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16. AllJSJ'1ACl The beha vior of two 55 ft. long prestressed, composite steel beam­
concrete slab bridge units was studied. The type of unit tested is currently 
used in county road bridge construction, where the use of prefabricated units 
is especially economical. 

In primary test phases, the first unit was subjected to 3 years of sus­
tained loading, over 2,000,000 cycles of fatigue loading and statically load­
ed to failure. The second unit underwent 500,000 cycles of fatigue loading 
and was statically loaded to its yield level. 

In supplementary test phases, pushout-type specimens with channel and 
stud shear connectors, identical to those in the bridge units, were studied 
to determine the difference between the two connector types under sustained 
.;Ird ultimate loading conditions. In addition, transverse slab strength tests 
were performed at six locations on the first unit, and on six similar, simply 
supported, control slabs. The transverse slab strength tests were performed 
to verify that arching action occurs in the bridge slab. The presence of 
arching action in the bridge slab changed the mode of slab failure from a 
relatively ductile flexural failure, to a sudden punching failure at a much 
higher concentrated load. 

Test results were compared to theoretical predictions and AASHTO Speci­
fication limitations. It was found that the behavior of the unit was 
reasonably predictable, and that with a minor connection detail change, the 
prestressed, composite steel beam design concept is suitable for county road 
bridge use. 
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Executive Summary 

EXPERIMENTAL STUDY OF TWO PRESTRESSED 
STEEL BEAM - CONCRETE SLAB BRIDGE UNITS 

CHAPTER 1 

INTRODUCTION 

1 . 1  General 

Thi s  report i s  a summary of a four year research 
program involving the exper imental study of two prototype 
precas t, prestres sed steel beam- concrete s lab br idge units. 
Typical uni ts  cons ist of a concrete s lab attached to two 
s teel beams by shear connectors as shown in Figure 1 . 1 i. The 
units are usually prefabr icated and transported to a site ,  
where a br idge is constructed by plac ing two o r  more units 
on abutments and connecting individual units with angle 
X-brace s teel diaphragmsi. These bridge units  are now being 
used for county road br idges , but the pos s ibi lity of use in 
s tate highway br idges exi sts. 

The method of construction used to produce the bridge 
units i s  unique and patented . Shear connector s are welded 
to two steel beams which are inverted and s imply supported 
above a form containing a mat of concrete reinforc ing steel. 
Concrete forms are then hung f rom the steel beams as shown 
in Figure 1 . 2  and the bridge deck concrete is  poured into 
the forms. Additional dead load may be appl ied to the beams 
to increase the unit def lection to a predetermined amount so 
that the des ired prestress  level in the steel beams is 
obtained. When the concrete has cured and the unit 

-1-



I� 

l 

/... 

u 

�I 

_I_ 

-2-

A 

A 

· Reinforced 
Concrete 

Slab Deck 

\ 
541-011 

Steel BeamsW21 x 50 
ASBB Grade 50 

. . .. .. 

( a ) Elevation 

Longitudinal and Transverse 
Reinforcement (#4 Bars-Grade 60) 

Reinforced 
Concrete 

Slab Deck 

11-6" 3 I-912" 11-611 
6'-91211 

( b ) Section A-A 

Figure 1.1 Typical Bridge Unit Details 



.___ __ 

Fonn Transfer 

Cast-in-Place 
Concrete Slab 

Rolled Beams 
with Shear 
Connectors 

Transverse 
Form Support 

Concrete Fann 

Beam 

Figure 1.2 Me thod of Fabrication of Brid�e Unit 

3--



i s  unloaded , forms are stripped , and the unit turned over� 

The resulting composite beam i s  s imi lar to that obtained 
us ing shored construction methodsi, but with additional 
stres s ing of the steel beam in the direction oppos ite to 
in-place gravity stres ses. 

Thi s prestress ing �extends the service load r ange of the 
· uni ts as i l lustrated :in Figure 1 .  3 ,  which also shows the 

behavior of a conveptional 
Because of 

by the 

f lange 

compos ite beam constructed 
without shores. the method of construction, dead 

_loads are res isted full capacity of the composite 
beam , resulting in substantially reduced dead load 
def lection and tens ion stres ses when compared with 
unshared compos ite construction values. The net result i s  
a n  increased service load range for the unit. Howeveri, as 
Figure 1.i3 shows, the ultimate moment c apacity of the 
c ros s - section is  not af fected by the choice of construction 
method. 

Another advantage of the prestres sed compos ite bridge 
unit i s  that the permeability of the deck may be reduced . 
S ince the s lab is  cast 

. , 

in an inverted position , a reduction 
in concrete deck permeabi lity i s  pos s ibly obtained because 
the bleedwater capillaries in the cur ing concrete open 
toward the bottom of the in-place unit. The resulting 
pos s ible . res i stance to water penetration may reduce 
corros ion of the deck reinforc ing steel and accompanying 
maintenance problems. 

A disadvantage of thi s  method of construction is that 
mi ld steel is used as the prestress ing element as opposed to 
very high strength steels ( prestre s s ing strands) that are 
used in the construction of conventional prestressed 
concrete beams. Since the service load capac ity of the 
bridge units is  dependent on a sustained level of 
prestress ing , the Research and Development Divis ion of the 
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Tes ting Program 

Oklahoma Department of Transportation commis s ioned an 
extens ive s tudy of the behavior of bridge units under 
sustained , repeated and static failure loadings. Long term 
sustained loading was used to study the ef fects of 
temperature change and concrete creep; repeated loading was 
used to determine the adequacy of the bridge unit 
under a lifetime of truck loading; and the ultimate 
s trengths of the unit in both longitudinal and transverse 
directions were determined under s tatic loading . In 
addition , supplementary test series were conducted to 
investigate other aspects of the structural behavior of the 
units. Complete details of the study are found in Reference 
1 .  

design 

1.i2 Overview of 

1 . 2 . 1  General 

The testing program was divided into the phases shown 
in Table 1 . i1 and conducted in the order shown in Table 1.i2. 
Two near ly identical br idge uni ts were used to conduct the 
tests with the research phases separated into pr imary and 
supplementary tests. In the pr imary test phases , one of the 
units was subjected to alternating per iods of sustained 
loading and repeated loading to s imulate typical service 
life conditions. Thi s  unit was also subjected to 
over loading and to ultimate strength tests in the pr imary 
phases. The f irst unit was accidentally dropped between 
Phases IV and v ( see Table 1.1) and as a consequencei, the 
results of the static f lexural test to f a i lure ( Phase VI I I) 
are questionable . A second unit was then constructed and 

used for Phases IX thru XIi. 

In the two supplementary test phasesi, tests were 
conducted on the f irst br idge unit to determine the ultimate 
strength of the concrete deck in the transver se direction , 
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Phase 

I. 

II. 

II I. 

IV. 

v .  

VI. 

VI I. 

VI I I. 

IX. 

x. 

XI. 

XI I. 

XI I I. 

Table 1.i1 

Research Phases 

Descr iption 

Unit 1 

First bridge unit preparation and one year of 
observation under sustained load�ng. 

Repeated ( HS- 2 0) loading of 5 0 0 , 0 0 0  cyc les. 

Operating rating ( HS- 3 0) loading te st . 

Two year s of observation under sustained loading 
( total ing three years of sustained loading). 

An additional 1 , 5 0 0 , 0 0 0  cyc les of repeated ( HS- 2 0) 
loadingi. 

Repeated operating rating ( HS- 3 0) loading of 2 , 0 0 0  
cyc lesi. 

Repeated unbalanced loading of 1 0 0 , 0 0 0  cyc les. 

Static £lexural tes t  to f�i lure of f i r s t  unit. 

Unit 2 

Second bridge unit preparation and 5 0 0 , 0 0 0  cyc le s 
of repeated ( HS- 2 0) loading . 

Static f lexural test to f irst yield of second 
uniti. 

Observation of second bridge unit under sustained 
loadingi. 

Supplementary Tests 

Transverse s lab strength tests on f ir st bridge 
unit. 

