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'A~STRACT 

, 
. The work presented' in tbis thesis is an extension of Fer~jani and Had~~A.;a~'s 

, , 

. work on prestressed concrete box girder bridges. This thesjs deals with the static and 

dynamic b~havi()~r..of a medium spa:n~ simply, supported, tw~ell preatressed concret. 
• L 

box girder bridge. The static analysis consiste~ of inyestigating the q,trength and defor-' ' 
. 

mational behaviour of the bridge under symmetric. and eccentric truck loadin&.s, 'W'hile-

the dynaIJlic analysis was aimed at exiUllining the influ~nce of cracking and inelasticity 
, , ..4 .. .. 

of concrete on the dynamic characteristics of the structure: 
. '~ 

Test,! were-tarried out on a do-sca1e, direèt 'model of the bridge. The bridge 

was the~ analysèd ~ing thè finite element meihod .using NJNLACS, a new nonlinear" 
. . 

fl~ite element progr~ developed ~t C~leton Uneversity at{Ottawa atia the SA~ IV ~. 

prograrb. in a quasi-nonlinear form. \ , 

The flexural and torsional--stiffneSses of the box girdet briàge decreased consid-
, c 

~rably with an increase in the applied load due to the formation and propag.ation of 

\ 

, . 

, 1 

.... ' 
.. -
.' 

6. , • , 

cracks and inelasticity of concrete. It has been noticed that th~atural frequency, of 

vibrurOn of \he bridge~ecrease,d by ô~ly 23% when the bridge W8B severely 4amaged, ' 

whilè the damping coefficient incre.ed by about 250%. 

The results iroIh the analytical study using the NONL,ACS nonIinear program 

showed excéIlent correlation with the exper~~esùlts over the entlre loading range' 
~ 

..... • 1- , 

up to failure., _T~e qUfBt-~onlin~ar an~lysis, in w~ich .tite s~iffness of the bridge girder 
:. 

wu varied in stages by inçorporating information about cracking patterns and crack ~ 

widths from the experimental data, ~as abl: to .. predict wi~h reasonable aec~racy the ./ 
, . / 

" ~ 

\.--0 
general behaviour of the box girder bridge. 
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l l'RESUME· 4 / 

~ l , ( 

\1 ,".' ,- ~', / 

Le.travail présenté dans cette tbœe est une extenEtion dû travaUi qui a été entrepris 

par Ferdjani et Hadj~~ab '~ur \e compo~temen~ de'p~nt8 à ~outre caisson en 'béton 
. . " ,'\ 

.' 

.. 

t
. precontraint. ~e cont~ue de c_~t.t~ ,thœe traite du comport~mtm~statiqUe et dynamique 

d'UD. poht à. d6uble caissonà en béton précontraint df# portée moyenne et slmplemellt 
, r ' 

, Î' app~~ ~ ses éXtréIilitées. 

.. 
L'analyse statique a porté sur l'étude de la r~istarice et 

• 'Q ~ .,. 

d' defJ déformationS du pont sous l'effet de charges symetriques et éccentrées ùe camions. 

L'analyse dynamique, quant à elle, a porté sué l'éxamen" ,de l'eff~ des" fissures et de 
0' ..-rh. • 

.. r'" 1 

b 

,l'inélasticitée du béton sur les charaèteristiques dynamiqq.es de la structure. ' 

'. Des t~ts de laboratoire ont été menés sur un JJlodèle réduit à l'échelle de 1"/7.00. . . 
, , 

Le modèle été ensuite analysé par la méthode des éléments finis. Pour ce faire, deux \ 
• :1./ 

programmes o~t été utilisés: NONLACS, un ~~uveau prog~amine nonlinealie dêvelo~ 

, à l'université ~e Carleton à Ottawa, ainsi q~e le pro~~e SAP IV dans une for~e ~ 

. quasi-nonlineâire. 
, \fi • 

" • li 
Les rigidités de flexion et de torsion du modèle ont diminué considerablement du 

, . 
fait'de la formation et de la propaga.tion des fissures. n a ét~ obsèrvé que la fNq~enCe 

propre de' vibration du pont 'a subis u~e diminussion modérée de 23% alors' que le 
'. .. ~ . 

coéfficient de viscosité a ~cusé une augmentatio~ de prés de-250%. . ' 

Les résultais obtenus par NONLACS ont été trèS proch~ dei! résultats éxpéri-

"m~ntawé. Q.uant'~ .!,ésu~t~ts obtenus p~ SAP (IV, ils ont été dans t'e~emble c~m- , 

parables aux-r&ultats éxpérimentaux. 
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1 

modulus of elastici" of concrete 

modulus of elasticity" of concreter' the direction perpendicular ta- the 
crack • .r 

modulus of elasticity of steel i., 

strain-hardening modulus of steel :, 

distance from the section centroid to the ceIiter of gravit y of st"eel 
r- c~mpressive strength of concrete 

yield strength of steel ,..-

ultimate stren~ih of the model prestressing steel 

ultimate strength of the prototyp)prestressing steel 

stress in the prestre$Sin~~teel 
sheu modulus of concre e ' 

second ~oIhent of area 0 th~ model cross-section,. 
span length of t~e model bridge 

man per unit lehgth of the model 

bending moment düe to dead load 

bending moment due to live load 

ultimate bending m9ment 

applh:d concentrated load on the model 

a~p1ied conceJ1trated load on tl~e proU;tYP~ 
ultimate load 
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, L~'T OF' SYMBOLS (continued) 
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1 0 ; 
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initial prestresstng force 
. J---- ... P, (-. 

PI final prestressÎJ;lg force "-., 
-<: 

S, scale factor' for length 
Sc section modulus for thé op fibre 

1 1 

Pb section mQdulus for t bottom fibre 
(X.', ,Pgle oenwen the cr direction in an element and the X-axis 
v 

{J shear reduction f 

'Î '0 displacement 

-.( ôm logarithniic decreIIient 
E str&Ïn 

\ cf cf> reduction factor 
1 

"" LI Poisson 's ratio 
p density of concrete 
u stress 

0 W undamped frequency o'f>vi~ration 
WD damped . frequency \>f vi1;>ration 
'" -l e damping ratio 1 
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CHAPTER 1 
,!t • , 

'INTRODUrO~ , 

1.1 Overvlew of Bridges 

Bridges have al ways had an enormous impact upon society. Most of them com-
\ ~ ~ , 

bine a strong visual impress!on along with obvious benefits in the way of improved 

communications. 
1 • 

, 

Bridges have oc~upied mUch of the working. lives of many great engineers and re-

searchers i~ the last century and a half. They con,centrated on improvini{ the structm:al . . . - . 
safety and efficiency of bridges besides making them more' pleasant aesthetically. In the t . "... 
early years, engine.êrs were limited by the available materials with ti:raber ~d mas.ônry, 

. .,. bridges being more popular until the 19th c~ntufY. With the ltèginning of the iIidpst~ial 

. revolution in Europe iil the 19t
" century and the increasing need for bridges tQ itIlprove 

_ 1 co~~niC~ti~!"'" ~ew ~terials 'w_developed; Ho~er. there'was"l!ttl~ data avail­

able for material properties and design, and the ileéh:~ques of structural analysis were 
r ~ ,., 

'very limited. One of the tragic consequences of that was the collapse of the Tay Bridge 

during a storm in 1879, which led to a great deal of new thinking by engineeis. 

Towards the end of the' 19'h centtiry, the graduai transition fiom timber to steel' 

wu rat'i<!.1y foUowed br a ch..J., from lll8BQIll)' to concreté. 'French and Swjss engineer. 

were among the pioneers of cohcr4te bridges. They developed oconpmiçal reÙlforced , . 
. concrete arch bridges ~f outstanding appëarance. Another major co tribut ion from . 

1 
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France was Freyssinet's dev~lopment of prestressed concrete1 • High strength materi­

aIs permi1rted the introduction of prestressed con crete for· bridges. The prestresslng 
... 

''\ enables an optimum combination of high-S'trength steel with high-strength concrete . 
by a process in which the steeI.reinforcement is tensioned,against the concrete. This ~ 

operation results in a self equilibrating system of internai stresses which improves the 
.;s 

response of the concrete to external l~ads, ensuring a longer life for the structure. 

~ With ~he introduction and expansion of prestresàed concr~te, great advancements 

have been achieved in the construction of~oncrete bridges in industrialized countries. 

~il~ pretensioned beam bridges Hourished in' the United States because of available , 
transportation and erection facilities, many continuous post-tensioned bridges were 

constructed in Europe. In addition to the traditional form, rigid-frame bridges have 

taken new shapes, in the form of inclined piers &Ad Y-shaped piers rather than vertical 

supports. 

More recently the box sec'tion has become very popular and is being used exten-

. sively for modern ,bridges. A box combines the advantages of lightness and stiffnesB If.' 

n 

~ ," 
in both bending and forsion. Reinforced concrete box girder bridges were first used 

in Europe some thirt} lears ago. Since then their ~opularity has increased to ,such 

an extent, that in 1965, approximately 60% of the total deck .area of a1l bridges con-

structed was of this type 9f. construction. The relative economy of the box girder bridge . 
has contribu,ted greatly to its popflarity because of its relatively slender and pleuant 

appearance. It also provides spac'-.within the cells to caEti1iti~elY' An~the,r i~­
portant advantage of box sections is the rel~.ively low d pth-to-span r tio that ~an be 

achieved economically besides their excellent lateral 10 d distribution c . teristics" 
; 

The _introduction of prestressing in bridgé enables engineers to build longer" ,- . 
girder bridges with relatively th in webs and slab thicknesses. Box girder brid were 

first desiped using emplrt:al formul84 and' specificatwns ~odifie~ f;om th e used for#i 
J . ., 

the T-beam concrete bridges. Since then signi'cant effort in research h been made -

.~ \ 
2 

,; 
,. 
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to study the strength and deformational behaviour of box girder bridges. The use of 

dirett large scale modela hasled to the-establishment o~ new criteri~ for'the analysis of 

box se<:tion structures. How~ver, much more effort is required t~ fuHy uhderstand the' 

behaviour ~f sucb a comRlex structure. 

1.2 Prevlou. Work 

'A box girder bridge is an extremely complex structure; ~researchers have focussed 
'Ql> 

, '--. 

their efforts in trying to understand ~he behaviour of sucb strUGtures to improve the . 

design methods. Extenlfiv~ research has ~een undertaken over the past .two ,decades 

through experimental and analytical studies. \. ' .. 
,. • < \ 

j \ 

Scordelis2 investigated the elaspc response of simply rpported box girder bridges. 

He dêveloped a direct stiffness solu~1n for box gi~der bridges using a fol~ed plate 

harmonie analysis based on thé elastici~method. The final goal of his investigation was 
, ( 

th~ development of a general computer program, capable of determining displacements , , 

ancf internai forces in multi-celIed, simply supported box girder bridgès subjected to a 
, . . , 
variety of loading and boundary conditions. 

, 1 Cordoba3 'and Tscb~z. conducted an experimental-analytical study on a 1:3.76 

direct model Qf a two-celI,~ecast, pretension~d box ~irder bridge with cast-in-place 

deck. They examined the behaviour of this tYpe of bridge with emphasis on load 
, 
distribution characteristics. The bridge was analyzed using the ffnit( element method 

~ 

, and the findings were compared with results fro~ the experimental st~dy. The results 
\ 

of the two anllysis showed good "reement. The behaviour l1f the bridke ~t service 
~ . 

load and overload conditions and at the collapse stage was satisfactory: The transverse 

diatrlbuÎlim .ot·the concen~ load ~ th. thintop sl':b~ .. foimd adequate. 

r" Leo!thardt and Walth"'7' J.teèI two prestr~ conaete, .;kle ceU; single span, • 

, box: girders wlth~ cantilevers imd tr~verse diaphragIDfl at ~dspan and suppor~s. 

The first speciJ-m .~ subjeded to a concentric midspan loading until flexur~ faUure - ; \ '" . . . . . 
. 3 

~ 
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, 
was approa.ched, and then the loading was made eccentric to induce to~ion. The,8econ~ 

girder was loaded with a,more eccent~ic midst>&n load 80 that tora~on dotpinated. The 

experimental deformation values in the uncracked girder agreed wei! with the values . ' 

- calculated qsing the eJastic theory. They also observe~ that cracking caused a decrease 

in torsionljgidity. The diagonal compressive stresses in the side of the webs were 
1 • ", 

noted to b~ a criti.cal factor in the design of thin-walled strpctutes, providing that the 
( 

principal tensile stresses were adequately resisted by the reinforcement. 
. 

Scordelis, Bouwkamp, and Wasti8 carried out an ext~ive investigation on the 
\ ' , 

structural behaviour of a 1~2.82 large scale, two span, four ce1r; reinforced conérete box , , . 
, girder bridge model. They investigated the effect of the current AASHTO loadings on 

bridges of this t~ and, the res~onse .of the br~dge to actual scaled loads of AASHTO ') 

HS20-44 1 truéks placed in two or three lanes and of a proposed Class' 1 overload con­

structi~n vehicle pl~ed in one lane only. Th~y concluded th~t concrete box girder 

bridges have excellent l0é!:d distribution properties. However, the current AASHTO 
• 

empirlcal formula, which ignores the number of lanes on the .bridge, underestimates 

the true values of the girder moments for three 'lane truck loading on the bridge. 

Swamy7 ~reported tests on the behaviour of prestres~dconcrete, single cell, box' 
~ -

beams loaded in bending and torsion. The \size and shape of the box section were 

varied and the eJfect of a nominal amount of torsional reinforcement was investigated. 

He found that bending moments have a beneficial effect on the torsiopal behaviour.' 

, Soliman8 studiéd the strength 'and defo,rmational behaviour of an intermediate 
'Cr':! ' 

span of a contin!10us box girder bridge through tests on a 1:2.82 scale, direct model. 

He investigated the effect of concrete cracking on the' flexural and torsional behaviour 

of th~ type of box gird~r bri~e, and the effeCt of warping restraint on stress configu­

ration along the length of the box girder. He ~lso studied the effect of crack formation 
• 

and propagation on shear transfer &Cross the crack and on the element atiffl!esa perpen-
.. ..'i ~). . ... . - . 

