consists of calculating the stresses in the structure assuming 

no deflection of the floor beams. The effect of floor beam deflection is 

then calculated and superimposed on the initial stresses. This method was 

developed as a practical solution to the differential equations of the ortho­

gonal-anisotropic plate presented by Huber in 1914. (6, 7). 

Other significant contributions to the design of orthotropic plates 

were made by Cornelius (8) in 1947 and by Mader (9). The design proce­

dures developed by Cornelius and Mader were used in the design of the 

Save River Bridge. This method was not generally accepted due to its 

mathematical complexity. 
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As with all new structural concepts, a large amount of research was 

required to validate the theoretical analysis of the " or thotropic steel deck 

plate. II The bulk of this research so far has been conducted in Europe, 

with the first tes ts of significance on both open rib and closed rib sections 

carried out respectively at the Technical University of Darmstadt in 1954 (10), 

and at the Technological Univer sity in Stuggart in 1957 (5, 11). Although 

these static tests validated the basic orthotropic plate theory for low loads, 

the ultimate capacity of the ribbed sections were found to be Significantly 

greater than predicted by first order flexure theory. 

Fatigue tests on open rib sections were conducted at Darmstadt 

in 1960 (12), These tests indicated that the fatigue strength of the deck 

and ribs approached the yield stress of the material. It cannot be 



assumed, however, that the same is true for closed rib sections. 

Fatigue tests on closed ribbed specimens have been conducted by 

Hansch and Muller (13, 14). These tests are only useful, however, in 

evaluation of rib splices. 

A literature survey on the subject of orthotropic plates disclosed 

that no experimental data is available from laboratories in the United 
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States. In order to build up experience in this type construction, a research 

project was initiated at The University of Texas by the Texas Highway 

Department. The data obtained from this project is to be used in conjunc­

tion with a proposed experimental bridge. 

The purpose of the tes't program presented in this report was to 

determine the fatigue strength of several of the weld details of a deck 

stiffened with closed tra:pezoidal ribs. More specifically, the details 

examined were: 

1) Rib to deck plate connection (Fig. 2) 

a. Bevel welded "straight!! ribs 

b. Fillet welded flanged ribs 

2) Field Rib Splice (Fig. 3) 

a. Fillet welded diaphragm plate 

b. Butt weld with back up plate 

Both the bevel welded rib to deck connection and the butt welded 

rib splice have been previously proven as acceptable designs with high 

fatigue strength. The other two appeared to have fabrication advantages 

over the former, and could produce significant cost savings in future 

structures, if they were proved to have satisfactory fatigue -strength. 
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TES T SE T- UP AND PR OCEDURE 

Description of Specimen 

The specimens consisted of two closed trapezoidal ribs welded to 

the under side of a deck plate. ASTM A36 steel was used for both the deck 

plate and ribs. The thickness of the deck and rib plate was 7/16 inch and 

1/4 inch respectively. The results of laboratory coupon tests for the static 

yield point and other mechanical properties of the plates are given in 

Table 1. Mill test results are shown in Table II. The actual thicknesses 

of the plates used in the fabrication of the specimens and the calculated 

section properties of the test specimens are given in Table 3. 

The test specimens were each 18 1 -0" long with the main bearing 

points at 12' -6 11 centers and a 51 -6 11 overhang. The general configuration 

of the specimens is shown in Fig. 2. Detail drawings are given in Fig. 4. 

The specimens represented full-size sections of a proposed bridge. 

All specimens were identical except for the details of the rib to 

deck plate connection and the rib and deck splices in one of the specimens. 

Two types of rib to deck connections were used. In two of the specimens 

the ribs were fabricated with a small flange at the upper edge. The ribs 

were then attached to the deck using a continuous fillet weld between the 

rib flange and deck. The ribs of the remaining specimens were not flanged 

and were attached to the deck using a bevel weld (Fig. 2). 

The specimen in which the rib and deck splices were located was 

of the unflanged or straight type. Details of the rib splices are shown in 

Fig. 3. Deck splice details are shown in Fig. 4. The rib splice initially 

consisted of a diaphragm plate that was contin~ously welded to both ribs 

Upon completion of testing of the diaphragm splice, a 3" length of the 
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specimen containing the splice was removed and the specimen was re­

spliced using a belt-type field splice and back-up-plate inside the rib. 

The back-up-plate was left in place and all welds ground smooth. 

Two types of electrodes were used for welding (AWS E7018 and 

E6010). On each specimen one rib was completely welded to the deck 

using only one type of electrode while the other rib was welded using only 

the other type. The welding procedures used were approved by the Texas 

Highway Department. 

Test Set-Up 

The test set-up (Fig. 5) was devised so that the critical stresses 

were produced primarily by the local loads on the deck rather than by 

overall flexure of the specimen. This was accomplished by providing con­

tinuity over the interio'r support, thus reducing the bending moment in the 

span. The test set-up also closely approximated actual field conditions. 

Figure 6 is a photo of one of the specimens under test. 

The main bearing points on which the specimen was supported were 

at 121 - 611 centers with the roller support in the interior. The support at the 

overhang was located 5 1-6" from the interior support and was used to pre­

vent the overhanging end from deflecting upward, thus providing the desired 

continuity over the interior support. Both the main bearing supports and 

the overhang support were fastened to the laboratory test slab. 

The load was applied at the center of the long span using a general 

purpose test cylinder. This cylinder, with a maximum capacity of 160 

kips static and 120 kips dynamic, was used for both the static and cyclic 

loading. 

