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‘Abstract n e

" " In the field of bridge design, current practice is to use elastic methods of

analysis to deétermine the distribution of force effects, while the cé.pacities

- are set equal to the ultimate resistances of the various components which

imply inelastic behavior. In addition, the capicity of the structure is nor-

mally limited to that load at which the first section reaches its capacity

based on these elastic strength calculations. A reserve of capacity betwgen

first yield and complete collapse will usually exist. In a highly redundant

structure such as composite slab-on-girder or box girder Bridg‘es, the mag-
nitude of that reserve capacity could be significant.

.An extensive anal};tical investigation was undertaken to study the load
‘d‘is'tributi.on characteristics of simply supported and continuous composite
cdﬁcrete slab on compact steel girder or box girder bridges at all stages
of loading. The existence of some critical stages prior to the collapse was

noticed. The changing patterns of moment distribution were monitored,

~ and the potential reserve capacities identified.

The analytical tool employed was the non-linear finite element method. Be~
cause compact sections were used, only material non-linearities were dealt

with.
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Chapter 1 |

INTRODUCTION ..

1.1 General {

Most of the present highway systems require improvement and expansion
which involve the rehabilitation of existing bridges and the construction of
new ones. This is in part due to the deterioration of old bridges, the use of

heavy trucks, and an increase in traffic volume.

Highway bridges are constructed of steel, reinforced concrete or prestressed
concrete, or mixed concrete and steel. The latter type is referred to as .
composite bridgeé. The choice of¥ifferent ﬁ:ateria.ls and structural systems
in a bridge superstructure is governed by many éritgria, including economic
and structural requirements. Among the many types of structural syétems,
the uslab-on-girder and box girder bridges are most suitable for short and

medivm spans. Composite bridges of these types are the easiest and fastest



v

_to construct and to Iﬁajnt'éin This is one reason fﬁf'their ;opula.;ity "Most
of these bndges have been built over the past forty years. Their design was
based on hghter truck loads and elastic analysis. Today, however, because
of the growmg ‘demand for higher permxsmble loads for constructxon and
. overload vehicles, these bridges cannot. meet current requests of the traffic
loads. Regu.la.toryﬁa.uthorities, such as the Ministry of Transportation of
Ontario (MTO), are a.mﬁous to develop .ama.lytical procedures that would
enable them to evaluate the actual strength of such bridges. In other words,
they would like to know their exact load distribution characteristics over

b

the entire loading range up to failure.

Existing highway bridge codes, such as the Ontario Highway Bridge Design
Code (OHBDC), the American Association of State Highway and Trans-
portation Officials (AASHTO) bridge code, or the Canadian Standards As-
sociation (CSA) bridge code provide different methods for the prediction
of the ultimate load capacity. This is achieved by multiplying the longi-
‘tudi‘nal and transverse moments and shears obtained by elastic analysis
by certain factors. Such simpliﬁcationé are generally adequate for design
purposes; however, the evaluation of live load capacities at ultimate state
utilizing elastic load distribution capacities is neither realistic nor logical to
predict the @mjt state or post-elastic response of the structure. In fact, the
longitudinal and transverse distributions of vehicle load at ultimate state
is significantly Yifferent from the distribution at serviceability limit state.
Thefefore, in order to assess realistically the load carrying capacity of ex-
isting bri ées, studies are needed to determine the distribution of loads °
beyond the elastic range. In conducting such studies, it is important that

the effect of different parameters at advanced stages of loading be consid-
N ' T



' ered. However, in the ﬁresent thesis, only material and geometry properties«™
of the different pa.rts' of the bAdge superstructure and the types of loading ’

and bridge are considered. . : ' /

In a composite élab-on—girder bridge and box.girder bridge, the main com-

_ponents are the reinforced concrete slab and the steel girders or box girders.

In addition, any realistic analysis must also consider the interaction between
N

these components. Although in some cases stiffeners and diaphragms may

also be present, for the purpose of this study, these will not be considered.

Studies [13,30] have showed that their effect on the load distributiofl is not

_significant in most of the cases.

-
?

g
b

1.2 Objective

The purpose of the work described herein is to. determine how at inelastic
and ultinfate limit states, vehicle loads are distributed by the slab to the
girders in composite slab-on-girder and box girder bridges. Specifically, the

. . * .
following items are examined:

¢ The exploration of certain aspects of the non-elastic behavior and

their effects on the ultimate response.

o The magnitude and distribution of moments in each member at posﬁ-

elastic state, . ¢ .

fF
e The variation of load distribution characteristics with increased load-

ing.
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. Determipation of the potential strength reserve of the analyzed bridges.

) Cbr_npairison o?/lgﬁd distribution characteristics obtained frdm this
study with thdbe of the OHBDC.’ :
. z . -

The load distribution factors reported in this thesis are based on the OHBDC

" . truck specified in reference [28].

1.3 Scope

The study was confined to the analysis of straight ‘simply supported and

‘continuous bridges. The analysis will deal prima.Qy with slab-on-girder

and box girder bridge types. These structures will be loaded under different

loading configurations up to failure.

e, X .
Of the four bridges which have been analyzed the contintious slab-on-girder
bridge.is a scale model, \\?hilq -the other ;;ructures are prototype existing
bridges. More details on the géometry and loading conditions of these.

structures are presented in the following chapters.
<

The development of the analysis was conducted using a finite element
computer program called ’APINA’ (Automatic Dyna.mié 'Incremental Non-
linear Analysis) [1] to predict the behavior of the bridges in the elastic and
bost-ela.stic ranges. Since the analytical procédu:e-utilized herein is the:
non-linear finite element method, the results of the analysis are subjected

to the same limitations as the finite element procedure used.

V\'—:;-

——



" The analyses are limited to material non-linearities, therefore large defor-
mation and Budcling are not considered. However, in selecting the girder |
or box girder size, only compact sections have been used, Which means that
failure due".t'o.yielding will precede buckling of the steel girders. Further-
more, the reinforced copcrete slab incfeases the buckling load of the girders |
which again implies thﬁ:{yielding will be the dominant mye of failure.

It is the author’s belief that Wcal model adopted here provides

very accurate results. This will be demonstrated in later chapters of this

thesis.

1.4 Previous Research

s .
v

Since the beginning of this century, analytical and experimental studies
have been conducted to in;restiga.te the behavior of.composite structures
in buildings and bridges. These studies have primarily focussed on the
general behavior and strength of such structures under different loading
. conditions and have been generally limited to siggle beams, ejther_ simply

or continuously supported.

As stated earlier, the main concern of the current study is to determine
load distribution in slab-on-girder and box girder bridges at inelastic and
ultimate states. Therefore, the following paragraphs will briefly review
some of the previous work related to this topic. Some work related to load
~distribution in concrete and steel bridges will also be cited. The reason is

that the load distribution characteristics of composite bridges are known

f
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to be similar to those of concrete and steel bridges z_xt‘_ elastic st_ages..)

Newmark [29] developed the analytical procedure for ﬂetermim'ng longi-
tudinal and\{ransverse shears and moments for both composite and non-
composite bridges. This procedure is similar to the moment distribution

method ﬂe_veloped by Hardy Cross [16] Newmark, ho;rever, carried oiit

extensive parametric studies on different types of bridges. The results of

" his work were sumrmarized in a series of tables that contained the fixed-end

moments, distribution factors, and the carry-over factors for both non-
composite and composite slab-on-girder bﬁdges. His major finding was
that the load distribution factor in such bridges is only a function of the
girder spacing. In this fashion, he recornmended that the distribution factor

Dy ble. ielated to the girder spacing S as follows;

S
D= | (11)

Where K is a constant eciual to 1.676m. It is worthwhile to mention that the
current AASHTO code uses this formula for girder spacing up to 1.829m

to determine the design moment for each girder in comptsite bridges.
. 4

In the earl;} sixties, the advent of computer{ helped bridge analysts to use
refined numerical techniques to study load distribujion problems. They an-
alyzed and evaluated different responses due to various loading conditions.
For example, Heinsih.%i Looney [17] wrote a computer program which inco;—
porated the so-called slc;Béideﬂection method of analysis. This method was
used to determine the actual bridge strain and deflection. They modelled
the bridge as a'coggzinuo.tis orthotropic plate resting on flexible supports

(bridgé girders) which is an improvement over the procedure introduced by

" Newmark [29]. They recommended that this method be used for analyzing
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- bridges whose girders have torsional stiffness of some éigniﬁcance such as

box girder bridées.

_ Mattock and Johnston [27] evaluated lateral load distribution characteris-

tics of two simply supported box girder model bridges. One was a two-box

bridge and the other a three-box bridge. The problem was analyzed using’
both analytical (folded plate theory) and experimental methods to comple- -

ment one another. The results obtained indicate that a sa.tisfactory lateral
distribution of loads is obtained without the use of transverse diaphragms
within the span. This lateral distribution of loads is better than that as-

sumed in the AASHTO specifications [3} for steel and concrete composite

bridges.

The introduction of the limit state design philosophy motivated some in-

vestigators to use limit state analysis for evaluating the response of bridges -

to overloads. Percy [32] and Shaw [37] developed long hand methods to

balance the moments in a grid framework at ultimate load, similar to the

Hardy Cross method of elastic moment distribution [16]. Percy included *

 torsional: stiffness while Shaw neglected it. The resulting distribution of

force eﬁ'ects is in equilibrium with the applied loads. However, these meth-

ods prov1de only distribution of moments at ultimate limit state (ULS),

but no information regarding the sequence of plastic hinge formation. .

However, Walsh [40] reported on a limit analysis of grid frameworks includ-
ing torsional effects which did trace the sequence of hinge formation. He
)

concluded that the effects of shear on hinge formation was negligible.

Lash aad Najaraja [28] performed physical tests on multi-girdex: bridges.
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-

They reported on the testing to failure of twelve scale model slab-on-girder

| bridges which had concrete longitudinal girders. These bridges were two- -

lane simply 'sﬁppbrted structures and included internal diaphragms. They
concluded that test loadsgenerally exceeded the theoretical values at fail-
ure. Longitudinal yield lines along the torsionally stiff girders were typical

and less, likely to occur in steel bridges due to lower torsional stiffness.

Léwe and Fiint [24] reported on two scale model.comﬁosite bridges loaded

to fa.‘illure'under sealed AASHTO loading,. "Both were sihgle é.pa.n skewed o
structures. One was a narrow bridge with two ldngitudinal girders, while
the other was a wide bridge with eight equally girders spaced. The two-
girder model was loaded by a single vehicle positioned to maximize the
longitudinal bending moment. It failed with a mechanism consisting of a..
single transverse yield line parallel to the supports. The eight-girder model
was loaded also by one vehicle positioned between two outer girders. This
suggests a rather poor transverse distribution of the load. However, a more

uniform distribution of load would occur under multiple lane loading.

Heins and Kerzweil [18] performed an analytical study of different failure
mechanisms in sia.b-on~gir,der bridges. They considered local failures of the
slab due to yield line mechanism within an area bounded by longitudinal
girders, suppoft lines and free edges, and global collapse mechanisms con-
sisting of hinge lines wlﬁcﬁ involved all girders at sections of maximum
moments. It was concluded that the design of the slab would generally be
gdverhed by serviceability requirements, not the ultimate limit state, and

that global failure mechanisms would be the most likely to occur.

Heins and Kuo [19] performed an analytical study of single span multi-

8
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girder compos1te bndges to deterrmne the transverse distribution of live
load a.pphcal:;‘le a.t ultimate limit state, which they defined as_ the formatlon '
of the first _saggmg hinge in accordance with AASH:I‘O prov1smns.~. The
 authors .bel.ieved that live load distribution factors based on elqstic-behavior
may be too conservative, and that a ﬁlore uniform distri_butioh of load
© results from the yielding. A finj difference technique ;-vas used t_ol analyze .
the composite bridges at inelastic and ultimate limit states for various girder
spacing and asiaect ratios. It was notegl that a more uniform distribution
of load occurred as the first hinge formed. The authors thus proposed a

method to calculafe the appropriate d:stnbumon factors at ULS.

k ’ g ) ‘
Bakht et al [4,5,7] introduced a simplified method of analysis for load dis-
tribution in slab-omgird;ar and box girder bridges.a.nd this method forms-
the basis of the OHBDC recomrﬁenda.tions. The method was derived us-
ing concepts from the orthotropic plate theory and the grillage analogy.
They conducted an exf:ensive parametric study and concluded that load
distribution in slab-on-girder bridges is characterized by two pa.ra.metefs, a
flexural parameter 8 m;d a torsional parameter & which are functions of the |
geometric and ma.teriai properties of the bridge. Iu the case of hox gifder
bridges, an additional characterizing parameter 8, which is related to the
torsional rig'idity of the bridge, is introduced in the a.na.lysisl. Although this
method is also based on linear elastic theory, it gives éubst_aﬁtia.lly more
accurate results than the AASHTO recommendations [3]. In the following
chapters, this method will be discussed jn detail.