~. " . 
dicular to the, crack direCtion. He introduced a quasi-nonIinear finite element analysis 

1 
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using the SAP IV,program, in wnich the stiŒness of thé·box girder was modified in ' 

.t~ by lneorp9r~t~ information about th. ~rack~ pattern and crack, widfu from 
, . . . / , 

e,xperimental data. . 1 
1 

Razaqpur and Mazikhœ° modified and implemented two large size general pur-
? . 

llbae finite element programs 0; a micro-computer. The first prograin was for linear 

analyais while the second one W&$ for nonlinear analysis of reinforced and preStressed 

concrete structures. They verified the implementation and accuracy of the results by 

analyzing the Leonhardt-Walter box girder bridge6
, and comparing the res~!ts with the 

. "" .... 
experimental data. The two analyses showed good agreement over the entire loading 

range. 
\ 

" Campbell and Batchelor10 tested a 1:3.47-scale direct model of a two span con-
, ) 

tinuous prestres~d concrete trapezoidal'bridge girder. 'The tests were conducted to 
~ 

$ 

assess the response of the girder to pos,t-ten.sioning, to static loading in the elastic . 

range, and to AASHTO 'loading up to failure. They obser'Ved that the mode of failuré' 
, , 

of the girder was flexural and that the ultimate load capacity was in excess of that 

required by AASHTO. The girder resisted an overload of 1.5DL + 2.5(LL + 1) with . , 

only slight flexural cracking. As a result of the atudy, they concluded that the perfor-. ,. 

mance of the prototype girder under seiyice Joad is ~atisfactory and can be predicted .. ) 

by elutic analyais, while the ultimate load capacity can be expectèd to be in exc~s of 
. ri 

that specified. 

Swannll conducteq tests on a l:l6-scale prestreSsed mÏcro-concrete model of a 
• , 0 

typical interior apan of a three cell segmental box be~ bri~ge. The pr~ast segments 
, ' 

• were transverse~y stressed,jointed together with mortar ~d- the r~ulting ~truc~ure par­

tially prestressed longitudinally before being, placed onto its bearlngs. He investigated 

the distribution of prestressing forces through the cross section, the general behaviour 

. . of the structure under dead load' and design live load and its ultimate strength. H~ 
',. ~ , r; 

f~~ tha~th, behaviour of Ihemode! W8S

S 

.~acloj ln ail of the, ~Is ln tM elaslie 
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range Ifld that the structure- showed an adequate reserve of strength. However. the 

accuracy of determination of prèstressing stresses wu unsatisfa.ctory. He alllO found ..J 

that the variation in the modulus of elasticity was not serious. He noticed that the t . 
combination of bearing Hexibility and high torsional. stiffness of the superstructure can 

cause significant tors ion al stresses. 

Spiller, Kromolickl and Danglidish studied the lateral forces due to longitudinal , 

prestressing of concrete box spine-beam bridges with inclined l'ebs. They derived 
• 

an acceptably accurate method of deriving the loss of prestress associated with duct 

curvature and unintentional variation from duct profile for beams with incUned webs ' 

and tendons profile. . 
Seible and Scordelis1S developed a simple analytical model, using'a three-dimen-

sional grillage formulation, which can trace the complete nonlinear behaviour of rein-
. " 

forced concrete multi-cell box girder bridges under increasing static loads up to the 

ultimate load and collapse of the structure. The structure wu modeled by longitudi­

nal beam elements, transverse bending frames and torsional shear panels for. the Iinear 

ela.stie- model. For the nonlinea::r modèl, Hexural and shear hinges were introduced in 
'" 

the propostd dis placement model. The analytical model was verified using ext~nsive 

experimental data bn post-worki~g load l~vel and failure tests of large sc ale reinforced 

concrete box girder bridge models and excellent agreement wu obtained. 
/ 

.'\ \ ' ,., 
West and McClure14 conducted an experimental-analytical study on al'full sc ale 

prestressed concrete segmental bridge at the Pennsylvania State University. The bridge 

wa.s tested at service load levels and for overloads. A nonlinear analysÏB wu performed 

using the SAP IV program. The nonlinearity of the materials wu taken into account by 

modifying the material properties m the old and new cracJœd elements'and updating t)"e 

structure Itiffness matrix at the end of each load step. The results of the finite element 

analysis compared reasonably well,with the experimental results in the elutic and post-
1 

cracking range up to faUure. They concJuded that the general ~alyti\al approach, 

" 
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which la based upon the finite element method and used K08tov08 and N~wm.F's 

::naterial model for concrete16 , provides a satisfactory means of analyzing the load­

dlaplacement response and strains in the bJ:idge. ' 

, Unlike the static response, much less research work has been undertaken to study 
l' -

the dynamic response of box gi,der bridges. This is mainly due to the fact 'that con-

crete box girder bridges are quite stiff transversely. AIso, no major accidents or problem 
, 

encountered in this type of structure have been attributed to dynamic respo~e. How­

ever, the lncreasing tendency to use sien der bridge sections could result in considerable 

vibrat~on problems due to the passage of heavy vehicles. A comprehensive review .of 

vibration of bridges was undertaken by: Huang16
• Some of the experimental, and analyt-, -

, 
icalstudies 'undertaken to study the dynamic response of highway bridges are presented ... 
here for completeness. 

Mirza é\; al:11 undertook an analytical-experimental program to study the dynamic 

response of a IhO.45-scale composite concrete dd-steel box girder bridge for various 

configurations of a selected bracing" system. The model waS also used to study the 

,nonlinear static response at higher load levels to establish a framework for the limit 
~ , 

states design of composite concrete deck-steel box girder bridges. The analytical study 

was accomplished using the SAP IV program. The finite element analysis results agreed 
l ' ~ ,r 

weIl, in terms of the natur$l mpdes of vibration. J;Joth analytical and experimental , . 
resùlts ,shOWed t;h.at provisi<?n of br,acing in diffe~ent coffigur~tions did not h~ve tBy 

signifièant infiuèhce on the composite bridge static and dynamlc response. 

, Co~ad and Sahin18 devel<;>ped a series of empmcal e9.uations for direct evalua-
, . 

tion of the natural frequency of straight a,ld. cUrVed box girders. A parametric studJ, 

conducted on a series of simple, t'WO and three span continuous curved bridges,.showed 

excellent correlation between the appraximate.and the exact natu~al' frequency results. 
'- , 

TfPba10 rep6rted aD"experFéntalstudy on the free vibtation résponse of one a.?d 
• 

t~ell curved box girder Plexiglas modela, -The àim of his study 'YU to evaluate the 
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simplifying assumptions màae in the thin walled hem theory. He compared the ex­

periment~ results with the analyflical results and found reasonable &ÎP'eement between 

the theoretical and experimental frequencies and modal shapes. 

Hadj-Arab20 and Ferdjani21 co~pleted ~ experimental-analytical study on a 
. 

1:7.1-scale direct ~odel of a simply supported, single span, on~ cell, prestressed con-

crete box girder bridge. They investigated 'the strength and""deformational behaviour 

of the structure in the elastic and inelastit ranges, and the dynamic characteriMicB' of 

the strùcture at different levels of damage. The finite element analysis was conducted 
( 

using two types of program, the SAP IV programS1 in a quasi-noIJ.lineàr form in which 
1 

the elasticity matr~ was modified in stages by incorporating information from the ex­

pe~imental data, and "the FELARC programG which was used to trace the complere 

- -response of the model up to faHure. They also investigated the response of a thin 

rectangular simply -supported beam having a geometry identical to that of model box 

girder weba. This test was undertaken to develop the pretensioning technique for the , Q" 

model br{dge and to evaluate the losses. After releasing the force applied by the jack, 

a loas of about 4% of the initial applied forc'es was notedj this value increased to about 

15% a.t:ter cutting the wires. The bridge model was able to resist an ultimate load 
, , 

equal t6' six times the Ontario Highway Bridge Design Code truck loading, showing 

the signifieant r..eserve of strength of the prestressed box girder bridge. The .structural 
_~~ 1 0 

stiffness of th~ model decreased considerably with the formation and ~~tion of 

cracks. A dettè~~ of the natural frequency was observed at high load levels. The 
l, 

experimental value of the damping ratio was found equal to I.M % for the uneracked 
, 0 

structure and 4,.63.% for the severely erackei' structure. These val~es were wit~i~ the . \ , ~ , 
limits given by l'1:1!wmark and Ha.ll22 ~ The experimental results and the flnite elem~nt 

analysis were in good agreement. 
I.J ~ 
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1.3 Scope of the Pre.ent Study 

. . 
The present study is an ext-ension of Hadj-Arab and Ferdjani's work on a sim-

ply supported, single span, one-cell, prestressed concrete box girder bridge~O.21 to a 

~ two-cell', simply supported prestressed concrete box girder bridge. It is aimed at inv:s-, ' 

tigating the static and dynatnic behaviour of a tW<H:ell, simply supported, préstressed-u. . 
concrete box girder bridgt 

The objectives of the experimental-~alytical program were: , ' 

, 

• To determine the flexural and torsional stiffness of the model bridge. 
<:J 

• 
• To study the effect of cracking of concrete at different levels of damage on the 

stiffness characteristics. 

. . 
• To study the behaviour of the mode} bridge under working load conditions. -

• To obtain informa.tion on the ultimaté load, the reserve strength and the mode'?of 

failu;re of the bri~e. 
'9 '1 

.~ 

• To study the load distribution char~teristics bf the structure under truck loading. 
~ -

• To study the effect of cracking and inelasticity of the concrete on the dynamic 

characteristics" of, the structure. 

80th static and dynamic studies \\rere perfonned on a 1:7.<Htcale direct model 

-bridge: The bridge was èonstructed and tested at the Structures Laboratory of McGill 
...-{ 

-Universitr. It wu th~n analyzed by thhnite element method using a nonlinear pro-
t . <. 

gram (NONLACS) at Carleton Univemity, and the SA,P IV programS7 in a qUiiSi-
'. 

nonliAear forme The experimental results were correlated with the analytical results 
I..~ J ~ - .... 

wherever possible and appropriate conclusions were drawÏi: 

... 9 
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CHAPTER 2 

./ THE BRIDGE MODEL 

2.1 Introduction 

Structural models have always played a significant role in structural engineering 

research and design. Since 1930, modela· have been used extensively to study the 

response of compleJc structures subjeêt'ed to static and, dynamic loads. The use of 

physical modela to supplement analytical techniques continues to be an importa.nt part 

of research, development and design of complex structures. The gener~lly lower COlt 

of testing small and medium scale modela maltes it possible to perform more testa and 

to examine a large number of variable influencing the structural respon8e which would 
e 

not have been possible with the prototype for reasona of cost, space a.nd time. 
-

. Various design codes, sucb as the National Building Code of Canada (NBCC)23 

and the Ontario High,vay Bridge Design Code (OHBDC)"" have derived some of their 
, 

èmpirical formulas from tests on direct m~e1a. Scordelia2 and other investila~re 

have shawn in their etudies that sucb modela can predic:t satisfactorily the modes, of 

behaviour of the prototype at allload levels up to the ultimate load stage. 
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2.2 Preliminary Design 
o 

• 

\ 

The "beam theory" was used for the preliminary design. This approach for dete~ 

mining the longitudinal stresses in a box girder corufists of considering the entire cross 

section to act as a beam section and calculating the longitudinal stresses on the basis of 

the flexure formula from the elementary beam theory. The assumptions of this theory 

are: 

( 
• The longitudinal fiber strl"ins and streSses have a planar distribution over the entire 

cross.a..section. 

• AlI points on a given cross-section eXperience the same defiection and th~refore, 

there is no transverte distortion of the cross section. 

• The resultant of the externalloads passes through the shear center. 

A box girder is made up of relatively thin plates. Thua, the assumption that no 

transverse distortion occura is not generany a~tisfied; also the effect of torsion must be 

considered, since in sucb structures the resultant load normally does not pass through 

the shear center. However, it has been established that the beam theory along with 
c 

good engineering judgment is adequate for a preliminary design2~. 

2.3 Dlmension81 Analysis /-

The uae of !!Cale modela for soloing difficult engineering problemsê. well­

established technique20
• The similitude requirements that rel;te tne model to the , 

prototype structure are determined using dimensional analysis. The physical quantities 

involvèd in this study and the dimensiopal measUres required to describe 'them are 
'- ' l 

~ummarized in Table 2.1. • 

Since static and dynamic- response are\to 'be investigated, the fundamental quan­

tities are choaen u the length (L), the force (F) and the time (T). The different 
" 

physicaJ. quantities are assembled to get a complete set" 'of independent dimensionless 
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Table 2.l Dimensions of the Governing Physical Quantities. 
~ 

.r Deaaiption PhyJièal Quutity Dîmen.Un 

L Length 1 ... .., 
L .(~ 
F ....., 

Diiplacement 6 
Force F 

~,~~ 

\ 

St.resa 
Modulu of Elaatkity 

Time 
Velocity 
Acceleration 

• 
Gravitational Acceleration 
Frequency 
Maâ'" Density 
Stram 
Poiuon's Ratio 

0 

E 
t 
V 

a , 
g 

f 
p 

"~ 

FL-2 
FL-2 Cf'" 

T 
LT-l 
LT-2 
LT-2 
T-l 

FL-"~ 

Table 2.2 Summary of Scale Factors, 
ri 

Group Physical Quantit.iee Scale Factor Scale Factor (SB = 1) 

Loa.ding 

Materiat Propreties 

/ 

• J Fort:, F 
G ravit ational , g 
Acceleration, a 

" Time, t 

VelocitY, 1J 

Linear Dimention, l 
Displacement, b 

Frequency, f. 

Young',1 ModulWl, E 
Mue D.ensity, p 

Stress, t1 

S E S,2 

1 

1 

..s/!2 
S1/2 

1 

S, 
S, 

S-I/2 
1 

Strain, € 1 
Poiuoa'. Ratio, V 1 

• 

). 

, 

r( .;' - J" .i? 

S2 , 
1 

1 
SI/2 , 
SI/2 

1 

S, 
S, 

.. 
S-I/2 

1 

"'-
1 

8- 1 , 
1 

1 1 
,,--' 

1 

'\ 

,. 

/ 

p:roducts (11"1, 1r:;J, ••• , 1rn ). According to Buckingham's Pi theorem, the mathematical 

formufation of a.n.y physical phenomefion is given ~: 

.. 
, . 
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?rI = 4>(?r~,?rS, ••• ,?rra) 

t' 

.. l 

(2.1) 

Equation 2.1 can be written once for the prototype and once for the model. Dividing 
, . 

~ 1 

the prototype ~quation by the model equation, one obtains: 

, where 1I'lm refers to ?rI in the model and 1I'lp refera to ?rl in the prototype, etc. 

t:' • For complete similarity (true model), a11 of the dimensionless products must be equal 

'. for both the model ami the p~ototype: 

(\ 

/' , 

/ 

c· 
• 

\ 

.! 

.... 
i.e. ·1 zrSm = '7rSp 

ia-: 

j 

Equation 2.2 may be written 88 follow: 
• 

-" . 
(2.4) 

or 

,,- . 

(2.5) 

OP The fo}'muhJiion of scaIing relations for any true modeling problem can be established by 

translating the 1r-terms into required scale factors. Table 2.2 summarizes the resulting 

scale factors . 
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2.4 Delcription of the Bridge 

The prototype structure CO\ists of a t~ell prestressed concr~te' ~x,"-girder 

bridge, slmply supported' with a span of 25.00 m, a depth of 1.80 m and ~ width of 
Jo 

7.840 m including two 0.980 m cantilivered overhangs on both sides. Tqe width of 

th~ bridge deck accommodates two highway traffic lanes. Figure 2.1 {lhoVfs a. typic~ 

( 

~ . -
cross section of the prototype bridge. The prestressing .reinforcemeJlt consiiSts of eighty- r 

."'-. -

13mm diameter low relaxation strands with an ultimate strength of,1860 p1Pa (A p == 

99mm~). 