Shear connector specimen observation and strength 
testsi. 
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Table 1 . 2  

Chronological Summary of Research 

Dates 

1 April 1 9 8 2  

8 April 1 9 8 2  

2 2  April 1 9 8 2 -
1 1  May 1 983 

3 March 1 983-
1 9  July 1 985 

2 June 1 983-
15 Sept 1983 

2 3  Sept 1 983  

3 0  Sept 1 983i-
4 Sept 1 985 

5 Sept 1 985 

6 Sept 1 985-
2 Oct 1 98'5 

21 Sept 1 985 

3 Oct 1 9 85-
2 0  Nov 1 985 

2 1  Nov 1 9 85 

Comments 

Concrete poured for firs t  bridge unit. 

Fir st bridge unit placed outside Fears 
Structural Engineering Laboratory 
( FSEL). 

Phase I ,  observation of first bridge 
unit under long term (one year) sustained 
loadingi. 

Phase XI II A ,  observation of shear 
connector specimens under long term 
sustained loading (8 10 days) . 

Phase I I , first unit moved into FSEL and 
subjected to 5 0 0 , 0 0 0  cyc les of repeated 
(HS- 2 0) loading . 

Phase I I I i, first unit tested under 
operating rating (HS - 3 0) loading . 

Phase IV , first unit moved outside FSEL 
and observed un�er two year s of sustained 
loading (7 0 0  days) . 

First unit accidentally dropped when 
transport was attempted . 

Repair and curing of damaged portion 
concrete s lab of first unit. 

Phase XI I I  B ,  shear connector specimen 
f ailure testsi. 

Phase V A, first unit brought into FSEL 
and subjected to 6 0 0 , 0 0 0  cyc les of re­
peated (HS - 2 0) loading. 

Phase VI , first unit subjected to 2 , 0 0 0  
cyc les of operating rating (HS - 3 0) 
loadingi. 

-8-



Table 1 . 2 ,  Continued 

Chronological Summary of Research 

Dates 

2 5  Nov 198 5 -
1 Jan 1986 

8 Jan 1986 -
2 0  Jan 1986 

6 Feb 1986 

19 March 1986 

21 March 1986i-
1 5  April 1986 

17 April 1986 

18 April 1986 

2 2  April 1986i-
2 2  May 1986 

28 May 1986 

2 June 1986 

3 June 1986 -
July 1986 

Comments 

Phase V B ,  fir st unit subjected to 
9 0 0 , 0 0 0  cycles of repeated (HS - 2 0) 
loadingi. 

Phase VII, fir st unit subjected to 
1 0 0 , 0 0 0  cycles of repeated unbalanced 
loadingi. 

Phase VI I I, static flexural test to 
f ailure of firs t  uniti. 

Concrete poured for second bridge unit . 

Phase XI I, transverse slab strength 
tests using the first uniti. 

First bridge unit removed f rom FSEL . 

Second bridge unit brought into FSEL . 

Phase IX, second unit subjected to 
5 0 0 , 0 0 0  cycles of repeated (HS - 2 0) 
loading .. 

Phase X, test on second unit to 
determine first yield of cross section . 

Second bridge unit removed f rom FSEL . 

Phase XI, observation of second bridge 
unit under sustained loading . 

-9-



Pr imary 

and on separately constructed shear connector spec imens to 
study pos s ible sustained loading ef fects for two types of 
shear connectors. 

Testing detai ls for all  phases are found in Reference 
1. 

1.i2.2 

were cons idered to be primary tes t  
phases. 

Tests 

Phases I through XI 
Photographs of 

are shown in Ffgure 
the two primary loading conf igura­

tions 1. 4 .  Phase I cons isted of one 
year of observation of the f irst bridge unit under sustained 
loading. The goal of thi s  phase was to determine the 
response of the bridge unit to sustained loading and its 
response to temperature f luctuation. In Phase I I , the 
br idge unit was subiected to a s imulated truck traf f ic 
volume in the form o� 5 0 0 , 0 0 0  cyc les of repeated loading. 
The load magnitude corresponded to AASHTO Specif ication [2] 
HS- 2 0  loading , adjusted by axle fraction and impact 
coef f ic ients. Phase I I I  cons isted of subjecting the unit to 
a static over load which produced a maximum tension f lange 
stres s  equal to 7 5% 'of the material yield stres s. This 
loading corresponds to an operating rating load as def ined 
in the AASHTO Spec ification [ 2] and i s  equal to .1. 5 times 
the HS - 2 0  load magnitude. It  i s  referred to herein as an 
HS- 3 0  loading. The unit was then observed under sustained 
loading , s imilar to Phase I ,  for two additional years which 
compr i sed Phase IV. 

Phase v consisted of cyc ling the s ame bridge unit an 
additional 1 , 5 0 0 , 0 0 0  times under HS - 2 0  loading ( for a total 
of 2 , 0 0 0 , 0 0 0  cyc les , the requirement for an interstate 
highway rat ing for the bridge des ign). Phase VI cons isted 
of subjecting the br idge unit to 2 0 0 0  cyc les of operating 
rating (HS- 3 0) loading , which represented a permit over load 

-10-



(a) Sustained Loading Configuration 

(b) Fatigue and Static Loading Configuration 

Figure 1.4 Primary Test Loading Configurations 
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Supplementary 

repeated 
applied 

the unbalanced 
wheel 

F inally , in 
until 

transverse 
subjected to a 

bridge slab 
supported 
the same 

the primary 
sustained 
theorized 

r atio of one in one thousand 
cyc lically 

Phase V, except 

trucksi. In  Phase VI I , the 
bridge unit w�s loaded s imi larly to the 
HS - 2 0  loading of that the load was 
eccentrically with respect to the longi tudinal center line of 
the uni t . Thi s  test conservatively s imulates 
load condition which results when 

in a multi -unit 
only one line of 

loads i s  on a unit bridge . 
Phase VI I I , the f irst unit was loaded s tatically 
f lexural failure occurred . 

Phase IX consisted of subjecting the second bridge unit 
to 5 0 0 , 0 0 0  cyc les of repeated (HS - 2 0) loading . In Phase X, 
the second unit was loaded to first yie ld so that the amount 
of remaining prestres s  in the unit could be quantif ied after 
the repeated loading of Phase IX . Phase XI was a short 
observation period under sustained loading . 

1.2 . 3  Tests 

Phase XI I involved the determination of the 
strength of the f irst unit bridge deck when 
s imulated s ingle wheel loading. The in- s itu 
strength was compared to the strength of simply 
s lab s ections which were constructed using 
speci f ications as used for the test unit deck . 

Phase XI I I  was initiated dur ing Phase I of 
tests to determine the role of shear connectors on 
loading performance of the bridge unitsi. I t  was 
during Phase I that the smaller contact area of welded 
s tuds , which were used in the f irst unit , might result in 
suf f ic iently high stress concentrations in the concrete deck 
to cause an unacceptable amount of creep and resulting los s  
of prestres s. One set o f  pushout- type specimens was 
constructed us ing we lded shear connector s identical to those 
in the f irst uniti. A second set was constructed us ing 
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Br idge Specimens 

channe l -type shear connector s. The specimens were observed 

under long term sustained loading so that creep and s l ip 
effects could be evaluated. On completion of the 
observation pe r iod , the fai lure strength of the shear 
connector specimens was exper imentally determined ( Phase XI I 
B). 

1.i2. 4 Unit Tes t  

Two compos ite girder br idge units of near ly identical 
configuration were tested. Each unit cons i s ted of two 
upright , paralle l , 5 5  ft. long W 2 1x5 0 s teel beams of A588 
Gr ade 50 steeli, connected by 3x3xl in. steel angle 
cro s s -frame diaphragmsi, located at the ends and third points 
of the beams. Pairs  of 3/ 4 in.. diameter by 4 in. high 
we lded stud shear connectors , spaced along the beam flanges 
in accordance with the AASHTO Specification [2] were we lded 
to the beams pr ior to casting the concrete deck. For each 
unit , a fu ll length , reinforced concrete s lab of 6 ft. 9 1/2 
in. width was cast against the top flange s  of the paralle l 
s teel beams. Slab thicknes ses were 7 1/2 in. and 7 in. for 
the fir st and second units , respective ly. The s labs 
were cast us ing 5 000 ps i des ign strength concrete , 
re inforced with longitudinal and transverse , top and bottom , 
number 4 bar s of Grade 6 0  yield strength steel. Specimen 
dimens ions and detai ls are shown in Figure s  1. 1 ,  1. 5 and 
1.i6. Measured material properties for each uni t  are found 
in Table 1. 3. 

