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ABSTRACT
An analytical computer model has been developed for the
analysis of reinforced or prestressed concrete multi-celled box glirders
acted upon by . loading combinations comprised of torque, bending moment,
and shear. Any crosa—sectional geometry defined by 1inear segments can

L]

be accommodated, and generality of loading or Boundary conditions is ™

~
ensured by the inherent characteristics of finite element modelling. \\\§
. The analytical model features the incorporation of non-linear material

behaviour, aggregate interlock, dowelvaction; and the waroing restra}nt

and cross-sectional distortional stiffness of diaphragms.

To assist in the evaluation of the analytical model performance,
seven double-celled prestressed concrete box girders were cast and
tested, five beams hsvingAa rectangular cross—section and the remaining
\).

two a trapezoidal cross—section. "All seven beams were subjected to

various torque, bending moment, and shear ‘load combinations.

" Performance of the . computer model was assessed through compar-

-

ison with experimental and current theoretical results. The satisfactory

outcome of the assessment verified the value*of_the anslytical model as

a flexible, sonhisticated method of analysis.

iv
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LIST OF-SYMBOLS

. In all equations presented in the text, the introduced

symbols are defined immediately following the respective equations.

The most commonly occurring symbols are listed below for reference

purposes. . Computer program symbolic names are provided in Appendix B.

7

K .'

.

aggregaté interlock éhear modulus

coefficients

area enclosed b& corner lbngitudinal reinforcement
cross—sgc;ional area

matrix felating‘finite element strains té'nodal displacgnent

beam width defined by corner stringers

‘net beam width

crack width

concrete constitutive matrix

bar‘diameter
dowelvforce,atvfailure
beam depth defined by top and bottom flange strlngers
initial elaséic modulus for concrete

secant mod@lus for. concrete

steel elastic modulus“

yieid force of longitudiqal stringers in Sottom flange.
ultigate concret? cdyﬁreésive strength

steeljst;eas |
concrete shear mﬁdulus -

ultimate bending‘moment-levef arm <

- stiffness term

xvii
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82

uniform wall shear stress

ayerage crack width ' ‘ e e, Tk

St. Venant torsion constant for closed cell

St. Vemant torsion constant for equivalent open cell
. : o

'St. Venant torsion constant proportional to additional torque -

arising from Elosing phe equivalent open cell
finite element stiffness matrix »
average crack width

bending moment

ultimate bending moment capacity

-uniform shear flow

force at node 1

displacement at node 1

ratio of yield strength of’top flange'longitudihal reiﬁquce—'
ment té béttom flange longitudinal reinforcement o |
yie}d force of ﬁoop feinfbrcement
perimeter'coordinate‘
St. Venant ﬁo;&uev

ultimate torque capacity

St: Venant torque resultant for én,§pen cell

wall thickness

digglacemEnts in local'x‘and y axis directions respeetively.
shear force ’
dowellfofce ' ' .
ultimate shear force capacity

b : ’
plastic shear force = '~

twice the sum of yield forces of'longitudinaisreinforcemeQ;

P

in weaker flange'

. o oxviid : S
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direct stress .

sultimate concrete compressive strength
o
direct strain

i

concrete centroidél strain péfpéndicular to crack direction

concrete strain yorresponding to Cp

‘constant .

ratio of orthogonal streés to stress in direction considered

rotation at node i about Z axis
/ .

shape function for nqdé i

orthogonal dimensionless coordinates
. S . { -

shear displacement across crack

N

angle of inclination of concrete Compression'strutsl

variable associatéd with ratio of longitudinal to transverse

{

I -
reinforcement areas >

/
{
i
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CHAPTER I
~INTRODUCTION
/
¢

\ '

1.1 Need for Reseerch‘

Cellular construc%ien in reinforced coecrete is eomgenpiace‘in
current civil engineering practice as this method of constructien is
both functional and ecpnqmically competitive. 1In addition, the flex-
ibility permitted by'the cast—in-eitu technique enables box girders to
eseume any desired alignment,_as'illustrated by the varied configura-
tions of the.large Pumber of skew and curved highway bridges. Where
: large structures are‘ex§05ed to puelic_scrutiny,vthe aesthetic‘appearance

of box girder design is an especially valuable asset.

. As the abplication of coﬁcrete box girder design beceees more
diverse, greater demaﬁds are made;of the civil enéiﬁeér in the design
of structures of increeeing complexitj. Thus, the incentive for research '
in the obscure flelds of structural and ma;efialnbehaViour has gained
momeptum. An example of fwo sgeh fiel&s of research thet have attracted .
international interest in the past decade is thei;orsioh and sﬁear

strength of reinforced and prestressed concrete members.

The compiexi;y.of 55x girder beﬁaviour that ﬁas fruefraﬁed |
K designers of the past has gradually been diffused since the advaut of
computer techholoéy.‘vThe evoletion Of'computer-orienteced analytical
design methods has developed rapidly to the Current level of sophistica—

tion where the capabilities of structural analysis are bounded by,few -

- ?



restrictions. The elastic analysis of concrete box girder structures
is now vell refined, and‘research effort is presently being focused on

the non—linear; post—craching region of behaviour.
. : O. “4" . | 'v‘
To this point in time, non—linear analytical methods of analvaisi
have been developed to trace the complete load deformation path from the
elastic uncracked state through to failure. However, the conetituent
behaviour of concrete in its cracked form has only come under close ’

gerunity in recent years, and a reasonably comprehensive understanding‘”

£ _its behaviour is only beginning to emerge._.Thus,.the logical

_progression 1is the development of an improved analytical computer model

that 9ncorporates and reflects the more accurate representation of

i

5\ .
materid} behaviour.

1.2 Thesis Objective and Scope’

The principal.objective of this thesis is the development of an
analytical computer model that can anaine apprestreased concrete box
girder of arbitrary cross-gsection for any 10ading combination of bending
moment , torque, and shear. 'In addition to estimating cracking and

' ultimate 1oads, the comiplete stresa—deformation description of the box

girder is provided at any load level in the pre—cracked or post-cracked

2

condition.
' ™~

e . .

seven prestressed double-cell concrete box girders were cast and tested
under varying load combinafions of torque, bending moment, and shear.

Subsequently, each beam was analyzed by the computer model for the same



1
respective loading conditions. The accuracy of the analytical modelling

-
was evaluated upon comparison of the computer model results with the

correéponding experimen;al test results and available theoretical

’

predictions.



CHAPTER 2

RESEARCH EVOLUTION

. ) ] - ) &
2.1 1Introduction . &\

N B »

This section is not an exhaustive state of the art

presentation, but simply an overview of researoh developments
demonstrating the evolutionary progression that haa becurred in.
experimentation and:analysis in fields of study pertaini;g to this
thesis topic. The filve asaociated fields of research‘encompassed are -
the three loading types of bending noment,itorque, and shear foree,

together with the nature of prestressed concrete and the.characteristics

of on:girder behaviour.

2.2 Review of Developmenta to Current State of Art

2.2.1 Experimental Approacﬁ

In the‘infancy of examination of reinforced concretevbehaviouf,,

" the complexity involved in formulating rational analytical solutions

‘prompted an empirical approach.. Detailed experimental programs were

undertaken to develop an understanding of behavioural characteristics,

and theerecotded test data was used to develop and test methods of -

’

analysis and design.

‘The elastic performance and ultimate sérength of,reinfo;ced'

concrete in.bendingbhave been investigated upon numerous occasions in

‘the testing of scale models of geométrically complex structures. In
“certain instances, actual structures have been loaded to determine

service IOad response. An example of a bending test to desttuetion‘of'

- .

~




a'complex scale model is the experimental study of Bouwkamp, Scordelis,

and Wastil] in which a replica of a typical two-lane reinforced

~
o

concrete bridge was cast and tested to failure.
. _ &
An excellent example of a field of research where extensive

~experimental testing has been undertaken becaose of the difficulty ipp
developing a rational analyticsl model, is the study of the shear
strength of reinforced concrete oembers.' Widespread interest in this’
topic has been sustained as the\"shear railure".mechanism causes a
‘reduction in the strength of structural.elements below flexural capacity
and a diminution of element ductility. To this point'inbtime, the
phenomenon_is still not elearly understood,.and consequently code

! .
provisions have been structured to prevent such a failure. In the

e}

past ten years,jinvestigators have turned their attention away from the
‘shear failure mechanism ss an‘entity in itself, and havevdireeted their
research effort toward closer examinatiooiofvthe eontributing shear
components present across avcohcrete crack; aggregate interlock and
dowel action. The aggregate interlock effectz’s’“ has been researcheo
extensiVely ae has dowel sctionuss’6’7,'and a better understanding of
the physical pecysnics of shear transfer has now emerged. ﬁovever;lthe _
scope ofﬁexperimeotation in examiﬁationlof thellatter two phenomene’has
,been restricted in several respects, and the numerous publications of
experimental results and’ interpretation are not in complete ap"eement.

A relatively recent state.of the art paper on the.shear strength of‘l
reinforceo‘concrete members is that ofvthe joint'ASCE—ACI Task Committee
4268, wherein all aspects of shear transfer are reviewed Formulae in

the latter paper, as well as’ those in the shear provisions of most

'building codes for reinforced concrete, have a purely empirical basis,



thus demonstrating the valuable contribution of experimental research

in complex structural fields.

Closely associated with the study of shear 1is that of torsion
‘of reinforced concrete members. Only in the last ten years has this
avenuevof research attracted ‘nsiderable attention. Indeed, the
dramatic explosion in technological advance in this ares is evident
upon comparison of the'torsion provisions'of,the 1963 ACI Code to those
of the 1971 ACI'Eode and CSA Standard A23.3. 1In a similar procedure to
that adopted for shear, the development of torsion code,provisions of
‘the 1971 ACI Code was partially dependent upon experimental results®»19,11,
The,corresponding torsion clauses ih the‘more recently,published CSA
vStandard A23 3 are quite dissimilar, a different theoretical model having
been adopted as a basis for torsion derivations. The respective
. theories for the two codes will be addressed.in the following section.
From an experimental aspect,~test results that were used. to substantiate

the two theories were in reasonable‘cozXespondence but were interpreted

differently.”

. Of paramount importance to the designEr is the nature of
interaction of all three loading types bending, torsion, -and shear.
As in the case of shear and torsion, comprehensive experimental

prograns 11 gere undertaken to establish interaction curves for torsion

J

and bend g,and ‘torsion and shear. - The only interaction formulae for
bending that were developed on a purely theoretical basis
are those of Lampertlz, and the ensuing discusaion13 of the proponents
.of the empirical and theoretical approach highlights the current state.

-of the art of this topic.



Exper imental programsl“ 5218 devoted to preétresséd concrete
research have been conducted in the seue manner as that adopted for
reinforced concrete. Fssentially, the performance of the two reinforced
concrete types is quite eimilar iu that beams of concentrically

preatressed and symmetrically reinforced concrete are analogous in

behaviour, as are eccentrically prestressed and upsymtietrically rein- .

J

forced concrete beams. Code provisions for torsion and shéar of pre~
stressed concrete members are empirically derived, and bear a close

resemblance to the corresponding reinforced concrete clauses..

~ Behaviour of box‘girder members has come under closer scrutiny
15 receut years as a large percentage of concrete bridges are or the
multi—eell box girder type. The box section has been favoured. by many
degigners because of 1ts aesthetic appearance, efficiency of cross-
section, and high torsional rigidity. Since the experimental research
of solid and single-celled reinforced concrete members is epolicable in
most facets of behaviour to box girder structures, research of multi-celled
hollow members has primarily been directed toward those behavioural-
aspects peculiar to. concrete box girder'bridges. Such aspects include
crossesection distorsion, warping, shear lagla; and oiaphragm action.
Invariably,_these aspects have:not:been isolated and studied individually,
but have simply been incorporated collectivelr in the teating of scale

modeis of'coucrete bridgesl’l’f

2.2.2 Development of Theoretical Analyseég

-

Up to the omset of cracking, stressesand deformations in a

-

determinate prestressed concrete box girder of sinple cross-section are

readily evaluated for any loading combination. The assumptions that

I
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‘ ’ A
the uncracked contrete behaves as 2 thogeneousf isotropic, elastic
~ i
material, and th¢ contribution of the ynforcement o the girder

stiffness 1is sméll, do not constitufe a severe 8PProximation of th@
i .

actual structural behaviour. However, if the Cfoss-section is more

complex (multi-celled), 1ongitudin81 “nrping restraint is present

(boundary conditions or diaphragm 8¢%ig,), or th® structure is indeter-

minate, the qimplified approach using classical el&stic theory is not

i
accurate, orimay indeed be non—applicible. For S“Ch a situation, a more

o o ] | ‘
sophisticated,solution procedure 18 rﬁqdired, 0§ten in the form of a

computer—orientated method of analysi&_

~Upon the Oneet of crackind» tpe reiﬂforcement assumesva vital
role in carrying tensileﬁstresses and _ pieving Stress.redistribution.
Of the three 1oading types, bending: torsion, and 8hear, only bending
action can presently be analyzed theObetically to y1e1d complete defor-
mation4behaviour. At the current 8fa%tg of knOWledge, ghear still defies
rational theoretical analysis, wherfas geveralitheoretical postulates

have been presented to predict tor81°§31 pehaviour,

The first recognized theoretical model . t0 predict the torsional

strength of reinforced concrete was that of R809°h2° nhOEe\model

consisted of a network of bars to fephegent the aCtyon of reinforced —
concrete: cpmpression concrete bars 4ng tension barg for reimforcement.
271 reinforcement was agsumed to yield gypultanedusyy at failure. In
time, this nodel was modified b§ éowahzl and Ander&on22 in agsuming that
the concrete carried a torque at failhrg equal t0 the cracking strength
of an unreinforced beam._ Subsequently this 8PPr°ﬂcb was questioned by

Hsu??, who maintained that real beb?Vigyr lay be?wﬂen the two extremes

of that proposed by Cowan and AnderfOn gnd 1958 Geryan Code approach
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that assumed -zero cracked concrete torsional strength. Tre basis of

Hsu's research Qés the development of a modified skew bending modcl.

The first skew bending model was proposed by'Lessigz“, and is
Ji}lust;qtgd in Fig. 2.1. The depicted failure surface ié comprised of
an inclined compression zone and a warped failpre blane delineated by
a diagonally inclined érack connecting cémpression zone eﬁds, ﬁhe

'lihclination of the compresgion zone being dependént on éross;sectibnal
geometry and ratio of longitudinal to tranévéfse steel areas. In
proposing his modified skew bending ﬁodel, Hsu drew.attention to the
fact that the Lessig theory, being an upper bound solution, considerably
overestimated ultimate strength. Héu's principgl ﬁodifications we
adjgstingithe shorter siﬂes of the failure surface to intersect tﬁe
flange-web,in;erféce ét 90°, and neglecting the toreibnal contributioq
of the ghorter sfirruﬁ legs. Crit%cismso“of Hsu's‘skew bénding thgory

stemmed from three reservations: i

1. Several constants wére'difficult to évaluate. T
2. Theéry had td be adjusted for square beams. -

3. Dowel action of longitudinal bars was indeterminable. -

In recognizing that the skew bending theory was an upper
buund solution that more accurately predicted'ultimate bending strength

. rather .than ultimate torsional stfength, several researchers dire ‘el
. ' o . , A)
‘their efforts toward refining the ‘space truss theory postulatei/by Ré:sch.

 To thié point in time, the most widely accepted space truss tHeory is

~that déveloped by Lampertxz. the theory presented in a form directly
applicable to design by Collins and Lampértzs._ The space truss model -

adopted by Lampert is shown in Fig. 2.2, consisting of intermediate shear

P
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walls and longitudinal reinforcement considered to be concentrated into
stringers at the hoop reinforcement corners. 1In the shear walls; the
stirrups act as posts and the concrete between the inclined cracks
provides the compression diagonals; The angle of the diagonals with
respect to the peam axis is assumed to be constant for each side. In
the walls that govern failure, the angle is such that both the longitu-
dinal end stirrup reinforcement reach their respective yield,points
simultaneously; "For this redson, the model 1s a space truss of variable
diagonal inclination The most attractive feature of Lampert's space
truss theory 1is the simplicity of the design equations?® that now form
the basis of the sion sections in the Canadjnan Cede, CSA Standard

-'A@@.BQ However, the t eory is not completely general as
B i

1. cross-section must be underreinforced,

cannot accommodate shear,
3. only Sk Venant torsion can be modelled (mo support or

load warping restraint) -

- Criticism &f the Collins and Lampert theory ig;summarizéd,comprehengively
in the discussion13 of the authors"paper26 wherein they stated that

the problem of toreion and bending was~basica11y solved. , @

Thus far, only the.;trenéth predictions of theoreticallt

. analyses have been reviewed. The‘espects of post-cracking stiffnese
andrinelastic member deformetion have not_been'addreseed. The impqrtence
of-theee two latter aspects ie peramount since the calculation of '
equilibrium'tbrsionaljmnmenré in a,sratically'indeterminate'structure

requires not only statics but also compatibility'conditions. As a

_point25 of clarification, an equilibrium torque 1is omne required to

€
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maintain equilibrium in a structure, in contrast to a compatibility
torque that maintains structural compatibility. Both Hsu?’ and Collins
and Lampert?® have proposed post-cracking stiffness formulae that are

derived on the basis of their respective theories. Two important

. qualifications of Hsu'srtheoretical approach are that the analysis

hinges on the empirical derivation of an equivalent wall thickness for
golid and "thick walled" cross-sections, and applicability of the theory
to non—rectangnlar sections 1s not verified.

The theories of both Hsu and Lampert are restricted to the

pure torsion conditi\n.

2.2.3 Analytical Computer Solutions

In the study of complex modern structures such as box girder

* bridges, dams, and prestressed concrete nuclear containment vessels, the

experimental approach adopted‘in the past is becoming an increasingly

expensive method of investigation. Thus, the empirical approach is

gradually being superseded by refined analytical compnter—orientated
8 ' '

methods. Not only does the analytical method offer a considerable saving
in terms of time, but the progressive improvement in computer technology

permits the development of computer programs of increasing complexity.

In the context of the analysis of box girder bridges, the
numerous analytical methods and models that have been developed fall into
two categories, those that model behaviour prior to.cracking, and those -

that model the complete structural behaviour to failure.

of those methods that have been developed for the uncracked

section, approximate methods of analysis based on simplified structural

- behaviour, such as the equivalent‘beam grillage or anisotropic slab methods,

)
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have been used to model structural systems. Of a more precise nature,
elaborate methods based on folded plate theory have been developed by
several researchers, the moét‘prominent sustained reaearch'program

28,29

having been conducted by Scordelis et.alia at the University of

California, Berkeley. In the adaptation of the folded'plate theory to

the analyais of box girder bridges, each component plate of the box.
girder is considered as an assemblage of individual elements; the bending
of eachlplate normallto its plane being analyzed hy plate flexure theory,
’and the in—plane,bending'analyzed by plane stress theory. vTheae'classical
' theories necessitate the representation of‘the applied»loading by a
Fourier Series,{aith the reault that computational effort‘is considerable .
though Iess than that of .a finite elément solution. In an effort to
reduce the number of equations and thus reduce éomputing time and
programming effort, the 'finite strip method' has been proposed by
Cheung " In this method the behaviour of each plate is approximated

by an assemblage of 1ongitudinal finite strips for which selected
displacement patteorus are assumed to represent'the behaviour of the atrip
in the total atructure.‘ An additional advantage ‘of this simplified -
method is that more complak material properties auch as concrete aniaotropy
can be readily introduced.‘ However, both the folded plate and finite
strip methoda are yery much more reatricted in their range-of application
than the finite element method as the two methods can only be applied to '
box girders of conatant croas—aectional geometry. The: greater flexibility
is achieved_at the expense of computational_effort; In finite element |
studies, it ahould be recognized that the accuracy achieved is'dependent,
.upon agsumptions of material propertiea and fineneas of the atructural

. mesh subdivisiona. Generally, reaults closely satisfy compatibility,

but not necessarily eqnilibrium.in the continuum unless a sufficiently

’
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fine mesh 1is used. An array of computer programs31 has been developed
at the University of California, Berkeley, to analyze bo§ girder

bridges of arbitrary plan and general croéSrsection.

Beyond craéking, material behaviour.and structural interaction
ére complex. Consequently, analygis is‘almost exclusively performed by
the finite element method. Accuréte analytical determination'of the
' sﬁress—deforﬁaﬁion condition of =a reinforced éoncrete‘strﬁctqre.at-a

certaln stage of cracking is complicated by

. 1. Structural response is_governéd by the in;eréctioq.of‘two
component materials - steel and concrete. |
2. Stress-’érain‘rélationships for concrete and‘réinfo:cgment
" are non-linear, with the éoncrete exhibitiné anisotropy;
3. 'SheAr transfer phenomena of aggregate interlock and dowel
action together wi;h bond slié mﬁst be'conside;ed,
4. Failure'criteria foE'concrete under biaxial stress conditions,
- dowel action,jand bond slip have to be-estdbli;hed.

5. Because of non-linear material prbperties, equilibrium is not

eagily maintained, and considerabievitefation must be performed

withinlloéd incrgmenﬁs.
‘6."Ttansverse rigidity and warping rgsistapce of gctual diaphragﬁs,
" as well as the'inﬁrinéic transverse riéi&ity of the box section,
muét be 1ncludéd. | |

7. Dramatic load reversal can occur upon)apﬁlication of the first load

I increment after. prestress transfer.

The initial development of the abplica;ion of the finite

element'méthodrto the analysis of reinforced concrete beam behaviour
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uas undertaken at the Univeraity of California. In the earliest'
publication'of the applicationkof tﬁe‘finite element method, Ngo and
Scordelis’? analyzed simple beama in which the concrete and steel rein-
lforcement were represented by two-dimerisional triangular finite elements,
and special bond linkage elements were used to connect reinforcement

'to concrete. Linear elastic analyses were performed on the beams with
,predefined crack patterna to determine principal stresses in the concrete,
and stress levels in the reinforcement and bond linkages.’ Since the
initial publication of Ngo and Scordelis, the flexibility and capability
: of the finite element method in this particular application has advanced
dramatically35 to the point where most of the seven stipulated compli—

cations have now been successfully incorporated Such an analytical

computer model is that developed by Trikha and Edwards®".

2.3 Definition of Thesis Approach

2.3.1 Analytical Model Aspect

Invrecognition of the complexity encountered in the analyaisv
of prestresaed concrete box girders in the uncracked and cracked atates,
a finite element analytical approach has been adopted in determination
of both atrength and deformation characteristica. In addition to
‘ evaluating'strengthédeformation values at both the cracking and ultimate '
loads, the analytical model jieldsfa comprebenaive;description'of.the
structural behaviour‘for the complete load range. Generality of loading
1s assured in that tﬁe‘external.loads can reflect anpgtatio of bending |
moment to torque to shear,Aa:d the nature of the loading pattern canv

°

" be altered at any point in the loading aequence.‘
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Analytical flexibility of the proposed model in . structural
mechanics context is exemplified by its ability to simulate:
1. Interaction between the two material components - ateel

e

'and concrete. N\

. 2; .Any reiniorcement pattern of conventional steel and preatresa
strand. bl ’ - | | ‘
3. Non-linear material nehaviour;
4.,'Preaence of diaphragms and the.croas—sectional?shear rigiqity
yhof the box girder section. |

5. Shear ‘transfer across concrete cracks. ' K

In egsence, the strength of the computer model approach ‘18

its comparative freedom from analytical and structural constraint.

2.3.2 Experimental Aspect ' o -

-,

To evaluate the.analytical modél performance, a linited.’
experimental program was undertaken in which the test specimens were
lsubjected to varying combinations_of'bending moment torque,bann ahear.,1
To be more representative of concrete box girdera e@ployed in practice,
all test specimen crosa—sections were multi—celled and of either
rectangular or trapezoidal shape. The higher'degree of complexity
of test specimen croas—sectional geometry also provided a more rigorOu;

basis of comparison for the computer model.

-~
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CHAPTER 3

ANALYTICAL COMPUTER MODEL

3.1 Introduction

As the complexities of structural’ behaviour havé come under

~

closer scrutiny, more exacting analytical methods have been developed

_in an effort to overcome past analytical failings or restrictions.

Researcb in structural engineering has often turned to the analyticaf*
model as the most appropriate method of investigating compleﬁ structural
behaviour. Such is the approach 1n this thesis to the study of the

action of prestressed concrete box girders ‘under the combined loading

of‘torque,-hending moment, and shear.-

of the analytical methods that are most commonly used in the
analysis of concrete box ‘girders, only four are capable of representing
the most important characteristics of box girder behaviour, those

characteristics being longitudinal bending, St. Venant torsion\\\rans—

"verse distortion, longitudinal warping, and shear lag. Folded plate

theory, finitevstrip theory, finite element theory, and shel)} theory\all

yield satisfactory results in an elastic- analysis,_but only the finite

jelement method is capable of simulating the inelastic behaviour of

concrete in its.uncracked and crackedlstates.. Primarily for this reason,
a finitevelement approach has been adoptedfb;A’simplifiedvfinite'element» g

mesh similar to those employed in this analysis is exhibited in Fig. 3.1.

