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Computer Analyses of Time-Dependent Behavior 

of Continuous Precast Prestressed Bridges 

by J.D. Glikin, S.C. Larson, and R. G. Oesterle 

Synops1s: Des1gn and construct1on of br1dges composed of 
s1mple-span, pretens1oned g1rders made cont1nuous for compos1te 
dead and 11ve loads have become w1despread. The des1gn of 
these structures 1n the Un1ted States has been generally based 
on the procedure outl1ned 1n "Des1gn of Cont1nuous H1ghway 
Br1dges w1th Precast, Prestressed Concrete G1rders," publ1shed 
by the Portland Cement Assoc1at1on ( PCA) 1n 1969. Although 
ex1st1ng br1dges des1gned by th1s procedure are generally 
perform1ng well, 1t 1s bel1eved that th1s method may not 
accurately pred1ct the true behav1or of these structures. 

One of the major uncerta1nt1es 1n the des1gn of these 
structures 1s pred1ct1on of pos1t1ve and negat1ve moments 1n 
the cast-1n-place connect1ons at the p1ers. Th1s uncerta1nty 
1s due to the d1fferent load1ng and construct1on stages, t1me­
dependent effects, and deta1ls used to make the connect1ons. 

To resolve such uncerta1nt1es, Construct1on Technology 
Laborator1 es, Inc. has conducted an ana 1 yt1 ca 1 study under the 
sponsorsh1p of the Nat1onal Cooperat1ve H1ghway Research 
Project 12-29. The object1ve was to develop gu1del1nes for 
more rat1onal des1gn of the cont1nu1ty connect1ons. 

Th1s paper summar1zes results of an extens1ve parametr1c study 
to cons1der the effects of (1) construct1on sequence 1nclud1ng 
s1mple span behav1or before and cont1nuous behav1or after 
cast1ng the deck and d1aphragms, ( 2) t1me-dependent behav1or 
1nclud1ng concrete creep and shr1nkage, and steel relaxat1on, 
(3) 11ve load appl1ed at any stage of serv1ce 11fe, (4) 
crack1ng result1ng from both pos1t1ve and negat1ve moment 
1nc1ud1ng "tens1on st1ffened" stress-stra1n relat1onsh1ps for 
re1nforcement, and (5) clos1ng of cracks when comb1ned dead 
load plus t1me-dependent moments are reversed by appl1cat1on of 
11 ve 1 oads. 

Ketfords: bridges (structures); computer programs; continuity 
cracking (fracturing); creep properties; girders; 

loads (forces); moments; precast concrete; prestressed concrete;­
pretensioning; shrinkage; stress relaxation; structural analysis 
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INTRODUCTION 

Background 

Appl1cat1on of precast, prestressed g1rders to br1dge 
construct1on started 1n the Un1ted States 1n the early 1950's. 
Use of pretens1oned I-g1rders w1th cast-1n-place concrete decks 
grew rap1dly. Unt11 the early 1960's, br1dges bu1lt w1th 
pretens1oned I-g1rders and cast-1n-place concrete deck were 
des1gned as s1mply supported spans. However, long1tud1nal 
re1nforcement placed 1n cont1nuous deck slabs above the p1ers 
prov1 ded negat1 ve moment capac 1ty. Therefore, these I -g1 rders 
could be cons1dered as part1ally cont1nuous for negat1ve 
moments at the p1ers. The degree of cont1nu1ty depends on the 
t1me-dependent effects and the pos1t1ve and negat1ve moment 
connect1on deta1ls prov1ded at the p1ers. 