The applied load was distributed over a 24" x 121! area using a two 

inch thick, 60 durometer, butyl pad which could easily deform to follow the 
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deflected shape of the specimen. An eight inch WF beam was used to 

distribute the jack load over the 24 inch length of the load pad. A 5/8 t1 

steel plate was placed between the butyl pad and the 8 inch beam to pre-

vent local failure of the pad. 

Test Procedure 

As the results of the tests could not be accurately predictedJ it was 

decided to continuously modify the applied loads and loading sequence as 

the test progressed rather than preplan a set test program. After cracks 

developed in the welds, the specimens were repaired using a procedure 

approved by the Texas Highway Department. The maximum cyclic load 

was then reduced and the specimen retested. This procedure allowed 

optimum utilization of the specimens. 

All loads used are expressed in terms of 16 kip wheel loads plus 

a 30% impact factor. The frequency of the applied cyclic load was about 

250 cycles per minute for all specimens. Each specimen was tested 

statically prior to fatigue testing. Static tests were also run periodically 

during the fatigue testing to determine if any changes had occurred in the 

flexural stiffness of the specimen as a result of the cyclic loading. The 

load increment used in the static tests was 8,000 lbs. 

Two of the specimens were statically loaded to failure upon completion 

of fatigue testing. 

Instrumentation . 
The instrumentation for the tests included measurements of 

deflections and strains of the ribs and deck plate. Local strains under 

and near the applied load were also measured. The specimens were also 

white washed so that the type and location of yielding could be determined. 



The instrumentation used on Specimens 2 and 3 was more extensive than 

that used on Specimens land 4. Strain and deflection measurements were 

made only during static tests. 

Vertical deflections were measured using .0. 001 inch dial indica­

tors. The location of the gages are shown in Fig. 7. Deflections were 

measured on both the ribs and deck plate. Dial gages were also located 

at the overhang support to measure any upward deflection of the support. 

No attempt was made to measure the residual deflection, if any, as the 

fatigue testing progress ed. 

Electrical strain gages were used for strain measurements. All 

gages us ed had a nominal length of 1/2 inch. The location 0f the strain 

gages is shown in Fig. 8. 
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TEST RESULTS 

The test results for each specimen are described below, with the 

fatigue and ultimate load tests being presented separately. 

Fatigue Tests 

Specimen 1. The first specimen tested was of the flanged rib type. 

Prior to fatigue loading this specimen was tested statically to a load of 83.0 

kips which produced an average pressure under the load pad of 288 psi. ':< 

This load was equivalent to 4.0 times a 16 kip wheel load plus a 30% for 

impact (15). As there were two ribs on the specimen, each rib carried 

two wheel loads, or approximately twice the expected maximum load on the 

rib. Experimental stresses and strains measured during the static test 

are shown in Fig. 9. Measured deflections are shown in Fig. 10. Exten-

sive yielding, as indicated by measured strains and observed yield lines, 

occurred directly under the load and on the inner walls of both ribs at the 

bend line of the rib flange. The magnitude of the measured stresses at 

the lower faces of the ribs indicated that yielding should have occurred; 

however, the strains remained linear and no yield lines were observed. 

The fatigue testing history of the specimen is shown in Fig. 10. 

The initial cyclic load fluctuated between 8.3 kips and 83.0 kips. After 

10,000 cycles at this load level a lID inch crack CD ':":< was formed in the 

weld between the rib flange and the deck. The crack, which had developed 

':<Attention was paid to the magnitude of this pres sure as it was consid­
ered as one of the parameters by other investigators. According to the 
AASHO Specification (IS) such pres sure is 66.7 psi for an H-20 truck 
loading plus 30% impact. 

*':<Circled numbers are used to identify cracks indicated in Figure 10. 
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in the rib welded with the E70l8 electrode (west rib) was located on the 

flange of the rib inner wall (flange closer to longitudinal axis of sYITl­

ITletry) (Fig. 11) and extended sYITlITletrically frOITl the load point. Ex-

tensive yielding had also occurred on the lower face and inner wall of 

both ribs as indicated by yield lines on the speciITlen. 

The crack was repaired and testing resuITled using a ITlaxiITluITl 

load of 49. 0 kips and a ITliniITluITl load of 9.0 kips. The average pressure 

under the load pad for the ITlaxiITluITl load was 1 70 psi. After an additional 

35,000 cycles an 8 inch crack 0 was noted at the saITle location as the 

previous cra~k. Testing was continued and after 240,000 cycles, the 

crack stabilized at its ITlaxiITluITl length of 26 inches. 

A siITlilar crack0) developed in the rib welded with the E60l0 

electrode (east rib) after one ITlillion cycles. This crack was four inches 

long when observed and did not propagate. Another crack@ developed 

also at this tiITle at the intersection of the lower face of the west rib and 

the vertical plate at the interior support (Fig. 12). This crack was due 

to flexure of the vertical plate as cOITlpression stresses existed in the 

lower face of the rib in this negative ITlOITlent region. This crack did not 

propagate and had no effect on the stiffness of the speciITlen. 

Testing was continued and at 1.5 ITlillion cycles a new crack @ 
developed at the bend line of the rib flange of the west rib directly under 

and parallel to the initial crack in the weld. (Fig. 11). This crack 

eventually grew to a length of 24 inches after 2 ITlillion cycles. A 

crack@ at the intersection of the lower face of the east rib and the verti­

cal plate at the interior support was also noted at 1. 5 ITlillion cycles. 

Testing was terITlinated after 2 ITlillion cycles. Results of a static 

test perforITled at the conclusion of the fatigue test indicated no appreciable 
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change in the stiffness of the specimen in spite of the cracks. 

Specimen 2. The second specimen was also of the flanged type. 

