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ABSTRACT 

Fatigue tests of four hybrid plate girders comprised of ASTM 

A514 steel flanges and ASTM A36 steel web under constant moment 

condition are reported. For all the girders the web was 36 in. deep_ 

Two girders had a s lendernes s ratio of 197 whtle the same for the 

other two was 267. All four girders were subjected to a stress range 

of 30 ksi with a maximum applied stress of 50 ksi. 

The purpose of this investigation was to collect necessary data 

to study the behavior of hybrid plate girders in the region of hlgh stress 

range and relate the results with the availa.ble test data tn lower stress 

ranges. 

The test results are presented and discussed Ln comparison with 

previous test data. A limited statistical analysis is made in an attempt 

to find the influence of parameters which affect the fatigue life of hybrid 

plate girders. Several design criteria based on the test results and 

empirical analyses are suggested. 

Test results showed that by limiting certain variables, the 

secondary bending stresses in the web can be reduced so that their 

effect will not be enough to produce fatigue cracks in the compression 

side of the girders. However, cracks will appear in the tension side 

due to other factors such as notches due to fabrication and various stres s 

concentrations. 
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The regression analyses have shown that fatigue cracks in the 

high stress range reglOn will occur after a larger number of cycles than 

suggested in previous reports. Though most of the factors involved are 

interrelated, it is shown that, it is possible to consider only one of the 

main parameters to derive an approximate relationship for the number 

of cycles required to produce a crack. 
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L INTRODUCTION 

1. 1 Background 

A combina hon of high strength and carbon steels in structural 

members can result in a more econom1cal and efficient design, This 

is particularly true with plate girders, where the use of constructLOnal 

alloy steel (ASTM 514; 1n the severely stressed flanges would tncrease 

the load capaCity of thf' mf'mber, while a carbon steel (ASTM 36) web 

prov1des the resistance for shear. Thu"l, such a comb1natlOn of stE-els 

results in an overall hght a.nd, consequently economIC al sectLOn. 

1.2 PreV10US Tests 

Because of the fast growtng use of hybrid plate girders. a pro-

gram to study both the stat1c and fatigue strength of thes(O structural 

elements was startt',d at The Un1vers1ty of Texas, 

The study presented herein will be limited to the fat1gue behavior 

of welded hybrid plate glrderR under constant moment, Previolls tests (1) 

have 1ncluded both panel Slze and full-s1ze specimens with vary1ng stress 

ranges (CI
R

) and extreme stresses ( () and () . ), Table 1 shows a 
max mIn 

summary of these tests. 

The most signtf1cant conclusions on this continuing research in 

fatigue of hybrtd plate girders can be summarized as follows: 

1 



1. Fatigue strength of welded hybrid plate girders cannot 

be directly Tela ted to that of homogeneous ones, because 

of the existence of Ylelding in the web at its extremities 

next to the flanges in the first type of girders mentioned. 

2. Secondary bending stresses ca1lsed by lateral web deflec

tions have a decisive effect on the fatigue life. 

3. For specimens subjected to applted stresses below the:> 

yield point of the web ma.terial, no cra.cks were found 

wlthin two mi 11i on cye lea. 

4. Fa br ication lrregulanties can strongly redu<. e the fatigue 

life. 

5. Fatlgue life of a glrder subjected to comblUf'd bending 

and shear 1S shorter than whEn under pure bendwg only. 

6. In hybrid plate glrders l..nder comblned bennwg and 

shear, fa.tigue cracks appeared earlier at the tlP of 

transverse sti.ffeners cut shoru-r than ·c.i.Sud.l, because 

of their inabiltty to lJmlt web deflections-

1. 3 Purpose and Scope 

Recommendations for design have been suggested based on pre

vious studies. However, no information on girders s.lbJected to a high 

stress range was available from these studies. Since extrapolation is 

not acceptable in fatigue data analysis, (2) a test program consisting of 

four hybrid plate girders subjected to a stress range of 30 ksi, was 

des igned. 

This report presents the test results of these four hybnd plate 

girders and compares them to previous test data. Some of the factors 

2 
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which influence the fatIgue behavior of these girders were investigated. 

Considerations are given to the secondary bending stresses at the flange-

to-web juncture. Boundary condltions between flanges and web are also 

analyzed. Finally, a statistic",.l study is presented of all the data .:'l.Vail-

able. 

1. 4 Nomenclature 

N 

p 
cr 

p 
max 

p . 
mln 

p 
y 

t 

~ 
(So)max 

( boc)max 

(fmin 

= 

= 

= 

= 
:::: 

:::: 

= 

= 

= 

:::: 

:::: 

= 

number of cycles to a crack appea ranee. 

load whlch produces buckling (kips) 

ma,ximum apphed loa,d during fatigue test (kips). 

minimt,m applied load during fatlg'le test (klps). 

load whlch prod'Jces geo€oT"1l yielding in the web ,kips). 

web thickness (tn. ). 

aspect ratio, ratio of panel length to web depth. 

slenderness ratio, ratlo of web depth to web thIckness. 

maXlmum iOltlal lateral we,b e('centr~clty. 

maximum lOlt .. al lateral web eccentrinty on the c om
pression slde of the web, 

elastic buckling stress 10 bending (reduced; (ksi;, 

maXlmum siteRS, the highest algebralc value of the 
stress in the cycle. In this report,. it refers to the 
stress at the extreme fIber of the flange,s at maXlmum 
load. 

mimmum stress, the lowest algebraic value of the 
stress in the cycle. In this report, it refers to the 
stress at the extreme fiber of the flanges at minimum 
load. 

stress range, the algebraic difference between the 
maximum and mimmum stresses in a cycle. 

static yield stress. 

yield stres s of web. 



