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1 INTRODUCTION 

In excess of 1,300 AASHTO IV beams were prefabricated for the approaches of the Florida 

Sunshine Skyway Bridge over the Tampa Bay entrance. The endzones of some of these 

prestressed concrete beams showed honey-combing and cracking, indicating the possibility 

of reduced shear resistance. Pilot tests which were carried out on two such beams had 

confirmed this possibility. Subsequently, under the aegis of the Florida Department of 

Transportation, this author performed 16 shear tests on eight AASHTO IV beams, specially 

fabricated, in order to determine the cause(s) of the substandard performance observed. 

There were three independent variables involved, namely:  

a/ 50% shielding or no shielding of the strands, 

b/ confinement or no confinement cage in the end zone, and  

c/ coated or uncoated web steel. 

It was found that on the average the unshielded beams possessed 19.9% more shear 

resistance than the: shielded ones, the beams with confinement steel - 13.2% more than 

those without, and beams with uncoated web steel - 6.9% more than those with coated 

bars. The strongest beam, being favored by all the three variables, had a shear 

resistance of 393.1 KIPS, being 45.1% above the weakest beam which broke at 271.0 

KIPS. The latter reflects the Florida design standards of 1985 which had immediately 

been changed, in response to the test results, by limiting the number of shielded strands 

to 25%, and mandating the application of confinement reinforcement. The expected 

increase in shear resistance due to these two changes was: 

100 x ((1 + 0.5x0:199)(1 + 0.132) - 1) = 24.5% 

It is of interest to note that neither the ACI-AASHTO nor any other known design 

formula currently incorporates the effects of these three variables in the shear design of 

prestressed concrete beams. 



The shear span for all the 16 tests was 75 inches, or about 1.21 times the structural height of 

the specimen, including the 54 inches tall beam and the 8 inches deep concrete slab. 

Regardless of the combination of variables, the failure pattern was observed to be 

remarkably identical. In all cases, several diagonal web cracks developed, one of which - 

not necessarily the first or last that had appeared - dilated out-of proportion to the others. 

This crack, which will be referred herein to as the SIGNIFICANT CRACK or "S" crack, 

had completely separated the bottom chord, the web, and had been confined to the bottom 

part of the top chord (the slab) by what appeared to be a compression zone. This crack was 

invariably large enough to preclude the existance of aggregate interlock, and formed a 

nearly trapezoidal segment wanting to separate from the main body of the beam. The "S" 

crack invariably intercepted the development length, even at times the transfer length. The 

failure was always precipitated by the slip of strands, after which a considerable resistance 

had been retained,, but the peak value had never been regained. 

The apparent uniformity of the mode of failures indicated the probable presence of a 

mechanical shear-moment model, which is first introduced in this report, and will be 

referred to as the "CS" shear model. 

Since 1985 a considerable number of valid shear tests have been carried out in the 

United States and Canada, of which the following are known to this author:  

 

Dr. Shahawy - Florida DOT 

Drs. Kaufman & Ramirez - Purdue University 

Drs. Maruyama & Rizkalla - University of Manitoba, and  

Drs. Deatherage & Burdette - University of Tennessee.   

With the exception of one Purdue test in which failure was caused by web  

crushing, all the tests reviewed for this report - either in-depth or superficially- 

indicated the presence of the same mechanical model, even if the failure mode 

was essentially flexural. 

 



The intact appearance of the compression zone was also observed by others. Reference 1 

suggests that "After slippage, all beams exhibited large crack widths and excessive 

deformation before failure. This behavior suggested that failure of beams is mainly 

controlled by the condition of concrete in the compression zone." and "The concrete in the 

compression zone was neither punched nor crushed." 

Reference 1 also brings attention to the import of the "S" crack intercepting the strands 

within the development length. "However, the current code recommendation for the 

development length for pre-tensioned strands should be modified to include the shear 

crack effect, or the length should be measured from the point where the shear crack crosses 

the strands." 

2 THE "CS" SHEAR MODEL 

As illustrated in Figure 1, the "CS" shear model is defined by the geometry of the 

breakaway segment, and by the internal and external forces acting thereon. Geometry: 

line A-B: top of beam, or top of concrete slab in case of composite action,  

line B-C: plastic compression zone, height "c", 

line C-D: location of significant crack, 

line D-E: crack of no import below the center of gravity of active strands,  

line E-F: bottom of beam, and 

line F-A: end of beam. 



 



 



 



 





6 ROLE OF CONFINEMENT STEEL 

Over the years several jurisdictions abandoned the confinement steel, as well as the end 

block, in order to reduce cost of pre-cast, pre-stressed concrete beams. This change was 

supported by several tests, either carried out or sponsored by PCA. The majority of these 

tests, both static and dynamic, included third-point loading, by which - as it is known now 

- the environment leading to serious inelastic straining of and subsequent shear failure in 

the end zone may not easily be attained, as the beam tends to fail in flexure. 

In an appropriate shear test, the -shear span "a" should not normally exceed 2.0 t0 2.5 

times the structural height "h" of the beam. The 1985 Florida DOT tests - with a = 1.20h -

were therefore valid shear tests. They all exhibited pronounced longitudinal cracking at the 

level of strand rows, as well as at the center line of the bottom of the lower flange. As 

mentioned in the Introduction, the presence of confinement steel increased the shear 

resistance at the ultimate by an average of 13.2%. 