A mediuX:-scale direct model of the prototype bridge was constructed ~d tested 

in the laboratory. The main considerations ta.ken into taccount in selecting the scale 

reducti6~actor for the length we~e: . ~ ",,) 
• 'II . '-

• The available space in the Structures ~bora.tory of McGill University. 

• The slab and web thicknesses of the mo el which permit accommodation of the 
(J \ 

D2 deformed wires and the prestressing wire ithout congestion. 
\ 

- l 
• The requirements for loadhllg devices for si~ulating loads(a.cc~y. 

• The casting procedure. 1 - .. ' 

il 
1 1 . 

~
\ 

i , 
Since it was not possible to obtain small size model stra.nds, high tensile strength '~ 

., 
steel w~res1Of 5 mm diameter ((Ap)m - 19.6mm~) were llsed as prestressing tendons. 

\. . 
~ These iires have an ultimate temile strength of 1550 MPa., As a comprorrllse;etwèen 

aIl Oïl bove considerations, a length scale f~.or of 1:7.0 was selected. The model bridge , 7f '\. · 
. ./ was herefore 353~ Iv. ..... long, 1120 mm"wide and 257 mm deep (Fig. 2.2 and 2.3). The 

(..... / ,~ 

. '" /~~odel prest;essing reinforcement consisted ~f ten-5 mm diameter wires:six wires ~h . \ - a straight profile and four wires depressed by a~8ing~ harping point at midspan. The ..... 
area of the model 'telnforceI1le:tis given by:' \ 

( 

.. 

/' 
1 

\---­
" . "-

l 
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where 

( 

(! . 

r 
_ (80 x 99) (1860) 
-.. (7~ )(1550) 

= 194mm~ 

(Ap)m and (Ap)p are the araa of the model and the prototype 

prestressiI\g steels, ~ respeetively. 

(2.6) 

and (fpu)p are the ultimate tensile strengths of the model and 

-
L "'\ 

s, 

) 
the prototype prestressing steels, respectively. 

is the seale factor .for length. 

972 x 356 x 225mm end bloeks ~ere provided at the supports to prevent distortions 

at these locations (Fig. 2.14). 

2.5 Load • 

2.5.1 Dead Load. \ 

Sinee the Cern involves studies ?f ~oth, the stati~ and dynamic , .. pons .. , the 

dead weight of the bridge plàys an importan\ role. The dimensionless product EJf must 

have the same value for the diodel and for the prototype. Thus: 
J • 

(2.7) 

or 

Pm ,= Pp (,'P ) ( ~m ) 
m . p 

(2.8) 
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Figure 2.4 ~odel Section Properties. 

1 
l o .. .. 

where Pm and P" are the density of the model concrete 

and the density of the prototype concrete. 

'm and '" are the length of the model and th~ length of the prototype . . 
E", and Ep &fe the modulus of elasticity of the model concrete 

and the modulus of elasticity of the prototype concre~. 

Since concrete ia used for the model, therefore E", = E", and Equation (2.8) beco:ihes: . 

• (2.9) 

The prototype bridge ia simulated with a 1:7.0 scale microconcrete model with a 

denaity of P". = 2290lcglm3
• The dead load simllitude requires that the densi~ of the 

mode! ma\erialahould he: 

19 -
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J 
f 

/ 

p;-" = Pp x Sc = 2403 x 7.0 

= 16, 821kgjm3 • (2.10) 

twhere P:-" is the required density of the model material. 
.. 

In order then to satisfy Equation (2.9), additional dead weight w~ provided using steel 

billets uniformly dispersed within each box girder during construction and appropriate 

concrete blocks placed on' top of the deck. The l'equired dead load for the model is . -
then: 

DL:" = p:"gAm = 16,821 x 9.8rtx 00408 
j 

=14.92~ 

where P:-" is the required density for the model. 

9 is the acceleration due to gravity. 

\, - - Am is the cross-sectiorial area. of the model. 

D L:-,. is the ft'quired dea.d load for the model. 

The \ load of the c~n.tructed model ÎB: 

DL". = Pm gAm = 2290 X 9.81 X 90,408 
/ 

= 2.03Njmm 

The additional dead load required is: 

DL:' = DL, - DL" = 14.92 - 2.03 

= 12.89N/mm 

20 

(2.11) 

(2.12) 

(2.13) 
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where DL! ia the additonal dead load required for the mode"', 

The m8J(Îmum moment at midspan due to the dead load is: 

M _ DL:,.'! 
DL - ,-

8 
14.92 X 35312 

8 

023, 253kN.mm 
\ 

(2.14) 

\ 

~ 
2.5.2 Live rad. \. \, . 

The prelhrunary design showed that the truck, loading was more critical than the 
f , 

lane loading. Therefore the model W88 loaded by two scaled-down versions of the stan-

dard OHBDC truck (totalload for each truck = 700 kN) as shown in Fig. 2.5. Alllinear 

dimensions'were reduced by the length sc ale factor of 7.00. Similitude requîres that 

the concentrated load be reduced by a factor of 1:8,2 = 1:49 (Tp.ble 2.2) so that strains, 

defolat.ions, and stresses in the model for each loading condition are representative 
/ ~, . 

of sim~lu quantities in the prototYPe for the corresponding loadi~g condition . 
.. 

J 

where P". is the concentrated load on the model. 
Cil l ' • 

Pp is the concentrated load on the prototype. 

(2.15) 

Thus for the model, the totalload f0r each scaled down truck was 14.28 kN. For practical 

reuons and simplicity, the first &XIe of the simulated OHBDC truck wu eliminated.The 
l, p 

totalload fol' e~h scaled down truck then became 13.20 kN (Fig. 2.6). 

. It wu estimated that this would influence J>ending stre$ses by not more than 6 per­
.1-

cent. Figure 2.7 shi the position and 'airection of the trucks that give the ~ax1mum 

bendiq moment at midapan. . . 
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The maximum moment at midspan due to live rad is: 

1 
MLL = 14, 442kN.mm (2.16) 

* Accountlng for the impact factor of DA given by the OHBDC26 specifcaJ; ions , the 
\'" 

bending moment at niidspan becomes: 

MLL = 20, 219kN.mm (2.17) 

2.5.3· PJ:e.trelltng Force. 

The wires were tensioned to 0.7 fpu' in the prestressing bed. The average total 

losses were estimated to be 10% of the initial force. The experimental results were 

close to this estimate. The prestressing bed used to apply these forces is described in 

Reference 42 along with the- information cOJlcernini 'the prestress losses. 

The final prestressing force PI in each wire after aIl losses have occurred is then: 

/ 
PI = 0.9 x 0.7 x 19.6 x 1550 = 19.20kN (2.18) 

2.6 Stre •• e. 

2.6.1 Initiai Stre .. e. (after releBle) 

The state of stresses due to prestressing and dead 1 

(a) For the top~ber: 

(2.19) 

o 2S 

,,1/. 
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o 

( 

(h) For the bott~ fi ber: 

P, e MDL 
O'b = -- - P,- +--

Am Sb Sb r' The .tate ~i .tr ... es at a distance of 50 Wi~ diameters from ,the ,"pp~rt, Ai.o.4 1 

, from the support, and at midspan due to the dead load and the~restresSing forces is 

shown in Fig. 2.8. 

, 
2.6.2 Final Stresses (after applying the live load) ) 

With the full service loads, and with all of th"'ë prestressing losses having ~curred, 

the state of stresses. is given by the following expressions: r ., 

(a) For the top fiber: 

,"" 
(2,21) 

(br For the bottom"fib.er: 

(2.22) 

'\ 

The tate' 0 stresses at a distance of 50 wire diameters from the support, at 0.4 1 

from the su rt, and at midspan after applying the live l~~ds is shown in Fig. 2.9. ' 

2.7 Bridge Details , 

The bridge was designed in accordance with the specifications of the Ontario High­

way Bridge Des~gn COde:J6 for an ultima.~e bring moment of: 

. (2.23) 
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This ultimate moment""" p~ 2 uced by an ultidtate !oad Pu = 43kN equival,nt to , ~ , 
/ 

3.22 times the simulated OHBDC truck. The girdérs were checked for flexural a.tJd 
"..., 

1 1 • 

shear stresses at midspan, at 0.4 1 from the supports and at the ends. The top slab 

was checked for ben ding 'stresses unde'r conèentrated loads. The reinforcement details 

of the model are shown in Figurés 2.10 through 2.14. , 
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CHAPTER 3 

EXPERDMENTALPROGRAM 

3.1 Intoductlon 

A brief description of the experimental work conducted on • 7 ~o -scale, two-cell, 

prestressed concrete box girder bridge model is presented in this chapter. A more 

detaile~ description is presented in Reference 42. ~ 

~ The 1.~O -sc ale direct model of the prototype brjslie was tested in the Structures 
\ 

Laboratory of McGill University. The overall plan dimensions of the model were 

1120 mm by 3531 mm. The model was subj~ted altern~tely to dyn~ic and static 

loading~ t 

3.2 ) Matorlal p{portle. 

Since the mode. was int ded to provide information on th~ehaviour of the 

prototype bridge beyond th elastic range, it was necessary to pay special attention to 

properties. The model material used must simulate as closely 
r 

acteristics of the prototype concrete and the reinforcement20 
• 

However, bec~use of the limited knowledge of the bond mechanism it is difficult to 

aatiafy the bond ~qUiremê It is enough to ensure that there is sufficient bond , 

l'$Siitance 80 that bond faUure does not occurl •2'T. This can he achieved by proviâing 
• 
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.. 
sufficient embedment length to de~elop the yield strength of the bars. For this purpose l 

pull-out tests were conducted on the prestressing' wires. These tests are described in 

/ Reference 42. 

3.2.1 Concrete 

1 

A concrete mix, 0.55 : 1.0 : 2.75 (Water : Cement: Aggregate) ratio by weight 

was used. It was designed for a strength of 34 MPa at an age of 28 days. Type III-High 

Early Strength Portland Cement was used for th~ concrelt! mix. The mode} concrete 

aggregates were chosen in the following proportions by weight: 

(1.S9mm - 3.18mm) ~imestone Aggregate 

# 10 Crushed Silica Sand 

# 16 Crushed Silica Sand , 
# 24 Crushed Silica Sand 

15% 

15% 

15% 

25% 

# 40 Crushed Silica Sand 20% 

# 70 Crushed Silica Sand 10% 

" 

Several concrete cylin,ders (50 X l00mm) were cast with the model concrete mix ' 

• during the casting of the bridge model. These cylinders were tested in uniaxial com-
~ 

~ressian and in indirect tension at an age of 28 days. From Ute results obtai~ed, an 
. 

evaluation was made of the compressive strength f!, the tensile strength /" and the 
• éi • 

odulus of elasticity Ec of't-the concrete. Tàbles 3.1 and 3.2 show the results and 
~ 

variations. A typical stress-strain curve for the concrete is presented in Fig. 3.1. - . ' 
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Table 3.1 Compressive Strength of the Concrete. 

Element Number of Age I! Standard Coef. of Ec 
. Cylinden'* (day.) (MPa) Deviation(MPa) Variation{%) (MPa). 

• ~ 

Bottom Slab 5 28 34.10 1.20 2.90 28500 

and Webl 8 42·· 37.00 1.10 2.90 28700 

"'9 r'" 
Top Slab 5 28 34.20 1.25 3.20 28600 

ô' 
8 42-- 36.90 1.18 2.60 29000 

" 
\ 

"-

Table 3.2' Tensile Strength of thec.Concrete. 

Element 

BoUom Sl.b 

and Wehl 

Top SI ab 

?umber of 
Cylindera* 

5 
8 

5 

8 

Age 

(day.) 

28 

• 42·· 

28 
42·· 

• The aise of cylindera wu SOxl00 'V 
•• ComtIpondin, to th. day of teating 

" ,. 
y 

It 
(MPa) 

2.15 
2.30 

~ 

2.65 

2.80 

.. 

37 

Standard ? 
Deviation(MPa} 

0.10 
0.10 .. 

0.10 
0.08 

, 

1 

Caef. of 

Variatiop(%} 
Eo 

(MPa) 

3.60 28500 
3.10 28700 

/ 

. 3.60' 28600 

2.90 29000 

" j" "Y ,- ~~ ..... "" J """-", ... ~-:., 
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3.2.2 Reinforcement 

3.2.2.1 Prestressing Wire 

High tensile strength stee.l wires of 5 mm diameter with a cr088-sectiona.1 a.rea of 

19.6mm:l were used as prestressing tendons. The wires were supplied with indentations 
" 

for good Ifond resistance. These wires have a 0.2% offset yield point of 1360 MPa and 

an ultimate tensile strength of 1550 MPa. (indicated by the supplier). This value of 

the tensile strength was verified by testing six samples in tension. The aver~ value 

of the ultimate tensile strength obtained was the sa.me as the one supplied by the .. 
manufacturer (1550 K1Pa). A typical stress-5train curve for the prestressing wire is 

shown in Fig. 3.2. 
." 

3.2.2.2 Normal Reinforcement 

The normal reinforcement consisted of D2 bar rneshes. After testing Borne samples . , 

in tension, it was noted that their yield strength was too high (600 MPa) and that 
/ 

the steel was not ductile. In order then to lower th: yield strength and to render the 

steel more ductile, it was necessary to heat-treat the D2 bars~lI: The D2 b,!rs were 

heat-treated at a temperature of 600° C for a period of 2 hours. The yield strength 
1 

decreased' to 300 MPa and-the steel became ductile. The effect of the heat-treatme~t 

on the normal reinforcement is shown in Fig. 3.3. 
r 

î 

3.3 Construction of the Model 

.' The procedur~ UBed to construct the mode} was maintained as close as possible to 

the one UBed in the field on a prd!;otype bridge. 
. . ~ 

A ~restf"essing bed was mst fabricated. Sut8eq~ently, the formwork for the bottom 

slab, the girder W~b8 and the end blocks was prepared. The reinforcement was then 

rumented and installed. After prestJ!e8sing the wires, the bottom slaba, the webs 
. \ 

,d the end ,blocks were cast and cured, vertical shear. connec tors bemg provided on the 

'S8 
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upper surface. At this stage, 'extr.a-dead weight in form of steel billetà wu placed in 

the cells. The deck was then reinforced, cast and cured. To satisfy the required model­

prototype weight ratio of 1:7.0, it was nece8sary to add con crete blocks on top of the \ 

concrete deck. These blocks were pla.ced uniformly on the total area of the deck~e 
.( 

end, the prestressing wires were eut at the ends one by one and symmetrically tb avoid 

any significant eccentric loading. Losses arter release were measured and recorded. At 

this stage, the prestressing bed was removed. Surfaces at chosen locations were tlnished 

for the placement of the strain gauges and the dial gauges. 

3.4 Instrumentation '0 

3.4.1 General 

The data to be recorded duI"Ïng the model investigation were strains in the concrete 

and the pr.estressing steel, deflections, crack locations and pattitnJUld the crack widths. 
~ . 