In the_development of the computer model, the following

. capabilities have heen‘incorporated:

- 17 -
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1. Representation of any‘general, thin—walled cross—sgection
comprisgg of linear segments.

2, Representatioﬁ of any‘in—plané 1oédiné system (prestressing
included).

3. Complete d88criptio;iof beam béhaViouriinvthe elagtic and
inelas;ic regions up to ultimate-failure. |

4. Accurate portrayal of material response to the action of

torsion, bending, and shear in both uncracked and cracked‘

concrete regimes.
5. Ability to model both diaphragm action and the transverse

rigidity of a box girder without diaphragms.

@

" The coding of the.analytical computer'model whose main program
and subroutines are listed in Appendices B and C respectively, is
written in-the Fortran IV language éompatiblé with IBM Systeﬁ/360 and

System/370. All computer analyses were achieved through the use of the

>

Amdahl 470 cdmputer at the University of Alberts Coﬁputing Centre, and
the several system Bubroutines‘utilized by the program are public librafy

routines.
(9

£

3.2 PFinite Element Types Employed

3.2.1 Concrete Wall Element

. . -t
TofEy; -

-The pr%ncipal design characteristic of'concrete,boxvgirdérs is
the structural efficiency achieved by the absence of the central concrete
core, thus significantly reducing the mgmber's dead weight with a small

loss of stremgth. As a consequence of_theivoid, the thickness of

concrete walls that define the girde s cross-sectional geometry is
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usually moderately small compared with the member's depth and width.
When the wall thickness is comparatively small such that it can Be™ ~..
defined as being "thin"; the box girder cross—section canﬁhe envisaged ‘
as an assemblage of flat plates, or in the analytical model as a mesh of

appropriate plane stress finite elements.

' Since it is most desirable for the sahe of economyﬂand:efficiency
that‘the concrete hor girder walls.be modelled by plane stress'elements,
the classification as to whether a. wall thickness is "thick" or "thin"
is a prime concern. Thus, it is most appropriate that this issue be
examined in detail. 1In the following derivation, a single cell, uniformly

thick box girder will be considered, as exhibited in Fig.‘3 2(a)

For a thin—walled‘single cell, the uniformhshear flow is given

KR R | CRV

-

in which T ='applied torque, and A' = area enclosed by corner longitu:

L

dinal bars.

Consequently, the uniform wall shear stress is defined by

_____ v = Eﬁ%?’ - '_ ’ o ’3.2)

in which t = wallpthickness.

I

.
4‘

Bowever, the St. Venant torsion constant K for a closed cell

~is comprised of two components, il.e., .

Ks - Ksl + KsZ : ’ L8 ' - (3.3)
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in which KS = torsion constant for the equivalent open cell, and KsZ

1
torsion constant proportional to the additional torque arising from closing

an open cell.

\\
N

,gsﬁerring to Eq. 3.3, the St. Venant torsion constant for the Q“\K

uniform shear floé of the closed cell 1is expresged by

w

'8 : ds
$ T

. ' 1y 2 ' A i

in which s -'perbmeter‘length coordinate for the closed cell cross-section,

and

) = .}. ’ 3 i : ’
K. 3 )) bt' - ‘ | (3.5)

4n which b = cross—secfional segment leﬁgth of thickness t.
: T | ' . .

Therefore, for the closed single cell shown in Fig. 3.2(a),

"the St. Venant torsion resultant for the equivalent open cell is given by
TB]. K i : (3.681) L

Substituting for K . and K ,
. " sl 8

1y ds
3 It® ds §'t T .

L A ¢ T U LA
L2 2 - ’ :
- T : 0 (3.6D)

in which b and d are the cross-sectional dimensions as shown in Fig. 3.2(a). "7

-
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8Tg = 76 G
in which Av = variation in wall shear stress from nidfthitkness to
surface.
For the complete cell,
- 1 2
Tsl 3 ¢ Avt”® ds
1 2 . o
-3 Avt® (b+d) y (3.9

Equating the right hand sides of Eq. 3.7 and Eq. 3.9 yields

AV = (—‘;’“‘,ﬁa),—"f' ‘ | : (3.10)

v = —L ' (3.11)

'Thetefore, the ratio of the variation in the wall shear stress

distribution from the mid-thickness to the surfacé, to the uniform shear

b

stressvis given by

’ (3.12)

where Ac = cross-sectional area of cell.

Thus, the definition of a "thin—walled" box girder hinges on
the ‘degree of variation in the shear stress distribution that ‘s
acceptable. Hany authorities postulate a threshold value of 10X that

distinguish-_ a "thick" fro- a "thin" box girder uall.
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In employing plane stress rather than three-dimensional finite
elements, the total number of degrees of freedom, and thus equationsvof
equilibrium, 1s reduced oonsiderably. As the computer model will be
used to analyze only uniform beams of rectangular and trapezoidal cross-

sections in this particular study, a rectangular finite element was

chosen as the basic concrete all element. The higher order rectangular

finite element has three degrees of freedom per node, namely two in—plane

translational degrees of freedom and a rotational degree of freedom

iorthogonal to the element plane. ,

-To reduce computing costs, the behaviour of each rectangular
concrete finite element 1is charactérized by the stress—strain condition

at the centroid of the element. Although this simplification approximates

'

real . behaviour, the degree of the approximation will be demonstrated to o

be of minor significance. ' , -

A detailed description of the rectangular finite element ‘chosen

for this analytical model is given in Section 3.3.

3.2.2 Reinforcement Element

The three distinct types of reinforcement represented in the

computer ‘model are:

i

1. Prestress reinforcement.
2. Conventional bar reinforcement.

-

3. Bond spring linkqge.

All three are modelled by a one-dimensional constant strain

finite element whose equations of equilibrium are given below:
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. o | (3.13)

where R,, R, = forces at nodes 1 and j respectively, K' = stiffness

1’ 73

term, and r , r, = dis -cements at nodes i and j respectively.

1 73
The nature and derivation of the reinforcement element

stiffness elements K' will be treated in detail in Section 3.4.2.1.

3.2.3 Diaphragm Elements

Since the inceptioﬁ of box girder design, the neé@iwés

" recognized for the provision of transv;rse plates to strengthen the
girders' cross-sectional rigidity, distfiﬁuteAshears from wéﬁs to
bearings over supports, and to prevent excessive cross—sectional
distoftion; In practice, all box girdeﬁs'haﬁé diaphragns overlsupports,

while the number of intermediary diaphragms varies conéiderably depending

upon the span and cross-sectional shape. . ' ' v .

Since the prime function of the diaphragm finige element in
,“the analytical model 1is to prqvidé c;ogs—sectional éhear rigidity, a
lower-order element is Quite satisfacfoxy. To a;commodate’both the
rectangﬁiar ané trapezolidal cross-sectional shapes, the diaphragm»element
“chosen 1is a biélinedf iéobaramé;fic éeféndipity element, as shdwn in

Fig. 3;3.' This elgnent'posséssés two tranqlational degrees of freedomv

per node,'eight degrees of freedom in all per elemént, with the displace-

ment vector defined by:

S o= U | (3.14)

<
o
A
©
v
I<
Y
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where shape function ¢i = %—(1+nin)(l+£iﬁ) (3.15)

r

where 1 is the node number and (Ei, ”1) are the non-dimensional nodal

coordinates.

The geometric coordinates (x, y) are mapped in the x-y plane

using the same shape functions as above,
<x‘ y> = <¢>g [.}S 1] - ) (3.16)

where

by " E (WD) | Gan.
Thus, the analytical model is capable of representing the stiffness for
: a diaphragn of any quadrilateral geometry; Deri&ation of the stiffness -
‘of a bi—linear isoparametric serendipity element is detailed by
Zienkiewicz35. In the course of the cemputer program 1dgic, the stressj
strain condition of the‘diaphragm elements is not monitored as all; |

diaphragm elements are assumed to remain elastic. A listing of the

coding of the appropriate subroutines is given in Appendix D. .-

ln accurately repreeenting dianhragm aetion, three'distinct.
behavionral aspects are addressed. Firstly, the in—plane-action of
- actual diaphragms is incorporated through the uae of the bilinear
finite element with a full concrete constitutive matrix. Secondly, the
transverse rigidity of a box girder. length without diaphragma is
represented by equivalent diaphragm elements similar to the above, the
distinguishing feature being that only a shear, stiffness term is present
in the constitutive matrix. This aspect is treated in detail in

. i »/‘ . ,
Section 3.4.2.9, The third and last aspect of diaphragm action introduted

°

~1into the analytical model is the out-of—plane warping restraint developed

by actual diaphragms Within the computer'model, those serendipity
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elements representing actual diaphragm segments contribute predetermined
longitudinal stiffness terms to the total beam stiffness matrix at‘each
of the. element's four corner nodes. However, derivation of the warping
restraint at the corner nodes 1is dependent upon the classification of

the diaphragm thickness as being "thick" or "thin". The two respective

warping derivations are fully treated in Sections 3.4.2.7 and 3.4.2.8.

3;3 Choice of Plane Stress Concrete Wall Element

Three plane-stress rectangslar finite elements were .
conspicuous in a literature search'for an appropriate concrete finite
‘element to be utilized 1in the analytical model; the element 8

prerequisities were established in 3.2.1. The three elements were:

1. McCleod element?®
2. Scordelis element?’’

. 3. 'Sisodiya and Ghali element®®

Of the three plane—stress elements representedbin the Sisodiya and
Ghali paper3°, parallelogram element PQC3 was chosen for this

comparative investigation. ‘ , ' S -

The method of comparison adoptedlin choosing the most suitable
element simply involved the modelling of identical single-cell concrete
girders using each of the abone elements; the box girders being subjected
to 1oading'patterns of torque, tending moment, and shear. The analysis
was strictly elastic, with material behaviour simplified by omitting
reinforcement and approximating concrete*stiffness as being linear and
ﬂisotropic,’ To assess.convergence.and accuracy, three finite'element

- meshes of varying degrees of refinement, as shown in Fig. 3.4, were used.
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As a basis of.comparison, both stressfstrain and deformation
predictions were considered.“ The stress»predictions for the application
of a simple bending moment and a pure St.:Venant torque, both uniform
over the central length of the beam, are plotted in Figs. 3.5(a) and
3.5(b) respectively. All three elements perform'eqnally well in both
.estimating direct stress and shedar stress levels, and converging to'the
respective theoretical values. ‘The vertical deflection of the central
. beam cross-section arising from the application of bending moment, ‘and

the differential rotation of the central beam length subjected to a
~uniform St. Venant torque, are given in Table 3.1 for each of the three'
element types. As in the first basis.of comparison, no particular

element was significantly superior to another in its accuracy.

\

¢

In a closer scrutiny of the results, the Sisodiya—Ghali elonent
was observed to have yielded.an upper bound-estimate to the theoretical
bending deformation. Since deformation characteristics are of prime

" concern in the principal analytical model, this element was'considered

-

the 1east~preferable. In choosing between the Scordelis and McCIeod
elements, inter-elqnent displacement compatibility was the criterion
selected as a basis of comparison. Whereas the Scordelis element does ‘(.
not consistently exhibit complete displacement compatibility’7, the choice
of the nodal rotational degrees of freedom and the displacement functions
for the McCleod element . is such that full boundary compatibility is
achieved Thus, the McCleod element was chosen as the marginally prefer—

able plane stress finite element for this application.

To satisfy the requirement of complete displacement compatibility, -
two MbCleod finite element types are employed For each element type, |

the rotational degrees of freedom are defined alternately as either
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zi <8x i ( ) gpe rotation at node 1 of element type 1
being defined as 6 0—01, and the rotation at node 1 of element type
2 defined as 6 C~——) By allocating element types such that adjacent:v;

elements have different type deéignations, each element node will have
a unique rotation. Figures 3.6(a) and 3. 6(b) illustrate element types 1
* and 2 respectively, and an element assemblage for a two dimensional

beam is displayed in Fig. 3.6(c).

The McCleod displacement functions chosen to satisfy boundary
. : : .

compatibility are

u = A

. ,‘ ., 2 2 . —t
4 + A7x_+ A6y + Alzxy f Aly + Aloxy | . (3.18)

e A 4 2 L2 '
v A5 + A8x + A2y + egxy + Agx + Allx y ‘ (3.19)
i_n'whichlAi - coefficiente‘numbered in such -an order to facilitate

¢ inversion of [A] matrices.

Maintenance of boundary'competibility is demonstrated :as

" follows. For y‘-vconstant,i k, tne'displecements uill.have the‘form

. 2 2 ‘
u.-. (A + kA + k Al) + (A7 kAlz + k Alo)x (3.20)
v = (A + kA ) + (A8 + kA )x + (A + kAll)x ' S (3.21)

‘ In this'example, u is-a linear function of x endkcan be
defined byr2.nodal.translatione in the x direction, and v is a quadratici
function of x and can be. defined by two‘nodelltranslations in the y
direction together with the single edge rotation 6 - %% . Similarly,
fnodal displacements are uniquely defined along x = constant boundaries.

Thus, displacement compatibility 1g maintained across element boundaries

and throughout the structure.



The stiffness formulation of the McCledd'finite element ;
o
chosen differs from the original derivation through shifting the origin

of the element's local axes to the centroid ‘and changing the node
numbering sequence. In adopting these two changes, the matrices L

i

[A]-? for element types 1 and 2 (Table 1)36 have had to be refOrmulatEd.
f

The redefined matrices are given in Table 3.2. It should be noted that

the element dimensions have been redefined as (ZA x 2B) as illustrated

'
J
/

in ‘Figs. 3. 6(a) and 3.6(b). ' 7 ,
. . ‘ .j(

The plane stress constitutive'relationéhip is defined as }

iR (3.22)‘

ol = DIt} ,
|
Thus, the element stiffness matrix [k] 1s given by the i
relationship o ' - |
| IR T
Ikl = AT K] [ATY) A | | L (3.23)
in which - AR | : b
’ - ' L o
_ e
' ! 3. 24)

[x -'f (81T [D] [B] dxdydz - o
vol : . . ;

i

[B] is the matrix relating element strains to element nodal displacements.
- ) ,

3.4<1Computer Program Description

’sc“ N
" 3.4.1 General Characteristics ' f,ﬁ,

- . Thia'finite element: computer program>has been developed as an
\'analytical model to predict the behaviour of preatreased or reinforced
'concrete box girdera subjected to’ torsion, bending, and ahear. Complete
s-strain and deformation information is provided at any specified

stres
load level in botb the uncracked and cracked states up to the point of

_girder failure.

X2
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Finite-elementsvemployed in the program consist of rectangular
plane stress concrete elements, one-dimensional reinforcement elements, -
and plane stress quadrilateral diaphragm elements: Provision is included
within the program to represent the presence of a reinforcing steel
mesh within any of the concrete elements. Those reinforcement elements
whose bond with the adjoining concrete elements is suspect to deterioration
during loading, are connected to adjacent'concrete nodes through bond
spring linkages whose stiffnesses are modified asloadingprogresses.

At every beam cross-section delineated by concrete element nodes,
_equivalent diaphragm elements are introduced to simulate the box beam's

transverse cross-sectional rigidity. .

o

" Any loading pattern can be superimposeh upon the analytical
model through the judicious choice of nodal force combinations, ‘the ,i
only restriction.being.that force directions cannot be orthogonal to
' w o '

plane stress concrete elements. The presence of prestress forces is

: readily accommodated.

lo accutately reproduce concrete behaviour, the program is
capable of modelling non—linear material characteristics. Naturally,
non-linearity is not restricted solely to concrete, as the prestress

and - conventional reinforcement and bond spring linkages all exhibit
non-linear behaviour. The loading sequence is an incremental one
consisting of'the superposition Ofvsuccessive load incrementa:"Following
the application of esch load increment, all material elements are |
fchecked for deviation from their pre~defined behavioural ‘paths, the
\probability of deviation occurring being reduced through the use of the

Runge-Kutta method. If significant deviation is detected, equilibrium
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is restored using the modified Newton—Rspson iterative method.
Probability of material deviation within a subsequent load increment

is reduced by modifying all element stiffnesses at the end of the current
loaeﬁincrement using a tangent stiffness formulation. A detailed

description of the latter method of stiffness adjustment and the Runge

Kutta method is given in Section 3.4.4.

To solve the large set of equilibrium equstions'efficiently,

~a banded-block solution process has been adopted. At any instant of

the solution process, only two stiffness blocks of half-band width
are stored in core.- Efficient transmission of the stiffness blocks in
and out of core storage 1s achieved through»the use of public library

system subroutines provided by the University of Alberta Computing

‘ Services.

The non—linear behaviour of s-rectangnlar concrete element
under bi-axial stresses is characterized by the stress~§train condition
at the centroid of the element. Once the principal tensile centroidal
stress exceeds the concrete tensile strength, the concrete element is.

designated as.cracked; the crack direction thereafter remaining fixedl

The crack inclination,is derived from the centro.dal stress conditions

‘at cracking. If the monitored crack width should cloge immediately

following prestress transfer, the element is once again'designated as an
uncracked element. In rec0nstituting-the stiffness of the concrete
element followingicrscking, the aggregate interlock’snd dowel effects
~are taken into account in determining the shear rigidity across the.
crsck At ‘all but the lowest stress 1evels, concrete behsves as an

snisotropic material.
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Vc At the conclusion'of each load increment,Lall elements are
checked to detect 1oca1_failure.‘ Structural failure occurs when one of‘
the principal prestress strand elements ;5119 in tension or a concrete
element crushes. In reality, the modelled structure might well not have .
failed under the above circumstances, but'its full load carrying capacity
will have been attained and its subsequent highly inelastic behaviour
will indicate imminent collapse. Should failure noc have occurred following_
“the application of the load increment, a comprehensive summafy of stress,
strain, and deformation values will be printed out.

: 4 )
To enable large program rung to be monitored during their

nexecution, several duplicate print statements were inserted in the
output subroutine. The fully comprehensive output for each xload
increment is assigned to a high speed printing device, whereas simulta-
) neously, a dramatically sm:%ler representative output is viewed on a
terminal screen that can subsequently assume the role of the controlling
device. Termination of execution of the program can be prompted once

' irregular behaviour 18 observed.

3.4,2 Simulation of Material Behaviour

.

3.4.2.1 Concrete Stiffness'Under Bi-axial Stresses:

Derivation of the concrete constitutive matrix under bi-axial stress

| ~conditions closely follows the rescarch of Liu, Nilson, and Slate39

The fornlof the stress-strain equations for concrete under uniaxial or
.biaxial stress conditionségfnd the resulting constitutive matri; proposed
_by the above authors are easily incorporated in an increnental iterative

finite element analysis as devéloped in this thesis.
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The stress-sttain relationship for concrete under biaxial
stresseeAie given by the equation
cB | (3.25)

1  E ., € €
(1) gy & = 2 (E;) + (—8-1:)3]

.in which o -vstress in;direction»considered, € = gtrain in direction
considered, E = initial mognioe, v Q'Poissonfs ratio, d = ratio of

orthogonal stress to stress in oifection considered » Op = ultimate;
compressive strength ep = strain at point of ultimate strength, and

5, - 2.
8 Ep

Liu, Nilson, and Slate state.that the equation is appliteble
to concrete in biaxial compreseion only, but in this analysis,.the
equation is used in biaxial -compression and comptession-tension conditions,

where in the latter state the orthogonal principal stress is tensile.

’

For uniaxial loading, the above equation simplifies to:

- P  (3.26)
1+ G—-- Z)G—ﬁ + ( )2 ‘
s . P P

hA

. This theoretical equation was compared to the experimental
resnlts of’a-conerete cylinder tested during the experimentar\program.
The two curves exhibited in Fig. 3 7 ‘correspond closely, demonstrating
the reasonably accurate approximation of the above equation to real

behaviour.

The two distinct load conditions encountered in the analytical ..
model are the incremental‘end total load cases. In the foruulation of
the concrete conatitutive natrix the stiffnesses in the two. orthogonal

principal directiona are derived on a tangent moduli basis for increnental
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loading, and a secant moduli approach during the iterétive process when

the total loading condition prevails. Thus, theyconcrete constitufive

matrix is expressed in the form:

3\ . 7 E' ) —
R R S
2b v »
- ’ y ] ' ' )
,°2 A vy A 0 €y | ‘ (3.27a)
. . ¥ L 1 .
s | 0 0 E1b B .
.o L ¥ L}
L 12) s Ejp *Eypt2E5, V| \ 12J
in which
E!
A e i (3.27b)
1b 2 '
G - v))
' 2b
and where in the total loading condition,
_ o _
1 ] - .
Elb - (3.27c)_

€ €

1 l- .i _'iz
1+[(1_w‘1)E 21 + (D)
: 8 : P P
for biaxial compression and compreﬁsion tension. However, in a uniaxial

N

compression state

g E
1 ‘- ]
Elb N €1 '81 ) _(3.27d)
1+ G- D) + &
8 P P
while for biaxial tension,‘tensioh compression, and uniaxial tensidn
conditions, , A S ’
: ;
_Elb : E | (3.27e)

During thé application of load increments,
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e
v o BlL - (2D?]
Ej, = - P = o (3.27f)
. . . E __]_. _dy232 DS .
s P p

for biaxial compresgibn and compression tension. For. the uniaxial

compression state

€ ‘
B[l - (D7) -

B~ = —t - (3.278)
1+ G-+ &2 | |
' 8 p P

while for biaxial tension, tension compression, and'uniexial tension

conditions,

Ej, = E ~ ; a ' | (3.27h)

! ]
2b 1s defined in a similar manner to Elb

/
In def*ﬂing conerete moduli under biaxial stressAconditions,
the nature of t.. two associated orthogonal principal stresses 18 the
ctiterion used in establiehing the biaxial state. However, such a
definition is misleading if one principal compressive stress is much
iargernthan its orthogonal compressive stress euch that tne etrain in
I the orthogonal Airection 1s tensile. Since the behaniour e conctete is
chatacterized in such a conflicting‘situation by its strain state, not
stress state, a:condition of blaxial compression only prevails when
”.the-strain‘in_the tno prineipal strain direetions is,con@ressive. In _
its epplicétion to the analyticai model, use-of a principal strain rather'
than principal stress criterion changes the concrete moduli little, as

the tangent stiffneas of concrete in compreasion at lov stress levels

is close to the initial tangent nodulus.

< . —_

BN

~



3.4.2.2 Concrete Crack Width: Janjua and Welch"" propose

that the concrete crack width be given by:

(f, -3 o
Wo - Lav.‘ . —-————Es *R ' (3.28)

where La = average crack spacing, R = ratio of extreme fibre distance

from neutral axis to distance of steel centroid to neutral axis, fs -

0

“steel stress, and:E8 = steel elastic modulus.

L = 1.5t + 3D , : (3.29a)
av. . ’

-1in which t = concrete cover and D = bar diameter.
All-the,abbve variables are in kip and inch units.

Unfortunafely,'the ;bove‘fdrmnlation does not lend itself
‘rTeadily to inclusion within the analytical model. logic as the term R is
not easily determined. Moreover, the éverage'crack sp;cing expression
shown aboye does not accurately predict the.teﬁt beam observations.
Consequently,‘elabotafe‘formulations were discarded in preference for

the simple expression: . o

W =g L' (3.29b) -
av. e av.

in which e, = finite element centroidal direct strain perpendiqular_to

crack direction and L;v = observed average crack spacing.

»

3.4.2.3 Aggregate Interlock: Once plain concrete cracks,
shear is still able to be transmitted across the éiiék-fﬁrﬁugh interlock
. - S _ “e -
of the two adjacent rough surfaces. The level of shear that cam be

transferred, however, has been a subject of constant conjecture and

,
x>
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research in the development of analytical models. The wide diversity
of opinion is reflected in the two opposirng schools of thought that

_support the Space Truss and Skew Bending Analogies.

.-Vnereas a“common approach"1 has been to assume that a constant
: . a .

percentage of the concrete shear strength is retained after cracking,
the treatment of the aggregate interlock effect in this‘analytical model’
is based on the research conducted by Houde and Mirza“. The influence
of the tnree parameters of crack width, concrete strength, anq maximum
aggregate'size on the shear rigidity modulus was examined, and the N
results lead to the development of the relationship:

| ~ . |
A = 57 - (l)a/2 -y S | . (3.30)
' . c’ 5000 . '

where A = ghear rigidity modulus’and ¢ = crack width.

All of the above variables are‘expressed in inch pound units. As

observed in the above expression, the effect of aggregate size was. found.

to be negligible.

