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Serviceability l im i t states of ten govern in the design of pre­
stressed concrete bridge girders, yet the corresponding ac­
ceptability criteria are not clearly justified. The paper deals 
w i t h allowable stresses and ultimate moment. The require­
ments of the A A S H T O standard specifications are dem­
onstrated on pretensioned bridge girders A A S H T O Types 
I I I through V I . Moments are calculated for the considered 
l imi t states and fo r various spans. I t is observed that the 
ratio of these moments varies w i t h regard to span length. 
In most cases, the final tension stress (after the final loss 
of prestress) determines the min imum required number of 
prestressing strands. O n the other hand, the important 
l imi t state is compression stress in concrete, as overloading 
may lead to unacceptable permanent deformations. Revi­
sion of the serviceability l imi t states, consistent in format 
w i t h the new A A S H T O load and resistance factor design 
specifications, is suggested. The formula t ion of a compres­
sion l imi t state in concrete that is based on the elastic l imi t 
and tension l imi t states in concrete and the modulus o f 
rupture is proposed. 

D esign o f prestressed concrete bridges specified 
by the A A S H T O (1) is a combina t ion o f w o r k ­
ing stress design and u l t imate strength design. 

Prestressed concrete girders are designed to satisfy the 
a l lowable stress requirements at service load condi t ions . 
Then , the ul t imate f l exura l capacity o f the section is also 
checked. I n most cases the a l lowable tension stress gov­

erns. However , most o f the code ca l ib ra t ion e f f o r t was 
directed t o the development o f the ul t imate l oad cri teria 
(2). Therefore , there is a need to consider the a l lowable 
stress design. 

T h e objective o f this paper is t o review and compare 
the design criteria f o r prestressed concrete bridge girders, 
w i t h regard to the ul t imate l i m i t states (ULS) and ser­
viceabi l i ty l i m i t states (SLS), as specified i n A A S H T O 
standard specifications and A A S H T O L o a d and Resis­
tant Factor Design ( L R F D ) . I n part icular, the analysis 
was focused o n u l t imate m o m e n t and a l lowable stresses 
i n tension and compression. 

LIMIT STATES 

A s t ructura l component can be i n a safe state or a f a i l ­
ure state. The l i m i t state is defined as the boundary con­
d i t i o n separating these t w o states. I n general, fa i lure is 
considered as the inab i l i t y t o p e r f o r m a func t ion(s ) , 
such as, car ry ing the loads, p r o v i d i n g a shelter, o r sat­
i s fy ing certain de fo rma t ion cri teria (deflection or v ibra­
t i o n ) . The l i m i t states can be p u t in to categories, de­
pending o n the f o l l o w i n g func t ions : 

• ULS , 
• SLS, and 
• Fatigue l i m i t states. 
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ULS is related to load-carrying capacity. A structure 
tha t reaches a ULS is o n the b r i n k o f fa i lu re , i n the f o r m 
o f a collapse, over turn ing , o r rupture . ULS f o r a beam 
is defined as reaching the ul t imate m o m e n t ca r ry ing ca­
pacity, or shear capacity, bu t also loss o f stabili ty. The 
l i m i t state can be considered f o r a component o r f o r the 
who le structure (bridge). I n general, a bridge reaches a 
ULS on ly after several components (girders) have 
reached their ULSs. I f moment in a girder is equal to 
the u l t imate moment , the girder cannot take any more 
load ing , bu t i t does not necessarily mean a fa i lure . I n 
most cases, the bridge load ing st i l l can be increased un­
t i l several girders reach their ULSs. 

SLS's are related to bridge performance under load 
levels lower than those used at ULS. Examples o f SLS 
include cracking, deflect ion, v ib ra t ion , and excessive 
permanent de fo rma t ion . I n general, the consequences o f 
reaching an SLS are m u c h less severe than that f o r ULS. 
Crack ing is undesirable; i t may lead to cor ros ion o f re­
inforcement or prestressing steel or bo th . However , 
opening o f a crack once i n a whi le may be acceptable. 
Def lec t ion and v i b r a t i o n are t w o l i m i t states that are 
d i f f i c u l t to define. The acceptabili ty cri teria are no t clear 
and appear t o be subjective. Compression stress i n con­
crete may exceed the elastic l i m i t , and this may result 
i n a permanent de fo rma t ion . Therefore, there is a need 
to c o n t r o l stress at the t o p fibers o f the girder at transfer 
(after the wires are cut) and b o t t o m par t o f the com­
posite girder after the final loss o f prestress. 