'y-

Electrical resistance strain gauges, mechanical dia} gauges, and LVDT's were used 

as measuring devices. The data were obtained by a data acquisition system, which 

recorded the readings continuously, as weIl as by visual observation. The strains were 

• 

acquired with an pPTILO.G Data Acquisition a,nd Control System connected to an ;' 
{ . 

mM pefsonal computer and a printer. 

3.4.2 Load. ( 

The prestressing forces during the construction and the applied live loads during ) 

the testing phas~ were measured using three load cells. The prestrcssing force wu 

appIied through a hydr~ulic jack and measured directly using a IG-kip caIibrated hollow 

load cell. In the static tests, the applied live loads were monitored using two ID-kip 

calibrated load cells placed on top of the loading arm. The thr~ loa! cells were 

connected to the dat~ acquisition system. 
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3.~.3 St~ 
Linear eleetrical resistanee (SR-4) strain gauges and rosettes were used as strain 

'" l'DIIasuring deviees. They were applied at seleeted locations in the center of the webs, 

top slab and bot tom slabs for reading the strains at the extreme fibers 'of the. concrete. 

Eleetrical strain gauges were also placed on the prestressing reinforcement. The strain 
, 

gauges were eonnected to the data acquisition system. 

3.4.4 Deflectlon 

To measure the deflection of the external surface points, six sets of mechanical dial 

gauges were placed at mirlspan and at quarterapans. 

In the dynamic tests, the time-dependent deflections were obtained using linear 

voltage differential transformera (LV:DT's) placed at midspan and at the quarterspan 

sections 8fd connected to a Mine Digital computer. 

3.4.5 Crack Loc~nl. Patternl end Width. 

Crack locations and patterns were acquired by visual observation and recorded in 

a ~9te book. The crack widths were measured using a crack width gauge consisting of 

a ruler with Crack widths marked on it. 

3.5 Loadlnl 5yltem 

3.5.1 Statle Teltl 
\ 

To apply the live load to the model bridge, an articulated loading system simulaftng 

the OHBDC truck wu designed. The truck loading device consisted of hollow square 

steel sections, connected by loose pins to prevent. their movements (Fig. 3.4). The 

Uve load wu transmitted from the strong floor to the rubber pads (86 x 36 mm), 

which aimulated the truck wheel contact areas, through a stiff built-up section beam 
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by pulling on the two hydraulic jacks. Details of the loading system are shown in 

'Fig. 3.4. More deta.ils can be found in Reference 42.. 
'\. -

3.5.2 Oynamic Tests 
, 

"'" To excite the bridge in its first natural mode of vibration, a co~ntratbd mass 

weighing 250 kg was suspended at midspan under the bridge by a thiI\. wire. The wire 

was tJhen cut by a pair of sharp scissors forcing' the bridge to vihrate for a few seconds. 

During this time interval, the vibra.tions of the bridge were recorded by the MINe 

digital computer. A more detailed description is given in Reference 42. 

3.6 Test Procedures 

The complete test was divided into seven phases, consisting of the following oper­

ations. Ali of the tests were static tests ":'fept for one dynamic test in each phase as 

mentioned. 

• Phase 0 : 

a. Dynamic test of the uncra.cked bridge (~ithin the elastic range). 

• Phase 1 : '1 
, 

a. Symmetrical two truck 10ads. 

b. Eccentric one truck load. 

c. Dynamic test. 

• Phase 2-: 

a. Symmetrical four truck 108.ds. 

b. Eccentric one truck load. 

c. Dynamic test. 

• fhase 3 : 

... 

a. Symmetrical six truck loads. 

b. Eccentric one. truck load. 

J 
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(a) Symmetrical Loading 
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th' ....... 'H ___ III' 

D D 

'00 

(b) Eccentric Loading 

Figure 1.4 Details of the Loading SYlftem. 
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c. Dynamic test. 

• Phase 4 : 

a. Syriunetrical eight truck 108ods. 

b. Eccentric one truck lo8od. 

c. l;>ynamic test. 

• Phase 5: 

a. Symmetrical ten truck loads. 

b. E~~entric one tI'\lck load. 

c. Dynamic test. 

• Phase 6: 

a .. Ultim80te loa<l test. 
~î 
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o Figure 3.5 Modelln the Instrumentation St~e (Dynamic Test). 
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o 1 Figure 3.6 Model in the Instrumentation Stage (Static Test). 
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CHAPTER 4 

FINITE ELEMENT AN A :YSIS 

\ 

4 .. 1 Introduction 

Studies of the response of reinforced and prestressed concrete box girder bridges 

to applied loada have received considerable attention. The complexity of the type of 

structural actions that occurs in a box section, such as distortion, warping and shear 

lag, malte the prediction of its response difficult and not accttrate using the classical . 
methods of analyais. 

Early box-beam designs employed wall thicknesses large enough to render these 

effec~ negligible so that the "sim,Ple heam." theory and "St. Venant"torsion theory were 

adequate analytical tools within the elastic range.~However, with the present tendency 

to more .lender sections to reduce the self-weight and the prestressing forces required26 , 

diatortional and warping effects need te he considered. A~o, as the structure is loaded 

beyond the elutic limit, cracks appear and propagate causing sigzilficant changes in its 

static and dynamic properties. • 
Recent developmenta in high speed computera and the finite element approach for 

the analyais of s~ch complex structures makes it poeaible to overcome these difficulties. 
, . 

The flnlte e1ement method. la an appraximate method, therefore it la important to se- • 

IfJCt the finit. èlementa ISO u to accurately rep~t the behaviour of the struCture$O,S1 . 

l ' 
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, , 
~he finite element method requîres solutions to a large number of equations for atruc-

~tures with the complexity of th~ box s4ftion and therefor(Tt 1: \ime consu:çning and 

expensive~ However, by making a judicious choice of the finite elemen\s, and an ap-
" , 

• propriate IPesh, consistent with the level of accuracy required, and taking advantage 

~ of symmetry, if any, the CPU time and the computer memory requirements can be 
~ 

reduced considerably. This can result in 'considerable savÏI\Bs. 

In this study, two ~nite element programs were used for analysis purposea. The 

NONLACS'$, a nonlinear progra.m. developed by Razaqpur and Noral at Carleton Uni-
• 

c ;,c, -

, 
versity in Ottawa an"d the well-known SAP IV programST in a quasi-nonli~ear form. ~ 

" 
t 

4.2 Nonlinear Analy.i. Using NONLACS 

4.2.1 . General 

The NONLACS program (NONLinear Analysis of Concrete and S,teel Structuresl 
.:. \ 

was developed by Razaqpur and Nofal·~$. The origin of the progra.m goes to the pro-

gram FELARC (Finite Element Layered Analysis of Reinforcétl Qoncrete) daveloped -' 

by Ghoneim and Ghali32 at the University of Calgary and modified by Razaqpur and 

Mazikins" at Carleton University and other similar programs developed at the Univer­

sity of minois and at the University of California at Berkley. 

~ONLACS is, however, mu~ more g ne than its predecessers. It can analyze 

any concrete (plain, reinforced.or p~estressed), eel or composite concrete-steel struc­

ture. Five basic types of elements are available in the NONL~CS 'element library: a. 

two node bar eleibent with three degrees of freedom per node, a 8Q.ear connector ele-
"J 

ment, a higher order four node plàne q~adriIateral élement with vertex rotation", a , 
four node qtfadrilateral plate bending element with three degrees of freedom per node 

and a four n~e quadrilateral facet shell element. This lut element ÎJ obtained by 

\ 
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combining the plane quadril~tera.l elément with the plate bendtna quacbilateral ele­

ment (Fig. 4.1 and 4.2). 

4.2.2 Description of tbe Program - , 
, 

.... 

The NoNLACS program can trace the co~plete nonlinear responee up to fallure 

of reinforced, prestressed concrete, steeJ and composite concrete-eteel structuree made 

up of an assemblage of thin shell elementS such as box girders, shear waHs, sh~lls, 

folded plates, etc. The efficiency of the finite elementa used in the ~dealization of the • 

reinforcement makes possible the analysis of such complicated structures with a IImall 
" number of elements. Therefore, the effort in the preparation of data, the computation 

a.nd the effort in the interpretation of the results are minimized. 

Each finite element is divided into a number of concrete or stee11ayers. The steel 
, 

larer may represent the reinforcement smeared into a layer or an actuaI steel plate &1 

in the case of compOéite structures (Fig. 4.1). Each layer is treated as an orthotropic 

màterial and can assume any state: elutic, yielded, cracked, or cruahed depen~ing 

on the stress level reachedo and the type of pmterial involved. Element .tiff'nes. la 
f 

ob~ained by summing the stiff'nesa contribut n of the va.riOUB layera. AIs sta.ted, uni-
, 

formly distributed reUU:0rcement is i~êaIize y a smeared steel layer (Fil. 4.1). Heavy 

reinforcing bars or prestresaed bonded tendons are modeled 88 fully bonA!d truu ele­

ments (Fig. 4.\ along with their ~tift'neas cODtributio~. Shear connec ton in compoeite 

structures are modelled by llpecial~ elements. 

NONLACS uses the increment~ra.tive taz.",ent étift'neu technique of nonllnea.r 

analysis. The nonlinear stress-stram relationships of c~crete ud .~l are coutdered 
,0 

by applying the load in increments and performing a seri. of iterations. The prOlf&m 

can handIe monotonie Of; cycling loading. It can" aJso deaJ with timHiependent effect-l 

such as creep and shrinkage. The concrete material modeUing in th. progiam .. the 

same Ba in program FELARCS2 
t but otherwise the procram ia quit4J difFerent. 

l '. ' 
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4.2.3 Mater.al Modelln, 

4.2.3.1 Concrele / 
In tl\e NONLACS program, the stress-straÏn relationship for concrete stbjected 

to uniaxial compressive stress (Fig. 4.3.a) is a combination of the two models due to 

Saenz'4 (1964) and Smith and Young36 (1955). Concrete under a biaxia! atate of stresa 

is idealized 88 an orthotropic material. In the uncracked state, the axes of orthotropy 

are oriented along the principal axis. Un der the biaxial stress state, the incremental 

constitutive relationship for concrete is: 

where [DI, a function of the principal stress values Cl1 and Cl'J, is the elasticity matrix 

of the orthotropic material given by: 
• 

1 [ El [DI = Il...[E";E; 
1- v l 

o 
(4.2) 

where v is the Poisson 's ratio àhd G is the shear modulus given by: 

(4.3) 

The values of El and E 2 represent the uniaxial tangent moduli and are calculated from 
'.1 

the stresa-straÏn curve using the "Equivalent Strain" concept described in Reference 32. 

When the .principal tensile stress in an element exceeds the uniaxial tensile strength 

(predefined in the input), cracks are assumed to form alopg the plane perpendicuJar to 

ftle maximum principal' tensile stress direction. The cracks are then smeared into the 

element and the elaaticity matrix, [D], is modified appropriately. 

-
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4.2.3.2 Steel Relnforcement 

The reinforcing and the prestressing steels are modeled 88 bilinear strain-harde­

ning materials (Fig. 4.3.b). The model is deflned by four parameters: the yield strength 
\ 

I
fI

, the elastic modulus E" the strain-hardening modulus E; and the ,ultimate strain 

f,u' 

4.2.4 Analy.l. Procedure , 

" As mentioned earlier, the program uses the incremental-iterative tangent stiffness 

technique of nonlinear analysis. The load is applied in increments. Iterations are 

applied after each load increment to reduce the unbalanced forces 0 a small value. 

Each iteration proceeds â.s follows: 1 

(i) Calculation of the displacement using the tangent stiffness e uated at the 'end of 

the previous load increment. 

(ii) Calculation of the stresses and strains in the concrete and ?he steel. 

(Hi) Adding the calculated stresses and strains in (ii) to the pr~viously obtained total 

stresses and strains to ob tain the current appraximate t';)(al stresses and strains. 
() 

(Iv) 1 Calculating the true stresses corresponding to the current strains, using the non-. . 
Unear constitutive relations. 

(v) Calculating the unbalanced forces and t~e equivalént nod41 forces. 

~ This ends the iteration. At the beginning of the following iteration, the unbalanced 

nodal forces are applied and the procedure is repeated until con~gence is obtained 

(i.e. unbalanced forces or dis placements become very small), or until the maximum 

allowable number of it~~specified as input data) is reached. When the values 

~ the diaplacement~-o{ the unbalanced forces become very large, a failure mechanism 
) 

la aaumed to ha,occurred and the solution is stopped ~dicating that the ultima~e 

load has been reached. 
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4.2.5 Analy ••• of the Bridie Model 

The NONLACS program was used in this atudy to determine the nonlinear ré­

sponse of the prestressed concrete box girder bridge model, subjected to a monotonic 
1 

truck loading varying from zero to a load consisting of eleven truck loads. Only one . 
hal! of the bridge wu modeled because of the symmetry of geometry and loading ln 

/' 
the longitudinal direction of the bridge. The bridge was divided into 160 quadrila.teral 

facet sh~ll elements which resulted in a total of 168 nodas (Fig. 4.4). The input data 

required to run the program is outlined below. 

(a) Nodal point data. Each node is defined by its boundary conditions and conatraints 

and by its coordinates in the global system. 

(b) Material properties data. Material properties of concrete a.re input in terms of its 

_compressive and t~nsi1e strengths, strain at maximum compressive stress, ultimate 
., 

compressive strain, cracking strain in tension, modulus of elasticity,.density and 

Poisson's ratio (Table 4.1). Prestressing steel and normal reinforceptent are defined 

by their yield strengths, ultimate strains, moduli of elasticity and strain hardening 

moduli (Table 4.2). 

(c) Element data. Each element is defined by the four corner nodas and its thickness. 

Reinforcement and prestressing steel in the element are deftned by their local 

coordinates, their croes-sectional area and the initial prestressing stress for the 
1. 

prestressing steel. 

(d) Extemal nodal force data. The number of load steps, the number of iterations 

per load step, the loaded nodes, the extemal loada along with their directions 

terminate the input data sequence. 

The resulta of the NONLACS computer program include the total extemal nodal 

forces, the unbalanced nodal forces, the joint displacements, the stresses and ,.traina, 

including the principal stresses and the principal directions, at nine locatiolll of the 
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Table 4.1 Material Properties of Concrete. 

Compressive Strength (MF .. ) 

Tensile Strength (MP .. ) 

-

, 

Compressive Strain at Maximum Compreaaive...~rea. 

Maximum Compressive Str&Ïn ' 1 

Cracking Strain in Tension 

Modului of Elaaticity (MPa) 

Denaity (kg/m3 
) 

Poiaaon'II Ratio 

l~ 

37 

2.25 

0.0018 

0.0045, 

0.0002 

28663, 

2290 

0.18 

Table 4.2 . Material Properties of Reinforcement. 