Instrumentation was s imi lar for both units. Electr ical 
res i stance strain gages were mounted on se lected 
longitudinal reinforcing s tee l bar s  and on the top and 
bottom flange s  of the s teel beams before the concrete s labs 
were cast. After the concrete s labs had cured and the units 
were str ipped from formwork and turned upr ight , additional 
e lectrical res istance strain gages were mounted on the top 

-13-
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Table 1.i3 

Measured Material Properties 

(a) Steel Beams (W2lx5 0 , A5 8 8  Grade 5 0  Stee l) 

Tes t  Specimen Tensile Strength Elastic Modulus 
(ksi) (ksi) 

First  Unit 5 6.0 2 9 0 0 0.i0* 
Second Unit 5 8.i0 2 9 0 0 0.i0* 

(b) Reinforcement ( # 4 Bar - Grade 6 0) 

Te st Specimen Tensile Strength Elastic Modulus 
(ksi) (ksi) 

First Unit 
Second Unit 
Control S labs 
Shear Connector 

Specimens 

6 7.i2 
-

7 9.i5 

-

2 9 0 0 0.i0* 
2 9 0 0 0.i0*

-

-

(c) Concrete ( 5. 0  ksi Design Strength) 

Te st Age at Compres sive Elastic 
Specimen· Cylinder Test Strength Modulus 

(days) (ksi) (ksi) 

Fir st Unit 

Second Unit 
Control S labs 
Shear 

Connector 
Specimens 

2 8  
1 4 0 8  

5 1  
1 2 0  

2 8  

5.3 0  
7.i4 0  
6.4 5 
6.5 4 

5.74 

4 3 9 4.i0* 
4 3 6 5.0 
5 3 3 5. 0  

-

-

* As sumed or Calculated 
Not Required 
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Connector Specimens 

surface of the concrete s labs. All strain gages were 
located at the midspans of the units. Dial gages were used 
to measure relative movement of the concrete s labs with 
re spect to the steel beams for the fatigue static loading 
phase s of the research. Displacement transducer s  were used 
to measure support and midspan vertical movements. The test 
setups� instrumentation details and testing procedures are 
de scr ibed in Reference 1. A summary of the results and 
s ignificant observations are found in Chapter I I  of this 
report. 

1. 2. 5 Te st 

Control specimens for the transverse s lab strength 
tests were s ix approximate ly square s labs constructed to 
match each of the three transverse reinforcing bar spacings 
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in the first bridge unit. The only intended difference 
between the bridge unit s lab and the control s labs was that 
the control s labs were tested when s imply supported on stee l 
pipe sections , whereas , the unit s lab was constrained from 
axial displacement and rotation in both longitudinal and 
transverse directions due to the s lab attachments to the 

steel beams and the longitudinal deck continuity. 

The other supp��mentary test  phases cons i s ted of 
observing shear connector 

. 
the 

with 

specimens under sustained loading 
) 

fol lowed by loading specimens to fai lure. A total of 
four specimens were constructed; two with s tee l shear 
connectors and two channe l shear connector s. Specimen 
details  are shown in Figure 1.i7. 

Comp lete descr iptions of the tes ting procedurei, 
instrumentation and �esults for both supplementary test 
series are found in Reference 1. A condensed summary of the 
results i s  found in Chapter I I  of this  report. 
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Pr imary 

Loading 

CHAPTER I I  

SUMMARY AND OBSERVATIONS 

2.i1 

2. 1.i1 

In the sustained loading test phasesi, the first br idge 
unit  wa s observed for a total of four year s of sustained 
loading of 40 psf plus its own we ight. The observation 
pe riod for the second unit was les s  than 1 00 days inc luding 
500 , 000 cyc le s of repeated loading. The following 
observat ions were made concerning sustained loading behavior 
of the two br idge units : 

1. Sustained loading phenomena i s  typified by 
increas e s  in bottom flange stress and los s  in camber of the 
bridge unit (see Figures 2. 1 ,  2. 2 and 2. 3). 

2. The effects of sustained loading phenomena on the 
first uniti, character ized by creep and shr inkage of the .i
concrete s lab ,  reached a re lative ly asymptotic level after 
approximately 100 days of sustained loading. After 

unit  
that 

t imei, the s train and camber change of the var ied 

Tests  

Sustained Tests  

inver s e ly with the temperature change of the testing 
environment without a long term trend ( see F igures 2.1 and 

2.i2). 

3. The effects of sustained loading in the second unit 
were acce lerated by the application of fatigue loading , but 
reached an asymptotic leve l upon completion of fatigue 
loading (see Figure 2.i3). 
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4. The sustained loading induced relative ly minor 
increases in bottom flange stres ses; however ,  these 
increase s reduce the yie ld strength of the br idge units. 

5. The effective concrete e lastic modulus method [2] 
for determining increased flange s tres se s  and camber los se s  
due t o  sustained loading reasonably predicted the measured 
behavior. Thi s  method resulted in a predicted increase in 
bottom flange s tress  of 3. 8 ks i for the first unit , and 3. 0 
ks i for the second unit , as  compared to measured values of 
5. 4 ks i and 3. 8 ks i for the respective units. The predicted 
camber los se s  were 0.i6 1  in. for the firs t  unit and 0.i58 in. 
for the second unit , ver sus measured values of 0. 40 in. and 
0. 94 in. for the respective units. 

6. Branson's method for estimating combined shr inkage 
and creep effects ,  as descr ibed in Reference 3 ,  re sulted in 
accurate predict ions of bottom flange stres s  change in both 
unit s  and in camber los s  in the second unit. Camber loss in 
the first unit was overpredicted ( see Figure 2. 4). The 
predicted flange stres s change s were 4. 9 ks i for the fir s t  
unit and 3.i1 ksi  for the second , ver sus 5. 4 ks i and 3. 8 k s i  
measured s tre s s  changes i n  the respective units. The 
predicted camber los ses were 1.i6 1  in. for the first unit and 
O. 96 in. for the second uniti, and the measured sustained 
loading camber los ses were 0. 4 in. for the fir s t  unit and 
0. 94 in. for the second unit. 

7. Br anson's method [3) for estimating sustained 
loading effects was extended in Reference 1 for prediction 
of creep effects alone ( without shr inkage). The extension 
gave qual itatively correct predictions of flange stre s s  
changes and camber los s. The predicted changes i n  bottom 
flange stre s s  were 4. 9 ks i for the first unit and 6.i2 ksi 
for the second unit. The measured change s were 5. 4 ks i and 
3. 8 k s i  for the respective uni t s. The predicted losses  
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Fatigue Loading 

of camber were 0. 8 in. for the first unit and 0. 9 2  in. for 

the second unit , ver sus 0. 4 in. and 0. 94 in. measured for 
the re spective units. 

Tests  2. 1.i2 

I n  the fatigue loading tes t  phases ,  the first  unit  was 
subjected to 2 , 1 0 0 , 0 0 0  cycle s  of s imulated AASHTO HS- 2 0  
truck loading and 2 0 0 0  cycle s  

2 , 0 0 0 , 0 00 cycles 
the longitudinal center line 

were unsymmetrical with respect 
second unit 

of HS- 3 0  truck loading. Of 
the HS- 2 0  cycles ,  were applied 
symmetrically with respect to of 
the unit , and 1 0 0 , 0 0 0  cycles 
to this  centerline. The was subjected to 
5 0 0,0 0 0  cyc le s of HS- 2 0  loading. The following observations 
were made concerning the fatigue character i s tics of the 
bridge units tested : 

1. After 2 ,  0 0 0 , 0 0 0  cyc les of repeated loading and 
before the 1 0 0 , 0 0 0  cyc les of unbalanced fatigue loading were 
applied, the fir st unit did not exhibit s ignificant changes 
in s tiffnes s  ( as shown in Figure 2. 5 ,  which i s  a plot of 
load vs. midspan deflection for the second series  of fatigue 
loadings). Also , s lip at the shear connector s  was 
ins ignificant. 

2. The first unit  deve loped cracks along three 
inter ior cross -frame welds dur ing the unbalanced fatigue 
loading tests. However ,  the unit  was des igned for 1 0 0 , 0 0 0  
cycles of loading and the stres s  range at the we lds was 
higher than allowed by AASHTO for a 2 , 0 0 0 , 0 0 0  cyc le des ign 
l ifei, which the unit exceeded. 

