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ERRATA 

e Add t o  Fig .  3 ,  P. 14 

i = u n i t ,  average l o n g i t u d i n a l  f l e x u r a l  s t i f f n e s s  

= t o t a l  I f o r  a l l  composite, coverp la ted  beams + deck width 

j = u n i t ,  average t r a n s v e r s e  f l e x u r a l  s t i f f n e s s ,  inc lud ing  
i n t e r i o r  diaphragms 

AR = a s p e c t  r a t i o  = deck width 
SPANB 

Note t h a t  a l l  s e c t i o n  p r o p e r t i e s  computed f o r  t h e  l o n g i t u d i n a l  
d i r e c t i o n  a r e  wi th  r e s p e c t  t o  t h e  b r idge  n e u t r a l  a x i s .  

s Add t o  end of  f i r s t  paragraph,  Sec t ion  5 .1 ,  p .  31 

A l l  s t e e l  shapes i n  t h e  b r idge  s u p e r s t r u c t u r e  a r e  of A7 s t e e l ,  
and a l l  deck and curb  concre te  has a  28-day s t r e n g t h  of 3000 p s i .  

e Revise  F i g .  10,  p .  66 

Interchange key d e s c r i p t i o n s  f o r  s o l i d  l i n e  and dashed l i n e  s t r e s s e s .  



iii 

TABLE OF CONTENTS 

1. INTRODUCTION 

1.1. Background 

1.2. Bridge Strengthening 

2 .  SECTION PROPERTIES 

2 . 1 .  Service Load Design 

2 . 2 .  Post-tensioning 

3 .  SERVICE LOAD DESIGN METEOD 

3 . 1 .  Force and Moment Distribution Fractions at Midspan 

3 . 2 .  Force and Moment Distribution Fractions at Locations 
Other than Midspan 

3 . 3 .  Bracket Design and Tendon Selection 

3 . 4 .  Recommended Design Procedure 

4. ULTIMATE STRENGTH 

4.1. Analytical Strength Model 

4 . 2 .  Flexural Strength of Bridge Beams 

5 .  DESIGN EXAMPLE 

5.1. Bridge Description 

5 . 2 .  Loads and Load Distribution Fractions 

5 . 3 .  Moments 

5 . 4 .  Section Properties 

5.5. Post-tensioning Design 

5 .6 .  Stress Checks and Bracket Location 

5 . 7 .  Brackets and Anchorages 

5 . 8 .  Additional Design Considerations 



6. SUMMARY 

7. REFERENCES 7 1 

8. ACKNOWLEDGMENTS 7 5 

APPENDIX: TABLES OF MOMENTS FOR 1980 IOWA DOT RATING TRUCKS, 7 7 

H 20-44 AND HS 20-44 TRUCKS, SIMPLE SPANS 30-100 FT 



LIST OF FIGURES 

Typical composite bridge. 

Typical composite bridge. 

Regression formula variables 

Regression formulas for force and moment fractions, post- 
tensioned exterior beams--bridge skew O0 to 45".  

Post-tensioned beams and moment diagrams. 

Recommended interpolation for distribution factors at 
locations other than midspan. 

Idealized composite, post-tensioned beam failure 
mechanism. 

Two-lane, four-beam composite bridge. 

Tendon elevation and eccentricity. 

Stress diagrams for steel bridge beams. 

Post-tensioning design. 

1980 Iowa DOT rating trucks (legal loads). 



vii 

LIST OF TABLES 

I. Bridges included in regression analysis for distribution 12 
fractions. 

2. Dead loads. 34 

3. Long-term dead loads. 35 

4. Dead, long-term dead, and live load moments. 3 7 

Exterior-beam section properties. 43 

Interior-beam section properties. 45 

Centroid elevation and moment of inertia with respect to 4 6 
composite bridge. 

Exterior-beam, midspan, coverplate tension stress. 48 

Force and moment fractions. 55 

Stress checks. 56 

Bottom flange stresses. 61 

Stress check. 6 3 



1. INTRODUCTION 

1.1. Background 

During the period 1930 to 1960 the State of Iowa constructed a 

considerable number of single-span, composite steel beam and concrete 

deck bridges. The AASHO bridge design standards in use during that 

time period permitted exterior beams to be designed for a wheel-load 

fraction considerably smaller than the fraction for interior beams. 

As a consequence, Iowa designed and constructed many one- and two-lane 

composite bridges with exterior steel beams having depths 2 or 3 in. 

less than the interior steel beams. 

The Seventh Edition of Standard Specifications for Highway Bridges 

[ 3 1 ,  issued by AASHO in 1957, increased the wheel-load-distribution 

fraction for exterior beams for this bridge type. The increase was 

substantial--as much as 40% for a typical 50-ft span, two-lane, four- 

beam bridge. As a result, when these typical Iowa composite bridges 

were rated, they were found to be no longer adequate for their design 

loads. 

In 1980, the Iowa State Legislature passed legislation which 

significantly increased legal loads in the state. The legal load 

increase widened the gap between the rated strength of the older 

composite bridges with small exterior beams and current rating stand- 

ards. 



1.2. Bridge Strengthening 

Although shear connectors and other bridge parts may be inadequate, 

most of the composite bridges designed prior to 1957 are understrength 

because of excessive flexural stresses in exterior beams. For bridges 

with this bending stress deficiency, it is logical to strengthen the 

exterior beams in order to avoid embargoes or costly, early replace- 

ment of the bridges. 

One method of strengthening exterior beams is post-tensioning. 

Post-tensioning is already an accepted strengthening method for com- 

posite bridges in California [ I S ] .  The authors have post-tensioned 

and monitored two Iowa bridges as described in Refs. (13 and 71 and 

have field tested the post-tensioning of a composite bridge in Florida 

[ S ] .  Other applications of post-tensioning as a strengthening method 

exist also, as noted in Ref. 14. 

In most cases, post-tensioning is less costly than the addition 

of coverplates or alternative methods for increasing flexural capacity. 

If the brackets for application of post-tensioning are bolted to bridge 

beams, no special construction skills are required, and, if properly 

designed, there is no uncertainty as to adequacy of connections--as 

there might be if the bridge's steel welding characteristics were 

unknown. 

The major drawback to post-tensioning of Iowa hridges has been the 

unknown distribution of post-tensioning to the various beams of a corn- 

posite bridge. If all beams are post-tensioned equally, the usual but 

somewhat inaccurate design assumption is that all forces and moments 



remain with each strengthened beam. When all composite, post-tensioned 

beams are of equal or almost equal stiffness, the design assumption is 

valid; however, when the beam stiffnesses vary significantly, the assump- 

tion is not valid. 

If only the exterior beams are post-tensioned, one cannot assume 

that the resulting forces and moments remain only on the exterior beams. 

A composite bridge behaves as a single structure. The shear connection 

between steel beams and concrete deck and the transverse stiffness of 

the bridge deck and diaphragms provide a path through which the post- 

tensioning on any one beam is distributed to the remainder of the bridge. 

The typical composite bridge in need of strengthening (see Fig. 1) 

is complex in terms of structural variables. The bridge is a variably 

stiffened orthotropic plate. Variations in longitudinal stiffness 

occur because of the wide spacing of beams, differences in beam size, 

differences in coverplate size, differences in location of coverplate 

cutoff, and the use of curbs integral with the deck. Variations in 

transverse stiffness are caused by use and placement of diaphragms. 

For actual bridges, end conditions can neither be classified as 

hinged nor as fixed ends. Also, the end conditions may vary depending 

on whether a load causes positive or negative bending. Although many 

of the composite bridges are right-angle bridges, others have skews of 

as much as 45'. Due to the use of the smaller exterior beams and the 

need for drainage, most of the composite bridges have a deck crown of 

approximately 3 in. 

In order to provide the practical post-tensioning distribution 

factors given in this manual, the authors developed a finite element 





model of a composite bridge and checked the model against a one-half 

scale laboratory bridge and two actual composite bridges, one of which 

had a 45O skew. Details of the finite element model and verification 

of the model are given in Chapter 5 of Ref. 1 7 1 .  

The finite element model was applied to standard Iowa DOT bridge 

designs, specifically the V9 Series [I61 for single-lane, three-beam 

bridges; and the V 1 1 ,  V 1 3 ,  and V 1 5  Series [17,18,191 for two-lane, 

four-beam bridges. The model also was applied to several Iowa DOT, 

individually designed, composite bridges. From the finite element 

model results, the authors developed multiple regression formulas for 

the post-tensioning distribution fractions. Depending on the eleva- 

tion of the tendons, the post-tensioning force will create varying 

amounts of force and moment. Thus, to provide flexibility for the 

designer, distribution factors were determined separately for force 

and moment. For additional design flexibility, the distribution 

factors were determined for a variable bracket location on the span. 

All of the distribution factors were determined for exterior beams 

post-tensioned symmetrically. 

Within the limits of the three- and four-beam bridges included in 

the regression analysis, the formulas give quick and accurate results. 

However, the formulas are not applicable in several cases: bridges 

with more than four beams, continuous composite bridges, and composite 

bridges with other significant, differing characteristics. Those 

bridges must be analyzed individually using finite element analysis or 

other analysis methods. 



Post-tensioning can easily modify the elastic stresses within a 

bridge and, in so doing, satisfy rating criteria for service loads. 