FLSs are related to load-carrying capacity under re­
peated loads. M u l t i p l e appl ica t ion o f load , even at a 
level tha t is lower than the ul t imate load , can lead to 
rup ture . Bridge structures o f t en carry mi l l ions o f t rucks, 
and each passage can be considered as a load cycle. 
Welded steel components i n tension are vulnerable to 
fat igue fa i lure . 

I n practice, the l i m i t states are f o r m u l a t e d using var i ­
ous l oad and resistance parameters, Xi, . . . x„, i n f o r m 
o f the so-called l i m i t state func t ions , f{xi, . . . x„). L i m i t 
state f u n c t i o n is an equat ion: 

f{xu ...x„) = 0 (1) 

so that i f /"(xi,. . . ;c„) > 0, the structure (or component) 
is i n a safe state, and i f f{xu . . . ;c„) < 0, the structure 
(or component) is i n a fa i lure state. 

Safe real izat ion o f structures requires tha t the p rob­
ab i l i ty o f reaching a l i m i t state be kept at an acceptable 
l o w level. T h a t p robab i l i t y is o f t e n called the p r o b a b i l ­
i t y o f fa i lu re (Pp) and i t depends o n cost o f investment 
(C, ) , and consequences o f fai lure (Cp). The cost (C,) i n ­
cludes the costs o f design, const ruct ion , and opera t ion 
(use). The o p t i m u m probab i l i t y o f fa i lure corresponds 
to the m i n i m u m to t a l expected cost: 

where 

Ppi = p robab i l i ty o f fa i lu re f o r l i m i t state / and 
Cp, = cost o f fa i lure f o r l i m i t state i. 

The consequences o f fa i lu re vary depending o n l i m i t 
state; therefore, the products o f Pp, and Cp, are calcu­
lated f o r a l l l i m i t states invo lved i n the design. 

I n the design codes, the acceptabil i ty cr i ter ia are also 
fo rmula t ed i n terms o f l i m i t state func t ions . Safety re­
serve is ensured by specifying conservative values o f 
l oad and resistance parameters. The probabi l i ty-based 
approach has been used to derive the o p t i m u m load and 
resistance factors f o r the ULS (2). However , f o r the SLS, 
the consequences o f fa i lu re (reaching the l i m i t state) are 
usually an order o f magni tude (or more) lower than f o r 
ULS. Therefore, there is a need f o r quan t i f i ca t ion o f the 
load and resistance parameters f o r SLS and the devel­
opment o f a basis f o r ca l ib ra t ion . 

DESIGN CRITERIA 

The design o f prestressed concrete bridge girders o n the 
basis o f A A S H T O (1) is based on the calculat ion o f 
stresses under the so-called service loads and their com­
parison w i t h specified a l lowable stresses. Stresses are 
calculated at midspan. Service loads are determined as 
unfac tored effects o f dead load , l ive load , and impac t . 
The prestressing force is also considered and its effect 
is reduced by estimated prestress losses. The u l t imate 
m o m e n t ca r ry ing capacity is calculated and compared 
w i t h the to ta l fac tored load . The design requirements 
are reviewed by considering A A S H T O girders Types I I I 
t h rough V I . 

The calculat ion o f dead load ( D L ) does no t involve 
m u c h uncertainty. The statistical parameters o f D L are 
available (2) . O n average, D L exceeds the design values 
by about 3 to 5 percent. The coeff icient o f var ia t ion is 
0.08 to 0.10. 

Design l ive load ( L L ) is calculated using HS20 t r u c k 
or lane loading. I t was f o u n d that the actual t ruck t ra f ­
fic can produce much higher load effects (3) . The ex­
pected m a x i m u m 75-year lane moments can be as large 
as 2.10 o f HS20 momen t f o r about a 150- f t (45-m) 
span or about 1.60 o f HS20 momen t f o r a 2 0 - f t (6-m) 
span. Design dynamic l oad ( impact) ( IL) is specified as 
a f u n c t i o n o f span length: 

I L = [50/(125 + L ) ] L L (3) 

m i n C T = C , + 2(Pf, Cp,) (2) 

where L = span length (1 f t = 0.3 m ) . The actual dy­
namic load is a f u n c t i o n o f bridge span, roughness o f 
the surface and vehicle dynamics (4). I t has been ob­
served that I L decreases w i t h increasing t r u c k weight , 
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and f o r very heavy vehicles I L = 0.15 L L . The coeff icient 
o f va r i a t ion f o r ( L L - I - I L ) is about 0.18. 