Shzumugan and Evans [36] reported on the use of a grillage analysis pro-

gram to study the non-linear and uitimate behavior of cellular structures



/

P
under bendmg loads. These structures were analyzed under mcrementa.l
1ncreas1ng load until failure. At each increment, the grillage member pro-
prieties were recalculated to account for the effective width reduction on
the compression flanges resulting from progreséive buckling. It was con-.
- cluded that small load increments would minimize the resultant error and
the failure of a member was due to yielding of an extreme fibre rather than
the fully plas:*.ic behavior of the section. In addition, the use of square
grids, simply supported and uniformly loaded at all nodal points, has in-
duced a uniform distribution of the stresses in several members and rapid

occurrence of failure after the first yield.

N
Wegmuller [41] investigated the same post-yielding behavior of simply sup-
ported, single span composite bridges using a finite element model which
sub-divided the slab and girders into layered elements. Under incremental
loading, an iterative procedure was used for convergence. An improvement
in the transverse distribution of longitudinal bending-moments in a range

immediately after the post-cracking behavior was noted.
: X N

improved transverse distribution of load in t};e post-elastic range was also
the purpose of scale model bridge tests performed by Bozler and Colville [9).
A two span and a three span models were included, both with three lon-
gitudinal girders throughout. Loading consisted of a single concentrated
point load over the middle girder at the center of one span, the middle
span in the three span model. Loading was mcrea.sed unt11 yleldmg had
occurred in both sagging and hogging regions. Based on measured stra.ms,
the transverse distribution of sagging moments at the loaded section was

more uniform than ax elastic load levels. Moments were also being redis-

10




tnbuted longltudmally, but a.pparently only along the loa.ded center gu'der

L Pt LS e e e T AL TE L R % T m T T A e N i L T R T s T e A g T b e L e L Tt G

' Progressmg towards a colla.pse mecha.msm, transverse rechstnbutmn may '

* have occurred at.the hoggmg sections.

 Kennedy and Grace [22] performed tests on two continuous composite

model bridges to investigate the load distribution characteristics. Both

bridges were two equal spans and had five longitudinal girders. It was

concluded that the presence of steel I-beam diaphragms, when rigidly con-
nected to longitudinal girders, enhances significantly the transverse distri-
bution. The transverse cracking of the concrete deck at the intermediate

support does not influence significantly the transverse distribution nor the

-t

deflections. / - -

A numerical method of analysis was developed to trace the non-linear re-
sponse of multi-cell reinforced Q:)ncrete box girder bridges under, stepwise
“increasing static loads by Seible and Scordelis [35]. . The non-linearities
considered were material non-linearities such as cra.ckmg of concrete and
yielding of the re1nforcernent due to flexure, shea.r and torsuon Both ana-
lytical (using grillage method) and experimental methods were performed
to compare the results It was found that the proposed model can be used
in hmlt state desugn for rghw bridge structures as well as for the prediction
of overloa.d capacities and possible failure modes of existing structures,
which were_;}igina.lly designed by using the Working Stress Design (WSD)
method. Furthermore, it has been shown that deterioration of the bridge
striucture under increasing eccentric overloads can cause substantial force
redistributions in the longitudinal and transverse directions of the rein-

forcea concrete structure,

11




- The results of another _experiniental test to détern.:nine'thg load distribution
" factors at ULS wefe i‘epbrted by Cheung, Ngaa.nd Gardner [13].-' A scale
n_:xodeI of single span éimply supp;orted sla.b—on-gi;der bridge was loaded
~_with scaled OHBD vehicles in one or two of the three lanes until failure.
There were éix longitudinal girders. with compact rolled sections, with the
interior ones 'mosi‘:u heavily loaded, which resulted in the transverse distri-
bution begoming more peaked. Subsequently, moments were redistributed
transversely and the distri';ution improved. The nature of failure was ob-
viously not due to the formation .of collapse mechanisms, otherwiée the

transverse distribution of moments would have been more uniform.
A .

Tharmabala [39] reported on the recent development of a computer method
for the non-Hnegr analysis of grids; The analysis was performed on a single
span simply supported composite bridge. Failure was based on excessively
la.rgé_ deflections under small load increments. No limits were placed on
the rotation at the hinge locations, and complete transverse distribution
of moments was achieved with a uniform distribution resulting across the

: sagging hinge line.

1.5 Outlines of the Thesis

Since the problems studied in this thesis are related to the load distribu-
tion at ultimate, design philosophy and the code approach regarding the
load &istribution are reviewed in chapter two and three ;o provide some
insight into idealized behavior of slab-on-girder and box girder bridges. In
chapter four, the/ finite element method and the finite element program are

12
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discussed in detail. Chabter five provides a full description of th_é struc- . -

tures studied. The results, paraﬁxetgx'ic studies of load djstribufion factors_
and the discussion of these results are présented in chapter six. The last

chapter provides a summary of the conclusions and recoiﬁmé_hda.ti_on‘su. -
- \

- ' Tt
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‘Chapter 2 :

& . . ) = 1' . ‘. . - *

DESIGN PHILOSQPHIES

L3

2.1 General

Since plaéi;ic design implies identificatior of all potential modes of failure
and detérminatidn of acéeptable levéls of safety it is only applicable within
the &meworg.of a Limit States Design (LSD) philosophy. LSD, which in-
cludes the Strength Design or Load Factor Design, is becoming the principal
design philosophy in North America. In the United States specifications for
highway bridges [3] published by the American Association of State High-
way and Transportation Officials (AASHTO) allows. the use of either LSD
or Wori{ing Stress Design (WSD, also known as Allowable Stress Desigﬁ)

in the design of both concrete and steel members.

The national bridge design code in Canada, the Canadian Standards Asso-
ciation’s (CSA) Design of Highway Bridges [10], is similar to the AASHTO

14
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‘or LSD for the desi

code. The most rec::@/‘@@'n (1978) includes the option’ of using WSD

. LSD option for the design of steel members. It is expected in a forthcoming

edition.

The relatively new Ontario Highway Bridge Desi‘gn, Code (OHBDC) [28]

published by the Ontario MliniStry of Transportation and Communications

(MTC) is based solely on the LSD philosophy. It does not consider the WSD
methods as appropriate for the design or evaluation of highway bridges.

t

2.2 Working Stress Desigh'

In the WSD method, force effects in a structure under specified loading

are calculated using elastic methods of analysis. The individual members

are designed so that the maximum stresses dye to these fprce effects do )

not exceed axu allowable fraction of the yield stress of the material. This

allowable stress would normally vary with the type of force effect being

resisted. The ratio of the yield stress to the allowable stress provi‘des a -

factor of safety against failure under an overload while satisfactory per-
formance under thé specified service loads is ensured since the material is
kept well within the elastic regime. However, the actuai factor of safety
against collapse will likely be much higher than this ratio since most struc-
tural elements possess a strength reserve between first yield and failure.
The magnitude of this reserve will vary with the type of force effect being
resisted, the proportion of the structural ele;nents, the shape of the mem-

ber, zad the material properties. Not only can the true resistance vary

15 -
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of concrete members, but has not yet a.dopted'.ﬁl the
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considerably from those detenmned by an a.llowable stress design, but also
the actual loadings vary from the demgn loa.dmg Specified loads are only
estimates of the loads the structure may resist in its life. The actual loads
vary ’wjvith gome:prbbability distlﬂbuti.on-and'rﬁa.y well exceed the specified
| loads. The aforementioned factor of safety is also intended to com.pénsate
for that possibility in WSD It is apparent that this variability of resistances
~ and loads results inl a highly non-unifersii level of safety among structures
designed using WSD. Although an acceptable rate of failure suggests that
the rnfnirnuni levels of éafetj as provided by WSD are satisfactory, some

structures are over-designed and hence, are uneconomical,

2.3 Limit States Defign
-

The popularity of LSD over WSD is based on its more uniform level of safety

and hence greater economy. Limit States Design ig based on the principle

that the structure must perform satisfactorily at different limit states. At -

the Serviceability Limit, States (SLS) the structure must be able to support

the anticipated service loads without excessive defermations, cracking, etc., |

or susceptibility to fatigue failure. The structure would normally behave
elastically at these load levels. The Ultimate Limit States (ULS) ensures
that the probability of failure is sufficiently low. This is achieved by ap-
plying load factors which are derived from the distributions of the loads
such that the probability of exceeding the factored loads within a specified
return period is accepta.bly low. Since different load types have different

distributions, they will also have different load factors. The resistance of

. ,"'
.l
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the structural members at ULS is the maximum resistance that can be ex-

‘_pe'cted. Depending' on the force effect being conéidered, the resistance will

.  vary with the dimensions of the section, bracing, and boundary condition.
: material properties and mode- of failure; - |

< 'Regardless, the clombina.tion of load fa.ct.or's and p_erforrﬂa.nce factors is in-
tended Ito provide satisfactory performance under service loads and an ac-
ceptably low probability of failure at ULS. It should be obvieus that the

' probability 8f failure can never be reduced to zerb, but economically fea-
sible structures can be built with an acceptably low probability of fa.ilur:a.

The level of safety in LSD structures is bound to be more uniform than in

i WSD strﬁctu:es.

>,

2.4 ' Basic Procedures for Defining Safety

There are two basic methods of defining structural safety. They will ‘be

reviewed briefly in the following subsections. More details can be found in

. reference [25]. -

2.4.1 Factor of Safety

The factor of safety can be defined as
Ultimate Resistance R o
Factor of Sufety = Service Load U (2:1)

This implies that both of these quantities are well defined each with a unique

value. However, the resistance, R, is affected by a number of variables

17
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and is a va.na.ble itself as shown by the frequency dmgra.m for R in ﬁgure

(2.1). Similarly, the maximum load, U, that the structure will receive in its

lifetime is also a variable. As a result, the deﬁmtmn of the factor of safety N

given in equathn (2.1) lacks clarity. Two possible r_esta.tement‘s of.equation

(2.1) are

' Megn Resistance R -
= > = = 9
Central Fgctor of Safety Mean Load 7 (-.2)_
or,
Nominal Factor of Safety = Design Resistance = fa (2.3)

Design Service Load Uy

Where Ry is the ca.pz;.city computed according to the design code and Uy

is the desi@ service load given in the design code. The intersection of the .-

frequency dmgrams for R and U, shown shaded in ﬁgure (2.1), suggests that

there is a definite probability that failure will occur under some p0331ble

combination of strength and load. It should be noted, howsver, that this

area is fot equal to the probability of failure.

This method of defining safety has four drawbacks:

1. It does not adequately account for the variability of loadings and
resistance. Two extreme cases are compared in figure (2.2)'.. In figure
*(2.2a) the control of loading and resistance are both very good and
there is relatively little probabi.lity.of failure as evidgnced by the small
overlap of the curves. Figure (2.2b) corresponds to a case with pboi:
cont:rolq of loadings and resistance. Although the central factor of
safety is the same for both cases, the probability of failure is much

higher in the second case.

18
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~ 2. It does not adequately account for vp.riafiopg in loadings which in-
crease at different r'a.feg or ha.y'e different signs. The factor of safety
assumes that all lobé.d.iii‘gs will increase at approximately the same
rate. This becomes sericus in‘ the case \;.rhefe a highly variable load .
such as wind, or earthquake causes forces opposite in sign to those
resulting from relatively constant loads such as dead load. The stress
dué to an overload may be opposite in sign to those at service loads

and the reinforcement provided for service loa%onditions may not

be adequate to prevent failure.

3. There is no attempt to evaluate the ultimate load capacity. In work-
ing stress design it is assumed that the ratio between service load
capacity and ultimate capacity is the same as the ratio between al-
lowable stresses and material strengths. This relationship has not
been checked adequaltely for th;: high strength materials currently

used.

r t

4. There is no rational method for estimating safety factors against fail-

ure and the type of failure.

2.4.2 Maximum Probability of Failure Method

If R, R,.a.nd OR represent the.distribﬁtion of strengths and U, U, and
oy represent the loads, any given structure will fail if U > R. Thus, the
probability of failure is the probability that U > R or,

s

-
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_or alternatively,

P = P'(g < 1.0) (2.5)
~ or since log 1.0 = 0,
P =P (logg- < o) ©(26)

If we know ﬁ, or, U, and oy, we can define a new function ¥ = R — U
" (figure (2.3)). The function ¥ represents the margin of safety for a given
structure. The shaded area shown in figure (2.3) represents the probability

of failure of a particular structure.

Py = P((R—-U) < 0) = shaded area (2.7)

4

For normal distribution or other standard distributions this probability

can be calculated or obtained from tables as a function of the type of
distribution and the value of the safety iﬁdex Bs. Most ULS codes calibrated
safety index 8, = 3.5 allowing for a probability of failure Py =1.3 x 10~%.

This procedure is not generally used in this form because of the work in-
volved in eva.lua.tihg the probabilities of failure for every structure. How-
ever, it forms the basis for computing load and resistance factors and hence,
indirectly it is of considerable importance to designers. The major problems
in the use of probabilities of failure to define safety involve the choice of

acceptable probabilities of failure and the need for statistical data on many

aspects of loading and construction. On the other hand, this philosophy

leads. to rational method for estimating safety factors.

P=P(@-m)<0) 24
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2.5 Inelastic Methods in Bridge Design
2.5.1 Resistance to Plastic Design

Although the LSD philoéophy has gained ?fccqatance, thé use of plastic
analysis is not widespread in bridge design qutside of yield line th;eory
for slabs. This has led to the incopsistency of using elastic analysis to
predict the distribution of load effects in a structure while the capacities are
based on ultimate resistances which imply inela.:atic behavior. The strength
calculations based on an elastic analysis normally limit the capacity of the
sfructure to the load at which the first section reaches its capacity. In an
indeterminate structure, there is usually a strelngth reserve between the
failure of thf; first section and the collapse of the structure. The ma.gn'itudel
of that strenéth will depend on the degree of redundancy a;d the loading

-

configuration.