In a pretens1oned member, prestress w111 usually cause the 
member to camber. If the member 1 s s 1mp 1 y supported, the ends 
of the member w111 tend to rotate, as shown 1n F1g. l(a). When 
members are made cont1nuous through the deck and p1er 
d1aphragms, the ends of the pretens1oned g1rder are restra1ned 
from rotat1ng. As a result, a pos1t1ve restra1nt moment, as 
shown 1n F1g. l(b) may occur at the p1er. Pos1t1ve moment also 
occurs at the p1ers when alternate spans have 11ve loads. 
Re1nforcement for pos1t1ve moment connect1on 1s des1gned for 

https://www.civilenghub.com/ACI/125434417/ACI-SP-106?src=spdf


Computer Applications 

the summat1on of pos1t1ve moment due to t1me-dependent effects 
and 11ve load appl1cat1on. Construct1on of the pos1t1ve moment 
connect1on deta11 1s generally expens1ve and t1me consum1ng. 

In 1961, the Portland Cement Assoc1at1on (PCA) conducted an 
exper1mental research program on th1s type of br1dge (1). The 
research program stud1ed the 1nfluences of creep 1n the precast 
g1rders and d1fferent1al shr1nkage between the precast g1rders 
and the cast-1n-place deck slab on cont1nu1ty behav1or after an 
extended per1od of t1me. As a result of these stud1es, 
procedures were developed for des1gn of the pos1t1ve moment 
connect1on and the negat1ve moment re1nforcement over 
support1ng p1ers (2). 

There are several uncerta1nt1es assoc1ated w1th the PCA 
procedures. Some of the uncerta1nty stems from the s1mpl1fy1ng 
assumpt1ons made 1n the PCA procedures. One assumpt1on 1s that 
g1rder concrete and deck concrete have the same creep and 
shr1nkage propert1es. Th1s would not generally be the case, 
part1cularly 1f the sequence of construct1on results 1n 
s1gn1f1cantly d1fferent ages between the g1rder, d1aphragm, and 
deck concrete. D1fferent concrete m1xes and cur1ng cond1t1ons 
for g1rder, d1aphragm, and deck concretes also cause d1fferences 
1n creep and shr1nkage propert1es. Also, for the PCA s1mpl1f1ed 
analyses, the cont1nu1ty connect1ons are cons1dered to have 
zero length and to be fully r1g1d. Full cont1nu1ty 1s assumed 
1n of 11ve-load pos1t1ve and negat1ve moments. The 
actual connect1ons have f1n1te lengths and rotat1onal st1ff­
nesses. The moment of 1nert1a of the re1nforced concrete 
sect1on at the connect1on after crack1ng from e1ther pos1t1ve 
or negat1ve moment w1ll be s1gn1f1cantly lower than the 
prestressed g1rder sect1on. In add1t1on, when pos1t1ve 
restra1nt moment from t1me-dependent effects causes crack1ng 1n 
the d1aphragm concrete, these cracks must close before the full 
sect1on becomes effect1ve for negat1ve 11ve load moment. 

NCHRP Project 12-29 

S1nce the PCA research was completed over 20 years ago, there 
have been s1gn1f1cant advancements 1n understand1ng of mater1al 
behav1or and 1n methods of analys1s. Therefore, CTL 1s 
conduct1ng NCHRP Project 12-29 to 1nvest1gate the behav1or of 
precast, prestressed g1rders made cont1nuous and to develop 
gu1del1nes for determ1n1ng des1gn moments commensurate w1th the 
degree of cont1nu1ty developed at the p1ers. 

From a quest1onna1re survey carr1ed out as a f1rst task to 
Project 12-29, 1t was learned that there 1s s1gn1f1cant 
var1at1on 1n appl1cat1on of th1s type of br1dge des1gn by 
var1ous state Departments of Transportat1on. Th1s 1s 
part1cularly true w1th respect to the pos1t1ve moment des1gn of 
the cont1nu1ty connect1on. Current pract1ce 1ncludes: 
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1. Designing and providing positive moment reinforcement 
or using standard details at the pier connection and 
considering negative moment continuity for reduction 
of live load positive moment near midspan. 

2. Designing and providing positive moment reinforcement 
or using standard details but 'Ignoring negative moment 
continuity for reduction of l'lve load positive moment 
near midspan. 