However, post-tensioning also will create a certain amount of camber 

or tension stress, which may cause cracking of curbs and concrete deck. 

Because the post-tensioning tendons are attached to the beams near the 

supports but not at any other locations, they do not increase the moment 

of inertia of the cross section. The tendons do increase the resistance 

to deflection of the post-tensioned beams but through a mechanism other 

than ordinary bending stiffness. Post-tensioning will increase the 

strength of the bridge; however, the increase in strength will be less 

in percentage terms than the increase in allowable load-carrying capacity 

computed by the service load design method. Thus, post-tensioning is 

a more attractive strengthening method for the service load design 

method. 

The sections which follow in this manual explain the use of elastic, 

composite beam and bridge section properties, the distribution fractions 

for symmetrically post-tensioned exterior beams, and a method for comput- 

ing the strength of a post-tensioned beam. Also included is a design 

example for a typical, 51.25-ft-span, four-beam composite bridge. 

Moments for Iowa DOT rating trucks, H 20 and HS 20 trucks, have been 

tabulated for design convenience; these are included in the Appendix. 



2 .  SECTION PROPERTIES 

2.1 .  S e r v i c e  Load Design 

Current  b r i d g e  des ign  and r a t i n g  p r a c t i c e  is t o  i s o l a t e  each 

b r i d g e  beam from t h e  t o t a l  s t r u c t u r e  and t o  base  dead and l i v e  load  

s t r e s s e s  on t h e  c r o s s - s e c t i o n a l  p r o p e r t i e s  f o r  t h e  i n d i v i d u a l  beams, 

us ing  t h e  r u l e s  f o r  computing t h e  p r o p e r t i e s  given i n  t h e  AASWTO 

Standard S p e c i f i c a t i o n s  f o r  Highway Bridges [ 2 ] .  Because t h e  Iowa 

composite b r i d g e s  were c o n s t r u c t e d  wi thout  shor ing ,  t h e  dead load  

s t r e s s e s  a r e  computed f o r  t h e  s t e e l  beam, concre te  deck,  and curb  and 

r a i l  weights  a s  a p p l i e d  t o  t h e  b a r e  s t e e l  beams o r  beams w i t h  cover- 

p l a t e s .  I n  a d d i t i o n  t o  t h e  p r o p e r t i e s  of t h e  ba re  beams and beams 

wi th  c o v e r p l a t e s ,  t.he p r o p e r t i e s  of t h e  i s o l a t e d  composite beams a r e  

r e q u i r e d  f o r  t h e  l i v e  load p l u s  impact s t r e s s  computations.  The 

composite moment of i n e r t i a  method ( s p e c i f i e d  i n  Ref.  2 ,  Sec.  10.38) 

assumes t h a t  t h e  concre te  deck wid th  i s  l i m i t e d  and t h a t  t h e  concre te  

m a t e r i a l  a r e a s  a r e  reduced by t h e  f a c t o r  n ,  t h e  r a t i o  of modulus o f  

e l a s t i c i t y  of s t e e l  t o  t h a t  of c o n c r e t e .  

Long-term dead loads  due t o  t h e  weight of a  f u t u r e  wearing s u r f a c e  

and any o t h e r  dead loads  app l ied  a f t e r  t h e  concre te  deck has cured 

cause  c reep  i n  t h e  concre te  deck a s  i t  is sub jec ted  t o  long-term com- 

p r e s s i o n  s t r e s s e s .  Reference 2 s p e c i f i e s  t h a t  t h e  f a c t o r  n  be 

i n c r e a s e d  by a  f a c t o r  of t h r e e  t o  account  f o r  c reep  due t o  long-term 

dead l o a d ,  the reby  reducing t h e  e f f e c t i v e  moment of i n e r t i a  of t h e  

composite beam c r o s s  s e c t i o n .  O v e r a l l ,  t h e n ,  computation of t h e  

s e r v i c e  load s t r e s s e s  f o r  a  composite b r i d g e  r e q u i r e s  t h r e e  sets of 



section properties for a location where stresses are to %e checked: 

properties for the steel beam, properties for a composite beam, and 

properties for a composite beam with a reduced deck section. Because 

each exterior beam and interior beam typically have both bare beam and 

coverplated regions, twelve sets of section properties are usually 

required for a bridge. 

Application of eccentric post-tensioning to a bridge beam causes 

both axial force and moment. Because the moment is computed as the 

product of the force in the tendons and the distance between the tendons 

and the neutral axis, the location of the neutral axis is significant. 

As Fig. 2(a) indicates, the elevation of the neutral axis for the 

exterior beam is not the same as the elevation of the neutral axis for 

the bridge. Furthermore, the neutral axis elevations will change 

depending on whether the exterior and/or interior beams are coverplated. 

How much difference in neutral axis elevations exists is dependent on 

the size or absence of integral curbs, the relative depths and eleva- 

tions of the steel beams, and the magnitude or absence of deck crown. 

On the basis of trials with several bridges and correlation with 

field data, it appears that greater accuracy can he achieved if the 

bridge's neutral axis is considered the elevation about which the post- 

tensioning force causes moment. For simplicity in computing the 

additional sets of section properties, the excluded deck areas may be 

neglected in locating the bridge's neutral axis. Although post-tensioning 
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F i g .  2 .  Typ ica l  composite b r i d g e .  



is a long-term load, it causes a negative bending moment that induces 

tension in the concrete deck and curbs. For that reason, the creep 

condition considered for long-term dead loads is not likely to occur 

for post-tensioning, and it is reasonable to use the initial, unmagni- 

fied n factor for computation of bridge section properties. It is 

also conservative to use the initial n factor. Use of the magnified n 

factor decreases the required post-tensioning force in the typical 

condition considered in this manual. 

In developing the post-tensioning distribution fractions from tbe 

finite element model, the authors computed the bridge section proper- 

ties as outlined above, using an initial n factor and disregarding the 

portions of the bridge deck excluded by the width limitations for the 

beam flange given in Ref. 2. The distributLon fractions also are 

based on the bridge properties at midspan with all beams coverplated 

(location (1) in Fig. 2(b)), since this is the most usual condition 

within the post-tensioned region of the bridge. Thus, in order to use 

the distribution fractions given in this manual most accurately, 

stresses induced by post-tensioning forces and moments should be 

computed on the basis of section properties for composite beams with 

respect to a composite bridge. 

The four locations identified in Fig. 2(b) are all locations at 

which stresses must be checked for a complete post-tensioning design. 

Three different sets of properties are required in order to check 

those locations: properties for the bridge with all beams cover- 

plated, properties for the bridge with only the interior beams cover- 

plated, and properties for the bridge with no beams coverplated. 



Since there is need for a considerable number of different sets 

of section properties in rating a composite bridge as well as in 

designing the post-tensioning, the designer must b' careful in organ- 

izing hand computations or in using calculator- or computer-programmed 

computations. As a guide to setting up the section property computa- 

tions, the design example given in Sec. 5 should be helpful. 

3. SERVICE LOAD DESIGN METHOD 

3.1. Force and Moment Distribution Fractions at Midspan 

Although the SAP IV finite element model described in Chapter 5 

of Ref. 7  is a general, theoretical model adaptable to a wide variety 

of composite bridges, the model requires access to SAP IV, preprocessing 

and postprocessing programs, and a large computer. In order to simplify 

the design process for the typical Iowa composite bridges, the authors 

have used the model to compute the data and develop simple regression 

formulas for the force and moment distribution fractions. 

The range of bridges included in the data for the distribution 

fractions is given in Table 1. For three-beam bridges, spans range 

from 23.75  ft to 80 ft, beam spacing is set at 9 . 5  ft, deck thickness 

(less wearing surface) is set at 6.94 in., and the integral curbs and 

coverplates are as specified in the Iowa DOT V9 Series [16] .  To give 

the designer flexibility in locating the post-tensioning brackets, 

separate data were generated for brackets at 5% and 20% of the span 

lengths. 
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For the four-beam bridges, there is considerably more range in 

the data used to develop the distribution fraction formulas. The data 

include spans of 23.75 ft to 80 ft, beam spacings of 7.67 ft to 9.69 ft, 

deck thicknesses of 6.25 in. to 8 in., steel bridge beams of equal or 

unequal size and partially or completely coverplated beams as given 

in the Iowa DOT VI1, V13, and V15 Series [17,18,191. All bridges have 

curbs integral with the deck. The 5% and 20% of the span locations 

for brackets were also used for all bridges to give design flexibility. 

Because the regression formulas given later in this section were 

developed for the ranges of data outlined above, the distribution 

fraction formulas should not be applied to bridges which have charac- 

teristics beyond those data ranges. The formulas also were developed 

for midspan distribution factors. For distribution factors at loca- 

tions other than at midspan, the guidelines given in Sec. 3.2 should 

be followed. 

The finite element experiments reviewed in Chapter 5 of Ref. 7 

provided the basis for choosing potential regression variables. After 

analyzing the potential variables by means of SAS (Statistical Analysis 

System) and experimenting with various forms of regression equations 

as described in Chapter 5, the authors chose the regression variables 

given in Fig. 3. 

The most significant variable proved to be the length of the post- 

tensioned region or the distance between tendon anchorages (SPANB), 

alone or in an aspect ratio CAR), as computed from the deck width and 

SF'ANB. The transverse stiffness of the deck also is significant and 

was included as a ratio of DECKT (deck thickness) to DECKS (deck span). 
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Fig. 3 .  Regression formula variables.  