A maximum load of 49. 0 kips was used for the initial static test. The 

experimental stresses and strains are shown in Fig. 13. Measured 

deflections are shown in Fig. 14. Yielding was not indicated either by 

the measured strains or by yield lines on the specimen. 

The loads and loading sequence used in the fatigue testing are 

shown in Fig. 14. The initial cyclic load fluctuated between 40.0 kips 

10 

and 9.0 kips. After 20,000 cycles at this load a six inch crack was noted 

at the same location as the initial crack on Specimen 1. As this specimen 

was to be tested to ultimate, testing was terminated after 36,000 cycles so 

that excessive cracks would not be formed in the specimen. 

Specimen 3. This 'specimen was of the non-flanged type. In order 

to obtain an accurate comparison between the flanged and unflanged 

specimens, this specimen was tested using the same sequence of loading 

as the first flanged specimen. 

The initial static te st load was again 83. 0 kips. Experimental 

stresses and strains are shown in Fig. 15. Deflections are shown in 

Fig. 16. Extensive yielding occurred directly under the load pad; how­

ever, unlike the first flanged specimen, no yielding was in evidence at the 

upper edge of the rib inner walls. 

The fatigue testing history of the specimen is shown in Fig. 16. 

The initial load fluctuated between 83.0 kips and 8.3 kips. After 10,000 

cycles the load was changed to fluctuate from 49. 0 kips and 9. 0 kips. At 

this time a few yield lines had appeared on the lower faces of the ribs, 

but no weld cracks were observed. After 980,000 cycles a crack developed 

in the weld at the intersection of the lower face of the west rib and the 



vertical plate at the interior support. (Fig. 12). A similar crack devel­

oped in the opposite rib after 1.4 million cycles. As with the first 

specimen, these cracks did not propagate and had no influence on the 

stiffness of the specimen. 

The test was terminated at 2 million cycles. The final static 

test, which was an ultimate load test, indicated no change in the flexural 

stiffness of the specimen as a result of the cyclic loading. 

Specimen 4. This specimen was the non-flanged specimen in 

which the rib splice was located. The first rib splice evaluated was the 

fillet-welded diaphragm plate (Fig. 3). A maximum load of 49.0 kips was 

used for the initial static test. Experimental stresses and strains 

measured in the static test are shown in Fig. 17. Deflections are 

shown in Fig. 18. No yielding was indicated either by measured stresses 

or yield lines on the specimen. 

The fatigue testing history of the specimen is shown in Fig. 18. 

A load that fluctuated between 49.0 kips and 9.0 kips was used for the 

fatigue test. After 7,300 cycles the weld in the tension region of both 

rib splices had completely failed. The weld was repaired and the speci­

men retested with a fatigue load that fluctuated between 29.8 and 9.0 kips. 

Failure again occurred in the rib splices after 107, 000 cycles. 

The diaphragm splice, as previously mentioned, was then cut 

completely out and the specimen respliced using the butt weld splice 

(Fig. 3). At a load of 40.0 kips which was used for the static test, a 

large number of yield lines appeared on the specimen. This yielding was 

attributed to residual stress es produced during the resplicing operation. 

The specimen was then tested in fatigue for 2 million cycles with 

a load that fluctuated between 29.8 and 9.0 kips. As no additional 
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yielding or cracking occurred, the specimen was then fatigue tested for 

100,000 cycles using a load that fluctuated between 40.0 kips and 9. 0 

kips aD.d then for additional 100,000 cycles with a fluctuating load of 

49.0 kips to 9.0 kips. The test was then terminated without any weld 

cracks having occurred. 

Ultimate Load Tests 

Specimen 2. This is the second flanged specimen that had 

previously been tested in fatigue. The six inch crack in the weld line 

mentioned in the discussion of the fatigue testing of this specimen was 

not repaired prior to the ultimate load test. The repair of the weld was 

not considered necessary as the results of the static tests on the first 

flanged specimen indicated no appreciable change in the stiffnes s of the 

specimen as a result of minor weld cracks. 
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The load was applied in 16.0 kip increments. Significant tension 

yielding was first noted under the load pad at a load of 64 kips. (Fig. 19). 

The maximum tensile stress calculated from measured strains at this 

load was 57,000 psi, considerably above the yield value indicated by 

coupon testing. This apparent yield load was also appreciably higher than 

the load required to produce yielding in the initial static test (Fig. 13). 

The difference in yield strengths could be due to strain - hardening 

from the initial static test (16). Tension yielding began on the lower 

faces of the rib at a load of 80.0 kips (Fig. 20). However, yield lines 

were not observed until the load reached 96.0 kips. The maximum 

measured tensile stress on the rib at the 80.0 kip load was 39,800 psi 

Also at a load of 80 kips tension yielding began to occur on the rib inner 

walls (Fig. 2l). However, no yielding was observed on the rib 

outer walls. Compression yielding on 



the top side of the deck plate in the area immediately adjacent to the load 

pad also began to occur at this load (Fig. 22, 23). As the load was in­

creased beyond this point,yielding began on the outer walls of the ribs, 

and the inner walls of the ribs began to buckle outwards (Fig. 24). This 

buckling became quite extensive at the ultimate load (Fig. 25). 
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Buckling of the deck plate occurred at a load of 152. 0 kips. The 

deflections of the specimen became uncontained at this time and the speci­

men was considered to have reached its ultimate load capacity (Fig. 26). 

Considerable compression yielding had occurred in the upper compression 

portion of·the ribs (Fig. 27). The depth of these yield lines indicated that 

the neutral axis had moved considerably downward from its initial position, 

characteristic of a compression failure. Large permanent deformations 

had occurred directly under the load pad. 