There are numerous reasons for the slow acceptance of plastic analysis
among bricige designers. One is the perception t ot will require more
work. Although plastic analysis is generally sithpler than elastic é.na.fysis,

the latter would still be required to check SLS requirements. Another ar- |
gument against carrying out additional plastic analysis is that any elastic
analysis which yields an e;:luilibrium set of forces results in a lower bound
estimate of the plastic collapse. However, if the elastic bending moment
distribution is significantly different ﬁom_ that at plastic collapse, the pre-
. dictec collapse loads will be over-conservative. A plastic analysis is required
if a beiter estimate of the plastic collapse loads is desired. However, many

designers would prefer to use an elastic analysis knowing it is conservative.

21



~2.5.2 AASHTO Inelastic Analysis Provisions

It is often argued that any econoiny- which may be realized by exploiting
these strength reserves would not offset time and expense of the required
plastic analysis. Some codes "a.l'lc')w designers to include some of the benefits
of plasticity without the ihhe'rent work of a p%stic analysis by permitting
a limited redistribution pf the elastic bending moments. Within the LSD
option, AASHTO allows a minimum of 10% reduct.idn“ of the negative mo-
ments over supports, accompanied By an appropriate increase in the maxi-

mum, positive moments for ¢ontinuous steel beams with compact section [3).

.AASHTO defines a compact sectmn as one that is able to rea.ch the simple

plastic moment and rotate at near consthnt moment durmg redistribution.
The simple plastic moments for a cons:pr(:ite section are calculated using
the assumed stress d.ist'rib.ution shown in figure (2.4). A section is compact
if the flanges a.nd) web do not exceed slenderness limits which ensure they
can resist local buckling over some measure of plastic rotation. Other re-

quiremnents to satisfy the compactness of the section are illustrated in table -

L (21).

When the compactness requirements are ‘satisﬁed a2 10% redistribution
of elastic moments is allowed. This 10% is apphca.ble at ULS and may ‘
still meet the AASHTO overload criterion, which represents the infrequent
passage of heavy vehicles. This is a serviceability limit state with the
criterion being that no objectionable permanent deformations occur. These
are prevented by limiting the flange stress to 80% of the yield stress, o,,
in non-composite sections under the redistributed moment‘,‘and 95% of o,

in composite sections under the original moment distribution. However,

22



. these limits effectively prevent any redistribution in either case. For the

non-composite sections, the allotyecl redistribution of the ela.s'ti_c bending
moments effectively increases the allowable flange stress to 0.89 « cr,,'.a.t a
negative bending section under the elastic moments, and less than 0.80* o,

at the positive bending section.

2.5.3 Provisions for Inelastic Analysis in Canadian

’ Codes

Since the CSA’s "Design of Highway Bridges” [10] has not yet adopted :
the LSD option for steel bridges, there are no provisions for longitudin-a.l
redistribution of bending moment. Nor does the OHBDC {28] make any al-
lowance for plastic redistribution. No non-linear analytical methods may be
used except in special areas such as yield line theory for slabs. The OHBDC
still classifies steel sections as compact or non-compact: a compact section
being one that can reach the simi:le plastic moments but need not have ade-
quate rotational capacity to allow for any redistribution. The compactness
requirements are shown in table (2.1). Capacities are calculated using the
%ully plastic stress distribution of figure (2.4), but the effective slab widths

are given by
| E—1-(1---’:—)3;41 (2.8)
B, - %8/ * ‘

" Where B, B.= Slab dimension as shown in figure (2.4),

L = Equivalent span length in positive or negative bending,.
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To further clarify the differe—?;::e between an AASHTO compact section and
- an OHBDC cbmp_a.ct section, reference is made to the CSA’s "Steel Strué-
ture for Buildings-Limit States Design” [10]. Here a class 1 or plastic design
section will reach the plastic moment and allow subsequent redistribution.

A class 2 or compact section will reach the plastic moment but need not

allow any redistribution. As seen in table (2.1), class 1 and class 2 sections ,

correspond to the AASHTO and OHBDC compact sections respecti\:ely.

Henceforth in this thesis, éompé.ct section will refer to a section suitable
. . L ]

for plastic design.

W
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Figure 2.1: Variation of the Loads and Strengths of the Same Structures
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" Table 2.1: Slenderness and Bracing Requirements (M, < M)

Slenderness or AASHTO OHBDC
‘Lateral Bracing | Compact | Compact
Requiremenf_ Section Section -
Flange ]
Slenden‘less b < ﬁ% | b < %
Requirement J

CSA Class 1 CSA Class 2
- "(Plastic) (Compact)
Section Section
b < 145 b < 170
<A S

Web Slenderness

Simple Plastic

Moment

for My < 0.7M,

for M1 < 07M2

for M; < 0.5M;

. d o~ 1104 d o 1370 h o 1100 h o 1370
Requxrement w < E . ” < VE p” < Fy " < ﬁ
in Flexure '
Maximum
braced . Li < 581ler L < 550mr L < 550wr Ly < 550mr,
Un b S TR b S T b S o b S 7
] Length for no for M; > 0.7M; | for My > 0.TM; | for M; > 0.5M, | for M; > 0.5Mf,
tion i < 998ar < 980wr < 980=r < 980
Réduction in Ly < 7F-':- Ly < Fv Ly < 7}:—,:- L{, s F

for M; < 0.5M,
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Chapter 3
LOAD DISTRIBUTION
_METHODS

3.1 Genex_'al

- Following the advent of the digital computer, and the subsequent develop-
" ment of a.na.lytiéa.l and numerical techniques based upon its use, the bridge
‘designer has available to&ay a number of powerful analytical and numerical
refined methods of analysis such as the orthotropic plate theory, the grillage
analogy, the finite difference method, the finite element method etc... The
finite element method is considered the most powerful method of analysis.
It has been, by and large, applied to the elastic and plastic analysis of com-
posite b_ridges.‘ Since the current study also employs this method, it will be
fun}' expla.ix;ed in chapter four.
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Most of bridge design codes use these simplified methods of analysis to de-
termine the load distribution characteristics in which the D-type méﬁhod
forms the basis. A D-type method, which is usually déveloped by idealizing
a.bridge as an orthotropic plate, is based upon the premise that the distri-
bution pattern of longitudinal moments across a tra.nsverse cross section 1s

reasonably 1ndependent of the longitudinal posmon ‘of the load.

The concept of the factor D can be explained with reference to figure (3.1),
which shows the transverse distribution M, at a -cross sectioﬁ due to a
velr\licle ‘on a slab-on-girder bridge idealized as an orthotropic plate.

The lfotal live-load moment M, that the second girder from the left should
be required to sustain is equal to the area under the curve shown hatched
in the figure (3.1). If the intensity of the maximum longitudinal moment is
M maz., and the girder spacing is S, then this area is approximately equal

to

M, = SM g, (3.1)

Assuming that the quantity M;,mx, can be obtained by a factor D given
by '
M .
3.2
M::',ma::. ( )

Where M is the moment due to one line of wheels at the section under

D=

consideration.

Substituting M mae. from equation (3.1) into equation (3.2) gives

M, = %M (3.3)
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Thus, if the value of D is known for a bridge, the maximum live-load -
moment in width S of the bridge can be obtained as a fraction S/D of the

beam bendirig moment due to one line of wheels,

3.2 Codes Approa_éh

The most important codes of practice for the analysis of composite and

non-composite bridges in North Amerida are:

1. Standard Specifications for Highway Bridges, American Association
of State Highway and Tra.nsportatlon Ofﬁc1als, (AASHTO-?T), 1977.

2. Ontario Highway Bridge Design Code (OHBDC), 1983.

3. Canadian Standards Association for Design of Highway Bndges
(CAN3-56-MT8), 1978. | .

. The codes specify two types of loading to be considered in design, the
truck load and the lane load. The latter is not critical jn/Toad distribu-
tion; hence only truck load will be discussed. The codes have devised a
truck model that is supposed to simulate the actual loading cog_,d.itions.'
The configuration of this truck varies among the three codes. The loaaing
configuration corresponding to these three codes is shown in figure (3.2).
The recommended methods for the dxstnbutmn of loads in the AASHTO-
77 and CAN3-56-M78 are identical, whereas the OHBD code’s method is

different. - . ' _ F\\

™~
J
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3.2.1 The AASHTO Methoagf Analysis

~ The AASHTO specifications for highway bridges [3] permit a simpliﬁeci
method for obtaining longitudinal moments. and shears due to live loads.
Accogding to this method, a longitudinal girder or box girder is isolated

from the rest of the structure and treated as a one-dimensional beam. The

B i S T RIS TR

fraction of the wheel load carried by each girder or box girder shall not be ]

less than the distribution factor, Dy, which is a dimensionless number and
-is specified in terms of the girder or web spacing S,

g .
Where X is a factor which has the unit of length and its value is a function

of the bridge type.

It can be observed that according to equation (3.4) the only parameters that
influence the load distribution in bridges are the girder or web spacing and
the bridge type which is an extreme simplification. This over-simplification
can give erroneous results for some cases. Values of K for various types
®Bf bridges are giw'en'in AASHTO specifications [3]. These values are based
upon research reported in reference {3]. In the AASHTO method, the va.l’;xe
of K depends only on the bridge type; however, it is intu@tively obvious,
and confirmed by acéura.te analysis, that the load distribution in a narrow
and long bridge is different from that in a short and wide bridge of the same
type. The AASHTO method is unable to allow for differences in pattern of

load distribution arising from such factors as the aspect ratio of the bridge.
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The AASHTO method wh.lch is ba.sed on the orthotroplc plate theory, has

two basic assumptions;

. For a given bndge, the transverse d:stnbutlon pattern is the same for

a.ll loa.d effects, i.e. deﬂectxons, moments a.n&‘ shear.

e The transverse dlstnbutlon of load effects i is mdependent of the lon-

gitudinal positions of loads and reference sectmn

3.2.2 OHBDC Simplified Method

v

Because of the madequacy of the AASHTO method, the OHBDC was de-" *

veloped to prov1de\. more refined method of a.nalys:s which accounts for
the material and geometric characteristics of the bridge. The OHBDC
requires that the load distribution characteristics resulting from diﬁ"ereﬁt
relative torsional and flexural rigidities in the longitudinal and transverse

directions must be taken into consideration.

The Ontario code requires that for the ultimate limit State and service-
ability limit state t-ype II, as many lanes in a bridge must be loaded as
will produce the maximum load effect. The method was developed fo; one,
two, th:cee, and four lane bridges for the various loaded lane cond1t10ns It
involves the calculation of two characteristic parameters, « a.nd 8, where

is called the torsional parameter and 6 the flexural parameter. These are

given by |
ny + Dy:: +D1 + D2
2(D:D,)%s C. 3.5)
b _D_r 0.25 !
6 = 7 (b‘,) - (3.6)
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Where b = Half width of the bridge,
L = Span length of '{Hé bridge,.
Dz = Flexural rigidity in the x direction,
D, = Flexurai rigidity in the y direction,
_ D,, = Longitudinal torsiopa.l rigidity,

=

» Dy, = Transverse torsional rigidity,'
D, = Coupling longitudinal rigidity,
D, = Coupling transverse rigidity.

The ca.lcula.tlon of the live load long1tudma.1 moments in both the internal

and external portions of a brldge cary ¥ summarized in the following steps:

1. Obtain an initial value of D from the OHBDC %ccordmg to the num-
ber of design lanes and bridge type.

2. Calculate the initial load fra.ction S/D, where S is the girder spacing

4

in slab-on-girder Eridges and web spacing in box girder bridges.
3. Obtain the moment due to one-half of the OHBDC truck or lane
loading. ‘

4. Multiply the moment obtained by S/D(1+ DLA), where DLA is the
dynamic load allowance as described in the OHBDC clause [2-4.3.2].

5. Caleulate a and 8 from the equations (3.5) and (3.6).

6. Calculate y from
p=He83 <

W,=design lane width in meters.

L) - .
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7. From the OHBDG charts of clause [3-7.1.2.1), obtain the value of D

and C; for internal and external portions.
‘8-; Obtain the final value of Ddc,.-g,.'-us;ilig: | o S -
. ’ C . . )
D, =D (1+4) - | .

9. Obtain the final value of the moments for external and internal por-
tions by multiplying the moment obtained in step 3 by the, term ‘
5/D4(1 + DLA), (Dy being found in step 8). . Y

The parameters o and @ describing slab-on-girder bridges are not capable
of characterizing box girder bridges; due to the distortion or shear effect. In

order to account for this effect, another parameter must be derived and is

b= (2) (2" o

B= \/in% (3.8)

The calculation of moments for box girder bridges follows the same sheps

defined as follows

or,

" described above with the additional calculation of the parameter 3 froi:)tl

ec}uation (3.7) after step 4 and the obtaining of D and C; from other charts

which are a function of the parameter 8 as shown in appendix A.

