2

BEHAVIOUR OF A TWO-CELL PRESTRESSED
p@oNCRETE BOX GIRDER BRIDGE
—ANALYTICAL STUDY-

ot

by

AMAR KHALED >

-4
Department of Civil Engineering and Applied Mechanics
McGill University

Montreal, Canada

January 1988

A thesis submitted to the Faculty of Graduate Studies
and Research in partial fulfillment of the requirements

for the degree of Masters of Engineering

o~
‘ /

. © Amar Khaled 1988




~

flo my PARENTS o«




.+ Wwork on prestressed concrete box girder bridges. This thesgjs deals with the static and .

_ was varied in stages by incorporating information about cracking patterns and crack
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-The work presented- in this thesis is an extension of Ferdjani and Hadj%A:alg’s

dynamic behavioﬁrof a medium spa:n, simply, supported, two—cell prestressed concret,é
{

box girder bridge. The static analysis consisted of investigating the strength and defor- L ool

mational behaviour of the bridge under symmetric. and eccentric truck loa(iings, while

-

the dynamic analysis was aimed at examining the influente of ;:racking and inelasticity

of concrete on the dynamic characteristics of the structure. _
. \ . a
Tests, weretarried out on a ;i--scale, direct-model of the bridge. The bridge R

was then analysed using the finite element method .using NON LACS, a new nonlinear

finite element program developed at Carleton Uneversity at&Ottawa and the SAP IV 'y

program in a quasi-nonlinear form.

[

The flexural and torsional stiffriesses of the box girder bridge decrease'gi consid-
erably with an intgrease in 1Ehe applied load due to the formation and pr;pag‘ation of
cracks and inelasticity‘ of concrete. It has been noticed that the.natural frequency, of
vibrasion of the bridge-decreased by only 23% when the bridge was severely Qama;;ed, .
while the damping coefficient increased by about 250%. ‘

The results fror .the analytical study’ using the NONLACS nonlinear program
showed excellent correlation with the experimenth] results over tzle ént{re loading range

up to failure. ‘TJhe Quyi—qoﬂinear analysis, in v*vhich the stiffness of the bridge girdér

¥
8

widths from the experimental data, was able to predict with reasonable atcuracy the//‘
general behaviour of the box girder bridge. / < © L
¢ : ; .
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Le travail présenté dans cefte thése est une extension du travail qui a été entrepris
- par Ferdjani et Hadj—Arab sur ‘e compo‘rtemen't de*p?mts A ﬁoutre caisson en'bétoix
precontraint. Le contenue de cette thése traite du comportement, statique et dynamique
d’un pont & ﬁuble caissons en béton précontraint dq portée moyenne et simplement
' appuxé’ a ses éxtrémitées. L’analyse statique a porté sur l’étude de la résistance et
deg déformations du pont sous V’effet de charges symetriques et éccentrées de camionu.

L’ a.nalyse dynam1que, quant 3 elle, a po;;é sur' I'éxamen de Deffe}, des fissures et de t

l’inélasticitée du béton sur les characteristiques dynam1ques de la structure. 4

Des tésts de laboratoire ont été menés sur un modéle rédmt A ’échelle de 1/7.00.

Le modale été ensuite analysé par la méthode des éléments finis. Pour ce fax;e, deux \
progra.mmes ont été utilisés: NONLACS, un nouveau programme nonlineaire dévelopé
O ‘é. 'université de Carleton & Ottawa, ainsi que le progkimmbe SAP IV dans une forme -
L ) quasi—nonlineéére. \ “

Y w N . ' ‘
* Les rigidités‘ de flexion et de torsion du modéle ont diminué considerablement du

fait'de la formation et de la pgépagation des fissures, .Il a ét{ obsérvé que la féquence
propre de‘. vibratiyn du gont -a subis une diminussion modérée de 23% alora’ (iue le
coéfficient de viscosité a accusé une augmentation de prtés de 250%.

! "Les résultafs obtenus par NONLACS ont été trés proches des résultats éxpéri-

s

'mentaux. Quant dux résultats ohtenus par QAPérv, ils ont été dans I’ensemble com-

parables aux ‘résultats éxpérimentaux. ,
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CHAPTER 1
’{} 1 Y

INTRODUCTION

g

\

1.1 Overview of Bridges

[N -~

Bridges have always had an enormous impact upon society. Most of them com-
\ ® 8§
bine a strong visual impression along with obvious benefits in the way of improved
. -

communications. -

Bridges have oceup;ed much of the working lives of many great engineers and re-
searchers in the last century and a half. They concentrated on i'mproving the structural
safety a.nd eﬂiciencs; of bridges bes‘ides making them more‘plea.sant a.esthetically. In the
early years, enginedrs were limited by the available materials with tnaber and masonry'
o bridges being more popular until the 194 century With the Beginning of the mdustmai
. revolution in Eupope in the 19** century and the increasing need for bndges to improve

‘ .
commumcatlons, new materxals wera.developed. Hoever, there'was httle data avail-

able for material properties and design, and the techf ques of structural analysis were

‘f very limited. One of the tragic consequences of that was the collapse of the Tay Bndge

during a storm in 1879 which led to a great deal of new thinking by engineers.
Towards the end of the 19'* century, the gradual transition fxgom timber to steel
was rapic}.ly followed by a ch from masqgnry to concreté. French and Swiss engineers

were amnng the pioneers of concrete bridges. They developed etonomical reinforced

‘concrete arch bridges of outstanding appearance. Another major codtribution from

< 4
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n B France was Freyssinet’s development of ;;restressed concrete!. High strength materi-
als permitted the introduction of 1§restressed concrete for.bridges. The prestressing
~ - enables an optimum combination of high-strength steel with high-strength concrete
by a process in which t‘h(; steel .reinforcement is tensioned.against the concrete. This
operf.iion .results in a self equilibrating sys‘tem of internal stresses which improves the
response of the concrete to external ];)ads, ensuring a longer life for the structure.
(S\ With the introduction and expansion of prestressed concrete, great advancements
) have been ’achieved in the construction of €oncrete bridges in industrialized countries.
il;e pretensioned beam bridges flourished in the United States because of avaihzble
transportation and erection fa.Qcilities, 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 aAd Y-shaped piers rather than vertical
supports. I
o More recently the box section has become very popular and is being used exten-
- sively for modern ,bridges. A box combines the advantages of lightness and stiffness
in both bending and gorsion. Reinforced concrete box girder bridges we;;a first used
in Europe some thir£ years ago. Since then their pppularity has increased to such
” an extent, that in 1965, approximately 60% of the tot&;,l deck .area of all bridges con-
N structed was of this type of. construction. The relative economy of the box girder bridge
has contributed greatly to its popfilarity because of its relatively slender and pleasant
appearance. ‘It also provides spa,cZWithin the cells to car tilitie&u\afely. Angthejr im-

portant advantage of box sections is the relajively low d¢pth—to-span ratio that can be

achieved economically besides their excellent lateral load distribution ch

The introduction of prestressing in bridges enables engineers to build longer*
A - .

girder bridges with relatively thin webs and slab thicknesses. Box girder brid

. ‘ d
first designed using emp‘xr?cal formulas and specifications modified from thede used for

: y
o L the T-beam concrete bridges. Since then aignil?cant effort in research has been made -
" \

:1




- - “ |
to study the strength and deformational behaviour of box girder bridges. The use of

G
\ .

box section structures. However, much more effort is required to fully uhderstand the

behaviour of such a complex structure.

1.2 Previous Work : , . '

‘A box girder bridge is an extremely complex structure;wresearchers hgve focussed

\
design methods. Extensive research has been undertaken over the past two.decades

through experimental and analytical studies. Nl -
c. \

harmonic analysis based on thé elasticityjxmethod. The final goal of his investigation was

He deéveloped a direct stiffness soluy for box girder bridges using a folded plate
’ ¢
( \ the development of a general computer program, capable of determining displacements

n.ndf internal forces in multi—celled, simply supported box girder bridg)es subjected to a

£

‘variety of loading and boundary conditions.
-+ Cordoba®-and Tschanz* conducted an experimental-analytical study on a 1:3.76
N : direct model of a two—cell, Rrecast pretensionéd box girder bridge with cast—in-place

deck. They examined the ‘be};aviour of this tirpe of bridge with emphasis on load

‘

“and the findings were compared with tesults from the experimental stﬁdy. The results

i ) / of the two anklysis showed good asgreement. The behaviour 8f the bridge at service
! 7 4 . . .
’ load and overjoad conditions and at the collapse stage was satisfactory. The transverse

/l distribut'ibn og the concentra d load through the thin top slab ;v:vas foian adequate.

(’ . Leonhax;dt and Wa.lthenf ted two préstressed concrete, si}lgle cell; single span,

box girders with gide cantilevers and transverse diaphragms at midspan and supports.

c The first specind'd\ subjectefi toa co;xcentric midspan loadiné until ﬂexﬂulja.l failure
- \ ~

-

3

dire¢t large scale models has led to the‘establishment 05 new ;:riteri.a for'the analysis of -

their efforts in trying to understand the behaviour of s;1ch structures to improve the '

s \
Scordelis? investigated the elastic response of simply ?upported box girder bridges.

distribution characteristics. The briége was analyzed using the finite element method

4




' | '
was approached, and then the loading was made eccentric to induce togsion. The second

girder was loaded with a more eccentr‘ic midspan load so that torsion dominated. The

experimental deformation values in the uncracked girder agreed well with the values

- calculated using the elastic theory. They also observed that cracking caused a decrease

in torsionaL.l}ﬁgidity. The diagonal compressive stresses in the side of the weba were

not;ad to be a critical factor in the design of thix-l—walled strpctufea, providing that the

E)rincipal tensile stresses were adequately resisted by the reinforcement. ‘
Scordelis, Bouwkamp, and Wasti® carried out an/ extensive investigation on the

structu\ra,l behaviour of a 1:2.82 large scale, two span, four cell; reinforced conérete box

-girder bridge model. They investigated the effect of the current AASHTO loadings on

bridges of this ty;fé a.nd. the response of the briﬂdge to actual scaled loads of AASHTO ")
HS20-44 trucks placed in two or three lanes and of a proposed Class'I overload con-
struction vehicle plg,ced in one lane only. They concluded thgt concrete box girader
bridges have excellent load distribution properties. However, the current AASHTO

¢ -
empirical formula, which ignores the number of lanes on the bridge, underestimates

L 4

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

Swamy’ .reported tests on the behaviour of prestressed concrete, single cell, box’

P

beams loaded in bending and torsion. The lsize and shape of the box section were
varied and the effect of a nominal amount of torsional reinforcement was investigated.
He found that bending moments have a beneficial effect on the torsional behaviour

Soliman® studied the strength-and deformational behaviour of an intermediate

1
. ¢

span of a continuous 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 this type of box éirdgr bridge, and the effect of warping restraint on stress configu-

ration along the length of the box girder. He also studied the effect of crack formation

[ ]

and propagation on shear transfer across the crack and on the element stiffness perpen-

diculdr to the crack direction. He introduced a quasi-nonlinear finite element analysis

7 8.
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= sthges by incorporating information about the cracking pattern and crack,widthé from

v - ! M / ¥
experimental date. ) y

Razaqpur and Mazikins® modified and implemented two large size general pur-
pose finite element programs on a micro-computer. The first prograin was for linear
analysis while the second one was for nonlinear ax;alysis of reinforced and prestressed
concrete structures. They verified the implementation and accuracy of the results by

analyzing the Leonhardt—Walter box girder bridge®, and comparing the results with the

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

range.