Diameter 

Croaa-Sectional Area 

Yield Strength 

Ultimate Strain 

" Modulua of Eluticity 

Strain-HardenÏDg Modulua E: 

(MPa) 

(MP .. ) 

58 

Preltrelaing Wire D2 Bar 

5 

19.6 

1550 

0.085 

175000 

0.21 

" 12.90 

298 

0.018 

200000 
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concrete layera and the bar stresses and strains. An example of the application of the 

NONLACS program. is shawn in the Appendix. 

4.3 Qua.I-Nonlinear Analysis 

The quasi-nonlinear flnite element analysis used in the present study was intro­

duced by Soliman'. Ferdjani21 investigated the nonlinear behaviour of a one-cell box 

girderbridge using this technique and showed that such an analysis could be a useful ' , 

inexpensive tool for predicting, with reasonable accuracy, the behaviour of box girder 

bridges. The quasi-nonlinear analysis could be conducted using any linear finite ele-

ment program. This has the advantage of being inexpensive in terms of cost and not 

being time consuming. 

SAP is an acronym for ~tructural AnalysÎ8 Program, which ie a general purpose 

finite element program. developed by Wilson33 at the University of California at Berkely. 

It wu first published as SAP 1 in September 1970 and has since been revised. The 

SAP IV version37 
, first released in June 1973 and revised in April 1974, was used in 

this st)1dy. The nonlinearity introduced by the cracks is taken into account by making 

appropriate changes in the parameters that affect the stiffness of the structure at each 

loading stage. ThelJe parameters: such as crack locations, crack widths and concrete 

strains, were obtained from the experimental data Crom the tests conducted on the 

bridge model. 

4.3.1 Materlal Modelln, 
• 

In this study, attention was focU8sed on two major points which are peculiar to 

the analysia. These are modeling of the concrete cracking and modeling of the steel 

reinforcement. 
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4.3.1.1 Modeling of Concrete Crackln, 

In the finite element analysis of concrete structures, two different approaches have 

been employed for crack modeling: the discrete-cracking model and the smeared­

cracking models 
Il • 

a. The Discrete-Cracking Model was introduced by Ngo and Scordeli~Sl. Any érack­

ing that takes place in the .coitcrete can he represented by separating the concrete 

elements on either side of the crack and by introduction of additional nodal points 

along the two sides of the crack (Fig. 4.5). For problems involving a few dominant 

cracks, this model offers a realistic representation. One obvious disadvantage in 

such an approach ia that continued propagation of the cracks with increasing loads 

implies continued redefinition of the finite element mesh. This has the effect of in-

creasing the computational effort considerably to BoIve the equilihrium equations, 

especially when high load levels are reached. 

b. The Smeared-Cracking Model in which the cracks are smeared in a continuous 

fashion (Fig. 4.6), is probably the best choice and ie generally used in most struc­

tural engineering applications. Due to its simplicity, the smeared- cracking mode} 

is used in this quasi-nonlinear analysis. 

The 'application of this approach to the quasi-nonlinear analysis consists of making 

appropriate changes in the elasticity matrix of the cracked elements by examining 

the crack pattern obtained experimentally after each loading step. For the uncracked 

isotropie linear elastie element, the elasticity matrix (DI is given by: 

[DI = [
~ 
(1-"') . 

"Be 
(1-11') 

o 

"Be 
(1-"') 

Be 
(1-11') 

o ~] (4.4) 

where Ec is the modulus of elasticity of the concrete, v is the Poisson'" ratio and, G 

the shear modulus of elasticity of the concrete given by: 
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Figure 4.6 Discrete Crack Representation. 
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G= Ec 
2(1 + v) 

(4.5) 

After cracking has occurred, the cracked concrete b~omes an orthotropic material38 
• 

The Poisson effect is neglected (i.e. v = 0) and the modulus of elasticity, Ep , of the 

", -, ..... ~~ 

~ncrete perpondicular to the direction of the crack and the shear force transferred 
"'--, 

',--
across the crack are varied depending on the stress level and the crack width. ~\ 

While many researchers have recommended a zero value for the mod?lus of elas-

ticity Ep of the concrete in the "direction normal to the crack, Berg3G has proposed the 

use of the following equatiQn to evaluate Ep : 

E - (O.OOOI)l E 
p - 0.4 c 

E 

where E is the concrete strain at the cracking level. 

(4.6) 

AIso, the cracks in the concrete cause an immediate reduction in the shear stiffness. A 

reduced shear modulus f1G is then assumed on the cracked plane. Many researdters 

have proposed values and expressions for the reduction factor {J. Constant values of {J 
, 

werl filst proposed to account for aggregate interlock and dow~l ~tion that might be 

present\ Studies by Houde and Mirza40 on aggregate interlock at cracks have shown 

that the shear transfer across the crack is basically a function of the crack width and 

diminishes as the crack widens. They suggested the following equation which gives the 

variation of the reduced shear modulus f1G with respect to the inverse of the crack 

width ~ (Fig. 4.7). 
1 

J 

(4.7) 

with Il being the reducti9n factor. 

Hann .. •1 suaeeted the following expression to represent the shear reduction factor: 
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where El' is the strain perpondicuIar to the crack. 

To account for the contribution of the dowel action mechanism at higher load level, 

Hanna lIuggested that the value of (J should not be less than 0.7. As- a final expression 

for the shear reduction factor he proposed: 
') ........... / 

(4.9) 
{J ~ 0.7 

The tangent elasticity matrix [D,] in the cracked direction beco~: 

(
Ep 0 O} 

[D,] = O. Eo .0 
J 0 0 (JG 

(4.1~ 

For stiffness calculations, the tangent elasticity matrix, [D,], is transformed into global 
, 

coordinates by using the well-knawn transformation roles for stress and strain teÎlsors: 

[D] = [T]T [Dt][T) (4.11) 

where [T] is the transformation matrix relating the global directions to the crack di­

rections ~d [TF' is the transpOse of [T]: 

[T] = sin2 Q coe2 a . 
[ 

COS2 Q sin2 a 

-2sinacosQ ~inQCOSQ 

sina'cOSQ ] 
-sinacosQ 

cos' a - 8in
2 Q 

(4.12) 

where a is the angle between the direction of the crack and the X-axis (Fig. 4.8). 
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4.3.1.2 Modelin" of Steel 

One-dimensional members prosse8sing only axial stiffness were used to idealize 

each of the the prestre8sing wires. This approach was round appropri~t.e and feasible 

in treating this case because of the small number of prestressing wires involved. 

4.3.2 Flnlte E&ement Mesh 

The SAP IV program has a number of different structura.l elements that can be 

used in analysis. The quasi-nonlinear finite element analysis in ~he present study was 

conducted using the thin-shell element37 • It is a quadrilateral element of arbitrary ge­

ometry formed from four compatible triangles. The element has twenty-four degrees of 

freedom, Le., six degrees offreedom per node in the global coordinate system (Fig. 4.9). 

In the analysis of the fiat plates, the stiffness associated with the rotation normal to the 

shell surface is not definedj therefore it is not included in the analysis. The three di-

mensional truss element was used for the idealization of the ten prestressing wires. The 

layout of the finite element idealizations used in this analysis is shown in Figures 4.10 

through 4.12. 

For the symmetricalload case, one half of the bridge was modeled. The mesh consisted 

of 240 thin shell elements and 100 truss elements with a total of 252 nodes. For \he 

eccentric load ~8Be, the full bridge was m.04ed. The mesh consisted of 480 th in shell 

elemen ta and 200 truss elements with a totayof 483 nodes. The same meshes were used 

for both static and dynamic analyses. 

4.3.3 Analysia Procedures 

The results of this finite element computer program include rotations and dis­

placements at each nodal point, truss member stresses and forces and membrane and 

bending stresses at the element centroids. In the dynamic analysis, the results include 

the circular ftequancies, the natural frequancies, the periods of vibration and the nodal 

displacementS and rotations. 
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The finite element analysis was conducted for the self weight of the bridge m?del, 

the extra dead load used to simulate the dead weight of the prototype and the pre­

stressing forces, in addition to the following loading conditions: 

4.3.3.1 Llnear Analy.i. 

(a) Two symmetric trucks. 

(b) One eccentric truck. 

(c) Free vibration analysis. 

4.3.3.2 Qua.i-Nonlinear Analy.i. 

(a) Static Analysis. The quasi-noline~ analysis was p formed for five loading cases 

(4, 6, 8, 10 and 11 truck loads). For each loading c e, the elasticity matrix was 

modified to account for the nonlinearity introduced by e cracks. The value of Ep 

was calculated using equation (4.6) and the value of E., as modified depending 

on the experimental sttain values. The modified shear mo lus of concrete, f3G, 
v 

was calculated using. equation (4.7), depending on the approximate crack width 

in each element. After each analysis for the symmetrical truck loading case, an 

eccentric truck load was applied using the same procedure. Table 4.3 shows the 

values of the reduction factor and the reduced shear modulus values used for the 

different experimental crack widths. 

Table 4.3 Values of the Reduction Factor (3 and the Reduced Shear Modulus (3G 
used in the Static Analysis. 

Crack width (mm) (3 (3G(MPa) 

? 

'0.03 0.7 8019 

0.05 0.3 3306 

jO.10 0.08 972 

0.25 0.02 243 
, < 

0.30 0.012 150 
0.80 O.~ 

; 
49 

71 

~ 

- , 



( 
o 

o 

r 
(b) Dynamic Analysis. Mter each analysis for static loads, a free vibration analysÏ8 

was performed. Aga.in, the elaaticity matrix wu modified in stages by introducing 

new values of Ep, E. and ri' the elasticity matrix. However, in the experimental 

work, the cracks c ed and the concrete str&Ïns diminished every time the bridge 

was unloaded for t e erformence of a dynamic test. For this rea.son, the value~ 

of El" E, and fJ were modified depending on the experimental strain values and 

the crack widths after releasing the static loads. Table 4.4 shows the va.lues of 

the reduction factor {3 and the reduced shear modulus {3G for the different erack 

widths noted in the experiment. 

'l'able 4.4 Values of the Reduction Factor fJ and the Reduced Shear Modulus fJG 
used in the Dynamic Analysis. 

Crack width (mm) fJ fJG(MPa) 

0.017 0.9 10931 

0.020 0.8 9716 

0.025 0.7 8019 

0.030 0.6 7287 

0.033 0.5 6013 

) 
12 l' 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Introduction 

<-

This chapter presents the results obtained from the finite element analyses and 

A" their compari80n with the experimental findings. The effect of the dead load andn the • 

prestressing force, wh en acting alone, is described in Section 5.2. The behaviour of the 

model under symmetric and eccentric loads simulating the OHBDC truck is presented 

in Section 5.3, while the propagation of the cracks and the ultimate load test results 

are presented in Section 5.4. Finally, the dynamic analysis results are discussed in 

Section 5.5. 

For each load case, the deflections, the stresses in the concrete and the strains in 

the prestressing wires obtained from the finite element analyses were compared with 

the corresponding experimental values. The experimental stress values in the concrete 

were obtained by conv,erting the strain readings from the electrical resistance strain 

gauges to stresses using the stress-strain curve for concrete (Fig. 3.1). The natural 

frequencies of vibration of the structure at different levels of damage are presented and 

compared with the experimental findings as weIl as to the values obtained from the 

simple beaIn analysis. 

Figure 5.1 shows aetai~ of the instrumentation used to monitor the deflec~ 
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and strains in the concrete. 

5.2 Dead load and Pre.tre •• lnl Force 

After removing the formwork, the model wu Instrumented 80 that the deflections 

and the strains at midspan could be recorded just after cutting the wires. 

5.2.1 Deflectionl 

Just after transfer, when only the self weight of the model and the prestressing 

force were acting, an upward defiection of 0.80 mm was observed at midspan. This 

wa:s due to the lorce that the wires ~erted upon the structure. The deftected shapes 

of the structure ~ this stage obtained from both NONLACS and SAP IV analyses are 

shown in Fig. 5.2. The upward deflections at midspan obtained from NONLACS and 

SAP IV were 0.82 mm and 0.75 mm respectiveJy. The three analyses welded similar 

results with the largest difference being 6% at midspan. 

5.2.2 Stresses 

The state of stresses at midspan just after transfer is shawn in Fig. 5.3.' It can be , . 
" seen that the entire section WaB in compression. Again, the fi'nite element results and 

Il 
the test resuJts showed good agreement. 

5.3 Simu'ated OHBDC Truck Load 

5.3.1 Genera' 

To study the response of the bridge to truck loads, two models simulating the 

OHBDC truck were construded4
::1. The trucks were locatèd so as to produce 'the 

maximum bending moment at midspan. To be able to evaluate the torsional rigidity 

and the dynamic characteristics of the bridge at each level of damage, the Joad was 

74 



C 2848 
, 

I~ 1765 

l '1 883 1 

[ w 1 : ! 0 .. , G"9' :. 1 • ] 

~ 
Î 

D D 
(a) Mechanical Diai Gauges 

,( 

2648 

1: 

1765 

'1 1 a&!;I " 

[w 
1 ~ ~ ,,,,,,,,,.,, ... ~R'''''' 

1 
.J 

) 

(b) Concrete Strain Gauges 

Figure &.1 Instrumentation Details. 



o 

o 

o 

l 

~ ..-.. 
8 
8 -
d 
o .... .... 
o 
al -.... 
al 

CI 

CI 
CI 
N 

CI 
CI ... 

( 

" ' 

- -

.. EXPERDIENT 
__ NONLA.CS 
-- - SAP ri 

g~~~------------------------------------------------~ 
CI 

Distance Along the Span 

r Figure 5.2 Deftected Shape at Prestress Transfer. 

applied in five ,tages (2, 4, 6, 8 and 10 trucks). In each stage, the load was increased 

monotonically from zero to the load corresponding to that stage (26.40 kN, 52.80 kN, 

79.20 kN, 105.60 kN and 132 kN). The total load was then released and one truck 

was removed. A total force of 13.20 kN equivalent ta one simulated OHBDe truck 

was applied ta induce torsion. After recording the readings, the load wu released and 

the truck was removed. The dynamic test was then performed. The exp eriment al 

procedure CaB he summanzed as follow: 

Day one: 

1. Symmetricalload from 0.00 to 26.40 kN (2 trucks). 

2. Eccentric load from 0.00 to 13.20 kN (one truck). 
, 

3. Dynamic test. 
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Day two: 

1. Symme\{icalload from 0.00 to 52.80 kN ( 4 trucks). 

2. Eccentric load from 0.00 to 13.20 kN (one truck). 

3. Dynamic test. 

Day three: 

1. Symmetricalload from 0.00 to 79.20 kN (6 trucks). 

2. Eccentric load Crom 0.00 to 13.20 kN (one truck). 

3. Dynamic test. 

Day fôiir: 

- 1. Symmetricalload hm 0.00 to 105.60 kN (S trucks). 

2. Eccentric load!rom 0.00 to 13.20 kN (one truck). 

'.' .'-
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3. Dynamic test. 