2. SPECIMENS AND TEST SETU IJ 

2. 1 SpeClm.en Designation 

The specimens ha.ve been labelled In such a wa y that cha racter

istic informatlOn can be rea.d fr om thel r desIgna,tions ~ 

Eac h girder is designated ill the following way: 

a) The first 11gure indicates the thickness 01 the web pla.te 

In sixteenths of an inch. 

b) The next two digIts represent the minimum stress, tn 

ksi, to which the <;peclmen i;; s.,bJected d'i ring the 

pulsating period. 

c) in a similar way. the next two numbers designate the 

maXimum 3.pplied stress in kSL 

d) The letter following the m .. mhers Identifi.'s the test 

seri.es. An "R" at thp end IndIcates a d;Jphcate test 

on a speci.men wLth parameters identical to those of 

the origin,ll spec Lmen. 

For example, 3 20 50 DR. desigl1;nes that the c:;pecimen had a wf'b 

thickness of 3/16 In. and that the mLnLml>m dnd maXImum applted 

stresses were 20 a.nd 50 ksi, respectively, Further, that it is a 

duplicate of the liD" sf'ries specimen 32050 D. 

4 
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2,2 Description of Specimens 

The four specimens reported herein are: 

22050DR 
;:c 

32050D 32050DR 

Figure 1 shows the dimensions and details of the tested gtrders 

which had 8 in. x 1/2 in. flanges except 32050DR., for which the same 

were 7 1/2 tn, x 1/2 in, All flanges were of ASTM A514 and the webs 

of A36 steeL The stiffeners at load and reaction points were made of 

A514 steel while all intermedlate stiffeners were made of A36 steel. 

The flanges were fillet welded to the web using submerged auto-

matic arc welding, with full penetration required. For all the stiffeners, 

E60l8 electrodes were ".lsed. 

2.3 Design ConsideratlOns 

The only geometric parameter studied in the investigation was 

the web slenderness ratio, ~, To have different ~ ratios without 

changtng any other geometric vanable, all the dimensions were kept 

constant, except the thicknes s of the web. The two s lendernes s rati os 

studied in thls investigation were 267 and 197. Both were above the 

165 required by the AASHO(3) bridge specifications for A36 steel. 

Except the end bearing stiffeners, all stiffeners were CIJt two 

inches from the tens ion flange to reduce the pos sibility of prema ture 

fatigue crack 10 the tension flange. All four specimens had two test 

panels in the middle (Fig. 1). A narrow panel on each side of the test 

':'Actual thicknes s of this specimen was 10 gage. The designa
tion "2" (l/8 tn. thickness) was chosen because it is the closest approxi
ma tion in terms of sixteenths of an inch. 



panels was provided to reduce local effects from the applied loads. To 

reduce vertical deflections, 3/16 in. web material was used outs ide the 

test panels 0 These 3/16 in. plates were welded to the 10 gage web by 

means of two 45
0 

spi;.ces (see Fig. 1). 

2.4 Material Properties 

Physical properties were checked in the laboratory by testing 

tensile coupons obtained from the same plates used in the fabrication 

of the girders. Phys il al properties obtained by coupon tests are com-

pared In Table 2. with those from the mill report supplied by the manu-

facturer. It is necessa.ry to note that the measured Yleld stress valu.es 

given in the table are the static yield stress of the material. 

2. 5 Reference Loads 

Actual dimenslons and measured material properties were used 

to compute referenc p loads for each girder (Tables 2. and 3). The tests 

were designed so that at maxim .... m load the extreme fIbers of the flange 

:were stres sed to 50 kSJ <. and at the minimum load, 20 k5l, resulting in 

a stress range of 30 ksL 

Table 4 is a slimmary of these calculations. The theoretical 

critical values computed accordlng to Reference (4), with modulus of 

elasticity of 2.9,500 ksi and Poisson's ratio of 0.3, are incorporated 

in Table 4. The second column shows the critical web buckling stress 

in bending for the test panels adjusted for the flange stress reduction 

6 

suggested in Reference (4). The third column gives the respective loads 

to produce these stresses, The ratios P Ip and P . Ip are 
max cr mln cr 

als 0 shown for reference in the same table. 
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2.6 Test Setup 

Figure 2 is a sketch of a typical test setup, The girders were 

simply supported and were subjected to two symmetrical equal loads at 

the locations shown. The dynamlc loads were applied by a pulsator and 

hydraulic jacks of 120 kips dynamic capacity each, and at a constant 

speed of approxlmately 250 cycles per minute, During the test suffi

cient lateral supports were used to prevent any tilting of the speclmen, 

The coordinate system for each panel to be used throughout thlS 

report is also tllustra.ted in Fig. 2, The Ortgtn is at the geometric 

center of each paneL The positive directions of this coordinate system 

is toward the nght for X, upwards for Y and norm-il to the web and 

towards the reader for Z, The plane contained by the points lying in 

the positive Z directton will be called near side (N. S, ), while the 

points on the Opposlte slde, far side (F. S.). Also shown in Fig. 2. are 

the shear and bending moment diagrams. Figure 3 shows a general 

view of a typical test setup, 

2, 7 Instrumentation 

Vertlcal deflec tions were measured at the supports and at mid

span. Lateral web deflections were obtained at zero, minimum and 

maximum loads at 3 in. by 3 in. grid points as shown in Fig. 4. 

The locations of electrical resistance strain gages (SR -4, Type 

A5-S6) used in the flanges of each test panel are shown in Fig. 5. The 

main purpose of these strain gages was to check the response of the 

girder under the static load, Flange rotations of the test panels were 
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measured under static load. A set of dial gages at 12 in. intervals was 

used to measure the flange rotation, as shown in Fig. 6. 

To get an indlcation of loss of stiffness during the fatigue cycling, 

vertical deflections were measured with a slip gage placed at the center

line of the specimen as shown in Fig. 7. 

The girders were whitewashed prior to testing. Under static 

load, yield lines are detected easier because of the whitewash, while 

under fatigue load, it factlitates the visual inspection and detection of 

cracks. 

2.8 Repairs of Fatigue Cracks 

Cracks formed at the tension side of the glTder were repaired 

to continue testing. The cracks were first gouged out by the "arc-air" 

method, and the new weld was deposited. Depending on whether the 

repair was made on the tens Lon flange or at the Junctu r€ of the web and 

stiffener, A WS ElI 018 or E 7018 low hydrogen electrodes were uS ed. 