1

Campbell and Batchelor!® tested a 1:3.47-scale direct model of a ltwo span con-

tinuous prestressed concrete trapezoidal bridge girdeqr. "The tests were conducted to

( range, and to AASHTO “loading up to failure. They observed that the mode of failure

of the gi;&er was flexural and that the ultimate load capacity was in excess of that k

required by AASHTO. The girder resisted an overload of 1.5DL + 2.5(LL + I) with
only slight ﬂexura.l cracking. As a result of the study, they concluded that the perfor-
mance of the prototype girder under seryice load is satisfactory and can be predicted

: ..
by elastic analysis, while the ultimate load capacity can be expected to be in excess of

ﬁ it

-

that specified.
Swann!! conducte& tests on a 1:16—sca.le‘ prestrgbsed micro—concrete mgdel of a
typical interior span of a three cell segmental box beax};\l brifige. The prec:a,st segments

b were tra.nsversel'y stressed, jointed together with mortar Pd the rgsulting .struct”ure par-

. tially prestressed longitudinally before being placed onto its bearings. 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 1ts ultimate strength He
(aﬂ found tha.t the behavnour of the model was sajmfactorg in all of the tests in thé ela.stxc

5 .

using the SAP IV, program, in which the stiffness of thé box girder was modified in -

r
assess the response of the girder to post-tensioning, to static loading in the elastic

[§




range and that the structure showed an adequate reserve of strength. However, the

accuracy of determination of préstressing stresses was unsatisfactory. He also found
that the variation in the modulus of elasticity wggs not serious. He noticed that ?he
combination of bearing flexibility and high torsional stiffness of the superstructure can
cause significant torsional stresses.

Spiller, Kroxpolick\ and Danglidisi? studied the lateral forces due to longitudinal
prestressing of concrete box spine—be@ bridges with inclined 'yebs. They derived
an acceptably accurate method of ;leriving the loss of prestress associated with duct
curvature and unintentional variation from duct profile for beams with inclined webs .
and tendons profile.

| Seible and Scordelis!? de\;eloped a simple analytical r’nodel, 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 ﬁp to the
ultimate load and collapse of the structure. The structure was modeled by longitudi-
nal beam elements, transverse bending frames and torsional shear panels for the linear
elastic modél. For the nonlirieafr model, flexural and shear hinges were introduced in
the proposed displacement model. The analytical model was verified using extensive
experimental data on post—workir}g load level and failure tests of large scale reinforced
concrete box girder bridge models and excellent agreement was obtained.
l\‘West and McClure!* conducted an éxperimental—ana.lytica.l study on’a’full scale
prestresséd concrete segmental bridge at the Pennsylvania State University. The bridge
was tested at service load levels and for overloads. A nonlinear analysis was performed
using the SAP IV program. The nonlinearity of the materials was taken into acc;’unt by
modifying the material properties af the old and new cracked elements-and updating the
structure §tiffness matrix at the end of each load stepN. The results of the finite element
analysis compared reasonably well with the experimental results in the elastic and post:-

cracking range up to failure. They concludedsthat the general analytic(al approach,

Yd
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which is based upon the finite element method and used Kostovos and Newm}n’s

material model for concrete'®, provides a satisfactory means of analyzing the load-
displacement response and strains in the bridge. |

. Unlike the static response, much less research work has been undertaken to study
the dynamic response of box girder bridges. This is mainly due to the fact that con-
crete box girder bridées are quite stiff transversely. Also, no major accidents or problem
encountered in this type of structure have been attributed to dy.namic response. How-
ever, the increasing tendency to use slender bridge sections could result in considerable
vibration problems due to the passage of heavy vehicles. A comprehensive review of
vibration of bridges was undertaken by Huang'®. Some of the experimental’ and analyt--
ical dtudies undertaken to study the dyuna.mic response of highway bridges are presented
here for completeness. ~
Mirza & al:'” undertook an analytical-experimental program to study tile dynamic

response of a 1{10.45-scale composite concrete deck—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 girdér bridges. The analytical study

, was accomplished using the SAP IV progra:n. The finite element analysis results agreed
' e

well in terms ot: the natural modes of vibration. Both analytical and experimental
results showed timt provisi9n~ of bracing in different co?xﬁguraitions did not have any
significant inﬂué'}lce on the composite bridge static and dyna.mic response.

,, Com.-ad and Sahin** developed a series of empirical equations for direct evalua-
tion of the natural frequency'of straight and curFe:i box girders. A parametric stud;s
conducted on a series of simple, two and thre;a span continuous curved bridges, showed
excellent correlatxon between the approximate and the exact natural frequency results.

T@ba“ reported an exper’mental study on the free vibration réesponse of one a.nd

~ two—cell curved box girder Plexiglas models. The aim of his study was to evalua.te the

P4

o
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simplifying assumptions made in the thin walled beam theory. He compared the ex-

periment;l res’ults with the analytical results and found reasonable agreement between
the theoretical and experimental frequencies and modal shapes.

Hadj-Arab?® and Ferdjani! completed an experimental-analytical study on a
1:7.1-scale direct'n;odel of a simply supported, single span, ong cell, prestressed con-
crete box girder bridge. They investigated the strength and deformational behaviour
of the structure in the elastic and inelasti¢ ranges, and the dynamic characteristics of
the structure at ;iifferent levels of damage. The finite element analysis was conducted
using two types of progran:;, the SAP IV program®’ in a quasi—no;Jlineé.r for‘m in which
the elasticity matrix was modified in stages by incorporating information from the ex-
pelzimgnta.l data, andvthe FELARC program® which was used to trace the comple?e
response of the ino;iel up to fajlure. They also investigated the response of a thin
rectangular simply'sul;ported beam having a geometry identical to that of model box
g'irder' webs. This test was undertaken to develop the pretensioning technique for the
model bridge and to evaluate the losses. After releasing the force applied by the jack,
a loss of about 4% of the initial applied forces was noted; this value increased to about
15% after cutting the wires. The bridge model was able to rgsiat an ultimate load
equal t¢ s{x times the Ontario Highway Bridge Design Code truck loading, showing
_ the significant reserve of strer;gth of the‘prestressed box girder bridge. The structural
stiﬂ'nes;:)f tl;g model decreased considerably with the formation and proga’g‘ition of
cracks. A decréase of the natural frequency was observed at high loa;i levels. The
experimental vahie of th:e damping ratio was fougld equal to 1.54% for the uncracked

structure and 4,63% for the severely cracke# structure. These vahies were witﬁilé the

\
N ‘ L3

limits given by Newmark and Hall*?; The experimental results and the finite element

analysis were in good agreement. A ‘

~




(ﬁ» 1.3 Scope of the Present Study

The present study is an extension of Hadj-Ar;b and Ferd:ia.ni’s work on a sim-

- ply supported, single span, one-cell, prestressed concrete box girder bridge’®?* to a
¢ two—cell, simply supported prestressed concrete box girder bridge. It is aimed at inv:as-

tigating the static and dyhamic behaviour of a two—cell, simply supporteyd, préstresseds

concrete box girder bridg?f. ' ‘ e
The objectives of the experimental-analytical program were:
4 N
° Topdet%rmine the flexural and torsional stiffness of the model bridge.

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

stiffness characteristics.

e To studs' the behaviour of the model bridge under working load conditions. -

( k e To obtain information on the ultimate load, the reserve strength and the mode of
failure of the bridge. - -
® \ég \/) »

! ¢ To study the load distribution chara:eterist.ics of the structure under truck loading.
]

e To study the effect of cracking and “inelasticity of the concrete on the dynamic
characteristics of the structure. s

Botix static and dynamic studies were performed on a 1:7.0-scale direct model

\bridge; The bridge was constructed and testei, at the Structures Laboratory of McGill

'University. It was th;en a'nalyzed by thé™finite element method using a nonlinear pro-

" gram (NONLACS) at Carleton Uni\fei-sity, anz the SAP IV program®’ in a :masi—

non_liﬁea.r form. The experimental results were correlated with the analytical results

wherever possible and appropriate conclusions were draw;;l




&

CHAPTER 2
/ THE BRIDGE MODEL

-

2.1 Introduction

&

Structural models have always played a significant role in structural engineering
research and design. Since 1930, models ~'have been used extensively to study the
response of complex structures sul;jeéﬁed to static and-dynamic loads, The use of
physical models to supplement analytical techniques continues to be an important part
of research, development and design of complex structures. The generally lower cost
of testing small and medium scale models makes it possible to perform more tests and
to examine a large number of variable influencing the structural respon#e which would
not have been possible with the prototype for reason; of cost, space arid time.

. Various deéign codes, such as the National Building Code of Canada (NBCC)??
and the Ontario Highway Bridge Design Code (OHBDC)?* have dérived some of their
empirical formulas from tests on direct models. Scordelis? and other investigators
have; shown in their studies that sucﬂ models can predict satisfactorily the modes of

behaviour of the prototype at all load levels up to the ultimate load stage.

10
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C o 2.2 Preliminary Design . ‘
\ .

The “beam theory” was used for the preliminary design. This approach for detere

mining the longitudinal stresses in a box girder congists 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:

o The longitudinal fiber strains and stresses have a planar distributian over the entire

cross~section.

e All points on a given cross—section experience the same deflection and therefore,

there is no tra.nsvege distortion of the cross section.

o The resultant of the external loads passes through the shear center.
A box girder is made up of relatively thin plates. Thus, the assumption that no
( transverse distortion occurs is not generally satisfied; also the effect ;)f torsion must be
considered, since in such structures the resulta:nt load normally does not pass through
the shear center. However, it has been established that the beam theory along with

good engineering judgment is adequate for a preliminary design®3.

s

2.3 Dimensional Analysis

/ -~

The use of scale models for solving difficult engineering problems is~how B well-

established technique?®. The similitude requirements that relate the model to the

prototype structure are determined using dimensional analysis. "The physical quantities
A
involvéd in this study and the dimensiopal measures required to describe ‘them are
[ %

_Mummarized in Table 2.1. : ,
Since static and dynamic response are\to be investigated, the fundamental quan-

C‘ tities are chosen as the length (L), the force (F) and the time (T). The different
physical quantities are assembled to get a complete set of independent dimensionless

%
11
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Table 2.1 Dimensions of the Governing Plgysica.l Quantities.

_~ Desgription Physi¢al Quantity Dimensién -

o - Length o l h L ,
Displacement ) L .(”' 9
‘ Force F F e
v - rJ Stress o FL-? ~
Modulus of Elasticity E FL-* %
) Time ‘ t T
Velocity v LT-!
Acceleration ' a LT3 vh
! R Gra.vita;ional Acceleration a LT3 !
Frequency f T-! /
Mass Density P ~ FL*T?
Strain -7 —
Poisson’s Ratio . /'_JII/ —
¢
‘ \ Table 2.2 Summary of Scale Factors. '
. 4
@ J Group Physical Quantities  Scale Factor  Scale Factor (Sg = 1)
Loading Forge, F Sg S? s?
© Gravitational, g 1 1 ¥
Acceleration, a 1 . 1
| ’ v . Time, ¢ 5‘1/2 N Slx/a
¥ Velocity, v S:n S‘l/2
. ' ' 4
Geog\etry Linear Dimention, { S; S . /,/ _
? i Displacement, & S S
Frequency, S‘_l/2 4 S,"l/2 -
Material Propreties  Young’s Modulus, F Sg 1
Mass Density, p Sg 571 5!
4 Stress, 0 Sg 1 v,
. Strain, € 1 1
Poisson’s Ratio, 1 g 1
3 ! ’ A -
. N {
e ‘. P
\ 0 products (m,,73,...,7,). According to Buckingham’s Ps theorem, the mathematical
formulation of any physical phenomen/on is given by:
- -~ Al 7 34
(> ¢ 123 \ A \
e ¢ ) f
. l / !
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A l.e Tam = Map

Tam = T3y 3)

>
_ <
7rnm - 1rnp
i \
i

s\
¥ y i
LS " ’ )
. m o= ¢(m,Mg,..., M) , : (2.1)

Equation 2.1 can be written once for the prototype and once for the mo:iel. Dividing

* :
the prototype equation by the model equation, one obtains: ’ 'e
7rlp = l¢(12p17r8;n---)7rnp) i (2 zr
Tim ¢(7r2m.17r8m1'“,7rnr°n) v 4

+ where m,,, refers to 7, in the model and =, refers to =, in the prototype, etc.