Day five: 

1. Symmetricalload from 0.00 to 132 kN (10 trucks). 

2. Eccentric load from 0.00 to 13.20 kN (one truck). 

3. Dynamic test. 

Day six: 

1. Ultimate load test. 

The experimental program was eompleted in six days (i.e. one load stage per day). , 

The nonlinear finite element analysis using NONLACS program was performed at 
• 

Carleton University in Ottawa. The loading sequence used in the NONLACS analysis 

was different from the one used in the experiment. In the NONLACS analysis the 

load was increased monotonically from 0.00 to 139 kN in 20 load steps. It should be 

noted that the sarne loading sequence as used in- the experimental program eould have 

been used, sinee NONLACS can handle repeated loading as weIl as monotonie loading. 

But because of time constraints, it was decided to load the model monotonically. The 

NONLACS finite element analysis was expected to give stiffer results eompared with the 

experimental data due to the stiffness degradation ea.used by the loa.ding and unloading 

in the experiment. However, because of the small number of repeated loadings (five), 

the stiffness degradation was not large enough to influence the general beha.viour of the 

bridge so that a comparative study could be done. 

The SAP IV quasi-nonlinear analysis consisted of making appropriate changes in 
'\ 

the elasticity matrix to account for the nonlinearity introduced by the cracks at each 

load level, as explained in the previous chapter. 
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5.3.2 Deflectlon. 

5.3.2.1 Symmetrlcal Truck Loadlnl \ 
The vertical deflections at midspan and at quarterspans were observed experi­

mentally by using mechanical di al gauges. After readings of the initial experimental 
\\ 

deflections were made, all dial gauge readings were set to zer? Therefore, to obtain 

the total deflections from the NONLACS and the SAP IV analyses at any load, the 

initial deflections obtained in load Step 1 (due to the dead weight and the prestressing 

force) were subtracted from the deflections obtained in the followi~ steps. This was 

necessary so that the deflections in aIl three analyses were measured from the same 

origin (Le. zero). The analytical and experimental vertical deflections at midspan of 

the model under truck loàding are shown in Fig. 5.4. 

The figure shows reasonable agreement between the NONLACS finite element 

analysis and the experimental deflections with the NONLACS model showing slightly 
1 

/ 
higher stiffness than the real structure. This was expected aince. the two modela were 

loaded differently (Section 5.3.1). However, the two analyses yielded similar results up 

to a load of 52.80 kN (4 trucks). At thia load level the deflection obtained by NONLACS 
\ 

was 1.50 mm while the experimental deflection was 2.10 mm, which represented a 

difference of about 35%. Beyond thisload level, the difference between the two analyses 

'varied between 25% and 30%. This shows that the program NONLACS predicted 

the general shape of the load deflection curve with reasonable accuracy. Near the 

ultimate load, the analytical deflection obtained from NONLACS was 11 mm and the 

experimental deflection was 15 mm which represent a difference of about 27%. , 

As shown in Fig. 5.4, the SAP IV quasi-nonlinear analysis yielded accurate results 
• h 1 

in the linear range and the beginning of the nonlinear range. At a load of 79.20 kN 

(6 trucb) th~ vertical deflection obtaind by SAP IV was 8% higher than the experi­

. mental vertical deflection. When cracks propagated and the response of the structure 
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became'nonlinear, this difference incre~ed significantly to about 30% near the ultimate 

load. It could be noticed by exa.m.ining the load-deflection curve that SAP IV continued 

to show a higher stiffness while the stiffness of the bridge measured experimentally de-
, r- , \ 1 ' - • 

creased considerab}y. ,M,.a.ny .f~.,ctors, (crack width, strains in con,crete, et~.) could have 
lA A-..,. l , 

affected the relative agreement of the t~o analyses especially in the nonlinear range. 
, " vr- .. 

It was noticed after having performed seve.ral runs of the SAP IV quasi-nonlinear pro-

gram, that the vertical deHectiol'ls were very sensitive to the crack width variBlble. It is 

acknowledged that, without a very sophisticated crack measuring device, crack widths 
." 

are very difficult to measure accurately. This was one of the main reasons l'or the 4~vi-

ation in the deflection between the results of the SAP IV quasi-nonlinear analy~is and 

the test results. 

The deHected shape of the bridge and the distribution of the vertical defiection 

1 
f 

across the midspan and quarterspan sections at different load levels are depicted in Fig- """, 

ures 5.5 through 5.14. The deflection is distributed uniformly across the width of the 

bridge. Table 5.1 s':lmmarizes the values of the vertical deflection while Fig. 5.15 and 

Table 5.2 give the variation of the flexural stiffness of the bridge at the different load-

ing stages. These values represent. the tangenj; stiffness of the variout3 load-deflection 
1, 

curves. 

, '" 
'Table 5.1 ..:Vertical Deflection at Midspan. 

Deflection (mm) 

N umber of Trucks Experiment NONLACS SAP IV 

2 0.80 0.71 0.76 

" 2.11 U9 1.70 

6 4.52 2.89 4.89 

8 8.85 5.91 12.01 

10 14.97 10.78 18.9'1 

\. 
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,,' "As 'a 8umm ary, the tliTee analyses showed that the bridge behaved Ilnea.rly up to 
'r '1 ,. ~ , ~ • 

~ ~ 

. . a totalloa~ equal to 4 truc~ loads and gave, similar reaults. ';l'he stlft'neas of the bridge 

dé'creased ~ô Ji, much lower value than the initiat value. In tl\e nonline~ range, SAP IV 

overestimateà the vertical deflection while the NONLACS program underestimates it. . (\ .. 
IHoweve~, te d~ff~enc~ betw~ the ~wo fini~~ .el~ent results ~d the ~~t results did 

not exceed ~5 % at any load level. , ' 
, . 

!l'able 5.2 Variation of the Flexural Stiffness. 
II' 

Total Load (kN) 

Flexural Stift'neaa (kN/mm) 
C 

ExPerimenta;? 
".. ~' 

NONLACS 

o .. 
" 

26.~0 

52.80 

79.20 

105.60 

"-

88.90 

20.20 
15.20' 

8.40 

4.80 

.. 5.3.2..2 'Eccentric Truck Loading 

37.20 

33.90 
18.90 .. 
8.80 

5.42 

SAP IV 

34.80 

28.19 
8.30 

~3.60 

3.70, 

~ 

... 

\ 

, . 

~ .,. . . To eva1~ate the torsional stiffness of the :p1odel at dift'erent lev~18 of damage,_ the 

, , bridge, WIIB ~ecÎ eceentrieally: aftè~ eaclt aymmetrieal atotie loadillfl. Th. load wu 

~ i~cr~~ed tom zero t~ 13.20 kN tequivale~t to one truck load), and the verti~al deflec: . 

. ti0I!B (,were m~asured. The angle of twiSt was calculated using the méasurèd and the 

COJl).put~d deflection values. The computèd deflections were obtained using the SAP iV 
, , , 

q~asi:-nonlinear program. ." ( 
.. " ... '" .. 

,!he" torque-midsp~ twist curves at dift'erent leve~ of damage are B,hown irr Fig-
. ' 

Uf~ 5.16 through 5.20. The"variation of the torsional stift'ness is plotted in Fig. 5.~1 
, , , . , ..... ." 

•. and the values-,are ~resented in Table 5.3. The di.ffe~e~~e between the experimental and 

the computed torsional stiffnèss ranged from 22% to 32%. It can he seen that SAP IV 
... t p. . . ~ 

overestimates the tomiona1stiffness of the bridge. In the ~cracked .tate, the tomionaJ , . 
stiffneas of the bridge structurê wu Boted .~ he 2O;Q~5_kN,m/,.tUl (Fig. 5.16). ACter 
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a load of 52.80 ~N (4 trucks), the torsional stiffness of the bridge decreased by 11%. 

After a load of 105.60 kN (8 trucks), when the cracks opened and increased in num-
• 

ber, the torsional stiffness ~reased to about half its initial value (fig. 5.19). At the 

ultimate load level the briège was severely damaÎed and its torsional s.tiffn,e8s dropped",' 

to 7505 kN.m/rad. 
~ i~ ;' 

'\ 
Table 5.3 Torsional Stiffness of t~e _Bridge. 

• , 1 

Tonional Stifl'neaa(kN .rn/rad) 
'-. 

i 

Nfber of Trucks Experiment SAP LV 

, 
2 20,555 80,081 

" 4 18,817 25,874 

6 16,300 21,765 

8 
4' 

9,367 11,821 

10 l 7,505 9,610 

-. 

5.3.3 Strell8ea in Concrete .. . " 
The values br the stresses in the concrete were obtained by converting the experi-

, 

mental 'straiI\-reading from the electrical resistance strain gauges to stresses using -the 
~ 

stress-strain curve for çoncrete (Fig. 3.1). The average longitudinal stresses in the 
~ 8 P 

top slab, at midspan and at quarterspan, obtained experimentally and the finite ele-

~ent analyses, a.:e. compa.,\ in Figures 5.22 ~nd 5.23, respectively. Tables 5.4 and 5.5 \. 

summanze the values of stresses in the concrete slab at midspan and at quarterspan. . -
.J,..-

Figure 5.22 shows excellent correlation between the expèrimental stresses and the 

NONLACS finite element~resu1ts. Up tor~ad of 105.60 kN corresponding to 8 truck 

loads, the diffrence between NONLAés' and experimental s.tress values did n'ot exceed 

5%. At eight' truck loads the NONLACS program "gave a stress of 10.57 M Pa at 
.' . 

( 

midspan, while the corresponding ex'perimental value wu 10,16 MPa (Tabl~ 5.4). As 
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the applied load appro~~_ed the ultnn..~e load, the diiference increas~d. an~ ~ a~out 

30% ab à load level equivalent to ten trucks. ' .. 

Table 5.4 Stresses in the Conçrete Slab at Midspan. 
,4 " • 

Stress (MPa) - r' 

)- Total Load (kN) Experiment NONLACS 

0 
.... 

-0.39 -0.47 -0.80 ' , 
26.40 -2.20 -2:11 -2.23 . ' 
612.80 -4.10 -4.24 

, -3.92 
. 79.20 -6.50 -6.68 -5.88 

t 105.60 -10.16 l... -10:-57 -8.10 .. 
132.00 -22.00 -1$.21 -11.73 

\ 
, 

'" ; 

Table 5.5 Stres~es in the Concrete Slab at Quarterspan. 

• ~t'tesl (MPa) . 

Total Load ,CkN) Etxperiment NONLACS SAP IV .. , t; 
-- ", 

( , , 

0 -0.26 -0.36 -0.67 
26.40 1\ -1.50 -1.60 -1.82 , , 
52.~ 

. -2.75 -2.80 -3.00 
79.20 -4.85 \ -4.09 -4.36 .. 
, 
lOS.60 -7.54 -5.32 ,~ 

t: 1 132.00 -10.36 -7.52 -8:22 , .. 
r 

. . ~ -
Untll & load of 79.20 kN, the SAP IV tasi-nOnlinear analysis yi~lded resul~s close 

J '.. . 
to the test values wi~ the largest error he 10% at the tO,tal load value of J9.20 kN 

(Tàble S.4)~ However, &8 the crub propaga\~ and ~he structural r8$po~ 1 •• 

.. ~ 4 .. 

~onlinear, SAP, IV reeulta contin,èd to incref"e lin~ly showing higher 8tüf'n~ w ile 
, • Jo. . , . 
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the experimental rd6del showed a considèrable loss of stift'ness. At a load of 132 kN, 

§AP IV gave a stress of 11.73 MP" at midspan white the correspond.ng test value was 

22 MPa, which represents a difference of 47%. 

The state of stress at midspan and at quarterspan as well as-the stress distribution 

along the span in the top slab at different loading stages are shawn in Figures' 5.24 

through 5.31. Under two truck load~ the structure";as entirely in compressioIt'as shown 
, -, 

in Fig. 5.25. At a totalload of 52.80 kN, the NONLACS model and the expejimental , ", 

model started to show tensile stresses in the bottom of the weba and in the bat tom slab, 

while the SAP IV model was still showing the section to be in compression (Fig. 5.27). 
, 

At a load of 79.20 kN, equivalent to six truck loads, t~e test value of the tensile stress 

in the bottom slab was 2.75 MPa while the NONLACS value was 3.10 MPa and 'the 

SAP IV value was only 1.5 M Pa as shown in Fig. 5.29. At a load equivalent to eight , 
trucks, the webs and the bottom slabs were alnaost entirely cracked (Fig. 5.31) . 

. Th. longitudinal .t ..... dis1.ution WB8 alm08t uniform &Cross th. width of th. 

bridge showing the ability of the slab to distribute the load unifarmly. This confirma . 

the excellent load distribution characteristics.af thè box girder bridge. 

~ 

5.3.4 Strein. in the Preatre,aing Wlrea 

The locations of ~he strain gauges on Ôte prestressing wires are shpwn in Fig. 5.32. 

(' 

" \ ' pl 

The variation of strain in wires 1, 2, 3 and 4 measured experimentally and calculateà r 

,-"usmg the NONLACS and the SAP IV analyses are plotted in Figures 5.33 through 5.36 . 

. The prestressing wires behaved linearly up to a 10ad of about 60 kN. Wh en the 

load exceeded 60 kN, the load-strain curves deparled somewhat from their initiallinear 

slope indicating't:that at this load level more Ibad was trwferred ta the prestre8sing 
. l' . 

wires. These figures also show that a11 the prestressing wires started yielding at a load 

of about 120 kN which is about 86% of th~ failure load. , 
As can be seen from Figures 5.33 through 5.36, f1i! NONLACS model ~ ablt 
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to .lmulate the true behaviour of the prestr_ing wires ail the fl.W8.y up to the failure , . - . 
·10&4. The SAP IV model yielded acceptable results, compared with the ,experimental 

on., in the linear range. However, when cracking appeared the difference between 

the two anlyae.l became very large. Although the SAP IV model did not simulate the 

true beh~iour of the prestreuing wirea with good accuracy in the nonlinear range, it 
! . 

predicted the generaI shape of the load-etrain curve. 
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Tables 5.6 throug~ 5.9 8Wnmarise the variation of the Itrain in the prtltreaalnl 

wires obtained experimentally and from the finite elem.ent analyÎ •• 
~ 

Table 0.6 Strain Variation in Wire 1. 

J Suain (Mi~traiu) 
1 #. 

Total Load (kN) Experiment NONLACS SAP IV 
\~~~ 

, l!~ 
0 5121 6121 &120 
26.40 5181 6164 &181 
52.80 5211 6286 "r- 6406 

d$l' 79.20 5391 6362 &160 ( 
105.60 6053 5768 71Se 
132.00 7488 " 6955 8875 

, 

Table G. '1 Strain Variation in Wire 2. ; 
, ! 

Total Load (kN) Experiment NONLACS SAP IV 
'~ 

0 6229 6229 6,229 
26.40 ~286 6273 6252 
52.80 6S~7 6860 6646 
79.20 '~ 6WJ 

6520 74go 
CI 105.60 

t' 1Ql1 9000 tif;- 7095 
132.00 8289 7895 

.. 
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1able 6.8 Strain Variatioft in Wire 3. 