To avoid stress cone entrations. all repa.irs on the tension flange 

were grQund smooth after welding. The repairs made at the juncture 

of the web and stiffener were not ground. 



3. TEST PROCEDURE AND RESULTS 

3. 1 General 

The test sequence and procedure for each girder is as follows: 

1. Initial static test: the girder was loaded to P J the 
max 

maximum load of the subsequent fa tigue test; it was 

then unloaded to the mimmum load (P . ) and finally 
mIn 

to zero loado Pertinent readings were taken at several 

load intervals in each stage of loading. 

2. The fatigue test: the girder was subjected to sinUSOidal 

pulsating load. Visual inspections were made through-

out the test to detect initiation of cracks and to record 

their propagation. The cracks were numbered according 

to the order of discovery. Slip gage readings were taken 

at each inspection period to check for loss of stiffnes s. 

3. 2 Static Test Results 

Typical static test results are briefly presented in this section. 

A typical load vs. centerline deflection curve (Girder 32050D) is 

shown in Fig. 8. A theoretical lme based on elastic theory is also 

incorporated. 

Two different behaviors of the top flange rotations were observed 

in the test. In girder 22050D the top flange of each of the test panels 

9 
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rotated in directions opposite to each other, as Fig. 9a illustrates. 

For girder 32050D the flange of the two test panels rotated in the same 

direction, as shown in Fig. 9b. In girder 32050DR the top flange be-

haved similarly to girder 32050D. No such measurements were made 

for girder 22050DR. 

Measured strains on the top flange of girder 32050DR, are 

compared with theoretical values in Fig. 10, This close agreement 

between experimental results and elastic theory was obtalned in the 

other girders als o. 

Lateral web deflection contours and deflected profiles for one 

of the test panels of girder 22050D are shown in Fig. 11 for zero 

P. and P loads. Similar results were obtained with the rest mln max 

of the specimens. 

3.3 Fatigue Test Results 

A brief description of the test results for each girder studied 

is reported below. A summary of the test results is presented in 

Table 5. The details of cracks developed in each specimen are shown 

in Figs. 12 through 15. Unless otherwise noted the figures show the 

near side (positive Z direction) of the specimens. 

It should be noted here, that although all cracks developed 

during the testing, irrespective of location, are indicated in Table 5 

and Figs. 12 to 15, only those between the load points are considered 

in the discussions or are used in the analyses which are presented in 

subsequent sections of this report. 
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3.3.1 Girder 22050D (Fig. 12) 

The first crack, observed in test panel T-l, was along the toe 

of the top flange-web fillet weld. It was observed only on the near side, 

at 230,000 cycles. At 257,000 cycles, the crack propagated to the far 

side. 

Crack 2, along the stiffener-web weld in S13 (see Table 5) was 

discovered at 450,000 cycles. This crack was repaired at 456,000 

cycles and in an attempt to stop its reappearance a stiffener was welded 

as shown by a dashed line in Fig. 12, However, as testing was re

sumed, the crack reopened after 88,000 additional cycles and testing 

was terminated. At the completion of the test this crack was 7 7/8 in. 

long. 

At the end of the test, a final inspection revealed cracks 3 and 

4, which were similar to crack 2, and crack 5 located at the middle of 

panel T-l at its tension side. Crack 5.whi.ch started at a discontinuity 

in the weld, had penetrated through the bottom flange. 

3.3.2 Girder 22050DR (Fi.g. 13) 

Cracks 1 and 2 were observed at 532,000 and 543,000 cycles. 

At 560,000 cycles, crack 3 was detected. Crack 4 was found only in 

the near side, at 609,000 cycles, while crack 5 appeared on the far 

side, at 615,00 cycles, at which time testing was terminated because 

crack 3 propagated extensively in the tension flange. 

3.3.3 Girder 32050D (Fig. 14) 

The only crack found in this specimen was observed at 496, 000 

cycles. Testing was stopped and as the crack was being repaired a 
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hole of approximately 1/4 in. round, probably due to a slip in the auto

matic welding process, was discovered (see detail in Fig. 14). 

After resuming the test the crack reappeared at 566, 000 cycles. 

Because of its quick propagation, at 571,540 cycles the test was termi

nated. 

3. 3.4 Girder 32050DR (Fig. 15) 

This specimen was a replica of 32050D except for the dimens ions 

of the flanges (Table 3). Crack 1, along the bearing stiffener-to-web 

weld, appeared on the near s ide at 439, 000 cycles and extended to the 

far side at 487, 000 cycles. At 52.7, 000 cycles, cracks 2 and 3 were 

detected and found to be 3 1/8 in. and 2. 1/4 in. long respectively. 

These three cracks were repaired and testing was resumed. Cracks 

4 and 5, which are similar to 1 and 2, were noted at 560, 000 cycles on 

the other side of the stiffener. The test was discontinued at 656,720 

cycles. 



4. DISCUSSION 

4. 1 Fatigue Cracks 

The fatigue cracks found in this investigation can be grouped in 

three distinctive types, as has been already reported in Reference 1. 

These cracks are classified as type 1, 2, or 3, depending on their 

locations and nature. A test panel which depicts the three crack types 

is shown in Fig. 16. All cracks observed on the specimens tested are 

indica ted in Table 5 and their type is noted. 

Type 1 cracks appear at the toe of the compression flange-to

web fillet weld, in the heat affected zone of the web. They are caused 

by the secondary bending stresses produced by the lateral movements 

of the web during the fatigue cycling (1) (5). Because of their nature, 

these cracks will be studied in conjunction with the web behavior and 

secondary bending stresses in section 4. 2. 

Type 2 cracks start at the stiffener-to-web juncture, at the 

cutoff end of transverse stiffeners, and produce complete failure after 

reaching the tension flange. Their cause is considered to be the local 

stress concentration due to the abrupt termination of stiffeners. Be

cause type 2 cracks are located in the tension side of the girder their 

propagation is faster than that of type 1 cracks. This can be seen by 

comparing Figs. 17 and 18 where typical propagation rates for type 1 

13 
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and type 2 cracks are shown. The propagation of type 2 cracks was not 

easily controllable. Every time these cracks were discovered, the test 

was stopped and they were repaired using the technique explained in 

section 2.8. After testing was resumed, the cracks appeared again in 

the same locations, or at places affected by the repairs. For this 

reason, the type 2 cracks are classified as dangerous. 