3. Providing no positive moment reinforcement but 
considering negative moment continuity for reduction 
of live load positive moment near midspan. 

4. Providing no positive moment reinforcement and 
'Ignoring negative moment continuity for reduction of 
live load positive moment near midspan. 

Another 'Initial task of Project 12-29 was to develop and verify 
ana 1 yti ca 1 procedures used to determ'l ne the degree of 
cont1nu1ty and result1ng moments. Descr1pt1ons of the computer 
program used 1n the project and 'Its capabil1t1es are g1ven 1n 
the next sect1on. Compar1sons of analyt1cal results and test 
observat1ons for 1/2-scale bridges are g1ven 1n Ref. 3. 

The next major task of Project 12-29 was to carry out extens1ve 
computer analyses for a parametr1c study of the effects of 
various amounts of continu1ty re1nforcement, d1fferent 
construct1on sequences, and var1at1on 1n t1me-dependent 
mater1al propert1es for concrete and prestress1ng steel 1n 
br1dges with a range of g1rder type, span, and spacing. Th1s 
paper summar1zes the results of these computer analyses. The 
pr1mary factor used to evaluate and compare results was the 
response to 11ve load appl1ed at var1ous stages of serv1ce 
11fe. Impl1cat1ons of parametr1c study results on des1gn 
procedures for th1s type of br1dge are also d1scussed 1n the 
paper. 

COMPUTER ANALYSES OF TIME-DEPENDENT RESPONSE 

Program Descr1pt1on 

T1me-dependent deformat1ons and restra1nt moments 'Induced 1n 
mult1span br1dges built of prestressed g1rders made cont1nuous 
were studied us1ng a mod1f1ed vers1on of computer program PBEAM 
(4). Th1s program, developed by c. Sutt1kan, 1s capable of 
analyz1ng compos1te prestressed concrete structures of any 
cross-sect1onal shape hav1ng one ax1s of symmetry. The program 
accounts for the effects of nonl1near1ty of stress-stra1n 
responses of mater1als and var1at1ons with t1me of strength, 
st1ffness, creep, and shr1nkage of concrete, and relaxat1on of 
steel. A step-by-step method 1s used 1n the t1me-dependent 
analys1s w1th a tangent st1ffness method 'Implemented for 
solving nonl1near response. 
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Precast, prestressed br1dge g1rders w1th compos1te cast-1n­
place decks are modeled us1ng a d1screte element method as 
developed by Hays and Matlock ( 5). Element deformat1ons and 
forces are est1mated by analyz1ng stress-stra1n relat1onsh1ps 
of a ser1es of rectangular f1bers d1str1buted over the depth of 
the cross-sect1on. It 1s assumed that stra1n 1n each f1ber 1s 
constant at the centro1dal ax1s of the f1ber and stra1n 
d1str1but1on var1es 11nearly through the depth of the sect1on. 
For each t1me step, equ111br1um at each element 1s ma1nta1ned 
by determ1n1ng the t1me dependent stress correspond1ng to the 
level of stra1n 1n each f1ber. Stress mult1pl1ed by area 1s 
summed over all f1bers and force equ111br1um 1s checked. If 

necessary, the stra1n d1str1but1on 1s adjusted and the process 
1s repeated unt11 forces balance. 

The A.C.I. Comm1ttee 209 (6) procedures to est1mate the t1me 
var1at1on of compress1ve strength, creep, and shr1nkage of 
concrete and relaxat1on of prestress1ng steel are used 1n the 
PBEAM computer program. The rate of creep method and method of 
superpos1t1on are ava1lable 1n the program to account for the 
effect of concrete creep on the d1str1but1on of stresses 1n a 
sect1on. The method of superpos1t1on was used for the stud1es 
conducted 1n th1s project. 