Stratn (~traio.) 

Total tOM (kN) Experimen~ NONLACS 

0 

26.40 
52.80 
79.20 
105.60 

, 132.00 

5358 
5376 
5421 

( 5556 
6053 ... 
7529 

5358 
5403 
5479 
5&03 
5861 
6754 

-, 
) 

Table 5.9 StrÎtin Variation. in' Wire 4. 

'" 

•• 

\ 

SAP IV 

5358 
5324 
5358 
5409 
5800 
6964 

StraÏn (Microltr~) ~~. 

Total Load (kN) Experiment NONL~S SAP IV 

'\ 

0' 4084 
~-

4084 4083 
26.40 4120 4131 4095 , 
52.80 4165 4210 4313 

" 
, 79.20 4451 4341 .... \.5119 

105.60 5113 4603 6227 \ 
132.00 6105 5444 

(l 
5.4 Cracklhl and Fallure of the Bridge 

• 
Oh the first day of testing, up to ,. load of 2ff.40 kN (~ trucks), there were no 

'vi8ibl~ cracka~ On the second day of ~es;ing, at a load oi 48 ~ (3.64 trucks), cracks 

were observed at the bottom surface ~f the webs and ~e' bottom slabs under the load 

axIe No.3 (mids~~ region). As the load wu increased, cracks in the webs increased in 

number and extended towards the compression zone. However, they remained closed 
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and did not extend beyond half the hèight of the webs. At a load of 105.60 kN (8 t;ucks), ~ 

, cracks increased in number, and those near the midS'pan region widened and extended . ' . 
, fu~ther up .into the compression zone. Some shear cracks also.appeared ne~iupport 

region but they remained close~. The cracks were distributed at more or less equal 
l , 

spacings ihdicating good Bexural bond characteristic~. At this stage, the largest cra;.ck 

observed was located right at midspan under th,e third axle (Beçtio~ of the maximum 
1 

bending moment). Nothing unusual was noticed, until the fifth day of testing at a 
- ~ 

load of 1~2 kN (10 trucks), when a loud yoisë was heard and the dial gauge readings 

dropped slightly., This sound was due to the fracture of one of the prestr~sing ~ires. 
, 

At this load level, the cracks at pIidspan op.ened c6nsiderably tand extended upward 
" 

towards thê top slab. The width of the largest crack was about 0.80 'mm. The cracking 
" 

patterns un der 4, 6 and 8 truck loads are shawn in Fig. 5.37 

The ultimate load of;,he struct~t~ was very close to 139 kN (11 trucks). There were • . 
sOrne indications that failure was imminent on th~ previous day of teating. More noise 

, 

from fractured wires was heard and the deflectioIi.c~ntinued to increase extremely 

rapidly. On the 'last day of testing, after a load of 132 kN, the load w~ increased very 

_ slowl~ and extreme care was taken to avoid ~y accident. As the load increased, more 
/' "..... J 

/ noises similar to the one which occurred at a load of 132 kN were lIeard and again 

defl~ti<?ns kept increasing rapidly. As the load was increased slightly, the cr8.(lk at 

midspan opened wid~ly, and moments later, the' bridge collapsed. The mode of faBure 

of the bridge ,is shown in Fig. 5.39. Upon inspection of the midspan section, it was f 
* 

round that aU of the wires were b'roken (Fig. 5.40). \ , .-

,~ As ~entioned in the pre;io~s chapter, the NONLACS'output includes the principal 

~t7 • , 
stresses and the principal directions. Therefo~e, it is possible to trace the cracking ... 

, patterns from the results of the NONLACS analysis.~ The cracking pattern under ten .. , . 
, truck load obiained experimentally and by the NO:NLACS are pt~ented in Fig. 5.38 

for comparison. It is noted that the NONLACS model started showing cracks at a 
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(aL Experiment ... ) 

[ 
(. Cb) NONLACS 

~re 5.38' Cracking Pat~rn Upder T~n ~ck Lo~. 
, , 

load ofl\l><>ut 60 kN (4.55 trucks) while the bridge model!! 

48 kN (3.64 trucb). An exammation of Fig. 5.38 shows that a.t a.load of ten trucb, the 

exp~rim~al cracking pattei'ns w~ simulated quite cloeely, by th NONLACS pro~. 
1 \ l' 

5.5 Oynamic Analysi. , . 

1 

The dynamic analysis consisted of studying the free-vibration 'response of the 
# 

bridge model. The maln objective of this part of the study wu to !valuate the dy­

'namie ch~lerist~ of th. struc;ure ,and to examidè the inftu.nc~ of «win, of th. 

concrete on~th1ese parameters. An exPerimental study W-d a quasi-nC(lllinear finite el­

emen~atv8is ing the SAP.-J.v program were ~rformed. The bridge wu excited 
~ ~ f 

by· a .mu( of 250 kN suspended at midspan as expl~ed in Cha.pter 3. The time-

depen~t deft.ectio~ at euh level of' damag, of tb~ brltlge wer.e obtain~ a.n4 are 
. , ... \ .-

shawn in F.ipres 5.41 (hrough ~.43. Th';dyn&DlÎc properties such as the frequenciet of 
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Figure 0.40 Close Up View of the Midspan Region.'· -

vibrations and the damping coefficients were obtained graphically from these curves. 
.' ' 

hi the SAP IV quasi-no'nlinear dynamié analy~, the elasticity matrlx was m~dified 
-' titi 

at each 10 ad level depending on the crack pattern observed in the experiment. The 
\ J) 

frequency, of vibrat!on of the bridge was also ca1sulated assuming the bridge to vibrate 

as il simple beam, using ~q. 5.1 for the s~plified 8tr~igh\ beam with 8;. uniformly dis­

tributed mass along the length and the fiexural rigidity obtained Crom the experimenta\ 

deflection curves at each crackiitg stage. 

/ - ( El) 1/2 w =,..2 __ 
ml· 

(5.1) ,. 

where In ,the mass per uni~ length of the structure and El is t'he flexural rigidity. --i. 

~ variat1Oll. of the natural fr~uency ';..;th load Ieve~ ia preoented ln Fig. 5.44. , 

Belore applying any live' load, the natural frequency of ~ibn.tion of the bridge 
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WU 9S.11rad/,ee. After two truck' loads, the natural freqùency of vib~atio~ the 
, . 

bridge remained unchang~d. This shows that after two truck loads, the bridgé did 

not, suffer any cracking da.m.age. Mter the firs~ crac~ appe~ed (alter~, the 

valpe Qf the natural freque!lcy of vibration decreased slightly by 7%. However, with . 

the prôpagation of'cracks'and when the stru~ture became severely damaged (arter 10 
( . ' 

trucks) the natural frequency of vibration decre~ed by' 23.%" The quasi-nonlinear 

analysis yielded similar results as the test results, with the difference being less than 
• <>, co _ "'\ ... 

111 except after ten trucks where the dif{erence' increased to about 19%. Figure 5.44 

sh~ that the quas~-nonlinear analy;is is abl~ to predict the dyn~c behë;':viour of the 

structure, if the experimental data for cracking patterns is introduced appropriately. 

The figure shows also that the beam theory overestimates the ~atural frequency of 

vil>!ation of ~. bridge.: A .~ary of the natlH"al frequencies of vIbration of the 

bridge is presented in Table 5.10. 
,. 

Table 5.10 Natural Frequency of Vibration pf the Bridge at Each Cracking Stage. .. .. , ... ~ . 

Natural Frequency of Vibrrtion (rad/sec) 

Total Load (kN) Exferimental SAP IV Simple Bearn Analysis 

· 
j 

0 98.11~ 97.33 118.92 
28.40 98.11 97.33 113.23 
52.80 91.10 · 93.29 10~.79 

79.20 85.0:S' 80.61 96.36 
105.eo 79.72 · 71.01 90.16 
132.00 

, 75.07 ., '- 60.86 68.16 

.n:" ftexural rigidilr of the bridge at eaclt load 'lave! W88 ~culaled by .u~ituting 

the values of the natur~ freq~encies of vibration in Eq. 5.1. The values obtained are 
1 • 

eompared with the test values and are pl'esented in Figure 5.45. Table 5.11 summa-. " 

rises the variation of the flexural rigidity and Table '5.12 pres~ts the first six natural 
, . 

"J 
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frequencies of vibration'oot:med using the SAP IV quasi-nOl\!inear analyall. 

o ~ 

The damping ratio of the bridge model at. different levels of damage wu evaluat'ed 

directly ~ing the experimental results for the decay of free vibrations. When a system 

bas been set in'to free vibrations, the damping ratio can be determined from the ratio 

of two displacement amplitudes measured at an interval of m cycles. Thus, if Vn is 

the .experimental amplitude of vibration' at any time and tin + rit ls" the experimental 

amplitude m cycles later, the damping ratio is given by: 

(5.2) 

• where Dm = ln (tin jtlm +m) represents the 10g'8.rithmic decrement and w and WD are 

the undamped and damped frequencies, respectively. In m08t practical structures, the 
, . . 

damping ratio is less than 20% and therefore, the change of frequency due to damping 

i8 n~glected (Le. w = t). Thus Eq. 5.2 can be approximated by: 

(5.3) 

Figures 5.41 thtough 5.43 sh .that the vibration gets considerably damped art 

one second. The damping ratio of the uncracked structure wu evaluated at 2.20% 

Prior to failure, this val~~ increased .,to about 7.64%, whi~h represent8 an increase of, 

about 250%~ The variation of the dainping ratio ~ presented il} Figure 5.46., The 

values of the damping ratio at each level of damage of the bridge are 8ummarized in 
, , 

Table 5.13 

Newm.ark and Ha1l22 recommended dampihg values,Û)1' prestressed concrete struc-
"-. 

tures depending on the leve} of deformation or strain in a structure: They luggested 

a va1u~ of 2 to 3% for working stress levels or stress levels no more than one-half the 
. _. 

yie~d point and a value of 5 to 10% for levels of defonnation corresponding to stresses 

at or just .below yield levels. These values are compared with thé ex:perimental values 

-Â 
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of the dainping ratio and ~e presented in Table 5.14. As cran be seen, the values of the 
_ _ e 

dampin, ratio of the bridge model are in good agreement wiih the valv.es propOied by 

, Newmark -.nd Hall. 
, 

Table 5.11 Variation of The Flexural rigidity of the Bridge. 

Humber of Natural Frequancy Computed Experiméntal 

Truc:b (radJeec:) 
1 

Flexura1 Rigidity ~RiPl)ty t 

'0 98.11 El El 
2 98.11 El 0.90 El 

4 91.10 0.86 El 0.76 El 

8 85.03 0.75 El 0.65 El ( li 79.72 0.66 El 0.57 El 

10 75.07 0.59 El 0.33 El 

Table 5.12 First Six Natural Frequencies of the Bridge at E~h Cracking Stage. 

(, 

~. 

J. , 

. . 
Total Load {kNl 

Mode 0.00 r 52.80 79.20 105.60 • 132.00 

, 
1 97.33 93.29 80.51 71.01 60.88 

:1 249.70 248.00 242.90 238.00 2§1.60 

3 336.90 332.30 308.60 1,00 239.00 

4 371.10 367.20 348.60 8.10 320.30 

5 505.00 4W.70 475.60 45 .00 418.20 • 

6 510.70 507.70 480.80 45 .60 430.30 

0 
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Table 5.13 Damping Ratio at Each Cracking stage. 

Oracking Stage Damping Ratiô (%) 

r" Unuaclted 

After 2 Truck Loada 

Alter 4 Truck Loada 

After 6 Truck Low 

After 8 Truck Loada 

After 10 Truck Loada 

2.20 
.::. 

3.70 

4.77 

) 

5.ad 
5.91 

7.64 .. 
Table 5.14 Recommended Da.mping Values. 

<1 

Streaa Level 

Working streaa, 

no maA than about 

î yield point 

At or jlfBt below yield point: 

• Without complete 108s 

in preatreaa 

• With no preatreas left 

Damping Values (%) 

Ne';'mark and Halfn Experimental 

2 to 3 310 

5 to 7 5.91 

7 to 10 7.64 
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ÇHAPTER 6 

\ CONCLUSIONS 

,\ 

6.1 Summary and Conclusions 

The results of this investigation can be summarised and conclusions drawn as 

follows: 

1. Two finite element programs were used to analyse the bridge model: a quasi-

nonlinear progr~ and a nonlinear program. The quasi-nonlinear program using 

SAP IV was shown to predict the behaviour of the bridge with acceptable accuracy. 
\ 

The cracking pattern was found to be an import~:lt parameter for the quasi-
... 

nonlinear analysis and therefor~,\curate information about the cracking. pattern 

should be available for the program to simulate the behaviour of a structure'with 

. ~ 
goo~ accuracy. j' - . ~ -

2: F~r a more sophisticated analytical, investigation on the behaviour of a structure 

such as the box girder bridge, the NONLACS nonlinear finite ele ent program 
, , 

is recommended. The NONLACS program can predi~t the complete nonlinear 
~ 0 

response up to failure of the box girder bridge with good accuracy. It promises to 
1 . 

b~ternative tc? model testing for the analysis· of complex struct~res. 

3. The bridge behaved linearly up to, ap(oximately 2 times the service load and 

showed no signa of cracking. The mids~ defiectio~ were very small. At service 

/ -,' 
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load, the d~ection was of the ~rdet; of -dao of the span length at midspan. 

4. The load capacity weIl in exeess of that predicted by eonventional ultimate strength 
, . . . 

~heory was ob~~rvedi Ihis indic ales !' subo~antial degJlOe of conservatism ~. 
bridge design. procedures. The bridge model resisted an ultimate load equal to 

\ 

3.5 times the ultimate load ealculated.using the Ontario Highway Bridge Design , 
1 

Co~e. The mode of faifure of the bridge was flexural as expected. 1 

) 

5. The torsional stiffness of the bridge model deereased with thé à,ppearance and the 
,... " 

, ~ . 
propagation of crackin~. With the opening of the cracks at midspan, the pre-

. . 
stressing steel was highly stressed and the structure l~t about half dt its torsional 

stiffness. 

6. There w~ reasonable agreement between the eomputcd first natural frequencies of 
-... 

vi~ration and those observed hi the physical model at different levels of d8Jllage ar 

~O 

.. the structure'. The natura~ fr~quency of vibration of the ~ridge decreased slightly 

:::\ as the ri cr~ appeare 1\ weyer, as the bridgèapproa.ched failure, the natural '\ 

frequericy of vibration th! ~t~ucture pecreased by only 23%. 