The type 3 cracks developed in three of the four girders tested 

were always observed in the tension flange-to-web juncture. ':' High 

weld porosity or discontinuity due to stopping and starting the welding 

were the cause of these cracks. Because of their location in the tension 

side these cracks have a high rate of growth (see Fig. 19) leading to 

complete failure after penetrating mto the tension flange. Attempted 

repairs of these cracks were proved to be unsuccessful because they 

reappeared in the same place after a small number of additional cycles. 

These cracks are detrimental to the overall fatigue life of the girder. 

Considering fabrication irregularities as the main factor for 

the formation of type 3 cracks, it is logical to expect a seatter in the 

experimental results. However, the numbers of cycles at which type 3 

cracks were first observed in three of the four specimens were very 

close to each other:: 

tively. 

544,000, 560,000 and 566,000 cycles, respec-

4.2 Web Behavior and Secondary Bending Stresses 

Due to the high slenderness ratio of the panels, it is logical to 

expect initial lateral eccentricity in the web. The shape of the initial 

~:, 

Type 3 cracks can develop at the edge of the flange also (Ref. 1 
and 6). 
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profiles varied according to the slenderness ratio of the panel. For 

very slender webs, the initial deformations will usually produce a 

double or triple curvature profile, while a stockier web will generally 

have a single curvature profile, as indicated in Reference 6. The 

measured magnitudes of these initial out-of-plane eccentricities varied 

from 0.001 in. to 0.255 in., indicating that they can be as much as 2 

times the thicknes s of the web. 

As the girder is loaded, the compression above the neutral axis 

increases and the tens lOn below the neutral axis decreas es these deflec-

tions. This web behavior is typical in constant moment panels, as 

illustrated in Fig. 20, where a cross section profile is shown at zero, 

minimum and maximlAm load. As it can be seen In this figure, even a 

reversal of the curvature can be expected during the two limiting stages 

(P and P . ) of the cyclic loading. 
max mIn 

These lateral movements of the web in the Z axis direction, 

because of the rigidity of the boundary elements of the test panel 

(flanges and stiffeners), produce bending stresses in the web. These 

stresses are known as secondary bending stresses. An implication 

that there is some fixity between web and flanges can be deducted 

from the fact that close to the flange-to-web juncture the deflected web 

shape showed a point of inflection (9), noticeable also in Fig. 20. 

The flexing action of the web due to the cycling between P 
max 

and P . eventually produces type 1 cracks in the juncture of the com
mIn 

pression flange and web, where the secondary bending stresses are 

more critical. No type 1 crack should be expected in the tension side 

of girders, because of the gradual decrease of the web deflection below 
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the neutral axis under loading, producing a release on these stresses 

in the tension side. (5) The numbers of cycles a girder can stand before 

the appearance of type 1 cracks will depend on factors such as the initial 

web deflections, web slenderness ratio, applied loads, and rigidity of 

the b ounda rie s. 

To find the degree of fixity between flanges and web, flange 

rotations were measured during the static test (see Figs. 9a and b). 

The variation of these rotations along the x-axis direction of the panels 

is illustrated in Fig. 21. No dial gages were installed at the top flange 

over the outer stiffeners of panels T-l and T-2. The rotations at these 

points were as sumed to be the same as at the top of the stiffener common 

to both test panels, which has been found by considenng a linear variation 

between points Band C (see Fig. 21). 

By means of fmite difference techniques, with a 3 in. mesh points, 

the magnitudes of the secondary bending stresses along the top flange-to

web juncture were calculated, first considering the measured flange 

rotations and then as suming no rota tion of flange. A typical result of 

these computations can be seen in Fig. 22, where the variation of these 

stresses is compared for the two cases mentioned above. It is evident 

that the difference between the two cases is negligible. The difference 

between the two cases at the vicinity of the largest lateral eccentricities 

is only about 10/0. From this it is logical to conclude that the web-flange 

boundaries could be considered rigid. 

Another feature that should be noted in Fig. 22 is that type 1 cracks 

appeared only on those locations where the secondary bending stress ex

ceeded the web yield stress, as in panel T-l (girder 22050D, Fig. 22), 

where the critical secondary bending stress was 60% higher than the web 
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yield stress. In panel T-2, the critical secondary stress was just about 

equal to the yield stress of the web, and no type 1 crack was found during 

the fatigue test. Thus, a criterion for the prevention of type 1 cracks 

would be that the critical secondary bending stresses should not exceed 

the yield stress of the web material. 

4.3 Initial Web Deflection 

On the knowledge that the initial deflected shape of the web and 

its magnitude have a definite influence on the secondary bending stresses, 

an analysis intended to find a limiting value of the maximum initial 

lateral web deflections was made. This analysis, carried out using the 

typical elements shown in Fig. 23, was based on the finite difference 

approach. The derivation to obtain the final expression given below is 

presented in Appendix A and the equation numbers mentioned herein 

after will refer to those in the same appendix. 

So 
-t- < 1000 (A-19) 

bo 
Although equation (A-19) relates the limiting value of 

t to 

the yield strain of the web matenal only, results have given good C'orre-

lation, as can be seen in Fig. 24, where the parameter 

Actual [8
0

] max 

Limiting [C ] 00 max 

for all the girders reported here and in Reference 1 has been plotted with 

respect to number of cycles. 