3.  The second unit was subjected to 5 0 0 , 0 0 0  cycles of 
repeated loading with no observed changes in stiffne s s i, 
s trength, or s lip at the shear connectors ( see Figure 2.i6). 
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Loading 2.i1.i3 Static Tests 

In the static test phases ,  the f irst unit was subjected 
to one HS- 3 0  over load cyc le after the f irst 5 0 0 , 0 0 0  HS- 2 0  
f atigue loading cyc les and was loaded to failure afte r  
completion o f  a l l  the f atigue loading phases. After the 
50 0 , 0 0 0  f atigue loading cyc les were applied , the second unit 
was loaded to determine its yield point. In  addition , a 
s tatic cyc le tes t  was conducted after each 50 , 0 0 0  cycles of 
f atigue loading. The following observations are drawn from 
the s tatic loading test resultsi: 

1. Unit s tif fne s s  and stres ses are 
c las s ical e lastic f lexure theory if  exper imentally obtained 
material properties are used ( see Figures 2. 6 and 2. 7). 

2. The exper imental concrete modulus of e lasticity , 
obtained us ing four year old cylindersi, was very c lose to 
the AASHTO prediction of concrete e lastic modulus based on 
the 28 day concrete strength. This  indicates that the 
modulus of e lastic ity of concrete does not increase over 
time as does compres s ive s trength. As a result , the 
stif fne s s  of f irst bridge unit remained constant dur ing the 
f our year testing program. 

3.  Prestres s  losses  reduce the yie ld capacity of  the 
units. The losses in bottom f lange prestre s s  due to 
sustained loading ef fects were 5. 4 ksi for the f ir s t  unit 
and 3. 8 ks i for the second unit. Due to accumulated error 
in estimating prestre s sing load magnitudes which directly 
af fects pres tre s s  levels , the bottom f lange of the second 
unit had an additional 2. 4 ks i les s  prestres s  than 
specif ied in the design. 

4 .  The f irst unit reached 94% of its predicted yie ld 
moment , which was computed cons idering the theoretical los s  
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Supplementary 

Strength 

in pre s tres s  noted above. The unit reached 84% of its 
ultimate moment before fracture occurred at a we lded flange 
repair ( see Figure 2.7). 

5. The second unit reached 9 0% of the calculated yield 
moment. Part of this apparent undercapacity is due to 
differences in e stimated and actual pres tres sing loads , and 
the rest resulted froi;n the under-prediction of sustained 
loading effect s i, differences 

-

between actual and measured 
flange yie ld streng�hs , and observed s lip at shear 
connector s  ( see Figure 2.8). 

6. The yie ld s trength of the unit is dependent upon 
the leve l of prestress· in the bottom flange at the time of 
loading , which is �:a function of the magnitude of 
prestres sing loads and prestre s s  los s e s  due to sustained 
loading effectsi. Fo:r;:c optimum design , prestres sing loads 
which result in th� highe s t  AASHTO allowable flange 
stre s se s  should be used , and these loads should be applied 
accurate ly. Prestres s 

reasonably 
methoa. 

los s  due to sustained loading effects 
is predicted we ll by the effective concrete 
e lastic modulus Branson ' s  method is qualitatively 
cor recti, but is dependent upon assumed ultimate concrete 
creep and shrinkage strains which are not always 
predictable. 

7. To account for construction inaccuracies in 
developing the calculated prestre s s  only 8 5% to 9 0% of the 
calculated yield load is recommended for design. 

2.i2 

2.2.1 

In the transver se s lab s trength tests , the fir st bridge 
unit concrete s lab was failed at six locations by the 
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app l ication of a concentrated load. All bridge unit deck 
f ai lure s  were by sudden punching of the concentrated load 
through the deck. Six s imply supported , square , control 
s labs of the same transverse dimension and reinforcement 
r atios a s  the bridge deck were tested under s imilar loading 
conditi ons. The f a i lure modes of the s labs ranged from 
ducti le f lexural failure to sudden punching fai lure , 
depending on the reinforcement ratio. 

The re lative fixity of the bridge unit s lab in both 
l ongitudinal and transverse directions caused the limiting 
s t rength of the s lab to be governed by punching strength 
rather than flexure strength , regardles s  of the reinforce­
ment ratio. 

Thi s  behavior is  caused by arching action , a 
description of which i s  quoted from Reference 4: 

" A  s imple explanation of thi s  behavior i s  that in 
pure bending of reinforced concrete with small 
s teel proportionsi, the neutral axes at fai lure are 
close to the surface. Thus pure bending is  
accompanied by extens ions of the middle surface. 
If such deformations are incompatible with the 
support conditionsi, co llapse with pure bending 
cannot occur.i" 

Thus , the flexural strength of the bridge unit s labs 
was iricreased above that of the smaller control s labs due to 
e dge res traint , in addition to two -way action. Whi le 
a rching act ion i s  eas i ly under stood qual itative ly , closed 
f orm mathematical solutions are not readily ava ilable due to 
the actual complexity of the phenomenon. 

Observations from the transverse s lab strength tests 
are a s  f o llowsi: 

1. Due to the degree of axial boundary restraint 
provided by the s lab/beam connection , the bridge unit slabs 
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behaved as if fixed boundary conditions exi s ted , rather than 

s imply supported conditionsi, and all fai led in punching. 
The degree of restraint i s  indicated in Figures 2. 9 and 
2 . i1 0. These figure s  show the applied load vs. concrete top 
fiber effective s train and the applied load vs. s lab 
displacement measured between supports for the br idge unit  
s labs ( denoted BS and BG) , and for the small control s labs 
( denoted SS and SG) , both with the medium ( 0. 2 9%) 
reinforcement ratio. The relatively soft curves for the 
control s labs , which were allowed to rotate and trans late at 
their  supportsi, are indicative of the more ducti le bending 
fai lure mode observed for these s labs. Whereas , the curves 
for the br idge unit s labs show the very s tiff behavior of 
the s labs which caused sudden punching fai lure at much 
higher loads. 

2. The strength of both s lab types increased almost 
linear ly with increase in s lab transverse reinforcement 
ratio for the range of ratios tested ( see Figure 2 . 1 1). 
Thusi, the flexural and punching shear capacity are believed 
to be interdependent. 

3 .  The contro l  s labs with the smallest reinforcement 
ratio ( 0 . 19%) fai led in flexurei, whi le the s labs with 
medium reinforcement ratio ( 0 . i29%) fai led in combined 
f lexure and punching. Even though the control s labs were 
s imply supported , the s labs with the largest reinforcement 
ratio ( 0 .  5 7%) fai led by punching. Thusi, increased 
reinforcement caused the fai lure mode to change from purely 
flexural to punching , with the pos s ibility that arching 
action i s  caused by internal , as we l l  as , external lateral 
restraint. 

4. Punching capacity predicted us ing AASHTO rules is a 
conservative lower l imit strength for the br idge unit  s labs 
tested , as shown in F igure 2 . 1 1 .  
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Spec imen 

5. Predicted s lab s trengths in f lexure were determined 

us ing yie ld l ine theory. The yie ld patterns assumed 
provided failure loads which bracketed the exper imental 
f ai lure loads. Thes e  loads are labe led "predicted" and 
" alternate predicted f lexure"  in Figure 2.1 1. 

6. In the des ign of br idge unit s labs , conservative 
: s trengths in punching , and f lexure are obtained from the 

punching equation given in the AASHTO Specif ication [2], and 
f rom yie ld l ine anai¥,s i s. However ,  s everal yield line 

- solutions mus t  be deve loped so that a least upper bound 
solution i s  obtained. 

2.2. 2 Shear Connector:· Tests 

Dur ing the initial sustained loading period of the 
f i rst uniti, it was surmi sed that creep at welded s tud shear 
connector s would be gr�ater than at channe l shear connectors 
because of the differ�nce in aspect ratio. To s tudy this 
hypothe s i s i, four push�ut- type specimens were constructed of 
s imilar materials as the bridge unit ( see Figure 1.7). Two 
spec imens had channel connectors and two had welded stud 
connector s identical to those used in the bridge units. 

Each spec imen was loaded for 8 1 0  days under 4 8  kips 
sustained loading , so  that creep and s lip could be obs erved. 
After this sustained loading per iod , the specimens were 
loaded to f a i lure to quantify the s trength of the shear 
connectors. Observati ons f rom the shear connector tests  are 
as  follows: 

1. During sustained loading , s lip was s lightly higher 
at the channel connectors than at the s tud connectors (see 
F igure 2 .1 2) , but no distinct differences were found 
between the s tud connector specimens and the channe l 
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connector spec imens. However ,  the flanges of the beam 
sections were slightly embedded in the concrete and the 
resulting ef fects are unknown. 