For moment fractions, the relative stiffness of the exterior beams 

(IET), computed as the ratio of the total, exterior beam stiffness 

to the total bridge stiffness was significant. For force fractions 

(THETA), the orthotropic plate flexural parameter was significant. 

Further definitions of the variables are given in Fig. 3. Skew, if 

45O or less, need not be considered and is not listed among the 

variables in the figure. 

The multiple linear regression formulas given for the force 

fractions for exterior beams, FF, and the moment fractions for 

exterior beams, MF (Fig. 4), all have coefficients of determination of 

0.95 or greater. According to the coefficients of determination, the 

moment fraction formulas are more accurate, a desirable situation since 

a larger portion of the post-tensioning stress is usually caused by 

moment. 

Should the designer want to apply a safety factor to the distribu- 

tion fraction computed from one of the formulas given in Fig. 4, the 

error range values are helpful. Since the negative error percentage 

indicates that the finite element distribution fraction could be that 

much less than the formula-predicted fraction, the formula-predicted 

value can simply be reduced by that percentage. As an example, the 

moment fraction, MF, computed from the four-beam bridge formula can be 

multiplied by (1 - 0.07)  or 0.93. 



FF = force fraction 
MF = moment fraction 

Three-Beam Bridges 

R~ = 0.986, error range +2%, -3% 

2 R = 0.991, error range +2%, -2% 

Ranges of Regression Variables: 0.417 < THETA < 0.893 
0.456 7 IET 70.571 - 
0.3067 - AR - < 1.544 

Four-Beam Bridges 

FF = 0.605 - 0.323 - 0.0720 - DECKT 
t 3.87 - 

@iiE fi DECKS 

R~ = 0.954, error range +9%, -6% 

MF = 0.963 - 0.221 - - 1 0.145 - - DECKT 2.18 - 
qG% fi DECKS 

2 R = 0.983, error range +4%, -7% 

Ranges of Regression Variables: 0.516 < THETA < 1.329 
0.3797 IET - < 0.600 
0.361 7 AR < 2.246 
6.25 7 DECKT 7 8.00 
92.00 - 7 DECKS 7 - 116.25 

Note that negative error range indicates that SAP IV result is less than 
regression formula-predicted result. 

Figure 4. Regression formulas for force and moment fractions, post- 
tensioned exterior beams--bridge skew O0 to 45O. 



3.2. Force and Moment Distribution Fractions 
at Locations Other than Midspan 

Post-tensioning distribution does not remain constant over the 

entire bridge span. At the bracket location, where the post-tensioning 

is applied, most of the post-tensioning remains on the beam to which 

the brackets are attached. Toward midspan, however, much of the post- 

tensioning is distributed to the interior of the bridge. 

Figure 5 illustrates moments on the spans of three post-tensioned 

beams. In Fig. 5(a), the moment diagram for an isolated beam of constant 

cross section is given. In Fig. 5(b), the same beam has been cover- 

plated, and the downward shift in neutral axis elevation reduces the 

post-tensioning moment over the coverplated region of the span. The 

beam in Fig. 5(c) is part of a bridge. The restraining effect of the 

bridge causes small positive moments between brackets and supports 

and causes reduction in negative moment near midspan. The moment 

diagram illustrated in Fig. 5(c) is typical for a post-tensioned 

exterior beam in a composite bridge. 

Although for exterior beams it would be conservative to use 

the midspan moment fraction over all portions of the post-tensioned 

length, that procedure will not give accurate results. A recommended 

interpolation procedure is given in Fig. 6. The linear interpolation 

neglects locations of the brackets, which is convenient for design 

and also gives more accurate results. Using the support for the 

second known distribution point accounts partially for the small 

positive moments between brackets and supports shown in Fig. 5(c). 
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( a )  EXTERIOR 
BEAM 
- 

SUPPORT MIDSPAN SUPPORT 

(0.50 - F F )  
OR 

( b )  INTERIOR 
BEAM SUPPORT MIDSPAN SUPPORT 

FF = FORCE FRACTION FROM REGRESSION FORMULA 
MF = MOMENT FRACTION FROM REGRESSION FORMULA 

Fig. 6. Recommended interpolation for distribution factors at 
locations other than midspan. 



The comparison between the finite element beam stresses and inter- 

polated stresses given in Chapter 5 of Ref. 7 shows agreement generally 

within 10%. Thus, the interpolation procedure described above gives 

accurate results. 

3 . 3 .  Bracket Design and Tendon Selection 

In the original design of the Iowa composite bridges, the designers 

checked two locations on the beams for flexural stresses: midspan and 

coverplate cutoff. When strengthening a bridge by post-tensioning, a 

third location must be checked, the bracket location. For the two 

bridges strengthened by the authors [ 13 ] ,  the brackets were located at 

a distance from the supports--approximately 7% of the span in most 

cases. The locations of the brackets were determined by trial and 

error to find the points at which the average beam, bottom flange 

stress did not exceed an allowable stress of 18 ksi tension, after the 

bracket bolt holes were cut into the flanges. The 7%-of-the-span 

bracket location also gave adequate clearance for the jacking opera- 

tion during the actual post-tensioning. 

For a skewed bridge, the authors moved the brackets closer to the 

supports at the two obtuse corners of the bridge. This placement had 

the advantage of applying post-tensioning to counteract load from the 

adjacent interior parts of the bridge (not accounted for in the usual 

beam stress computations), but the disadvantage of increasing the post- 

tensioned length and thus causing less of the post-tensioning to remaln 

on the exterior beams at midspan. From the finite element analysis of 



skewed bridges, it appeared that moving the brackets did not signifi- 

cantly improve the post-tensioned performance of the )>ridge 16). For 

skewed bridges, then, brackets can be located as for right-angle 

bridges. 

Fatigue design is based on stress range. For the two bridges 

strengthened by the authors, the change in tendon force due to an 

eccentric truck was on the order of 5% to 7% of the total weight of 

the truck. If the AASHTO wheel load distribution fraction 12, 

Section 3.231, rather than the actual fraction, were used in a compu- 

tation for the tendon force increase, the force increase would be 

somewhat larger. The stress range for the brackets and welded 

connections in the brackets still would be quite small and should not 

pose a major design problem. 

Tendon elevation is highly significant for the economical use of 

post-tensioning. The lower the tendons are placed, the greater the 

moment effect for a given post-tensioning force. The greater moment 

effect will relieve tension stress in bridge beams more efficiently, 

but it also will cause more tension in deck and curbs. The elevation 

of the brackets to which the tendons are anchored often is limited by 

clearances. If the brackets and tendons are placed below the bridge 

beams, they are in a very vulnerable position and will reduce the 

clearance for any traffic under the bridge. Even when the tendons and 

brackets are placed above the bottom flanges of the beams, the tendon 

paths must be considered since bridge diaphragms may cause obstructions. 

If brackets are located at the juncture of the beam's bottom flange 

and the web, it is possible to bolt the bracket to both flange and web. 



This thereby reduces the length over which the bracket must be bolted 

to the beam and provides resistance against the lateral bending which 

will occur if accident, human error, or temperature differential caused 

the tendon forces to be unequal on either side of the beam web. 

The choice of bracket location and elevation rests with the 

designer. If the brackets are correctly located, there is no loss of 

capacity for the bridge if the post-tensioning were to be removed at 

some future date. The actual design of the brackets is dependent on 

the number, placement, and type of tendons, as well as other factors 

particular to a given bridge. Examples of brackets designed by the 

authors are given in Ref. 13. 

Although the authors have used threaded bars for the tendons 

[ 8 , 1 3 ] ,  it is possible to use cables for the tendons, as is done by 

the California DOT (151. Choice of tendon type, size, and number 

depends not only on the required post-tensioning force, but also on 

the means of corrosion protection and tendon-path obstructions. The 

authors have found it convenient to use epoxy-coated threaded bars 

rather than cables grouted in conduit. However, the epoxy coating 

should be omitted at the anchorages, or nuts will not turn readily 

on the tendon. 

With the threaded tendons, the authors have found little reason 

for post-tensioning loss due to the usual loss factors. If care is 

taken during the post-tensioning process, the elastic shortening and 

seating losses are very small or essentially nonexistent if all ten- 

dons are stressed at the same time. Mancarti confirms this finding 

for post-tensioning with cables (151. There will be some loss of 



post-tensioning due to relaxation of the tendon steel, and the estimate 

for that loss should be obtained from the tendon manufacturer. It is 

possible that there will be some temporary loss (or gain) of post-ten- 

sioning force due to temperature differential between the tendons and 

the bridge. The designer may need to estimate the maximum loss. (See 

Chapter 4 of Ref. 7 for temperature data for a north-south bridge.) 

One loss which can be substantial and is usually not considered 

in design is the loss that occurs when the bridge deck or integral 

curbs are replaced or modified. Because the deck and curbs restrain 

the effects of the post-tensioning and contribute to the composite 

cross section of the bridge, removal of any part of the cross section 

will affect the post-tensioning stresses. Deck and curb repairs, 

therefore, should be coordinated with the post-tensioning and, prefer- 

ably, not be performed after the bridge has been post-tensioned. If 

the bridge has been post-tensioned, the authors recommend temporarily 

removing the post-tensioning until deck and curb repairs are completed. 