Specimen 3. This is the first unflanged specimen that had been 

previously tested in fatigue. The two small cracks previously described 

in the discussion of the fatigue test were not repaired as they had no effect 

on the flexural stiffness of the specimen. The load was applied in 8.0 kip 

inc rements. 

At the previous maximum load (83.0 kips) used during the fatigue 

test, yielding began to occur under the load pad as indicated by observed 

yield lines and measured strains (Fig. 19). Similar to Specimen 2, this 

extremely high apparent yield point can be attributed to unloading from a 

yield condition during the initial static test (Fig. 15). Tension yielding 

also began to occur on the lower faces and inner walls of the ribs at this 

load (Figs. 20, 21). Yielding began on the outer faces of the ribs at a 

slightly higher load. 

As the load was increased from this point, the area of the ribs 

which had yielded in tension began to grow quite rapidly and at a load of 
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128.0 kips had moved up to the calculated neutral axis and extended one 

foot on either side of the load line (Fig. 28). Unlike the flanged specimen, 

there was no indication of buckling of the inner rib walls. 

Compression yielding on the upper side of the deck plate in the 

area adjacent to the load pad began at a load of 112.0 kips (Fig. 22). This 

yielding was similar to that on the flanged specimen, but not as extensive. 

Cracks were observed in the weld line between the deck and the 

rib inner wall at a load of 128.0 kips. These cracks were each six inches 

long and located at the load point. 

The load was then increased to 160.0 kips, the maximum capacity 

of the loading jack. The deflections of the specimen (Fig. 26) were still 

contained and failure was not considered to have occurred. At this load 

the tension yield lines on the ribs had moved upward to nearly the full 

height of the ribs indicating an upward shift in the neutral axis. This 

shift of the neutral axis was also indicated by a decrease in the c.ompres­

sion stresses in the upper edge of the ribs (Fig. 24). 

Considerable local deformation occurred at the load point but 

there was no indication of compression buckling of the deck. 



DISCUSSION OF RESULTS 

The results obtained in the test program are discussed below. 

As the specimens tested had a large ratio of span length to width, they 

resembled beams rather than plates which makes a direct comparison be­

tween the experimental results obtained and results obtained in other ex­

perimental investigations of orthotropic plates extremely difficult. How­

ever, as pointed out in the test objectives (page 3 ), the purpose of 

the test program was to obtain a relative comparison between different 

fabrication details rather than to attempt to validate orthotropic plate 

theory. Accordingly, the following discussion primarily consists of 

comparisons of one type of specimen with the other type. In areas where 

elementary theory is applicable, theoretical values have been calculated 

and compared with test results. The only instance in which the results 

of other investigations were found to be on a comparable basis with the 

results of this program is in the evaluation of the rib splice. The results 

of the initial static tests, fatigue tests, and ultimate load tests are dis­

cussed separately. 

Static Tests 

On all specimens, static tests were perforrn.ed prior to and during 

the fatigue testing. The results of thes e static tests were found to be 

independent of the accumulated number of cycles on the specimen. Even 

in the specimens which had relatively large weld cracks there was found 

to be no appreciable change in the stiffness of the specimen. 

The maximum tensile stresses in the deck were located On the 

lower side of the deck plate at the load point. The stres ses measured at 

this location on the flanged specimen were found to be about 10% higher 
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than those measured on the unflanged specimen (Fig. 29). However, tbe 

measured stresses for all specimens agreed well with the theoretical 

value for this stres s calculated in Appendix III. The effects of both 

transverse and longitudinal load distribution we re used in the calculation 

of the theoretical stress; however, transverse stiffness was assumed to 

be furnished only by the ribs. This analysis procedure was found to be 

much simpler than the method presented in the AISC Manual (17). 
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The measured stresses on the lower faces of the ribs at the load 

point were in close agreement for the flanged and unflanged specimens 

(Fig. 30); however, the measured values were 10 to 15 per cent higher 

than the theoretical values calculated in Appendix II. The theoretical 

stress was calculated without considering transverse load distribution 

which accounts for the discrepancy between the calculated and measured 

values. The stresses at this point represented the approximate maximum 

tensile stresses which occurred on the ribs. 

As the one-quarter point is a relatively large distance from the 

load point, the effect of transverse load distribution is negligible and the 

stresses measured at this point represent beam flexural stresses. As was 

expected, the measured stresses on the flanged and unflanged speci mens 

were almost identical (Fig. 31) and agreed extrernely well with the calcu­

lated beam bending stresses (Appendix II). 

The experimental deflections of the rib at the load point are com­

pared with the calculated deflections in Fig. 32. The deflections of the 

unflanged specimens were slightly larger than those of the flanged specimen. 

All measured deflections were significantly larger than the theoretical 

deflections calculated in Appendix II. The discrepancy between the 

measured and calculated values is probably due to the effects of local 

deformations in the loaded area. As the specimens had negligibl e 



transverse stiffness, the experiITlental deflections cannot be cOITlpared to 

deflections in an actual orthotropic steel deck. 

Fatigue Tests 

A sUITlITlary of the results of the fatigue tests is given in Table 4. 

In this table the fluctuating loads are expressed in terITlS of equivalent 

H-20 wheel loads (15). For the speciITlens tested, the fluctuating loads 

representing 1. 50 and 1. 93 H-20 wheel loads give the best approxiITlations 

to actual design loads. 