P .
For complete similarity (true model), all of the dimensionless products must be equal

for both the model arrd the prototype:

Equation 2.? may be written as follow:

N -TMp - ¢(7r2p)7r3p)°-'17rﬂp) =1 (2 4)
. Tim ¢(x2m’7r3m)"'!7rnm) . d
¢
or /\
1r”, =7I’1,,, g (2'5)

~

The fo,rmul%ion of scaling relations for any true modeling problem can be established by

translating the x—terms into required scale factors. Table 2.2 summarizes the resulting

&

scale factors.

13
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_ area of the model ‘temforcemefff is given by:

2.4 Description of the Bridge -

The prototype structure consists of a two—cell prestressed concrete box girder
()

[

bridge, mmply supported  with a span of 25.00 m, a depth of 1.80 m and &(width of
7.840 m 1ncludmg two 0.980 m cantilivered overhangs on both sndes The width of

the bridge deck accommodates two highway traffic lanes. Figure 2.1 ghows a typick
." - /7 . -
cross section of the prototype bridge. Ti#te prestressing reinforcement consists of eighty- (\

F

13mm diameter low relaxation strands with an ultimate strength of, 1860 NP& (A, = -
99mm?).

2
A medium-—scale direct model of the prototype bridge was constructed Knd tested

in the laboratory. The main considerations taken intowaccount in selecting the scale

:eductic’}w'actor for the length were: ) o~
- /
AR / ~
e The available space in the Structures Laboratory of McGill University. NG

TN \

o The slab and web thicknesses of the mo ele which permit accommodation of the
\

D2 deformed wires and the prestressing wires~without congestion. v
i

' |
- S
e The requirements for loading devices for simqulating loadsfaccu;ﬂ;l‘y.

\‘G(» >

¢ The casting procedure. ) - »
1

Since it was not possible to obtain small size model strands, high tensile strength“,

e

steel wiresuof 5 mm diameter ((4,)n = 19.6mm?) were used as prestressing tendons.

~ \( .
These yt;ires have an ultimate tensile strength of 1550 MPa. As a compromise‘betévéen >

\

/
all otr:bove considerations, a length scale f%or of 1:7.0 was selected. The model bridge
~ L4
was therefore 353I1_jn.m long, 1120 mmbwid(:. and 257 mm deep (Fig. 2.2 and 2.3). The (

~ ] - . . . o . } . . ‘m
model prestressmg reinforcement consisted of ten—5 mm diameter wires, six wires h

a straxght profile and four wires depressed by a-single harping pomt at midspan. The
\ -

14
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e

. (,'4 Jm = (Ap)P(fP:A)p _ (80 X 99)(186’0) '
N ¢ . plm .‘:3',2 (fpu)m —.,. (72)(1550)
= 194mm? \ (2'6)

where (A,)m and (A,), are the area of the model and the prototype
prestressing steels, respectively.
(fou)m and (f,.), are the ultimate tensile strengths of the model and

)

O the prototype prestressing steels, respectively.
S, is the scale factor for length.
‘ . 5

972 x 356 x 225mm end blocks were provided at the supports to prevent distortions

at these locations (Fig. 2.14).

2.5 Loads

2.5.1 Dead Loads \ )

"

Since the problem involves studies (/)f both.the static and dynamic responses, the
dead weight of the bridge plays an importang\ role. The dimensionless product %L must

have the same value for the ngodel and for the prototype. Thus:

pl pl

(:-E-)mo,dc‘ = (E‘)prototype ) (27)

or " 4

" I, . E,
Pm & Pp\s— N\ (2.8)

P,(lm )( Ep ) .
i “~
= }
—
16 -
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2
| 324 R _236
‘ , 324
J/ 3
A=90,408mm? v, = 110mm
I=793x10°mm* S, = 5.40 x 10° mm®
’ y» = 147Tmm S, = 7.20 x 10° mm?®
) ( ‘ Figure 3.4 Model Section Properties.
where p,, andp, are the density of the model concrete
and the density of the prototype concrete.
ln and !, are the length of the model and the length of the prototype.
- E,. and E, are the modulus of elasticity of the model concrete

and the modulus of elasticity of the prototype concrefe.

Since concrete is used for the model, therefore E,, = E,, and Equation (2.8) becothes: *

l, )
Pm = Pp(i:’) . (2.9)
The prototype bridge is simulated with a 1:7.0 scale microconcrete modeil‘ with a
density of p,, = 2290kg/m>. The dead load similitude requires that the density of the

@ ) . model material should be:

’

19 hod [ ~




P = pp X S =2403 X T.0

= 16, 821kg/m® 1 (2.10)

twhere p', is the required density of the model material. /

In order then to satisfy Equation (2.9), additional dead weight was provided using steel
billets uniformly dispersed within each box girder during construction and appropriate
concrete blocks placed on top of the deck. The required dead load for the model is

then:

)
DL, = p,gAn = 16,821 x 9.8I 90408 N ‘
u B
) = 14.92Nmm. (2.11)
where p!. is the required density for the model. f
g is the acceleration due to gravity.
- s
N A,. is the cross-sectional area of the model.
DL’ is the #8uired dead load for the model. ,
The dead load of the constructed model is:
\
DL, =p.gA,, = 2290 x 2.81 x 90,408
/ .
= 2.03N/mm (2.12)

The additional dead load required is:

N

DL;, = DL, ~ DLy = 1492 - 2.03

« = 12.89N/mm (2.13)



where DL?, is the additonal dead load required for the model..

The maximum moment at midspan due to the dead load is:

N .
DL, 14.92 x 3531°
MDL = =
8 8
‘
* - =23,253kN.mm (2.14)
\ : \
)

2.5.2 Live Loads ‘\
\

The preli(ﬁna.ry d?sign showed that(the truck loading was m‘ore critical than the
lane loading. Therefore the model was loaded by two scaled—~down versions of the stan-
dard OHBDC truck (total load for each truck = 700 kN) as shown in Fig. 2.5. All linear
dimensions 'were reduced by the length scale factor of 7.00. Similitude requires that
the concentrated load be reduced by a factor of 1:57 = 1:49 (Table 2.2) so that strains,
deformations, and stresses in the model for each loa.din_g condition are representative

%

of sin?ilé.r uantities in the prototype for the corresponding loading condition.
’ v

, P, = F‘z- ‘ (2.15)
4 ‘ ’ )
whpre P,, is the concentrated load on the madel.

! : .
P, is the concentrated load on the prototype.

Thus for the model, the total load for each scaled down truck was 14.28 kN. For practical
reasons and simplicity, the first axle of the simulated OHBDC truck was eliminated.The
total load for egc'h‘ scaled down truck then became 13.20 kN (Fig. 2.!"5’).

- It was estimated that this would influence bending stresses by pot more than 6 per-

cent. Figure 2.7 shows the position and direction of the trucks that give the maximum

bending moment at midspan.
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( The maximum moment at midspan due to live %oad is:

It ‘
{

™ M., = 14,442kN.mm (2.16)

Accounting for the impact factor of 0.4 give;1 by the OHBDC?¢ specifcqt\ions, the
i ~

bending moment at midspan becomes:

Lv.g

M., =20,219kN.mm (2.17)

. 2.5.3 - Prestressing Forces

" The wires were tensioned to 0.7 fou in the prestressing bed. The average total
losses were estimated to be 10% of the initial force. The experimental results were
close.to thi; estimate. The prestressing bed used to apply these forces is described in
C Reference 42 along with the information co;lcerniné the prestress losses.

2
The final prestressing force P, in each wire after all losses have occurred is then:

/ E /
P, = 0.9 x 0.7 x 19.6 x 1550 = 19.20kN (2.18)

4

2.6 Stresses ’

2.6.1 Initial Stresses (after release)

The state of stresses due to prestressing and dead, lgdd is given by the following

-

o expressions:

(a) For the top fiber:

c P, e MDL r »
: o -—+PF— — 2.19
u : =g thE TS (2.19)
o ‘25

¥l
‘£,=
Q



(b) For the bott%m fiber:

oo P pe Moy

A (2.20)
Y

The state of stresses at a distance of 50 wire diameters from the support, at 0.4 |
’ from the support, and at midspan due to the dead load and the <prestressing 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'e prestressing losses having %ccurred,

the state of stresses is given by the following expressions: £

(a) For the top fiber:

4

s PI (4 M
-——— 4+ P — 2.21
T4, s T, (2:21)
(b) For the bottom fiber: i
v
P
o =-2 _pe .M (2.22)

An 'S, S
A}
The q:j stresses at a distance of 50 wire diameters from the support, at 0.4 |

from the support, and at midspan after applying the live lgﬁds is shown in Fig. 2.9. *

2.7 Bridge Details

1

’

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

way Bridge Design Code?® for an ultimate b(?ding moment of:

T M, = ¢A,d,f,, [1 - 0.6%%—] = 60,716k N.mm "(2.23)
Ple

'3
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,«m,? oS
C. This ultimate mome\nt@yguced by an ultirfate load P, = 43kN equivalent to
3.22 times the simulated OHBDC truck. The girdéx:s were checked for flexural and

A ~

\

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

was checked for bendiné ‘'stresses under concentrated loads. The reinforcement details

b " of the model are shown in Figurds 2.10 through 2.14.
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CHAPTER 3 “
EXPERINIENTAL PROGRAM
( \
3.1 Intoduction v ‘
t t ’

¢ A brief description of the experimental work conducted on § o5 —scale, two—cell,

prestressed concrete box girder bridge model is presented in this chapter. A more
detaileq description is presented in Reference 42.

. The ;4--scale direct model of the prototype bridge was tested in the Structures

\La.boratory of McGill Univ;arsity. The overall plan dimensions of the model were

1120 mm by 3531 mm. The model was subjejted alternately to dyn;a.mic and static

loadingsi) Bl

>,_ 3.2 ) Material Pfipertlel ' Q:{

Since the model was inténded to provide information on thé™Behaviour of the
prototype bridge beyond the‘elastic range, it was necessary to pay special attention to

simulation of the properties. The model material used must simulate as closely

as possible the/basic acteristics of the prototype concrete and the reinforcement?®.

However, because of the limited knowledge of the bond mechanism it is difficult to

satisfy the bond requirementd. It is enough to ensure that there is sufficient bond

resistance so that bond failure does not occur®®:3?, This can be achieved by proviﬁing

¢
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o sufficient embedment length to develop the yield strength of the bars. For this purpose,
pull-out tests were conducted on the prestressing wires. These tests are described in
sReference 42. —

3.i.1 Concrete

/7 B
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. Tyx;e III:High
Early Strength Portland Cement was used for tiie concrefe mix. The model concrete
aggregates were chosen in the following proportions by weight:
(1.59mm - 3.18mm) Limestone Aggregate 15%
‘ - # 10 Crushed Silica Sand 15%
'o # 16 Crushed Silica Sand - 16%
?‘f 24 Crushed Silica Sand 25%
# 40 Crushed Silica Sand 20%
# 70 Crushed Silica Sand 10%

L

. Several concrete cylinders (50 x 100mm) were cast with the model concrete mix -

}
during the casting of the bridge model. These cylindersawere tested in uniaxial com-

N %ression and in indirect tension at an age of 28 days. From the results obtained, an
ﬁ‘) evaluation was made of the ccomﬁressive strength f;: the tensile strength f,, and the
. odulus of elasticity E, of the concrete. Tables 3.1 and 3.2¢i ah;)w the results and

. _ variations. A typical stress-strain curve for the concreteois presented in Fig. 3.1.