The girder d i s t r ibu t ion fac tor (GDF) specified by 
A A S H T O (1) f o r prestressed concrete girders is s/5.5, 
where s = girder spacing i n feet (1 f t = 0.3 m ) . The 
resul t ing GDFs are conservative i n mos t cases. A recent 
study by Zoka ie et a l . (5) indicated that the current 
A A S H T O specifications are over ly conservative f o r 
longer spans and girder spacings (by about 50 percent) 
bu t are t o o l ibera l f o r shorter spans and girder spacings. 

Prestressing force is the m a j o r design consideration. 
The stress level is cont ro l led by the number o f strands 
and i n i t i a l prestressing force. Prestress loss is estimated 
at t w o stages: immediately after the wires are cut ( in i t i a l 
loss o f prestressing force) and at the end o f economic 
l i fe ( f ina l loss o f prestressing force) . 

The design stresses under service l oad are calculated 
f o r unfac tored dead load and HS20 t ruck plus impact 
(Equat ion 3) , w i t h G D F equal t o s/5.5. The calculations 
are carr ied ou t to determine the m a x i m u m stresses i n 
compression and tension. Tension stress at the t o p fibers 
o f the girder is considered after the wires are cu t (after 
i n i t i a l loss o f prestressing force) . I t is calculated using 
the f o l l o w i n g f o r m u l a : 

(T„ = F / A , - f , e „ / Z , + M^,„ /Z , (4) 

and corresponding compression stress at the b o t t o m is 
calculated as f o l l o w s : 

where 

(5) 

Ac = area o f concrete, 
F, = i n i t i a l prestressing force, 
Co = eccentricity o f strands, 
Z , = section modulus w i t h respect t o top fibers f o r 

noncomposi te section, 
Z j , = section modulus w i t h respect to b o t t o m fibers 

f o r noncomposi te section, and 
Al„, in = momen t caused by self-weight o f the girder. 

Other stresses are calculated f o r a composite section. 
M a x i m u m compression i n the t o p fibers is checked un­
der live load and after the final loss o f prestressing force. 
M a x i m u m tension stress ( i f any) is calculated at the bot­
t o m fibers, also af ter the final loss o f prestressing force. 
The compression stress is calculated as fo l lows : 

(T„ = FJF,(1 - eJK,) + MplZ, + MJZl (6) 

and tension stress: 

where 

= final prestressing force, 
Zbc = section modulus w i t h respect to b o t t o m fibers 

f o r composite section, 
Z',c = section modulus w i t h respect to extreme top 

fibers f o r composite section, 
= - Z ^ A „ 

K, = ZJAc, 
M, = + M ^ L , 

= M , + M „ 
M, = momen t caused by slab weight , 

M , D = superimposed moment , 
Mg = momen t caused by girder weigh t , and 

MLL = momen t caused by L L and impact . 

The specified a l lowable stresses are listed i n Table 1 
(1) . Prestressed concrete bridge girders designed by 
A A S H T O are required to satisfy the i n i t i a l and final 
concrete stresses shown i n Table 1 at any section a long 
the girder. I t is assumed tha t the considered stresses are 
exposed to a corrosive environment ; therefore, the a l ­
lowable tension stress is Sy/f^.- The specifications a l l o w 
a m a x i m u m o f 75 percent o f u l t imate prestressing steel 
stress, f',, t o be applied in i t i a l l y at transfer f o r l o w re­
l a x a t i o n strands. The resistance reduct ion fac tor f o r 
prestressed concrete sections i n flexure is <}) = 1.0. 