For the continuous bridges, different D values will apply for each region on
positive and negative bending. The calculation of D values for the bridges
analyzed in this study are included in appendix A. o

It can be seen that the OHBDC is far more elaborate, although reIativély

'simple to apply. As described by Bakht et al [4,12_] the attractive feature
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of this procedure is that it umﬁes the load distribution a.nalys1s of a.lrnost
-all tyPes of bridges. What @hstmgmshes the dlfferent bridge Cross- sectlon
is the manner in which the various rigidities values are calculated. The

remaining steps are identical. s

3.3 Load Distribution Factors.Based on Non-

linear ‘A nalysis

“

Studies in this regard are scant and of limited scope. Heins et al t19,20]
conducted studies using an ela.sto-perfectly plastic finite difference model
~ as described earlier. Accordmgly, they used two methods to evaluate the

load distribution charactenstlcs of slab-on -girder bridges.

,‘ E
Method 1: In this method the distribution factor is given by
2 (Maz.2) M, | ,
D, = ( ) My . S (3.9)
N *MAASH.TQ. . '
| Where "M = Total longitudinal moment on a given %ction{of the
bridge,
M, = Yielding moment of girder,
N = No. of trucks/No. of traffic lanes,

M4 ssnto = Maximum moment in a single girder due to truck

loading as given by AASHTO code specifications.

Note that the first term in the numerator of equation (3.9) is the absolute
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‘ _ma.xxmum of a.Il the gu'ders m the bndge. As ¢an be seen, Dy is based on

.' the fractxon of the tota.l moment ca.rned by ea.ch gn:der

x .
Method '2: In th15 method the d1stnbut10n factor is based on the fractlon :
ofa line of tmck wheels, ie. 41
o (Ma:c ) (No of line whee.ls) N
DI = v - (3.10)'
.- (=4%) e
or, - T ' p L |
7 - : ;‘rf&.c.ﬂ-‘ * Z*NL)
Dy =2 i1;) *( (3.11)
(4)
A . =

Where NL = Number of traffic ia.nes,

> ff: = Sum of moment ratios for all girders across the bridge.

Using the above two methods, they obtained the K = §/D; values listed
in tables (3.1) and (83.2) for the elastic analysis and ultimate limit states,

respeétively. o K

In table (3.1), it can be seen that the two methods give results that are fairly

close. Secondly, we observe that the K = 5.5, as suggested by AASHTO,

is generally conservative.

At the ultimate limit state, the results in table (3.2) show that again the two
methods compare favorably. However, in thi%case the AASHTO values for

K are conservative for all bridges considered. This suggests that the bridges L
can carry more load than anticipated by current AASHTO requirements.
f . ' AR
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-Toml Moment=2M

—A ' Total Area=Mg

Figure 3.1: Transverse Distribution of the Longitudinal Moments
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1 2 3 4 R 5  AXLE NUMBER .
60 140 140 " 200 160 AXLELOAD kN

30 70 70 100 80  WHEEL LOAD kN
. i | & i ' - i . & GROSS LOAD
: ; 700 kN
36m |12m  6om | . 72m
R 18 0m -
— TRAVEL ,
: meyre _{.
025m ™ | 0.6m2a
I_.—.—‘@ i H Iy ! L.8m 3.0m
0.25 i v fruck width
mT o l B Ld a 0.6m
.l L_025m 0.25m tyre __| I,__ T
(I) OHBD Loading Truck
g A v
, 4.25m  , Variable(4.25m. - 9.25m.) , '
| Bl bl Bl k) —
o —— I —[oaw— {2
. 1 1.8m 3.0m
— W {TAW ] QAW }— =
W=COMBINED LOAD ON THE FIRST TWO AXIES (kN) }
(II) MS-77 Loading Truck
14 ft (4.27m. ) Variable(4. 27m. - 9.15m. ) ,
\ [ 'l" I —
2ft
M ~10.4W _ h4 ft 10 f1(3.0m)
m L_...__...lg'z;; M]—— "‘sz
I\

-

(III) HS AASHTO Loading Tguek

Figure 3.2: Loading Configuration of the Th Codes
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T_ablé'3.1: Distribution Parameter (Elastic Load)

Span " Spacing “

2-Lanes

" . 3-Lanes

4-Lanes

(Ft.) | (¥8.) | Method1 | Method2 || Method1 | Method2 ]| Methodl | Method2.
40 6.0 568 | 594 5.45 5.50 5.23 5.23
70 || 6.03 5.92 5.23 529 | 5.30 5.22
8.0 6.27 6.14 || 545 5.27 5.26 5.16
9.0 6.51 6.42 5.42 5.33 5.31 5.16
50 6.0 5.82 5.87 5.25 5.19 5.12 4.97
7.0 6.34 5.87 5.25 5.31 5.12 5.00
8.0 6.35 6.50 5.34 5.36 5.07 5.15
9.0 6.65 | 6.28 5.32 5.15 5.18 5.00
60 6.0 5.91 5.80 5.33 524 | s5.07 4.80
1.0 6.1'1\ 6.17 5.20 5.35 5.10 493
8.0 6.41. 662 | 539 | 546 5.05 496
9.0 6.65 6.89 575 | 5.05 5.20 4.90
70 6.0. 6.27 5.74 540 | 5.16 5.03 4.65
7.0 6.16 630 | 525 5.48 5.10 5.22
8.0 6.45 8.65 5.41° 5.48 501 | . 4.91
9.0 6.72 6.93 5.38 550 || 515 4.87
80 6.0 6.00 6.55 5.37 5.64 5.03 5.26
7.0 6.23 6.51 5.40 5.69 5.04 4.67
8.0 6.62 6.95 5.45 5.62 4.98 4.84
9.0 695 | .7.32 5.48 5.70 5.18 4.77
90 6.0 6.03 6.63 541 | 579 4.98 4.52
7.0 6.26 6.55 5.43 580 | -5.11 4.73
8.0 6749 | 7.8 5.51 5.71 501 - | -4.87
9.0 7.11 7.46 5.57 5.80 5.37 5.34
100 | 6.0 6.07 5.48 5.46 5.89 5.10 6.59
7.0 6.28 6.57 5.45 5.83 5.17 5.40
8.0 6.86 7.18 5.55 5.75 5.10 5.32
9.0 - — —~ ~ ~ —
/
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Table 3.2: Distribution Parameter (Ultimate_‘_Load)

. .|| Span || Spacing 2-Lanes _ 3-Lanes 4-Lanes -
(Ft.) | (Ft.) | Methodl | Method2 [ Method1 [ Method2 || Method1 | Method2

40 6.0 6.68 |, 7.44 6.22 6.76 6.17 6.67
I 7.0 7.03 6.79 6.37 6.98 6.02 6.01
8.0 7.69 7.94 6.18 6.28 6.12 6.70

9.0 798 | 8% 635 | 6.71 5.76 571

50 6.0 7.35 7.44 634 | 6.83 6.45 6.68
7.0 7.35 7.00 6.39 6.93 582 '| 6.41

80 || 763 7.99 6.58 6.63 || 6.36 6.72

9.0 7.88 7.57 7.03 7.28 16.00 6.66

60 6.0 7.50 7.33 5.68 5.75 6.64 6.64-
1 7.0 7.09 7.00 6.40 692 | 613 | 6.95
8.0 7.62 7.96 6.42 6.66 6.40 6.65

9.0 8.33 8.91 675 | 6.52 6.15 6.72
70 6.0 743 6.75 695 | 6.84 5.90 6.07
: 7.0 7.06 | 7.00  6.38 6.94 617 | 6.74

| 8.0 7.83 7.95 6.42 6.64 6.20 6.35
el | 9.0 '9.45 8.91 6.97 7.35 6.30 6.36
[ 80 6.0 6.88 7.51 6.52 6.95 6.23 6.58
7o 6.94 7.00 6.77 6.98 6.81 | 6.92
80 .| 770 8.00 6.67 8.00 6.37 6.51

9.0 8.83 8.99 709 | 746 | 6.65 6.70

90 6.0 6.92 7.52 6.29 6.98 6.71 6.61
7.0 6.84 6.00 6.67 6.99 - 7.20 6.72

8.0 V7.66 8.00 6.48 6.66 6.55 6.72

9.0 8.39 8.96 6.97 743 | 6.65 6.62

100 6.0 6.98 752 || - 6.56 6.98 6.10 6.59
7.0 6.75 7.00 6.38 6.95 6.20 6.71

8.0 7.92 7.97 6.42 6.64 6.48 6.77

9.0 —~ - - - - -
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Chapter 4

FINITE ELEMENT
ANALYSIS

4.1 Gener?

”

It was mentioned in the beginning of this thesis that the non-linear finite

element technique will be used in the present study. This chapter will

_ describe the finite element method and program and its development A
comp031te bridge consists of two main components each with its distinct
behavior: the reinforced concrete slab and the steel girders or bax girders.
The shear sﬁuds that connect the slab to the girders or box girders are not
cons1dered} in this study. In the subsequent sections, the modelling of each

of the two components will be described.

The finite element progyam utilized for the purpose of this current study is
Progg :
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called ADINA (1,2] (Automatic Dynamic Incremental Non-linear Analysm)

-More details on th1s program are gzven in the section 4.5.

e

4.2 Finite Element Methgd
4.2.1. 'Generé.l

The finite element method is the most versatile method of analysis available
today. The concept ‘.of finite element stems_from the idea of discretization
an'd numerical approximations. The finite element method is a teqﬁni‘que-
for analyzing complicated structures by rationally diviciing_thé continuum
of the prototype into a number of small elements. These elements are
connected at discrete joints called nodes. A brief discussion of the method

and the element types will be presented' in the next sections.

4.2.2 Basic Equations of Finite Element

In order to establish a basis for the material models used, some basic equa-_
tions of the finite element method will be presented. Using the principle of
nﬁni@zﬂﬁom of the total potential energy, the following equation of equi-

librium can be written

(k}{d} = (R} + {F}s + {F}, + {F}e + {F}s (41)
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" Where k] - = ﬁrui:-ture,.stiffne_ss; mattix,
{d} = Vector of nodal displac_@ém;ants, "
{R} = Vector of applied nodal f;:arées, |
{F}h = Vector of nodal forces giqgﬁﬁ? body forceé_,
{F}, = Vector of nodal forces dueto surface tractions,
{F}; = Vector of nodal forces due to initial strains,

. {F}s = Vector of nodal forces due to initial stresses.

The displacement field {§} inside an element can be related to the nodal
displacement {d}* as ' ' |

@ =INlay - (42)

Where [N] is the shape functiéns matrix. Note that the superscript e is
used to denote quantities at the élement level. The strain {e} and nodal
v

_ displacements {d}* are related by the strain-displacement matrix [B] as

{e} = [Bl{d}* - ; (4.3)

Using the constitutive matrix [D], the element stresses are computed from

the element strain as follows

» (0} = tM — &) + {7} (4.4)

Where  {€}= Vector of initial strains, - ~<

_ {&}= Vector of initial stresses.
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/By applymg equat:ons (4 2) to (4 4), elements of equatxon (4 1) can now bP

written in more detail as o A
" = Z [iBFDyBlave - | (45)
(Fh = S0P L we s
(Fh = 5 [Niplast (@)
(FY = L [1BD}a)ave (43)
Fo = TfErEar

In the above {g} and {p} are vectors of body forces and surface traétioné,

VEE

i

respectively. o .
L » L

4.2.3 Element Types - ' &

A structure can be modelled using one-, two- or three-dimensional elements
=

or a combination of these elements.

I
One-Dimensional Elements

The one-dimensional (line) element connects two or more nodes wh.idﬁk)n
aline. The first, shown i'n figure (4.1a) is a bar element which can take only
axial ténsipn or compression; in consequence, it has one degree of freedom
at each node.—The-second one-dimensional element is the beam, shown. in
figure (4.1]5), which has bending strength with respect to principal axes of
bending.as well as axia.l.strength, and which consequently has six degrees .

of freedom per node.
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Two-Dimensional Elements
A two-dimensional (plate) element connects three or more non-linear nodes.
If the nodes are allov?'ed to have disp&acemgnts only in their own ISIane,_thg |
element is termed an extensional or mgmbra.ne element. It has two degrees
of freedom (u,v) at each node, as shown in figure (4.2a). This impli.es that
the element has stiffness in its own plane 6nly. Alternatively, the element
may be used to simulate plate-bending (ﬂ?xural) action by specifying three-
degrees of freedom (w, Bz,by) at each node as shown in figure (4.2b). These

two-dimensional elements are, for the most part, triangular or rectangtlar

in shape. _

. & ' .
Membrane actions and flexural actions can be cor-lebined to form a flat shell
element, thus giving five degrees of freedom (u,v,w,8:,6,) at each node
of the element, as shown in figure (4.2¢). Consistent with linear, smiall
deformation theory, it is usually assumed that the in-plane deformation

(u,v) and the bendiﬁg deformations (w,3;, 6,) are uncoupled [21],

It can be seen that the two-dimensional elements form a natural exten-
sion from the one-dimensional bar and beam elements. However, degrees
of freedom at each node need not be restricted to those mentioned here.
Additional degrees of .freedom (curvature, twist, etc.) or additional nodes
within the element or along its edges may be introduced to improve accﬁ-.
racy or, for various specialized applications. Some examples of these higher

order elements are illustrated in figure (4.3). '\

When plate bending is to be used to form a shallow surface (i.e.l an almost

. plane surface having a small curvature out of its own plane), the nodes will
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possess six degrees of freedom (figure 4.4).- #<the curvature is slight, this
will result ir: a.n ill-conditioned matrix and poor numerical accuracy, be-
. cause of,the omission.of an in-plane bending cppdbility. This disadvantage
can be 6vercome by introducing special rotational constraints in the form
of boundary elements. A better way still is to use shell elements which
thémselves have finite curvature and which have six‘degrees .of freedom if
they are a.va_.ila.ble in the ‘ﬁnite element system. This is important.in the
case of ‘bridge decks having curvature out of its own plane which has to be
modelled taking into account its true geometry. An impoi‘ta.nt application

of this case is an arch bridge with a slab deck.