‘ .
K - |
.
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(‘% Table 3.1 Compressive Strength of the Concrete.
Element , Number of  Age f: Standard Coef. of E, )
, Cylinders* (days) (MPa) Deviation(MPa) Variation(%) (MPa), ~
o
L <
Bottom Slab 5 28 34.10 1.20 2.90 28500
% and Webs 8 42** 37.00 1.10 2,90 28700
- N -~ ‘
Top Slab 5 28 34.20 1.25 3.20 28600
'& 8 42**  36.90 1.18 2.60 29000
y | ) ‘
-~ \
(" 1 o Table 3.2 ' Tensile Strength of the«Concrete.
Element /Number of Age I Standard 8 Coef. of E,
Cylinders* (days) (MPa) Deviation(MPa) Variatiop(%) (MPa)
] Bottom Slab 5 28 2.15 0.10 3.80 28500
. and Webs 8 v 42%* 2.30 , 0.10 3.10 ,28700 )
. - . »
Top Slab 5 28 2.65 0.10 "3.60° 28600
B8 42** 280 0.08 2.90 29000
. ) ™~ 1
* The sise of cylinders was 50x100 mth—’ ] .
** Corresponding to the day of testing '
‘ A
s s -
\ ¥ $
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3.2.2 Reinforcement

3.2.2.1 Prestressing Wire

High tensile strength steel wires of 5 mm diameter with a cross—sect?on;l area of
19.6mm? were used as prestressing tendons. The wires were supplied with indentations
for goo<f bond 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 averw value
of the ultjmate tensile strength obtained was the same as the one supplied by the

manufacturer (1550 MPa). A typical stress-—strain curve for the prestressing wire is

shown in Fig. 3.2. ‘ .

3.2.2.2 Normal Reinforcement

The normal reinforcernent consisted of D2 bar meshes. After tes't"mg some samples
in tension, it was noted that their yield strength wai 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’. The D2 bars were
heat—treated at a temperature of 600° C for a period of 2 hours. The yield strength
decreased to 300 MPa and -the steel became ductile. The effect of the heat-treatment
on the normal reinforcement is shown in Fig. 3.3.

EN

!

3.3 Construction of the Model : .
¢ ' o
The procedure used to construct the model was maintained as close as possible to

the one used in the field on a prétotype bridge.
A prestfessing bed was first fabricated. Sug:seqqently, the formwork for the bottom
slab, the girder weébs and the end blocks was prepared. The reinforcement was then

rumented and installed. After prestressing the wires, the bottom slabs, the webs

~

1d the end blocks were cast and cured, vertical shear:connectors beia‘ﬁg provided on the

)
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upper surface. At this stage, extra-dead weight in form of steel billeta was 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 necessary to add concrete t;locks on top of the
concrete deck. These blocks were placed uniformly on the total area of the qeck.‘me
end, the prestressing wires were cut at the ends one by one and symmetrically t(s) avoid
any signiﬁclant eccentric Joading. Losses after release were measured and recorded. At
this stage,‘ the prestressing bed was removed. Surfaces at chosen locations were finished

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

3.4 Instrumentation

3.4.1 General

The data to be recorded during the model investigation were strains in the concrete
and the prestr:assing steel, deflections, crack locations and pattérn and the crack widths.
Electrical resistance strain gauges, mechanical dial gauges,yimd LVDT's were used
as measuring devices. The data were obtained by a data acquisition system, which
recorded the readings continuously, as well as by visual observition. The strains were
acquired with an OPTILOG Data Acquisition and Control System connected to an

{ P
IBM peisonal computer and a printer.

3.4.2 Loads r

The prestressing forces during the construction and the applied live loads during
the testing pha.sé were measured using three load cells. The prestressing force was
applied through a hydrél;lic jack and measured directly using a 10-kip calibrated hollow
load cell. In the static tests, the applied live loads were monitored using two 10-kip
calibrated load cells placed on top of the loading arm. The three¢ load cells were

connected to the data acquisition system.

42

)




3.43 sthQ

Linear electrical resistance (SR—4) strain gauges and rosettes were used as strain
measuring devices. They were applied at selected locations in the center of the webs,
top slab and bottom slabs for reading the strains at the extreme fibers of the concrete.
Electrical strain gauges were also placed on the prestressing reinforcement. The strain

gauges were connected to the data acquisition system.

3.4.4 Deflection s

To measure the deflection of the external surface points, six sets of mechanical dial
gauges were placed at midspan and at quarterspans.

In the dynamic tests, the time-dependent deflections were obtained using linear
voltage differential transformers (LV.DT’s) placed at midspan and at the quarterspan

sections a.?,d connected to a Minc Digital computer.

3.4.5 Crack Locati ns, Patterns and Widths

Crack locations and patterns were acquired by visual observation and recorded in
a note book. The crack widths were measured using a crack width gauge consisting of

a ruler with crack widths marked oﬁ it.

3.5 Loading System

3.5.1 Static Tests
\
To apply the live load to the model bridge, an articulated loading system simulafing

the OHBDC truck was designed. The truck loading device consisted of hollow square
steel sections, connected b}: loose pins to prevent their movements (Fig. 3.4). The
live load was transmitted from the strong floor to the rubber pads (86 x 36 mm),
which simulated the truck wheel contact areas, tl;rough a stiff built—up section beam

1Y
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by pulling on the two hydraulic jacks. Details of the loading system are shown in

\’ Fig. 3.4. More details can be found in Reference 42.

3.5.2 Dynamic Tests

-

To excite the bridge in its first natural mode of vibration, a co ntx‘a.té/(ir mass
weighing 250 kg was suspended at midspan under the bridge by a thiz’;ire. The wire
was then cut by a pair of sharp scissors i'orcing’ the bridge to vibrate for a few seconds.
During this time interval, the vibrations of the bridge were recorded by the MINC

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. All of the tests were static testswept for one dynamic test in each phase as

mentioned.

e Phase 0 :
a. Dynamic test of the uncracked bridge (within the elastic range).
e Phasel: \
a. Symmetricé.l two truck loads.
b. Eccentric one truck load.
¢. Dynamic test.
o Pl;ase 2:
a. Symmetrical four truck loa«}s.
b. Eccentric one truck load.
¢. Dynamic test.
e Phase 3 : =
a. Symmetrical six truck loads.

b. Eccentric one.truck load.
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Figure 3.4 Details of the Loading System.
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/
O c. Dynamic test.
e Phase 4 :
a. Symmetrical eight truck loads.
b. Eccentric one truck load.
c. Dynamic test. : r
e Phase 5: f
a. Symmetrical ten truck loads.
b. E',t\:gentric one truck load.
c. Dynamic test.
e Phase6: &

a. 'Ultimate load tsst.
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4.1 Introduction ‘ \ /

t

iV

"Studies of the response of reinforced and prestressed concrete box girder bridges
to applied loads 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, make the prediction of its response difficult and not accurate using the classical
methods of analysis.

Early box-beam designs employed wall thicknesses large enough to render these
effects negligible so that the “simple beam” theory and “St. Venant” torsim; theory were
adequate a.nalyf:ical tools within the elastic range. However, with the present tendency
to more slender sections to reduce the self-weight and the prestressing forces required"; ,
distortional and warping effects need to be considered. Also, as the structure is loaded
beyond the elastic limit, cracks appear and propagate causing dsign’i'ﬁca.nt chmé& in its
'anta.tic and dynamic properties. . .

Recent developments in high speed computers and the finite element approach for
the analysis of sich complefc structures makes it possible to overcome these difficulties.

The finite element method is an appraximate method, therefore it is important to se- -

lect the finite elements so as to accurately represent the behaviour of the structure®®:!,

49

-

=%

P




kN

v !

The finite element method requjrgs solutions to a large number of e'quations for struc-
wtures with the complexity of the box section and therefor@??t ;s’%ime consuming and
expe{xgive: However, by making a judicious choice of the finite element;&a.nd an ap-
, propriate mesh, consistent with the level of accuracy required, and taking advantage
of symmetry, if any, the CPU time an;i the computer memory requirements can be
reduced considerably. Tixis can result in 'considerable savings.
In this study, two finite element programs were used for analysis purposes. The
NONLACS*?, a nonlinear program Qeveloped by Razaqpur and Nofal at Carleton Uni-

versity in Ottawa and tﬂe well-known SAP IV program®’ in a qua.si-nonlfnear form.

t
4.2 Nonlinear Analysis Using NONLACS

4.2.1 .General

The NONLACS program (NONLinear Analysis of Concrete and Steel Structures’
was developed by Razaqpur and Nofal*®. The origin of ghe program goes to the pro-\
gram FELARC (Finite Element Layered Analysis of Reinforcéd Concrete) developed
by Ghoneim and Ghali*? at the University of Calgary and modified by Razaqpur and
Mazikins® at Carleton University and other similar programs developed at the Univer-
sity of Illinois and at the University of California at Berkley.

NONLACS is, however, much more génera] than its predecessers. It can analyze
a.ny concrete (plain, reinforced.or p;'estressed), eel or composite concrete-steel struc-
ture. Five basic iypes of elements are available in the NOI\;L'ACS element libra;'y: a
two node bar el%ent with three degrees of freedom per node, a shear connector ele-
ment, a higher order four node plane qtfat'irilateral élement with vertex rotation*¢, a
four node qfadrilateral plate bending element with thrge degrees of freedom per node

and a four node quadrilateral facet shell element. This last element is obtained by
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combining the plane quadrilateral element with the plate bending quadrilateral ele-

ment {Fig. 4.1 and 4.2).

4.2.2 Description o'f the Program

The NONLACS program can trace the complete nonlinear response up to failure
of reinforced, pi-estreesgd concrete, stee] and composite concrete-steel structures made
up of an ;zssemblage of thin shell elements such as box girders, shear walls, shells,
folded plates, etc. The efficiency of the finite elements used in tbe idealization of the
reinforcement makes possible the analysis of such complicated structures with a small
number of elements. Therefore, the effort in the prepa.ra.t:ion of data, the computation
and the effort in the interpretation of the results are minimized.