T h e a l lowable tension stress is specified to c o n t r o l 
the occurrence o f cracking. Tension may occur at the 
top o f the beam immediate ly after the wires are cut . I t 
may also be present at the b o t t o m , as the result o f L L . 
Then , the m a x i m u m tension can be expected af ter the 
final loss o f prestressing force (at the end o f economical 
l i f e ) . A cracked girder requires a d i f fe ren t analyt ical 
mode l than an uncracked section. Crack ing may cause 
an accelerated corros ion o f re inforcement or prestress­
i n g steel. However , the p rob l em can be con t ro l l ed by 
o rd ina ry reinforcement . The physical l i m i t is the tensile 
strength o f concrete (moment corresponding t o the 
modulus o f rupture i n concrete), or, af ter the i n i t i a l 

T A B L E 1 AUowable Stresses Specified by A A S H T O (1) 

Types of Stress Stress (psi) 

Initial stress in 

concrete at transfer 

Tension Initial stress in 

concrete at transfer Compression o.ef'ci 

Final stress in 

concrete 

Tension * Final stress in 

concrete Compression 0.4f', 

a , = FJAAl - eJK,) - M^Z, - MJZ,, (7) 

• severe corrosive environment 

(1 psi = 6.894 kPa) 
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crack occurred, the decompression moment . Therefore , 
the l i m i t state f u n c t i o n can be f o r m u l a t e d as 

M , - M r 

where 

M L M „ = 0 (8) 

M , = moment corresponding to the tensile strength 
l i m i t in concrete and includes the prestressing 
effect and loss o f prestressing force, i f any; 

M D L = moment caused by dead load ; 
M L L = momen t caused by five load ; and 
M , L = momen t caused by dynamic load ( impact) . 

The cracking moment M „ can be determined as a func­
t i o n o f the tensile strength o f concrete (fr). The mean 
modulus o f rupture is about 700 psi (4.8 MPa) f o r con­
crete w i t h f[ = 5,000 psi (34.5 M P a ) ; this compares w i t h 
a l lowable tension stress o f 530 psi (3.6 M P a ) (6) . 

The a l lowable compression stress is specified to 
avo id excessive permanent de fo rmat ion . As i n the case 
o f tension stress, t w o cases are considered. Immediate ly 
after transfer, m a x i m u m compression occurs at the bot­
t o m o f the girder. A f t e r the final prestress loss, the m a x i ­
m u m compression stress must be checked at the top . 
The physical fimit f o r permanent de fo rma t ion is elastic 
l i m i t , w h i c h is assumed to correspond to about 0.6 f'^. 
Therefore , the l i m i t state func t i on f o r compression can 
be f o r m u l a t e d as f o l l o w s : 

- M , M L M M = 0 (9) 

where M,, = elastic moment (moment corresponding to 
elastic stress l i m i t i n concrete) and includes the pre­
stressing effect and loss o f prestressing force, i f any. 

The ul t imate moment fo r a prestressed concrete 
girder, M„, is calculated f r o m the f o l l o w i n g f o r m u l a : 

M„ = A,J,,d,{l - 0.6p) 

where 

(10) 

Ap, = area o f prestressing steel; 
fp, = y ie ld strength; 
dp = effective depth; 
P = A.p,fpJ(bdpf[) (reinforcement ra t io ) ; 
b = w i d t h o f the section (effective slab w i d t h ) ; and 
f[ = strength o f concrete. 

The actual momen t ca r ry ing capacity is a r a n d o m var i ­
able. The mean value is about 5 percent larger than the 
design value calculated using Equat ion 10, and the co­
eff ic ient o f var ia t ion is 0.075 (2). 

The ul t imate moment ( M „ ) is compared w i t h the fac­
tored load effect ( M „ ) calculated as f o l l o w s : 

M „ = 1.3 M D L + 2.17 (0.5) (GDF) ( M ^ L + M . J (11) 

where 

M D L = momen t caused by dead load ; 
M L L = moment caused by live load (per lane); 

G D F = girder d i s t r i bu t ion factor ; and 
M I L = moment caused by dynamic load ( impact) . 

I n add i t ion to the ul t imate moment , A A S H T O ( I ) 
requires that the cracking momen t (M„) be checked and 
defined as 

M„ = {ZJZ,)[FpAps{eo - K.)] - f,Zu (12) 

where f , - modulus o f rupture . 