The PBEAM computer program allows unl1m1ted flex1b111ty 1n 
analyz1ng var1ous construct1on sequences and 11ve load 
appl1cat1ons. The analys1s accounts for construct1on sequence 
such that the s1mple span behav1or of the g1rder before cast1ng 
of deck and d1aphragm, and cont1nuous behav1or thereafter are 
correctly modeled. Cast1ng of deck and d1aphragm can be done 
at any g1 rder age and 1 n any sequence. L1 ve 1 oad can a 1 so be 
appl1ed at any stage of serv1ce 11fe and 1n any conf1gurat1on. 
The program can therefore be used to 1nvest1gate behav1or under 
a w1de var1ety of cond1t1ons 11kely to be encountered 1n actual 
use of th1s type of br1dge. 

The program's capab111t1es also allow a real1st1c analys1s of 
the 1nfluence of d1aphragm crack1ng on the behav1or of th1s 
type of br1dge. Oepend1ng on stress level and t1me-dependent 
mater1al propert1es, the program accounts for crack1ng of 
g1rder and/or deck concrete under pos1t1ve or negat1ve 
moments. For each t1me step of the analys1s, the program 
stores the stress-stra1n relat1onsh1p 1n every f1ber of each 
element. These stored cond1t1ons serve as the start1ng po1nt 
for the behav1or calculated for the succeed1ng t1me step. In 
th1s way, the program can follow both crack development and 
crack clos1ng. Th1s analyt1cally models the s1tuat1on shown 
exper1mentally 1n Ref. 1, 1n wh1ch cracks, wh1ch had opened at 
the bottom of the d1aphragm under the 1nfluence of pos1t1ve 
restra1nt moments, were closed by the negat1ve moment 1nduced 
upon appl1cat1on of 11ve load. W1th 1n1t1al appl1cat1on of 
11ve load, the d1aphragm crack 1s open and g1rders behave 
essent1ally as s1mply-supported beams. W1th 1ncreas1ng 11ve 
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load and rotation at the diaphragm, the bottom crack closes and 
negative moment continuHy becomes effective. The amount of 
rotation needed to close the crack is dependent on the creep 
and shrinkage properties of both the girder and deck concrete, 
the ages of the two cone retes at the time of live load, the 
amount of restraint provided by the positive moment 
reinforcement in the diaphragm, and the girder type, span 
length and spacing. The ref ore, the degree of negative moment 
continuHy is dependent on all these parameters. WHh proper 
incremental application of live load, PBEAM correctly models 
the change in negative moment stiffness that accompanies 
closing of the diaphragm cracks, thereby providing an 
analytical tool to evaluate the effects of all these parameters. 

A "tension stiffened" effective stress-strain relationship for 
top and bottom reinforcement at supports was also used in PBEAM 
in order to model behavior of reinforcing steel at cracked 
sections (7). These features allow PBEAM to accurately predict 
the changes in continuity at supports due to cracking of 
diaphragm and deck concrete as well as closing of cracks upon 
reversal of moments from application of live load. 

Parametric study 

The program PBEAM was used to evaluate the effects of 
variations in several parameters on the behavior of bridges 
constructed of prestressed girders made continuous. The basic 
model used for the parametric study consisted of a bridge of 
four equal length spans, as shown in Fig. 2. Characteristics 
of the model which were varied included: 

l. Girder type 
2. Span length 
3. Girder spacing 
4. Positive moment continuity reinforcement 
5. Time-dependent material properties 

Concrete: Compressive strength 
Creep coefficient 
Shrinkage strain 

Prestressing steel: Relaxation characteristics 
6. Construction sequence 
7. Girder age at application of live load 

Values for these parameters were chosen to reflect the range of 
current practice as indicated by responses to the question­
naire. Following are brief discussions of the variables used 
in the parametric study. 