Partially offsetting some of the losses noted above is the gain 

in post-tensioning that occurs when a truck loads the bridge. The 

truck will cause tension in the bottom of a post-tensioned beam, as 

well as in the tendons anchored to the beam. The theory for computa- 

tion of the tendon force gain for an isolated beam is given in Ref. 14. 

In general, the post-tensioning losses can be expected to be 

smaller than those for a post-tensioned concrete bridge. There are 

advantages to post-tensioning with threaded tendons or cables, and the 

designer should consider those advantages carefully in choosing the 

type of tendon. 



3.4. Recommended Design Procedure - 

To develop the tendon forces and design the post-tensioning 

system, the following procedure is suggested. 

(1) Determine all loads and load fractions for 

s dead load 

s long-term dead load 

a impact load and 

c live load 

for both exterior and interior beams. 

(2) Compute moments for 

e dead load 

s long-term dead load and 

e live load and impact (Appendix) 

at 

e midspan 

e coverplate cutoffs and 

e approximate bracket location (only for exterior beams) 

for exterior and interior beams. 

(3 )  Compute section properties for 

c steel beam 

steel beam with coverplate 

c composite beam 

e composite beam with coverplate 

e composite beam with concrete creep and 

e composite beam with coverplate and concrete creep 



for exterior and interior beams. Also compute section proper- 

ties for 

e composite beam and 

e composite beam with coverplate 

for beams with respect to bridge at several locations, as 

required by the coverplate configuration. 

( 4 )  Compute stress to be removed by post-tensioning at midspan 

of exterior beam 

e Determine approximate tendon elevation 

c Compute force and moment factors (see Figs. 3 and 4 )  

s Compute required total post-tensioning force for the bridge 

using 

P Pec f = F F - + M Y -  A I 

s Select tendons and account for losses in determining tendon 

forces to be specified. 

(5) Check stresses at 

@ top of curb 

e top of deck 

e top of beam and 

s bottom of beam or coverplate 

at 

B midspan 

s coverplate cutoff and 

e bracket 



for exterior beam and interior beam (omit bracket location 

for interior beam). 

(6) Design brackets and anchorages. 

(7) Check other design factors such as 

c beam shear 

e shear connectors 

c deflection 

e fatigue and 

a beam strength. 

4. ULTIMATE STRENGTH 

4.1. Analytical Strength Model 

The problem of developing a flexural strength model for a post- 

tensioned composite beam includes the following types of behavior: 

a steel-concrete composite action 

e partial shear connection 

c partial prestressing 

a unbonded tendon. 

Some empirical formulas are given in codes and standards for prestressed 

beams, but those formulas generally do not give accurate results for the 

composite post-tensioned beams under consideration. 

The analytical model proposed by the authors is based on the follow- 

ing principles and assumptions: 



(1) The post-tensioned beam can be assumed to behave as a steel 

beam with a plastic hinge at midspan. 

(2) The deflection of the plastic hinge at midspan can be taken 

to be the span length divided by 80. 

(3) The effective beam flange width can be determined according 

to the AASHTO rules for load factor design [2, Sec. 10.381. 

( 4 )  The compressive force in the slab can be determined according 

to AASHTO rules, which account for slab reinforcing (unlike 

service load design), relative capacity of concrete slab vs 

steel beam, and partial or full shear connection [2, Sec. 

l0.5Ol. 

(5) Tendon strain can be determined from an idealized beam 

configuration as illustrated in Fig. 7. In the idealized 

beam, the tendon is permitted to rise, and the change in 

elevation is accounted for in the computations. If the 

tendons are in any way restrained from rising, the config- 

uration in Fig. 7 must be modified to correctly represent 

the actual condition. 

(6) Tendon force can be computed from an idealized stress-strain 

curve for the tendon steel. 

(7 )  Shear connector capacities can be computed from the formulas 

given in Ref. 2, Sec. 10.38. For angle-plus-bar shear 

connectors, the capacity can be based on a modified channel 

formula as noted in Ref. 13. 

The recommended procedure for computation of the flexural strength of a 

post-tensioned composite beam is as follows: 



COMPOSITE 

e = DISTANCE BETWEEN NEUTRAL AXIS OF COMPOSITE BEAM AT ULTIMATE 
LOAD AND CENTER OF TENDON AT ANCHORAGE. 

A = CHANGE IN TENDON LENGTH AFTER POST-TENSIONING 
(TOTAL TENDON FORCE MUST BE 'm ON SUM OF INITIAL STRETCH 
PLUS A. ) 

Fig. 7. Idealized composite, post-tensioned beam failure 
mechanism. 
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( 1 )  Assume a plastic hinge at midspan with a deflection of L/8O. 

( 2 )  Compute the maximum compressive force according to AASHTO 

rules based on slab and reinforcing; beam, coverplate and 

tendon at yield; and shear connectors. 

(3) Compute the tendon force at ultimate load using strain based 

on the idealized, plastic beam-tendon configuration, initial 

strain due to post-tensioning, and a stress strain curve for 

the tendon. Correct the compressive force computed in (21,  

if necessary. 

( 4 )  Determine the elevations of compressive and tensile force 

resultants, accounting for the rise in the tendon, if the 

tendon is unrestrained. 

(5) Compute the flexural strength as the product of the maximum 

compressive force and the distance between compressive and 

tensile force resultants. 

In Chapter 5 of Ref. 7 the procedure given above was applied to 

composite beams tested to failure and beams analyzed by more complex 

methods. The computed tendon force fell within 12%, and the flexural 

strength fell within 7% of the actual test results or otherwise com- 

puted values. 

A comparison of the flexural strength of composite beams with 

or without post-tensioning, also given in Chapter 5, indicated that 

the increase in strength with post-tensioning varied from 8% to 34%. 

For exterior beams similar to those to be post-tensioned on the Iowa 

composite bridges, the increase in strength averaged 10%. This 



increase is less than the capacity increase based on service load 

design, yet still is significant. 

4.2 .  Flexural Strength of Bridge Beams 

The simple analytical model covered in the previous section 

accurately predicts the strength of individual, post-tensioned 

composite beams. At this time, however, the authors have no specific 

experimental or analytical distribution factors by which to extend 

the individual beam model to an entire bridge with only the exterior 

beams post-tensioned. 

Heins and Kuo [ l o ]  have shown that, for truck live loads, 

distribution factors at ultimate loads are less than the correspond- 

ing factors at service loads. This is generally explained by the 

fact that there are load transfer mechanisms which shift load away 

from yielded regions. This concept, if applied to post-tensioning, 

would imply that more post-tensioning is shifted away from the post- 

tensioned exterior beams at ultimate load than at service load. 

The service load distribution factors given in Sec. 3.1 would thus 

be unconservative for exterior beams at ultimate load. 

The current AASHTO bridge specifications 121, however, make 

no distinction between service load and ultimate load distribution 

factors. If service load distribution factors are to be used for 

live loads at ultimate load, it would be consistent to use the fac- 

tors given in Sec. 3.1 also at ultimate load. Without experimental 



or analytical data for post-tensioning distribution at ultimate load, 

the distribution must be left to the judgment of the designer. 

5.  DESIGN EXAMPLE 

5.1.  Bridge Description 

The bridge to be strengthened is a two-lane, four-beam bridge 

with a 51 ft, 3 in. simple span (see Bridge 1,  Figs. 14, 15, and 17 in 

Ref. 13). The transverse and longitudinal sections of the bridge have 

been idealized and are shown in Fig. 8. The curb cross section has 

been idealized as two rectangles. The deck has been assumed level 

with respect to each of the steel beams, and the 112-in. wearing sur- 

face has been removed. The steel beams and coverplates are as given 

on the Bridge 1 plans. Properties will be taken from Ref. 4. 

The bridge is to be strengthened to meet the current legal load 

standards for Iowa. Live load moments will be taken from the Appendix 

tables for the maximum of the 1980 DOT rating trucks. Dead loads and 

dead load moments will be computed in accordance with the AASHTO rules 

[ Z ] .  Load distribution and impact load fractions will also be in accord- 

ance with Ref. 2. 

For the post-tensioning, threadbars with an ultimate strength of 

150 ksi will be selected for the tendons [ 8 ) .  Experience has shown 

that the tendon anchorage will be at about 7% of the span and that 

brackets will be about 2 ft in length. One-in.-diameter high strength 

bolts will be used for attachment of the brackets to exterior beams. 



WEARING SURFACE 

1 / 2 "  

I- W 2 7 x 9 4  
I WITH 9 " x 7 / 1 6 "  

COVERPLATE 
( 2 7 ' - 0 "  LONG WITH 
1 ' - 6 "  TAPER EACH END) ( 3 6 ' - 0 "  LONG WITH 

1 ' - 6 "  TAPER EACH END) 

1 1 6  1 / 4 "  , 1 1 6  1/4" 
L, 

C X T E R I O R  BEAM INTERIOR BEAM 

( a )  IDEAL IZED TRANSVERSE SECTION 

W 1 6 x 3 6  INTERIOR C 1 5 ~ 3 3 . 9  

Y ...-.J 

(b )  IDEALIZED LONGITUDINAL SECTION 

Fig. 8. Rro-lane, four-beam composite bridge. i 



5 . 2 .  Loads and Load Distribution Fractions 

Dead and long-term dead load computations are in accordance with 

Ref. 2,  Sec. 3 . 3 .  Dead loads are those loads applied to the steel 

bridge beams, as given in Table 2,  whereas long-term dead loads are 

those loads applied to the composite bridge, as given in Table 3 .  