Three-Dimensiohal Elements ‘

Three-dimensional solid elements connect four moreanodes which are
not in plane. They are rarely used to model bridde superstructures. The
s?nipleét ones are tetrahedral and hexahedral elements. They are shown in
figure (4.5).. . . - |

It should be n;)ted that formulations for most of the t\wo-dimensionai plate
or shell bending elements are based on the Kirshoff hypothesis for thin
plates, which actually neglécts cross-sectional shea.f distortion. This is anal-
ogous tc; the omission of shear distortion terms in calculating beam bending
stiffness. In the cases where shear distortion effects are likely to be signif-
icant, ‘suc.h as voided slab and cellular structures, special attention should
be paid to selecting the t;ype of elément, if a two-dimensional formulation

of the ﬁnite element model is desired.



4.2.4 Quadrilateral Shell Elements

The shell element is a 4- to 32-node isoparametric element that can be
employed to model thick and thin general shell structures. . However, de-,

pending on the application, an appropriate number of nodes on the elefnent.

must be employed. /

The shell element can be used in the following analysis conditions: -

)

¢ Linear analysis, in which case the displacements, rotations, and-strains

are infinitesimally small and the material is linear elasfic.

¢ Materially-non-linear-only for which the displacements and strains

are infinitesimally small, but the material behavior is non-linear.

¢ Total Lagrangian formulation for very large displacements a.ncf rota-

tons but small strains, aiid the material behavior can be linear elastic

r non-linear elasto-plastic.

The shell element is formulated treating the shell as a three dimensional
continuum. The in-plane and bending actions are assumed to be coupled
in the element. Figure (4.6) shows a typical polygoilal flat elemnent subject
simultaneously to in-plane and bending actions. The strain {€} at a general

point within the element can be expressed as
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{e} = {eoc} — z{x} (410)



‘respectively. The off-diagonal terms are the coupling matrices.

+

Where {eo} are the 'in-plajne strains of the projection of the same point'on . ° .
~the refererice plane, { x:} is the vector of curvatures due-tb"behdmg and zis

the local z coordinate of tﬁé point ‘uﬁder consideration. From basic fheory, -

- :_&a=mmmm_-.rJ" ICREER

0= )

Where the subscript p and b stand for in-plane a.nd bendmg components

Equat:on (4.10) can be rewritten as. TR

¥
P

m=@pw%%*)ﬂmﬂ' (413) .

r

The stiffness of the element is given by L

M= [EFomEw T g

» [

Substituting for [B] from equation (4.13) into equation (4.14), we obtain

BB, ﬁmﬂmmb
k] = . 4.15
1, '[ —Z[B]bT[D][B]p 2B, T [D1[B]s (4.15)
) [k]pp [k]‘pb
k 4.16
a = [(Klep  [*lss ] (“19

The two diagonal terms.are the stiffness of in-plane and bending actions,

The ril'inimiz?.tic\inldf ‘the total potential energy gives nodal forces due to

displacements parameters d as

{F}* = [K){d}s - (417)
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- Where

. U; . r Ug
Vi . . v; _
700 RO G B TR A
foi 9::1'
M, |- | 8,1
JT'V-[::z J A 9::‘ J

For the purpose of this study, a mne-nocle shell element was used with
five degrees of freedom at each node. This was cons1dered to provide the

best 'modelling of the structure and to be in accordance with the ADINA
» :

modelli'n‘g' reconnnendations [2]

4.2.5 Accuracy of the_ Method

The Bas%c philosophy of the finite element method is piecewise approxi-
; matio;l. An approximate solution is sought to a compiica.t;ed problem by
sub-dividing the region of interest. The‘selution ‘within each element is
deﬁned by a relatively sin_lple'funeti'qn._. In the moré commonly used dis-
placement method of structural analysis, the assumed solution consists of a
displacement function which is specified in terms of nodal 'coordinatee, and
which is sometimes referred to as the shape function. If the exa:ct solution
to the structura.l problem is defined as ¢(z,y,z), then this idealization tan
be cons1dered as a series of piecewise sha.pe functions defined at each node
point_ wh1ch -can be interpolated over the element boundaries. Inherent
in th18 ‘a.pprommatmn is the concept of convergence to the exact solution
$(z,y, z), i.e. that the greater the number of elements used to define a

structural model, the better is the accuracy of the solution obtained from
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the a.nalysm Unfortuna.tely, thxs convergence is'not a.lwa.ys obtamable un-
\'Téss certain conditions are satisfied. It may be noted that the accuracy a.nd
the convergence to the exact- solution depend not only on the number of B

elements, but-also on the type of element.

p‘q

4.3 Material Modelling

It is important to recognize what stress and strain measures are employed

in the material model:

[PRE

s In the preparation of the ADINA input data in which the material pa-
rameters are defined with respect.to these stress and strain measures; .

" and )

- o In the interpretation of the a.nalysgﬁresults in which the type of
f“

output must be considered.

stresses and strai
The materials involved in the present study are concrete and steel plates.

In the following, the constitutive models used for each material will be
described.

4.3.1 ‘Linear Elastic Concrete Model

~
The linear elastic material models available in ADINA [1,2] are the isotropic

linear elastic and the orthotropic linear elastic. In each case, it is assumed

that the total stress is uniquely determined by the total strain. In the
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. present analysis, the two material consta,nﬁ_s used to define the constiﬁutiye

relation in the material matrix C are: . B "

¢ E= Young's modulus.

e v= Poisson’s ratio.

These consta.nts are ernployed in lnﬁmtes:m d..splacement a.nalyses and

large d;spla.cement analyses. Hence the material matrices C are 1dentxcally |

the same for all formulations. b

;. o
4.3.2 . Plastic Steel Modelling

 f :
A fundamental observation comparing elastic and inelastic analysis is that
_in elastic solutions the total stress can be evaluated from the total strain
alone, whereas-in an inelastic response ca.léula.tion the total stress at time

t depends on the stress and strain history. "

The three®lasticity models used in AD.INA'[l,Z] are the von Mises model,
the Drucker-Prager model, and the Ilyushin mode]. Since the von Mises. is

' . [N
~used in this thesis, its basic formulations will be sufnmarized.

The von Mises model is based on

o The von Mises yield condition, which specifies the state of mult1 axial

-stress correspondmg to the start of plastic flow;

® An associated flow rule, which relates the plastic strain increments to

51 . '
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the current stresses and the stress increments subsequent to yielding,

and B

e A hardening rule, which specifies how the yield condition is modified

during plastic flow.

The von Mises model yield surface is a cylmder in the prmc1pa.1 stress space

as shown in ﬁgure (4.7), and is gwen by -

F = ls.,s,,. (a,,)_ ' - (418)
Omm = D Omm | o (420) |
0 wheni#j
5 = when i # j (4.21)
1 wheni=j o

In which s;; = Deviatoric stress,
o, = Yield stress at time t,

6;; = Kronecker delta.

The hardening function H for work hardening can be obtained from simple

o omiEE) @2

Where Er is the strain-hardening modulus illustrated in figure (4.7)1 Note

‘tension as

that the variable H is zero in perfect plasticity. /
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The von Mises models can be used for the foubwing analysis' conditions:

. Materially-non-linear-analysis for infinitesimally small displacements

and strains.

e Total Lagrangian for large displacements and rotations but small
< ' :

- strains.

) U_pda.ted Lagrangian formulation for large displacements and large
strains for two- and three-dimensional solid elements (isotropic hard-

.

ening).

4.4 Non-linear Analysis Method

It was stated earlier that an incremental-iterative procedure is applied to
solve the system of non-linear equations. The'nonflinearity dealt with here
~is due to the non-linear stress-strain relationship of the materials (steel)
involved. Specifically, the constitutive matrix [D] is a function of the stress
level, i.e. ' : |

- [PI=5({e}) (4.23)
Since stresses are dependent on the nodal displacements, it is obvious that
ﬁhe stiffness matrix, which contains [D], is also a function of the nodal

displacements. This makes equation (4.1) non-linear.

If we denote the total nodal force vector on the right-hand side of equation

(4:1) by {F}, then it can be written as
[k]{d} = {F} (4.24)
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It should'be observed that [£] is a function of {d}. Since [k] is not known -
e priori, the solution of equation (4.24) req ires an iterative procedﬁre. In
" implementing this procedure, the load is divided into a.,ﬁumber‘ of ‘incre'- “
ments. After the a;pplicﬁtion of a load increment i, for the first iteration
the tangent stiffness éva.luated at the end of the preceding load increment,

[k];_1,~is' used to evaluate the incremental displacements {Ad}; as
(Kli-1{Ad}; = {AF); : (4.25)

In Which {AF}; is the vector of incremental load corresponding to the

increment z.

Using {Ad};, the incremental strains {Ac}; are calculated according to
equation (4.3). The incremental strains are added to the previous total
‘strains to obtain the new total strains. These total strains are.then used
in conjunction with the available stress-strain rela.t.;ions to obtain the new

total stresses. ' ' -

The internal nodal forces corresponding to the total stresses are evaluated
‘next, a.ﬁd thdn equilibrium is checked between the internal and external
forces. If there are any residual forces, these are reversed in direction and
applied as new nodal forces. This procedure is repea.ted until equilibrium
is satisfied within pre'scribed limits. More détails of non-linear analysis are
given among others b:y" Zienkiewicz [42] and Bathe [8]. Some of the most
generally applicable' methods available are described in detail in reference ¢

[31]. They will be listed below:

1. The method of direct iteration (or successive approximations);
2. The Newton-Raphson method;
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. 3. The ta.ngent:a.l stiffness method; and

4. The initial st:ﬁ'ness method

4.5 /TFinite Element Program

The ADINA program’used herein to carry out the inelastic analysis was
develop:ad at Mass;.chusetts Institute of Technology (M.LT.) by Bathe 1r‘ .
1983. It was then modlﬁed by the same person in 1984. -The program |
was later 1mplemented on the university - of Otta.wa. AMDfHL computer. -
This program has the capability to trace the full non-linear behavior of any
structure modelled as an assemblage of thin shell elements. This includes
beams, plates, shells, folded plates, box girder etc. The fipite element

| plackage provides the distribution of displacements and stresses across a
section in the bridge. This distribution results from the discretization of
the slab and the longitudinal members of the structure into.longitudinal

!
and transverse strips. The ratio in the formed element should not exceed

four.

Input for the program consists of the structure geometry and the properties

of the models representing the structure. Appendix B includes some of the

input data used in the analysis.

As a first step in this thesis, it was thought appropriate to check the accu-
racy of the ADINA progfa.m. Two beams were considered for the verifica-
" tion. The first one is an I-beam and the second is a box-beam. The method

of verification consisted of idealizing the two beams by finite element. De-

-~
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rive the displacements and stresses from the ADINA finite element analysis.”
Finally, com.i)are the finite element results with those of the beam,théory. o
. Both béa.ms wefe siﬁgle span, simply supported. The cross-seétion, eleva-
tions, and finite element idealizations are shown in figures (4.8) ahdl (4'9)

The propertiés of the beams were assumed and are tabulated in table (4.1).
~

Table (4.2) shows values of di_splacements, stresses, andfpercent error for
both theoretical and numerical analyses. Sincethe ergbr is less than 6%,
" ADINA program can be considered as an accurate program that fits well
wit;h the beam theory. The errors would be smaller if the idea.liz'ations"yve:e .

finer.
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‘ Figure 4.1: One-Dimensional Elements
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Figure 4.2: Two-Dimensional Elements (Typical Triangular Elements)
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. All Nodes in ‘Onc Plans

L

Figure 4.4: Shallow Shell Surface Using Flat Plat Elements
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Figure 4.5: Three-Dimensional Elements
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‘In plane’ forces and deformations.

. .
1 : '

| -1/ F =

—

y - . . o
‘ / V(M) ‘ . oo ] L
— - Bending forces' and deformations .