The flanged speciITlens were found to have a very low fatigue 

strength. In every case, failure of the weld between the rib flange and 

deck occurred at a very low nUITlber of cycles. This was in sharp con­

trast to the behavior of the unflanged speciITlens in which no fatigue cracks 

occurred in the rib to deck welds. Sufficient test data is not available to 

accurately deterITline the exact conditions that resulted in the low strength 

of the flanged speciITlen; however, a possible explanation is shown in 

Fig. 33. In the load equilibriuITl shown the bending ITlOITlent transITlitted 

across the vertical leg of the weld would produce tensile stress of suf­

ficient ITlagnitude to produce a fatigue failure in the weld at a low nUITlber 

of cycles. This failure would occur along the vertical leg of the weld 

which agrees with the actual test results. 

The fatigue strength of the fillet welded diaphragITl plate rib splice 

was found to be quite low. In every case, the failure occurred in the weld 

and initiated at the point of ITlaximum tensile stress (lower face of rib). In 
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Fig. 34 the results obtained in this investigation are cOITlpared with those in a 

similar investigation (see sketch in Fig. 34) conducted by Hansch and M'uller 

(13,14). The discrepancies between the results of the investigations are probably 

due to differences in the electrodes and welding procedures used. In both 



investigations, the results indicate that the fatigue strength of the dia­

phragITl plate splice is inadequate for use in the expected stress ranges. 

As expected, the butt welded splice was found to have a satis­

factory fatigue strength. The results of ITlany investigations on butt 

welded joints also indicate the high fatigue strength of this type of con­

figura tion. 

UltiITlate Load Tests 

18 

There was little siITlilarity between the behavior of the two types 

of speciITlens at extreITlely high loads. Failure of the flanged speciITlen 

was produced by buckling of the deck plate and rib inner walls. Buckling 

did not occur in the unflanged speciITlen at the ITlaxiITluITl applied load, and 

this speciITlen was not considered to have failed. 

The buckling of the rib inner walls on the flanged speciITlen can 

be directly attributed to the eccentricity of the load on the rib flange with 

the axis of the rib wall (Fig. 33). This eccentricity produced a local 

ITlOITlent in the upper section of the rib inner wall which resulted in local 

cOITlpres sion yielding at relatively low loads (Fig. 24). As the load was 

increased further, the cOITlpres sion strains becaITle large enough to pro­

duce buckling of the rib walls. The high local ITlOITlents were not in evi­

dence on the unflanged speciITlen as there was no eccentricity of the load 

on the rib walls. In fact, the cOITlpression strains on the unflanged speci­

ITlen decreased at high loads as a result of an upward shift of the neutral 

axis resulting froITl extensive yielding in the tension area of the rib. 

The strains ITleasured on the deck plate (Fig. 22) indicate that both 

speciITlens had the saITle load distribution characteristics in the area in 

which buckling of the deck occurred. As the ITleasured strains were 

slightly higher on the flanged speciITlen, there exists the pos sibility that 



deck buckling of the unflanged specimen might also have occurred if a 

larger load had been applied. Deck buckling would not be expected in 

an actual orthotropic steel deck plate in which there are no free edges. 

19 



CONCLUSIONS AND RECOMMENDA TIONS 

Through this project valuable information was obtained on the gen­

eral behavior of ribbed orthotropic plates, and data was collected in accord­

ance with the objectives of the program. 

drawn: 

Based on the results of the tests, the following conclusions can be 

1. Flanged rib design was found to be unsatisfactory because 

of low fatigue strength. 

2. The low fatigue strength exhibited by the specimens with 

flanged ribs is due to the propensity to cracking of the fillet 

weld between the deck and rib flange. 

3. The fatigue strength of the unflanged specimens was satisfactory. 

4. Butt-welded rib splices with a back-up plate proved to be 

satisfactory. 

5, Diaphragm plate splices with a fillet weld detail used in this 

investigation proved to be unsatisfactory. This, however, does 

not mean that diaphragms may not prove satisfactory if different 

weld details were used. 

6. The cracks which occurred in the rib flange to deck welds were 

found to have little or no influence on the flexural stiffnes s of the 

specimens. Because of this behavior, it is possible to reduce 

the amount of welding between the deck and the ribs. 

Since the test loads used were larger than design loads, it seems 

reasonable to assume that a compromise between the two configurations 

(flanged and unflanged) could be developed that will prove to have satisfactory 

fatigue life and also be economical. It is recommended that this be investi­

gated in the future. Since diaphragm splices are economical, their fatigue 

life at low bending stres s regions should be investigated. 
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TABLE I. Coupon Test Results 

Specimen Part Yield Strength Ultimate Strength % Elongation 
psi psi 

1 Deck 37,100 64,400 29.0 

2 Deck 37,100 64,400 29.0 

3 Deck 37,400 64,500 28.3 

4 Deck 37,400 64,500 28.3 

All Ribs 40,700 64,700 26.8 

TABLE II. Mill Test Results 

Spec. Part Yield Ultimate Chemical 
Strength Strength % E1on-
psi psi gation C M P S Sl n 

1 Deck 49,600 71,100 21. 7 .23 .46 .010 .013 .06 

2 Deck 49,600 71,100 21. 7 .23 .46 .010 .013 .06 

3 Deck 47,000 67,600 27.0 .11 .42 .016 .015 .07 

4 Deck 47,000 67,600 27.0 .11 .42 .016 .015 .07 

All Ribs 46,800 68,800 25. 7 .22 .57 .010 .019 .08 



TABLE III. Section Properties 

Property Flanged Unflanged 

I in 
4 

575.2 569.5 

c (u) in 2.89 2.95 

c (1) in 9.07 9.00 

A' '2 In 36.40 35. 35 

lA . 2 12.38 12.38 
In 

s 

2K 4 229.0 
229.0 

in 

Rib thickness (in. ) .262 .262 

Deck thickness (in. ) .456 .456 

.!t, 
C 

f 
c1 

L 

I Z 

-+-

1 Area of vertical portion 

2 For one rib 
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TABLE IV. Fatigue Test Results 

~ 
Equivalent Wheel Loads b 

~ 
Specimen Test Pmax Pruin Pmax Pmin (load range) Cycles a. 