Long-term dead loads are taken to be distributed equally to each 

beam, as permitted in Ref. 2, Sec. 3 .23 .  Live loads are to be in- 

creased by the impact fraction given in Ref. 2,  Sec. 3 . 8 .  

Because the bridge is required to be strengthened to meet Iowa legal 

load criteria, the 1980 Iowa DOT rating trucks given in Fig. A - l  of 

the Appendix will be the live loads applied to the bridge. The truck 

loads are to be distributed according to Ref. 2 ,  Sec. 3 . 2 3 ,  as follows: 

beam spacing in feet is 

S = 116.25/12 = 9.69 ft 

For, the exterior beam, taking a simple span condition with an eccentric 

truck 2 ft from the curb, the Load fraction can he computed by taking 

moments about the interior beam 
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However, t h e  u s u a l  wheel load f r a c t i o n  is l a r g e r  

There fore ,  u s e  1.51 f o r  t h e  e x t e r i o r  beam. For  t h e  i n t e r i o r  beam, t h e  

load f r a c t i o n  may be computed a s  

(Reference 2 ,  Sec.  3 .23 ,  a l s o  s t a t e s  "In no case  s h a l l  an e x t e r i o r  

s t r i n g e r  have l e s s  c a r r y i n g  c a p a c i t y  than an i n t e r i o r  s t r i n g e r . "  I t  i s  

t h e  a u t h o r s '  i n t e r p r e t a t i o n  t h a t  t h i s  r u l e  r e f e r s  t o  f u t u r e  widening 

r a t h e r  t h a n  t o  s t r e n g t h e n i n g  of a  b r i d g e . )  

5 . 3 .  Moments 

The pos t - t ens ion ing  design s t r e s s  and stress checks a t  c r i t i c a l  

l o c a t i o n s  r e q u i r e  moments a t  midspan and c o v e r p l a t e ,  c u t o f f  p o i n t s  f o r  
I 

e x t e r i o r  and i n t e r i o r  beams, and a t  pos t - t ens ion ing  anchorages f o r  

e x t e r i o r  beams. Dead load and long-term dead load moments a r e  computed 

I 
from s t a n d a r d  formulas ,  and l i v e  load moments a r e  i n t e r p o l a t e d  from 

I 
I 

Table  A - 1  i n  t h e  Appendix. Maximum t r u c k  load moments a r e  assumed t o  t 
a c t  a t  midspan. Moments a t  t h e  v a r i o u s  c r i t i c a l  l o c a t i o n s  a r e  given I 

i n  Table 4 .  Previous  exper ience i n d i c a t e s  t h a t  t h e  anchorage f o r  t h e  1 
i 

pos t - t ens ion ing  tendons,  assuming b r a c k e t s  b o l t e d  wi th  1- in . -diameter  

b o l t s ,  w i l l  be l o c a t e d  a t  approximately 7% of t h e  span,  a s  fo l lows :  I 



Table 4: Dead, long-term dead, and live load moments. 

(a) Midspan--Exterior Beam: y = 25.625 ft 

Dead load moment 

Long-term dead load 2 2 = !&- = (0.151)(51.25) = 49.58 ft moment 8 8 

1980 Iowa DOT rating Span Location Maximum Moment 
truck load moment 50 ft 23 ft 267.32 
(from Table A-1) 

per wheel line 

Live plus impact M = (1.51)(1.284)(275.80) = 534.73 ft k 
load moment 

(b) Midspan--Interior Beam: y = 25.625 ft 

2 2 
Dead load moment , = & = (1.147)(51.25) = 376.58 ft 8 8 

Long-term dead load M = 49.58 ft k 
moment 

Live plus impact M = (1.76)(1.284)(275.80) = 623.26 ft k 
load moment 

(c) Coverplate Cutoff--Exterior Beam: y = 13.625 ft 

coverplate cutoff is taken to be at the 
end of the full width plate. 

Dead load moment M = y ( L - y )  



Table 4 .  Continued. 
-. -- -. -. - - - ,-. - 

Long-term dead M = 9 
( L - Y )  

load moment 

- - (0 .151) (13 .63) (51 .25  - 13.63) 
2 

1980 Iowa DOT rating Span Location Maximum Momerlt -. - 
truck load moment 50 ft 13.63 it 217.02 

52 ft 13.63 it 225.22 -. 

51.25 ft 13.63 ft 222.15 it k 
per wheel line 

Live plus impact M = (1 .51 ) (1 .284) (222 .15)  = 430.71 ft k 
load moment 

(df coverplate Cutoff--Interior Beam: y = 9 .125  f t  

Dead load moment M = W Y ( L -  yf 2 

Long-term dead load M = y ( L -  y) 
moment 

- - (0 .151)(9 .13)(51.25 - 9.13)  
2 

1980 Iowa DOT rating Span Location Maximum Moment 
truck load moment 50 ft 9.13 ft 167.17 

per wheel line 

Live plus impact M = . ( 1 . 7 6 ) ( 1 . 2 8 4 ) ( 1 7 0 . 7 1 )  = 385.78 f t  k 
ioad moment 



Table 4. Continued. 
- 

(e) Anchorage--Exterior Beam: y = 2 ft 

Dead load moment M = T ( L - y )  2 

Long-term dead load M = T ( L -  y) 
moment 2 

- - (0.151)(2)(51.25 - 2) 
2 

1980 Iowa DOT rating Span Location Maximum Moment 
truck load moment 50 ft 2 ft 47.52 

52 ft 2 ft 48.77 
51.25 ft 2 ft 48.30 ft k 

per wheel line 

Live plus impact M = (1.51)(1.284)(48.30) = 93.65 ft k 
load moment 

( f )  Anchorage--Exterior Beam: y = 6 ft 

Dead load moment M = 2  (L-Y) 

Long-term dead load M = y ( L -  y) 
moment 2 





I n  o r d e r  t o  have some range i n  p o s s i b l e  l o c a t i o n ,  compute moments a t  

y = 2 f t  and y = 6 f t  and i n t e r p o l a t e  l a t e r .  

Because no m a t e r i a l  i s  being removed from t h e  i n t e r i o r  beam f o r  

b o l t - h o l e s ,  and s i n c e  t h e  amount of  p o s t - t e n s i o n i n g  d i s t r i b u t e d  t o  t h e  

i n t e r i o r  beam n e a r  t h e  s u p p o r t  i s  v e r y  s m a l l ,  no s t r e s s  check and t h u s  

no moments f o r  a  s t r e s s  check need be computed. 

5 .4 .  S e c t i o n  P r o p e r t i e s  

For t h e  c e n t r o i d s  and moments of  i n e r t i a ,  t h e  g e n e r a l  formulas  

a r e  

- u z  
z  = c e n t r o i d  e l e v a t i o n  = - u 

I- = moment o f  i n e r t i a  = u z 2  + 210 - (ZA)(zl2 w i t h  r e s p e c t  z 

t o  t h e  a x i s  through t h e  c e n t r o i d .  

For f  = 3000 p s i ,  Ref.  2 ,  Sec .  10.38 r e q u i r e s  t h a t  t h e  f a c t o r  n  be 
C 

t aken  a s  9 .  E f f e c t s  of c r e e p  on t h e  composite s e c t i o n  f o r  long-term 

dead load a r e  cons ide red  by t a k i n g  n  a s  27, t h r e e  t imes  t h e  u s u a l  

v a l u e .  

E x t e r i o r  Beam 

The e x t e r i o r  beam i s  n o t  a t  t h e  edge of t h e  deck and t h u s  may be 

considered t o  have a  f l a n g e  on bo th  s i d e s .  Based on i n t e r p r e t a t i o n  of 

Ref.  2 ,  Sec .  10.38,  t h e  f l a n g e  width  must be t aken  a s  t h e  s m a l l e s t  of 

t h e  fo l lowing:  



L L 
o 13 718 in. + g < 

13.875 + (51'25)(12) = 90.75 in. < 153.75 in. = (51.25)(12) 
5 - 4 

S o 13 7/8 in. + - 2 

116'25 - 72.00 in., or 13.875 + - - 2 

o 13 7/8 in. + 6t - < 12t 

13.875 + (6)(7.5) = 58.88 in. 5 90.00 in. = (12)(7.5) 

Therefore, the flange width is 58.88 in. The centroid elevation and 

moment-of-inertia computations for the exterior beam are given in 

Table 5. 

Interior Beam 

From Ref. 2, Sec. 10.38 the flange width is the smallest of the 

following: 

B S = 116.25 in. or 

o 12t = (12)(7.5) = 90.00 in. 

Therefore, the flange width is 90.00 in. The centroid elevation and 

moment-of-inertia computations for the interior beam are given in Table 6. 

Bridge - 

Moments of inertia for beams with respect to the bridge's neutral 

axis are computed from previous results by means of the transfer theorem. 

In Table 7, z is the new centroid location with respect to the 
bridge, I refers to the previous I;, and the new I- is with respect 

0 z 

to the bridge's neutral axis. For the bridge in this example, the 



Table 5:  Exterior-beam section properties. 

(a) Basic Quantities 

Item 2 - 4 - Z Az - Az - I 
-0 

Beam 27.65 13.46 372.17 5,009.39 3,266.70 
W27 X 94 

Cover plate 3.94 -0.22 -0.87 0.19 0.75 
9 in. x 7/16 in. 