Each finite element is divided into a number of concrete or steel layers. The steel
layer may represent the reinforcement smeared into a layef or an actual steel plate as
in the case of cbmpééite structures (Fig, 4.1). Each layer is treated as an orthotropic
material and can assume any state' elastic, yielded, cracked, or crushed depending
on the stress level reached and the type of ,m’" terial involved. Element stiffness is

obtained by summing the stlﬂ'ness contnbut n of the vmous layers. As stated uni-

formly distributed rem(orcement is 1§ealxze y a smeared steel layer (Fig. 4.1). Heavy
reinforcing bars or prestressed bonded tendons are modeled as fully bong\d truss ele-
ments (Fig. 4. %along with their stiffness contnbutnona Shear connectors in composite

-—

NONLACS uses the mcremental%{eratwe ta.ngent stiffness technique of nonlinear

structures are modelled by specialized elements.

analysis. The nonlinear stress—strain relationships of concrete and steel are considared
by applying the load in increments and performing a series of iterations. The program
can handle monotonic og cycling loading. It can also deal with time-dependent effects
such as creep and shrinkage. The concrete material modelling in this program is the
same as in program FELARC??, but otherwise the program is quite different.
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4.2.3 Material Modeling

4.2.3.1 Concrete /

In the NONLACS program, the stress-strain relationship for concrete sﬁbjected
to uniaxial compressive strt;ss (Fig. 4.3.a) is a combination of the two models due to
Saenz®* (1964) and Smith and Young®® (1955). Concrete under a bia.xi;.l state of stress
is idealized as an orthotropic material. In the uncracked state, the axes of orthotropy

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

constitutive relationship for concrete is: #

S
< {40} = [D(0y,0,)] {Ac} (41)

where (D], a function of the pi'incipal stress values o, and o,, is the elasticity matrix

of the orthotropic material given by:

1 E1 v/ ElEg 0
wWEE K 0

: (4.2)
1-v 0 0 (-G

D) =

where v is the Poisson’s ratio and G is the shear modulus given by:

e —-—1——) (E+ B, ~2VE.E,) (4.3)

= 4(1 -3

The values of E; and E; represent the uniaxial tangent moduli and are calcul§}:ed from
the stress-strain curve using the “Equivalent Strain” concept described in Refe‘rence 32.
When the .principal tensile stress in an element exceeds the uniaxial tensile strength
(predefined in the input), cracks are assumed to form along the plane perpendicular to
fhe maximum principal tensile stress direction. The crack:; are then smeared into the

element and the elasticity matrix, [D], is modified appropriately.
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4.2.3.2 Steel Reinforcement
The reinforcing and the prestressing steels are modeled as bilinear strain-harde-
ning materials (Fig. 4.3.b). The model is defined by four parameters: the yield strength

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

€u:

4.2.4 Analysis Procedure ,

[N
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 fto a small value.

Each iteration proceeds as follows:’

L]

(i) Calculation of the displacement using the tangent stiffness evdluated at theend of
the previous load increment.
(ii) Calculation of the stresses and strains in the concrete and the steel.
(iii) Adding the calculated stresses and strains in (ii) to the pr{\:ously obtained total
stresses and strains to obtain the current /approximate total stresses and strains.
(iv) ,'Ca.lcult;.ting the true stresses correspondin; to the current strains, using the non-

linear constitutive relations.

(v) Calculating the unbalanced forces and the equivalént nodal forces.

“This ends the iteration. At the beginning of the following iteration, the unbalanced
nodal forces are applied and the procedure is repeated until convergence is obtained
(i.e. unbalanced forcea~or displacements become very small), or until the maximum
allowable number of iter/ajioa\gspeciﬁed as input data) is reached. When the values
of the diaplacementpmf the unbalanced forces become very large, a failure mechanism
is assumed to have\occurred and the solution is stopped {npdicating that the ultimate
load has been reached. '



\\ _

0 4.25 Analysis of the Bridge Model

The NONLACS program was used in this study to determine the nonlinear re-
r sponse of the grestressed concrete box girder bridge model, subjected to a monotonic
truck loading varying from zero to a load éonsisting of eleven truck loads. Only one
half of the bridge was modeled because of the symmetry of geometry and loading oin
the longitudinal direction of the bridge. The bridge was divﬁed into 160 quadrilateral
facet shell elements which resulted in a total of 168 nodes (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 constraints
and by its coordinates in the global system.

(b) Material properties data. Material properties of concrete are input in terms of its
compressive and tensile strengths, strain at maximum compressive stress, ultimate

O compressive strain, cracking strain in t;ansion, modulus of elasticity, density and
Poisson’s ratio (Table 4.1). Prestressing steel and normal reinforcement 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 nodes and its thickness.
Reinforcement and prestressing steel in the element are defined by their local
coordinates, their cross—sectional area and the initial prestressing stress for the
prestressing steel.

(d) External nodal force data. The number of load steps, the number of iterations
per load step, the loaded nodes, the external loads along with their directions

terminate the input data sequence.

The results of the NONLACS computer program include the total external nodal
o ‘ forces, the unbalanced nodal forces, the joint displacements, the stresses and strains,

including the principal stresses and the principal directions, at nine locations of the

L .
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Table 4.1 Material Properties of Concrete.

Compressive Strength (MPa)
Tensile Strength (MPa)

37
2.28

L

Compressive Strain at Maximum Compressive.

Maximum Compressive Strain
Cracking Strain in Tension

S_ﬁreu

0.0018
0.0045 .
0.0002

Modulus of Elasticity (MPa)
Density (kg/m®)
Poisson’s Ratio

28663,
2290
0.18

Table 4.2 - Material Properties of Reinforcement.

Prestressing Wire D2 Bar

Diameter (mm) 5 4
Cross—Sectional Area (mm?) 19.6 12.90
Yield Strength (MPa) 1550 298
Ultimate Strain 0.038 0.018
- Modulus of Elasticity (MPa) 175000 200000
Strain-Hardening Modulus E} 0.21 —_
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concrete layers and the bar stresses and strains. An example of the application of the

NONLACS program is shown in the Appendix.

~

4.3 Quasi-Nonlinear Analysis

The quasi—nonlinear finite element analysis used in the present study was intro-
duced by Soliman®. Ferdjani?! investigated the nonlinear behaviour of a one—ell box
girder’bridge 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 Structural Analysis Program, which is a general purpose
finite element program developed by Wilson3? at the University of California at Berkely.
It was first published as SAP I in September 1970 and has since been revised. The
SAP IV version®’, first released in June 1973 and revised in April 1974, was used in
this study. The npnlinearity 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. These parameters, such as crack locations, crack widths and concrete
strains, were obtained from the experimental data from the tests conducted on the

’

bridge model.
-

4.3.1 Material Modeling

In this study, attention was focussed on two major points which are peculiar to
the analysis. These are modeling of the concrete cracking and modeling of the steel

reinforcement.
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4.3.1.1 Modeling of Concrete Cracking

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 model®®.

a. The Discrete-Cracking Model was introduced by Ngo and Scordelis®*. Any crack-

ing that takes place in the concrete can be 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 is that continued propagation of the cracks Witil increasing loads
implies continued redefinition of the finite element mesh. This has the effect of in-
creasing the computational effort considerably to solve the equilibrium 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 is generally used in most struc-
tural engineering applications. Due to its simplicity, the smeared- cracking model

is used in this quasi-nonlinear analysis.

The application of this approach to the quasi-nonlinear analysis consists of making
a.p;'bfopriate changes in the elasticity matrix of the cracked elements by examining
the crack pattern obtained experimentally after each loading step. For the uncracked

isotropic linear elastic element, the elasticity matrix [D] is given by:

-

rin vE,
) (1-»?) - (1-v?) 0
[D] = (1V-Buﬁ) (lfv’) 0 (44)
0 G

where E, is the modulus of elasticity of the concrete, v is the Poisson’s ratio and G

the shear modulus of elasticity of the concrete given by:
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Figure 4.5 Discrete Crack Representation.
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o »/ Figure 4.6 Smeared-Cracking Model**.
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After cracking has occurred, the cracked concrete becomes an orthotropic material®®.

The Poisson effect is neglected (i.e. v = 0) and the modulus of elasticity, E,, 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 modulus of elas-
ticity E, of the concrete in the direction normal to the crack, Berg®® has proposed the

use of the following equation to evaluate E,:

.0001\°
E, =04 (0_6_-1) E, (4.6)

where ¢ is the concrete strain at the cracking level.

Also, the cracks in tl;e concrete cause an immediate reduction in the shear stiffness. A
reduced shear modulus BG is then assumed on the cracked plane. Many researchers
have proposed values and expressions for the reduction factor . Constant values of 4
were fiyst proposed to account for aggregate interlock and dowel action that might be
presen& Studies by Houde and Mirza*® on aggregate interlock ata cracks have shown
that the sheu: 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 #G with respect to the inverse of the crack

width 1 (Fig. 4.7).

G3

E, ()’ + 62 (1)

BG =G -

with 8 being the reduction factor.

Hanna*! suggested the following expression to represent the shear reduction factor:

a3
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ﬂ = e~ 1400006: - (4-8)
where ¢, is the strain perpondicular to the crack.

To account for the contribution of the dowel action mechanism at higher load level,
Hanna suggested that the value of 8 should not be less than 0.7. As a final expression

for the shear reduction factor he proposed:

e~

ﬁ =e" 14000016,2)

B 20.7

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

0 0
E, .0 (4.10
0 G }

4

E,
[D,] =10
’ 0

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

coordinates by using the well-known transformation rules for stress and strain tensors:

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

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

rections and [T)" is the transpose of [T]:

cos® a sin @ sin a'cos
T — [ § 2 —al
[T] = sin® a cos? o sinacos a (4.12)
-2sinacos \g;inacosa cos® a —sin’ a

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 Modeling of Steel -

One-dimensional members prossessing only axial stiffness were used to idealize
each of the the prestressing wires. This approach was found appropriate and feasible

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

4.3.2 Finite Element Mesh

The SAP IV program has a number of different structural elements that can be
used in analysis. The quasi-nonlinear finite element analysis in the present study was
conducted using the thin-shell element®?. It is a quadrilateral element of arbitrary ge-
ometry formed from four compatible triangles. The element has twenty-four degrees of
freedom, i.e., six degrees of freedom per node in the global coordinate system (Fig. 4.9).
In the analysis of the flat plates, the stiffness associated with the rotation normal to the
shell surface is not defined; 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 symmetrical load 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 the -
eccentric load case, the full bridge was moddled. The resh consisted of 480 thin shell
elements and 200 truss elements with a tota)/of 483 nodes. The same meshes were used

for both static and dynamic analyses.

4.3.3 Analysis 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 frequancies, 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 model,
the extra dead load used to simulate the dead weight of :‘.he prototype and the pre-

stressing forces, in addition to the following loading conditions:

4.3.3.1 Linear Analysis
(a) Two symmetric trucks.
(b) One eccentric truck.

(c) Free vibration analysis.

4.3.3.2 Quasi-Nonlinear Analysis

(a) Static Analysis. The quasi-nolinear analysis was pe¢formed for five loading cases

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

modified to account for the nonlinearity introduced by Me cracks. The value of E,
was calculated using equation (4.6) and the value of E, \yas modified depending
on the experimental strain values; The modified shear modylus of concrete, G,
was calculated u‘sing_ 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 B and the Reduced Shear Modulus G
used in the Static Analysis.

Crack width (mm) B BG(MPa)
0.03 0.7 8019
0.05 0.3 3306
,10.10 0.08 972
0.25 0.02 243 T
0.30 0.012 150
0.80 0.004 " 49
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(b) Dynamic Analysis. After each analysis for static loads, a free vibration analysis

was performed. Again, the elasticity matrix was modified in stages by introducing

new values of F,, F, and Bin the elasticity matrix. However, in the experimental

work, the cracks clésed and the concrete strains diminished every time the bridge
was unloaded for the performence of a dynamic test. For this reason, the value®
of E,, E, and B were modified depending on the experimental strain values and
the crack widths after releasing the static loads. Table 4.4 shows the values of
the reduction factor # and the reduced shear modulus BG for the different crack

widths noted in the experiment.

Table 4.4 Values of the Reduction Factor § and the Reduced Shear Modulus 8G
used in the Dynamic Analysis.

Crack width (mm) J¢] AG(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 6073
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Introduction

This cha.})ter presents the results obtained from the finite Pelement analyses and
their comparison with the experimental findings. The effect of t;1e dead load and the
prestressing force, when 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.