2. In  ultimate strength testsi, the channel and stud 
shear connectors f ailed by shear of the s teel cros s -section , 

with little damage to the surrounding concrete. Thusi, as  
was noted in Reference 5 ,  the strength of stud shear 
connections used in concrete of  s trengths greater than 4 0 0 0  
psi may not be limited by the concrete strength , but by 
connector strength itself. However ,  the AASHTO 
Specif ication does not consider  f ailure of a shear 
connector without adjacent concrete crushing. Thi s  
as sumption may result i n  unconservative shear connector 
des ign , when high strength concrete is used in composite 
girders. Table 2 .1 shows the experimental and predicted 
shear connector strengthsi. 

3 . The strength of the channel shear connectors 
was accurately predicted by AASHTO rulesi, us ing 
concrete compre s s ive strength. 

4. The strengths of the stud shear connectors 
were also predictable by AASHTO rules if a limiting 
concrete compres s ive strength of 40 0 0  ps i i s  used. 

S .  The 28 day compress ive s trength used in the 
shear connector capacity equation provided by AASHTO 
should pos s ibly be limited to 4 0 0 0  ps i. Based on the 
test data of thi s  study , this  limitation will result in an 
accurate estimate of stud type connector strength and a 
conservative result for channel type connectors. 

the 28 day 



Table 2.i1 

Exper imental and Predicted Ultimate Strengths 
of Shear Connectors 

( a) Stud Type Shear Connectors 

U ltimate Load per Connector ( kips) 

Exper imentali: 

Spec imen 
Specimen 

# 1  
#4 

2 5. 1  
2 5.i9 

Predictedi: 

AASHTO Eqn. 
AASHTO Eqni. 

1 0 - 6 6  
1 0 - 6 6 *  

34.i8 
2 7.i9 

. *Results for f ' i = 40 0 0  ps i c 

( b) Channel Type Shear Connectors 

Ultimate Load per Connector ( kips ) 

Experimentali: 

Spec imen # 2  5 7. 8 
Specimen # 3  68. 8 

Predictedi: 

AASHTO Eqn . 1 0 - 6 5  5 7. 7 .  
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	Executive Summary 
	EXPERIMENTAL STUDY OF TWO PRESTRESSED STEEL BEAM -CONCRETE SLAB BRIDGE UNITS 
	CHAPTER 1 
	INTRODUCTION 
	1.1 General 
	This report is a summary of a four year research program involving the experimental study of two prototype precast, prestressed steel beam-concrete slab bridge units. Typical uni ts consist of a concrete slab attached to two steel beams by shear connectors as shown in Figure 1.1i. The units are usually prefabricated and transported to a site, where a bridge is constructed by placing two or more units on abutments and connecting individual units with angle X-brace steel diaphragmsi. These bridge units are no
	The method of construction used to produce the bridge units is unique and patented. Shear connectors are welded to two steel beams which are inverted and simply supported above a form containing a mat of concrete reinforcing steel. Concrete forms are then hung from the steel beams as shown in Figure 1.2 and the bridge deck concrete is poured into the forms. Additional dead load may be applied to the beams to increase the unit deflection to a predetermined amount so that the desired prestress level in the st
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	Figure
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	Figure
	Figure
	Figure
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	A A · Reinforced Concrete Slab Deck \ 541-011 Steel BeamsW21 x 50 ASBB Grade 50 . . .. .. ( a) Elevation 
	Figure
	Longitudinal and Transverse Reinforcement (#4 Bars-Grade 60) Reinforced Concrete Slab Deck 11-6" 3 I-912" 11-611 6'-91211 ( b) Section A-A 
	Figure 1.1 Typical Bridge Unit Details 
	Figure 1.1 Typical Bridge Unit Details 
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	Figure 1.2 Method of Fabrication of BridŁe Unit 
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	Figure
	is unloaded, forms are stripped, and the unit turned overŁ The resulting composite beam is similar to that obtained using shored construction methodsi, but with additional stressing of the steel beam in the direction opposite to in-place gravity stresses. 
	This prestressing Łextends the service load range of the 
	· 
	uni ts as illustrated :in Figure 1. 3, which also shows the 
	Figure
	Figure
	behavior of a composite beam constructed without shores. the method of construction, dead _loads are resisted full capacity of the composite beam, resulting in substantially reduced dead load deflection and tension stresses when compared with 
	conveptional Because of by the flange 

	Figure
	unshared composite construction values. The net result is an increased service load range for the unit. Howeveri, as Figure 1.i3 shows, the ultimate moment capacity of the cross-section is not affected by the choice of construction method. 
	Another advantage of the prestressed composite bridge unit is that the permeability of the deck may be reduced . in an inverted position, a reduction in concrete deck permeability is possibly obtained because the bleedwater capillaries in the curing concrete open toward the bottom of the in-place unit. The resulting possible . resistance to water penetration may reduce corrosion of the deck reinforcing steel and accompanying maintenance problems. 
	Since the slab is cast 
	. , 

	A disadvantage of this method of construction is that mild steel is used as the prestressing element as opposed to very high strength steels ( prestressing strands) that are used in the construction of conventional prestressed concrete beams. Since the service load capacity of the bridge units is dependent on a sustained level of prestressing, the Research and Development Division of the 
	Figure
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	Figure 1. Bridge Unit Moment vs. Centerline Deflection 
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	Figure
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	Figure
	Oklahoma Department of Transportation commissioned an extensive study of the behavior of bridge units under sustained, repeated and static failure loadings. Long term sustained loading was used to study the effects of temperature change and concrete creep; repeated loading was used to determine the adequacy of the bridge unit under a lifetime of truck loading; and the ultimate strengths of the unit in both longitudinal and transverse directions were determined under static loading. In addition, supplementar
	design 
	1.i2 
	Figure
	Overview of 
	1.2.1 General 
	The testing program was divided into the phases shown in Table 1.i1 and conducted in the order shown in Table 1.i2. Two nearly identical bridge units were used to conduct the tests with the research phases separated into primary and supplementary tests. In the primary test phases, one of the units was subjected to alternating periods of sustained loading and repeated loading to simulate typical service 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	life conditions. This unit was also subjected to 
	Figure
	overloading and to ultimate strength tests in the primary phases. The first unit was accidentally dropped between Phases IV and v (see Table 1.1) and as a consequencei, the results of the static flexural test to failure (Phase VIII) are questionable. A second unit was then constructed and used for Phases IX thru XIi. 
	In the two supplementary test phasesi, tests were conducted on the first bridge unit to determine the ultimate strength of the concrete deck in the transverse direction, 
	-6
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	Figure
	Figure
	Figure
	Figure
	Figure
	Phase 
	I. 
	II. III. IV. 
	v. 
	VI. 
	VII. VIII. 
	IX. 
	x. 
	XI. 
	XII. XIII. 
	Table 1.i1 Research Phases 
	Description Unit 1 
	First bridge unit preparation and one year of observation under sustained loadŁng. Repeated (HS-20) loading of 500,000 cycles. Operating rating (HS-30) loading test. Two years of observation under sustained loading 
	(totaling three years of sustained loading). 
	An additional 1,500,000 cycles of repeated (HS-20) loadingi. Repeated operating rating (HS-30) loading of 2,000 
	cyclesi. Repeated unbalanced loading of 100,000 cycles. Static £lexural test to fŁilure of first unit. 
	Unit 2 
	Second bridge unit preparation and 500,000 cycles of repeated (HS-20) loading. Static flexural test to first yield of second 
	uniti. Observation of second bridge unit under sustained loadingi. Supplementary Tests 
	Transverse slab strength tests on first bridge unit. Shear connector specimen observation and strength 
	testsi. 
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	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Table 1.2 Chronological Summary of Research 
	Figure
	Figure
	Dates 1 April 1982 8 April 1982 
	22 April 1982
	-