Deck, n = 9 49.07 29.66 1,455.42 43,167.64 230.02 
58.88 in. x 7 1 /2  in. 

Deck, n = 27 16.36 29.66 485.24 14,392.15 76.69 

Curb 1 ,  n = 9 4.00 35.66 142.64 5,086.54 6.75 
8 in. x 4 1/2 in. 

Curb 1, n = 27 1 .33  35.66 47.43 1,691.28 2.24 

Curb 2,  n = 9 6.92 40.91 283.10 11,581.51 20.76 
10 3/8 in. X 6 in. 

Curb 2 ,  n = 27 2.31 40.91 94.50 3,866.08 6.93 

(b )  Centroid Elevations and Moment of Inertia 

Description 

Steel beam 13.46 in. 3266.70 in. 4 

Steel beam with - -  371'30 - 11.75 in. 5009.58 + 3267.45 
coverplate 31.59 - (31 .59 ) (11 .75 )~  

= 3915.64 in. 4 

Composite beam 
2253'33 = 25.71 in. 64,845.08 + 3524.23 

with deck and curb, 87.64 
n = 9  - (87 .64) (25 .71)~  

= 10,438.91 in. 4 

Composite beam 
2252'46 = 24.60 in. 64.845.27 + 3524.98 

with deck, curb, 91.58 
and coverplate. - (91 .58 ) (24 .60 )~  

= 12,949.70 in. 4 
n = 9 



Table 5 .  Continued. 

Descr ip t ion  

Composite beam 999.34 - - - 20.97 i n .  24,958.90 9 3352.56 
with deck and curb,  47.65 
n = 27 - (47.65)(20.9712 

= 7357.81 i n .  
4 

Composite beam -- 998'47 - 19.35 i n .  24,959.09 + 3353.31 
with deck, curb,  51.59 
and coverp la te ,  - (51 .59 ) (19 .35 )~  

= 8995.94 i n .  4 
n = 27 



Table 6. Interior-beam section properties. 

(a) Basic Quantities 

I tem 4 - z Az Az 2 
- - I 

-0 

Beam 34.13 15.63 . 533.45 8,337.85 4,919.10 
W30 X 116 

Coverplate 11.25 0 0 0 17.58 
9 in. x 1 114 in. 

Deck, n = 9 75.00 33.38 2,503.50 83,566.83 351.56 
90 in. X 7 112 in. 

Deck, n = 27 25.00 33.38 834.50 27,855.61 117.19 

(b) Centroid Elevations and Moment of Inertia 

Description 

Steel beam 15.63 in. 4919.10. 4 

Steel beam with 5x = 11.76 in. 8337.85 + 4936.68 
coverplate 45.38 - (45.38)(11.76)' 

= 6998.58 in. 4 

Composite beam 3036'95 = 27.83 in. 91,904.68 t 5270.66 
with deck, 109.13 - (109.13)(27.83) 

2 
n = 9  

= 12,653.18 in. 4 

Composite beam 
3036'95 = 25.23 in. 91,904.68 t 5288.24 

with deck and 120.38 - (120.38)(25.23) 2 
coverplate, 

= 20,564.68 in. 4 
n = 9  

Composite beam 
1367'95 = 23.13 in. 36,193.46 + 5036.29 

with deck, 59.13 
n = 27 - (59.13) (23.13)' 

4 = 9595.38 in. 

Composite beam 
1367.95 = 19.44 in. 36,193.46 t 5053.87 

with deck and 70.38 
coverplate, - (70.38)(19.4412 

= 14,649.77 in. 4 
n = 27 
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neutral axis elevations fall within a relatively narrow range. With 

different curb and crown configurations, however, the neutral axis 

elevations can have more variation, and the computation of neutral 

axis elevation for the bridge and recomputation of the beam's moments 

of inertia would have more significance. 

5.5. Post-tensioning Design 

For several reasons--because the exterior beam is the critical 

member; because more post-tensioning is required at midspan due to the 

larger, coverplated beam; and because more post-tensioning is distrib- 

uted away from the exterior beam at midspan--computation of the required 

post-tensioning force can be based on the exterior beam's bending tension 

stress at midspan as computed in Table 8. Stresses at other locations 

will be checked later, in Sec. 5.6. 

The allowable inventory stress [I] is 

F =O.SSFy = 18 ksi b 

and, therefore, stress, to be relieved by post-tensioning is 

fb = 24.33 - 18 = 6.33 ksi 

In order to determine the required post-tensioning force, assume tendon 

elevation and anchorage locations and compute distribution factors. 

Tendon Elevation and Eccentricity 

If the tendons are placed above the bottom flange of the exterior 

beam, but as close to the flange as possible, the size of the jack 



Table  8. Exter ior-beam,  midspan, c o v e r p l a t e  t e n s i o n  s t r e s s .  

Load 

Dead 

Long-term dead 

Live p l u s  impact 

T o t a l  24.33  p s i  

.*. 
Use of  n = 9 p r o p e r t i e s  g i v e s  a s m a l l e r  s t r e s s .  



must be considered. One brand of hollow-core hydraulic cylinders with 

a 120 kips capacity is 6  1/4 in. in diameter 191. With an 1/8- in .  

clearance the tendons can be placed 3  1/4 in. above the bottom flanges, 

as diagrammed in Fig. 9 

Anchorage Location 

Using the assumption in Sec. 5 . 3  

y = 0.07L = (0 .07) (51 .25) (12)  = 43 in. 

The 43 in. does provide clearance for a jacking chair and an extended 

jack. 

Distribution Factors 

Based on Figs. 3  and 4  

i = total I for all composite, coverplated beams 
deck width 

j = unit, average transverse flexural stiffness, including 

interior diaphragms 

- ( l ) ( 7 . 5 1 3  + 446.3  = 6 . 1 0  in. 3  
- (12)(9)  (17.38 + 16 .5) (12) /2  

THETA = deck width/2 4  
L 
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deck width  - ( 2 ) ( 1 3 . 8 8 )  t (3 ) (116 .25)  _ 0 ,712  
= SPANB - I1 - ( 2 ) ( 0 . 0 7 ) ] ( 5 1 . 2 5 ) ( 1 2 )  - 

I f o r  e x t e r i o r  composite c o v e r p l a t e d  beams 
IET = -- I f o r  a l l  composite c o v e r p l a t e d  beams 

- - 2(12,961)  
2 (12 ,961  + 20,5747 = 0.386 

A l l  v a r i a b l e s  f a l l  w i t h i n  t h e  ranges  f o r  t h e  four-beam formulas  s p e c i -  

f i e d  i n  F i g .  3 .  

1 DECKT FF = 0.605 - 0.323 - 0.0720 t 3.87 
qiZZ fi DECKS 

1 1 
MF= 0 .963  - 0.221 - 0.145 - - 2.18 DECKT - 

=T fl DECKS 

The t o t a l  r e q u i r e d  f o r c e  may be cosputed:  

P  Pec f .- FF -- + MF - 
b A  I 



Then. for each exterior beam 

Post-tensioning Loss 

For the four-beam regression formulas, there is a -6% maximum 

error for FF and a -7% maximum error for MF (Fig. 4 ) .  To he conser- 

vative, use 7% as the potential error for underestimating the post- 

tensioning force. 

For the threadbar tendons stressed to 60% of the ultimate strength 

for 57 years, the relaxation loss is 3.7% [ I l l .  

The maximum possible, adverse temperature difference between tendons 

and post-tensioned beams is difficult to estimate. Temperature and 

force measurements for one bridge in Ref. 7, Chapter 4 showed no net loss 

of post-tensioning for a north-south bridge affected by the sun. Air 

temperature rise could cause some loss of post-tensioning, however; 

assuming an adverse lo0 F difference (tendons warmer than bridge), 

which should be quite conservative, the percentage loss can be com- 

puted as follows: 

for temperature, 6 = AT L k 

PL 
for load, 6 = -- AE 

If the deflections, 6, are equated 



then 

f = A T k E  

= (10 ) (0 .0000065 ) (29 ,000 )  

= 1.89 ksi 

For 150 ksi threadbars stressed to 60% of ultimate 

f = ( 0 . 6 0 ) ( 1 5 0 )  = 90 ksi 

Loss, then, is 1.89190 = 0 .021  or 2.1%. Gain in post-tensioning force 

may be estimated as 6% of the truck weight. 

4 ' 8 0  - 0 .024  or 2.4% Gain is then - - 
196 

Tendon Selection 

For each exterior beam, accounting for losses, the required initial 

force is 

Stressed to 60% of ultimate strength, 2  threadbars of 1  114 in. diameter 

have a capacity of 



Thus, f o r  t h e  p o s t - t e n s i o n i n g ,  s p e c i f y  

2 t h r e a d b a r s  of 1 114 i n .  d iameter  w i t h  150 k s i  u l t i m a t e  s t r e n g t h  

p e r  e x t e r i o r  beam 

k 
110 f o r c e  p e r  tendon a f t e r  anchorage.  