No. Type No. kips kips Pruax - Pruin 

1 Flanged 1 83.0 8. 3 4.00 .40 3.60 10,000c 

2 49.0 9.0 2.36 .43 1. 93 2 x 10
6 d 

2 Flanged 3 40.0 9.0 1. 93 . 43 1. 50 36 OOOc, e , 

3 Straight 4 83.0 8. 3 4.00 .40 3. 60 10,000 

5 49.0 9.0 2.36 .43 1. 93 2 x 10 6 

4 Straight 6 49.0 9.0 2.36 .43 1. 93 7,300
c 

Diaphragrr 
107,000c Splice 7 29.8 9 .. 0 1. 43 .43 1. 00 

Belt 8 29.8 9.0 1. 43 .43 1. 00 2 x 10
6 

Type 
Splice 9 40.0 9.0 1. 93 . 43 1. 50 100,000 

10 49.0 9.0 2.36 .43 1. 93 100,000 

a Total number of cycles at a given load 
b Based on H-20 Truck Load plus 30% impact or 16 + 0.3 x 16 = 20.8 kips 
c Weld failure occurred at number of cyc~es shown. I 

d First weld failure at 35,000 cycles; testing not interrupted 
e Weld failure at 20,000 cycles 
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Nomencla ture 

Shear area 

Distance from neutral axis to point at 
which flexural str e ss is calculated 

Modulus of elasti c ity 

Shear modulus of elasticity 

Moment of in e rtia, total section 

Moment of ine rtia, d e ck plate 

Rib Torsional stiffne s s 

Length of long span 

Clear length of deck between ribs 

Moment 

Moment at inte rior support 

Moment a t center line long span (load point) 

Total deck plate moment 

Maximum moment- -long span 

Mome nt produced by applied load 

Moment produced by deflection of overhang 
support 

Moment at one-quarter point long s p a n 

Deck moment produced by rib rotation 

A p pli e d load 

Dummy load applied at overhang support 

Vertica l Reaction at fixed shoe support 

Vertical reaction at interior support 

Vertical reaction at overhang support 

· 2 
ln 

in 

psi 

psi 

· 4 
ln 

· 4 
lfl 

· 4 
lfl 

in 

in 

in-kip 

in-kip 

in-kip 

in-kip 

in-kip 

in-kip 

in-kip 

in-kip 

in-kip 

kips 

kips 

kips 

kips 

kips 
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T 

v 

v 

w 

y 

Subscripts 

flg 

unf 

x,y,z 

Torque on ribs 

Shear 

Shear produced by dummy load 

Load distribution under load pad 

Total rib deflection at load point 

Rib flexural deflection due to continuity moments 
and overhang deflection 

Rib flexural deflection at load point 

Rib flexural deflection at load pOint due to 
simple beam loads 

Rib shear deflection at load point 

Deflection at overhang 

Strain 

Coefficient for shear deflections 

Poisson's ratio 

Stress 

Twist angel of rib of load point 

Plate factor 

Flanged specimen 

Unflanged specimen 

Cartesian co-ordinates with origin on neutral axis 
at load point (Fig. 2 ). 
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in-kips 

kips 

kips 

kip/in 

in 

in 

in 

ln 

in 

in 

in/in 

ksi 

radians 



APPENDIX II 

Flexural Stresses and Deflections 

Theoretical static flexural stresses and deflections are cal-

culated and presented in this section. Stresses were calculated on the 

lower faces of the ribs at the load point and at the one-quarter point. 

Beam deflections were calculated only at the load point. The analysis 

of the rib stress and deflection was made using simple beam theory with 

no attempt made to include the effects of transverse load distriqution. 

The loads were calculated in terms of a unit load "P". The 

external load equilibrium was obtained using a conventional analysis for 

indetermina te structure s. The applied loads, shear s, and moments are 

shown in Fig. 35. 

During the tests . small amounts of upward deflection were 

measured and are given below expressed as coefficients of the applied 

load IIPIi. 

flanged specimen: A= 0.975 P x 10- 3 in. 
-3 . 

unflanged specimen: A= 0.864 P x 10 lll. 

In order to calculate the effects of the upward deflection on the entire 

specimen, a dummy load (Pi) was applied at point "e" that would deflect 

the pOint upward the amount measured during the test. The moments 

and shears produced by this load were then calculated and superimposed 

on the moments and shears previously calculated assuming unyielding 

supports. 
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R 
c 

w = x 
P/l2 

b 
6 9 " --11 2"1~.- 6 9 II 

.63bp 

M· 
el 

R 
a 

1/4 

R = 0.370 P kips 
a 

R .-b'- 0.926 P kips 

R = 0.296 P kips 
c 

w = P/l2 kips /in 
x 

Mb = 19.56 Pin-kip 

Mel = 26.25 Pin-kip 

M = 26. 35P in-kip 
max 

M1/4 ~ 13.88 Pin-kip 

FIGURE 35. Loads, shear and moment produced 
by applied load. 
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The load at 'e" required to produce a unit deflection at 'e" is 

Therefore, 

pI = -=.3E=o:=-1 D.=-_ 
2 

a (L + a) 
where a = 66 in. and L = 150" 

(3)(29.6 x 10
3

) 1A 
pI = 0.09441.6 kips 

(66)2 (150 + 66) 

The external load equilibrium, moments, and shears produced 

by this load are shown in Fig. 36. 
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Stresses are calculated on the lower (tension faces of the ribs at 

the load point and one-quarter point using the standard flexural formula of 

Mc 
0- =-1-

The stresses· are calculated in Table V with values of c, I, and other 

section properties as given in Table III. 