Four girder types were used in the parametric study, AASHTO 
Types IV and VI, Modified Bulb Tee BT72/6 (8), and a box 
section. From questionnaire responses, AASHTO standard 
sections were most commonly used. The AASHTO-IV and AASHTO-VI 
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sect1ons were chosen to represent g1rders used for medium to 
long span bridges. The AASHTO-IV girder was used wHh span 
lengths of 70 and 100 ft (21 and 30 m) in the parametric 
study. The AASHTO-VI girder was used with span lengths of 100 
and 130 ft (30 and 40 m) in the parametric study. These AASHTO 
standard girders have heavy cross-sections for their span 
length capabil Hies. Questionnaire responses indicated that a 
variety of lighter girder sections are in current use, 
particularly for longer spans. The BT72/f> section, from Ref. 
8, was chosen to represent girders with a lighter, more 
efficient cross section. This girder was used with span 
lengths of 100 and 130 ft (30 and 40 m) in the parametric 
study. The girder spacing used for these three g1rders 
throughout the majority of parametric study analyses was 8 ft 
(2.4 m). Preliminary studies indicated that girder spacings 
vary1ng between 4.5 and 8 ft (1 .4 and 2.4 m) had a minor 
1nfluence on bridge behavior. The box section which was used 
1n the parametric study was a 48 in. (1200 mm) wide by 54 in. 
(1400 mm) deep section w1th side wall thicknesses of 5 in. 
(130 mm) and top and bottom wall thicknesses of 3.5 in. and &.5 
in. (90 and 170 mm), respectively. The box g1rder span length 
and girder spacing used in the parametric study were 100 and 
11.7 ft (30 and 3.& m), respectively. For AASHTO-IV, 
AASHTO-VI, and BT72/f> Sections, deck dimens1ons were 92 by 
&.5 1n (2340 by 170 mm). For the box girder sect1on, deck 
d1mensions were 140 by 9 1n. (35&0 by 230 mm). 

One of the main priorities of the parametric study was to 
determine the effect on bridge behavior of varying amounts of 
posH1ve moment reinforcement at supports. For each analyzed 
combination of parameters, pos1tive moment reinforcement was 
set equal to one or more of 0.2, 3.&, or 7.2 sq in. (1.3, 23, 
or 4& sq em). These values represent a range of re1nforcement 
equ1valent to one No.4 bar up to twelve No.7 bars. The 0.2 
sq in. ( 1. 3 sq em) reinforcement 1 s intended to represent an 
unre1nforced section. A small amount of re1nforcement had to 
be used in the PBEAM program to obtain a satisfactory numerical 
solution. Throughout the remainder of this paper, bridges 
analyzed wHh 3.& or 7.2 sq in. (23 or 4& sq em) of positive 
moment steel w111 be referred to as reinforced. Br1dges 
analyzed wHh 0.2 sq in. (1.3 sq em) will be referred to as 
unreinforced. 

Prel1m1nary PBEAM results 1nd1cated that var1at1ons 1n deck and 
g1rder concrete compressive strength had a m1nor effect on 
br1dge behav1or. Therefore, for the major1ty of parametr1c 
study ana 1 yses, g1 rder and deck cone rete compress 1 ve strengths 
were &500 and 4000 psi ( 45 and 28 MPa), respect1vely. Two 
ult1mate creep coeff1c1ents were used throughout the parametr1c 
study. A va 1 ue of 3. 25 represented the high end of the range 
and 1.&25 was used for the low end value. Var1at1on 1n 
ult1mate shr1nkage strain was found to be less 1nfluent1al than 
var1at1on 1n ult1mate creep coeff1c1ent. As a result, a value 
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of 600 millionths was used for most PBEAM runs for the ultimate 
shrinkage strain for girder and deck concrete. For most 
parametric study runs, relaxation characteristics for 
stress-relieved strand were used. Preliminary PBEAM results 
indicated that the difference in bridge behavior between 
stress-relieved and low-relaxation strand was insignificant. 