Actual rS ] refers to the maximum measured initial deflec-L' 0 max 

tion and Limiting fS J indicates the limiting maximum initial 
Lomax 
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deflection as computed by equation (A-19). Since it has been found that 

no crack will appear within two million cycles if the maximum applied 

stress is lower than the yield stress of the web, (1) only those panels 

subjected to higher stress than the yield stress of the web material 

were considered. The points in circles represent those corresponding 

to the girders where type 1 cracks were observed, while the cros s 

points are those with no cracks. The actual crack points were plotted 

at the number of cycles when they were first observed, while those 

points with no cracks were presented at the number of cycles when the 

test was stopped. A semilogarithmic scale was used to encompass all 

the points. It can be seen that in no case a panel having a rS J ~ 0 max 

less than the one given by equatIOn (A-19) had type 1 cracks. Based 

on these results, it is possible to state that equation (A-19) gives con-

servative values and may be used as a lower bound for limiting the 

maximum initial lateral web eccentricities on a girder subjected to 

fa tigue under pure bending. However, it is nee es sary to point out 

here that this limiting value 1S not enough to prevent type 1 cracks as 

other parameters should als 0 be considered. Values of 

Actual Ie J 
LOo max 

t 

for the studied specimens can be found in Table 6, which will be used 

later for the regression analysis. 

4.4 Slenderness Ratio 

Reference 1, where 36 in. deep hybrid plate girders were tested 

under pure bending, reported that type 1 cracks were found only in the 
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specimens having a web thickness of 3/16 in. or less, (see Table 6). In 

the four girders tested in this program type 1 cracks were observed only 

in the two with 10 gage web thickness. 

Since all the girders mentioned above were 36 in. deep, a 3/16 in. 

web thickness can be related by the slenderness ratio ~, which would be 

192. Such a value may be considered as a limiting slenderness ratio to 

prevent type 1 cracks. This value is just 13% higher than the slender

ness ratio of 165 suggested by the AASHO Specifications. (3) However, 

since the P ratio given by AASHO is dependent on the web yield stress, 

the value of 192 suggested above should be used in conjunction with 

equation (A-19) to have at least an indirect relationship between the 

slenderness ratio and yield stress of the web material. 

At this stage, it is imperative to note, from Tables 1 and 6, 

that only one, the 32550B, of all girders with 3/16 in. web thickness 

reported had a type 1 crack. This fact leads to the consideration that 

the f ratio of 192 suggested above is a low value, or, at least, a con

servative value, since most probably the type 1 crack Ln specimen 

32550B was due to other factors rather than due to ~ 

examining Table 6, it can be seen that the maximum 

girder is the largest among 3/16 in. web-girders. 

4. 5 Stress Level 

In fact, by 

b /t of this 
o 

Only on those specimens where the maximum applied stress 

was above the web yield stress were fatigue cracks observed;(l) for 

all other girders whose maximum applied strains did not exceed the 

yield strain of the material of the web at its extremities, it was possible 

to reach two million cycles or more without any crack. 
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This behavior can be explained by the fact that although the flange 

strains are in the elashc range, the web, since it is partially yielded, 

would fluctuate under cyclic loading in both the elastic and the inelastic 

ranges. The partially yielded condition of the web will make the 

secondary bending stresses critical and eventually produce type 1 

cracks. If that yielded depth of the web is deep enough to include the 

cutoff points of the transverse stiffeners on the test panels, the stress 

concentration produced by the abrupt termination of the stiffeners 

would be in the inelastic range, provoking the type 2 cracks. Also, 

stress concentrations due to weld discontinuities are critical and 

initiate type 3 cracks in the tension flange. From this it can be con-

cluded that to prevent fatigue crack below 2 million cycles the maximum 

applies stress should be less than the yield stress of the web material. 

4. 6 Effect of Fatigue Cycling on Static Behavior 

At 496,000 cycles, after the first crack (type 3) was observed in 

specimen 32050D, and before it was repaired, an additional static test 

up to P was made to study the effect of fatigue cycling in the over-
max 

all behavior of the girder. No significant difference was found in the 

response of the girder when compared with the behavior during the 

initial static test. Figure 25 shows the lateral web movements at the 

center (x = o. 0) of the test panel T-l for the cases before the applica-

tion of cyclic loading and after 496,000 cycles. It is apparent that the 

panel behaved the same way in both cases. So it can be assumed that, 

if all the fatigue cracks are repaired, a girder which. has been sub-

jected to fatigue cycling will have a static strength similar to an identical 

girder with no previous fatigue history. 



21 

4.7 Regression Analysis 

Multiple regression analyses, using the data of this report and 

those from Reference 1, as shown in Table 6, were made to find some 

statistical relationships between the fatigue strength, represented by 

:.::: 
the number of cycles before an initial crack was observed, and the 

following parameters: 

() , , 
m1n 

CJ , 
max 

Cracks are recorded in Table 6 according to their type and the 

number of cycles at which they were first observed. The column designa-

ted as ;'first crack" registers either run-outs or the cycles at which the 

first crack was discovered irrespective of the type of crack. 

Th d ' '1 t I 8 tOC l max Wh1'ch l'S the e non- 1menS1ona parame er l J 
ratio of the maximum initial lateral web eccentricity in the compression 

side of the girder to the web thicknes s, was used to compare the 

I (J of the various girders tested. This ratio was included in 
Ldoc max 

the analyses as a recognition of the fact that with increasing loads, the 

web lateral deflections increase in the compression side. The ratio 

() max was obtained using the critical buckling stress (a ) 
(fcr cr 

given by Basler. (4) Irrespective of the theoretical mode of failure, 

tha t is, vertical or tors ional buckling, the minimum cr was selected 
cr 

for the above ratio. 

-'',' 

The dependent variable throughout the analyses was the number 
of cycles (N) that a specimen withstood before a crack was first 
observed. 



4.7,1 Determination of the Regression Line 

A linear relationship between the logarithms of the parameters 

a.nd of the dependent variable were assumed in the analyses as given 

below: 

where N is the number of cycles to initial crack and Xl' .... Xn 

are the various parameters mentioned in section 4. 7, while C, C
l

, 

C are coefficients to be determined by the least square approach. 
n 

Th . l' (10) . d t' t . e regres Slon ana ySlS was carrIe ou In a s epwlse 

manner us ing a Fortran computer program. (11) A sequence of 

multiple regresslOn equations was obtained. At each step one vari-

able was added to the regres sion equation and its effect was checked. 

The variable added was the one which had the highest "F" ratio. 

Also, variables were automatically removed when their "F" ratios 

became too low. Throughout the analysis, a significance level of 

O. 01 wa.s used to check whether a variable should be included, while 

a O. 005 significance level was considered adequate for the removal 

of a variable. 