TABLE V. Flexural Stress 

Loca- Type 
x 10

3 
tion Spec. 6 1 c

j Mp' Mp M 

Load 
point flg 0.975P 576.2 9. 07 1.75P 26.25P 28. OOP 

1/ 4 pt. flg 0.975P 575 . 2 9. 07 .87P 13.88P 14. 75P 

Load 
point unf 0.864P 569.5 9.00 1.54P 26.25P 27. 79~ 

1/4 pt. unf 0.864P 569. 5 9.00 .77P 13.88P 14. 65P 

<I 

.441P 

.233P 

.439P 

.232P 

The deflection of the specimen is calculated only at the load point. 

If local deformations are not considered, the total deflection will consist 

only of the flexural and shear deflection produced by both the applied load 



LOADS 

f f t pI = R 
R = .0415 I A kips c 

Rb 
R a a 

I 
R = .1 359 It:. kips I , b 

pI = R = .0944 It:. kips 

SHEAR 

.094416. 

11111111111 b 1IIIIIIIIIIIIIIIlJ A 

MOMENT 

B 
M 

-.041516 

I -i 3 7. 5" r­
I- 75" -l 

Mb = 6 .23 16 in -kips 

Mel = 3.1216 in-kips 

M~/4 = 1. 56 ~. IA in-kips 

FIGURE 36. Loads, shear, and moment p roduced 
by support deflection. 
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and the upward deflection of the support at "C". 

Flexural deflections can be more easily calculated if the 

external load equilibrium due to the applied loads is divided into two 

parts as shown in Fig. 37. 

W = SIMPLE BEAM LOADS 
P/12 x 

GB~ 
f t Rb = . 5P kips = . 5P kips a 

CONTINUITY LOADS tc = .296 kips R =. 130P kips 
.~ _________ -,~ ______________ -Jfa 

'b = 
. 426p kips 

FIG URE 37. Loads -Unyielding SupportB 

The deflections produced by the continuity loads and the support move-

mente.are calculated separately from the deflections produced by simple 

beam loads . 

The deflection due to simple beam loads can be calculated using 

the formula 

1 
4SEI ~ 32 [Sd

3
2bC

2 
c

3 
2] S R (x - Lx) + P -y;- - B. ~ S + 2 c 

a x --r:;- -r:;- s 

1 
4SEI {

S(P /2)(7. 5-1. 502 75) 75i S(75)3 
-I: [1. 50 
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2(81 x 12)2 
ISO + 

Y s = 
70,500 P 

E 

(12)3 + 2(12)2] _ 2P (75 ~269)4 '\ 
ISO j 

a = 69 in 
b = 81 in 
c = 12 in 

s 

Ref. 18 

d = x = 75 in 
L = 150 in 

The deflection at the load point produced by the continuity loads 

and support movement 

2 2 
P*ax (L - x ) P~« 66)(75)(1502 - 75

2
) 

= y = c 6EIL 6EI 150 

Yc 
= 92210 (. 296p - . 0944 6 ) 

EI 

P 
;, 

= 

L = 150 in 
a = 66 in 
x = 75 in 

(. 296P - .09441 

The total flexural defle c tion is the' sum of the two deflections . 

-70,160P 92,810 (. 296P _ .09441c.) 
y f = y c + Y s = E 3 + EI 

-42,680P 
y c = 

EI 

8,7606 

E 

l!1 ) 

Defle c tions due to shea r are calculated using a virtual work 

method. 

Vvdx 

A G s 

The constant ). is as sumed to be 1.0 and the shear area (A ) is as sumed 
s 

to consist only of the area of the vertical portion of the rib walls (12.38 in
2

). 

The shear diagram produced by a virtual load at !the load point is shown 

in Fig. 38 . 
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.630 P 

c A 

-.296p -. 370P 

FIGURE 38. Virtual Load Shear 

The shear diagram produced by the applied load "P", (Fig. 35) is sim-

plified to have the same shape as the virtual load shear. Shear produced 

1{ 

by the support deflection is shown in Fig. 36. 

,~ 

S (-0. 370P - O. 04151 ~)(-O. 370)dx 
y sh = 

+ C (0 . 630P-0. 0415IA)(0. 630)dx 

~ A G AG 
~ 0 s s 

+ S (-0. 296P + . 09441A)(-0. 296)dx 

o A G 
s 

= 1/386 f[· 137Px + . Ol510x + . 397Px = . 026I~~ + 
• 

'~} [ 088Px-. 0281 A~ • 

Ysh= l/6[3.7IP-.216I~ 

The total deflection is the linear combination of the shear and flexural de-

flection. 