. - - : .
B g
e a Lo . . .ot .
. -
\ . . . .
. . - ' s
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. . . .
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- . ' ’ !
. - . .
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Figure 4.6: A Flat Element Sub:i;zct‘ to In-ﬁla.ng and Behding Actions
f
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_Table 4,17 Material Properties of the Two Beams -

Ma.terial_Consta.nt I-beam [ Box-beam
E 107 | 1.00
v .| 000 0.15 -
f o, 30000 so000 | ;

Table 4.2: Comparison Between ADINA and Beam Theory

e | ———ADINA~—_ J.%@_.\m Theory “ Error

I-beam | Box-beam I-beam N ox-beam ” I-beam | Box-beam

| | |

aximum \ _
Deflection || 2.57+107% | 58.770 | 2.53%1075| 61.880 1.57% 5.00%

Maximum . R S ,
Stress 748 % 103 0.086 | 7.61%10-2 0.08 1.75% 5.80%

66




Chapter5' S

DESCRIPTION OF THE
'ANALYSIS Lo

o

5.1 General |

Two types of bridges have been selected to illustrate the post-elastic analy-
sis proc:ess. The first type is a slab-on-girder bridge and the second type is
a box girder bridge Before providing a full description of these structures

(see sections 5.8-5.9), some factors in common for these two types of bridges

w111 be discussed in sections 5.2 to 5.7.
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52 Modelling of the Structures

A kinemaf.ic plastic analysis usually assumes a rigid perfectly plastic ma-
terial represénted_ by the stress-strain diagram of figure (5.1). However,
as decided in secti?n 4.5, the method used in this analysis assumes a lin-
ear elastic -behavior of the concrete and a linearly elastic-perfectly plastic

~ behavior of the steel as shown in ﬁgufe-(5.2). An élastic behavior of the

concrete was assumed for the following reasons:

¢ The interest of investigating the behavior of the steel rather than the

behavior of the concrete.

o The lack of input data to model the concrete according to the ADINA

program.

.« The time-consuming execution if the concrete was modelled as rec-

ommended in ADINA,

¢ Assumed elastic behavior of the concrete deck, will not have sig;uiﬁ-

cant effects on the behavior of steel girders or box girders at ultimate.

5.3 Interface Slip and Residual Stresses

" The proposed procedure does not include any allowance for interface slip
between the concrete deck slab and the steel beams or residual stresses
" in the steel. Several studies [11,32] concluded that both would have
\\ ) - ) ‘ N
1
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sign'i'ﬁca;nt éﬁ'eét on the post-elastic deflections, but\,n’either-weré critical in

- determining the ultimate loads.

5.4 Formation of Plastic Hinges N |

A plastic hinge was assumed to form when the bending moment in a mem-
ber exceeded the simple plastic moments determined using the rectangular

stress distribution in figure (2.4), or the flexural capacity of the slab in

transverse bending.

wh

The torsional stiffness, if significant, such as in the case of box girder

“bridges, can lead to an interaction between flexure and tofSton. This inter-

actién.although not significant sometimes, may influence the formation of -

plastic hinges by decreasing the flexural capacity of the member. Howevér, |

. this occurred only rarely. Indeed, various studies [15,26,33,34] concluded

that neither the torsion nor the shear dominate the plastic belbvior of a
member, but their presence should always be taken into account in addition

to flexure, especially in box girder bridge types. . _ -

In the study, hinges in both longitudinal and transverse directions were
consdered in order to detect the failure of the structure. A hinge in the
transverse member represents a longitudinal yield line in the member, and
would form when the trafisverse bending moment reached the'transverse
flexcural capacity of tI{xe slab under a proportional increase of load. The
first hinge formed across the bridge was under .the loads or at the support

where the maximum bending moment occurs. The collapse: mechanism
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" would form when a.ll members develop a plastxc hinge in their longltudma.l

'yleld line. Sometxmes, the slab . can develop a strength greater than its .

flexural capacity, which leads to a total failure of the structure This is

caused mainly by arch action, membra.ne forces, and. stram hardening. of

" the steel.

5.5 Failiire Critéria

It has been estabhshed that a bndge like any other structure gan fail due

2

to a variety of reasons: ' o L S

(Y

e The largest possible failure load would be associated with a, plastic

collapse mechanism. [This occurs when enough hinges form to render

the structure or a portion of it unstab!At the point of collapse, all

* the hinges are free to rotate while still resisting their simple plastic

moments.

. ngh vertical shear could also cause a fa.llure prior to the formation

of a collapse mechamsm f or could cause a reduction in the flexu- )

ral capacity at hogging hinges over ipterior sypports for continuous
structures. This failure can be avoided by thickening the steel web,
which will influence the redisti‘ibutib_n of moments but only in small

amounts. Another alternative, ds the consideration of the compos- -

rte section, i.e. there will be a reduction of shea.\s"gfect due to' the
presence of shear connectors. However, this was not expected to be

critical in this study.

70
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. ® Excessive deflections are also used as a measure of failure. Rather

than agsociate failure with a speciﬁc limit on the maximum deflec-
tioﬁs,.é. sﬁd;ien increase in deflections after the formation of plastic
hinges was used.as a guideline. This would imply a significant de-
crease in the overé]l stiffness of t'he stru(_:tui'é, after which deflections’
would increﬁse rapidly and the small deformation assumption,neces-

sary for an elastic a.uSysi_s would no longer be valid.

. N .

5.6 Location of Plastic Hinges

The brogram output can give the location of the nodes that yielded. The
stresses shown on the output are of two kipds, elastic and plastic. Af the
first’ stage of 'loading, all the stresses are elastic and are well below the
yield stress o,. The increase of the load induces an increase in.the stresses
leadinig t;a plastic stresses. The first hinge is formed when a section of a
strﬁctural member yields. Obviously, this section will be at the location
where the maximum moment occurs. After the formation of the first hinge
the load was further increased until fé.i_iure occurred, At each stage of load-
ing, the force effects, deflections and reactions represent the distribution of
the loads in the bridge. The formation of the collapse mechanism would
occur when all the stresses of each girder or box girder at the maximum
moment position, reach their nltimate capacity. This stage varies according
to the load position. After this stage the bridge cannot take any more load

and the .distribution characteristics of the moments will become constant.
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5.7 Determination of the Maximum Moment
- Position
To design & beam, girder or any other structure supporting moving loads,
the de51gner must, be able to determine where these loads cause maximum
shear and moment in the structure. Obviously, the critical pos1t10n (ie.
‘ma.mmum) will be found from the influence lines. If however, the structure
| isl to sul:;port a series of concentfated loasls of varying mﬁgnitude, such as
groups of trucks or train wheels, the problem is not as simpie. The influence .
line will, of course, indicate the approximate positions for placing the loads.
It is reasonable to assume that the heaviest loads should be grouped in
_ the vicinity of the Iargest ordmates of the influence lines diagram. The
procedure for ﬁndmg the exact cntxca.l posxt:ons of the loads is substa.ntmlly
a trial-and-error method for which the influence line will provide a good
estimate. In ‘the study, the determination of the moment in a bridge was

accomplished by modelling this bridge as a beam. The rules to detect the

maximum moment are as follows:

o In simply supported beams: A general rule for absolute maximum

| moment in a beam loaded with a moving series of concentrated 10 s
. will occur at the load nearest to the centgr of gravity of the loads on

* the beam when the center of gravity is at the same distance on one
side of the centerline of the beam as the load nearest the, center of

gravity of the loads is on the other side.

e In continuous beams: In this case, there is no general rule,/but the

- maximum moment is determined by trials.~The series of concentrated

12



loads are positioned on one side and then moved-to the left or right
such that they incréase the value of the moment relative to.the pre-
vious moment. This procedure is carried out until there will be a

decrease in the moment. The maximum moment is at the position’of

the load just before the decrease. In this study, a computer progr.a,.xfr'l'

was used to determine the maximum moment position:

~

5.8 Slab-on-Girder Bridges

El

- To achieve the objective of the analytical proceaure, the non-lirear a.nalysés .

were carried out for two bridges. A simply supported bridge prototype and
a scale continuous bridge model. More details on the geometry, idealizations

and loading configurations are described in the following subsections. ~

5.8.1 DBridge Geométries N

The simply supported bridge prototype is a three-lane bridge, 13.72 meters
wide and 18.29 meters long.  The span length of 18.29 meters means that
_this bridge bciongs td the medium span bridge category. It consists of six
Weaox2es compact steel girders of a standa.rci rolled section spaced at 2.36
meters. The six girders were.roller supported at one end and hinged at the
other end. The concrete élab has a to‘tai-thich;ess 0f 190.0 mm. The general
layout of the bridge is given in figure (53) It shows the cross-section and
the elevation of the bridge:

The scale continuous bridge model is a three-lane bridge. It is symmetri‘ﬁl a

AN 7
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thh three continuous spans with the end spans measuring 4.856 meters and

the center span mesasuring 6.474 meters. Thepdeck slab is 65.5 mm th1ck

with a total width of 3.240 meters. The deck slab is supported by four

Wsox1o steel beams with a“uniform spacing of 900.0 mm. The.cfbss-s'ecti_on'

and elevation of the bridge are shown ifi figure (54)

The material pfopcrties of the concrete slab and the steel girders of the two |

bridges are given in table (5 1) In addxt:on, the stress-strain relationship

of the materials are shown in ﬁgures (5.5).

The finite element idea.lizaﬁibns for the two bridges are illustrated in figures
(5.6) and (5.7). Two idealizations are shown for the continuous bndge

model] because two longztudma.l positions of the load were con31dered Note

that since tl}% loads are a.pphed symmetrically only half of the bridges werd _
modelled, '

-

5.8.2 Bridge Loading

‘The load consisted of the OHBDC truck shown in figure (3.2). This axle

load configuration was developed to model the force effect that wouM be
caused by types of-lfavy vehicles observed on Ontaric highways during

an extensive survey in 1967, rather than tg/be visually representative of a

specific type truck. .

‘The loads ware positioned on the structures at the longitudinal posﬂ:lons

shown in figures (5.8) and (5.2) to maximize the positive or negative bend-

ing moments. Ore longitudinal position for the simply fsupported bridge

(L3
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‘a.nd two longltud.tna.l pomtwns for the contxnuous bndge were conm??’ '

Only those a.xle loads which contnbute to the critical eﬁ'ect in qu. tmn.

- ate included. The loadlng scheme descnbed in figures (5 8) and (5 9) is
 intended to simulate the OHBD code truck of figure (3.2) in a modified :
- form. The modxﬁed truck combmes the two 140kN axle loads into a sin-

gle 280kN load. Furthermote, the 60kN load was eliminated to create a =
minimum number of loading points. ‘The other loads were then-increased

by 13% in order to produce the same maximum moment as_was produced

‘with the original loading. This readjustment of the load increa.éed the max-

imum value of the shear by 3% for the sirnply supported bridge and 5% for
the continuous br1dge The development of this s:mphﬁca.t:on is shown i in -

¥
ﬁgures (5 10) a.nd (5. 11) '

The transverse positions of the, loads are also shown in ﬁgures (5.8) and

(5.9).  For both bridges only three loaded lanes wére considered. This

configuration will alwa#s govern in the slab-on-girder bﬁdge type. Ina
| post-elas_tic" analysis, the transverse ‘redistribution’ that can occur will de-

* pend on the transverse positions of the loads. Obviously, a multitude of

combinations of transverse -positioning could be considered. However, to
keep the time and expense of this analysis vnthm reason, only one ‘trans-
verse posmon of tHe trucks was included. This was at the center of the lane

for\the interior trucks and at a distance, of one meter from the curb to the

) outmoét. axle of the truck for the vehicles in the exterior lanes. As can be

seen in figures (5.8) and (5.9), the load was applied in a symmetrical fashion

over the centerline of the bridge and in small increments up to failure.
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5.9 Box.Girder Bridges

Two bridggs were considered to test the elasto-plastic design process. The

S~

: ﬁxtst, is a sitmply supported bridge and the second is a continuous bridge.

Both are composite bric{ge prototypes. Their gebmetries and idealizations

secti{S.Q.Q.

are described in section 5.9.1 and the various loading configurations in

'5.9.1 Bridge Geometries

The simply supported .bridge prototype is a two-lane bridge. It has two

steel boxes positioned at equal spacing of 2.44 meters. The slab is 203.2
w

mm thick. The bridge is 45.72 meters long and 9.45 meters wide. Thus, it

is included in the medium and narrow bridge category.

The three-lane continuous bridge prototype is a symmetrical two-span bridge.
Two spans of 54.00 meters each are sufficient to consider redistribution from

a sagging region to a hogging region and vice versa. The span length of

_ A54.00__§neters is répresentat'ive of medium*span--bridgés:— ~The .deck slab is

. 230.0 mm thick with a total width of 13.40 meters. The three box girders

supporting the concrete slab are of standard rolled sections and positioned
at a uniform spacing of 2.28 meters. Dimensions and other relevant data

of the two bridges are shown inthe cross sections and elevations in figures

(5.12) and (5.13).
T

.

The concrete and steel material properties of the two. bridges are tabulated

in table (5.2). The stress-strain relationship of the materials used are also
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-illustrated in figure '(5.14).-
| 3
The br:dges were a.na.lyzed usmg the finite element meshes in figures (5.15)

and’ (5.16). Two idealizations are conmdered for the continuous bridge

corresponding to two longitudinal loading positions, in which the symmetry

Wes{gloited. I:
) bl

Note that for all finite element discretizations described before, a 9-node

" . shell element was used to model the structures.

' 5.9.2 Bridge Loading

Nm— - v

Again, the OHBD code truck was used to load the bridges. The OHBD
vehicles were positioned longitudinally to create the most critical effect
in the positive and pegative sections. Two lg,admg conﬁguratlons were
conmdered for both bridges. This includes one a.nd{two lanes loaded for the
simply supported bridge and two longitydinal positions for the. continuous
bndge Only one fransverse position of the wheel axles was adopted as
described in section 5.8.1. Details of the longitudingl and transverse loading
- conditions are shown in figures (5:17) and (\5".\18). As illustrated in figures
(5.17) and (5.18), the symmetry of the applied load was exploit‘ed to reduce

the large volume of data and computer execution time otherwise demanded.