4. 7.2. Initial Cracks 

It was as sumed that two million cycles was the maximum that 

any member of a bridge would have in its useful life. Thus, the be-

havior of the girders after two million cycles was not of interest in 

this study. Hence, for the purpose of the regression analysis, the 

girders that lasted mOre than two million cycles, (run- out specimens) 

were considered to have a fatigue life of two million,cycles. 

22 
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All the parameters were considered in a first analysis to get a 

correlation for the number of cycles to the first crack, irrespective of 

what type of crack it was. The results of this analysis indicates that 

U and O'R were more important than the other parameters. A max 

second regression analysis was than carried out including only the above 

two parameters. Each of the above analyses was carried out: 

6 
a) With the run-out specimens considering N = 2 x 10 . 

b) Without the run-out specimens. 

The final equations thus obtained for the above two cases are re-

spectively: 

log (N x 10-
3

) ~ 0.08 log (J - 1. 56 log <J.
R 

+ 4,89 
max 

(4- 1 ) 

log (N x 10-
3

):: -1.20 log a - 1.03 log G:
R 

+ 6.27 
max 

(4-2 ) 

Equation (4-1) can be expressed as: 

- 3 IT log (N x 10 ) = 4. 89 - 1. 56 log R (4 - 3) 

since the coeff1cient of () 1S negligible when compared with the 
ma.x 

coefftoent of U
R

. 

Equation (4-3) is plotted in Fig. 2.6. Actual test points from 

Reference 1 and the present study are also shown in this figure. 

A slmilar procedure was used to analyze the data for type 1, 

type 2 and type 3 cracks separately, considering their respective 

number of cycles. The resulting equations are: 

Type 1 cracks: 

-3 0: 10g(NxlO }=4.78-2.l8log R (4-4) 

Type 2 cracks: 

-3 1\ 
log (N x 10 ):; 8.16 - 3022 log U

max 
(4- 5) 



Type 3 cracks: 

- 3 fT:" log (N x 10 ) = 6.81 - 2.37 log U max 

24 

(4- 6) 

These three equations are plotted in Figs. 27, 28 and 29, respectively. 

In these figures, the corresponding equations for type 1 and type 2 

cracks from Reference (1) are also plotted for comparison. 

It should be noted that equation (9) of Reference 1 (see Fig. 28) 

was derived for OR = 25 ksi only. However, the two points obtained 

from the present study (with CJ
R 

= 30 ksi) showed good correlation 

with both equations plotted in Fig. 28. Therefore, when stress ranges 

of 25 to 30 ksi are considered either of the equations could be used. It 

should also be noted in Figs. 27, 28 and 29 that for high stress ranges, 

the regression equations derived in this report indicate a longer fatigue 

life than by using the equations of Reference 1. However, with low 

stress ranges, the opposite is true, that is, the regression equations 

of Reference 1 are a more conservative estimate of the fatigue life 

than those derived here. 



5. CONCLUSIONS 

The discussion and analyses of the results of hybrid plate 

girders subjected to fatigue under pure bending, in conjunction with 

previous data, have led to the following conclusions: 

1. Actual flange rotations during fatigue cycling have a 

negligible effect on the secondary bending stresses. 

For all practical purposes, it can be assumed that 

flanges do not rotate while the girders are subjected 

to repeated loads. 

2. Type 1 cracks will appear at locations along the toe of 

the compression flange-to-web fillet weld, whenever 

the secondary bending stress, due to web lateral move-

ments, is higher than the yield stress of the web material. 

3. The effect of secondary bending stresses may be con-

trolled and type 1 cracks avoided by limiting initial web 

eccentricity 6 as follows: 
o 

1000 CT. IE yw 

4. Considering fatigue, the web depth-to-thickness ratio 

requirement for plate girders, specified by AASHO, 

seems to be a conservative value. 

25 



5. With cracks repaired, a plate girder previously sub

jected to fatigue will have a static strength equivalent 

to an identical girder with no previous fatigue history. 

6. Fatigue cracks located in the tension side of the girders, 

that is, type 2 and type 3 cracks, could not be success

fully repaired using the available welding operator and 

procedure used in section 3.2. Shortly after each repair, 

cracks did reappear at the same locations. 

7. Fatigue life of hybrid plate girders subjected to high 

stress range ( Cf
R 

:= 30 ksi) is longer than that suggested 

in Reference 1. 

8. Although more data are necessary to support the statis

tical analyses presented herein, Some reasonable esti

mates about the appearance and type of the first fatigue 

crack can be obtained from the equations formulated in 

this report. 

26 



APPENDIX A 

DERIVATION OF LIMIT VALUE FOR THE MAXIMUM 
INITIAL LATERAL WEB DEFORMATION 

Calling w. the lateral web deflection at any point of the cross 
1 

section of the test panels, shown in Fig. 23, the moment can be ex-

pressed as: 

2 
d w. M. 

1 1 

-d-y 2"'---- = EI Considering only the absolute value 

which can be approximated by finite difference as: 

w(i+l) - 2wi + w(i_l) 

(6y)2 

and since 

()bi ::: 
c 

Mi -1-

M. 
1 

- ~ 

c 
-1-

where Ubi::: secondary bending stress at point "i" 

c = t/2 

(A-i) 

and I::: moment of inertia of a finite element strip along x-axis 

(see Fig. 2 3) so 
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G _ Et 
bi - -2-

w(it1) - 2w i tW(i_1) 

(6y)2 

28 

(A-2) 

As suming no flange rotation, the conditions to be satisfied for point i 

at the juncture of the flange and web are: 

and 

w. = 0 
1 

(A-3) 

(A-4) 

Thus, the secondary bending stresses at that juncture can be 

expressed as: 

CI
b 

= Et 2 
(L}y) 

(A-5) 

defining 

w(it1) = ~(itl) - bO (it1) 

= net web movement 

where 

S .- initial lateral eccentricity at point (itl) 
0(Lt1) -

~(it 1) 
-:: the total lateral measured movement at 

point (i+ 1) from the theoretical x-V plane 
at P 

max 

If ~(it1) :::: 
K 60 (it1)' then 

80 (it 1) 

(A- 6) 

w (it 1 ) _. (K -1) 

Considering that the amplification of the maximum initial web eccen-

tricity is larger at the compression side, the web portion of the 

effective cross section suggested in Reference 4, will be used (Fig.23b). 
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A column condition will be approximated for this web portion, assuming 

a force P uniformly distributed in the resulting t x 30t cross sectional 
I 

area. The critical buckling load of the same web segment is called P . 
cr 

The solution is based on the assumption that the initial deflected 

shape follows a sine curve with pinned end conditions. From Reference 7: 

where 

so 

1- A. 