ANALYSIS OF A A S H T O GIRDERS 

The calculations are pe r fo rmed f o r prestressed concrete 
A A S H T O - t y p e Girders I I I t h rough V I . The cross sec­
tions are shown i n Figure 1 . Simple spans are consid­
ered f r o m 40 th rough 120 f t (12 th rough 36 m) . I t is 
assumed tha t a l l the considered bridges carry at least 
t w o t ra f f i c lanes, that girders are composite w i t h con­
crete deck slab, and that strands are draped at the t h i r d 
points . 

Further i t is assumed that dead load , i n add i t ion to 
the girder weight , includes t w o normal-size parapets, a 
1-in. (25-mm) haunch, diaphragms 1 f t (0.3 m) wide , a 
wear ing surface o f 30 psf (1.44 k N / m ^ ) and a stay-in-
place f o r m w o r k o f 15 psf (0.72 k N W ) . The thickness 
o f the cast-in-place concrete deck varies w i t h the girder 
spacing. I t is assumed that the nomina l final concrete 
strength i n the pretensioned girder is 6,500 psi (45 
M P a ) and i n the deck i t is 4 ,500 psi (31 M P a ) . Concrete 
strength at transfer is considered to be 5,500 psi (38 
M P a ) . The prestressing steel is composed o f 0 .5- in . (12-
m m ) l o w re laxat ion strands w i t h an u l t imate strength 
of 270 ksi (1860 M P a ) . 

The number o f prestressing strands is the single most 
i m p o r t a n t parameter that determines the resistance f o r 
ULS and SLS. For each l i m i t state, /, the number o f 
required strands («,) is determined. The calculations are 
carr ied ou t f o r the f o l l o w i n g l i m i t states considered i n 
the design: a l lowable i n i t i a l tension stress f o r concrete, 
a l lowable i n i t i a l compression stress f o r concrete, a l low­
able final tension stress f o r concrete, a l lowable final 
compression stress f o r concrete, and ul t imate moment . 
The number o f strands required f o r the ul t imate load-
car ry ing capacity is denoted by «„. For tension stress, 
the number o f strands required is denoted by «„ f o r the 
i n i t i a l stage (after t ransfer) , and w„ f o r the final stage 
(after final prestress loss). Similarly, f o r compression 
stress, the number o f strands required is denoted by 
f o r the i n i t i a l stage (after t ransfer) , and n^, f o r the final 
stage (after final prestress loss). 
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54" 

23" 
Type i n 

26" 

Type IV 

42" 

28" 

T y p e V 

72" 

28" 

Type VI 
FIGURE 1 AASHTO girders Types HI through V I . A l l 
dimensions are in inches (1 in . = 25 mm). 

O n l y one l i m i t state is considered at a t ime. I f , f o r 
example, the ul t imate momen t is considered, then the 
number o f strands is determined on ly w i t h regard to 
the required momen t carrying capacity. The results are 
s h o w n i n Figure 2 . The presented numbers o f strands 
are calculated f o r girder spacing o f 8 f t (2.4 m) and 
slab thickness o f 8 i n . (200 m m ) . The size o f the 
A A S H T O - t y p e girder is selected depending on the span 
length: f o r spans 40 to 60 f t (12 to 18 m ) A A S H T O Type 
I I I , f o r spans 60 to 80 f t (18 to 24 m) A A S H T O 
Type IV, f o r spans 80 to 100 f t (24 to 30 m) A A S H T O 
T y p e V , and f o r spans 100 to 120 f t (30 to 3 6 m ) 
A A S H T O Type V I . 

The sign o f expected stress at the in i t i a l stage and 
final stage are opposite. Immediate ly after transfer, pre­
stressing force is the m a j o r fac tor tha t increases the cr i t ­
ical tension and compression stresses. Therefore, an 
upper b o u n d is imposed on the required number o f 
strands. For spans up to about 70 f t (21 m ) , tension in 
the top fibers o f the girder govern, and fo r longer spans. 

compression at the b o t t o m governs. I n the final stage, 
after the final loss o f prestress, prestressing force de­
creases the cr i t ica l stresses. Therefore , a lower bound is 
determined f o r the required number o f strands. The fea­
sible domain is shown as the shaded area in Figure 2 . 
There is a considerable va r ia t ion o f the required n u m ­
bers o f strands. However , i t is clear tha t the design is 
governed by the a l lowable tension stress ( in the final 
stage). 