From responses to the questionnaire, it was learned that 
current bridge construction practices include a number of 
aspects. Girder age at the start of bridge construction varies 
from about 10 days up to about 300 days. The majority of 
respondents indicated that construction started at girder ages 
less than 90 days. The sequence of construction of deck and 
diaphragm fell into three general categories: 

1. Casting the deck and diaphragms simultaneously at 
various girder ages. 

2. Casting the deck approximately 7 to 10 days before the 
diaphragm at various girder ages. 

3. Casting the diaphragm approximately 7 to 10 days 
before the deck at various girder ages. 

For purposes of the parametric study, the majority of PBEAM 
runs were conducted assuming the deck and diaphragm were 
constructed simultaneously. The girder age at which continuity 
was established for these runs was either 17 or 67 days. 
Additional runs were conducted with girder age at continuity up 
to 320 days. Several runs were also done to investigate 
behavior when the deck was cast 7 days before the diaphragm and 
vice versa. 

To evaluate the behavior of bridges under service conditions, 
br1dge response was analyzed for the 11ve load conf1gurat1on 
shown 1n F1g. 2. The pattern of 11ve load was chosen because 
it 1s symmetr1c about the central support and produces the 
max1mum negat1ve moment at the central support. The magn1tude 
of the loads are based on the AASHTO HS20-44 lane load (9) w1th 
a g1rder spac1ng of B ft (2.4 m), two g1rders per lane of 
traff1c, and an 1mpact factor for span length equal to 130 ft 
( 40 m). For purposes of compar1 son, the magnitude of 1 oad was 
not changed to account for d1fferent 1mpact factors for 70 and 
100 ft (21 and 30m) spans. For br1dges with g1rder age at 
cont1nu1ty of 17 days, 11ve load was appl1ed at 650 days. For 
br1dges w1th g1rder age at cont1nu1ty of 67 days or greater, 
11ve loads were appl1ed approx1mately 30 days after cont1nuity 
was estab 11 shed. For sever a 1 runs w1th cont1 nu1ty at 6 7 days, 
11ve loads were appl1ed at 650 days. 
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CONTINUITY CONNECTION EFFECTS FOR POSITIVE MOMENT 

The effects of prov1d1ng vary1ng amounts of pos1t1ve moment 
connect1on steel on typ1cal br1dge behav1or when pos1t1ve 
support restra1nt moments develop are 1llustrated 1n F1gs. 3 
and 4. The results shown are from PBEAM analyses for AASHTO-VI 
g1rders w1th 130 ft (40 m) span lengths and ult1mate creep 
coeff1c1ent of 3.25. The g1rder age at wh1ch cont1nu1ty was 
establ1shed was 17 days and 11ve load was appl1ed at 650 days. 
The results shown 1n F1gs. 3 and 4 and the d1scuss1on follow1ng 
are typ1cal of all g1rder types, span lengths, and ult1mate 
creep coeff1c1ent comb1nat1ons analyzed 1n the parametr1c study 
for cont1nu1ty age of 17 days and 11ve load appl1ed at 650 
days. In these cases, a large proport1on of g1rder prestress 
creep occurs after cont1nu1ty 1s establ1shed, caus1ng pos1t1ve 
restra1nt moments to develop. Also, negat1ve restra1nt moments 
caused by d1fferent1al shr1nkage between deck and g1rder 
concrete are lessened due to the fact that a relat1vely small 
amount of g1rder shr1nkage has occurred before the deck 1s 
cast. The effects of vary1ng amounts of pos1t1ve moment 
re1nforcement on support moments and m1dspan moments under 
these cond1t1ons are descr1bed below. 