7. The damping ratio was 0 quaI to 2.20% for the uncracked prestressed concrete . . 
box girder bridge; when the structure was SeV~IY dam~ged, the damping ratio 

increased to 7.64%. The damping ratios of e structure were found in good 
\10 

agreement with the values proposed by Newmark 'and Hall" . . -
• 

6.2 Suggestions for Further Rea.erch 

• . -'-- 1 mg a 1.00 -Bea e 

e linear and non-

linear static and dynamic response 0 two-cell, prestressed eoncrete box girder bridge. 
l' 

o 
These data eombined with the available data from the previous work of Ferdjani and 

Hadj-~ab on1a one-cell, prestressed concrete box girder bridge ~~ould h' the des'ign . .-

enginper to understand thè basic static and dynamic response of prestressed concrete 

r 
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box girder bridges . .JIowever, it is strongly recom.m.ende~ that serious consideration be 
" . 

given to further experimental-analytical studies on direct physical models of single-cell 

and multi-cell co{c'rete box girdèr bridges to fully understand the static and dynamic .. ' , 
behaviour of such complex structures~ 'especially in .the nonIinear range. 

r More study o~ the effect of cracking on tl1e dynamic characteristics of box girder 

Wses is needed. An alternative to an experimental research using direct models is to 

implement the nonlinear program NONLACS so that it can perform dynamic analyses. 

A parametric study of the effect of cracking on the dynamic characteristics such as the 

damping coefficientAuld the.frequency of vibration can be very useful and inexpensive, 

compared with an expensive experimental program, in generating these useful data . 
. 

Extensive eXperimental and analytj.lal s~udies are needed to investig~te more 

( deeply the value of the modulus of elasticity of concrete perpendicular to cracks (Ep ) 

and the Mduction faptor (3 for the shear mo?ulus. These two parameters are impor-: 

tant [or the accuracy of a quyi-nonlinear analyais and therefore need to be examined 

furthV-

'-
\ \ 
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APPENDIX 

EXEMPLE OF THE NONLACS APPLICATION 

0000000000000000000000000*000 
o 

r r" 
0000000000000000.*0*00000000000*0. 

o MCGILL UNIVERSITV PRESTR 
o 

, '" 0 
SEO SO~-GIRD!A SAI DG! T!ST 0 

o 
000000000000000000000000000000 o 

000*000**00000000**0000000*0000000 

NUMBER OF JOINTS IN SVSTEM •••••••••••••••••• 
. NUMSER OF TYPES OF ELEMENTS ••••••••••••••••• 

HUMBER OF TIME STEPS •• ; ••••••••••••••••••••• 
CREEP AN.LYSIS INDICATOR •••••••••••••••••••• 
SHRINK.GE ANALYSIS INDICATOR •••••••••••••••• 
TEMPERATURE ANALYSIS INDICATOR •••••••••••••• 

o : AN.LYSIS HOT R!QUIREO 
1 = AN.LYSIS REQUIREO . 

CONVERGENCE NORM INOIC.TOR •••••••••••••••••• 

o z FORCE NORM USEO 
1 = OISPLACEMENT NORM USEO 

168 
1 
1 
o 
o 
o 

1 

CONVERGENCE O.,~A INO IC.TOR..... •• ••••••••• •• 1 

o = USE FRACTION OF INPUT LO.O OR OISPL. 
1 • RE.O, IN VALUES 

ULTIMATE.AN.LYSIS INDIC.TO~................. 1 • 
o = ULT •• NALYSIS .T ON! TIME STEP NOT REGD. 
1 = ULT •• NALVSIS AT ONE TIME STEP REGO. 

l 
OROER QF INTEGRATION........................ 3 

;. 

OUTPUT CONTROL CODES. 
-----~--=-=-=--~----­..... -----~ - - .... -._~~----

CODE FOR IT~R.TIONS......................... 0 
CODE FOR NOD.L DISPL. IN LOC~ COOROS. ••••• 0 
COD! FOR eURVATURES......................... 0 
CODE FOR STRAJNS............................ 1 
COD! FOR DISPL. UNSAL. FORCES ••• -........... 0 

o • NO OUtPUT 
l ,= OUTPUT 

TOLERANCES === .... =:= 
0.00010 Ô.00010 0.00010 0.00050 0.00050 

MAXIMUM ALLOW.SL! VALUES 
==Z==================za= 

~ 

10.00000 100.00000 10.00000 0.50000 0.50000 

ANALYSIS REQD •• T FOLLOWIHG DAVS A'TER CASTING ====================== •• ==-==:==.= ••• == ••••••• 
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0.00050 

0.50000 



... 

,,' 
" 

'i 

(} 
'NOO! 
NU~BER 

t 
9 

25 
41 

NOD! 
NUMBER 

... ,. .~. .,. .... ··U r· 

.. 

NODAL pOIN1 OATA AS INPUT 
aaaa •••••••• =.:=.=.=====: 

II . -

eOUN'OARV CaNDI T J N CODes . NODAL POINT COORDINATES 
Je _ V .. Z xx y zz x v Z 

1 1 0 0 0 0 0.000 0.000 139.500 0 
0 0 0 0 0 0 85.500 0.000 139.500 0 
0 0 0 0 (; 0 ~ 65".000 0.000 139.g00 8 
0 0 0 0 0 0 825.000 0.000 139. 00 8 

~ 
COMPLETE NODAL ,POINT DATA 
:::a:===:===::::::=:::::= 

POINT COORDIPATES 
. V Z 

CON~ITION CODES ( NODAL eOUNDARV 
x V 

1 

i 
1 1 
o 0 

"0 0 

Z (XX yy ZZ X 

o 0 0 0- 0.000 
o 0 0 .() 0.000 
1 1 1 0 0.000 

0.000 
225.000 
225.000 

139.5001-
139.500 

, TYPE 

l 

CONCRETE MATERIAL PROPERTIES 
a=:::==:::==:====:::=:=:==== 

T VPf NO. ~ •••••.•••••••••••••••••••••••••• ~ • 

MATERIAL DATA INPUT INDICATOR ••••••••••••••• 
CAE!P DATA INDICATOR •••••••••••••••••••••••• 

\ SHRIN~AG! DATA JNOICATOR •••••••••••••••••••• 
COMPRESSIVE STRENGTH AT 28 DAVS ••••••••••••• 
POISSONS RATIO •••••••••••••••••••••••••••••• 
WEIGHT PER UNIT VOLUME •••••••••••••• ~ ••••••• 
CO!~~ICIENT OF THERMAL EXPANSION •••••••••••• 

CR!EP SHRINKAG! INDICATOR = 1 READ IN VALUES 
2 USE ACI.DATA 

DAVS A~TER CASTING •••• ~ ••••••••••••••••••• ~. 
COMPR!SSIV! STRENGTH.... • •••••••••••••••••• 
TENSIL! STR!NGTH •• ~ ••••••••••••••••••••• ~ ••• 
MODULUS OF ELASTJCITV •••••••••••••••••••••• 
STI'IN AT COMPRESSIVE St ENGTH •••••••••••••• 
ULTtMAT! STRAIN IN CaM ESSION •••••••••••••• 
ULTIMATI! STRAIN IN TE ION ••••.•••••••• ' ••••••• 
CAACK~D SHEAR CO STA •••••••••••••••••••••• 

r 

STEEL MATERIAL PROPERTIES 
===-=======z=====z======= 

1 

1 
o 
o 

1 0.000 

0.37000+002 
0.18000+000 
0.22500-001t 
0.00000+000 

0.28000+00~ 
0.37000+002 
0.22000+001 
0.28663"'005 
0 .. 18000-002 
0 •• 5000-002 
0-.80000+000 
0.50000-001 ' 

ULT. STR41N 
. -

0.18000-001 

MOOULUS 

O.2000~+006 0.29800+003 

81-MODVLUS 

0.000\00+000 
f 

-~--,.....---~~ ,.. 
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:" 
?-J> 
~ Ys 1 .. 

TVPE NO. 

MATERIAL PROPEATIES Of PRESTA!ISING STEEL ===========.====:a.:======= ••• z •••••••••• . (, 

E-MOOULUS YIELO STRESS e-STAR 

0.17500+006 0.1.3500+ 001t 0.00000+000 

CONCRET! LAYER SYSTEMS 
===========z ••• == •••• = 

1 

-

ULT.STÂAIN 
.J 

0.35000-001 

TYPE (NO. 1 
Z-COOROINATES 
-16.00000000 -8.00000000 0.00000000 8.00000000 ., 16.00000000 

TVPE NO. 2 
Z-COORDJNATES = 
-22.00000000 -11.00000000 0.00000000 11.00000000 22.00000000 

TVPE NO. 3 
Z-COOROINATES = 
-69.80000000 -34.90000000 0.00000000 31t.90000000 69.80000000 

. . 

GRAVITV LOAD MULTIPLIERS 
======================== 

x 

0.00000 

V 

111.00000 

l 

0.00000 

INPUT SHELL ELEMENT DATA 
=======================: 

ELEMEN T NODES CONCRETE LAyeR ST.LAY. GENER. 
1 J K Lr TVPE Kit 

1 It 12 9 1 1 1 "0 0 
2 12 20 17 9" 1 1 0 0 
3 20 28 25 17 1 1 0 ,0 ., 

• UNIFOR".L y DISTRI8UTEO °LO"A05 
LAtERAL X Y Z 

""\ 0.00000 0.00000 -o.ol .. do 

,) 
0.00000 0.0'0000 -0.01 ... 00 , 
0.00000 0.00000 -0.00700 

LOAO CONTROL DAr A 
=====s====:_==a== li 

" . \ 

LOAO STEPS ••••••••••••• ~ •••••••••• 
lERATIONS PERMITTEO •••••••••••••• 

N E OF LOAOEO JOINTS ••••••••••••••••••••• 
fi: ACT·IO'N Of DEAO LOAO •••••••••••• • .1 • ••• 4t •••• 

RACTION OF SURFACE LOAO •••••••••••••••••••• 
FRACTION OF SPRING LOAO ••••••••••••••••••••• 
FRACTION OF BAR I:.OAO ........... , •• ~ ••••••••••• 
NUMBER aF LOAO STEPS fOR CREE~ •••••••••••••• 
NUMBER OF ITERATIONS FOR ~~~EP ••••• ~ ••••••• 
TEMPERATURE OR SHRINKAGE ~ICATOR ••••••••• ~ 

188 

20 
19 

8 
1.0000 
1.0000 
0.0000 
1.0000 
0, 
o 1 o 

0.00000 
' 0.00000 

0.00000 . 



c 
r 

.' 

0-
~ ,- . 
" ~ , 

, 

NOD~ 

l4 
39 
74 
79 "' 114 

119 
IlO 
135 .. 

- -- ~--

INPUT ~~(ENTRATEO JOIHT LOAOS •••• ==.=.=sa======z=======~=== 

PX 

0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 

MX 

o 

0.0000+000 
0.0000+000 

. 0.0000+000 
~,o. 0000+000 

0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 

-0.2.97+000 
-0.2.97+000 
-0.312.+000 
-0.3124+000 
-0.2189+000 
-0.21§9+000 
-0.2189+000 
-0.2189+000 

MV 
" 

0.0.000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 \.. 
0.0000+000 . 
0.0000+000 
1>.0000+000 

~********************ç RESUL TS 
TIME STEP NUMBER 1 
*********~*********** '---

LOAO STEP 
1 TERA T ION 

/ 
HUMBER •••••••••••••••••••••••••••• 
HUMBER ••••••••••••••••••• ~ ••••••• ~ 

NOOE 

1 
2 
3 

.) 

.--. 

PX 

0.00000+000 
0.10.38+005 
0.00000+000 

!. MX 
~ :'":: ~: .. :, 

0.0205+004 
-0.16639+004 

0.00000+000 

IJ> 

TOTAL EX~ERNAL NODAL FORCES 
==========z================ 

• 1 

PV PZ ~\ . 

)

.00000+000 0.00000'+000 
• .65119+003 0.00000+000 
•• 37929+002 0.00000+000 

, " " \~ 

~ ... 
MV MZ 

0.00000+000 
0.00000+000 
0.00000+000 

,} .... 
'-......-/ 

13" 

-0.84073+003 \ 
·0.27645+003 
-0.54048+003 

, 
~. 

.,' 

\ 

-, 

Pl 

0.00'00+000 
0.0000+000 
0.0000+000 
0.00'00+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 

Ml 

o.opoo+ooo 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 
0.0000+000 

""' 

d 
1 

1-3 
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.. 
~ 

./ 
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o 

1· 

1 

o 

0 
l' 

~, ~ 

'. 
f' 
'ft ' 
~ ~ ... --;., , 

NODE 

1 
2 
J 

NODE 

to 
2 
J 

EL 

1 
1 
1 
1 

IP 

px. 

0.00000+000 
0.37 69-002 
0.20 .47-004 

.. 
0.32 

-0.14 7+000 
0.000 0+000 

OISPL-X 

0.00000+000 
-0.19381+000 
-0.19926+000 

ROTAT-X 

-0.10161-003 
-0.10067-003 

0-00000+000 

, 
·UNBALANCfO NODAL ~ORCfS 
=======:=======a: •••••• 

. PY 

0.00000"000 
0.14197-002 
0.16946-00~ 

MY 

Pl 

0.71199-001 
,0.13803-001 
0.00000+000 

Ml 

0.32694+001 
0.75167+000 
0.33247-.Q03 

JOINT DISPLACEMENTS 
========~========= 

OISPL-Y 

0.00000+000 
0.85835-002 

-0.61Q87-003 

ROTAT-Y 

-0.27094-004 
-0.57440-006 

Q. ooooO'·nnn~ 

DISPL-Z 

0.~1759-001 
-0.94426-003 

0.00000+000 

ROTAT-Z 

0.10577-002 
0.65983-003 / 
O.8lS87-00J 

STRESSES ~N THE LAYER SYSTEMS 
------------------------~------------------------T--------

CONèRETE LAYERS 
=============== 

1" 
LN STRESS-XX STRESS-YY S TRESS-XY 

Î 
1 1 -0.2368+001 0.2682-"000 0.1038+000 
1 2 -0.2711++001 0.2572+000 -0.7955-001 
1 3 -0.3047+001 0.21+62+000 -0.2632+000 
1 .. -0.3380+0pl 0.2354+000 -Oc. ~467+000 

STRESS-ll STRESS-22 ANGLE PROJ. 

0.2723+000 -0.2372+001 87.749 .. 0.000 1 2 
0.2593+000 -0.2717+001 -88.468 0.000 1 2 
0...2671+000 . -0.306&.+001 ... 85.1t59 0.000 • 1 2 
0.2897+000 -0.31+34+001 -83.059 0.000 1 2 

\..e, eAR STRESSES AND STRAINS 
======================== 

NO. LENGTH KTe MAT.NO. .' STRESS 

CCOI!: 12 

1 1 
1 1 
1 1 
1 1 

ST'RAIN e~R 
1 0.85!500+00..2 1 1 g:~~:Z::gg~ . 0.53986-002 
2 0.85500+002 1 1 o .40710-J02 

'3 0.8'500+"002 2 1 -0.25119+08 2 -0.12559- 03 
It 0.13950+003 2 1 0.4 .. 969+0 l' 0.2~4e5·001t 

135 .} y 

,,- l, .,\1, 

-._"- ~ - ._~. <~!.-_, •• ..... 

LR 12 

68.0000 
68.0000 
~8.0000 
68.0000 

KCT LA ' 
1 1 
1 1 
1 1 

' 1 1 

'" 