I 

?\. = p/p 
I\. CI' 

. lTX 
Sln -

a 

S := Maximum initial web deflection. 
o 

K -
1- l\. 

When the portion of the web under consideration has yielded then 

and 2 
I i1" EI 

P - Y 
cr 2 

a 

5rr2 Et4 
". -.-z---

2a 

thus 

l\ 12 (Jyw 
(a/t)2 := ----z- E 

1T 

(A-7) 

(A-B) 

(A- 9) 

(A- 10) 

(A-ll ) 

(A-12 ) 

Substituting into equation (A-5) values from equations (A-6) and (A-9) 

0'b becomes: 
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a: _ Et [1 1 -] 50 b - (~y)2 - "-
(A-13 ) 

or CY
b 

(Ay)2 [* lJ b ~ 0 Et 
(A-14) 

and by substituting to this equation the value of l\, from (A -12): 

[ 
2 E 2 ] -f-z <J

yw 
(t/a) - 1 (A-IS) 

It has been concluded in section 4. 2 that type 1 cracks will not develop 

if (Sb is less than the yield stress (j of the web. Therefore, 
yw 

cracking wlll be aVOlded if 

[~ E 
(A -16) 

<Jyw 

The first term in the bracket of equation (A-16) i.s negligible 

because of the ra.tio (thd, whl(-h is very small 

(A- I 7) 

Consequently, to fit the experimental data it is assumed that 11 00: 30t. 
y 

Thus, equation (A-l 7) b~comes 

or 

s cr. (30t)2 
o <: yw 

-t- Et2 

bo < o-yw 
_ approx. 1000 ~ 

(A-IS) 

(A-19) 
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TABLE 1 
~:c 

SUMMARY OF PREVIOUS FATIGUE TEST RESULTS 

Specimen 
8 ~:,~:, Cycles to Type of 
j Initial Crack Crack 

21020A 295 2, 927,000 No Crack 

21530A 295 2,000,000 No Crack 

21540A 295 294,000 1 

22540A 295 1,318,700 3c 
1, 722,400 1 

22550A 295 617,800 1, 2 

21020B 269 2,233,000 No Crack 

21530B 269 2.137,300 No Crack 

21540B 269 277,400 Testing 
Discontinued 

22540B 269 1,588,000 

I 
1 

22550B 269 672,000 1 

31020B 190 4,770,900 I No Crack 

31530B 190 2,104,360 No Crack 

31540B 190 890,000 2 
919,000 '") 

!... 

1,132,100 2 
32540B 190 2,440,000 No Crack 

32550B 190 815,300 1 
911,530 3b 

41020A 141 2,311,200 No Crack 
41530A 141 2,000,000 No Crack 
41540A 141 630,000 3a 
42540A 141 947,200 3c 
42550A 141 639.500 3c 

41530B 147 2,052,800 No C:I"ack 
41540B 147 974,000 2 

974,000 Z 

42540B 147 3,643,000 No Crack 
42550B 147 421,000 2 

61530A 93 2,000,000 No Crack 
61540A 93 1,394,800 2,3a 
62540A 93 2,530,000 No Crack 

62550A 93 479,000 3b 

-'-
-"From Reference 1 
~!~ :~:c 

Based on measured dimensions 
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TABLE 2 

MECHANICAL AND CHEMICAL PROPERTIES 

-

F la nge (1 /2 11 
) Web (3/1611

) Web (10 gag 
rn 
Q) ...... 

cry ...., 
Tested Ill. 08 51.68 32. 18 

'"' Q) 

0.. 
0 (ksi) Reported 113.30 - - - -- - ----
'"' p. 

:;;; Cfu 
Tested 123.45 62. 15 47.79 

W(kSi l Reported 123. 80 64.40 -- - --

C 0.20 O. 10 

Mn O. 62 0.44 

rn P 0.01 0.01 ...., 
c 
Q) 

c S 0.018 0.024 
0 '"0 
0.. Q) 

E Cu 0.27 0.22 
...., 

'"' 0 0 

U 0.. - Si 0.35 0.06 Q) 

ro p:j 

u I ...., 
...... 

Mo 0.24 I 0 

E 
.... - .. ,. - I Z 

Q) 

I ..c Ti O. 082 U - -- .... -

Cr l. 08 - ----
B O. 002 - - - --
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TABLE 3 

CROSS SECTION DIMENSIONS 

Measured Dimensions ~ Ratio 

Specimen 
Flange Web ( Measured) 

22050D 8" x 0.512" 36" x 0, 135" 267 

22050DR 8" x O. 504" 36" x O. 135" 267 

32050D 7.98" x 0.512" 36" x O. 183" 197 

32050DR 7.48" x 0.511" 36" x O. 183 11 197 

TABLE 4 

REFERENCE LOADS 

(fer 
p p 

Girder p p p p max min 

(red. ) cr 'i max min -p-- p-
er cr 

,.-
22050D -.' 76.5 130. 9 60.7 89.4 0.68 0.26 34.4 

~:, 

22050DR 77.0 129.8 59.8 88. I 33. 9 0.68 0.26 

~:~ 
170. 6 3Z050D 98.5 102 7 96.6 38.6 O. 57 0.23 

.. 1 .... 1 • 

32050DR 
.. , .... ,' 

95.9 158. 1 36. 7 97.5 91. 7 0.58 0.23 

- . 

':' 8" flange width • 
.. I~ .. I .. 