The expression above was derived from ekperimental measurements

i

)

made in the range.of crack widths of 2 x.lOTagto,ZOrx510“3 inches. ;Crack
‘widths smalfler than 2 x 10~3 were uifficult to accurately control.” Im -
the uncertain region beyond l-- 500, the authors have suggested that the
curve for th=: rigidity modulusﬂis ‘asymptotic to the line A = G (shear
modulus of uncracked concrete) for’ large values of %- Such a suppositiono

does s severe, however and thus the equation for A has been applied

to ‘the rahge of E-> 500 in the absence of research that iﬁdicates.

otherwisg. The curve for. the idit\modulus intersects the line

A = G close to %-- 1000.
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3.4.2.4 Dowel Effect: 1In bridging across the concrete

crack, reinforcement not only restricts the widening of the crack guch

that substantial aggregate interlock can develop, but also offers shear

zp resistance normal to its axia.v This shear resigtive force developed in
P, . .

e reinforcement is termed the "dowel force". ‘Since the dowel effect

is only significant across cracks that have experienced’ conaiderable

shear displacement reinforcement must be highly stresgsed in tension to

develop dowel action. Principal longitudinal tension reinforcement in

an underreinforced beam is guch an example.

The research, of Houde and Mirza" is used in'quant{tatively

defining dowel stiffness. The dowel load-displacement relationship is

given by:

Vg = 2000.Dg. A o | N (.31)

where V, = dowel force, A = shear displacement across crack,ﬂand;
d. crack i

D.. = dowel fail(re‘fOrce.

De = 40 BX(£1)!/? | o (3.32)
in which:bﬁ = net beam width.

All units are in pounds arnd inches. Embedment length, bar size or

arrangement

a8 pronounced effect upon dowel action.

and axial atresa in reinforcement below yield do not- have

Appraisal of the effect of parametera in addition to thOse

al ;=24 ‘errioned is given in other publications.‘ The effect of A
| ]

il iz of rednf ‘cement to ‘track direction bn dowel atrength was

inve: i .ted - D :sk:  and although an expteaaion was derived for
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the dowel failure force, a simple theoretical relationship could not be

b2 research demonstrated that positioning

found for deformations. Bauman's
of stirrups between a diagonal crack and the support did not increase
the dowel strength if the distance between crack and stirrup exceeded

2.5 cms. Also, the same author stated that dowel action was not

influenced_by crack width or concrete cover,

Upon the commencement of splitting along the reinforcement,
dowel action deteriorates. The level of. residual dowel action in such
circumstances is very much dependent on stirrup spacing, bnt the
b.precise behaviour ig diffiCult to define. 1In. this analytical model
dowel strength after splitting 18 considered negligible. .Dowel'failure

t

'occurs when the dowel displacement A rack exceeds 5 x 10~* inches.

3 4.2.5 Cracked Concrete Stiffness. The concrete constitutive

‘matrix for a cracked finite element 18 of the form

’

fcl ] y [B | 0 Of- [El ] 7
dz = 9 E, 0 €, )  (3.33)
12 J 0 0 G'J E12]

1
vwhere 01 18 the principal tensile stress that acts in the direction
normal to' the crack. Since the concrete stiffness in this direction has
been set to zero, the stress in the direction of.o1 will consequently
_be zero. 1In the direction of tHe pfincipallcompressive stress, the
stress—strain relationship is given oy Equations 3.27d and 3. 27g in

3.4.2.1 as a uniaxial loading condition now. prevails.

The cracked shear modulus G is'comprised of two contributions;
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the aggregate interlock and dowel atiffnesses. The former is readily
evalunted at the centroid of a concrete element as described in Sections
3.4.2.2 and 3.4.2.3. In 1its form presented in the preceding section, “/
the dowel force stiffness developed in the reinforcement is not in the »
units of shear modulus Therefore, the following procedure has been
adopted. Upon calculation of the crack width and centroidal shear
strnin'parallel to the crack, the dowel'displacement ACrack is evaluated.
The subsequently calculétedhdowel force Vd is then considered uniformly
distributed over the eienent's.cracked»concretevsurface whose area is
given by the product'of the element thickness‘and :hellength'of the i
1inclined crack that passes through the centroid and extends fron |
element boundary to‘boundary. Thewequivalent dowel shear modulus is

added to the aggregate interlock rigidity modulus to define the equivalent

cracked concrete shear modulus G'.

In the formulation of G', the presence of stirrups is neglected
‘and all dowel stiffness contributions are calculated disregarding
deviation from perpendicular.inclination of reinforcqnent to the.crack
direction., -~

<

3.4.2. 6 Whrping Resistance of Thin Concrete Diaphragms' The

'out-of-plane warping resistance at the corners of a thi" concrete plate
is derived in most theory of elasticity texts"®. Fcr a squeTre diaphragm

'element, the out-of-plane warping stiffness matrix is o~ t:e form below:

r ' N ’ ’ —y ) ( [N
; sz -X X ‘ -:X X v rzx

1 = - . (3.34)
1Rax Tk X Xy, -
\bej -X X -X _ F_j \rrle ]
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where Rlx = force at node 1 in a direction perpendicular to the element's
plane, X = corner warping stiffness, and T1x = displacement at node 1
corresponding to force Rlx'

Bt

4

in which E = concrete elagtic modulus, t = thickness, and k = length of

element's diagonal.

- The off- diagonal stiffness terms;in{Eq. 3.34 have the same
‘magnitude as the main diagonal terms since the plate was‘yisualized as
“being simply supported at each of its four corners'in the derivation of .
the warping restraint forces.- Rectangular or quadrilateral diaphragm
elements are treated as square elements.of the same area in computing

- .warping restraint.

3.4.2.7 Warping Restraint of Thick Concrete Diaphragmsﬁ
'Sincenthe clasaical theory of plates formulation for diaphragm warping
resistance given in the preceding section is valid only for "thin"
‘%lates, the disti?ction between "thick" and- "thin" plate thicknesses
must be made. Theoretically, no method of distinction is currently
| available. An additional qualification of the classical approach is
that the“derivation is'developed for a square plate. Thus, an approxi—i
mation is immediately'introdnced if the formulationvis applied to non-

square diaphragm shapes.

To analytically simulate actual diaphragm action, a finite
element model was developed that permitted complete generality of
diaphragm shape and thickness. To accommodate a complete range of

possible diaphragm thicknesses, an assemblage of three dimenaional
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Bi—quadfat;c serendipity finite elements was uséd to represent the
presencé of diaphragms. Upon compa;ing the corner end warping displace-
ments of two identiéal double cell box beams (illustr#ted in Fig. 3.8);
‘;ne beam being réstrained longitudinally b§4end diaphragms, the_diaphfagm
warping stiffnéss at its four corners was Aerived as a function of ﬁhe

box béam warping régistance. The warping resistance eqdation 18 of the

form:

W.
- .(;tl— 1) R : -+ (3.36)

R 4 wb

wd

where th = corner warping stiffness of diaphragm,‘wf -:wérping ¢
 dispiacément'of unrestrained qu beam corner,'wd = corresponding wgrping
'displacemenf of box beam cofner testrainedvby diaphragm, énd,ﬁwb =

corner warping stiffness of unrestrained box beam. |

»

The agalytical modél resulgs and, the corresponding claésicals
plate_deri§ation§ for avparticular'test_beam are illustrated in Fig. 3.9.
As expecﬁed, the classiﬁal approach dramatically overestimates the

wafping regsistance for thick diaphragms, but even fo; smaller ghickneSses,__
there’is not good agfeement betwéen the two formulat;ons. For

thicknesses sm#llef than 2 inchéé, %he dramatic inergence of the

' approaches is not significant as bqth_predict negligible diapﬁragm_warping
restraiﬁt compared with that of the on beam.- For thicknesses'exceedin§ 
2 inches, it is appafent that‘the classica} approach dogé;not-give'
accurate correspondence with actﬁal diaphragm behaviour as represented
~with a reaéonable degree of accuracy by tﬁe finite eleméntrmethod.
Consequently, fbrvthe beam croséjsectional geometry Qsed'iﬂ'éhis

cdmparisbn; the geometry being that of the five rectangular beams tested
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. in the experinental program, the finite element approach‘is:the more

preferred method for mbdelling diaphragm hehaviour.

‘The diaphragm corner out-of-plane warping stiffnesses derived
by the above approach are readily incorporated in the principal analytical
'computer model. Throughout the analysis, it is assumed that the diaphragms
‘behave elastically;
@‘3.4.2.8. ShearJRigidity of Equivalent Diaphragms: In modelling

. .
a rectilinear box girder cross-section as an assemblage of plane stress

finite elenenta, no account has been taken of the girder's intrinsic
croas-sectional distdrtion rigidity At a cross-section in the analytical
model where an actual diaphragm is not provided, externally applied loads
will not be distributed correctly unless an : equivalent diaphragm is
introduced. Evaluation‘of the shear rigidity of an equivalent diaphragm
18 treated.in-detail by Sawko and Cope*". 4In the formulation of the
element’ stiffneas matrix the only non-zero term in the cor - itutive
matrix is the shear modulus. Thus, 5h;‘function of the-equivalenfl

diaphragm 1s twofold in‘preserving both cross-sectional geometry and.

real structural performance,

3.4.2.9 Concrete—Reinforcement Bond Aasumption of perfect

bond between“reinforcement and concrete can result in significant error”s
in analytical modelling. Thua, the concept of bond apring linkages

' connecting reinforcement and concrete elemente was developed wherein
the loss of adhesion between concrete and steel is represented by a
"softening of the spring stiffneas. Nilson .was ‘the firat to inttoduce—_
a non—linear bond-slip relationship into a finite elenent analysia,'

and subsequentvextensive regearch investigatione in this field, as that
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conducted by McCutcheon; Mirza and Mufti“?g used similar modelling
systems to - that of Nileon. The adopted equation relating bond stress

. to bond spring elongation used in stiffness formulation is that givenh

by Houde and Mirza* In both the incremental and total load cases, .

the bond spring linkage stiffness 1is the product of the bond stress curve
slope® and the contributing circumferencial area of the reinforcement

bar to which the bond linkage is attached Failure ‘of "the bond spring

- occurs when the spring elongation exceeds ,0012 inches.”

3.4.2.10 Reinforcement Stiffness: To simplify the analytical

representation oflreinforcement bars, bi-linear stress-strain curves

have been agsumed for both conventional and prestress reinforcement,

as shown in Fig. 3.10. = -

‘Below yield,'the stiffness of'both reinforcement tvpes in the
incremental and total load cases is given by,the respective moduli of
elasticity; Beyond yielding, the slope of the strain hardening segment
i’of the streas-strain curve defines the incrqnental reinforcqnent stiffness.
However, in the total load condition that prevails in the iterative N
process, the method of-stiffness derivation for the conventional and
.prestress reinforcement differs. Sir the slope of the strain hardening
_ section of the conventional reinforcement stress—strain curve is highly .
inelastic, an excessive number of modified Newton—Rapson iterations are
often required to restore equilibrium; If the set of(equations vere'
large, this approach could be highly impractical Therefore, once a
conventional reinforcement bar has yielded in the total load condition
‘ it is represented in the analytical model by a bar of zero stiffness,
the load carried by the bar being represented by equivalent external

loads applied at the bar nodes. Following such a stiffness'change,
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The strain in the yielding bar will increase as the load is maintained

but the magnitude of the equivalent bar loads will increase only slightly.
Thus, at a ‘particular load level, no iteration is required to restore an

\ acceptable degree of equilibriu? to the yielding bars.. Thia approach
cannot be applied, however, to/the ylelding of the prestress reinforcement.
Prestress reinforcement constitutes the underreinforced beam 8 last
reserve of strength and setting of its stiffness to zero- will immediately
produce instability. Thus, the modified Newton—Rapson method is retained
for modelling yielding prestress reinforcement in the total load

condition. Use of a relaxation factor has been introduced to improve

the rate of convergence of prestress strand deviation.

" 3.4.3 Failure Criteria ' .
L 9 : “"

Of the two material constituents, concrete and reinforcing

steel, the failure characteristics of concrete are complex and'warrant
" clarification. 'In establishing the tensile and compressive'strengths
of concrete under biaxial'stress conditions, kupfery‘Hilsdorf, and

, Rﬁsch‘"6 have postulated a‘biaxial stress envelope illustrated in‘Fig.
3;11. In addition to specifying hiaxial stregss failure combinations,
the authors also established that.the Poisbon ratio in biaxial tension,
biaxial compression, and tension—compression were 18 .2, and an
average value of .19 respectively. The simplified envelope used in ‘the ,':
.analytical model is shown in Fig. 3.12. Beyond cracking, the shear
'rigidity.across a concrete crack is developed by'the aggregate interlock
and dowel mechanisms 'In the absence of relevaat information, the
failure stress level for the aggregate interlock mechanism has been set

equal to the uniaxial concrete compressive strength. Under actuﬁl test

conditions, the evaluated_aggregate interlock stress has not been found
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to rise beyond 750 p.s.i.". Dowel linkage and the concrete-related
"bond spring linkage failure criteria are specified in preceding Sections

3.4.2.6 and 3.4.2.9 respectively.

In a total structure context, failure in the analytical model
is defined as having occurred when a concrete element has crushed or a

major prestress reinforcement element has failed in tension.

3.4.4 Numerical Methods

The three numerical mfthods that perform vifal functions in
the analytical model are the block-by-block gaussian elimination solution

process, Runge-Kutta,and modigied Newton-Rapson methods.

To reduce‘the size of the allocated'core storage“area used in
the equation solution process, only two stiffness blocks are retained
in core at any one time. After a stiffness block has been reduced by
gaussian elimination, it is written onto auxiliary disc storage, and
‘the following-unreduced etiffness block is‘subsequently read into core.
If an efficient’method of transfer‘of‘the large data sets in and out of

core storage 1is used, this block—by-block<gglUtionrproceas 1s ideally

suited to the solution of large equation systems. Logic detailsﬁare

\

The area of a;blication of the Runge-Kutta method is the

given in the-listing of subroutine SOLVE in Appendix D.

progtessive adjustment of ‘the structuralbstiffness.as the external

. loads are applied incrementallyl Figure 3.13(a){i11u3trates the procedure.
Using the stiffness of the material element in the previous (n-l)tn

load increment defined by the slope of line AB, the stress-atrain state

upon application of half of the current nth. load increment is calculated
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denoted by point C. The tangent stiffness at the corresponding point D
on the predefined stress-strain curve for the material is. subsequently
adopted as a reasonable prediction of the average material element
stiffness for the nth. load increment; Upon superposition of the full
-nth. load, the stress—strain state at the end of the nth. increment 1is

established denoted E. Thus, the Runge—Kutta method of

stiffness pgediet' . rogram efficiency through minimizing the

signific;ntnmst {a don'oecgfsn'_

- v .
L
PO

Should deviation aththe end of a losd increment be-signif?cant,
eduilibrium is restored By employing the 1+ erative modified Newton-
Rspson method. After reducing the deviation of point Q in Fig. 3. l3(b)

oto an acceptable level, denoted by point R, the tangent stiffness at

point S is the initial estimate of. increment stiffness uged in the

Rnnge-Kutta stiffness adjustment for the nth. load increment.

Both the Runge-Kutta and modified Newton-Rapson techniques
are‘treated in detail in most applied mechanics texts"’ that address

‘non-linear behaviour.

3.4.5 Flow Chart for Main Program '

In the flow chart that follows; the logic skeleton of tne
main program is presented; the symbolic names in brsckets designating
the subroutines that ‘accomplish the defined logic steps. Further logic.
clarification is supplied by the numerous comment cards distributed

through the main program, &hose listing is given in Appendix C.

©



FLOW CHART FOR MAIN PROGRAM

Formulation of total,
" stiffness (TOTSTF)

NUMINC = 0. Initialize
all’relevant arrays
~ - (PRESET)

NUMINC = NUMINC + 1

ICOUNT = 1

l

Create current load
increment and following
- half load increment

(LOAD)

Call SOLVE

|

yes ————p———my

Calculate the stress-strain state of all
material components subject to current
1/2 load ‘incremént (STRESS)

|

.Using Rnnge-xu;ta method,
adjust’all component stiffnesses
- (RUTTA)

i

l

- Calculate displacement vector for
current. full load and following 1/2
load increment (SOLVE). Calculate
all stress-strain states for current
°  full load increment (STRESS)

Apply total load

significant
‘material deviation
including” concrete cracking
" occurred?

Change all stiffnesses

for total stress.
condition.
_ICOURT = 2

(DEVIAT)

(KUTTA)
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yes

C@lculate total stress-
strain state for all
' components

[

- Printout all relevant

data . (OUTPUT)

_yes

Has
structure failed? ‘
(concrete crushed or - yes
prestress strand failed)
: - (FAIL)

no

ICOUNT = 1

N

no

Calculate displacement
vector for following

half load increment
using reconstructed

stiffness (SOLVE)

Reconstruct total stiffness

matrix using tangent stiffness
values for total load.

(KUTTA)

| STOP




3.4.6 Derivation of Subroutine Logic

Logic development notes of the more complex eubroutines‘

comprise Appendix E.

3.5 Program Usage

3.5.1 Capabilities and Restrictions

(A) Beanm Geometr?,

‘The program hae been oeveloped for the analysis of condrete
box girder'sttuctures with modest‘wall thicknesses, but any wall thickness
can be accoﬁmooeted with the qhalification that eccuracy of solution
will benofejudieed for "thick" walls, as detailed in 3.2.1t Cross—
sectional geometry can assume any form that cao be.represented by linear
Begmento, but in the program's present form, ne geometry change is
permitted eloog the beam's.length. Such a shortcoming can be remedied
by replaciogﬁthe'rectangulet conctete finite element by a general

quadtilateral elepent”.

- (B) Material Behaviour

To .reduce computational eftort, the behaviouruo!e ‘concrete
element is characterized by the stress-strain condition at‘the element's
centroid. For modestly fine meshes of high ordet eleﬁents, this -
apptoach ia an acceptable aoproxima:ion. Uncracked concrete is modelled
as a heterogeneous anisotropic,non—lineaﬂ’matetial but cracking
1ntroduces two phenomena associated with the definition of shear rigidity
across & ~rack, namely aggregate,interlock effect and dovo; action.
As étaeking progfeases,‘the Etiffoess of the;e'two contr{ﬁoiions are

modified in addition to the concrete stiffness in the parallel crack
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direction. The closing of cracks produced by dramatic load reversal

‘ N
in the load increment following prestress transfer, and the superposition

of a different loading type (torque upon bending load) is also within

the program 8 capability
s

The.two principal reinfotrcement types, cénventional steel

and prestress strand,.are modelled by one-dimensional finite elements.
. . \jt T -

.. Consequently, a continuous reinforcement bar is represented b& a series

of segments of constant stress, ptoducing a step—like variation in bar

force. In direct contrast, steel mesh reinforcement is congidered to
- be uniformly distributed: throughout a concrete element, snd its stiffness
. 1s formulated in an identical manner to that for. a rectangular ‘concrete

finite element. The stress-strain curves for all three reinforcement \ o

types are approximated by multi-linear functionq

In the development of the finite eleme:t mesh, the mechanism

of force transfer at the steel-concrete irﬁerfacé is simulated 3x'bond

i

spring linksges;connecting adjacent steel and concrete nodes.  As loading

progresses, the stiffness of the bond spring is adjusted/to reflect

Y

., the gradual deterioration in concrete bond.

Should significant material behavioural deviation be detected
within a load increment, an iterative procesg is automatically initiated,

and proceeds until equilibrium is restored.

’

(G) Loading snd Boundary Conditions - ﬁfg:

. .r"

N

Any loading or boundary condition combinstion can be

'g»ﬁ' imposed upon the analytical model provided that the &ppropriate degrees

/ -~ .

; f‘of fréedom are present. In specifying load magnitudes, the subsequent o

& number of load inerements should not be small such that the computationslly



‘that erroneous results may‘promptrrun'termination, thus reducing

expensié% iterative process 1is invoked'frequently. Provision for

application is not restricted to external test loads, since both

-

_preatressing and post—streasing techniquea can be represented

by equivalent model forces.

(D) ‘Diaphragms

The presence of diaphragms of anx'thickness and the intrinsic
cross-sectional deformation,reaistance of the hollow beam s ¢ two
important components‘of box girder behaviour, and both characteristics

are incorporated in the’proﬁram logic. Throughoﬁi the entire load range,

_diaphragm action is assumed to be elastic.

) ]ﬂ‘" - N
(E) Printout Information

ks

Through the uge of output’control parameters, the precise

o H T

nature of the printed output can be specified in a selective qualitative

and quantitative manner as detailed in 3.5. 4.

"

(F) -Program Monitoring
R
Provision 'is made within the program for transmission of -

output information to a monitoring device such as a CRT display terminal.
In the running of large . ~7lems, the user has the optiou of observing
program progress and controlling the rate of execution in the event

=

unnecessary complete run expense. v 7.

4.

‘ 3.5,2 St:ucture>D13cretization;p

Figure 3. 13 illustrates the finite element mesh chosen to

\

“model three double—cell preetressed concrete rectangul%r box beama

tested -in the experimental program. In specifying‘atructural geometry,

the global x axis must be parallel to the beam's longitudinal centroidalb

axis.
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¥ 3.5.3 Input Specifications.

In the preparation of the input data file, reference should
be made to Appendix H in which a detailed card-by-card description of’

thefinput data is given, together with implicit logic agssumptions that

have a direct bearing on data -~ ‘ivati.... For ease of preparation, the
} input format is semi-free f£1:1d, as illustrated in Appendix F which ‘ ﬁa,
li.(3 a sample input data filec .
. P P ‘o ) W‘{&

' ‘ v
3.5.4 Output Description and Interpretation

The form of the printed output is governed by the choice of
the output control variables described in Appendix H. Independent of
specified controls, increment headings are printed, together with local

material failure messages and progressive CPU and program cost estimates.

For ~ach load increment, structure deformations, concrete centroidal
:ll’

stresses and atrains'ﬁn the global and principal axes directions, steel
mesh and bar reinforcement stresses and strains, and increment and total
- load levels can be selectively printed on an element or category basis.

Units of pounds wt., inches, and radians are uaed throughout.
’ v 8 :

LB

In the interpretation of output'deformations,fall values

7

El
)

correspond to diaplacements in structural degree of freedom*direﬁtions.

~

—~>

‘ﬁ“‘The results must be processed further to determine crosa-sectional
,frotation, beam curvature, and other such deacriptire deformations.‘
“fnﬁfor7bothjconcrete and steel mesh elements, all stress and atrain
&Zatimates are derived‘for the centroidal element location. Since the
"reinfbrcement bar element ig one-dimensional the reapective stress-strain
”values are constant for the element's length. Structural failure is
'defined as occorring when‘a concrete element.cruahes or a prestreaa

strand fails in tension. Thus, the failure statement that immediately
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4

ecedes run termination is only of two possible forms.' However,
structural failure can develop through ingtability, such a failure mode
résulting in the formation of an 1ll—conditioned set ef equilibrium
equatione. Under such a situation program progress ceases when a

negative term is encountered on the main diagonal of the total stiffness

|matrix during the reduction process.

Since the success of the finite element method of analysis
is reflected in the quality of the program input, careful consideration
should be given to the. evaluation of the nuueroue strength of materials

parameters, in particular those that have a -strong influence on post-

cracking behaviour.

)28
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Element Type McCleod Scordelis Sisadiya—-Ghali
2 Below Theoretical
Bending Deflection +1.55 + .6 -3.43
% Rotation Variation v )
w.r.t. Theoretical Value 1.97 ©1.04 2.0
. : ]
TABLE 3.1 DEFORMATIONS CONSIDERED IN CONCRETE FINITE
ELEMENT SELECTION '
= 1 L 1 ET
887 8BZ 4B~ 8BZ? 8B 4B
' -3 -A 1 3 -A =1 .
8B 4B 8B 8B 4B - 8B
1 -1 1 =1
4AB 4AB 4AB 4AB
1 3 B 1 3 " -B
8 8 . 4 8 8 4
3 A 1 -3 A 1
8 A 8 8 4 8
=1 1 1 =1
4B 4B 4B 4B
-1 =3 =B 1 3 .. B
8A 8A LA 8A 8A 4A
N £l
=1 =1 1 1 f
4A 4A 4A ZA
-1 -1 1 -1 1 1
8aY 4A 8AZ : 8AZ 4A 8AZ
-1 1 1 1 -1 1
8ABY 8AB2 4AB  BAB? 8AB2 4AB
1 1 a - 1 -1
. BAZB  4AB 8AZB 8A2 4AB ‘8AZB
1 oL 1 -1 |
48 < . GAB 4AB 4AB ]
TABLE $.2(A). [Al-1 FOR ELEMENT TYPE 1
;:’2’,‘.‘- 3-‘.;%/' ®




oo{w

e §
4B

8A

1 1 -1 -1 1
4B B8BZ 8B 4B 8B?
=1 3 A 1
8B 8B 4B 8B
1 -1 1
4AB 4AB 4AB
B 1 3 B 1
4 8 8 4 8
1 3 A 1
8 8 A 8
1 1 =1
4B 4B 4B
B3 -1 3 3 1
4tA SA 8A 4A  BA
=1 =1
4A 4A
1 -1 -1
ng 8AZ %A
-1 -1 -
4AB BABZ
-1 - .._-_1_ _:l.
8AZB 8AZB 4AB
Ll v 1 -1
4AB 4AB 4AB

o|w
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DOUBLE CELL
TRAPEZOIDAL
80X BEAM

AV WALL SEGMENT
=
s ...-. | (s—;-" |
=

'f
€

(b) Force couple due to open-cell
shear stress distribution :

{a) Single-called box girder

FIG. 3.2 NOTATION FOR DERIVATION OF ST. VENANT SHEAR
‘ STRESS DISTRIBUTION | . .