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-s'l;rain 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 ﬁndims as well as to the values obtained from the
simple beam analysis.

Figure 5.1 shows &etail:; of the instrumentation used to monitor the deﬂecéi@
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and strains in the concrete.

5.2 Dead Load and Prestressing Force

After removing the formwork, the model was instrumented so that the deflections

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

5.2.1 Deflections

Just after transfer, when only the self weight of the model and the prestressing
force were acting, an upward deflection of 0.80 mm was observed at midspan. This
was due to the force that the wires e:serted upon the structure. The deflected shapes
of the structure at 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 respectively. The three analyses yjelded similar

results with the largest difference being 6% at midspan.

5.2.2 Stresses

The state of stresses at midspan just after transfer is shown in Fig. 5.3. It can be
RN
seen that the entire section was in compression. Again, the finite element results and

8
the test results showed good agreement.

5.3 Simulated OHBDC Truck Load

5.3.1 General

To study the response of the bridge to truck loads, two models simulating the
OHBDC truck were constructed*?. The trucks were locatéd 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 load was
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f Figure 5.2 Deflected Shape at Prestress Transfer.

applied in five gtages (2, 4, 6, 8 and 10 trucks). In each stage, the load was increased
monotonically from zero to the load correspond'ing 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 to one simulated OHBDC truck
was applied to induce torsion. After recording the readings, the load was released and
the truck was removed. The dynamic test was then performed. The experimental

procedure can be summarized as follow:

Day one:
1. Symmetrical load from 0.00 to 26.40 kN (2 trucks).
2. Eccgntric load from 0.00 to 13.20 kN (one truck). o
3. Dynamic test.
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Figure 5.3 State of Stresses at Prestress Tra.nsfe;.

Day two:
1. Symmeti{ical load 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. Symmetrical load from 0.00 to 79.20 kN (6 trucks).
2. Eccentric load from 0.00 to 13.20 kN (one truck).
3. Dynamic test. A

Day feur:
- 1. Symmetrical load from 0.00 to 105.60 kN (8 trucks).
2. Eccentric load from 0.00 to 13.20 kN (one truck).

Q& (r\\‘ 7



3. Dynamic test.

Day five:
1. Symmetrical load 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 completed 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 same loading sequence as used in the experimental program could have
been used, since NONLACS can handle repeated loading as well as monotonic 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 compared with the
experimental data due to the stiffness degradation caused by the loading 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 behaviour of the
bridge so that a compa.rative.study could be done.

The SAP IV quasi-nonlinear analysis consisted oi': making appropriate changes in
the elasticity matrix to account for the nonlinearity introduced by t?le cracks at each

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

5.3.2.1 Symmetrical Truck Loading \

The vertical deflections at midspan and at quarterspans were observed experi-
mentally by using mechanical dial gauges. After readings of the initial experimental
deﬂectic:ns were made, all dial gauge readings were set to zero. Therefore, to obtain
the total deflections from the NONLACS and the SAP IV analyses at é.ny 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 following steps. This was
necessary so that the deflections in all three analyses were measured from the same
origin (i.e. zero). The analytical and experimental vertical deflections at midspan of
the model under truck loading are shown in Fig. 5.4.

The figure shows reasonable agreement wbetween the NONLACS finite element
analysis and the experimental deflections with the NONLACS mgdel showing slightly
higher stiffness than the real structure. This was expected since./the two models 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 this 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 this load 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
in the Tinear range and the beginning of the nonlinear range. At a load of 79.20 kN
(6 trucks) the 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 increased significantly to about 30% near the ultimate

L

load. It could be noticed by examining the load-deﬁectxon curve that SAP IV continued

to show a higher stiffness whlle the stiffness of the bndge measured experlmentally de-
r L

creased considerahly. ‘Many. factors _(crack width, strains in concrete, etc.) could have

-,.4

affected the relative agreement of the two analyses especw%lly in the nonlinear range.
It was noticed after having p;rformed several runs of the SAP ;V quaai—honifnear pro-
gram, that the vertical deflections were very sfznsitive to the crack width variable. 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 '?or the déyi-
ation in the deflection between the results of the SAP IV quasi-nonlinear analyéis and
the test results.

The deflected shape of the bridge and the distribution of the vertical deflection
across the midspan and quarterspan sections at different load levels are depicted in Fig-
ures 5.5 through 5.14. The heﬂection is distributed uniformly across the width of the
bridge. Table 5.1 summarizes the values of the vertical deflection while Fig. 5.156 and
Table 5.2 give the variation of the flexural stiffness of th/e bridge at the different load-

ing stages. These values {epresent,the tangent stiffness of the various load~deflection

curves.

"Table 5.1 <Vertical Deflection at Midspan.

Deflection (mm)

Number of Trucks Experiment NONLACS SAP IV

2 0.80 0.71 0.76
4 2.11 1.49 1.70 '
6 4.52 2.89 4.89
8 8.36 591 . 12.01
10 14.97 10.78 18.97
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5.3.2.2 -Eccentric Truck Lo;ding (U v ‘

‘Asa summary, the three analyses showed that the bridge behaved linearly up to

- a total load equal to 4 truck loads and gave similar results. The stiffness of the bridge

decreased t6 a much lower value than the initia* value. In the nonlinea{ range, SAP IV
overestimates theﬁvertical deflection while the NONLACS program underestimates it.

. . ¢ . <
not exceed \35% at any load level.

£

However, T difference betweeg the two finite element results and the test results did
4 ’ ~

: f.[‘dble 5.2 Variation of the Flexural Stiffness. .

Tk ' Flexural Stiffness (kN/mm)
. . -,
N Total Load (kN) ﬁExperimente)/ * NONLACS SAP IV
.0 - " 3390 . 812 " 34.80
. 26.40 .o 2020 3$3.90 ' 28.10
52.80 \ , 15.20° . 1880 . 8.30
79.20 . 8.40 8.80 73.60

105.60 - 430 5.42 8.70.

. ‘ ' R

- ' 'To evaluate the torsional stiffness of the model at different levels of damage, the
- bridge was lo ‘ded. eccentrically, after each symmetrical static loading. The load was
mcreased rom zero to 13.20 kN (equlvalent to one truck load), and the vertlca.l deflec-

' tlons «were measured. The a.ngle of twist was calculated using the measured and the

computed deflection values The computed deflections were obtamed using the SAP IV

quasx—-nonlmea.r program e ’ g’

The torque—mxdsp twist curves at different levels of damage are shown i Fig-
ag

‘ ures 5.16 through 5.20. The' variation of the torsxona.l stiffness is plotted in Flg 5.21

N

and the values.are presented in Table 5.3. The dxﬁ'erence between the experlmental and
the computed tomonal stiffness ranged from 22% to 32%. It can be seen that SAP IV

" overestimates the torsional stlﬁ'ness of the brldge. Tn the uncracked state, the tors:onal
stiffness of the bridge structure was noted to be 20,555 kN.m/rad (Fig. 5.16). After
; ) g el
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a loadL of 52.80 kN (4 trucks), the torsional stiffness of the bridge decreased by 11%.
After a load of 105.60 kN (8 trucks), when the cracks ope.ned and increased in num-
ber, the torsional stiffness decreased to about half its initial value (f‘ig. 5.19). At the
ultimate load level the bridge was severely damaged and its torsxonal stxffneas dropped~
to 7505 kN.m/rad. A ‘“b r SR ‘ :

Table 5.3 Torsional Stiffhess of the Bridge.

Torsional Stiffness(kN.m/rad) - ¢
» ) ‘ '. ]
N,¥|ber of Trucks ’ Experiment SAP IV .
\ 2 20,555 30,081
. 4 18,317 25,874
’ 6 16,300 © 21,765 a
8 o o 9,367 . 11,821
10 L 7,605 . 9,610
L 3
.

5.3.3 Stregses in Coqcrete

The values bf the stresses in the concrete were obtained by converting the experi-
mental 'str;.inz.reading from the electrical resistance strain gauges to stresses using the
stress-strain curve for concrete (Fig. 3.1). The average longitudinal stresses in the
top slab, at midspan aﬂg at quarterspafn, obtained experimentally and the“ﬁnite ele-
ment -a.nalyses, are_compar din Figures 5.22 and 5.23, respectively. Tables 6.4 and 5.5
;ummaﬁze the values of stresses in the concrete slab at midspan and afg quarterspan.

FJi;ure 5.22 shows excellent correlation between the experimental stresses and the
NONLACS finite element’results. Up to oad of 105.60 kN corresponding to 8 truck
loads, the diffrence between NONLACS/Yl

5%. At elght‘ truck loads the NONLACS program gave a stress of 10.57 MPa at

d experimental stress values did not exceed

mldspa.n, whlle the corresponding experimental value wu 10. 16 MPa (Table 5.4). As

T © .95 ¢
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, (&’ | " the apclied load appro;u:hed the ultimate load, the difference incre;sed‘ and wz_lls about

Al '
r <

30% ab & load level equivalent to ten trucks.

v Table 5.4 Stresses in the Coér‘xgrete Slab\a.t Midspan.

2

~
' ) - " Stress (MPa) - ¢
~ 3 _ })
,  TotalLosd (kN) Experiment NONLACS ngP v
: kit \
.o “ -0.39 -0.47 -0.80 *
. 26.40 2,20 -2.17° -2.23 .
- . 52.80 T 410 -4.24 -3.92 ‘
o * 79.20 . -8.50 -6.68 -5.88 .
’ . . " 105.60 : -10.16 « -10s57 - -8.10
) ’ ? 132.00 -22.00 -15.21 -11.73 '
] \ . ‘ ‘|
[y ° - - } )

Table 5.5 Stresses in the Concrete Slab at Quarterspan.

- ) , ~Stress (MPa) -
o '
Total Load _(kN) Experiment = NONLACS SAPIV
3 : | & ‘
¢ - - T
- T * 0 . <026 -0.36 ' -067 . .
26.40 a ~1.50 -1.60 -1.82 ‘ Y,
52.80 : * 275 -2.80  -3.00 .
, 020 - -4.85 N 409 -4.36 L ’
N , 105.60 -7.54 -5.32 8T
"o SV 132.00 ~ -10.36 -7.52 -822
4
« -‘? - - - .
) . Until a load of 79.20 kN, the SAP IV quasi-nonlinear analysis yielded results close -
. j y. : ' , .
‘ to the test values with the largest error belxg 10% at the total load value of J9.20 kN
@ ' (Table 5.4). However, as the cracks propagated and the structural response became
zm Qonlinm, SAP IV results continyed to increpse linearly shov}ing higher stiﬂ'nésg while
. ° . < . ] . }' "
[ - ' " °98 -
. N v P ’ ‘ v
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the experimental m¥bdel showed a considerable loss of stiffness. At a load of 132 kN,

SAP IV gave a stress of 11.73 M Pa at midspan while the corresponding test value was
I22 M Pa, which represents a difference of 47%. P

The sta{;e of stress at midspan and at quarterspan as well as-the stress distribution
alo;xg the span in the top slab at different loading stages are shown in Figures' 5.24
through 5.31. Under two truck loads the structure v;as entirely in compressiomas shown
in Fxg 5.25. At a total load of 52.80 kN, the NONLACS model and the expegimental
model started to show tensile stresses in the bott:;m of the webs and in the bottom 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, the test value of the tensile stress
in the bottom slab was 2.75 M Pa while the NONLACS value was 3.110 MPa and the
SAI: 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 almost entirely cracked (Fig. 5.31). ‘

The longitudinal stress distribution was almost uniform across the width of the
bridée showing the ability of the slab to distribute the load uniformly. This confirms
the e?:cellent load distribution characteﬁsticfs.of the box girder bridge.