Moments at Supports 

T1me-dependent restra1nt moments at the central support of the 
four span br1dge up to day 650 are shown 1n the left s1de of 
F1g. 3. The r1ght s1de of F1g. 3 1nd1cates moments upon 
1ncremental appl1cat1on of 11ve load at day 650. The three 
curves on the graph are from PBEAM analyses w1th three 
quant1t1es of pos1t1ve moment re1nforcement at supports, As. 
W1th pos1t1ve moment re1nforcement prov1ded, As equal to 3.6 
or 7.2 sq 1n. (23 or 46 sq em), pos1t1ve restra1nt moments 
accumulate over t1me. At an age of 650 days, restra1nt moment 
at the central support 1s equal to about 8000 k1p-1n (900 
kN-m). W1th a small amount of pos1t1ve re1nforcement, As 
equal to 0.2 sq 1n. (1.3 sq em), pos1t1ve restra1nt moments are 
negl1g1ble. W1th a small amount of prov1ded re1nforcement, the 
g1 rder end rotat1 on causes cracks to deve 1 op 1 n the bottom of 
the d1aphragm. The rotat1onal st1ffness of the d1aphragm 1s 
therefore reduced and restra1nts aga1nst g1rder end rotat1on 
decrease. When a substant1a1 amount of re1nforcement 1s 
prov1ded, g1rder end rotat1on 1s more effect1vely restra1ned. 

F1gure 3 also shows response of central support moments to 
appl1cat1on of 11ve load at 650 days. L1ve load was appl1ed 1n 
three 1ncrements to reach 25, 50, and 100% of the load. It can 
be seen that the behav1or of the re1nforced and unre1nforced 
sect1ons d1ffer. For analyses of br1dges w1th re1nforced 
d1aphragms, appl1cat1on of 11ve load causes 1mmed1ate decrease 
of central support moment. At 100% 11ve load, the moments are 
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negative. In general, moments decrease linearly up to 100% of 
live load. For the analysis of the unreinforced diaphragm 
bridge, application of l1ve load causes only a sl1ght decrease 
in central support moment. This results from the fact that 
girder end rotation due to the applied live load is not 
restrained because of the low rotational stiffness of the 
cracked diaphragm. The positive moment crack at the bottom of 
the diaphragm must close prior to inducing negative moment at 
the continuity connection. 

Mid-Span Moments 

Time-dependent interior span midspan moments up to day 650 are 
shown in the left side of Fig. 4. The right side of F1g. 4 
indicates midspan moments due to incremental application of 
l1ve load at day 650. The three curves on the graph are from 
PBEAM analyses w1th three quantities of positive moment 
reinforcement at supports. With provided positive moment 
reinforcement at the diaphragms, midspan moments increase due 
to the positive restraint moments which develop at the 
supports. On the other hand, w1th unreinforced diaphragms, 
midspan moments remain essentially constant through day 650. 
Since the girder ends are virtually unrestrained, small 
restraint moments develop at supports, and midspan moments 
remain approximately equal to the composite section simple span 
dead load moment of 44500 kip-in. (5030 kN-m). The difference 
in midspan moments at 650 days between the unreinforced and 
reinforced diaphragm analyses is due to the difference in 
restraint moments at supports. 

Upon application of live load at day 650, midspan moments 
increase in amounts dependent on the degree of continuity at 
supports. For analyses of bridges wHh reinforced diaphragms, 
support regions have relatively high rotational stiffnesses. 
As a result, continuous sections at supports resist some of the 
applied live load and the increase in midspan moment is reduced. 
For the analysis w1th negligible positive reinforcement, 
support regions have very small rotational stHfnesses because 
of diaphragm cracking. Therefore, essentially all of the 
appl1ed 11ve load is. res1sted by bending of the composite 
girder and midspan moments increase substantially unt11 g1rder 
end rotation results in closing of diaphragm cracks. 

An 1mportant feature of the data shown 1n F1g. 4 1s that the 
resultant moment, defined as the final moment after applicat1on 
of l1ve load, is the same regardless of the amount of positive 
moment reinforcement provided. The resultant moment is equal 
to 66000 kip-in (7460 kN--m) for the bridge analyzed in Fig. 4. 
The average change in midspan positive moment with application 
of l1ve load for the reinforced d1aphragm analyses 1s 
11000 kip-in. (1240 kN-m). For the unre1nforced diaphragm 
analysis, change in midspan moment w1th application of l1ve 
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