	11 May 1983 3 March 198319 July 1985 
	-

	2 June 198315 Sept 1983 
	-

	23 Sept 1983 30 Sept 1983i4 Sept 1985 
	-

	5 Sept 1985 6 Sept 1985
	-

	2 Oct 198'5 
	21 Sept 1985 
	3 Oct 1985
	-

	20 Nov 1985 21 Nov 1985 
	Comments 
	Concrete poured for first bridge unit. 
	First bridge unit placed outside Fears 
	Structural Engineering Laboratory 
	( FSEL). 
	Phase I, observation of first bridge unit under long term (one year) sustained loadingi. 
	Phase XIII A, observation of shear connector specimens under long term 
	sustained loading (810 days). 
	Phase II, first unit moved into FSEL and subjected to 500,000 cycles of repeated 
	(HS-20) loading. 
	Phase IIIi, first unit tested under operating rating (HS-30) loading. 
	Phase IV, first unit moved outside FSEL and observed unŁer two years of sustained loading (700 days). 
	First unit accidentally dropped when transport was attempted. 
	Repair and curing of damaged portion concrete slab of first unit. 
	Phase XIII B, shear connector specimen failure testsi. 
	Phase V A, first unit brought into FSEL and subjected to 600,000 cycles of re­peated (HS-20) loading. 
	Phase VI, first unit subjected to 2,000 cycles of operating rating (HS-30) loadingi. 
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	Figure
	Figure
	Figure
	Figure
	Figure
	Table 1.2, Continued Chronological Summary of Research 
	Figure
	Dates 
	25 Nov 19851 Jan 1986 
	-

	8 Jan 198620 Jan 1986 
	-

	6 Feb 1986 
	19 March 1986 
	21 March 1986i15 April 1986 17 April 1986 18 April 1986 22 April 1986i
	-
	-

	Figure
	22 May 1986 
	28 May 1986 
	2 June 1986 3 June 1986July 1986 
	-

	Figure
	Comments 
	Phase V B, first unit subjected to 900,000 cycles of repeated (HS-20) loadingi. 
	Figure
	Phase VII, first unit subjected to 
	100,000 cycles of repeated unbalanced loadingi. 
	Phase VIII, static flexural test to failure of first uniti. 
	Concrete poured for second bridge unit. 
	Phase XII, transverse slab strength tests using the first uniti. 
	First bridge unit removed from FSEL. 
	Figure
	Second bridge unit brought into FSEL. 
	Phase IX, second unit subjected to 500,000 cycles of repeated (HS-20) loading .. 
	Phase X, test on second unit to determine first yield of cross section. 
	Second bridge unit removed from FSEL. 
	Phase XI, observation of second bridge unit under sustained loading. 
	Figure
	Figure
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	Figure
	and on separately constructed shear connector specimens to study possible sustained loading effects for two types of shear connectors. 
	Testing details for all phases are found in Reference 1. 
	Figure
	1.i2.2 
	were considered to be primary test phases. the two primary loading configura­tions 1. 4. Phase I consisted of one year of observation of the first bridge unit under sustained loading. The goal of this phase was to determine the response of the bridge unit to sustained loading and its response to temperature fluctuation. In Phase II, the bridge unit was subiected to a simulated truck traffic volume in the form o� 500, 000 cycles of repeated loading. The load magnitude corresponded to AASHTO Specification [2]
	Tests Phases I through XI Photographs of are shown in Ffgure 
	i
	Figure

	Phase v consisted of cycling the same bridge unit an additional 1,500,000 times under HS-20 loading (for a total of 2,000,000 cycles, the requirement for an interstate highway rating for the bridge design). Phase VI consisted of subjecting the bridge unit to 2000 cycles of operating rating (HS-30) loading, which represented a permit overload 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
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	(a) Sustained Loading Configuration 

	Figure
	Figure
	Figure
	Figure
	Figure
	(b) Fatigue and Static Loading Configuration Figure 1.4 Primary Test Loading Configurations 
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	repeated applied the unbalanced wheel Finally, in until 
	transverse subjected to a bridge slab supported the same the primary sustained theorized 
	Figure
	ratio of one in trucksi. In Phase VII, the bridge unit wŁs loaded similarly to the HS-20 loading of that the load was eccentrically with respect to the longitudinal centerline of the unit. This test conservatively simulates load condition which only one line of loads is on a unit bridge. Phase VIII, the first unit was loaded statically flexural failure occurred. 
	one thousand cyclically Phase V, except 
	results when in a multi-unit 

	Figure
	Phase IX consisted of subjecting the second bridge unit to 500,000 cycles of repeated (HS-20) loading. In Phase X, the second unit was loaded to first yield so that the amount of remaining prestress in the unit could be quantified after the repeated loading of Phase IX. Phase XI was a short observation period under sustained loading. 
	1.2.3 
	Tests 
	Figure
	Figure
	Figure
	Figure
	Phase XII involved the determination of the strength of the first unit bridge deck when simulated single wheel loading. The in-situ strength was compared to the strength of simply slab sections which were constructed using specifications as used for the test unit deck. 
	Phase XIII was initiated during Phase I of tests to determine the role of shear connectors on loading performance of the bridge unitsi. It was during Phase I that the smaller contact area of welded studs, which were used in the first unit, might result in sufficiently high stress concentrations in the concrete deck to cause an unacceptable amount of creep and resulting loss of prestress. One set of pushout-type specimens was constructed using welded shear connectors identical to those in the first uniti. A 
	Figure
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	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	channel-type shear connectors. The specimens were observed under long term sustained loading so that creep and slip effects could be evaluated. On completion of the observation period, the failure strength of the shear connector specimens was experimentally determined (Phase XII B). 
	1.i2.4 Unit Test 
	Figure
	Figure
	Figure
	Figure
	Two composite girder bridge units of nearly identical configuration were tested. Each unit consisted of two upright, parallel, 55 ft. long W21x50 steel beams of A588 Grade 50 steeli, connected by 3x3xl in. steel angle cross-frame diaphragmsi, located at the ends and third points of the beams. Pairs of 3/ 4 in.. diameter by 4 in. high welded stud shear connectors, spaced along the beam flanges in accordance with the AASHTO Specification [2] were welded to the beams prior to casting the concrete deck. For eac
	1.i6. Measured material properties for each unit are found in Table 1. 3. 
	Instrumentation was similar for both units. Electrical resistance strain gages were mounted on selected longitudinal reinforcing steel bars and on the top and bottom flanges of the steel beams before the concrete slabs were cast. After the concrete slabs had cured and the units were stripped from formwork and turned upright, additional electrical resistance strain gages were mounted on the top 
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	Figure 1.5 Bridge Unit Shear Connector Details 
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	Figure 1.6 Bridge Unit Reinforcinq Bar Details 
	Figure
	Figure
	Figure
	Figure
	Table 1.i3 Measured Material Properties 
	(a) Steel Beams (W2lx50, A588 Grade 50 Steel) 
	Figure
	Test Specimen 
	Test Specimen 
	Test Specimen 
	Tensile Strength 
	Elastic Modulus 

	TR
	(ksi) 
	(ksi) 

	First Unit 
	First Unit 
	56.0 
	29000.i0* 

	Second Unit 
	Second Unit 
	58.i0 
	29000.i0* 


	(b) Reinforcement (#4 Bar -Grade 60) 
	Test Specimen 
	Test Specimen 
	Test Specimen 
	Tensile Strength 
	Elastic Modulus 

	TR
	(ksi) 
	(ksi) 

	First Unit Second Unit Control Slabs Shear Connector Specimens 
	First Unit Second Unit Control Slabs Shear Connector Specimens 
	67.i2 -79.i5 -
	29000.i0* 29000.i0*--


	Figure
	(c) Concrete (5.0 ksi Design Strength) 
	Test 
	Test 
	Test 
	Age at 
	Compressive 
	Elastic 

	Specimen· 
	Specimen· 
	Cylinder Test 
	Strength 
	Modulus 

	TR
	(days) 
	(ksi) 
	(ksi) 

	First Unit Second Unit Control Slabs Shear Connector Specimens 
	First Unit Second Unit Control Slabs Shear Connector Specimens 
	28 1408 51 120 28 
	5.30 7.i40 6.45 6.54 5.74 
	4394.i0* 4365.0 5335.0 --


	* Assumed or Calculated 
	Not Required 
	Figure
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	Figure
	Figure 1.7 Overall Dimensions of Shear Connector Specimens 
	surface of the concrete slabs. All strain gages were located at the midspans of the units. Dial gages were used to measure relative movement of the concrete slabs with respect to the steel beams for the fatigue static loading phases of the research. Displacement transducers were used to measure support and midspan vertical movements. The test setupsŁ instrumentation details and testing procedures are 
	described 
	described 
	described 
	in Reference 
	1. 
	A summary 
	of 
	the 
	results 
	and 

	significant 
	significant 
	observations 
	are 
	found 
	in 
	Chapter 
	II 
	of 
	this 

	report. 
	report. 