— X

FIG. 3.3 BI-LINEAR ISOPARAMETRIC SERENDIPITY FINITE
ELEMENT .



57.

&

(a) Coarss mesh

DN SS.

A(b) Finer mesh

N

BN

{c) Finest mesh E .
' 1. 40" | 40" 40" ,

. - L 1 — ] ALL WALL
IN- PLANE THICKNESSES

I™~LoADS — ="

_ ' FIG.3.4 THREE FINITE ELEMENT MESHES USED IN CONCRETE SELECTION _'
PROCESS ,

(d) Location of loadfng cross-sections

I3
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FIG. 3.6(A) ELEMENT TYPE 1

!
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CHAPTER 4

EXPERIMENTAL PROGRAM

X
3

4.1 Introduction

AT
.Mg

b Consisten&kwith the defined scope, the scale of the

&f/ .

experimental prog as‘modest if the number of beam specimens tested

k'kiameter variation. In all, seven prestressed box
beams vere cast and tested to failure, with each beam subjected ‘to

different’rdt%ﬁ? of torque to bending moment to shear. All facets of
the experimental program are dealt with in this chapter and the results
are presented in ‘the fpllowing chapter : 7?@%;{" . V"if

»

4.2 Defdinition of Basic Expefimental Parameters

A o . . ﬁf')" ‘ .
. In essence, all the test beam specimens'WEre ho]&ow, precast,
oy . I RN
7 orestressed concrete members. At the preliminary design stage, it was

’ ) A

Lecognized that, if the anaiytical model was to be tested rigorously,’

Aﬁ e%gensivevliteraturé,sgrvey revealed: thatji&ttle if any experimental

)-/\,/ ~
research had been conducted on the”post-cracking behaviour’ qf multircelled
’f\',- . B “ . \l.vﬂ
members under the action of’torsion, bending, and shear. From an

v{-‘v .

analytical stance of generality; little benefit would'have been derived
in having more than two cells per beam, and practical«expedience in the

casting and testing sequences dictated against an excessive number of

voids. Thus, the decision was made that all beams would- bé cast. with

LA

two cloaely spaced voids. %

L R - L . -
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l 4

Since the experimental tests were to be used strictly for

comparative purposés, the number of beams cast for the testing program

was small. The only principal experimental parameter whose variation

l

.wasg investigated in the series of tests was the load parameter. The

‘ more significant aspect bf this parameter was not the level of individual

" beam behaviour wasg.ithe” post-cracking region Tﬁﬁs, the initial design

loads, but the ratio of bending moment to torque to shear. 1In all
seven beams were cast, with five’ beams being subjected to varying g&tios

of torque to bending moment with little shear present. The remaining‘
3 > ' - . . v
twd beams were subjected to sign*ficant‘levels of shear, in conjunction

NNt

y

‘with the more predominapt torcue—bending'moment loading combination.

M v

5 . ¢
- , k2 .
P ~

~ . The primary region of concdﬁb 'in, ﬁuil range of test

L [ M Y

mJ R
of the test specimens hadOto meet the important prereqnisite that the
J\',j .

innlastic behavioural path beyond cracking was of reasonable 1ength

- -

.‘W"

u,compared with.the respective elastic-path This;condition was aégured

G

. "bgam ,isign, ré

" five were’ casthwith‘rectangular gections.

by not permitting the raﬁio of ultimate strength to cracking Strength
'V'&g S ¢ £ \ . ‘ 7 f

to fall much _below the vﬁfne of ‘two. . .
’ . Ao ». {
. e . .i ‘
s , To introduce a degree of gener ®f cross sectional shape

in the experime ;Sﬂfstudy,;tw0’geometricalvs;:-es were adopted in the

a 0

kY

' . " The « one overriding consideration in the selection of void

~sizes was that all wall segments must be classified as'"thin" ~ The

| -
need for thin wall segments arose from the use of plane. stress finite

+

elements to model the beam walls. The theoretical classification as to

2

. whether a»beam crossﬂsection_is "thick" or "thin", is treatedﬁin‘detail‘

.in 3:2-1- - -. '. ) , - ) . -- ' Co » ,\'.:

R)

f« .4"»._‘\'»}4 )

ngular and trapezoeidal. Of the total of seven beams;‘

B
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~ 4.3 Design of Test Specimens ' , e

All bexms in the test program were precast, prestressed

concrete member:« with modest conventional reinforcement present.

Beams were cat: ;orized as belonging to eithe of the two test beam

v

series acco g to their cross-section‘J g those rectangulal%beanﬁ
belonging ne "R" geries and those trapezoidal assigned to the "T"
series.

In’all seven beams, a design concrete'strength of 5,000 p.s.1.

was adopted. To achieve the appropriate workability that would allow

3

the small wall thicknesses to be cast free of air volids, the mix design
was made considerably richer than was generally requirad, the actual

concrete component proportionp being given in 1‘Ele 4.1, The respective,
&t

'compressive and tensile concrete strengths for the seven beams are giveﬂ
in Table 4.2, The load versus elongation curves forcthe”remaining:two

.l R -~ < . ' -
' material components, the prestress strand and the conventional reinforce- .
" . 4 .

‘ment, are displayed.in'figures 4.1 and 4.2 respectively. As'a point
of cfarification, the prestress strand was 250K.grade¢f1/4" diameter
seven strand stress relieved cable, whereas the conventional reinforce—

ment used*throughout was #3 deformed mild steel

< [ . -

RN ‘\
o . ‘In defining fdll beam geometry, beam l*ngth wall thickness,

»

numﬁer of cells, cross—sectional shape and dimensions have to be

speqi;e§% of §%e three variables that are dimensionally‘functions of

3
1ength the independent variable'was the wall thickness. This beam ’

' dimension had to be sufficiently large such that the prestreas and

\
‘conventional reinforcement could be accommodated without drastically

impeding the flow of concrete during casting. As mentioned previoualy,

v . L
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Ry
LE

a wall thickness of 2" was chosen for all beams. Having specified the

wall thickness, the dependent variables of cross-section dimensions and
beam length were determined upon recognition of their respective
constraints. The web height and flange width had to be a considerable
order of magnitude 1arger than the wall thickness to ensure a reasonable
degree of plan. stress action of the concrete beam walls, and the beam
length such that a central‘test section for deformation measurement and
the appropxriate loading and support apparatus could be accommodated,

The remaiﬁ*ng two:geometrical variables of cross—sectional shape and
number.of cells have been .treated fh Section 4.2, Complete beam

E?i dimensioning is given in Figures 4.3'and'z:4,

i

In design, the appropriate level of prestress was chosen

7 au06 that, at transfer four days after casting, *the maximum allowable
_,;.:,. bW o K s g e
’ teﬁsile stresses were deve%?ped in %e top flange In all beam designs,

.- W ,
the bottom'flange compressive stresses did not approach the allowable

Sm
-

limits. . .

'In the calculation of the ultimate bending moment capacity,

the level of reinforcemEnt was such that the concrete crushed Just
prior to the prestress strand developing its ultimate strength In '
3 Lr4 kEs ,
. establishing the ultimate torsional capacity, the space truss analogy

equations as presented by Collins and Eampert25 wske used to estimate 2

' beam stremgth. =~ - - : o : .

e P

- (\ . .
e As mentioned in the previous section, the three distinct ‘

1oading,qypesj;epresented in this experimental program were bending moment,
. torque, and shear.v Of the five rectangular beams cast, three were uw‘

subjected to combined bending and torsion: only, the renaining two acted

»



upon by complete bending-torsion-shear loading combinations.. The two
trapezoidal beams were restricted to bending and torsion loads In
predicting beam strength under combined loading, the interactive equations
given in the Collins and Lampert paper were utilized, such equations
giver in Fig 4 5 together wﬂ&h the design curves for the rectangular

snd trapezoidal beams. The predicted beam strengths and failure loads‘

are given in Table 4.3.
v

O

. Premature shear failure was prevented in.the beam length

outside the central test section by the provision of substantial shear
reinforcement, achleved in most beams L34 extending torsion hoop reih—
forcement beyond theQ@Entral test section. Reinforcement details are
provided in Figures 4.3 and 4, 4 Also shown in ‘the latter figures are

the locations of the points of application of the bending, torsion

: and shear loads. '»‘pﬂgﬁf’

4.4 Specimen Fsbficationl) : S - R ' 3

To enable both rectangular and trapezoidal»beams'to be cast-
with the same forming unit, the timber formwork consisted of two

identical reversible form segments placed adjacent to one another d%

th
s

shown 1in Fig 4.6, e B po \ 3

S

' ‘Prpvision of- the two adjacent cells within each beam was

t

simply achieved by, the | use of styrofoam blocks held in place by the
=inforcement cage. In previous research conducted at this university,

.e styrofpam:was removed by piping aCGQ?he into the interior of the

L. I ~
cast beams. This added precaution, however was not deemed necessary

as the" styrofoam strength contributidh was negligible compared with :
A gy | '
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that of the prestressed beam. In all beams, the void'lengths did not
extend-as far as the points of support, as exhibited in Figure

b.ub. .

4

As indicated above, i presence’of the reinforcement cage
" was utilized to maintain the positions of the styrofoam blocks To

' prevent the styrofoam blocks from floating during cast, restraining
Geow "
beams were placed across the tog of the forms to inhibit upward cage
. movement.' Since the cage tolerances were quite small arising from the

selection of narrow wall thicknesses, fhe reihfortement’baré and hoops

- K
. .

' were. lightly tack—welded in position to minimize movement and facilitatef‘

_handling As a matter of necessity, the two top corner 1ongitudinal

N -—(\

ha&‘to be. moved l" frdm their corner positions to allow a ‘small
w u u. ‘-‘ Q

ot

ibrating needié.to pass down{thewoutside5web waIls'during casting.* oo

t.

! : . B B

Despite the small wall thickness, the rich concrete mix whose

o

K

proportioning is given in Table 4 1 did exhibit good workability with

the result that very few air voids were evident upon examination after

.)

‘tl, - o
o

formwork/stripping i o . .

a

The complete casting bed before concréte pouring 1is shown
. e

- . & ,
in Plate, 4.1. - ' ¢ - - . -JS
-‘ B . - o ’ e (7 .
‘4.5 Loading Apparatus Design
g ) ';« ‘ 3 L
4.5.1 Beam Supports I - -

In addition to- their customary role of simple supports, the

i

beam reactions permitted the development of a uniform St. Venant torque
L applied acroes the central test section. Consequently, each support had

to allow the beam to rotate freely about its centre of rotation. Lateral

- © T o



~stability of the beam was ensured by the very natuye of the torsion

N7 . .: K
v "‘ ) 3 -

y o

{

L
X

Kd

loading arms, as describ®d in Section 4.5.3. Figure 4.7 illustrates

. all end support details. The roller housing shown in this figure was

bolted to the top of the conventional roller and hinge supports to

g
achieve the desired beam support conditions. I

4.5.2 Application of Bending Moment and Shear

Both bending moment and shear force were developed by the

~application of downward vertical concentrated loads applied by 50 ton

Amsler jacks. If averticalconcentrated load was not to create secondary
torsion during the course of a beam test, the centre line of the Amsler
jack had to pass through the shear centre of the beam This alignment
was achieved through‘incorgoﬁiﬁ}hg a design that was identical to that Jf'_ﬂﬁw

of the rotational end suppot

one additional desig provision not present “in the end support design

‘was the roller houein bracing whosé sole function was to provide

A

horizontal stability to t ller housing under all loading extrepes.

As the beam deflected under 16ad, the bracing arms attached to the housing
by a central pin maintained their horizontal posture upon adjustment

of the bracing jack The _apparatus is.displayed in Fig. 4.8.
b _;\3"

L
L, : !
- JFo

e, -

%.5.3 Application of Torque

.o

Only the:centralétest section was subjected to torque, more
shecifically a uniform'St Venant. torque developed by a pair of equal

and oppo, ite forces ~whose placement along the test beam delineated‘

/

the central test section. Each torsion force was anplied»by a cable

that draped oveér a curved torsion arm (as in Fig. 4. 9) and passed

il

through the testing floor where it was anchored by a h%fijj}ic jack

4

L4

. o
. f : , S .
= . -~ - T N



i
loading system. The curved arm geometry ensured that the torsion lever
arm dimension remained constant as the beam rotated. Stability of a
test beam, once the beam was placed in the testing arrangement, was

. L3

provided by minimal tension in the torsion cables;

4.6 Instrumentation ' BN

W

~ -~ To plot beam behaviour throughout the test program, both er%&%

and deformation data were recorded As the seven strand prestress

LS

cable was of small diameter (1/4"), strain gages were difficult to

.attach securely, and thus could not be relied upon to accurately

‘ vérsus load behaviour. c . :

data-recording system was used.

»

)
monitor prestress strain levels /) However, the strain states of. the.

conventionai longitudinal and central transverse hoop reinforcement

:were monitored by strain gagea to yield a epresentative record of stress

ol

More emphasis was placed in the|instrumentation phase on the

»

accurate measurement of cross4section defiormation within the ¢entral
‘ v

test section rather than extensive monit, ring of reinforcement strain

/ g .
By surveying the vertiQal and horizonta deflections/of three c. 1-

-

sections within the ‘central test sectio " the central vertical defiection,

beam curvature and rate of - twist were able to be evaluated To
. . // ry .
facilitate fast test measurement recor, ing, linear displacement transducers :

<

were u-:d {in preference to conventio/ l;dial gages. Plate 4.2 displays»

-

1 . 4 . ~
seferal,linear displacement transduc rs.operating under teat conditions.

\

Tn recognition of the facy that the number of -both load

increments and individual instrume readings ‘was large, an- automatic

The electrical aignals from the linear.



~

alignment of 3§

73.
’%Y KR ' ; . )
Qggflacement transducers and the strain gagegiaére monitored, trans-

lated, and stored on disc by a Data General Corporation Nova 210E

Computer. During testing, the depression of aconsolekky prompted

' the complete data set of load increment measurements to be recorded and

9

written on disc.

i . All locations of strain gages and linear'displacemeﬁfﬂfran;dncers.

/

are described in Chapter 5. | ‘ S

4.7 Testing Procedure

: . | ' 5
Upon application of each load increment, the entire regime of

instrument measurement was recoraﬁd autOmat!&ly ag described in the

B}\ :

A S T S - :
cqpmenced, crack propagations were -
,‘LAV 3

clearly marked and the load intensity indicated at the furthest poin#

preceding gection. . If cracking.

of crack propagation, as seen in the following chapter's photographic

plates of testdd bedms. As a precautionary measure, the’trinsverse

e Aneier jacks was checked at regular intervals and

ccrrectedryhenfneces ry by adjustment of thquraciggqturnbuckles and -

-~
I

j&pks. All cracking pataerns and mode of failure were photographed

upon completion of the. teat. S~

“»
.



WA T
Ingredient ~ Wt. in 1bs./batch
Cement o
Sand , 420
Coarse Aggregate
(3/8") : 540
s
Water - B 120
Apprdximate batch volume = 10 ft.? .
' - slump = 3" + 4" *
* TABLE 4.1 CONCRETE MIX PROPORTIONS -
Concreté Concrete 3 ‘ Concrete
Beam’ * Compresgsive " Tensile Young's.
Designation Strength (psi) - Strength (psi)‘_ Modulus (p ii
TR 4816 - (W 396 %r ttas ;;1j;
‘ . L . . 4\" ’ NV " :
RZ 4580 462 o Rl S
R3 4545 479 | 2.6 x 10°
R o 4362 288 | 2.69 x 108
RS ' 4562 - - .329 . '1‘.84‘:@5 08
. ' A1 . ; . ‘ ) . </
L | . 3985 . S L f 3.0 x 10°
T2 4262 5 | 338 | 2.79 x 10°
- R“ g
Fy \ & J

TABLE4.2 CONCRETE STRENGTH

R N -
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. | 26 . . j
STYROFOAM = L4 4" 7"
SUPPORT BAR=> | T
e e R T Eitpp s e ettt aa |
e B | e Tr
o T o] | S STYROFOAM
—:—:—:—:—::::::::E:’:::::::E - ———  VOID __.:%__:_:.
0 F———— .- :—:—:—:—:——I:ﬂ :::::::::::::::::_—_:::::::_—_:
- n b——__‘_‘ - ' ———._T:r-__——“_—_ "“ —___—_—_—_—_—_—_—___—___—_“
Mt e | e ]
o T 20--:: 2":—':'1“:—: 3atl "::—;Ll"
z ! ° { N Offset central support bar
2= I -~ alternates posmon 'n successive ,
. . " L . . . L“'\/—J i
FIG. 4.3(A) RECTANGULAR BEAM CROSS-SECTION . . , RN
f B - - | ‘ . ; K | ‘
1 _ 26 = ]

| N 7u ‘ L 7" , ] ..7u

T
. W Gfe My SR SR R V.

P e e e e o w— — ——
— o - —— — —— —

—— o d— — — —
——— — — - ———
b — . —
— - —— . — —
b o e ——— — -
— — — — — —

6%

b — e —

Flé. 4.3(B) TRAPEZOIDAL BEAM CROSS-SECTION

Notes: (1) All wall thicknesses = 2"
'(2) 0 Conventional #3 bar @.25'’ Prestress strand
(3) All beams are symmetrical w.r.t. vertical centreline
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( B 2'- 0"
LONGITUDINAL # 3 2ARS , ,
= r—-—4—»-——4»-——-.»—-————-—-—-——————
| .
! 5'_5" VOID
Lb— Ll ] e i &Y -‘- -— - — — - - - \}
Lam l4aq l4u S =4n J S= en "
Vo T Taad "t
18 ~2 at 2"
R =
STIRRUP S = * HOOPS
Note: Total void length for beam R1 = 10'- 0"’
. FIG. 4.4(A) REINFORCEMENT FORBEAMS R1 AND R2 ‘
' T ] " B
4-0 ]

-—a e wn -

-L 8" |4

s:a“

'ﬁlalﬂv

R

ALL. HOOF’S'-—-—--—'--Jl

FIG. 4.4(B) REINFORCEMENT FOR BEAMS R3, R4, R5

B  _AvT n "
P-177 2'-0 .4
: |

— e v el e el - — e o——

1

ALL HOOPS -——

FIG. 4.4(C) REINFORGEMENT FOR BEAMS T1 AND T2

Notes:

(1) All bars are #3 _

(2) All half beam ler1ths = 7'- 7.6"
(3) R = support B= jack T = torsion
(4) All void lengths = 11'- 0’' unless noted othenmse
(5) All longitudinal steel is 1.5" short of beam ends
(6) Drawings are not to scale

>
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FIG.4.5 INTERACTION EQUATIONS FOR TEST BEAMS UNDER COMBINED
BENDING AND TORSION =~ S
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Juxtiposition for casting rectangular beams

/l N

. \\TWO IDENTI* 5L’ FORMS ~~ o

Juxtipostion for casting trapezoidal beams.

- CONCRETE BEAMS

FIG. 4.6 FORMWORK SECTION

& -’-ra,

CLAMPING BOLTS

|__— BEAM CENTER
OF ROTATION

'#—CRADLE '
ROLLER AND BEARING
ROLLER HOUSING

HINGE OR "ROLLER
SUPPORT oL

" FIG. 4.7 - TEST BEAM SUPPORTS
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‘ - MANUAL
- JACK
ROLLER AMSLER JACK ; = |
BRACING ARM TURNBUCKLE o —

- HOUSING

kAl N e ]%H

CONCRETE BEAM. .
. SHEAR CENTRE .~

FIG. 4 8 POINT, LOAD APPARATUS WITH ROLLER HOUSING

; " PRESTRESS
ANCHORAGE BLOCK -

H

E£,— - CLAMPING BOLT

- A B
. B A L
TOP FLANGE GIRDER - ][ce - Co
- A\ \
\ \
BEAM ] RADIAL
CENTRE OF | LoAbiNG
ARM

ROTATION

1

. _\ 7
_BOTTOM FLANGE G!RDER-][CB -y
- .

<&

o v '
%"‘ﬂ PRESTRESS 'CABLE——>E?.? -

FIG.4.9 TORSION LOAD ARM
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Format of Presentation of Results

The complete spectrum of experimental results .for the seven
beams tested is presénted‘in this chapter. The two distinct aspects
) . ' '

of \the testing program, test measurements and  observed behaviour, are

treated seﬁérétely'in tbe followingvSectiohs 5.2 and 5;37‘”:‘
) : o &
In the-measurement of beam résponse, greatet emphésis was
'piapeé on éhe recording-of,member deformation ‘than réinfofcément stress
levels. " For each beam, graphs of‘torque versus diffefential rotation
and Sehding.momentcversus central deflection de;cribe cdméiete
deformation cha;acteristics. In:the onlyAreprgéentatioﬁ of mopicored
stresses, stfess leveis of the‘longifudinal'and transverse conventionai

v

. " "
reinforcement at the -‘central cross-section are presented in the

respective ﬁlo;s.. Beam Btrength is tabulated fully in thg Speqifichtion

of prestress- levels, elastic stiffness, érécking and failure loads.

Experimental observations are confined to modes of failure

-~

and distinctive cracking patterns.

© In the concluding section of this chapter, the po;ehtial'
sources of experimeﬁtal error and irregulérities‘in the experimental -

~

program are identified and evaluated.

AICOmpléte detailed tabuiation of experimental.results'is

,provided iﬁ'AppendiX‘I;

-85 -
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5.2 Test Measurements

The recorded numerical data in its processed form {s preseafed
under the three categories of beam strength, beam stiffness, and

reinforcement stress.

‘The beam strength compoﬁents of initial level of prestress,
final level of p;estress,fcracking iOaa, and loadinéﬁ%ombination at
failure are summarized_in/Table 5.1. vAt,b;th the cracking and failure
values Ehe.bendiﬁg moment specified is the total bending moment arising

from the torsion arm and Amsler jack loads.

" To provide a suitable basis ofvcomparisoh withlépalytical
model'fesults, the load-deformation relationships for each test gpgcimen
have been plofted for thé complete loading range.‘\Beam‘response in
the pre-cracked state is elastic to within a reasonable degree of
accuracy, and the respective #orsion and bending stiffness constants
forlthe seven beams are given in Table 5.2. Beyond cracking, beam
'beﬁajioﬁr is highly inelastic as exhibited in Figures 5.1 to 5;5. The.
totqde versus roté;ion curve forAbeam'RAVis not presented as.it closely
retraces the appfopriagg segment of the curve fof beag R3. In Figures
5.1, 5.2, and 5.5! thé'abscissa'is the differeﬁtial rotation overithe
central 30finéh length of tﬁe béam.‘ The deflection ordinate of the
moment-deﬁlection curves_is the vertical displacement of thé central
crossésectioh due to bending_action only. Thus, in'all tests whére.
torque was present, the initial deflection measurements had to be

appropriately adjusted to reflect pure Bending.behaviour.

In monitofing reinforcement stress levels, strain gages were

attached only to the iongitudinal and transverse convéntionsl rein-
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forcement at the beam's central crcss—-section. In most“cases the

-« .IJ !

bottom and top longitudinal reinforcement stress values:aré auerages
of three readings, whereas the hoop stress- levelslareQder Ld from single
gage measurements. In the test setup,\the beadsﬁwnre aligned longi?u-

dinally close to a north—south directiodi\ Thus, difﬁerentiation of .he
beam's east and west sides in elevation was established. The respective

stress plots are illustrated in Figures 5.6 to 5.12, with identifying
curve nomeaclature given in Table 5.3. -All stress levels are tensile

N

with the exception of those of the top-longitudinalybars. -

5.3 Observed Behaviour .

b

In almost all cases, beams were not tested tovcomplete
destruction, but were loaded just beyond their observed maximum load
carrying capacity. Upon approaching the load capacity of all beams,
primary cracks widened narkedly, especially in those tests where
‘there was a high ratio'of bending moment to torque. Thus, failure
; appeared to be precipitated by excessive yielding of conventional
reinforcement, yielding being most pronounced in the bottom tension
flange. In the testing of beam Rl to destruction, failure occurred
‘'upon the crushing of a compression diagonal across the width of the
top»flange. As indicated by gaping crack widths, the strands had
'undergone considerable inelastic strain,'but'complete disintegration
of the beam was prevented by the ductility of the bottom prestress
strands.. Close to the. failure of beam R4, the test in which the highest
. ratio of bending moment to torque was applied a similar mode of failure
was observed but well defined splitting cracks at the level of the.
bot tom longitudinal reinforcement were also apparent as ghown in Plate

5.1. The only beam failure that differed from this general mode of

y
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i

failure was that of beam TI1. Excessive local crushing and a punching

shear effec: became apparent beneath one torsion arm as displayed in
Plate 5.2. Initiation of the local failure was primarily due to the A
l//abs;ence of the plaster of paris ead between beam and torsion arm, thus

resulting 'in ‘extremely severe 1oad stress concentrations. However, the

load at failure was close to the predicted level.