(
-42,680P 

Y = -
EI 

For the flanged specimen I = 
l::!. = 

575.2in
4 

-3 
.975PxlO in 



_[ -42680P (8760)(. 975P " 10-
3)l 

Yflg - (29.6" 10 3)575.2 - 29.6" 103 'J 

+ 1 

11.5" 

Yflg = [-2 . 50P - . 30P - . 32P + neg.] 10-
3 

For the unflanged spe c imen: I = 569.5 

6= .864Pxl0-
3 

(

-42.680 

Yunf = (29.6 x 103 )(568.5) -
(8760)(. 864P x 10 ) -3 ) 

3 
29.6x 10 

+ 11.5x 10 3 
1 

[3. 71P - .216 (569.5). 864P x 10 -3] 

= [-2. 53P - . z6P - . 32P ] x 10-
3 

-3 
Y f = - 3. lIP x lOin 
-~p-~---------------------------------
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APPEN DIX III 

Local Stresses 

The stresses under the load pad are calculated using a simpli-

fied method of analysis as compared with the method given in the AISC 

Manual (17). The analysis was made assuming that the deck plate has 

negligible torsional resistance as compared with the closed ribs. This 

allowed the rotation of the ribs to be calculated using s imple torsion 

theory rather than by orthotropic plate theory. Only the maximum stress 

(6 ) is calculated. 
yy 

The loads were first distributed on a one inch strip assuming 

that the lower corners of the ribs do not deflect or rotate (Fig. 39). The 

actual transverse l oad distribution that exists under the load pad is hi ghly 

indeterminate; however, it is reasonable to assume that most of the load 

is transmitted through the center eight inch portion of the load beam in 

which the bearing stiffners are located. The load distribution used 

(Fig. 39) attempts to represent this condition. 

12. 

f.-- 6 25" +--

-i 3.81"1-

tz 
11. 5" 
'vIy. 

---to "'..... 6. 25" 

L 11.5" 

FIGURE 39 . Load Distribution Model 

W (max) = P 
Y 2lT" 

y 

J 
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The transverse moments, as obtain e d by moment distribution, are 

shown in Fig. 40. 

.75P 

.09P 

40.5P 
36.7P 

1.45P 

z 

Ir--- y 

-37.1P 

I 

FIGURE 40. Moment 

Thes e moments must be modified to include the effect of load distribu­

tion in the longitudinal (x) direction. This is done using a plate factor 

" V" (15). The pla te factor for moment at the center line (y = 0) 

V = .71 

The moment at the c enter line then is 

M = (.71)(37. IP) = 26.4 Pin-kips 

The rib supports are then removed and the specimen allowe d to 

deflect and rotate. As the deck is assumed to have no torsional 

stiffness, the ribs rotate independently of each other. The torque that 

rota tes the rib is produced by the eccentricity of the load with the 

centerline of the rib (Fig. 41). 
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r- 12" 
ArTTri 

centroid of 
half load 

FIGURE 41. Applied Torque - Rib 

The torque on each rib is then the product of the eccentricity tiITles the 

half load or 

T = (6.88)P/2 = 3.44P in-kips 

The basic load equilibriUITl used to deterITline the rib rotation is 

shown in Fig. 42. 

SUPPORT 

FIGURE 42. Load EquilibriuITl - Rib torque 

The rib rotation is then calculated neglecting warping 

(li2)T (L/2) 
JG 

= (1/2)(3. 44P)( l.#-) 
(229)(11.5 x 10

3
) 

J = 229 in 
4 

(Table III) 

L=150in 

t+. -6 'f = 49.0 x 10 P radians 
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It is then assumed that the deck plate between the ribs must rotate the 

same amount as the rib, Fig . 43. 

FIGURE 43. Deck Plate Rotation 

The moment produced in the deck plate by the applied rotation is 

= 

(unf) 

241 Elp 
= 

1· 
p 

(49 x 10-6p )(29. 6 x 10
6

) (. 00792) 
1· 
p 

Ip = 11. 5 in 
(unf) 

Ip(flg) = 9.5 in 

Ip = .00792 in 
4 

::: 2. OP in ... kips 

(flg) = 2. 4P in-kips 

The total transverse moment a t the centerline of the load pad is the sum 

of the fixes moment and rotation moment. 

Md (unf) = 26. 4P + 2. OP = 28.4 Pin-kips 

Md (flg) = 26. 4P + 2. 4P = 28.8 Pin-kips 

Stresses produced by these moments are calculated using ordinary 

flexure theory 
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= 

M .456 
. 26 

.00792 

Unflanged 6 = 8.18 P ksi 
yy 

Flanged 6 yy = 8.29 P ksi 

The effects of beam flexure in the longitudinal direction must also 

be supe rimposed on the trans verse deck stresses. The magnitude of the 

longitudinal compressive stress in the lower face of the deck can be cal-

culated from Table V by changing the values of "c" to 

c f = - 2. 50 in un 

C flg = - 2. 43 in 

and by using th e moments given at the load point from the same table. 

Thes e compressive stresses are 

6 Mc 
=~­xx I 

Unflanged 6 = (27. 79P)(-2. 50) 
xx 569. 5 

Unflanged 6 = -. 122P xx 

Flanged 6 
xx 

Flanged 6 xx 

= 
(28. OP)(-2. 43) 

575. 2 

= - .11 8P 

The transverse stresses can then be calculated assuming a plane 

strain condition in the transverse direction (( y = 0) and a plane stress 

c ondition in the ve rtical direction (6 = 0) Fig. 44. 
z 
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are 

6 xx 

6 xx 

6 xx 

FIGURE 44. 

The Hook's law equations for this condition (6 = O,ty = 0) 
z 

(x=l/E(G" - )16) 
x y 

€ y = 11 E( 6 - p. 6 ) = 0 y x 

b=1/E[-fL(6x+6y~ 

By manipulation, the stress in the transverse direction is found to b e 

6 yy' = . 29 to xx' 

Unflangedb I =.29 (-. l22P) = - O. 03P 
yy 

Fla nged <0 I = (.29)( -. IISP) = -0. 03P 
yy 

The final transve rs e stress is then the summation of all th e a ppli ed 

stresses. 
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