[4

In this type of bridge, only one simplification of the load was utilized. It is
the combination of the two 140k loads into one single load for the simply
supported bridge.



5.10 Approximations

In order tﬁ facilitate the finite element idealizatians, it was believed appro-

- priate to include the top flanges in the thickness of the concrete deck slab.

/
' This approximation was performed by converting the steel top plates into

concrete. The application of the reactions instead of the actual load was

--another approximation to simplify the finite element mesh. It also permits

the transmission of the loads directly to the longitudinal steel members so

that the yielding of the steel will occur prior to the crushing of the concrete.
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B Table 5_..1': .M‘Iaterilél‘Proi)érties of the Slab-on-Girder Bridges

Material SS Slab-on-Girder'll Cont. Slab-on-Girder -
_ébnstantx' ‘Concrete | Steel " Concrete | = Steel
T rmpay] 00 [ = [ w2 [ -
| fradPay| 35 - 40 _
o, (g}_JLPa) Y - 300.0 ~ | 3040
€y || 0.0005; { 0.0015 0.0005 0.00152
E (MPa) | 26500. | 200000. || 43580. | 200000.
‘v | 015 | 030 0.15 .| 0.30
N

Table 5.2: Material Properties of the Box Girder Bridges

Material S.S. Box Girder Cont. Box Girder

constant || Concrete | Steel mete Steel
£ (MPa)| 280 | - | 400 -
F(MPa) | \ 5.0 _ 4.5 -
Oy (MPaj - 350.0 ° - 350.0
€y . 0.0005 |0.00175{ 0.0005 | 0.00175
E (MPa) 26500. | 200000. | 28000. | 200000.
v 015 | 030 | 015 | 030
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Chapter 6

RESULTS AND DISCUSSION |

A

-

6.1 General

- It has been generally recognized by many investigators, Bakht and Jaeger
' [6,7] , Heins and Kuo [19], and Cheung et al [13}, that some .of the main

‘parameters that influence the load distribution in composite bridges are:

1. Bridge width;

2. Girder or box girder spacing;

t3. Truck position;

4. Number of lanes léaded;

5. Bri&ge type; and )

6. Number of girders or box girders.
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In this ‘study, the effect of some parameters on the distﬁbution of load over
the complete loading range up to failure will be considered. In selecting
the range of parameters, the OHBD code was used as a guide. To show
~ the extend to which the bridges studied here are representative of actual
bridges, let us consider the & — 8 plane in figure (6.1). Bakht et al [4,7]
studied many-é:dstiﬁg bridges and established that the a — § values within
- st.h<=: shaded regions characterize the overwhelming majority.

~

6.2 Presentation of the Resulfs

The finite element program outputs for each loading step stresses at Gauss
points, strains, curva.tures, moments, and deflections at nodal points. The
plethora of mforma.tlon it provides is 1ndeed overwhelmmg We will limit
ourselves, however, to some of the quantities: basically, the load-deflection
curves, the load-rotation curves and the transverse and longitudinal mo-"

L]

ment distribution of the girders and box girders.

The variation of the above quantities under increasing load will be plotted
for the critical sections. The load-deflection and llo:'a.d-rotation curves are
,useful'as they illustrate the elastic limit, the onset of inelasticity and yield,
a.nd'thle occurrence of failure. They also give the ultimate capacity of the

bridge and their shape is indicative of the stability. A

The moment diagrams in their raw form give some indication of the load
distribution at various levels of loading at different sections along the bridge. -

They nlso identify the critical section and the critical girder or box girder.
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Hov}ever',' froin a loa.'cl-.distribut.ion point of view the raw diagrams are not
useful as the D diagrams to be discussed below. For this reason, in this
chapter the moment in each girder or box girder will be tabulated only.

To a.sse'ss',properl;,.r .thelload distribution and to relate the findings of this |
studj;r to the pmvisions of the code, we shall plot the distribution parameter
D, for the girders or box girders. It may be recalled from-Chapter Three -
that the D-type distribution forms the basis of both the OHBD and the
AASHTO codes. It must be mentioned that the D values in the code are
baseci upon the most critical loading case fot any beam. In this study we

‘ obtain the D values for individual loading cases. Therefore, the cornparison
A ~ with the code should pe for the most critical positions of the loading cases
| studied.

Hinally, to relate the applied loadé to the design load, all loads are expressed
_ 11:} terms of the number of OHBD trucks. In other words, the actual loads

are normalized with respect to the wheel loads suggested by the OHBD

code Hence, when the load is shown to be one truck, it does not imply
- that only one truck is placed on the bndge There could be a.ny number of

trucks but the wheel load in each will correspond to the wheel loads of the
~code’s truck.

The results of{seven separate analyses are presented in this- chapter. They
are listed below and labeled so that they can easily be identified in the

following discussions.

i. SS5GB-3P : The three lane loaded simply supported slab-on-girder

bridge with maximum positive moment.

\
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2. CSGB 3N The three lane loaded contmuous sla.b-on-glrder bndge

i w1th ma.}amum negative moment.

3 CSGB 3P : The three lane loaded continuous slab- on—gxrder bndge

w1th maximum positive moment,.

| 4 SSBGB 9P : The two lane loaded simply supported box girder bndge

N w:th maXximum positive moﬁt

5. SSBGB-IP : Tf;e one lane loa.ded Simply supported box girder bridgé

with maximum positive moment, .

6-CBGB- 3N The three lane loaded cqntmuous box girder bndge with

4
maximum negatwe momient. & <

-

A
*

7. CBGB-3P :"The three lane loaded continuous box girder bridge with
. . -~ ..

maximum positive moment.

6.3 Load vs Deflection

In figures (6.2) to (6.8), the maximum deflections are plotted against the
load for the sgven‘ a.na.lyées.- In the case of loading symmetry, half of the
oridge was Ioad;&.' These figures are intended to depict the deflections of
the structure at the various load stages and assess the declining stiffness of

the structure as it becomes plastic. !
[ 4

¢
1 * .
I can be seen in figures (6.2 to (6.8) that the behavior was essentially

elastic ﬁp to a load correspending to approximately the formation of the

first plasiic hinge in the bridge. This elastic limit varies in each-structure.
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.
Above this"’?dad, deflection commenced to ihcrease more ré.pidly with in-
crease in'lqad as yielding gpraad across the‘ bottom plates of girders or box

| giraers.- Alff.er a certain 4:;, the dei'iection increased very rapidly, because

‘the girders or box gir‘der plates were a.t. that point yielding across their en-
tire width. At the'format?ion of enough plastic hinges, the deformations of
the bridge became so great tilat it caused a sharp declining in the stiffness. \

This has led to an instability failure of the structure.

6.4 Deflection vs Transverse Position

~ .
The maximum deflections for each girder or box girder are plotted against

- the transverse position of the girder or box girder at different load stages as
- depicted in figures (6.9) to (6.15). The deflected shape through a transverse
section is bending more and more while the load is increased. When all the
lanes of the bridge are loa'.ded,-’the integior girder exhibits a more critical

.' deflection, This deflection inéreases rapidly in comparison with the deflec-
tion of the exterior girder when yielding spreads. However, the déﬁeciioﬁ
in the exterior girder or box-girder can be more critical when a reduced
number of lanes is loaded which is the case of SSBGB-1P shown ‘ip figure |
(6.13). |

-~ .
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6.5 Load vs Rotations.

The maximum fr;\ﬁa.t.ion'é at the sui)p;orts are plo{:ted against load in ﬁg.u‘e.s
(6.16) to (6.25). These rotations ere prov1ded directly from the ADINA
output. As with the deflections, they are intended to indicate the declining
stiffness of the structuré. It can be noted that the rotations vary lineariy
. with the load up to a stage at degg starts yielding which leads to
an increase of the rotaticl)ns and a decrease\in the stiffness. In addition, the
rotations at outside supports are almost the same for the simply supported
bridges and continuous bridges with maximum negative bending moment.
"This is due to the occurrence of the maximum deflection. a.t‘ \\"d-span for
the simply supported bridges and the perfect symmetry in the continuous.
In the case of continuous bndges with maximum positive rnornent the
support of the loaded span develops more rotations and the declining of
the stiffness of the structure is more critical. The values of the rotations at
the internal supports for continuous bridges fall between the values of th;:

external supports.

6.6 Critical Stages

Fs

The plastic collapse mechanism is not the ouly mode of failure in a non-
linear elasto-plastic analysis. Rapid increase in the deflection or rotation
leading to a significant decline of the stiffness is another type of failure
' even though the structure may still be stable. -1;1 most load-deflection or

load-rotation graphs, it can be seen that this type of failure occurs in al-

102



¥ \
L -

most every case. However, in the cases. where all the lanes are loaded, the

‘ collapse failure might be reached after that point. For the case where a re- .

duced nu.mber of lanes are Toaded, it was not poss1ble to reach the colla.pse
mechanism. re ‘are other stages in the post- elast:c loading that may
also be c/:;j.t,'u:a.l ith resp.ect to the behavioral changes~ The formation of
the first hinge at the first stage of post-elasticity would be one. According:

to OHBDC speciﬁcaﬁions, this would represent the capacity of the bridge
~at ULS for the specific loadmg configuration.” None of the bridges studied
exhibited such behavior.

In summary, there are three stages in the elasto-plastic loading where the
behavior of the structure may become critical. The three stages are deﬁned

as follows :

¢ Formation of the first hinge; . . —

. Sig_niﬁca.nt reduction in the overall stiffness of the structure due to a

" rapid increase of the deformatéons and rotations; a.f!d

. Collapse mechanism when enough hin"f;r/es are formed at the ultimate

load. ¥

These critical stages-need not occur in sequence, nor are they mutually
exclusive. In the case of the analyzed bridges, only stage two and three
were noticed in sequence or‘mutually exclusive. Further information about’ :

the failure modes isg  Jlustrated in the following section.
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6.7 Failure Modes

In all the cases where all lanes were loaded, it was possible to continue the "

analysis until the formation of a distinct plastic collapse mechanism. At
least one positive or one _négative plastic hinge, depending on the bridge
and the loading, formed in each one of the longitudinal girders or box
girders in one span, rendering that span unstable. The formation of each.
mechanism can be seen in the load-deflection curves as a.sha.rp declinjng
1n the structural stiffness appears. The last hinge, for each bndge formed
at a level where the mid-span section or the support section or any other
section had entirely yielded. At zach time, it wag noted that the section
that yielded completely is exactly at a position where the bendmg moment

was maximum either positive or negative.

The non-linear analysis showed that in addition to the plastic hinge forma-
tion in the longitudinal girders or box girders, plastic mechanisms in the
diréction_ of transverse bending were also evident, especially in the vicinity
of the load of maximum moment. When an excess of hinges occurs in both
critical and non critical positions (case of SSBGB-1P), and two hinges form
in adjacent members either sides of a transverse member, (however only one

-really exists at that location), the collapse mechanisms were ov%:-complete.

'This is caused by a concentration of the torsional sti¥ness of the slab in the

transverse member leading to a discontinuity of the longitudinal bending .

moment and then to a hinge separation. This separation may be due to

the need of torsional stiff diaphragms not used in this study.

In the case where a reduced number of lanes in the bridge were loaded,
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(case of SSBGB-1P), it was possible to continue loading until the collapse -
mechanism formed. However, a rapid increase i!;l. f.he deflections accompa-
nied by a significant decrease in the stiffness after a certain stage of loading
cbuld invalidate the a.ssum;tion of small deformations implicit in the elastic

analysis and lead to a divergence in the results.

'
] ’
4 .

6.8 Multiple Load Factors =~  _

L3

The multiples of the proportional live load at each load stage are sum-
marized in table (Sf) For those cases where all the lanes are loaded, an
adjusted load multiple is also given in brackets. This includes the effect
of a modification factor to account for the reduced pfoba.bility of the pres-
ence of mﬁltiple heavy vehicles, and is provided so that the results for a
reduced number of lanes and all the lanes loaded can be compared. In the
OHBDC, it is specified that a bridge with three lanes accounts for a factor

of 0.9 when two lanes are loaded and a factor of 0.8 when all the lanes are

' loaded. In the case of a two lane bridge, the factor is 0.9 when both lanes

are loaded.

| The adjusted multiple load factors are also presented graphically in figure

(6.26) from which certain observations are ;ea.dily made. First, for a given
longitudinal positioning of the vehicles the multiple load factors for all lanes
loaded are less-in magnitude than those when a reduced number c:;l‘a.n.es are
loaded. This indicates that all lanes loaded will always govern £he plastic
as well as elastic design and fewér‘lanes loaded need only be accounted

for in elastic analysis for serviceability requirements. Second, the multiple
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- “load factors for continuous bridges when the maximum positive moment - -
/" is maximized (CSGB 3P and CBGB- 3P), are less than those factors when -
the negative moment is maximized (CSGB- 3N and CBGB- -3N). In all cases.

the positive moment governed.