Representative cracking patterns fd? two of the beams are
1llustrated in Fig. 5.13. Beams R4 and RS were selected as they
represented the extremes of highest and lowestvratio of bendiqg moment
to torque re;peetively.A The numbering‘adjeeent to the crack paths in
Fig. 5.13 corresponds to the;torsion load at which the pafficular,crack

.wasvfermed. The suffix B designates a bending load. 1In the testing
of beem R4, Qhé ratio of bending moment t. to;que at failure was cloee
te:fibe, and thus the resultant crackieg pattern ls euch as expected.

At the other end of the testing spectrum, the ratio of ‘bending mgpent
to torque for beam RS was slightly greater than one., Consequently, the
formatign of parallel compregsion diagonals is well defined. Generally,

'most primary cracks we : 7t _8 inches apart, with'aeconddr& cracks more-

closely spaced at 2 to 4 inches.

i

5.4 Potential Sources of Anomalies

~In the casting of test specimens, dimensienal toieraqces are

_ inevitably introduge&, andﬁtﬁe;r severity must be accounted for.in the
estimation of ecchracy of strengthband deformgtibn pre&ictions.' The

most significant source of potential'dimensional in;ccuracy unique to.

the seven beams cast was the presence of the styrofoam voids. Any

substantial movement of the styrofoam blocks during casting would have

<
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introduced dramatic variation in the thickness of the thin concrete
flanges and webs. Presence of the closed torsion hoop reinforcement
was used to advantage to secure the position'of the voids, and post-

test examination revealed that little variation in wall thickness was
:

apparent.

\
A

The nature of the beam supports wss such that a uniform
St. Venant torque could be accommodated along any length of the‘bean.
'However, the presence of the 18 inch long solid beam ends beyond the
supports offered longitudinal warping restraint to the small out- -of-
blane warping displa;ements that were generated at the beam ends during
torsion tests. As a result, ‘the beam length along which deformation

measurements were taken was centrally located such that the influence

of the solid ends would have diminished to a negligible level.

Fot the sake of expediency in eaae’of handling snd‘positioning,
the hoops and‘bsrsvvere 1i§nt1y tsck—welded during comstruction of the
reinforcement'esges. vThe welding’sas sufficiently light such that no
brittle joints would be formed The rigidityvthusAintrodnced into the
cages had no effect on the pre-cracked beam stiffness, and contributed -
flittle to the post—cracked stiffsess. Of greater significance concerning
the reinforcement cage design was-the location of the. top longitudinal
bars one inch in from the hoop corners. This feature was necessary toO
fdﬁiiitate cssting. Although Collins and Lsmpertzsvstate that the
positions of cﬁé corner longitudinsl bars define cross-section geometry
of the cracked concrete beam subjected to torsion, the movement of tne
‘top cormer. bars did not have a marked effect .om the torsion failure
~loads for the seven beams tested. This was prignarily dde to the ratio

P

of bending moment to torque remaining sufficiently high such that -
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the uncracked state of the toP flange was prese:-ed v~ to iailure in

most instances.

~
e
i

The presence of the clamping bolts that éecured the-torsion

arms, Amsler point loading and peanm support apparatus did restrain the
/

propagation of cracking beyond the central test section in each beam.

Individual bolts were 3/4" {n diameter and eﬁfectively acted as gvcrsizeq

[

stirrups.
\)

In the lover range of elascic behaviour whcre beam deformations
‘were small, the linear diﬂplacement'crcnsducecs did not yield consistencly
accurate results ic the'célculation of beam twist. ’?his inaccuchcy‘
arose partly through the method of acCachingito the concrete the.

smooth metal plates on yhich the cranéducer ﬁéedles impinged, and -

'partly because the measuring inscrument was being used at the lower limit

3

of its range of accuracy

o0

o
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@__@ Experiméntal Bottom Longitudinal Steel
o , Model Bottom Lpngitudinal Steq!
Y SR Experimental* Top Longitudinal Steel.
A “ | Model* Top Longitudinal Steel
E}-———.{j Experimental West Hoop Leg
[ | Model West Hoop Leg
0——@1 | Experimental East Hoop Leg
* | Model East Hoop Leg
V‘-————V Ekperimentai Bolttom'Hoopv vLeg e .
v | Model Bottom Hoop Leg

. No‘to/ In Figures 5.6 and 5.12, the designation for the
ordinates of the experimental top Iongltudlnal stoel .
curves u the symbol A - o

-

TABLE 5.3 NOMENCLATURE FOR CONVENTIONAL REINFORCEMENT
STRESS-LOAD CURVES v
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\1}&5 BEAM R-4

PLATE 5.1 FAILURE MODE OF BEAM R4

SF

PLATE 5.2 LOCAL FAILURE OF BEAM T1'
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CHAPTER VI

. EVALUATION OF COMPUTER;MODEL'RESULTS

6.1 Introduction

Motivation to develop this finite element computer model arose
through the need for a flexible, precise -analytical method of analysis
of concrete box girders_subjected to.a_general lo;d‘condition. The °

o -

principles of the mechanics‘incorporated n the computer model have been

descrihed‘in detail in Chapter 5wbut perfo' ce of-the assembled model
was, not addressed‘ This chapter focuses on the‘evalustion of the computerT
‘:model results)through comparison with experiment!l tests and related ‘i;
current theory.

£

-Initislly,'those aspects that strong};\influénce the computerg :

model response and do not répresent common finite element modelliném
'considerations, are examined‘to estahlish.an insight;intojmodel
behavioural characteristics‘rerealed in the subseguént comparisons.

The subject of comparison is the spectrum”in Behaviour or"the seéen
prestressed concrete box girders that were tested in the experimental
program described in Chapter 4 Following the presentation of the
experimental test results and the correspénding computer model results }
in Section 6.3, theoretical estimates of ultimate beam strength and ‘

" interactive’ response are in turn compared with theAanalytical modelyi
predictions in'Section 6.4. Performance of.thehfinite‘element model

,is assessed on the basis of the two comparative presentations,-and is

pursued in Section 6.5:

- 107 -
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6.2 Extraordinary Influences on Computer Model Response

> In assessing the performance of the computer model,‘considera—
“tion must be given to the following important aspects that both individu-
ally and collectively have a strong bearing on the model results.
Several aspects are unique in the application of the analytical model
to simulate the response of the seven prestressed concrete box beams
' tested in the experimental program. T All aspects are of either a material

or structural nature.

-~

2 "6.2.1 iMate:}al Behaviour Aspects

In.simulating the stiffness of an uncracked reinforced
.concrete beam, the material property of paramount concern is the initial
’elastic modulus for the concrete. Since the stiffness contribution of
the. neinforcement in an underreinforced concrete beam is small compared
with that of the concrete, an inaccurate determination of the initial .
Aconcrete‘modulus will result in a correspondingly inaccurate prediction
‘oé.beam'deformationsl Since concrete cyclinder tests did not yield d~‘
n‘consistent results and empirical formulae were not ‘sufficiently accurate,

the initial deflection measurements of the test beams wvere used in .

'precisely calculating the. respective initial concrete moduli.

, ;A\significant discrepancylwas observed between the average
crack- spacing value derived using Eq 3 29 and the corresponding
experimental value determined from the beam cracking patterns at failure.
Since aggregate interlock stiffness is a function of crack width and
thus of average crack spacing; adoption of the considerably smaller
theoretical valuefwbuld:have.resulted infanxoverestimation,of post;

-

- cracking concrete stiffness; .
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Reconstitution of the stiffness of a'reinforced concrete
element beyond cracking .is 41fficult in that the coﬁtribution of "dowel
action" cannot be determined accurately. Research has not concluhively
established the quantiéétive effect upon dowel stiffness of several
layers of web reinforcement of the inclination of thg crack to the
reinforcement axis other than at ninety deg;ees.v However, consequences
of the.lack of c;ﬁpiéte ﬁpders;anding and definition of this phenomenon

\,

are not of major significance since dowel action accounts for less than

20 percent® of the shear strength of a cracked reinforced goncrete beam.

6.2.2, Structural Aspects

Although both conventional énd prestress longitudinal
reinforcemenf are represented in the analytical model by one dimensional
bar finite”elements,’the same method cannot be extended to the modélling
of'stirrup-gnd hoop 'einforcement in this computer model. This
.resfriction has arisen througﬁ charactqriziﬁg‘tﬁe concrete finité
“element behaviour by'the‘stress-strain conﬁition at the‘céntroid o£
the elanent.; When the prinéipal‘tensilé stress at the concrete element
centroid éiééedé.the specified tgnsile strength of coqctete, thé element
is designatedvas'a cracked elément. Ho&ever,'the elementvisvnot fractured
by several parallel cracks distributed acrogs the elemeﬁt, but by one
crack passing through tﬁe centroid. Thus, whén the verticél web rein-
forcement is coqcentrated into bars locgted at fhe ver;icallboundaries
of anﬁéi&ment whose aspect r#tiq e#ceeds'unity,.it,is highlynprobable
that the sole cénffoidalvcrack'will'not intersecg the éidé boundaries
of the element. Consequently, the cracked element éannbfzptilize ité

web reinforcement, and a premature shear failure will occur. To resolve

this modelling difficulty, the web reinforcement is distributed throughout
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the element as a uni-directional steel mesh of closely spaced bars.

When cracking occurs,‘the complete mesh stiffness for the concrete

element is engaged. Thus, modelling of the mechanics of gtirrup and
hoop reinforcement in the cracked concrete condition closely reflects
real behaviour. Figures 6.1(a) and 6.1(b) illustrate the problem and

solution of this vitally important aspect of analytical'modelling.

In Section 3.2.1, an expression was derived for the variation
in shear stress across a '"thick” wall as a function of the uniform

shear flow, in the form:

A _ o
%_:, A_c : o . (3.12)

- Clearly, for those tubular members whose height and width dimensions

areionly moderately large comparedwwith the wall thickness, the'maximum
shear stress at the wall surface can be considerably larger thanlthat

at the wall mid-thickness; 1ie. the uniform shear flow. Considering that
plane stress finite elements do not permit shear stress variation

across their thickness, and that such elements are located at the plates
mid-thickness, only uniform shear flows can be adequately represented
The computer model's insensitivity to shear stress variation is of
concern since- surface cracking in- concrete will immediately propagate

through the entire thickness of a tubular. ‘member' 8 wall Thus, 1if the

torsional shear stresses -are high at the critical cross-section of a

concrete box girder, the computer model will yield underconservative .

egtimates of cracking load and to a lesser extent post—cracking member

stiffness.‘

A further possible: consequence of the location of “plane stress

finite elements at wall mid-thickness is the insccurate prediction of

o



: _ 111.

the’ultimate bending.moment capacity of an underreinforced concrete

box girder. ln the'analyticallmodel, the lever>arm length from the
force -resultant in the concrete compression.flange to the'tension
reinforcement at ultimate 1oad conditions 1is fixed:by geometry. If the
compression flange is thick nith respect to the girder's depth,bthe
concreteicompressige'force resultant will be located between the wall
mid- thickness and the upper flange surface, the height of the. resultant
force above the compression flange mid- thickness constituting the .
difference between the experimental and model-lever arms. _Also, since
the thick concrete compression flange of the computer model is too stiff
close'to failure, the tension reinforcement will be forced to carry a
disproportionately higher load, further reducing the ultimate bending

moment capacity- of the girder below its actual strength

‘ :*Before a reinforced concrete beam is tested, the concrete

.\--

. Ny
and reinforcement are- already stressed through shrinkage and creep

member deformations, the effects of these phenomena being most pronounced

4

- 1n precast prestressed concrete besms. Fsilure to include the presence
of the tensile concrete shrinkage stresses can result in significant
overestimation of the crackingflosd,'and a slight distortion of pre-

cracked deformstions.

Aithough—the longitudinal warping restraint of beam5end
diaphragms is not normally of realvstructural'significance,-the nodelling
of the seven: prestressed box beams tested;in the experimental program
was complicated by thevpresence of the 18 inch long solid beam ends -
extending beyond each beam suppqrtt Since the warping resistance of
the solid ends was comparable-to thst of the box beens,,accurate

vrepresentstion,of their influence on beam behaviour was essential.
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Consequently, the approachvoutlined in Section 3.4.2.7 was adopted,
and the warping stiffnesses established in the auxiliary finite element

program were read in as input in the principal analytical model.

As shown in'Figuree 4.7, 4.8, and 4.9, clamping bolts were
used to maintain ‘the position of testing equipment at several locations
alopg the 1ength of the test specimens Verified by observations during
testiﬁg, the clamping bolts and the radial torsion loading arms effectively
'acted as very stiff stirrups, greatly restricting the prOpagation of
web cracking in their vicinity. Thus, their presence in the analytical

model 1is essential from both deformation and strength“aspects, In a

7

similar manner to that adopted for conventional stirrup and hoop
reinforcement, equivalent steel meshes were included in adjacent concrete

elements to represent their influence. : : )

’

In each of mhe_seven test beams, the solid croseesection'
infringed upon the test apan, the distance from: the Bupport to the
~ commencement of the styrofoam voids varying from 7.5 to 13 5 inches
(Fig. 4 4). Since the stress levels at the beam ends«were not sufficient
to produce cracking, the primary modelling concern was def&&mational )
accuracy, especially-with respect to bending_deflections. Deformation
characteristics éere'modelled cloeely through the nse'of plane stress

v : '

. finite elements of an appropriate, uniform thickness such thatfthe,moment

of inertia remained nnchanged.

In the casting of prestressed concrete beams, small flexural
cracks will often appear in the top flange after transfer. Upon the
application of positive moment, these cracks will immediately close,

and the subsequent beam response will not reflect their,initial-preaence.



113.

Provision is made}within the model to reproduce such behaviour. TIf a

" model crack closes in the load. increments immediately following transfer,
the full concrete constitutive matrix is recovered. Should a crack close
at a later stage in the loading sequence{ the aggregate interlock
stiffness does not increase; but ig maintained at the level prior to

crack closing.

6.3 Comparison of Computer Modelland Experimental Results

.

In this Section, the computer model and experimental result-
for the seven prestresgsed box girders are presented in a form that
facilitates a thorough comparison. Assessment of the analytical model

performance on the basis of this coﬂparison is treated in Section 6.5.1.

Since the complete spectrum of beam response from initial
loading ‘to ‘failure 1s to be examined, plots of torque versus rotation,
bending moment versus central beam deflection, and reinforcement stresses
versus load have been prepared for every test beam, each plot displaying
the corresponding model and experimental coordinatea. Monitoring of
reinforcement stresses’ embraces the behaviour of the top and bottom
flange conventional reinforcement at the beam gpan centreline and the
four legs of the centrally—located hoop. The legend for identification ’

-

of the reinforcement stress plots is provided in Table 5.3.

The twenty figures displaying comparative beam plots, Figures
6.2 to 6.21, are not completely comprehensive as two plots have not been
presented. Reference to the Figure List indicates that the torque
versug rotation curve for beéam R4 and - the hoop reinforcement stresses

versus load graphs for beam Tzzare the two absent plots. ‘For beam
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R4, itsltordue-rotation curve closely“follows the respective plot for
beam R3 since the loading of both beams only differed-significantly
beyond the scope of the torsion plot of beam R4. During the test of
beam T2, the central hoop strain gages exhibited erratic readings
which prejudiced their experimental value. In the torque—rotation graph
of the experimental results. of beam T2, shown in Figt 6.20, the initial
coordinates are not plotted as they'displayed considerable inconsistency.
The.two computer‘model curvés for the bend ing moment—deflection response
of beam RA represent the two loading extremes of the heavy Amsler jack
load applied at the beam centreline.‘ If the beam failure mechanism
comprisedva centreline hingewin the compression flange,‘and the loading
plate was sufficiently stiff'to bridge the hinge, the loading pattern
of Fig. 6.22(b) 1is feasible, in contrast to that illustrated in Fig

e

6.22(3) here complete contact is assumed.

.Two computer model graph characteristics exhibited in'thé
majority‘of bending moment¥deflection and torque;rotation plots"require’
-clarific tion. For those beams where failure ofdthe finite elementg |
.model.oc urred within a load iqgrement,‘the model strength results are
described by a band delineating the lower and upper load bounds;% Theétd
aecond'point of clarification is the significance of the‘"translatedf

computer model curve shown in those figures where there 1s considerable

discrepancy between experimental:and model cracking loads. If the

computer +odel behaviour was adjusted such that its}cracking load agreed
closely vith the corresponding experimental load,hthe projected analytical
model results are represented by the "translated" computeerodel curve. .
Most importantly, the translation procedure’ does not entail pre-cracking '

or post—cracking stiffness modification. Developmen% of the_translated

curve is detailed in Section 6.5.1.
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.The cracking and ultimate strength éombined loading conditions -
;'f r the expe;imental and the corresponding computer ;6del beaméiare
reaented in Table 6.1. Invariably, the deformation value at the point
of ultimate strength was indetermipable from.goth the expe;ihent;iland
computer model results. Consequeptly, there is no objective method of
compariﬁg experimental and computef model postcracking stiffnesség,

and thus a subjective evaluation of the; correséonding cur§e3 is tﬁe

7y

best recourse.

)

6.4 Comparison of Computer Model Results with Current Theory

Of the vast number 6f research publigatioﬁs1in the field of
torsion,,Bénding,.and'shear in.feinforcedAconcrete, réfereﬁce'has beén»
‘made to Collins and‘L;mpqrtzs investimating‘pure ultimate torsiomal -
.étrength, Thiirliman®® in thg evaluatiog of bending moment-shear interaction = .
and pufe shear strength, and Elfgreﬁ51 concernihg torsionQBendingvand
torsibn—bending-shear interaction. Since current .theory cannot predicf_
post~cracking member deformationé uﬁder combiﬁed loa&ing, only ultimate
strength.predict}onS»will Be;considergd. ‘Evaluation of crackiné léads,
will not be treated as this ;rga of résearch has. been exhéﬁstiyeiy
e#amined in tﬁe pégé, aﬁd'resolvgd.to a‘satisfactofy degree. Similar’
to the previous Section;'this'Seétion will‘dnly.preSent : comba;ison

of theoretical and model predictions, with the_assesémentfand implicatibns

o b .
\ @

of the comparison addressed ip'Section 6}5.2., Since geéﬁetry, concrete
strength, and reinforcement levels are almost identical within the two

test beam classifications, average ult? te strengths will be presented -

B

" for the rectaﬁgular and trapezoidal beam‘cafegories. ;

o4

o~



6.4.1 Ultimate Strength - S b

In the application of the Space Truss Theory propose by //
Collins and Lampert?® to estimate the ultimate torsional capacity of a
prestressed concrete box girder, the form of their equations is not
modified to account for initial prestress. - The prestress strand is
_8imply considered as reinforcement of strength‘f* A* where f* is
| the yield stress of the prestress steel and A* the area of -the individual
strand. For both the rectangular and trapezoidal beam;; the weaker
‘top reinforcement determines the ultimate torsional capacity of the
two beaw classifications. When considering the trapezoidal beams,‘the
web prestress strand'was distributed to the~top and bottom flange

stringers such that the ultimate bending moment. capacity remained

) unchanged_ The ultimate torsional capacity is given by

R e LZ S

To = 2Ao/—1 Z o N - (6.1)

wheré Ao = area enclosed by corner longitudinal bars, zzy - twice the

sum of yield forces of longitudinal bars in the weaker flange, Sy = hoop

yield force, u'= -corner longitudinal bar perimeter and t - hoop

spacing The average ultimate torsional capacity of the five _rectangular

beams using the Space Truss Theory is 379 inch kips, and the corresponding

strength for the twd\trapezoidal beams is 239 inch kips;: » |
Since the Space Truss Theory cannot accurately estimate the

compression zone depth, and Skew Bending Theory cannot accommodate the

presence of longitudinal web reinforcement or longitudinal reinforcement

52

of different yield strengths, classical bending the... as currently

incorporated in prestressed concrete design has been used to evaluate

Vthe ultimate bending moment capacity of.the ‘two beam types. For the
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five rectangular bcams, the average ultimate bending moment capacity is

1515 inch kips, and 985 inch kips for the two trapezoidal beams.

» Calculation of the pure shear strength of the two box beam
types follows the approach advocated by Thirliman®®. On the basis of
a simplified, genetalized space truss model, Thurliman devised the

following expression for the "plastic shear force" Vpo

et

V = /2F _ +5 =« 6.2
po yl "y (6.2)

- where Fy = yield force of bottom flange longitudinal stringers, Sy =

.where V

yield force‘of stirrups at cross~section considered, h = ultimate bending

‘moment lever arm, or, in the absence of ‘an accurate estimation of this

value, the centre to centre distance between the top and bottom stringers,
&

and t = gtirrup spacing.
However, since bcth the transversé’and longitudinal reinforce-
ment must yield simultaneously before failure for the above derivation
Y
to be valid, the variable angle of inclination of the compression concrete
diagonals must lie within the range: ' -
* 5 < tan a < 2 ‘ : A ‘ (6.3)

where as~- angle of inclination of compteasion struts to horizontal.

For such an inclination range, the maximum shaar resistance
of a concrete beam is modified to -

O B o . BN

\\‘w" »v _2_. ] ‘ | ‘ - | R
,Ym - Y x ,»vpo . ' ' (6'4)‘

= maximum shear resistance, and
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Flot ' .
K = 7%;777 : _ & (6.5)

In the application of the above equations to prestressed
concrete (Thurliman's equations were developed for reinforced concrete),

the axial force N in the equetion below 18 not zero, and corresponds to

the initial prestress force. ‘ S
' M N _ V ‘ :
Fyl o +«2 + 7 cota8A - . (2.6)

I

The form of the develqped equations remains unaltered if the term,Fyl
is replaced by the term (Fyl + H%L) where N is the initial brestress
force, and h' is the distance from the prestress strand to the concrete
force resultant.  Mostly, h' equals h. Therefore, Eq. 6.6 is valid in
its original form if‘Fylris defined as the total,bottom stringer yield

strength including the initial prestress force.

For the rectangular box beams, the plastic -shear force is
70.7 kips and the maximum shear resistance 1s 49.5 kips. Similarly,
for the trapezoidal box beams, the plastic shear force is 57.4 kips

and the maximum shear resistance is 40.5 kips.

Since a computer model loading combination could not be

devised that produced a pure shear loadiug similar to that considered in
the preceding theory, an analytical estimate of the ultimate shear

capacity could not be determined

J

Y

The experimentel and cbrresponding computer model ultimate

strengths ar summarized in Table 6.3.

~
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6.4.2 Torsion ~ Bending Interaction

Of the seven box bcams tested in the experimental nrogram,
five were subjected to torque and bending moment only, those beams being =

Rl, R2, R5, Tl, and T2.

The interaction equations of'ElfgrenSI, in an identical form )
to those developed by Collins and Lampertzs, are ntilizedwto deacribe b
beam response under combined torque—bending moment load conditions. |
Under such combined loading, beam.failure'under the action of‘agpositive'
bending moment can . be either of two modea, mode-t.when failnre is initiated_;

by yielding of the bottom flange longitudinal reinforcement, or mode c

" when yielding of the top flange stringera‘precipitateambeam fail

Mode t . : ' ) : . L -"j~g;'}a3"

M T . SO Coat

Mode c
b + G Ty = 1 - ST €6.8) . "
% To L - S ,,* "“,%-
where r = ratio of yield forces of top and bottom flange longitudinal

reinforcement. : ' SR R ) T
: R o

L
IS

In determining the value of term r. in. the above two equationa,ff°
the full yield strength of the prestreas strand is used. For the’ two o,
trapezoidal beams that contain web prestresa strand reinforcement,

distribution of the longitudinal web steel to the ‘top and bottom flange

’ N

stringers is such that the ultimate bending moment capacity of the beams '
remains unchanged. The yield force ratio "r" is 2377 and 448 for

the rectangular and trapezoidal beam categories respectively



As a basis of comparison, the interaction Equations 6.7 ‘and

6 8 are plotted in Fig 6.23 for both the rectangular and trapezoidal

N

beam types, together with the corresponding computer model results for

_.‘the five beams that failed under torque and bending moment loading only.