5 .6 .  S t r e s s  Checks and Bracket  Locat ion - 

S t r e s s e s  a r e  checked a t  midspan and a t  c o v e r p l a t e  c u t o f f  p o i n t s  

f o r  e x t e r i o r  and i n t e r i o r  beams. Allowable s t r e s s e s  include--  

For s t e e l :  F = 18 k s i  f o r  extreme f i b e r  i n  t e n s i o n  and 
b 

f o r  extreme f i b e r  i n  compression 

wi th  adequate  l a t e r a l  suppor t  12, 

Sec .  10 .32 ,  and 121 

For  c o n c r e t e :  f c  = 0 .40  f c  = (0.40)(3000) = 1200 p s i  o r  1 .20 ks i  

f o r  extreme f i b e r  s t r e s s  i n  compres- 

s i o n  [ 2 ,  Sec.  9.151 

= 164 p s i  o r  0.164 k s i  f o r  t e n s i o n  

i n  t h e  precompressed t e n s i l e  zone,  

bonded re in fo rcement ,  s e v e r e  exposure 

c o n d i t i o n s  ( 2 ,  Sec .  9.151 

I n  t h e  t a b l e  o f  s t r e s s e s ,  Table  1 0 ( a ) ,  a l l  computations a r e  shown i n  

d e t a i l .  For a l l  l o c a t i o n s  o t h e r  than midspan of  t h e  e x t e r i o r  beam, 

on ly  a summary of  t h e  s t r e s s e s  i s  given i n  Table  1 0 ( b ) - ( f ) .  

Note t h a t  p o s t - t e n s i o n i n g  d i s t r i b u t i o n  f r a c t i o n s  t o  be used i n  

Table 10 a r e  g iven i n  Table  9 .  



Table 9. Force and moment fractions. 

- -- 

Location FF MF 

Exterior beam--midspan 0.39 0.29 

Interior beam--midspan 0.11 0.21 

Exterior beam--coverplate cutoff 0.44 0.39 

Interior beam--coverplate cutoff 0.04 0.07 
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Exterior Beam--Selection of Bracket Location 

If the bracket is bolted to the bottom flange, the flange cross 

section will be reduced by the bolt holes. If the average stress in 

the flange is not to exceed 18 ksi, the computed stress must be less 

at the holes. 

The full flange width is 

bf = 9.990 in. 

Then, the net flange width assuming 2 bolts of 1-in. diameter is 

bfn 
: 9.990 - z(1.125) = 7.740 in. [2 ,  Sec. 10.161 

and the maximum computed stress should not exceed 

f = -- 7.740 (18) = 13.95 ksi b 9.990 

The computed bottom flange stresses at y = 2 ft and y = 6 ft, without 

post-tensioning stresses, are given in Table 11. From the computed 

bottom flange stress, the bolt holes can be located at 6 ft, or a 

slightly greater distance, from the support. Based on experience, the 

brackets for a set of two tendons are approximately 2 ft long. Thus, 

the anchorage for the tendons will occur at approximately 4 ft from 

the support. 

For the anchorage location check, compute 



peap mxa3-81107 



This is satisfactory since it is approximately 0.07L as assumed for 

force and moment fractions. The stress check for the anchorage location 

follows in Table 12. Post-tensioning distribution fractions used in 

the table are 

FF = 0.49 

MI? = 0.48 

Exterior Beam--Bottom Flange, Compression-Stress Check Near Anchorage 

The compression stress near the anchorage is caused by a combination 

of axial and flexural stresses and varies over the unbraced bottom 

flange length. A check, which should be reasonable, is to compare the 

maximum computed compression stress with the compression stress permitted 

for an unbraced flange subjected to bending. 

L J 

((17.:7:~(12)) (33)] 

= (0.55)(33) = 15.41 ksi 
(4) (n2) (29,000) 

- 15.41 ksi < -8.73 ksi OK 

* 



2:2: KZ: 
CI. CI. CI. CI. 
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A review of the stress tables and the stress diagrams given in 

Fig. 10 indicates that the post-tensioning produces a finely tuned 

bridge. Application of the post-tensioning relieves the tension 

overstress in the exterior beams at midspan and also removes a slight 

tension overstress in the interior beams at midspan. If the post- 

tensioning force were increased significantly, it could overstress the 

exterior beam's top flange in compression at midspan. There also would 

be some danger of compression overstress near the tendon anchorages. 

Application of the post-tensioning generally causes a net tension 

in the curbs and, in a few locations, tension in the bridge deck. If 

the post-tensioning force were increased or lowered (in terms of eleva- 

tion), the curb and deck tension would increase. With curbs as part 

of the bridge, the deck tension fell within the allowable range for 

plain concrete, but the curb tension generally did not. Without a 

truck load on the bridge, the curb reinforcing apparently is over- 

stressed, an undesirable condition. From the author's experience, 

curb tension does not appear to cause a problem, quite possibly 

because various restraints, higher-than-assumed concrete strength, and 

the wearing surface are neglected in the computations. A curb tension 

greater than the allowable should not be permitted, however, without a 

check of the bridge with curbs removed. 

Based on this section and the previous section, the post-tension- 

ing design for each exterior beam is summarized in Fig. 11. 
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2 THREADBAR 
TENDONS O F  1 114-in. 
DIAMETER y, 

APPROXIMATELY 4 FEET 
FROM SUPPORT TO ANCHORAGE 

E S  
MAXIMUM O F  6 FEE TOP O F  BOTTOM 
FROM SUPPORT TO FLANGE TO 
ROW O F  BOLT HOLE CENTER O F  

TENDON 
TENDONS ARE TO BE S T R E S S E D  TO 110 K I P S  
EACH AT TIME OF POST-TENSIONING 

BRACKETS MAY BE BOLTED TO BOTTOM 
BEAM FLANGE WITH 2 BOLTS O F  1 - I N C H  
DIAMETER AT ANY LOCATION 
WITHIN 6 FEET O F  THE SUPPORT.  

Fig. 11. Post-tensioning design. 



5.7. Brackets and Anchorages 

In general, the bracket design would proceed within the limitations 

of tendon elevation, region for location of bracket bolts, and manufar- 

turer's anchorage hardware. Reference 2, Sec. 10.19 requires that 

the bracket connection be designed for a force greater than the specified 

tendon force. Welds within the bracket must be designed for axial and 

flexural stresses, and bolts must be designed for both shear and tension 

forces depending on the configuration of the bracket. Because the 

stress in the bracket will vary only because of the change in tendon 

force when a truck comes onto or leaves the bridge, stress ranges will 

be small, and fatigue should not control. 

The brackets and anchorages for this example will not be designed 

here. An example of the bracket actually used for the bridge in this 

example is given in Ref. 13. 

5.8. Additional Design Considerations 

Post-tensioning can relieve only the bending stress deficiencies 

in a given bridge. Other pqtential deficiencies, such as shear connec- 

tors, may also require strengthening. At the time some bridges were 

designed, the shear connection often was assumed to consist of both 

shear connectors and bond between the deck and top flange of the beam. 

Since bond is no longer considered a valid shear connection, additional 

shear connectors may he required. See Ref. 13 for high-strength, bolt 

shear connectors developed by the authors for use in strengthening the 

shear connection. 



In the authors' experience, a well-maintained bridge of the type 

in question generally will not require additional strengthening beyond 

the post-tensioning and the addition of shear connectors. Every bridge 

must be rated and evaluated individually, however, and the strengthening 

program tailored to the specific bridge deficiencies. 

Strengthening of composite steel beam and concrete deck bridges 

by post-tensioning is feasible whether all beams or only exterior 

beams are post-tensioned. When all beams are not post-tensioned, the 

distribution of the forces and moments induced in the bridge must be 

considered. Since the bridge is a structural unit, forces and moments 

are distributed away from the post-tensioned beams. Some redistribution 

will occur, even if all beams are post-tensioned, but all of the beams 

do not have equal stiffness. 

In earlier sections of this manual, simple formulas for force and 

moment fractions were given for one-lane, three-beam bridges and two-lane, 

four-beam bridges with symmetrical exterior beam post-tensioning. The 

fractions are valid for bridges with skews of 45O or less and are valid 

within the limits of variables stated in the manual. Any use of the 

distribution fraction formulas beyond the limits given in the manual 

is not recommended. 

Post-tensioning will reduce elastic, flexural tension stresses in 

bridge beams, will induce a small amount of camber, and will increase 



the strength of the bridge. Post-tensioning does not, however, signifi- 

cantly reduce live load deflection or significantly affect truck live 

load distribution. If qualified contractors perform the actual post- 

tensioning with due care, relatively little short-term loss of post- 

tensioning force will occur. For long-term preservation of the 

post-tensioning force, tendons and anchorages must be protected against 

corrosion. It also should be noted that removal of portions of the 

bridge deck or integral curbs after post-tensioning will cause losses 

and possibly redistribution of post-tensioning. 

Post-tensioning is a valid method for correcting flexural stress 

deficiencies; however, it cannot correct other deficiencies. Shear 

connectors, fatigue, and other factors related to the bridge rating 

must be considered in the decision to repair and strengthen a bridge 

or to replace the bridge. 
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APPENDIX: Tables  of Moments f o r  1980 Iowa DOT Rat ing Trucks ,  

H 20-44 and HS 20-44 Trucks ,  

Simple Spans 30-100 f t  

Notes: (1) 1980 Iowa DOT r a t i n g  t r u c k s  a r e  i l l u s t r a t e d  i n  F i g .  A - 1 .  

( 2 )  H 20-44 and HS 20-44 t r u c k s  a r e  a s  i l l u s t r a t e d  i n  

Ref .  1 0 ,  Sec .  3 . 7 .  