&
5.3.4 Strains in the Prestressing Wires

v

The locations of the strain gauges on the prestressmg wires are shown in Fig. 5.32.

A Y

The variation of strain in wires 1, 2, 3 and 4 measured experimentally and calculated

using the NONLACS and the SAP IV analyses are plotted in Figures 5.33 through 5.36.

. The prestressing wires behaved linearly up to a load of about 60 kN. When the
load exceeded 60 kN, the load-strain curves departed somewhat from their initial linear
slope mdlcatmg‘that at this load level more lbad was tramferred to the preattesamg
wires. These figures also show that all the prestressmg wires started yielding at a load
of about 120 kN which is about 86% of the failure load.

As can be seen from Figures §.33 through 5.36, the NONLACS model was abl{

» ) 103
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to simulate the true behaviour of the prestressing wires all the away up to the failure

'load The SAP IV model yielded acceptable results ‘compared with the experimental

ones, in the linear range. However, when cracking appeared the difference between

the two anlyses became very large. Although the SAP IV model did not simulate the

true behafiour of the prestressing wires with good accuracy in the nonlinear range, it
/

predicted the general shape of the load—strain curve.
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Tables 5.6 through 5.9 suinmarise the variation of the strain in the prestressing

wires obtained experimentally and from the finite element mﬂyﬁh.
]

-

A

Table 5.6 Strain Variation in Wire 1.

¢ Strain (Microstrains)
) Total Load (kN)  Experiment No!g{ucs SAP IV
[&‘x' \
N
' o 5121 5121 5120
26.40 5181 5164 5131
52.80 5211 5236 5406
&8 79.20 5301 5352 6160
' 105.80 6053 5768 7836
132.00 7488 =« 6055 8875
Table 5.7 Strain Variation in Wire 2. -
Strain (Microstrains)
Total Load (kN)  Experiment NONLACS SAPIV
0 ; 6229 - 6229 6229
26.40 6286 6273 6252
. 52.80 6337 6360 6646
79.20 0442 6520 7496
o 105.60 ;@ 7095 7011 9000
13200 8289 7895 —
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\
Table 5.8 Strain Variatiofi in Wire 3.

Strain (Microstrains)

Total Load (kN) Experiment NONLACS SAP IV
0 5358 5358 5358
26.40 5376 5403 5324
52.80 5421 5479 5358
79.20 ( 5556 5603 5409
105.60 60563 - 5861 5800

‘ 132.00 7529 8754 6964

2

Table 5.9 Strain Variation:.in' Wire 4.

Strain (Microstrains)

Total Load (kN)  Experiment NONLA@' SAP IV
0 4084 JC 4084 4083
26.40 4120 4131 4095
52.80 . 4165 4210 4313
79.20 4451 4341 ~3,5119
105.60 w 5113 4603 6227
132.00 8105 5444 —

vnsxble cracks On the second day of testmg, at a load of 48 k

5.4 Cracking and Failure of the Bridge

108

el

On the ﬁrst day of testmg, up to g load of 26740 kN ( trucks), there were no ‘
(3.64 trucks), cracks
were observed at the bottom surface of the webs and %he bottom slabs under the load
axle No.3 (midspan region). As the ldad was increased, cracks in the webs increased.in

number and extended towards the compression zone. However, they remained closed
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N
u and did not extend beyond half the héight of ther webs. A’t a load of 105.60 kN (8 tfucks) , \\
cracks increased in number, and those near the mids"pan region widened and extended
i f ! fugther up jinto the compression zone. Some shear cracks also. appearell nea.r\s‘upport
i (- region but they remained closed. The cracks were distributed at more or less equal
spacings ifidicating good fiexural bond characteristics. Af thi's stage, the largest crack
observed was localted right at midspan under the tlllird axle (sectio’n of the maximum
‘bending moment). Nothing unusual was noticed, until the fifth day of testing ét‘ a
load of 132 kN (10 trucks), when a loud noise was heard and the dial gauge readings
dropped slightly. This sound was due to the fracture of one of the prestressing Wires.
> At this load level, the cracks at midspan op,ened‘cézlsidera.bly and extended upward
towards the top slab. The width of the la;'gest crack was about 0.80‘m.m. The cracking y
\ ’ patterns under 4, 6 and 8 truck loads are shown in Fﬂig. 5.37 -
The ultimate load of the structigfg was very close to 139 kN (11 trucks). There were -
c . same indications that failure was imminent on the previous day of testing. More noise
from fractured wires was heard and the deﬂectidn)‘cd;ltinued to increase extremely
rapidly. On the last day of testing, after a load of 132 kN, the load wgs increased very
X slowly a.nd extreme care was taken to avoid ax{y accident. As the load increased, more \

re ™
’ /  noises similar to the one which occurred at a load of 132 kN were heard and again

: . , o

deflections kept increasing rapidly. As the load was increased slightly, the crack at
midspan opened widely, and moments later, the bridge colla.psed. The mode of failure
' of the bridge is shown i:; Fig. 5.39. Upon inspection of the midspan section, it was ,
found that all of the wires were broken (Fig. 5.40). A
£ oo As mentioned in the prevxous chapter, the NON LACS output includes the principal

Id
stresses and the principal directions. Therefore, it is possible to trace the cracking

/
’ pattems from the results of the NONLACS analysis.. The cra.ckmg pattern under ten
&
. truck load obta.med experimentally and by the NONLACS are ptesented in Fig. 5.38

c - for comparison. It is noted that the NONLACS model started showing cracks at a
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Figure 5.38 Cracking Pattern Under Ten ’L<uck Loads.

load of apout 60 kN (4.55 trucks) while the bridge model stested cracking at a load of
48 kN (3.64 trucks). An examination of Fig. 5.38 shows that at a\load of ten trucks, the

equrimegal cracking patterns was simulated quite closely, by thé NONLACS prcyim.
¥ \ N

5.5 Dynamic Analysis , - "
|
The dynamic analysis consisted of studying the free-vibration response of the

bridge moc}el. The maln objective of this part of the study was to dvaluate the dy-

. namic chamctensu/g of the structure and to examufé the influence of cracking of the

concrete on these/parameters. An experlmental study Apd a quasi-nonlinear finite el-
emen‘t\am.}ysw ing the SAPJ«I program were pérformed. The bridge was excited
by-a* ‘ivasé of 250 kl:l suspended at midspan as explained in Chapter 3. The tim:—
depen;ent deflections at each level of damage of th':“:;dge were obtaianl and are
shown in Figures 5.41 through g.4'3. The dynamic propert;u st:ch as the frequencies of
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Figﬁre 5.40 Close Up View of the Midspa.n Region. = -

-

vibrations and the damping coefﬁcien_ts were obtained graphicall); from these curves.
In the SAP IV quasi-nonlinear dynamic analys\e, the elasticity matrix was mt;diﬁed
at each load level‘ depending on the crack pattern ob:erved in the experiment. The
frequency.of vibration of the bri;ige was also calgulatjed assu)ming the bridge to vibrate
as a simple beam, using Eq. 5.1 for the siﬁ:pliﬁed stmigh\f beam with a uniformly dis-
> tributed mass along the le;xgth and the flexural rigidit}" obtained from the experimental

b

deflection curves at each cracking stage.

. J 1/2
. ’ , - w= ’(—E—I) ’ (5.1)

where m igthe mass per unit length of the structure and EI is the flexural rigidity.
. ~
_ Thg variation of the natural frequency with load level is presented in Fig. 5.44.

Before a;‘:plying any live load, the natural frequency of vibration of the bridge
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was 98.11rad/sec. After two truck'loads, the natural frequency of vib\ratio‘n_éﬁ the
bridge remained unchanged. This shows that after two truck loads, the bridgé did
not suffer any cracking damage. After the first cracks appeared (after %, the
va.lue qf the natural frequency of vibration dec;'ease& slightly' by 7%. However, with
the propagation of ‘cracks 'and when the stru2ture became severely damaged (a.fter 10
trucks) the natural frequency of vibration decreased by’ 23% The quam—nonlmea.r
analysis yielded similar results as the“tes_t results, with the difference being less than
11 except after ten trucks where the difference increased to about 19%. Figure 5.44
shogs that the quasi—nonlinear analysis is a.ble to predict the dynamic behaviour of the
structure, if the expernmenta.l da.ta. tl'/or crackmg patterns is introduced appropriately.
The figure shows also that the bea.m theory overestimates the natural frequency of

vxbratlon of \he brndge A summary of the natural frequencies of v1bratlon of the

bridge is presented in Table 5.10.

Table 5.10 Natural Frequency of Vibration of the Bridge at Each Cracking Stage. ,

=
Natural Frequency of Vibration (rad/sec)

Total Load (kN)  Experimental SAPIV Simple Beam Analysis
3
0 98.1% 97.33 B 118.92
26.40 i 98.11 ‘ 97.33 113.23
52.80 91.10 93,29 108.79
79.20 85.08° 80.51 : 96.38
105.60 19.72 - 7101 90.15
182.00 ° . ot ¥ - 60.86 - ’ 68.15

[

The flexural rlgxdltt of the bridge at each load ‘level was calculated by substltutmg
)
the values of the natural frequencies of vibration in Eq. 5.1. The values obtained are
compared with the test values and are presented in Figure 5.45. Table 5.11 summa-

rizes the variation of the ﬂe:mr‘al rigidity and Table 5.12 pments the first six natural
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frequencxes of vibration: obta.med usmg the SAP IV quw—non\mear analyalu.

The damping ratio of the bridge model at different levels of damage was evaluated
directly using the experimental results for the decay of free vibrations. When a system
bas been set into free vibrations, the damping ratio can be determined from the ratio
of two displacement amplitudes measured at an interval of m cycles. Thus, if v, is
the‘,experimental amplitude of vibration at any time and v, ., is the experimental

amplitude m cycles later, the damping ratio is given by:

bm

2rm(Ww/wp ) (6.2)

£=

(

»

where 6, = In(V, /Vm+m) represents the logarithmic decrement and w and wp are
the undamped and damped frequencies, respectively. In most practical structures, the
damping ratio is less than 20% and therefore, the change of frequency due to damping
is neglected (i.e. w = % ). Thus Eq. 5.2 can be approximated by:

Om

€~ o (5.3)

Figﬁres 5.41 through 5.43 siow.that the vibration gets considerably damped aft
one second. The damping ratio of the uncracked structure was evaluated at 2.20%
Prior to failure, this value increased .to about 7.64%, whlch represents an increase of\
about 250%. The va.natlon of the dampmg ratio is presented in Figure 5. 46 The
values of the damping ratio at each level of demage of the bridge are summarized in
Table 5.13 ) / |

Newmark and Hall?? recommended da‘mpi&hg values fot prestressed concrete struc-
tures depending on the level of deformation oxj strain in a structure. They suggested
a value of 2 to 3% for working stress levels or stress levels no more than ox;e-half the
yield point and a value of 5 to 10% for levels of deformation corresponding‘to stresses
at or just below yield levels. These values are compared with theé experimental values

£ -
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of the damping ratio and are presented in Table 5.14. As can be seen, the values of the

. ¢
damping ratio of the bridge model are in good agreement with the valyes proposed by

*Newmark and Hall.

c:;}“
A

Table 5.13 First Six Natural Frequencies of the Bridge at Each Cracking Stage.

Table 5.11 Variation of The Flexural rigidity of the Bridge. (o

Number of Natural Frequancy ‘ Computed Experimental

Trucks (rad/sec) Flexural Rigidity = Flexural Rigid}ty .