8

The computer model results are displayed in their dimensional and non-

dimensional form in Table 6 3, all results being average values for

the 1oad increment in ‘which failure of the analytical model occurred

orsion - Bending - Shear Interaction

o

o "flfl\‘f"'only two of the seven'test beams were subjected to shear in
addition to torque and bending moment at their critical cross—sections,

the two beams being rectangular .box beams R3 and R4.

v

‘:jra

The interaction equations adopted to define beam response

v

under the combined loading of torque, bending moment and shear are

— those proposed by Elfgren In conjunction with the two previouslyo
~4§defined modes’. of failure the presence ‘of shear introduces an additional
ST & : .

‘imode of failure, mode 8, where the compression zone 1is formed on the

: iside of the beam The corresponding interaction equations are as follows

”:Mode t

S B (——)2 o+ (-) r o= 1 . L (6.9)
B  Mode ¢

ML L T, Yoo L - | | /

W +~(T6) + (vo) =1 - (6.10)

AR . - M.
0 o



'additional interactive constraint that must not be violated

»
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Mode s

Ty2 2r V. 2r ™V, 2r 2
(To) r+1 + (v ) +1 + TV 41 v l“"b'/h' 1 (6.11)

o oo
where b' = horizontal centre to"centre distance of corner strin ers'
g

in top or bottom flanges, and h' = vertical centre to centre distance?‘

of corner: stringers in top and bottom flanges . “ .

In conjunction with the above equations, Thurliman 8 inter--

action equations for bending moment and shear is also conaidered .as an T

FP__,_ (V_P_)z' — , B - (6.12)
po po ' .

where Mp = applied moment, and M = "plastic moment" or ultimate bendinglf
moment,capacity. From earlier discussion, the applied shear Vp must

not exceed the maximum shear capacity \'j establiahed by Eq. 6. 4

'Similarly, as a consequence of the inclination of the compresaion struts

being restricted to .5 < tan e < 2, the maximum applied bending moment

~must satisfy the condition: - ' 4
M v -5
pmax , _p . 1,2
M TV i ¢l (6.13)
po po ’

The interaction Eq. '6.12, together ‘with the imposed limits of Equations

6. 4 and 6.13, is shown in Fig. 6. 24

/
Using Eq 6.2 to evaluate the plastic shear force V appearing

in Equations 6 9, 6.10 and 6. 11, the interaction equations for the -

three modes of failure of beams R3 and R4 are illustrated in Fig. 6. 25.

Only one set of interaction equacions is shown as the respectivefequations
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for the two beams are very similar | All three interaction equations have

been simplified through the evaluation of the (——O terms which are then
o

*7transferred to.. the numerical right hand sides of their respective

_equations Thus, three dimensional interaction is reduced to a two

xdimensional,torQue—bending moment:interaction;;v -

In Table 6.3 that displays the computer model results for
beams R3 and Ré,\the bending moment failure loads have been adjusted
to allow'for the presence of the central downward vertical concentrated
load illustrated in. Fig I l(c) in Appendix I. Under such a loading
system, Thurliman50 has established that the principal design cross-v

section for shear 1is not located beneath the central load but at a
. Lo,
33

distancé“h either side of the concentrated load Elfgren 8 examination

" of the effect of a concentrated load ylelds a similar result. Consequently,
the failure bending moments for .beams R3 and R4 have been altered A\ . .
- accordingly. The adjusted computer model results for the latter two

beams are plotted in’ Fig 6 25

6.5 Assessment df-Computer Model Results R

3

6 5 l Computer Mbdel Assessment in Light of Experimentation A \\;h
' ' : L & ¢

6.5.1.1 Prominent Aspects of'Model's‘Performance:f In the ,f Sy

uncracked state,.the comdnter model?yieldedranvaccurate;aésessment of
beam stiffness since~the'initial modulus of elasticity for concrete.
" was evaluated directly from beam deformations at low load 1levels. This
procedure in determining the concrete modulus was adopted as cylinder

tests ‘conducted for - the sole purpose\of modulus measurement produced a

wide scatter of results.' In.this study the need for estimating the
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modulus of concrete a; accurately as possible is paramount as both
deformation and strength characteristics are examined. .lhe'few instances.
of disparity in agreement between experimental and model behaviour in

the pre—cracked condition appear in the torque—rotation relationship
‘since the experimental deflection monitoring equipment was incapable of
consistently accurate'measurements of very small differential deflections

of adjacent beam locations.

Although corresponding experimental and model elastic stiffnesses
‘are in close agreement, a very discernible discrepancy 1is evident at
the onset of cracking For . a?l beams where cracking occurred under ai
combined torque~bending moment load condition: i.e. all beams with the
exception of BBVand R4§'the-model beam cracked at alconsiderably higher
load'than the expenimentallheam; 4The three potential sources of this )
deviation in behayioun_are: concrete tensile strength, concrete shrinkage
_stresses, and variation;in}shearxstressea across the wall thickness. Of
the three potential sources, the effect of the variation‘in wall shear
stresses is the most dominating influence on’ behavioural discrepancy. o

Y- .

In Section 3.2. l the'variation in the St. Venant torsional shear,stress
from the wall aurface to wall mid thickness was shown to be equal to the
‘ratio of the croas—sectional area to the area enclosed by the corner
‘1ongitudinal~reinforcement stringers. . For the rectangular and trapezoidal
beams, the ratio equals :61 and .87-respectively.' Since the analytical
model evaluates the torsional shear stresses at-the wall mid-thickness,
the maximum torsional'shear stresses'at“the surface of thekexperimental
beams are 61X and 87% higher‘than the corresponding model stresses for

the-rectangular and trapezoidal,beams. This'substantial discrepancy

between mid-thickness and aurface‘torsional shear stresses is8 critical as



124.

cracks in the outer surface fibres immediately propagate through the
entire"wall thickness. .If the shear stress:.variation were ta#en into
éccount in the calculatidn of the'model concrete principai teﬁsile
-st;esses,'the discrepancy inhcfacking loads would be substantially
'rEduéed. However, difficulty in gccuratély measufing the concrete
tensile,stfength énd uncertainty in establi;hing concrete éhrinkage
stresses can collectively contribute to inaccurate cracking estimates.
Thus, althopgh the variation in torsional shear stresses can be taken
into‘accoﬁﬂt, éccurate(predittion of c;acking loads.may:not be achieved

consistently.

“As a result of the model's highér cracking loéd,ba response
délay is exhibifed‘in tﬁe bending moment-deflection, torqﬁe—:othtion,
and reinfofcément strésses—loud graphs. In those moment-deformation
-fighres where the respohse deléy is considerable, a "tianglated compdtér
model curve" has been plotted in addition to“thé actual mbdel»curye to
iilﬂétratevfhe projected computer modeilreéponse if the cfﬁcking load
- discrepancy did not occur. To define the translated,curQé, the post-
bcraékingvportion of the actual model curve is moved hofizontaily to the

right qﬁgil the tangent projection of.the inelastic/curve'below»its
;locéitorigin inﬁersé;;s the elastic slope at the experimental cracking

load. The pfophetic significanée ;f.thé translationvprocedure illu-

strated in Fig. 6.1(b)'is as follows. Should a concrete box beam be
modeiled where no-account is taken 6f the variation of torsional éheaf
étfessgs apd the presence of shrinkage stresses, the analytical‘load—v
qeformation feéults will be of the form of cur{e OBC ip the latter

. figure, wheré a cpnﬁiderab;e discrepancy is apﬁarent between e;perimedtal SR

and model Crackingg}gadé.v However, if both the two previously specified

—

3
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.sources of error in cracking prediction are taken into account, the
pmodified analytical results are defined by the curve OAB'C'. The
stiffnesses at corresponding intermediary points along BC and B'C',

. points D and D' for example,'correspondvclosely as the effects of
shrinkage and.torsional shear stress variation arevminimal in comparison
to the dramatic redistribution of stresses that follows cracking. 1In
 beam tests that exhibited considerable ductility bevondicracking, the
~1inelastic slope up to moderate load levels exhibited little decay, and
thus construction of the segment AB' is a reasonable approximation of

the initial modified post—cracking response. The principal motivation

in introducing the translated curves is that a closer subjective comparison
can be made of experimental and model post-cracking stiffnesses, and
projected membervdeformations are prédicted more accurately.

. With few exceptions model post—cracking stiffness closely
follows experimentsl behaviour, and deformation predictions of the
translated model curves are consistently accurate before entering the
highly inelsstic deformation regions close to ultimate failure. The
yless pronounced éffect of the torsional shear stress variation after
'beam cracking arises since redistribution st forces through concrete
cracking and reinforcement yielding produces large'stress variations
‘that'greatly exceeddthe influence of surface to midfthickness shear

' .stress variation.

At ultimate failure load conditions, the computer model bending
moments are consistently 8% to 10 below the corresponding experimental
moments for those beams that were subjected to a high ratio of bending
moment to torque. This modelling inaccuracy is largely due to the method

of delineation of the beam cross-section in the finite element model.
fal
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In representing a concrete wall by a two-dimensional plane stress finite
. element located at the wall mid- thickness, the moment of inertia of the
uncracked;beam is accnrately represented and actual reinforcement
locations can usually.be accommodated.b ﬁowever, the.thickness of the
'concrete compression zone and the .location of the cémpressive force
resultant‘are fixed, effectively predefining the model bending‘moment
lever arm independently of reinforcement levels snd critical beam,cross—
- sectional parameters. 'For both the rectangular and trapezoidal finite
element meshes, theobending moment_lever arms are 4.5 shorter than

" theoretical estimates at ultimate“loed conditions, resulting invalmost'a
‘Szareduction invthe‘ultimate bending moment capacity. The'higher stress
levels in the longitndinal tensgion reinforcement of the computer model

’ have little effect on post—crécking stiffness qncept in the region close

to. failure where model stiffneés‘is,invariably less than experimentation-~

indicated. o

Several less significant sources of errorvare introducedithrongh'
selection of the geometry of the finite element mesh j Defining cross-
sectional geometry by mid- thickness dimensions dictates the 1ocation of
all reinforcement. However, imposed reinforcement bar movements do not
exceed the magnitude of their respective diameters, thus limiting error
vto a minimal degree. Of a more difficult nature to evaluate objectively,

the\fineness of a finite element mesh can influence convergence and

modelling accuracy.

.The_mesh size was selected in this instance as a compromise

between realistic accuracy expectetion and computer execution costs.

“
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‘" 6.5.1.2 Review of Individual Beam Results: Two areas of

Aiscrebancy in the comparison of model and experimental behaviour are
consistent for 411 beams. Hbdel bending moments at failure under-
estimate experimental values, thus affecting thévcorresponding_torques

in a similar manner. At low load levels when beam deformations are small,
the experimentéi differential rotation measurements are not feliable. In
the following examination of’Figures 6.2 ﬁobﬁ.Zl, the legend of graph
coordinates for the reinforcement stresses-load plots is given in Table

5.3..

‘gggp_&l: The relevant plotted relationshipsbare illustrated
’ ‘ !

I

_in Figures 6.2, 6.3 and 6.4.

Since thé'rétid 6f térque to,bending moment is quepa;e 1.5)
thrpughout the lﬁading sequence, the model cracking load ig significantlx L
higherrthan the corresponding experimental value as antiéipated in the.
"discussion of Section 6.5.1.1. The "translated" computer m;del curves
illustrated in Figurés 6.2 and 6.3 show a reasonably close p;st—éracking

7 '

stiffness correspoﬁ&enée, the eXception,bging.iﬁ the highly inelastic
region of the torqué;rétation fglatidnship; During the experimental
» testing of beam R1l, the central beam length over which the différential
rota;ion wds calculated; w#s further.removed from tﬁe‘infiuence of’tﬁé
substantial étirrup-like torsion load arms'than in- the Lomput@r model.
,ConseQUently, avetage'modél differeﬁtial fotationrmeasuremeé¥slare o
significantly smaller thar their experimental coﬁnterﬁarts at high load
levels when the_restrainﬁ ofjthe torsion arms on crack widening is most

pronounced. Difference in'craékingfload predictions 1is also exhibited

in the reinforcement stress piots of'Figures 6.4(a) and 6.4(b). -

e
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Beam R2: The relevant plotted nships are illustrated

in’Figﬁres 6.5, 6.6, and 6.7.

As the bending momeng—deflection ratio at failure is higher
-fofvbeam 2 than R1, the degree.to which ;he model -ultimate strength
prédiction§ underestimate beam capacity 1s more pronounced.. Correspondence
\ ‘ : ‘
of the elag&ic and post-cracking stiffnesses 1s accurate in both the
dbending moment and torque'gréphs, with modest divergence occurring close
to failuré. The oﬁly significant difference in tﬁe reinforcement

o

stress plots is that the eastern leg of the céntral'hoop did not yield
! ] » .

- \ .
.dn-the model Heam, but the discrepancy is not significant. 5

i

.Beam R3: The relevant plotted relationships are illustrated

in Figures 6.8,§6.9, and 6.10:
Y ' :

Fo£ be%m R3, Fhe.‘gsproportiongte underes;igation of:the
ul;imate torsipngl"éapacity compared with that of the ultiméte'bending
moﬁént capacity ié a direct result of the loading sequgncél Iﬁ;;he‘IQad
increments preceding fgilure, the rétio_of bending moment to torque w;;
equal to 1.06. Consequently, premature failufe of the test specimen had
an exaggerafed ipfluence on the'éccuracy of the ultimate torsional
estiﬁate. Accu;ate prediction of the model’cracking load is gkpec;ed as

_ the beam ﬁag subjected té bending mbment‘oﬁly'at'the formation of initial

cracks. The reinforcement .stress plots-also reflect the close estimate

of the cracking load.;
X, . ’
' Beam R4: The relevant plotted relatiounshi r are illustrated-

in Figures 6.11 and 6.12. .
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During testing, an-unexpected increase in beam stiffness
occurred beyond the applied bending moment of 1100 inch kips. [In retro—
spect lt seems that the nature of application of the centrdl load altered,
reducing the central bending moment as illustrated in Fig. 6.22. In Fig.‘
6.11, the "adjusted" experimental curve represents the bending moment-
deflection curve based on the assumption that the central loading-plate
ceased to maintain ‘uniform cdntact with the concrete beam'at centre
span, effectively maintaining only\edge contactyas shown in Fig. 6.22(b).
lhe smooth stiffness change, absence of a marked post—cracking stiffness"
i{ncrease, and a more realistic ultimate bending moment capacitpbsuggest
that the adjusted curve is a more reasonable representation of the actual
.experimental behaviour. Correspondence in post;cracking stiffness
between the ¢ uputer model and adjusted experimental curve is close.-

The disagreement betveen the corresponding east hoop stress curves in.
Fig. 6.12(b) 1is the result of the hoop strain gage being located abope

" its assumed mid-depth position.

_iieg_m_'_R_._S_: The relevant plotted relationships are illustrated

in Figures 6.13, 6.14, and 6.15.

As illustrated in Table 4,2, the initial concrete.nodulus
for beam.RS was considerably below the average modulus of -the other six
. beams, despite’ the comparable ¢oncrete strengths obtained from cylinder
tests,"TheAlow concrete modulus was undoubtedly due to- i-zdequate
vibration in the narrow web walls and bottom flange, shereas the'top
flange, being completely exposed, ‘was compacted sufficientlp. Thus,
the modulus value in Table 4.2 slightly over—estimates the web and bottom’

flange stiffness, and substantially underestimates the top -flange

stiffness. Consequently, the posthrackiné stiffneés of the analytical

o .
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model 1s less than,the corresponding experimental stiffness in the bending
moment—deflection relationship where the top flange stiffness is critical,
and greater in the torque—rotation relationship wheie web and,bottom_
flange stiffness is influential. - The top longitudinal steel strain

gage was malfunctioning during the experimental test.

Beam Tl: The relevant plotted relationships are illugtrgted}
in Figures 6. 16 6.17, and 6.18. | ‘ ) o : - ‘

'In addition to the expected prediction of a higher cracking
load,,the only region of significant “viation is the torque-rotation
curve segment close to fsilure. During the latter stages oflthe experi4
mental test, localized'cru;hing commenced on a top'flange'corner directly
_beneath a torsion 1osding arm.. The crushing was confined to the corner
/only, but the trapezoidal beam's torsional stiffness was undoubedly

' diminished, thus contributing to the increasingly inelastic response of

the experimental beam.

Beam T2: The relevant plotted relstionships are illustrated

in Figures 6.19, 6.20, and 6,21.

Beyond 550 inch kips in the bending moment—deflection curve,
considerable discrepancy is apparent that defies explanstion. Deviation
of model and experimental behaviourldisplayed in the‘torque-rotation'
graph is exaggerated since both curves.are highly inelastic immediately
prior to failure and the ultinste torque at failure is small in comparison
to the corresponding bending moment.. Experimental coordinates'were not

plotted in the latter figure below a torque of 109 inch kips as the

‘'results were inconsistent.
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6.5.1.3 Summary: The computermodel aimulation of the seven
presttessed box girders testedqin-the experimental program satisfactorily
described member deformations and evaluated ultimate'strengths to within
an acceptable degree Q£¥accuracy.. To assess the analytical model's
. performance in its proper perspective, two important'sources of model
behavioural inadequacy must be recognized. . Firstly, the computer model
consistently overestimates the cracking strength of "thick" walled
concrete box girders‘that are subjected to any loading combination that
includes‘torque.. However, this shortcoming can be overcome as the‘actual
cracking‘load can be calculated accurately,‘and a "translated computer
modei curve'" can be drawn to {llustrate model behaviour if model and |
experimental craching loads coincide.v Secondly, upon development of a
finite'elesent‘mesh, the ultimate bending moment lever.arm 1s fixed by
'geometry,'resulting in an inaccurate estimate of the altimate bendiné
moment capacity. 'am strength under combiqed loading that includes

bending moment is influenced in a similar'manner. No corrective measures

can be made in the computer model to negate the influence of. the latter

anomaly.

6.5.2 Computer Model Assessment in Light of Currenr Theory

6.5.2.1 Ultimate Strength

Ultimate Torsional Strength: = Calculation of the theoretical

ultimate torsional capacity of both rectangular and trapezoidal beams
has been made on the basis of the ' compressive stress field theory

or space truss theory. The theory is based on a kinematic approach in
the theory of plasticity where ‘an external Zoading 1is sought at which
a mechanism of deformations is formed. However, the format on of theA

" mechanism implicitly assumes that both'stirrups and longitudinal steel
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yield before failure. Although the space 'truss model has several other
inherent 1imitations in its application, the requirement that reinforcement

proportions be such that stirrupe and stringers yield prior to failure

is crucial in establishing the theory's validity in this instance.

/ .
Elfgren®' reports that several researchers have confirmed
that the yield prerequisite is met 1f the ratio of longitudinal to

transverse reinforcement is such that

0.5 < cot a, < 2.0 ~ (6.14)

where

. 0,y ¢ '

cot = 0 - . ' . (6.15,
T Y b" +h AoV : ,

W w

in which Al = area of longitudinal reinforcement, Oly = yield stress of
longitudinal reinforcement, b' = width of beam measured between corner

stringers,s h' = beam depth measured from top to bottom stringer, t =

stirrup epacing, Aw = stirrup area, and Owy = stirrup yield stress.

For the five rectangular beams, cot aw\equals 1.96, and 2. .05
~ for the two trapezoidal beams. The value of cot aT for the trapezoidal
beams 1s of questionable significance as Eq..6.15 was developed for

rectangular beams only.

‘On the basis of the. theoretical verification, a valdid comparison

can be made of the computer model and theoretical ultimate torsional -

capacity estimates for the rectangular,beamsy and the respective valuee

in Table 6.2 1llustrate good agreement. However Equations 6.14 and
6 15 indicate that a comparison of trapezoidal results is highly queetion-

_able and furthermore, experimental and computer model results verify that

'
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tthe stirrup.reinforcement'in bothvthe trapezoidal.beams was not yielding
at failure. | :
. | //\}c |

The slightly higher computer model estimateffor the;rectangular
beamshis as anticipated,vsince only the yield force of the reinforceF
ment 1is used in the~théoretical calculation. Unlike the computer model,
'bspace truss theory does not take into. account reinforcement strain
hardening or dowel action The additional reserve of reinforcement
strength,beyond yielding}does'not increase,the ultimate torsional capacitym'
'substantially, however; as'theptransfer of load from concrete‘to steel |

increases reinforcement stresses dramatically as failure is approached.

Ultipate Bending Moment Stre_gth Both the space'truas and

R e e e B

computer models cannot. accurately estimate ‘ultimate bending moment R o

P

capacities as‘their respective ultimate bending moment'lever arms are
. fixed by geometry. -Although not afflicted by the latter shortcoming,’
the skew bending model cannot accommodate longitudinal web bars and
'Atension reinforceméht of different yield strengths. »Thus, the equivalent

stress black theory incorporated in prestressed concrete design is the
. ‘ ‘u‘ .'
most accurate method of” evaluating the ultimate bending moment capacity.

r

The shortcoming of the computer: model in this respect ‘is tréated in

.o

detail in Section 6.5.1.1. o S /
gltigate_Shear Stren&th“ The approach adopted by Thurlimsn in
formulating the theoretical shear dapdcity of a reinforced or prestressed
aconcrete ‘beam is only applicable to beams underreinforced for shear.‘,y“
Definition‘of'an underreinforced begm in the context of pure shear iB - =

«identical to that for pure tors‘on, fn bdth the longitudinal

stringers and the transverse rei forcem nt must yield at failure. Should éiﬁ
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-

.("Eherfreinﬁorcement type not yield at failure,'the_yield criteria are

-

'vi_}ated'and theftheory becomes invalid.

PR S ‘Unfortunately, a loading pattern could<not be devised to .

uenable ‘the computer model to predict the maximum shear resistance of

":irectangular;beams R3 and R4. The choice.of loading pattern was -
reatrictedlsince the beam‘epan could not be reduced-without modifying
behagiour,~and;cOncentrated loads could not be 1ocated closge to the
criticalmcroae—section.where shear failuregnas anticipated asitheir

vpresence altered the local shear stress distributionso St Recognizing

,

these two restrictions, the only feasible load combination produced a

- design region of maximum shear accompanied by a 1arge bending moment.
. ) P

Il : S L
6.5;2.3- Combined Loading InteraCtion: Under combined loading -

«conditions,'thé correspondence between computer model and theoretical

'resulta 1s difficult ‘to analyze objectively, expecially since the

—

number Qf beam specimens is small and no noticeable trends of deviation

M

apparent._ Strength comparisons for each individual load type have

o been made, and qualifications that arose through those comparieons are

2

applicable to the combined loading evaluation.

v,

"’: Correapondence in the torque—bending moment interaction,
illustrated in Fig. 6. 23 is good although it should be recognized

tH»t non —dimensional presentation of results can disguise fundamental -

ini smees in*performance,‘ For;example, beams Tl and T2 are both
.ove o .uiorced fr or 'on,'but their interaction coordinates lie close
‘to the'corresponding -f.retical‘underreinforced interaction curve.

”

Displayed in Figi 6;25,‘the interaction equations for beams
R3 and R4 do not significantlypretlect'the-influence of the modest amount

W
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©f shear present in both heams. Since the degree of error thatvis
inevitahly encountered _in experimentatio‘n and computer modelling ‘is“ of
the same order of magnitude as the adjustment ot.the two interaction
équations for the presence of shear, ‘1ittle can be deduced from the
proximity of the computer model coordinates to the theoretical torque-
bending moment-shear interaction curve illustrated in the latter figure.
In‘the testing of’ beam R3,,the ratio of torque to bending moment was
:close to unity in the 1oad increments preceding failure. Thus, experi—

mental and computer modelling error would have resulted in disproportion-

/ ately large chsnges,{n the torque loading at failure.

i
-, A
\_‘ |

\'The most serious reservation concerning interaozive‘behsviour
is the obscure definition of an underreinforced beam; especially when ‘
shesr is present. Currentiprovisions proposed to‘prevent premature |
| failure by.crushing of“concrete are conservative in‘the absence of a
moreuthorough understanding of load interaction. 1In contrast,.the
‘gggputer model.is aigeneralized analytical tool whose»applicahility is

not restricted by loading or reinforcement limitations.

6.5.2.3 Limitations in Application of Theory: The following
limitations apply to the calculation of the ultimdte torsional capacity

of a reinforced concrete beam using space truss theoryi
_ 1. The beam must be underreinforced: ie. longitudinal and
Qtransuerse reinforcement must yield prior to failure.

2. St. Venant torsion must be dominant.

3. Along the beam length the cross—section must be uniform. .

4, Dowel action of reinforcement is neglected.