( 3 )  Impact i s  not  included i n  t h e  t a b l e s .  

( 4 )  All moments a r e  given i n  f t - k i p s  p e r  wheel l i n e .  

(5) I n  t h e  H 20-44 and HS 20-44 t a b l e s ,  moments a r e  t h e  

maximum of t h e  s t andard  t r u c k  load and s tandard  l a n e  

load .  



( a )  STRAIGHT TRUCK 

TOTAL WEIGHT = 54.5k (27.25 TONS) 

(b )  TRUCK t SEMI-TRAILER 

WHEEL 6k 6.5k 6.5k 7k 7k 7k 

AXLE l Z k  1 3 ~  1 3 ~  1 4 ~  1 4 ~  1 4 ~  

TOTAL WEIGHT = 8ok ( 4 0  TONS) 

( c )  TRUCK + TRAILER 

WHEEL 7 . ~ 5 ~  6k 6k 6.75 
k 

7k 7k 

AXLE 1 4 . 5 ~  l Z k  l Z k  1 3 . 5 ~  1 4 ~  1 4 ~  

TOTAL WEIGHT = 8ok (40  TONS) 

Fig.  A-1. 1980 Iowa DOT rating trucks (legal 'loads). 



Table A-1. 

MAXIMUM L I V E  LOAD MOMENT FOR 

DISTANCE FROM SUPPORT, 

SPAN, 1 2 3 
FEET 

IOWA DOT 1 9 8 0  TRUCKS, F T - K I P S  PER WHEEL L I N E  

FEET 

4 5 6 7 8 9 10 



Table A-I .  Continued 

MAXIMUM L I V E  LOAD MOMENT FOR I 

DISTANCE FROM SUCPORT, 

OWA DOT 1 9 8 0  TRUCKS, FT -K IPS  PER WHEEL L I N E  

FEET 

1 4  15 16  1 7  1 8  19 2 0  



Table A-1. Continued 
MAXIMUM L I V E  LOAD MOMENT FOR IOWA DOT 1 9 8 0  TRUCKS, F T - K I P S  PER WWEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 2 1  2 2  2 3 24 25 2 6  2 7  2 8  2 9  3 0  
FEET 
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Table A-2. 
'RUCK. F T - K I P S  PER WHEEL L I N E  MAXIMUM L I V E  LOAD MOMENT FOR 

DISTANCE FROM SUPPORT, 

IOWA DOT 

FEET 

I, 

1 9 8 0  STRAIGHT 7 



Table A-2. Continued 

MAXIMUM L I V E  LOAD MOMENT FOR IOWA DOT 1 9 8 0  STRAIGHT TRUCK, FT-KIPS PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 1 1  1 2  13  1 4  1 5  1 6  1 7  1 8  1 9  2 0  
FEET 



Table A-2. Continued 

MAXIMUM LIVE LOAD MOMENT FOR IOWA DOT 1980 STRAIGHT TRUCK, FT-KIPS PER WHEEL LINE 

DISTANCE FROM SUPPORT, FEET 

SPAN, 21 22 23 24 
FEET 

2 5  2 6  2 7  2 8  29 3 0  



Table A-2. Continued 
MAXIMUM L I V E  LOAD MOMENT FOR IOWA DOT 1 9 8 0  STRAIGHT TRUCK, F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 3 1  3 2  3 3 3 4 35 3 6  3 7 3 8  39 
FEET 

4 0  

SPAN, 4 1  4 2  4 3  44  45 46 4 7  I+ 8 4 9  50 
FEET 



Table A-3. 

MAXIMUM L I V E  LOAD MOMENT FOR 

0 I STANCE FROM SUPPORT, 

SPAN, 1 2 3 
FEET 

1 9 8 0  TRUCK + SEMI-TRAILER, F T - K I P S  PER WHEEL L I N E  I OWA DOT 

FEET 

4 



Table A-3. Continued 

MAXIMUM LIVE LOAD MOMENT FOR 

DISTANCE FROM SUPPORT, 

SPAN, 1 1  12 13 
FEET 

l OWA DOT 

FEET 

14 

lUCK + SEMI-TRAILER, FT-KIPS PER WHEEL LINE 

2 0 



20'80F 26'OLE ll9'21E 6L'ELE L5'ZLE LL'OLF 88'60E 80'80E ZL'SOE 85 
ZO'LGZ ZO'h62 08'562 LE'962 EL'S62 L8'E62 LE'E62 LG'L62 95 

ZO'hLZ EL'LLZ 86'8L2 L5'6LZ L6'8L2 86'9LZ 06'9L2 h5 
2O'LSZ 52'092 LL.292 6L.292 60'292 60'092 25 

ZO'OhZ BC'E+lZ BC'5h2 20'9hZ OE'5hZ 05 

80'hZZ 9L.922 09'822 L2'622 8h 
OS'FLZ ZL'ELZ ZL'hlZ 9h 

OO'EOZ 25'202 hh 
05'261 Zh 

Oh 



Table A-3. Continued 

MAXIMUM L I V E  LOAD MOMENT FOR IOWA DOT 1 9 8 0  TRUCK + SEMI-TRAILER, F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 3 1  3 2  3 3 3 4  3 5  3 6  3 7 3 8  3 9 4 0  
FEET 

SPAN, 4 1  4 2  4 3  4 4  4 5  4 6  47 4 8  49 
FEET 

5 0  



Table  A-4 .  

MAXIMUM L I V E  LOAD MOMENT FOR IOWA DOT 

DISTANCE FROM SUPPORT, FEET 

SPAN, 1 2 3 4 
FEET 

1 9 8 0  TRUCK + TRAILER,  F T - K I P S  PER WHEEL L I N E  



Table A-4. Continued 

MAXIMUM L I V E  LOAD MOMENT FOR IOWA DOT 1 9 8 0  TRUCK + TRAILER,  F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  
FEET 



Table A-4. Continued 
MAXIMUM L I V E  LOAD MOMENT FOR IOWA DOT 1 9 8 0  TRUCK + TRAILER, F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 2 1  2 2  2 3  2 4  2 5  2 6  2 7  2 8  2 9  3 0  
FEET 



Table A-4. Continued 

MAXIMUM L.IVE LOAD MOMEN? FOR IOWA DOT 1980 TRUCK + THAII.ER. F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 31  32 33 34 3 5 36 3 7 3 8 39  4 0  
FEET 

SPAN, 4 1  42 43 44 4 5  46 4 7  4 8  119 50 
FEET 



Table A-5. 
MAXIMUM L I V E  LOAD MOMENT FOR 

DISTANCE FROM SUPPORT 

SPAN, 1 2 3 
FEET 

3 0  1 7 . 4 7  3 3 . 6 0  4 8 . 4 0  
3 1  1 7 . 5 5  3 3 . 8 1  4 8 . 7 7  
3 2  17 .62  3 4 . 0 0  4 9 . 1 2  
3 3  1 7 . 7 0  3 4 . 1 8  4 9 . 4 5  
3 4  1 7 . 7 6  3 4 . 3 5  4 9 . 7 6  

H 20-44,  

, FEET 

4 

F T - K I P S  PER WHEEL L I N E  



Table A-5. Continued 

MAXIMUM LIVE LOAD MOMENT FOR H 20-44, FT-KIPS PER WHEEL LINE 

DISTANCE FROM SUPPORT, FEET 

SPAN, 11 12 13 14 15 16 1 7  18 19 20 
f EET 



Table A-5. Continued 
MAXIMUM LIVE LOAD MOMENT FOR H 20-44, FT-KIPS PER WHEEL LINE 

DISTANCE FROM $UPPORT, FEET 

SPAN, 21 22 23 24 25 26 27 28 29 30 
FEET 



Table A-5. Continued 

MAXIMUM LIVE LOAD MOMENT FOR H 20-44, FT-KIPS PER WHEEL LINE 

DISTANCE FROM SUPPORT, FEET 

SPAN, 31 32 3 3 34 35 36 3 7 38 3 9 40 
FEET 

SPAN, 41 42 43 44 45 46 4.1 48 49 50 
FEET 



Table A-6. 
MAXIMUM LIVE LOAD MOMENT FOR HS 20-44, FT-KIPS PER WHEEL LINE 

Ol SlANCE FROM SUPPORT, FEET 

SPAN, 1 2 3 4 5 6 7 8 9 10 
FEET 



Table A-6. Continued 
MAXIMUM L I V E  LOAD MOMENT FOR HS 20 -44 ,  F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 11 12 13 14 15 16 17 18 19 2 0  
FEET 



Table A-6. Continued 
MAXIMUM L I V E  LOAD MOMENT FOR HS 8 0 - 4 4 ,  F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, FEET 

SPAN, 2 1  2 2  2 3  2 4  
FEET 

2 5  2 6  2 7  2 8  29 30 



Table A-6. Continued 
MAXIMUM L I V E  LOAD MOMENT FOR HS 2 0 - 4 4 ,  F T - K I P S  PER WHEEL L I N E  

DISTANCE FROM SUPPORT, F E E r  

SPAN, 3 1  3 2  3 3 3 4  3 5  3 6  3 7 3 8  3 9  4 0  
FEET 

SPAN, 4 1  4 2  4 3  4 4  45 $46 4 7  4 8  4 9  50 
FEET 