	1.2.5 Test 
	Control specimens for the transverse slab strength tests were six approximately square slabs constructed to match each of the three transverse reinforcing bar spacings 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
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	Figure
	Figure
	Figure
	in the first bridge unit. The only intended difference between the bridge unit slab and the control slabs was that the control slabs were tested when simply supported on steel pipe sections, whereas, the unit slab was constrained from axial displacement and rotation in both longitudinal and transverse directions due to the slab attachments to the steel beams and the longitudinal deck continuity. 
	Figure

	The other suppŁŁmentary test phases consisted of observing shear connector specimens under sustained loading 
	Figure
	. the with 

	) 
	followed by loading specimens to failure. A total of four specimens were constructed; two with steel shear connectors and two channel shear connectors. Specimen details are shown in Figure 1.i7. 
	Complete descriptions of the testing procedurei, instrumentation and Łesults for both supplementary test series are found in Reference 1. A condensed summary of the results is found in Chapter II of this report. 
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	CHAPTER II SUMMARY AND OBSERVATIONS 
	Figure
	Figure
	Figure
	Figure
	2.i1 
	2.1.i1 
	In the sustained loading test phasesi, the first bridge unit was observed for a total of four years of sustained loading of 40 psf plus its own weight. The observation period for the second unit was less than 100 days including 500, 000 cycles of repeated loading. The following observations were made concerning sustained loading behavior of the two bridge units: 
	Figure
	Figure

	Figure
	1. 
	1. 
	1. 
	Sustained loading phenomena is typified by increases in bottom flange stress and loss in camber of the bridge unit (see Figures 2.1, 2.2 and 2.3). 

	2. 
	2. 
	The effects of sustained loading phenomena on the first uniti, characterized by creep and shrinkage of the 


	Figure
	.iconcrete slab, reached a relatively asymptotic level after approximately 100 days of sustained loading. that timei, the strain and camber change of the varied 
	After unit 

	Tests Sustained Tests 
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	inversely with the temperature change of the testing environment without a long term trend (see Figures 2.1 and 2.i2). 
	3. The effects of sustained loading in the second unit were accelerated by the application of fatigue loading, but reached an asymptotic level upon completion of fatigue loading (see Figure 2.i3). 
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	4. 
	4. 
	4. 
	The sustained loading induced relatively minor increases in bottom flange stresses; however, these increases reduce the yield strength of the bridge units. 

	5. 
	5. 
	The effective concrete elastic modulus method [2] for determining increased flange stresses and camber losses due to sustained loading reasonably predicted the measured behavior. This method resulted in a predicted increase in bottom flange stress of 3.8 ksi for the first unit, and 3.0 ksi for the second unit, as compared to measured values of 


	5.4 ksi and 3.8 ksi for the respective units. The predicted camber losses were 0.i61 in. for the first unit and 0.i58 in. for the second unit, versus measured values of 0.40 in. and 
	0.94 in. for the respective units. 
	6. Branson's method for estimating combined shrinkage and creep effects, as described in Reference 3, resulted in accurate predictions of bottom flange stress change in both units and in camber loss in the second unit. Camber loss in the first unit was overpredicted (see Figure 2. 4). The predicted flange stress changes were 4.9 ksi for the first unit and 3.i1 ksi for the second, versus 5.4 ksi and 3.8 ksi measured stress changes in the respective units. The predicted camber losses were 1.i61 in. for the fi
	O. 96 in. for the second uniti, and the measured sustained loading camber losses were 0.4 in. for the first unit and 
	0.94 in. for the second unit. 
	7. Branson's method [3) for estimating sustained loading effects was extended in Reference 1 for prediction of creep effects alone (without shrinkage). The extension gave qualitatively correct predictions of flange stress changes and camber loss. The predicted changes in bottom flange stress were 4.9 ksi for the first unit and 6.i2 ksi for the second unit. The measured changes were 5.4 ksi and 
	3. 8 ksi for the respective uni ts. The predicted losses 
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	of camber were 0.8 in. for the first unit and 0.92 in. for the second unit, versus 0.4 in. and 0.94 in. measured for the respective units. 
	Tests 
	2.1.i2 
	In the fatigue loading test phases, the first unit was subjected to 2,100,000 cycles of simulated AASHTO HS-20 truck loading and 2000 cycles of HS-30 truck loading. Of the HS-20 cycles, were applied symmetrically with respect to of the unit, and 100,000 cycles to this centerline. The was subjected to 500,000 cycles of HS-20 loading. The following observations 
	2,000,000 cycles the longitudinal centerline were unsymmetrical with respect second unit 

	Figure
	Figure
	Figure
	Figure
	were made concerning the fatigue characteristics of the bridge units tested: 
	1. 
	1. 
	1. 
	After 2, 000, 000 cycles of repeated loading and before the 100,000 cycles of unbalanced fatigue loading were applied, the first unit did not exhibit significant changes in stiffness (as shown in Figure 2. 5, which is a plot of load vs. midspan deflection for the second series of fatigue loadings). Also, slip at the shear connectors was insignificant. 

	2. 
	2. 
	The first unit developed cracks along three interior cross-frame welds during the unbalanced fatigue loading tests. However, the unit was designed for 100,000 cycles of loading and the stress range at the welds was higher than allowed by AASHTO for a 2,000,000 cycle design lifei, which the unit exceeded. 

	3. 
	3. 
	The second unit was subjected to 500,000 cycles of repeated loading with no observed changes in stiffnessi, strength, or slip at the shear connectors (see Figure 2.i6). 
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	Figure 2.6 Load vs. Midspan Deflection, Phase IX Repeated Loading of Second Unit 
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	Figure
	Figure
	2.i1.i3 Static Tests 
	In the static test phases, the first unit was subjected to one HS-30 overload cycle after the first 500, 000 HS-20 fatigue loading cycles and was loaded to failure after completion of all the fatigue loading phases. After the 500,000 fatigue loading cycles were applied, the second unit was loaded to determine its yield point. In addition, a static cycle test was conducted after each 50,000 cycles of fatigue loading. The following observations are drawn from the static loading test resultsi: 
	Figure
	1. 
	1. 
	1. 
	Unit stiffness and stresses are classical elastic flexure theory if experimentally obtained material properties are used (see Figures 2.6 and 2.7). 

	2. 
	2. 
	The experimental concrete modulus of elasticity, obtained using four year old cylindersi, was very close to the AASHTO prediction of concrete elastic modulus based on the 28 day concrete strength. This indicates that the modulus of elasticity of concrete does not increase over time as does compressive strength. As a result, the stiffness of first bridge unit remained constant during the four year testing program. 

	3. 
	3. 
	Prestress losses reduce the yield capacity of the units. The losses in bottom flange prestress due to sustained loading effects were 5. 4 ksi for the first unit and 3.8 ksi for the second unit. Due to accumulated error in estimating prestressing load magnitudes which directly affects pres tress levels, the bottom flange of the second unit had an additional 2.4 ksi less prestress than specified in the design. 

	4. 
	4. 
	The first unit reached 94% of its predicted yield moment, which was computed considering the theoretical loss 
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	Figure 2.7 Load vs. Midspan Deflection, Phase VIII Flexural Failure Test 
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	Figure
	Figure
	in prestress noted above. The unit reached 84% of its ultimate moment before fracture occurred at a welded flange repair (see Figure 2.7). 
	5. The second unit reached 90% of the calculated yield moment. Part of this apparent undercapacity is due to differences in estimated and actual prestressing loads, and the rest resulted froi;n the under-prediction of sustained loading effectsi, differences between actual and measured flange yield strengŁhs, and observed slip at shear connectors (see Figure 2.8). 
	5. The second unit reached 90% of the calculated yield moment. Part of this apparent undercapacity is due to differences in estimated and actual prestressing loads, and the rest resulted froi;n the under-prediction of sustained loading effectsi, differences between actual and measured flange yield strengŁhs, and observed slip at shear connectors (see Figure 2.8). 
	Figure
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	6. 
	6. 
	The yield strength of the unit is dependent upon the level of prestress· in the bottom flange at the time of loading, which is Ł:a function of the magnitude of prestressing loads and prestress losses due to sustained loading effectsi. Fo:roptimum design, prestressing loads which result in thhighest AASHTO allowable flange stresses should be used, and these loads should be applied 
	;:c 
	Ł 
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	accurately. loss due to sustained loading effects is predicted well by the effective concrete elastic modulus Branson's method is qualitatively 
	Prestress reasonably methoa. 