>
B
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The  theory ndopted to cnlculate the ultlmnte bending moment
strength, as described in Section 6 4.1 and 6.5, 2 1, is not subjected
’ D
to limitation in its applicability.
Thurliman 8 approach in estimating the ultimate ghear capacity

of a reinforced or prestressed beam is only subject to two limitations:

1. The beam must be underreinforced for shear: 'ie.,longitudinal
and transverse reinforCement yield simultaneously at failure.

2. The top uncracked flange does not carry- shear.

The interaction equations presented by Elfgren®! are subject

to the following qualifications in their application:

1. The beam cross~-section must be conglstent along its length.
2. Interaction equations for polygonal cross-sections are

o
not verified. _ , A ' 4 N

3.‘ Criteria for preventing premature failure through concrete

crushing are not explicit,

N

The only limitation or Qualification equally applicable to the
computer model is that the .uncracked top flange does nuc cc ‘ry shear.
One serious qualification not attributed to theory -3 the inaccurate
length of the‘bending moment lever arm at failure. In conclusion, the ‘s'
flexibility of the comnuter model is characterized bf sereral important

 areas of application that are beyond theoretical capabilities::

1. The member cross—section can change along its length

through the use of a general quad?ilateral concrete finite: element.

_ 2. Any rein;orcemeip/érrangement can be accomnodated'for
“both unaerreinforced and overrégnforced conditions.

3. Member deformations are uescrihed'comprehensively. -
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4. All stress—deformation information is available at any
Aloading stage between cracking and failure.

5. indeterminate structural analysis under any loading

combination is possible.

6.5.2.4 Summary: In pure torsion, agreement between the
' COmputer model and'thesggtical results was satisfactory for the undg;—
reinforced rectangular beams. However, since the two trapezbidal beaﬁs
were overreinforcéd for torsion, a meaningful‘édmﬁarison could not be
mg&é. Analytical model estimates of the ultimate bending momeht capacities
of all beams wefe inaccurafe éince the bending ﬁoment'levet arms, fixed.

by finite element mesh geometry, were incorrect.

Althoughldifficult_to aségss objectively, thque—bénding
moment interactionvéorresponded closely. Such close correspondence
) wésI not apparent in the tqrque-bénding momgn,t—shéar intéractiv‘e ‘behaviour'
.of begﬁs R3 and R4. | |

P

0%jecti§é assgsgnenf éf the cémputer model results throggh'
compafieon with ﬁhéjcorreaponding theoretical predict%gns wﬁs not
’conclugive as the theqry'ia limited in its range of applicétion, and
éomplex interactive behé@ioﬁr is pre§en£§d theoretically ip a generai

form that does not permit éxplicit comparison.

&
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WEB -REINFORCEMENT ; WEB REINFORCEMENT .
CONCENTRATED AT DISTRIBUTED ACROSS CRACK
ELEMENT - SIDES . : :
' SHEAR
FORCES

7

(a) Unstable cracked _ (b) Stable cracked
reinforced concrete element ' reinforced concrete element

* Nots: Web reinforcement is uniformly distributed across element,

- but when crack forms through centroid, the reinforcement
is effectively distributed across the crack only.

FIG.6.1(A) METHOD OF MODELLING WEB REINFORCEMENT

TANGENT SLOPE -

LOAD

= Experimental cracking ordinate
= ‘Model cracking ordinate _
. = Local origin of segment BC'
OBC = Original computer model curve
AB'C’' = Transiated computer model curve
o - p
* DEFORMATION

FIG.6.1(B) TRANSLATION PROCEDURE
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1200}

Experimental ultimate moment = 1080"'k

° Computer model failure moment = 1015’k

1000

800

=
=
i 600
=
®)
J(D 400 | @-——@ Experimental curve
> ,
5 Computer model curve
. &
% . g,___.._..g Translated oomputer model curve
| 200 .
o ; v 1 . 1 —l » w 1
0 20 . 40 60 80 100

DEFLECTION (X 102 inches)

FIG. 6.2 MODEL AND TEST BENDING MOMENT- DEFLECTION CURVES
" FORBEAMR1 -
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6o fy= 547 kei

— e — ey

50

g

3
FAILURE LOAD = 21.83 k

TOTAL LOAD (kips)

FIG. 6.4{A) TEST AND MODEL LONGITUDINAL CONVENTIONAL
REINFORCEMENT STRESSES FOR BEAMR1 ’

eor f,-547m

SO

30}

20

FAILURE LOAD = 21.83 k

%

o) - e
0 5 10 5 - 20
"~ TOTAL LOAD (kips)

FIG.8.4(B) TEST AND MODEL HOOP REINFORCEMENT STRESSES
FOR BEAM R1
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1400 |-
. Experimental ultimate moment = 1291k
1260 | — — — —  Computer model filuromoment = 1197k ___
| v .
1000 |-
—~ 800
=
iJ 600 - |
2 xperimental curve
O '
= A————a  Computer model curve
o, | ' b——_ﬁ . Translated computer
< 400 model curve
O .
<
-
m
200 -
o ‘ : . - 1 1 1 1 'S -
O - 02 04 06 . 08 10

DEF LECTION (mches)

S
T

FIG. 6.5 MODEL AND TEST BENDING MOMENT-DEFLECTION CURVES
FOR BEAM R2 ,
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' TORQUE (inch kips)
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350

300

250

200

150

100
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Experimental ultimate torque = 372"k
Computer model failure torque = 336''k
S

Ommeeee(d)  Experimental curve

¥ 50 j % o
o L — - - | . 1 : 1
o oz o4 06 08 10
DIFFERENTIAL ROTATION (degrees)
FIG.6.6 MODEL AND TEST TORQUE-ROTATION CURVES FOR BEAM R2
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REINFORCEMENT STRESSES FOR BEAM R2
eor fy=547 ksi |
e e - — " o - —f}—
el A"
80 _ -' |
40} - Iw
= Bk
= I w
~ 30} * 5
@ 1§
& 20} | |
e ¥ .
D L. .A' 3
3.
24
o C 1 . "é ‘}‘l‘l
FALSE-—'O L) 20 e 28 ! '?' 30
- ORIGIN TOTAL LOAD (kips) k
' ’

FIG. 6.7(B) TEST AND MODEL HOOP REINFORCEMENT ST RESSES
FOR BEAM R2
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FIG 6.10(B) TEST AND MODEL HOOP REINF
: FOR BEAM R3 _
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FIG. 6.12(A) TEST AND MODEL LONGITUDINAL CONVENTIONAL
. REINFORCEMENT STRESSES FOR BEAM R4
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i

0 =

FALSE-25 30 5, 35 40 45
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FIG 6.12(B) TEST AND MODEL HOOP REINFORCEMENT STRESSES

FOR BEAM R4
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Experimental ultimate moment = 640"k

620 | ..
600 E&
597/

500

400

Compufer model failure-réhge

3

I}

R S— Experimental curve
200 & U A—— Computer model curve '

BENDING MOMENT (inch kips)

100

1 S | | 1 S | 1

0 o0z _o4 06 08 10 12
'DEFLECTION (inches) - .

FIG. 6.13 MODEL AND TEST BENDING MOMENT- DEFLECTION cuavss
' FOR BEAM R5 | ,
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Experimental ultimate forque =614"k" -

S5 Computer model failure range

O Experimental curve
Mr——eedh. Computer model curve

/

TORQUE (inth kips)

0 02 04 06 08 012
> ' DIFFERENTIAL ROTATION (degrees)

=3

-t
I

FIG. 6.14 MODEL AND TEST TORQUE-ROTATION CURVES FOR BEAM RS
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FiG. 6.15(A) TEST AND MODEL LONGITUDINAL CONVENTIONAL
REINFORCEMENT STRESSES FOR BEAM R5 ’
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Experimental ultimats moment = 598"’k

Computer model failure range

Experimental curve
 — Computor modol curve

Ay,  Translated coniputor model curve

L 1 1 1 A 1 2 L

?oA'; 02 04 06 08 10

 DEFLECTION (inches) -

FIG. 6.16 MODEL AND TEST BENDING MOMENT DEFLECTION CURVES

FOR BEAM T1 :
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Experimental ultimate torque = 290"’k

)
: _% Computer rﬁodel failurp range
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. (:) | Experimental curve
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‘ W _ Myeemee: Computer model curve
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'FIG.6.17 MODEL AND TEST TORQUE-ROTATION CURVES FOR BEAM T1
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) . B 3" 3"
. PLASTER OF PARIS |V | Loapine pLaTE
B (o N 7+ THick S
PR O |. BEAM o
[ |
v, ‘ ' " Beamspan. = 147"
Maxlmum momont duetoP = 35.25P )
(a) Complm contact of loadmg plate and ’
pluurof panspad ‘
Y
; 'TEST | BEAM

t B .
L , |
N l""\ ! .
"¢ - .
. .
= o i f
T - . s

vy . Maximum moment due to P = 31.75P

(b) Edgncomactof loading platoand
' phnorofpmspad
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v@é 6.22 CENTRAL LOAD VARIATION FOR BEAM R4 -
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FIG. 623 YORQUEBENDING MOMENT INTERACTION DIAGRAM FOR
| “MODEL BV .JAT'ON _ |
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CHAPTER VII .

CONCLUSION AND SUMMARY

7.1 Prineipal Implications of Comparison

e '

Of the two sources of cowparison that were utilized in the

a1,

evaluation of the analytical model, the results of the small, comprehen-

_ 8lve experimental program provided the better basis for a conclusive

assessment. ‘
L e -
- From experimental combarisons, two potential sources of model
o %‘ . w G ', n
indccuracqueresisolated underconservative estimation of the cracking ﬂ
PR S T

load’ under torsion,loading conditions, and inaccurate representation of

the bending moment lever arm at ultimate failure. The ‘former: qualifi—

v

‘,cation of behaviour can be overcome if the yariation of torsional shear
- stress across the wall thickness is tsken into account. To reflect the .
more#accurate prediction of cracking load, the computer model results

are transformed accordingly through the’translation of the post-cracking

‘ a

. sections.of the bending moment-deflection and’ torque-rotation-curves. .
Inaccurate prediction of the ultimate bending moment capatity cannot be
_ resolved as the maximum lever arm length 1s fixed by geometry, but - this

_'deficiency is only of significance in underreinforced beams where the .
N DR R I s e :
ratio of compression flange thickness to beam depth is unusually high.

Since the modest degree of discrepancy between experinental and model

results is principslly derived from the latter qualification, accurate

bt

/

: simulation of beam behaviour can be attained for concrete box girders /

/

w0,

of lower wall thickness to depth ratios. _' ‘ E

- 165 -
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The principal conclusion that arose from the model assessment

in light of current ‘theory was the general applicability of the analytical
&

‘model achieved through freedom from restrictive’ assumptions. Where e

form of presentation.

7.2 Application of the Analytical Model .

valid comparisons can be made, agreement between analytical and theoretical
results is good; Theoretical interactive behaviour, pres}nted in its

dimensionless equation form, does not permit an ‘explicit evaluation of

model results, and can indeed be misleading because of the dimensionless

v .
Lo L. a3 T
l“ v oo -r

Consideration of the significant aspects of the assessment

procedure affirm the value of the computer model as a capable, versatile,

o

t of the analysis of concrete box’ girders'

analytical tool in its c‘A

" acted upon by torsion, bendiug, and shea&??;Qhalification of its. accuracy

is isolated to one potential source of error, and the range of applica—
tion is almost without restriction. Characteristic .of all finite element.
modelling, the reliability of output information is reflectedbin the

quality of input specifications.

Q ' . .. . - - ’ )
[ .

P
J

d s

L Within their respective confines of validity determined by

explicit assumptions, theoretical strength predictions discussed in

r \
"hapter 6 are not in conflict with- analytical model results. The import-

ant qusiifipation concerning the analygfcal‘value of current theory is

" the restrictive nature of assumptions that 1imit the regions of theoret—

dcal application; As specified ‘in §Ection 6.5.2.3, the folloving computer
R . :
model capabilities are beyond the range of theory application.
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1. Beams may contain any lc/cl of <:iaforcement, to the extent of

being overreinforced.' ' ' o
2. Crossesectional geometry'may vary along the'nember's length.

"3, St. Venant torsion need not,be dominant

£

ﬁﬁember deformations are described comprehensively at all load

1evels from commencement of loading to- failure.

$ t'5. Thé stress levels of a11 component materials are eV81“8QPd

B . e . it

throughout the loading sequence

s 7w B U- ;e

';_65 Indeterminate analysis under any 1oading condition is possible.
i - ¥
pré)ent form, the computer model cannot permit variation in.

s—sectional gedmetry aldng its length aSoa rectangular concrete

"finite element has been used., Replacement of\the rectangular element

with a plane stress genensl quadrilateral element that has the same

degrees of freedom will overcome this ahortcoming PR

Ihe flexibility and fully comprehensive naturb of the analxti~
@

‘cal model can be a- valuable asset in the design process. Although the

9

model is not suited to direct incorporqgion in preliminary design,

,_/ff&nal desigm proposals can be checked thoroughly through the use of the ./
analytical ‘model after material and geometrical parameters have been

chosen. Since current practice is increasingly oriented tovard ultimate
- j . a
_ strength design, a- certain degree of concrete cracking is often tolerated

€

at extreme*service load conditions. Evaluation of reinforcement and.

concrete stress levels under such conditions, though beyond theoretical
capabilities, is readily achieved by the computer model which, in-
addition, can provide accurate estimation of structural deformationa.
'Eg'statically indeterminate structures, the analytical model may well v-

L2
. represent the only rcliable'method of analysis. C
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Enthusiaatic adoption of the analytical model approach musts be

tempered through recognition of the inherent dependedce of model accuracy
‘I, Q Y

on quality of input specifications. Evaly ation OZ failure load con-

\ ' AY
ditions is most strongly influenced by beam,gehme-ry and reinforcement

Btrength the effect of concrete compressive-strength being more pro-

) nounced as the overreinforced condition is approached In the accurate .
> .
- determination of deformations,«the initial concrete modulus is the most
crucial parameter, assuming that the cracking load is estimated closely

\ ” - . .
through accurat®e monitoring of concrete ten*ile strength and shrinkage

stresses. Invariably, concreye strength parameters can be notoriously '
. m‘“‘ m,:) v
3 .
inconsistent: 1f care 1is notﬂl ‘.ibed in their evaluation.’ JIherefOre,
o o ' s TN L ' o —
suitability of the computer modelﬁmethod myst be viewed within the

context of\input parameter accuracy, as_ the: highly sophisticated and
comprehensive nature of finite element analysis can be completely \

_ . : L
negated by erroneous input. - : ) A . -

~ G

/

7.3 Susmary

The principal objective of this tﬁtsis topic is the development,v

-

)t&i».. ) 2

of an analytical computer model thav can analyze reinforced or pre-
nstressed concrete ‘box girders of arbitrary cross—dection for any loading

combination of bending moment, torque, and shear. Of the many refined
k
capabilities oﬁ the finite element model, prediction of deformations in

the post-cracking region has been chosen as the,main premise on which

‘performance of the model is evaluated: o ' _ _' N

!

+ - Linear condrete segments of the box girder are represented in
) : .

"the model by higher-order plane stress rquangﬁlar finite elements that
P e ,f‘;;; K
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o~
are assigned twelve degrees of freedom, two translational and one

rotational degree of freedom-at each element node. Reinforcement is

SN

represented by one—dimensional bar elemen#s. To enable the complete

load-deformation path to be described from onsetJ;? loading through to

'lfailure, the loading sequence is an incremental, iterative one where rig§§
‘the probability of material behavioural deviation in successive logd .
increments is reduced by the Runge—Kutta method Should significant
material deviation be detected, the modified Newton—Rapson method

A
restores equilibrium_in an iterative procedure.

e Concrete is modelled as a non—linear; anisotropic material,
‘~and following cracking,lits effective shear modulus in,}he reformulated .
constitutive relationshi is redefined on aggregate interlo#k and dowel

action considerations. e important aspects of diaphragm action are

-t

v treated comprehensively n the analytical model in the simulation of

r

cross-sectional distortional stiffness, longitudinal warping restraint,
and intrinsic transversé shear rigidity of box_girders without d._ hragms.

In the .absence of theoretical or experimeqtal informatiOn, an auxiliary

-

J finite element model has been employed to investigate the longitudinal

4

warping resistance of "thiok" diaphragms . T

- . : : _ : L

“ 7

¢ To test "e capabilities Qf\\ne Computer model rigorously,

ed to find experimental results of multi—
.A \ e ——
celled hox. girders subjected to torsion, bending, and shear where

testing was pursued to failure.. No suitsble'reference was found .and

consequently, -a small experimentsl program was undertsksn in which seven .

i
double—celled,,prestressed concrete box girders, five rectangular ‘and

two trapezoidsl'in cross—section, were.tested to failure under*varying'

. - ) —
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y ;‘-bf" . B
i

~ degail through examination of the .respective bending moment-deflection,

e 4 170.

combinations of the latter threelload types.

To evaluate the accuracy of the analytical model predictions,
corresponding computer model and experimental results were compared in
'torquefrotation, and reinforcement stresses—load relationships. Where -
applicable, the model results were also’ assessed in light of current
theoretical predictions. From an overall perspective, performance of

the analytical model was very satisfactory.

. ;' - . $- ‘ ‘ e
SR
7.4 Conclusion ) YR '
[ omeess By T
— , B Y

The object of this thesis -has been achieved in the developmqnt

of a finite element analytical ‘model that can analyze concrete box

girders.of arbitrary cross-sectionfsubjécted to torsion, bending, snd
shear. Being afflicted by only one‘shortcoming that is not significant

in members of common cross-sectional geometry, the comguter model is a.

fligible, comprehensive mode of analysis whosf range of application is-,
limited by few constraints. Of the numerous.material parameters that
govern the m?del's‘béhaviour, only the phenomenon of dowel action is

ill—defined as certain aspects ‘of its contribution to shear strength q

s R

have not as yet been clérified. In the research of concrete box glrder

¢ -

behaviour, exhausive time-consuming experimental test programs are now

‘

superseded,in almost every respect by ‘the analytical model.' Considering

the rﬂstrictive assumptions in current theory, the computer model greatly

. l

increases the analytical scope and design capability in this field of

‘stlu.dy‘.-‘ ‘ ) B R ' .-v"
oy T
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APPEYDIX A .,

SIGN CON T1INS AND SYSTEMS

(1) Global Axes Directions

The global x axis must be ir “he “eam's longitudinal direction,
and the global y axis in the upward vertical !irectior. Having chosen

the x anq y directions, the global z axis is defined by the right hand

axis convention.

(2) Node Numbering

(a) Rectangular concrete eiements
|
Refer to Figure A-1.
(b) Reinforcement el?ments

The node numbering sequeﬁce should be in the positive
globai axis direction. A vertical inclined bar should be numbered
in the up - -d direction. |
(é) Bond spring linkages

No predefined node numbering convention

(3) Nodal Forces and Displacements

Pogitive in positive glébal axils direction.

(4) Nodal Moments and Rotations ' ' W\

LY

_Positive when acting clockwise looking along global axis

in positive direction.

' - 178 -
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/"

(5) Stresses and Strains

- . ‘ ¢

(a) Direct stresses and strains
Tension positive, compression negative
(B) Shear_stresses and strains
Pésiti%e when acting on a Positive face.in a positive global

axis direction, or a negative face in a negatiyve global axis

direction.‘

(6) Mohr's Circle .

Same sign convention for direct stresses and strains as above
is used. However, shear stresses and strains are positive when the

couple acts in the clockwise direction.

(7) Dimensfonal Parameter Units

Length - inches ‘ v B

Q
Force - pounds wt.

‘Rotation degrees (CANGLE(NEL))
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APPENDIX E

'SUBROUTINE LOGIC NOTES

The purpose of this'appendix is to clarify any subroutine
logic development that might not be sufficiently illustrated by the
fumerous comment cards inserted throughout the program. The comment
card heading 1n each subroutine states the routine's principal
functionr Those routines warranting comment are listed in alphabetical
order. | |

K ’ {

'Subroutine DOWEL .

To detect the failure of a dowel mechanism across a concrete'

(4 v

crack, the dowel displacement of the adjacent crack surﬁaces at the

concrete element's centroid is calculated and compared to the critical

n

dowel displacement value DF.

- o .
»

Subroutine FORCE L

- - —

When a bi¥linear stress-strain curve is assumed for the -

vconventional reinforcement, considerable difficulty is experienced

in.modelling the reinforcement' 8 behaviour beyond yielding. Inevitably,‘

4
an excessive number of modified Newton-Rapson iterations is required

to produce convergence, especially when the second linear segment of

the stress—strain curve is almost perfectly: plastic. To eliminate this
‘particular cause of time consuming and costly-iteration, a yielding
: conventional reinfdrcement bar is modelled in-the total siress condition

1as a bar ‘of zero stiffness vith externally applied nodal forces at

each bar node representing the influence of the bar of the remainder

- 221 -
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y o 222.
of the structure. In the incremental stress condition, t#e'bar's
' o o | :
stiffness corresponds to the slope of the strain-hardening portion of
the stress-strain curvé. For the range of strain-hardenihg usually »

g _ L ' i L
encountered, this approach simulates reinforcement yielding accurately.
_ _ P -

i

o
S , f
|

'

Subroutine HORIZ .

' Before the stiffness terms of a horizontal rec%hnguiar element

i »

. . : . : I .
‘are added into the in-core total stiffness matrix, the c@mponent (3x3)

!
a

. . b | a
element stiffness blocks must be transformed as the loca} element

axes, as shown in Figure'A—l, do not correspond to the g&obal axis
. ' . !

orientation: - The sign of four stiffnegs terms is changéd as a result

.of the transformation process.

- Subroutine NDCONC

o

' The formulations. used in this subroutine are'given'ip detail

’ . . in Sections 3.4.2.1 and 3.4.2.6. In deriving the qtiffness'of a.

cracked concrete element, the constitutive matrix is formulated for
axes in the crack and brthogonal to crack(diredtions;_ Consequently,

transformation of the constitutive matrix must be undertaken.

e

>

. Suﬁfoutifé;§HRﬁ0Q' N . AN
}>§b The ghear rigidity ofva cracked COnérete éi@n;nt in a girect;on
4£g?alie1 to the-ctack_dirgction is Fhevsuﬁ of the aggregaté interlbck

and dqwel atiffnegses. The énpiridal detivations,of the ﬁwolcontributing
stiffnesses are'given‘in Sections 3.4.2.4 and 3.4.2.5. 1In fofmulﬁﬁion\
of the. dowel stiffness,.the magnitude is not permitted to exceed |

twenty percent of the aggregate interlock value.
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Subroutine WARP

'The wa;ping resistance of "thick" diaphragms 1s‘gfeatly
ovefestimated by cl#ﬁsical thin platg theory, as detailed in Sect;qn
3.4.2.8. .Howeggziwthe warping stiffness formulation used in this
subroutine is the classical form given i§_3.4.2.7, with real behaviour F@

reflected by the insertion of ‘an equivalent diéphragm‘thickness.

.
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| - ELEWCNT NUMBER BOND SPRING LINKAGE
(a): Exploded view of concrete web and flange elements

FIG F 1 BEAM MESH FOR INPUT DATA FILE EXAMPLE
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APPENDIX H

The purpose of this appendix is to assist the computer
program user in’the compilation of the input data file. Units of inches
and pouq?s are used throughout, and 1if large numbers are to be read in,
the E format should be u90d The user shoulq_be especially conscious
of ‘the sign conveotions liseed in Appendix A.- In referring to several
inpot variables iﬁ the description below, the symbolic name may be
used for tﬁe sake of brevity. The alphabetic listing of all symbolic
names and their correﬂponding codes, where applicable, are giVen in |
Appendix B. Complete freedom in input data entry is provided through
‘the use of a gemi-freefield format, ‘'where commas.are Ji to separate
adjacent entries, as 11lustyated in the sample input listing in
Appendix F. A sufficient'ngmber of colmmns have been allocated for the
entry on all variables of realiétic size, but reference to the format
statements in subroutine READIN 1listed in Appendix D will clariﬁy the
maximum number of agsigned columns to accommodate the full digitwlength
Following the description of each 1nput card or assemblage of aseociatedt

~ cards, the.significance and qualifications that pertain to the important

variable entries will be coumented upon.
The data cards mugt occur in the following order: - "

‘1, Echo Check Card-

Order of Entries ; o Description

'Commentez If IWRITE = l the 1nput data will . be- printed out so that it

can be quickly checked .

- 251 -
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2.» Number of Fihite Elements Card

I . ' : '
IOrder of Entries \ . "Descrigtioh i
1 - \ ' NELT |
"2 \ : NELCHK

, |
Comments: (a) If it is recog?ized that all concrete. elements will

not crack, the element numberin% system should be chosen such that
only the first NELCHK number of elements will be checked for cracking.