The effect o f the a l lowable tension stress o n the re­
qui red number o f strands is shown i n Figure 3. Various 
l imi t s are considered f r o m 0 (no tension a l lowed) to 10 
times the square r o o t o f f [ . 

For the considered A A S H T O girders, moments are 
calculated f o r various l i m i t states, i n par t icular : 

• M o m e n t corresponding to the a l lowable tensile 
stress i n noncomposite girder, 

• M o m e n t corresponding to the a l lowable compres­
sion stress i n noncomposite girder. 
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FIGURE 2 Required number of strands: = 
ultimate moment, «„ = tension at the initial stage 
(after transfer), «„ = compression at the initial 
stage, tta = tension at the final stage (after final 
prestress loss), and = compression at the final 
stage. 
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FIGURE 4 Moment ratios calculated for allowable 
tension and compression stresses. 

• Moment corresponding to the allowable tensile 
stress in composite girder, 

• Moment corresponding to the allowable tensile 
stress in composite girder, and 

• Moment corresponding to the ultimate load-
carrying capacity in composite girder. 

Each moment is determined with regard to only one 
limit state (other limit states are disregarded). The ratios 
of these moments and the ultimate moment are plotted 
in Figure 4 for AASHTO girder Types III through VI. 
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FIGURE 3 Required number of strands for 
various values of the allowable tension stress at 
the final stage. 

The nominal moment, M„, is calculated for the com­
posite section using Equation 10. The ratios of mo­
ments MJM„, MJM„, MJM„, and MJM„ vary with 
span length. Moments M„ and M,/ are applied to a non-
composite section and, therefore, they appear to be 
small compared with M„. 

CONCLUSIONS 

Ultimate limit states and serviceability limit states are 
considered for prestressed concrete girders. The mini­
mum required number of strands is calculated for vari­
ous limit states, including allowable initial tension 
stress, initial compression stress, final tension stress, final 
compression stress, and ultimate moment. The results 
confirm that the final tension stress governs the design. 

Serviceability limit states based on allowable stress in 
concrete require further consideration. Design resistance 
and loads are not realistic and, therefore, the calculated 
stress have no physical meaning. The actual concern is 
an excessive permanent deformation of the girder. 
Therefore, it is suggested that the elastic limit stress in 
compression be checked. Furthermore, because the live 
loads are unrealistic, the use of factored loads specified 
in the new L R F D AASHTO (i) is suggested. Tension 
stress can be controlled by additional reinforcement. 
The girder distribution factors are overly conservative 
in most cases. 

It is suggested that the design be based on the fol­
lowing limit states: 

• Tension stress in concrete (initial and final), 
• Elastic limit for compression stress in concrete, and 
• Ultimate moment. 



NOWAK AND EL-HOR 187 

ACKNOWLEDGMENTS 

The research presented was carried out in conjunction 
with the development of the L R F D AASHTO Code 
(NCHRP Project 12-33, CaUbration). It was also par­
tially sponsored by a National Science Foundation grant 
managed by Ken Chong, which is gratefully acknowl­
edged. The opinions and conclusions expressed or im­
plied in the paper are those of the author and are not 
necessarily those of the sponsoring organizations. 

REFERENCES 

1. Standard Specifications for Highway Bridges. AASHTO, 
Washington, D.C., 1992. 

2. Nowak, A. S. Calibration of LRFD Bridge Design Code. 
Report submitted to NCHRP, University of Michigan, Ann 
Arbor, 1994 (in press). 

3. Nowak, A. S., and Y-K. Hong. Bridge Live Load Models. 
ASCE Journal of Structural Engineering, Vol. 117, No. 9, 
1991, pp. 2757-2767. 

4. Hwang, E.-S., and A. S. Nowak. Simulation of Dynamic 
Load for Bridges. ASCE Journal of Structural Engineering, 
Vol. 117, No. 5, 1991, pp. 1413-1434. 

5. Zokaie, T., T. A. Osterkamp, and R. A. Imbsen. Distribu­
tion of Wheel Loads on Highway Bridges. NCHRP Project 
12-26(1). Imbsen and Associates, Sacramento, Calif., 
1994. 

6. Nowak, A. S., and H. N. Grouni. Serviceability Criteria in 
Prestressed Concrete Bridges. AC/ Journal, Proc, Vol. 83, 
No. 6, Jan.-Feb. 1986, pp. 43-49. 