	Figure
	correcti, 
	correcti, 
	correcti, 
	but 
	is 
	dependent 
	upon 
	assumed 
	ultimate 
	concrete 

	creep 
	creep 
	and 
	shrinkage 
	strains 
	which 
	are 
	not 
	always 

	predictable. 
	predictable. 


	7. To account for construction inaccuracies in developing the calculated prestress only 85% to 90% of the calculated yield load is recommended for design. 
	2.i2 
	2.2.1 
	In the transverse slab strength tests, the first bridge unit concrete slab was failed at six locations by the 
	-30
	-

	Figure
	Figure
	Figure
	Tests Transverse Slab Tests 
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	Figure 2.8 Load vs. Midspan Deflection, Phase X Flexural First Yield Test of Second Unit 
	-31
	-

	Figure
	Figure
	application of a concentrated load. All bridge unit deck failures were by sudden punching of the concentrated load through the deck. Six simply supported, square, control slabs of the same transverse dimension and reinforcement ratios as the bridge deck were tested under similar loading conditions. The failure modes of the slabs ranged from ductile flexural failure to sudden punching failure, depending on the reinforcement ratio. 
	Figure
	The relative fixity of the bridge unit slab in both longitudinal and transverse directions caused the limiting strength of the slab to be governed by punching strength rather than flexure strength, regardless of the reinforce­ment ratio. 
	This behavior is caused by arching action, a description of which is quoted from Reference 4: 
	"A simple explanation of this behavior is that in pure bending of reinforced concrete with small steel proportionsi, the neutral axes at failure are close to the surface. Thus pure bending is accompanied by extensions of the middle surface. If such deformations are incompatible with the support conditionsi, collapse with pure bending cannot occur.i" 
	Figure
	Thus, the flexural strength of the bridge unit slabs was icreased above that of the smaller control slabs due to edge restraint, in addition to two-way action. While arching action is easily understood qualitatively, closed form mathematical solutions are not readily available due to the actual complexity of the phenomenon. 
	ri

	Observations from the transverse slab strength tests are as followsi: 
	1. Due to the degree of axial boundary restraint provided by the slab/beam connection, the bridge unit slabs 
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	Figure
	Figure
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	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	behaved as if fixed boundary conditions existed, rather than simply supported conditionsi, and all failed in punching. The degree of restraint is indicated in Figures 2. 9 and 
	2.i10. These figures show the applied load vs. concrete top fiber effective strain and the applied load vs. slab displacement measured between supports for the bridge unit slabs (denoted BS and BG), and for the small control slabs (denoted SS and SG), both with the medium ( 0. 29%) reinforcement ratio. The relatively soft curves for the control slabs, which were allowed to rotate and translate at their supportsi, are indicative of the more ductile bending failure mode observed for these slabs. Whereas, the 
	2. The strength of both slab types increased almost linearly with increase in slab transverse reinforcement ratio for the range of ratios tested (see Figure 2 .11). Thusi, the flexural and punching shear capacity are believed to be interdependent. 
	3. The control slabs with the smallest reinforcement 
	ratio 
	ratio 
	ratio 
	( 0 .19%) 
	failed 
	in 
	flexurei, 
	while 
	the 
	slabs 
	with 

	medium 
	medium 
	reinforcement 
	ratio 
	(0.i29%) 
	failed 
	in 
	combined 

	flexure 
	flexure 
	and 
	punching. 
	Even 
	though 
	the 
	control 
	slabs 
	were 

	simply 
	simply 
	supported, 
	the 
	slabs 
	with 
	the 
	largest 
	reinforcement 


	ratio ( 0. 57%) failed by punching. Thusi, increased reinforcement caused the failure mode to change from purely flexural to punching, with the possibility that arching action is caused by internal, as well as, external lateral restraint. 
	4. Punching capacity predicted using AASHTO rules is a conservative lower limit strength for the bridge unit slabs tested, as shown in Figure 2.11. 
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	Figure
	Figure
	Figure
	Figure
	Figure
	5. Predicted slab strengths in flexure were determined using yield line theory. The yield patterns assumed provided failure loads which bracketed the experimental failure loads. These loads are labeled "predicted" and "alternate predicted flexure" in Figure 2.11. 
	6. In the design of bridge unit slabs, conservative 
	: strengths in punching , and flexure are obtained from the punching equation given in the AASHTO Specification [2], and 
	from 
	from 
	from 
	yield 
	line 
	anai¥,sis. 
	However, 
	several 
	yield 
	line 

	-solutions 
	-solutions 
	must 
	be 
	developed 
	so 
	that 
	a 
	least 
	upper 
	bound 

	solution is obtained. 
	solution is obtained. 


	2.2. 2 Shear Connector:· Tests 
	During the initial sustained loading period of the first uniti, it was surmised that creep at welded stud shear connectors would be grŁater than at channel shear connectors because of the differŁnce in aspect ratio. To study this hypothesisi, four pushut-type specimens were constructed of similar materials as the bridge unit (see Figure 1.7). Two 
	Ł

	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	Figure
	specimens had channel connectors and two had welded stud 
	Figure
	Figure
	connectors identical to those used in the bridge units. 
	Each specimen was loaded for 810 days under 48 kips sustained loading, so that creep and slip could be observed. After this sustained loading period, the specimens were loaded to failure to quantify the strength of the shear connectors. Observations from the shear connector tests are as follows: 
	1. During sustained loading, slip was slightly higher at the channel connectors than at the stud connectors (see Figure 2 .12) , but no distinct differences were found between the stud connector specimens and the channel 
	Figure
	Figure
	Figure
	Figure
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	connector specimens. However, the flanges of the beam sections were slightly embedded in the concrete and the resulting effects are unknown. 
	2. In ultimate strength testsi, the channel and stud shear connectors failed by shear of the steel cross-section, with little damage to the surrounding concrete. Thusi, as was noted in Reference 5, the strength of stud shear connections used in concrete of strengths greater than 4000 psi may not be limited by the concrete strength, but by connector strength itself. However, the AASHTO Specification does not consider failure of a shear connector without adjacent concrete crushing. This assumption may result 
	2. In ultimate strength testsi, the channel and stud shear connectors failed by shear of the steel cross-section, with little damage to the surrounding concrete. Thusi, as was noted in Reference 5, the strength of stud shear connections used in concrete of strengths greater than 4000 psi may not be limited by the concrete strength, but by connector strength itself. However, the AASHTO Specification does not consider failure of a shear connector without adjacent concrete crushing. This assumption may result 
	Figure
	Figure

	3. 
	3. 
	The strength of the channel shear connectors was accurately predicted by AASHTO rulesi, using concrete compressive strength. 

	4. 
	4. 
	The strengths of the stud shear connectors were also predictable by AASHTO rules if a limiting concrete compressive strength of 4000 psi is used. 


	S. The 28 day compressive strength used in the shear connector capacity equation provided by AASHTO should possibly be limited to 4000 psi. Based on the test data of this study, this limitation will result in an accurate estimate of stud type connector strength and a conservative result for channel type connectors. 
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	Table 2.i1 
	Experimental and Predicted Ultimate Strengths of Shear Connectors 
	(a) Stud Type Shear Connectors Ultimate Load per Connector (kips) 
	Figure
	Experimentali: 
	Experimentali: 
	Experimentali: 

	Specimen Specimen 
	Specimen Specimen 
	#1 #4 
	25.1 25.i9 

	Predictedi: 
	Predictedi: 

	AASHTO Eqn. AASHTO Eqni. 
	AASHTO Eqn. AASHTO Eqni. 
	10-66 10-66* 
	34.i8 27.i9 


	= 4000 psi 
	. *Results for f'i

	c 
	(b) Channel Type Shear Connectors 
	Figure
	Ultimate Load per Connector (kips) 
	Figure
	Experimentali: 
	Specimen #2 57.8 
	Specimen #3 68.8 Predictedi: 
	AASHTO Eqn. 10-65 57. 7. 
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	Figure
	Figure
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