(b) NELT does.not include the number of diaphragm elements.

‘
-~

w

3. Concrete Finite Elements Description Cards
. . 3

\

\

\
One card for each concrete finite element in ascending order.

Order of Entries \\ Description
1 "\ InDeRL (NEL)
2 \INELSZ (NEL)
3 | ’ I\N\ELTY«(NEL)
4 . ELTHN (NEL) ’
’ 5 " First element node number
6 . , : Second mede,number
7 | . - - Third noae number
8 - quurth'node\nqmber_-
9 L | INDOWL (NEL)
10 | | INMESH (NEL)
11 A INSZMS - (NEL) .
12 ~ WIDTHC (NEL)

A

. Comments: ‘(a) Concrete eiements of the same dimensions,vthickness,'

and percentage of reinforcement are assigned .the ‘same arbitrarybiﬁtegte '

’ 2
-

number INELSZ (NEL). e
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" (b) dhly those web elements that adjoin A tension flange
element will develop &owel shéar resistance.

(c). Elements that have the same percentages of steel mesh

reinforcement are assigned the same arb;frary integre number INSZMS (NEL).

7 Ad) The effective dbwel width of the beam is distributed .

proporﬁiggately,between the web elements that adjoin the tension flange.

4. Concrete Shrinkage Data Card

Order 6fvEntries | ' Descrigtién
| 1 | ' | ‘NELTOP
2 | SIGXTL
3 - | SIGXT2
. | 4 . SIGXBLY
| 5 SIGXB2
. | 6 ‘ srcxé;
7 | SIGXS2
8 1.:‘“'? ' . EXT1
9 : :  EXT2
10 | , EXB1
11 Exp2
12 . EXS1
13 2 EXs2

5. Alternate Top and Bottom Flange Shrinkage Elements Cards

Alternate catds for top and bottom flange concrete elements

rd

that develop shrinkage stresses.

[
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The first card will list ten top flange concrete elements,
the éecond card ten bottom flange concre;e'elemenﬁé; This sequence
of cards is éontinued until all flange elemengs sﬁbjected to shrinkage
stresses are listed. The last two cards will contain at least. one

entry, but will not exceed ten entries.

6. Number ofvElementa with‘Stéel Mesh Card

The only entry on the card is NELSM.
Commenta : If is imperative for the proper functioning of the program
that all transverse shear or torsion reinforcement be represented by .

an equivalent steel mesh distriButed throughout :he :lement. .4

L9

« B

7. Number of Layers in Steel Mesh Card

The 6nly entry is NDIRNS.
Comments:, If‘ﬁﬁLSM = 0, omit this card and proceed to card. 9.
> ' -

8. Steel Mesh Descfiption Cards

A Sy : /
Two cards for each element containing a steel mesh. The element number

(%)

ié contained on the first card. The second card is as be;owg

Order of €£ntries “Descrigtion
1 . Steei mesh percentages for all layers
2 ' Cotrésponding inclinations )

Comments: A steel mesh iayer is defined as a discrete system of parallel
‘ )

bars.

9. Number of Diaphrqgna card - - , . v

 The only entry is NELD.

H
i
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] ) . i
Comments: (a) NELD is the total sum of actual, equivalent, aﬁé

warping diaphragm elements.

(b) If NELD = 0, proceed directly to card 1.

10. Diaphragm Description Cards

One card for each diaphragm. , }

Order of Entries : /,v/ 4 Desc;iption
| 1 | // INELTY (NEL) ~
2 4 | jﬁ ELTHN (NEL.
3 ’ ;/ First element node number
4 ‘ i"Seconﬁ element node number
Sy ’kf//f/ Third element node number
6 | oo ,Fourth-eiement node number
7 NDREF (NEL) =
8 | | DPMMOD (NEL) .

Comments: Identical diaphragm elements have the same NDREF (NEL)

integre value.

"11. Number of Reinforcement Eiements Card

.+ The only entry is NREO. '
" Comments NREO is the sum of all prestress and conventional 1;:;l§9dinal

reinforcement elements and bond linkages.

12. Reinférdgment Type Description Cards

One card for each reinforcement element.
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Ordgr of Entries Déacrigtion
1 v First reinforcement node number
2 SeCo;d reinforcement node nur* -
3 Reinforcement element type ind:-

Comments: (a) The reinforcement node numbers must be mbered in the
poéitive axis direction.
(b) The following individﬁal reinforcement cards must be.

in the same order.

13. Conventional Loﬁgitudinal Reinforcement Card

.Thds card 1s read if INRTY(NR) = -1.

‘Ag Order of Entries Description
T INRDR (NR)

22 © RAREA (NR)

14, Prestress Reinforcement Card

This card is read if INRTY (NR) = O.

Order of Entries ‘ _ _ Description
' 1 B ~_INRDN (NR)
2 - RAREA (NR)

3 | |  TSGPRE ( , o
4 onl |

y

15. Bond Linkage Card =

. N
,This card is read if INRTY (NK) = 1.

The only~entry is CAREA (NR).

o
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7/

16. Number of Finite Element Nodes Card

The only entry is NNODES.
Comments: Bond spring linkage elements adjoin adjacent concrete and

reinforcement nodes. However, no bond spring "inkages‘are provided °

at beam ends.

o

17. Finite Element Node Description Cards

One card for each node.
/

order of Entries * Description
1 - ICNODE (I)
AN 2 , X (@
3 Y (1)
B . . z.(D)

‘Comments: (a) Nodes adjﬁiding two noﬁ;planar elements sz£ be
designated as corner ﬁodeg: ie. they possess five degrees pfnf;eedém.

' (b) Internal podé numbers connecting er - diaphragm
elementsmafe aseigned ICNODE (I) = 2: {ie. théy havéifqur’degkéeb of
freedom. _ | | |

(c) -Node adjo;nfﬁg co-pianar elenentqfaté dﬁgignatgd‘a;
interior ﬂéﬁest with th:ée degtee;.dfvfreedom. 3
| (d) The X, Y, and 2 coordinétes are global axis doo;dinates,
the direction of the globallaxesﬁbeing'defined in Appendix A. '

e

18. Strength Moduli Card

Order of Entries - Description
i . T
1 o "7 CONMOD

2 REOMOD
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e s ‘

! , ‘
‘ 3 _ PREMOD

4 . ' SLPMOD

¢

-5 : , SMSMOD

[ .
19. Ultimate Strength Card ,

Order of Entries *  Description
v 1 : ) FC
;,‘

2 , . FT

3 - o / FAGG

4
-

20. Ultimate Strain Cards - " . . g

ﬂ’es‘ci‘igtion '

> :

.- Order of Entries
B 1 . EEREO - .

2 L T EEPRE

} 3 P ECULT P {
<o T o S

4 o * EmRLT ¢
_ 5 S EPULT - /
. e o s

| | 7 o | - ESLIP

8 N ©bF
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21. Poisson Ratios Card "
Order oftjptries ‘ Desérigcion
1 W B ~.
o o2 " P2
<. 0N & :
L _ ‘ i : : PU \\
‘ ‘ ' ,
. e ;":0'4 . -
22. Matetial‘§viation Card b
Order of En;rieé: ..
. ) 1 l v <
" - ) .
. 3“ ~
N Cw - : 4
b )
% ; 3
. i 2
E N 6 -
. '-#‘, ' 7
) N I S .
Coﬁ%gnts: .(8) Entries 1 to 5 specify the maximum allowable deviation
f-\"iv. . ! . - T : RS
pefcentagesvin material behaviour that is permitted'before corrective
measures are taken. Only CONDEV and PREDEV of the five va%iébles~

I

mentioned above have a direct:influence on the deciéion to invoke the

iterative procesh.' Obviously, if the tolerances expreéséd by CONDEV
o : o .

" and PREDEV are too demanding, the expensive iterative process will be -
dndertéken frequently. Thus, a compromise has to be stvgsk‘between»¥'

the maximum allowable‘deviétion that is accepthb;eaahd_the»cost
incurred 1if that maxinuq 1eve1~Bffdeviat16n is to'be-enfpféedv Values -
used in this application of tha computer model were CONDEV = 8% and

. o "
- . N . .
; -
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Pnznzv -~ 102, Severé-tolerances expressed by bEvcon and DEVREO do
not increase cemputing cost Bignificantly, and it is ‘recommended
‘that ‘these values be kept small. A -

| (b) IDEV is the critical weighted iteration integre that

determines whether the 1tcrative procedure will be invoked. Each .

&y

important aspect of ‘structural deviation is given a weighting, as
declared in the following ca®d. wlf the sum total of the deviation
counters exceeds IDEV,-a cycle of the it(‘m’ative process will be initiated.

'r-' .

() RELAX isw the relaxation "ﬂactor employed to improve the

rate of convergence in the highly ine@&&nenfs of reinforcement

stless—strain curves during the iterative procesu. Thé variable w,g,ll jv
19} A
invariably exceed unity, but its: optimum value is very much dependent
’ 4 \(‘l N .‘ 7-“&.) 1“1)3 : J-:
ur-n the nature of the analysis., R o
o v "” - " . PR e ) .}.
L . KA
23. -Deviation Weight “ca o Ca ) . .
-»,a...» “ ) T e v _ e :
G T e ‘ g
. . ’ © . . . o
. Order of Entries 4 { ) . Description RN
3 . ’
w%‘ "d i - .‘ ‘ ./r "’; ‘ o « ' ‘
- I o 4 : . a Ty
4 . : iy NWTPRE - B

Comments: If a110wable behavioural deviation is exceeded in a concrete
element a conventional' reinforcement or steel mesh element or a
prestress reinforcement element, th! deviation integre counter is o
increased by the addition of NWTCON NVTREO or NWTPRE respectively. |
The deviation integre counter within the program is the variable ID.
Thus, when ID exceeds IDEV after the application of a load increment,

iteration is commenced until deviation is reduced to the extent that ID

is less than or equal tp IDEV.
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24, Number of Load Types Card

The onl entry on the card is NLDTY.

l

Comments: A lc- . type is one where the, 3 nship of the: individual

loads withirv *essive load increments TH] 8 constant.

25. General Load Infofmation Card

» )
One card for each load type.

Order of Entries Description N .
-1 ' o | NINCRT (1)
2 . ~ NLOADS’(I)
Comments: (a)F For each load type, this %ard anégthe cards of item 26

are read 1in.

(b) The. application of prestress forces comprises the

~
N

kfirst load increment 1n the study of prestressed concrete beam behaviour.

~

(¢)  Load incfémenta can be heavy in the elastic'ahd early

% ‘-

posc—cfacking regions, but should become progressfvEIy*flghter as

tehaviour becomes more inelastic. Small load increments are necessary

close to failure i-/xhe ultimate load conditions are to be estimated

.- Rt ) ks ’)iy

. withim close bounds. -~
o . .
i A(”" V - ‘ \'. X . ~ . . ) .
: AN N Q _ i > . B
26. I§§¥biﬁual ;gad.Descrlption Cards L N
RS .- - N ) L ‘ .
- . . , . . -~ : ) 9

. One card for’each nodal load.

:xfOrder of Entries o ) * Description
o . NODER, (I)
2 . KODER (I)
e . ~VALUER (1)° L

+
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27. Number of Boundary Conditions Card

The only entry on this card is NDISPL.

28. Individual Boundary Conditions Cards

One card for each boundary condition.

~

Order of Entries o Description

K 1 o NODED (I)
2 .7 KODED (I)
3  VALUED (I)

]
{

i

29a‘ Number of Concrete Elements Displag.cérd

»' ¢ o .
The only entry On‘gbie'card,is PNELT (integre)

s , - W"‘ ‘ 3\; . : :
I e Kt . :
. . »'-\’ ‘ M) .

30. Concrete Elements Display Card’ .

All the element. numbers of those elements whose: centroidal

stresses will be dispIayed are listed: on this card. (integres)

<
p v
v -
u/"‘k\’ .

31, Number of Steel Mesh Elements Displexfcard

- . i r . l
The only entry on this Eard is PNELSM (integre)

Q

~

Ad 4

32, Steel Mesh Elements DisplagkCard o S ‘.

‘Nv I

‘Ali steel mesh elements o be ﬁispldyed.have their element_

numbers listed on this card (integres)
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33. .Number of Reinforéement Elements Display Card

-

_The only entry on this card is PNREO (integre).

-

34, Reinforcement Elements Dii‘lay Card

Similar to card 30, but concerning reinforcement elements.

1
35. Number of Nodal Deflections Display'Card' /‘
The only entry on this cardyié{PDTfo
\ ‘ v S
.)‘ » , /o - ) s e,

. N oy w w ot ; il ‘ v . - -

I : IR [} i

& T B g - - ' ’
36. Nodal Deflections Digplay'Cardﬂ f

-

: f‘with~respect‘to nddél'deflectiohs,

L)

37.. Printout Cemtrol Card’ -

9

All data - entries are contained on one card.

5 order of Entries \> : Description .
. . ‘
1 ' ~ IDEFLN
.2 | ~ ICON3
| 3 ) ~ ICONER L
STy 4 IMESH -
5 S C IREO. - ™
- 6 'ILOAD
e T 4 ATLOAD -
a ety Wi v
. 8 ISTIF ©
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The data‘file 1s now complete, If too few data éards have
Been included, the eﬁd‘of‘filevswrc will :;;réad, and exécutipn wiil

. ; ,
imﬁe@iateiy:cease. _if_;oo many card "  _ve been inserted in the data
h:file, théhétror will géaappafent in the. echo zheck printOQt‘oﬁ thé

data.

. 'l’fﬁ“
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EXPERIMENTAL PROGRAM TEST RESULTS
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" APPENDIX I . f
EXPERIMENTAL PROGRAM TEST RESULTS

-

Note: Units of kips, inches, and degrees are used throughout.
o‘ ' - l\@

1. fBeam Dimensions and Reinforcement Detaifs

Re%er to Figures 4.3 and 4.4,

2. Loading Systems -

Three different patterns of application of the torque and
bending moment_ loads were employed in the testing of the seven beams,

’ and are shown in Figure I- l

L) _ :
“ . . F]’
. X . o

3. Prestress Levels and Shrinkage Stresses ’ /’
~ Refer to,Taule,4.3yfor prestress levels.

Between transfer and testing, considerable concrete shrinkage

occurred, stressing the longitudinal conventional steel in compress
and surrounding concrete in tension. Only the concrete in the flanges

is assumed to, develop shrinkage stresses.

. . ‘( '.' '.‘\

- i . .

- 266 -
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il

Lo
' ‘iﬂgiLkAge Stresses R1 R2 R3 R4 RS T1 T2

Brawe’
o . e

Tension in Top '
Flange Concrete <115 - .135  .125 .095 .12 .12 .075

Tension in Bottom , . ,
Flange Concrete .203 .23 .216  .117 .2 © .25 .25

Compression in . :
ToR Reinforcement 13.5 15.75 14.6 11.1 14. 15. 9,
L, I i .

Compression‘inlv , . o i
Bottom Reinforcement }|24.0 27.0 25.5 - 19.9 25. 15. 15.

~ crobs-section. * o / - !

. TABLE I-1 SHRINKAGE STRESSES

4. . Test Loading,and Deformation Besults ,
: R . ) .

‘d} ,.A .
In the following tablekj& é“zz:otation “v‘alues are in degrees
< AR ¢ ﬁ‘ - R

and were measured over a 30 inch central beam length The deflect:’:ton‘7

measurements are the pure bending vertical displacements of the central

cross—-section.

..

The torque and bending wmoments are those values at the central

cross—-gecti6n. The shear values are those clok¥ to ghaﬁcentral
L s ‘ o v 2\ ' o

- - \ ‘ ' . ) N~
\‘ :

' > ~ ) .
5. .Reinforcement Stresses

'

L . . Ew
'Refer to Figurés 56 to 5.12.

3
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Tema
Lt AN
)
Load Loading [ Deformations
Increment Bending Central | Rotation
No. System T Moment Torque | Shear | Defln.
1 0.0 0.0 0.0 0.0 - 0.0
2 2.0 116 * | 48 .024 .036
3 4.0 216 . | 96 .068
4 6.0 314 143 . .0575
5 8.0 414 192 .08
6 10.0 510 238 10
7 10.78 552 | 259 S 2
g 12,0 o 611 %1288” Ry
. . * Na. .
9 -1 12.89 656 * | 310 S
10 ¢ | 14.04 713 | 337 . .4776
11 A 16.96 | 0.0 | 759 359 0.0 .45 .585
12 116.06 813 385.4 .54 .667
13 +17.0. 859 408 .62 Mss
14 17.97 908 431 /69 881
15 19.0 959 456 . .86 = 1.427
‘16 19.657 " 991 472 . d .97 1.306
17 21.1 ‘| 1062~ | 506 ,
18 21.65 €090 520 . o
. . IR
19 21.05 1060 505 {\% -
: - A : i

Note: Linear transducers were removed after load increment No.J}S?

TABLE I- 2 BEAM R1 TEST RESULTS -

v

.

& v
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a

~ @
Load Loading Defomﬁiona
Increment Bending Central
No. System T P | Moment Torque | Shear | Defln. Rotation
1 0 0.0 0.0
2 2 66.4 .0167
3 4 136 .03
b 6 206 .058
5 0.0 |8 276 0.0 .078 0.0
6 |10 346 v .097
7 12 417 .117
8 13 | 452 .128
9 14 | 488 | 14
10 | 1.0 555 ° 25 < gl 163 .001
11 1.92 © 600 46 .18 .0032
12 3.1 657 % ! j .00y
13 4.03 703 97 e .017
14 d 5.07 755 122 , .29 .043
15 A 6.0 797 142 0.0 | .36 .104
16 7.0 850 168 45 2
17 7.9 896 © | 190 .52 28
18 9.0 o | 949 | 216 .6 .33
19+ 10 998 240 $8° .39
20 10,9 1044 262 .77 .46
21 o] 1.3 1064 271 .816 .52
22 5|12, 1097 287 91| .6l
23 L 1219 1107 . | 29% .97 .68 -
24 12.75 | - 1135 | 306 -
25 13.35 [} 1165 | 321
26 13.9 \ 1192 334 \ ¢
27 14.5 o | 1222 348 -
28 s 14.58 1226 350 v,
29 15.06 o 11249 361
. 30 15.49 | 14.0[1271 1372
Note: thinéducérs were removed _alf,ter load increment No. 23,
o . | N —_—
___TABLE I-3 BEAM R2 TEST RESULTS
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Note:

Linear transducers we

*

[

©

TABLE I-4 BEAM R3 TEST RESULTS .

£,

Load _Loading Deformations
Increment g . Bending . Central
No. System T P Moment Torque | Shear | Defln. Rotation
1 ' 0.0 0.0 . 0.0 | 0.0
2 2 72 1 .015
3 x 2 72 1 .016
4 ] oa 145 2 .03
5 Tl e 218 1 .043
6 | 8 291 ‘ 4 .054
1 ] 0.0 |10 3 " | 00| s .067 0,0
A %}:fé r 12 437 6 .078
9" 14 510 7 .09
' 16 583 8 .102
18 |ve% e 215 |-
20 729 16 ' A3 o8 ‘
.22 802 st s B
2.04 o 8s4 49 277 | 0.0 Y.
4.1 . 906 99 | .205 .007
5.8 " 947 138 .25 02
BEXEE 1003 | 192 325 .08
:Qgg,ef . 1049 *ff 236 4251 .16
- |11.86 - 1099 “af 285 .52 = 246
|1z Ju2 .| 307 .59 .32
13.9 1151 334 ol s .41
14.84 | * 1174 356 .69 4
15.8 1199 380" . 77 46
17 |22 409 . .85 .54
173 | .2 | 1235 415 ° .89 575
17.81 1228 - 428 .93 .6
- 27 18.2 1258 437 1.0 .72
28 i9.2 1283, 461
29 ‘ 19.6 1293 471
30 20.14 1306 1483
31 20.76 1322 498 i
32 121.3 1336 - . sl0
33 21.65 1344 stg | g
34 |22.2° | 22 | 1357 532 7|11
re removed after load increment No.27
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Load. Loading Deformations
Increment Bending Central
No. ‘System T P ' | Moment Torque Shenf .Defln. Rotation
1 0.0 0.0 “0.0 | 0.0
2 2 73 1 .01
3 146 2 .023
4 220. '3 .036
5 0.0 293 0.0 4 .05 0.0
6 10. 366 5 .063-
7 | 12 440 6. .076
v v 'T@gﬁ 513 7 .089y .
9 Flae 587" 8 ° .102
100 | ﬁﬁ% 18 660, N X .116
o g:?> 120 733 - - 10 131
12 S| b04 ) 831 97, .167
& TR 6.1 " 883 147 197 |- Similar
14 c 7.9 1928 - | 190 L2484 |7 to
15 | 984 976 236 o .33 R3*
16 T 1za 1032 290 : .45
17 13.95 1079 335 .55
18 22 | 1520 NIt .61 -
19 ! 24 1222 12 .6725
20 - 26 | 1297 13 - .78
21 28 1366 ;| 1s .90
22° 30 | 1403 s .99
23 31 | 1443 15.5 | 1.9
24 32 1484 T 1.28
25 ‘ ggﬁ‘%' 33 | s 16% | 151
26" | 34 | 1554 17 4 L. 665 ¢
27" 35 .| 1501 - {1k ,z.oz\,?’ .
28 113.95 | 36 | 1624 - |-335 18 R

* Rotation results for this ‘short . torsion’ loading interval are sinilar to those

correaponding resulta for beam R3

“Noce. Linear transduceru were removed aftet load ingrgment No.. 27. %

o -

TABLE I-5 BEAM R4 TEST RESULTS'

L"

-

S

4
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Load Load in& Deforpations
Increment . ‘\\ Bending Central
No. System T P Moment Torque Shear Defln. Rotation
1 0.0 » 0.0 0.0 0.0 0.0
2 1.96 49 47 .02 .006
3 3.92 98 94 - ¢ .043 .009
4 6.15 154 148 .068 067
5 8 200 192 .085 .0125
6 9 250 240 .103 . .0325
7 11 276 265 .113 .036
8 11.9 298 282 122 .043
9 13 324 311 .131 .063
10 14.2 355 341 .173 156 .
1 14.84 371 356 196 | .21
12 ©15.5 388 372 .217 .25
13- 15.9 398 382° .233 .272
i4 16.7 418 401 .253 .31
15 . 17.2 431 414 .273 .34
16 B 17.4 0.0 | - 435 417 0.0 .294 .39
17 18 451 433 ' .307 .42
18 18.5 463 444 .327 .437
19 19 476 457 .354 .49
20 19.5 487 468 .383 .53
r 21 19.9 497 477 A .57
22 20.5 513 492 426 .61
23 20.93 523 502 .44 .64
24 | 21.6 540 519 47 .69
25 21.82 . 546 524 .486 .73
Y T 22.3 558 536 .504 .76
27 22.84 571 . 548 .53 .8
28 23.3 583 © 559 .55 .84
29 23.87 597 573 .83 .89
30 24.38 609 585 .617 .97
31 25 . 626 601 .65 1.06
32 2 640 615 .683 1.167

TABLE I-6

BEAM R5 TEST RESULTS
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N

. >
- 73.
.
\
Load Loading Deformations
Beam | Increment Bending Central
No. . System T P ) Moment | Torque | Shear | Defln. Rotation
1 0.0 0.0 0.0 0.0 0.0
2 1.19 77 28.6 .0225 .018
3 2.03 118 49 .04 .031
4 2.95 | 164 71 .062 .032
5 4.0 215 97 - .085 .008
6 5.08 269 .109 (.02
Tl 7 A 6.07 | 0.0| 319 146 14 .052
8 6.75 352 Lo .215 .067
9 8.13 - 420 95 .316 .13
10 10.0 511 . 565 .38
11 11.0 563 264 .68 .53
12 > 11.3 577 271 .743 .63
13 9.5 490 229
1. 0.0 0.0 0.0
2 2 72 .029
3 | o4 145 .063
4 0.0 | 6 216 0.0 .1 0.0
5 7 252 ' .12
6 8 289 .143 -
7 9 322 .166
8 10 361 .197
9 11 396 - .24
10 .98 445 24 32 | -
T2 i A 2 495 48 0.0 .38 -
12 - 3 546 73 .49 1
13 4 594 96 .68 ,.035
14 4.53 620 109 .74 .156
15 LT [N P 121 .8 .225
16 - 5.45 666 131 .86 .26
17 6 690 142 -.955 - .286
18 6.43 S 715 154 1.06, 4
19. 6. 738 166 1.25 -.528
20 7.4 763 [178 1.53 79
21 7.94 |- 789 Ja91-
22 8.2 801 196.5 ,
23 8.13 | 11 798 195

4“6{.8-:; ‘Linear transducers were removed after load increment 13 for T1

for beam T2

°

| TABLE I-7 BEAMS TL AND T2 TEST RESULTS
L

, and increment 20
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