0 98.11 - EI EI

2 98.11 El 0.90 EI |
4 91.10 086 EI 0.76 EI {
6 85.03 0.75 EI 0.65 EI (

8 A 79.72 0.66 EI 0.57 EI

10 75.07 . O059EI 0.33 EI

Total Load {(kN) v
" Mode 000 . 52.80 79.20 105.60 - 132.00
1 97.33  93.29 80.51 71.01  60.86
2 2490.70  248.00 242.90 238.00 231.60 :
8 336.90  332.30 306.60 275.00  239.00
¢ 37110  367.20 346.60 6.10  320.30
3 505.00  499.70 475.60 45%.00 41820 °
) 510.70

507.70 480.80 459.60 43030
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Table 5.13 Damping Ratio at Each Cracking stage.

Cracking Stage Damping Ratio (%) ’ ’
« Uncracked 2.20 _ -
After 2 Truck Loads 3.70 ,
After 4 Truck Loads 4.77 ;
After 6 Truck Loads 5.00 <
After 8 Truck Loads 5.91
After 10 Truck Loads 7.64 .
. -
Table 5.14 Recommended Damping Values. . ¢

Damping Values (%)

Nev;'mark and Hall??

Stress Level Experimental
Working stress,
no mor® than about 2t03 370
;7 yield point -
At or just below yield point: -
o Without complete loss 5to7 5.91 ¥
in prestress
o With no prestress left 7T to 10, 7.64
o
Ld
{
g,
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CHAPTER 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 program 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 importt?nt parameter for the quasi-
nonlinear analysis and therefore, accurate ihformatic;n about the cracking pattern

should be available for the program to simulate the behaviour of a structure-with

good, accuracy. » .
. v

2. For a more sophisticated analytical investigation on the behaviour\of a structure

such as the box girder bridge, the'NONLACS nonlinear finite element program

is recommended. The NONLACS program can predi%t the complete nonlinear

2 o
rt‘:,aponse up to failure of the box girder bridge with good accuracy. It promises to
be\ajood\gternative to model testing for the analysis- of complex structures.

3. The bridge behaved linearly up to appoximately 2 times the service load and

showed no signs of cracking. The mids deflections were very small. At service

124
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o ‘/ﬂ& as the Z:t cracks appeare
fredue of vibration thf structure decreased by only 23%.
\
7.

e

b}

“

~“\

=

! ' 4
* load, the de\i‘ection was of the prdex: of - of the span length at midspan.

4. The load capacity well in excess of thaf predicted by conventional gltimate strength N
$heory was obgervedgithis in@icates a substantial degree of conservatism in the
bridge design,‘plrocedures. The bridge model resisted an ultimate load equal to
3.5 times the ultimate load calculatednusing‘ the Ontario Highway Bridge D?sign
Code. The mode of faffure of the bridge was flexural as expected.’

5. The torsi?nal >stiﬂ'ness of th‘e bridge mode{ decreased with the appearance and \Ehe

p"ropa.gati'(.)n of cracking. With the opening of the cracks at midspan, the pre-

stressing steel was highly stressed and the structure lost about half &F its torsional

o . \ m

stiffness. ~

6. There was reasonable agreement between the computed first natural frequehcies of
vibration and those observed in the physical model at different levels of damage 6f
the structure: The natura\frgquency of vibration of the bridge decreased slightly

wever, as the bridge appro@ed failure, the natural

The damping ratio was fo qual to 2.20% for the uncracked prestressed concrete

box girder bridge; when the’structure was sevetely damaged, the dz;,mping ratio

increased to 7.64%. The damping ratios of the structure were found in good

W

agreement with the values proposed by Newmark and Hall?3.

6.2 Suggestions for Further Reaserch

3

linear static and dynamic response ol\a_two—cell, prestressed concrete box girder bridge.
These data combined with the available data from the previous work of Ferdjani and
Hadj—Arab on'a one—cell, prestressed concrete box girder bridge should hg) the design

enginger to understand the basic static and dynamic response of prestressed concrete {

125 |
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c ' box girder bridges. ‘However, it is strongly recommended that serious consideration be \
3 . \ -

- a

given to further experimental-analytical studies on direct physical models of single—cell
and mull;ifcell cox[?rete box girder bridges to fully understand the static and dynamic
behaviour of such complex structures; especially ‘in the nonlinear range.
Qai‘e study on the effect of cracking on the dynamic characteristics of box girder
bridges is needed. An alternative to an experimental research using direct models is to
N ¢ 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 coefficient.and the.frequency of vibration can be very useful and inexpensive, (
compared with an expensive experimental program, in generating th;ase useful data.
Extensive experimental and malyﬁ{al sjudies are needed to in;restigate more
¢ deeply the value of the modulus of elasticity of concrete perpendicular to cracks (Ep)

and the reduction fattor § for the shear modulus. These two parameters are impor-

( tant Eor the accuracy of a quasi—nonlinear analysis and therefore need to be examined

furthsé’.’ «
™ Y

I3

i >@ .
I , o \

¢ T
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APPENDIX “ ’

EXEMPLE OF THE NONLACS Ai’PLICATION
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/
TYPE/;O. 1 -
Z-COORDINATES =
~16.00000000 =8.00000000 0.00000000 8.,00000000 16.00000000 )
& |
TYPE NO. 2 ‘
Z=COORDINATES =
=22.00000000 =11.00000000 0.00000000 11.,00000000 22.00000000
TYPE NO. 3
Z-COQRDINATES =
~69.80000000 =-34.90000000 0.00000000 34.90000000 69.80000000

GRAVITY LOAD MULT!PLIERS

. X Y z _
. 000000 g1.00000 0.00000
INPUT SHELL ELEMENT DATA
4 243+ 2 3 F -2 3 11 1 X 1 1 1 K5
NODES CONCRETE LAYER STeLAY GENER
ELEMENT - < L COVSE LAY, ENER.
a 12 9 1 1 1 ¢ 0
2 12 20 17 9 1 1 0 0
3 20 28 25 17 1 1 0 -0
o .
¢ UNIFORMLY DISTRIBUTED L OADS
LatYERAL Sy 2
A\ 0.00000 0.,00000 “0.01400 0.00000
0.060000 0.00000 “0,01600 N * 000000
45) 0.00000 000000 ’O.QP7OO 0.00000
. LOAD CONTROL DATA
SSTIIT ST 4 )
Lﬁ‘D sTEps...-...'.....%.......... 20 :
b OF TER‘T!DNS pERM ‘TTED.............. ‘9
N OF LO‘DED Jo'NTs"...'.‘..........". e v
£ ‘CTION OF DEAD LOADsccovsscsvosvcopscnceassoe 1.0000
¢ RACTION OF SURFACE LOADeescscesse ‘oooo-oooo 1.0000
FRACTION OF SPRING LOADee cccessnscccscscnccoe + 00000
FRACTION OF BAR LOADescosnovcocrenosencenccores 1.0000
NUMBER OF LOAD STEPS FOR CREEPecccsocsccecscs 0.,
NUMBER OF ITERATIONS FOR CREEpooooooo-oooooo 0 ¢ a
TENPERATURE OR SHRINKAGE DICATORecsevocsese o
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INPUT céwceutnAteo JOINT LOADS

ETITTZEIITTIZITTI=STTTE=STTSSTIT=T

NODE ’ PX oY
34 0.0000#000 ~0.24974000
39 0.00004000 “0.2497+000
764 0.00004000 “0.31244000
79 a 00,0000¢000 *0.31244000
116 000004000 “0.2189+000
119 0.0000¢000 “0.2189+000
130 0.0000+000 “0.2189+000
135 0.0000+000 =0.2189+000
) O OMX MY
0.00004000 0.00004000
0+0000+000 0.0000+000
* 000004000 0.0000+000
20.0000¢000 0.0000+000
0.00004000 0.0000+000 -
0.00004000 0.0000+000 -
000004000 0.0000+000
\, 0.0000+000 V.0000+000
]
. BRREG AR AL R EERAREEEAREG
RESULTS
TIME STEP NUMBER 1

0% g ey e ok el e e o e
ﬁ ’

LOAD erp NUMBER'...../.‘.....................
!YERATIDN NUMBER.............O.....v.....'..t’n

(24

NODE PX PY Pz
. 1 0.00000+000 0.00000+000 0.000004000
2 0.10438+00S «65119+003 0.00000+000
3 0,000004000 <«0.37929+002 0.00000+000
V ‘ TN \:
\\’(\’J ~
e MX MY MZ
" 04102054004 0.000004000 =0.84073+003 *
d “0.16639+004 0.00000+000 =0.27645+003
. 0.00000+000 0.00000+¢000 <~0.54048+003
)]
howd
. & .
’_;. ) & <3 .
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TOTAL EXTERNAL NODAL FORCES

PZ

0.0000+000
0.0000+000
0.0000+000
0.0000+000
0.0000+000
0.0000+000
0.00004000
0.0000+000

MZ

0.0000+¢000
0.0000+000
0.0000+¢000
0.0000+000
0.0000¢000
0.0000+000
0.0000+000
0.0000¢+000

\

Gl -

v




. | "UNBALANCED NODAL FORCES

S SZRESSISSEEITTITRIEEE t
' o | NODE PX. I 17 ' P2
) 1 0.000004000  0.00000#000  0.71199=001
‘ < 2 . 04376§69-002 0.14197-002 0.13803=001 .
3 0.20747-004 0.16946=004 0.00000+000
L3 ~
e e
v 4 MY o M2

& 0329154000 0175694001 0.32694+001
~0.14827+000 =0.63874+000 0.75167+000
0.00000+000 0.00000+000 0.33247-003

-

DISPL=X DISPL-Y DISPL=2
to 0.00000+000 0.00000+000 0.31759=001 -
2  <0.193814000 0.85835-002 -0.94426-003
3  <0.19926+000 =0.61087-003 0.00000+000
’ ROTAT =X ROTAT =Y ROTAT=2 '
/
‘E’ . =0410167-003 =0:s27094~004 0.10577-002
~0.10067-003 <-0.57440-006 0.65983-003
>>¢£) . 0-000004000 0.00000+"NA.  0.83887-003

1

STRESSES I'N THE LAYER SYSTEMS

.................... s==z=s===
I <
CONERETE LAYERS .
EL IP LN  STRESS-xX "STRESS-YY STRESS=XY
1 1 1 <=0.2368+001 0.2682+000 0.1038+000
1 1 2 <0.2714+001 ' 0.2572$000 =0s7955-001 .
1 1 3 =0.3047+4001 0.24624000 <=0.2632+000 -
1 1 & -0.33804001 023544000 =0.4457+000
(<}
‘ STRESS=-11 STRESS=22 ANGLE PROJ. CCOE 12 LR 12
027234000 =0.23724001 B7.749% 0,000 1 2 1 1| 68.0000
0.25934000 =0.27174001 ~88:468 0:000 1 2 1 1 68.0000
026714000 - =0.30684001 <85.459 0.000 - 1 2 I 1 &8.0000
. 0.2897+000 =-0.3434+001 =83.059 0,000 1 2 1 1 68.0000
‘ ¢ BAR STRESSES AND_STRAINS
BAR NO. LENGTH KT8 MAT o NO. " STRESS STRAIN KCT LR
1  0.85500+002 1 0.9%5476+4003 0.53986-002 1 1
: 2 0.85500+002 : 1 0.712424003 . 0.007101302 11
‘ "3 0.85500+002 2 1 ~0.251194002 <-0.125%9-003 1 |
@ 0.13950+003 2 1 0.44969+001 ° 0.22485-004 1 1

Al
& Fl

°

.
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