·· .. '·7 1/2" flange width. 



TABLE 5 - SUMMARY OF TEST RESULTS 

GIRDER 

220500 

22050DR 

320500 

32050DR 

NOTES: 

WEB 
THICK. 

10 
go. 

10 
go. 

3" 
is 

~ 
16 

CRACK LOCATIONS (NEAR SIDE) 

I PANELS SI TO S9 I TEST 

I b,UlIIII II 
I PANELS S 10 TO S 18

1 
PANELS 

11111111 d I TI" I T-;' ~b 111111 ~ 
~ I I I 
PANELS SI TO S9 TEST PANELS SIOTOS 18 

PANELS 

P P 

I~ I I I l: I TI I T2 I t I I I ~ 
r. I I I 
PANELS SI TO S5 TEST PANELS S6 TO SIO 

PANELS 

P P 

III I I ,1.1 TI I T2.1<1, I I \1 
PANELS Silo S5 TEST 

PANELS 

I I 
PANELS S610SI0 

CRACK FIRST OBSERVED AT IN BOTH 
SIDES AT TYPE 

NO. CYCLES SIDE (CYCLES) 
I 230,000 N.S 257,000 I 

2 450,000 BOTH 450,000 2 

CRACK NO.2 REPAIRED AT 456,000 
CYCLES. STIFFNER (SHOWN IN DASHED 
LINE) ADDED 

3 544,000 BOTH 544·,000 2 

4 
5 

2 

3 

4 

5 

544,000 BOTH 

544,000 BOTH 

532,000 

546,000 

560,000 

609,000 

615,000 

496,000 

BOTH 

F.S. 

F.S. 

N.S 

F.S. 

F.S. 

544,000 

544,000 

532,000 

591,000 

591,000 

2 
3 

2 
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TABLE 6,- MULTIPLE REGRESSION ANALYSIS DATA 

NUM~ER 3 CYCLES 1 TO (8 \ (~QCJ O""min G""max, O""R f3 O""max, 
~S=P=EC=I=M=E=N=*~r=st~5 ~~~2~Tb-YY';P~E~3~\~~~t~7~~~=~~t~m~~~(~k~Si~')=+~(k~S~i*}~~(~k=s·~J)~~~~=+==cr.~r6==9 

21020 A 2,927 L61 1.61 10.0 20.0 10,0 295.0 0.32 
21530 A 2,000 .. 1.55 1.55 15.0 30.0 15.0 I 0,47 
21540 A 294 294 1.69 1.69 /5.0 40.0 25.0 0,63 
22540 A 1,319.7 1,722.4 1,318.7 1.62 1.62 25.0 40.0 /5.0 0.61 
22550 A 617. 8 617.8 617.8 2.09 2.09 25.0 50.0 25.0 0.78 
21020 B 2,233: I. 72 1.72 100 20.0 10.0 269.0 0,27 
21530 B 2,137.3 0.71 0.36 15.0 ~O.O 15.0 1 0,40 
22540 B 1,598 1,589 1.35 1.11 -2s.0 r 40.0 15.0 0.53 
22550 B 672 672 I. 5/ 1.32 25.0 50.0 25,0 0.67 
31020 B 4,700.9" 089 0.69 10.0 20.0 10.0 190.0 0.21 
31530 B 2.104.4* 0.99 0.99 15.0 30.0 15.0 I 0,32 
31540 B 890 890 1.39 0.92 15.0 40.0 25.0 0.43 

919 919 0.56 0.38 15.0 40.0 25.0043 
32540 B 2,440 jI 0.87 0.87 25.0 40.0 15.0 0.43 
32550 B 911.5 911.5 1.41 1.03 25.0 50.0 25.0 0.53 

815.3 815.3 1.45 0.88 2SD 50.0 25.0 0.53 
41020 A 
41530 A 
41540 A 

42540 A 
42550 A 
41530 B 
41540 B 

2,311,2 • 0.24 0.20 10,0 20.0 10.0 141.0 0.21 
2,000 .. 0.15 015 15.0 30.0 15,0 I 0.32 

630 630 029 0.29 15.0 40.0 25,0 0,42 
947.2 947.2 0.21 0.21 25.0 400 15.0 0,42 
639.5 639.5 0.14 0.13 25.0 50.0 25.0 0.53 

2,052.8* 0.17 0.16 15.0 30,0 15.0 147.0 0,32 

974.0 974 0.36 036 15.0 400 250 0,43 
974.0 974 0,48 0.48 150 40.0 25D 1 043 

42540 B 3,643.0 * 0,52 0,52 25.0 40.0 15.0 0,43 

r--4:-:2::.:5;,:S~0:...:B=---+_-,4,-"2",1.=0-:+ ___ p4,,,,21,-c:,0~~ ____ l--!::.0~.5~7_-+~0~.S::.:7_+-...:2:..:S::.:.0~+_.SO.0 _1--_.-,2"",5"",.0=---1-_-'-_-1 0.53 
61530 A 2,000.0· 0,24 0.24 15.0 30,0 15,0 93,0 0.32 
61540 A 1,394.8 1,394,8 1,394,8 0 35 024 15.0 400 25.0 I 042 

62540 A 2,530.0· 034 0.34 25.0 40.0 15.0 0.42 
62550 A 4790 479.0 022 022 25,0 50.0 25.0 053 

220500 230.0 230.0 544 189 0.76 20.0 50.0 30,0 267.0 0.65 
22050 0 R 546.0 546.0 I. 68 I. 52 20.0 50.0 30.0 1 0 65 

532,0 532.0 1.74 129 20,0 50.0 30.0 0.65 

320500 
32050 DR 

566.0 
439.0 
527,0 

.. RUN - OUT SPECIMENS. 

439.0 
527.0 

566.0 0,66 0.57 20,0 I 50,0 '5oP' 197.0 0,51 
082 0.42 200 500 30,0 1 0,52 
1.37 1./9 20,0 50.0 30.0 0.52 

---~-~-~---~ 

N= 2,OOOx Id cycles FOR THE REGRESSION 
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FIG. 3 OVERALL VIEW OF TEST SETUP 
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