Obviously the cracks observed at the level of strands must have been caused by the wedge - 

or Hoyer - effect of the strands. The following is a plausible explanation for the crack in the 

bottom. As exhibited in Figure 7, a strut-and-tie model can be drawn to approximate the 

magnitude of transverse splitting force T, resulting from the spreading of the reaction force 

R above the bearing. 
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For an AASHTO IV beam T = 0.161 R, which translates to 56.3 KIPS for a 350.0 KIP 

reaction force. This T force, depending on other factors such as the lateral bearing 

resistance, resistance by the horizontal stirrup legs and the , longitudinal distribution of 

the T force, may conceivably cause cracking. If the significant crack penetrates the 

end zone, where confinement steel is present, such steel is incorporated in the 

calculated force Vs. There is no way, however, at least none is known to this author, by 

which the enhancement of bond due to confinement may be assessed with confidence. 

Consequently only the direct shear effect of this steel is considered in this report.  

7 FLOW CHART AND SAMPLE CALCULATIONS 

The proposed shear model represents a major deviation from any approach currently 

codified for the- design of prestressed concrete beams. Major such deviations, in. no 

intended order of import, are: 

a/ No shear is transmitted in the web concrete by aggregate interlock, or by any other 

structural action. 

b/ Shear is transmitted by the compressive part of the flange. 

c/ Shear transmitted by the concrete is a direct function of the concrete material and the 

compression force. 

d/ The confinement steel is contributing to the web steel where applicable.  

e/ The active strand force is determined from curves or charts derived from valid bond 

tests. 

f/ Complete equilibrium exists between external and internal forces. 

As shown on the flow-chart in Figure 8, the first step is to calculate the external shear Vo 

and moment Mo, determined from test results, at the center of compression zone line  

B-C, as shown in Figure 1. In a design case, the 
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dominated by four Purdue tests, all producing very high ratios. Any combination of the 

following could be responsible for the over-estimate: 

a/ crack location was scaled from rough sketches in the test report,  

b/ strands surfaces could have been oxidized, providing better bond,  

c/ beams had considerable overhangs which appear to have remained intact,  

d/ confinement steel being more effective in a relatively small flange. 

It is often difficult to determine whether failure is precipitated by shear or by the slip of 

strands. The model assumes that all active strands slip simultaneously. In reality the slip 

is gradual - one or two strands at a time - always starting at the top row. As the shear 

resistance depends to a large degree on the compression force, which in turn is being 

limited by the anchored strand force, a gradual deterioration by slip may lead to what 

appears to be a genuine shear failure. It is therefore quite conceivable that the two modes 

do closely interact. Further errors are also possible due to the subjective discounting of 

web steel being too close to either end of the crack, due to the actual versus nominal 

yield point of bars, and due to the actual bond distribution with reference to surface 

conditions, confinement, mode of release and general cracking. 

9 DESIGN ASPECTS 

The scope of work for this report does not require turning the shear model into a design 

methodology. There are, however, three aspects of design which can be formulated 

conveniently at this time without further investigation. 

a/ Flexural Design 

As illustrated in Figure 12, the design moment diagram, i.e. the factored extreme 

moment diagram, may need be adjusted in two ways. First the diagram 
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In order to further verify the proposed model, additional tests, carried out by others 

than the Florida DOT and Purdue University, need be evaluated. Further research is 

also required to obtain more information on bond distribution with reference to surface 

condition of the strands, the effect of confinement steel, the effect of the method of 

release, and the effect of cracking in the anchorage zone. The assumed parabolic 

distribution of shear stresses in the compression zone also need be verified. 
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    25    

k   7.5   8.6  

f r I k(f f)2 f It r k(f r)2 f it r 
C C C C C

2,500 375  2,125 0.304 430 - 2,070 0.334 
3,000 411  2,589 0.286 471 2,529 0.313 
3,500 444  3,056 0.272 509 2,991 0.298 
4,000 474  3,526 0.260 544 3,456 0.285 
4,500 503  3,997 0.251 577 3,923 0.274 
5,000 530  4,470 0.243 608 4,392 0.265 
5,500 556  4,944 0.236 638 4,862 0.257
6,000: 581  5,419 0.230 66 5,334 0.250 
6,500 605  5,895: 0.224 693 5,807 0.244 
7,000 627  6,373 0.219 20 6,280 0.238 
7,500 650  6,850 0.215 745 6,755 0.233
8,000 671  7,329 0.211 769 7,231 0.229
8,500 691  7,809 0.207 793 7,707 0.225
9,000 712  8,288 0.204 816 8,184 0.221
9,500 731  8,769 0.200 838 8,662 0.217 

10,000 750  9,250 0.197 860 9,140 0.214 

    TABLE 1    

  x  Hx/0.5"D. Hx/0.6
"D.   

  05 in. 5.57 KIPS 6.88 KIPS  
  10  10.50 13.09  
  15  14.82 18.67  
  20  18.60 23.63  
  25  21.89 28.06  
  30  24.29 31.99  
  35  27.26 35.44  
  40  29.44 38.50  
  45  31.32 41.16  
  50  32.97 43.51  
  55  34.45 45.55  
  60  35.84 47.37  
  65  37.14 49.02  
  70  38.46 50.47  
  75  39.82 51.86  
  80  41.31 53.14  
  85 54.42  
  90   55.75  
  95  - 57.09  
  100  - 58.59   

    TABLE 2    
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