6.9 Strength Reserve

The strength reserve is defined as the strength that a. member can take or
overtake a.fter its first yielding [26], i.e. it is the amount of energy absorbed
between the formatxon of the first plastic hmge (elastic failure) a.nd the
plastm collapse of the structure This energy is computed at ﬁgure (6.26)
as the ratio of the minimum plastic collapse multiple load factor and the
minimum elastic failure multiple load. The multiple lpad factor need not
oecessa.rily be for the same load position. In a mathematical form, the

strength reserve is

_ AMLF,
SR = AMLE, ¢ (6.1)
Where SR = Strength reserve,

AM LFyp; = Minimum adjusted multiple load e.t fa.ilﬁre,
AMLPF,,.; = Minimum adjusted multiple load at first hinge.

-~

The values of the atrength_reserve for each bridge analyzed are shown in
table (6.2).
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6.10 Longitudinal Redistr.ibution

The longitudinal distribution of live load bending moments for the continu-
o@s bridges_é.t different load stages are shown schematically in figures (6.27)
%o (6.30). Thse longitudina.l.djstribution factors represent the fraction of -
the total live load moment summed up over each of the longitudinal girders
or box girders. Also shown in these figures, is the redistribution factor ¥

for each critical stage, given by

() e

" Where M, = Total moment at the first stage (first plastic hinge),
M,= Total moment at the n** stage (n** plastic hinge),
A1 = Multiple load factor at first stage,
An = Multiple load factor at n'* stage.

Thus the load redistribution factor ¥ is the ratio of the elasto-plastic mo-
‘ment ;.o the-elastic moment at an equivalent multiblé load factor.

From the ab_o-ve equation, it is evident that at the formation of the first
plastic hinge, the redistribution is elastic and the factor lI! is equal to one.
The percent redistribution from the negative section to the positive one or
vice versa is given by

%R = 100(1 — ¥) | (6.3)

A value of ¥ greater than one (i.e. %R < 0) indicates a redistribution of

load from some other region (positive or negative) to the maximum moment

LI
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region. The values of percent load redistribution are shown gra.phlcally in . ‘

figure (6. 31) They show. an amount of about 10% red.xstnbutxon for the -

cases of CBGB-3P, CBGB 3N, and CSGB-3N. ‘An amount of about 19% i is
noted i in the case of CSGB-3P. The values of ¥ and percent redmtnbutmn
are also tabulated in tables (6.3) to (6.6).

6.11 Transverse Redistribution

&

Figuigs (6.32) to (6.38) show the transvérse redistribution of live load lon-
gitudinal bending moment at diﬁ'erent_load stages. The transverse dist;;i—
bution can be copnsidered in two different ways: the ratio of the live load
moment in each girder or box girder to the total live load moment across
the sec_:.'tion or load distribution factQr D. In this study, the load distribu-
tion factor D was considered, and plotted against the transverse position
of the girder or box girder. This value of I, which has the unit of length,
is used to calculate the fraction of the load effects due to one wheel line of
the design vehicle to be carried by one girder or box girder. From the finite
element results, the value of D can be calculated as follows:

L@ e

N
Where * S = Girder spacing, , -
n == Number of lanes Ioa‘degi,

M = Total live load bending moment at a section,

M, = Live load bending moment for, a specific girder ‘or box girder.
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Some conclusions can be easily drawn from the above formula. First the
larger the value of Dofa g1rder or a box g:rder, the less’ moment that girder -
or box girder will carry. Second, those cases where all lenes are loaded
always govern the d:stnbutmn because of the presence of the parameter n
in the denominator. In add1t1on, when all lanes are loaded the D'values for

the interior girder ave always less than those for the exterior until the first

_plastic hingé is formed. It follows that at the elastic range, the moment

is mostly taken by the interior gifders. After the formation of the first
plastic hinge, the value of D started to increase for the interior girders and - ﬁ
decrease for the exterior ones, allowing for a more equeal value of D across a
section, resulting in-a more uniform transverse distribution of the bendihg
moment. The decrease in D for the exterior girders was faster compared
to the increase in the interior girders due probably to a concentration of
m;ments at the considered section and also the early realization of the
ﬁltirndte flexural capacity of the interior girders. After the establishment
of the plastic collapse mecha.n_ism, the D value was néaﬂy equal for all
girders. At that .sta.ge, the live load flexural capacities of the girders or box

girders are reached.

In the case of SSBGB-2P (see figure (6.35))6; the distribution factor D
did not change during all the load stages and showed mostly a uniform
behavior. The unchanged value of D is probably due to the narrow form
of the bridge. In additi-c\)n, the plastic hinges in the two steel boxes were

formed simultaneously. This had made the ratio of the total moment across

- asection to the moment in the girder remaining constant for all the loading

stages up to failure.

;
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The analysis of transverse distribution was also carried out for the SSBGB-
1P as shown on figure (636) This 'ana:Iysi's was intended to determine the
 effects of the number of lanes loaded, as well as the effect of tors:on in box
glrder bndges It i is clear from the figure that the moment is mostly taken
by the box girder where the truck is pomtxoned The other box girder resists
only a sma.ll bendmg moment up to the formation of thefirst plastxc hinge.
_ After that stage, the transverse distribution starts i 1mprov1ng However, this
dxstrlbutmn was not perfectly upiform even at fa.llure of the bndge The
failure observed in this case was due to & rapid i increase in the deflections
and a sharp decline in the stiffness. Tl_lé transverse distribution would have

+"* been uniform if the plastic collapse mechanism was reached.’

The values of the transverse load distribution factors are tabulated in tables
(6.7) to (6.13). The D values for the exterior and interior girders in the case
“of box-girder bridges, are very close compared with the values of slab-on-
girder bridges. This is probably due to the fact that box girder structures
are more rigid than others and can develop a significant torsional effect.
The comparison of the SSBGB-2P and CBGB-3N or CBGB-3P shows a
higher D value for the simply supported bridge than for the continuous
bridge. No comparison was carried out for the continuous bridges because

the continuous slab-on-girder bridge was a scale model.

The design distribution factors, L4, of the studied bridge prototypes, calcu-
lated in accordance with the simpliﬁe'd methods of analysis of the OHBDC
[28] which were referred to in section 3.2.2, are included in appendix A.
There values represent an elastic distribption of loads and apply therefore

only 1o the elastic stage prior to the formation of the first plastic hinge.
. .
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) s They compa.re well to a degree with the values of D calculated from the

finite element a.na.lyms "However D was determmed for the most critical
tra.nsverse posmons of each of the desxgn vehxcles for each bridge type
This unphes that the transverse posmons used in the elasto-plastic ﬁnlte

' element ana.lys:s were not critical.

: . .
i : . f

N

6.12 Factors Affecting the Distribution

A series of studies [12,14,30,34] were exploited to ascertain the influence
of some pa.rameters on the transverse and longitudinal redlstnbutlon of :

Iong1tudma.1 moments. The findings of the studies are as follows:

6.12.1 Width of the Bridge

: X

This is related. to the box girder bridge. The two-lane simply supported
bridge was a narrow bridge compared the three-lane continuous bridge.
Predictabl}, the maximum intensity of the moment in a narrower bridge is
always higher than the maximum momeet in a wider bridge. This predic-

tion confirms the findings in the analyzed box girder bridges.

6.12.2 Girder Spacing | S
: \ \l

Girder spacmg, as it affectg-the rigidities of the structure, is a.dequately

accounted for in the D velue defined in equatlon (6 4). The manner in
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which the results of finite element analysis should be interpreted for dif-
ferent girder spacing requires qiaborati'on. However, from gqua.tjén (6.4),

the distribution factor D is direc_tlly related to the épacing. Furtl';er, a.n
increase in the spacing leads to an increase in the distribut'ion factor D. -
The increase in D leads itself to a reduction in the ultimate capacity and

a non-uniformity of the distribution.

6.12.3 Position of the Vehicle
Longitudinal- Position

~ The longitudinal positio'n mo_f the vehicle will affect the potential for lon-
gitudinal and transverse redistribution, and thereby‘ determine the nature
of the redistribution and the magnitude of the strength reserve. In the
case of continuous bridges, the potential oi; longitudinal redistribution is
the difference in the ratios of the live load flexural capacities to the elastic\
live load bending moment at the critical sections. Redistribution of 10%
was noted from both positive and negative regions in the box girder bridge
and 10% and 19% from negative and positive regions respectively, in the
slab-on-girder bridgé. These ratios of capacities show a small longitudinal
redistribution taking place. Associated with this redistribution is a limited
‘strength reserve which is added during the transverse redistribution. This
strength reserve was in the range of about 1.2 to 2.0 times f:he live load at

collapse mechanism as was required to fo‘rm the first plastic hinge.

" In addition, for all bridges, when dealing with a moving load, the critical
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. longitudinél position of vehicles gt‘éollap & mechanism found after the for-
n mation of the first plastic hinge ma),-r not coincide with the critical positioﬁ
~ in the elastic analysis. This would create a reduction in the strength re-
serve and the longitudinal redistribution. The longitudinal position of the
vehicles also influenced the patterns of tj:ra.néverse redistribution. The trans-

. verse redistribution was a.lwa;.}'s initially completed for ﬁhe section where the

. / . - -, . - - -,
maximum moment occurred, i.e at the most critical longitudinal position.

Transverse Position A

. ' F .
The transverse position of the vehicles was ‘maintained constant. However,
in order to consider its effect, many trials should be considered at different

distances of the load from the edge of the bridge. A critical position can

L':]:crea.se the multiple load factor and increage the strength reserve between

e first hinge and failure,

6.12.4 Number of Lanes Loaded

. | N .
This analysis was conducted on the simply supported box girder bridge.
For this bridge, two conclusions can be made regarding the effect of the

number of loaded lanes. First, a reduced number of loaded lanes would

not govern the design of these bridges at ULS based on any critical stage.

Second, a collapse mechanism is achieved more frequently when all lanes
are loaded. It is highly improbable to reach the failure mechanism when

a reduced number of lanes are loaded, due to the significant decline in
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the st1ﬁ'ness and the rapid i increase in’ deﬁect:ons before the achievement

. et

‘ of any transverse distribution. - This transverse redistribution would be

omplete only if the transverse st1ffness were increased sxgmﬁcantly. These

ed for all other bridges.

T

conclusions

6.13 Evaiua:tiO'n of the ‘Analytical'Melthoc-l

»
The discussion of this post-elastic analysis would not be complete without

an evaluation of the post-elastic analytical method. The purpose of this

study was not to develop or refine an analytical method, but rather to

investigate the redistribution characteristics of slab-on-girder bridges or
‘box girder bridges. The method was more successful as a research é.id
in predicting the formation of the hinges, collapse mo\cha.msm etc. than
previous researchh However as a design tool, the method lacks efficiency,
especially when dealing with highly redundant structures such as bridges.
Many stages are required before the formation of the collapse mecha.nisr,y'
making this method time consuming and very expensive.

1}

6.14 Implications for the Post-elastic Design
of Bridges

This study has shown that reserves of capacity can exist beyond those given

- by elastic strength caleulations. It also identified certain properties which

must be better defined before these strength reserves can be measured.
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If é.nalytical methods similar to those used ;tn this study are required to
take advantage of this surplus capécity, they would never become general
practice. S1mphﬁ;d methods have to be developed. This study has revealed
that, a.lthough the longitudinal and transverse patterns of redistribution are
not mdependent of each other, the dlstnbutmn of moment at any phases
elastuc or plastic, can be considered separately Tlus means that simplified
methods of elasto-plastic analysis could be de_velpped similar to thoseused
in thﬁastic analysis of bridges, A post-clastic longitudinal distribution
of moments could ‘be determined, t_'.hen post-elastic transverse 'lo;.d distri-
bution factors applied to détemﬁ{le the actual moments in the individual
beams. These could vary anywhere between the elastic distributions to the
fully plastic glstnbutmns corresponding to a global collapse mechanism de-
pendmg on the extent of redistribution that can realistically be achieved.

As yet, only elastic transverse load distribution factors are applied.
LS ' —_

Because of the substantial increase in caparity permitted by plastic design,
new &esigns may be govc_a;'u'ed by serviceability rather than the ultimate
~ limit states. In that ¢ase, better use of the post-elastic behavior of the
structure would have to be included at the SLS if real benefits are to be
seen from a pladtic design. In addition, the true shakedown load levels
would have to be~determined. If the probability of a progressive plastic
failure is large enough to be of concern, then an additional ULS may have

to be established. The load factors éssociated with a shakedown failure

would be less than those for simple plastic collapse since:
' B |

¢ Plastic collapse requires a single occurrence of an extreme load, while

progressive plastic failure involves several occurrences of a lighter ve-
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hicle, The more frequent event is assigned a smeller load factor on S

the basis of the live load prbba.Bility dié.tribti_tion.‘. -

» Progressive failure provides additional warning Between.'passages of
the critical loads than would be possible from a simple plastic collapse. -
Less nisk is associated with eaich pa.ésage of the vehidle, and hence =

smaller load factor.

{w‘ |
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Figure 6.2: Load vs Deflection Curve for S55GB-3P
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Figure 6.16: Load vs Support Rotation Curve for SSSGB-3P
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Load Distr. Factor: (m)

Ext Int. 1 L2
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Figure 6.32: Transverse Distribution of the Moment in SSSGB-3P
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: Transverse Distribution of the Moment in GSGB-aN
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0.52 |-

0.48 - .

0 = AT FIRST PLASTIC HINGE
® = AT POST-ELASTIC STATE
o = AT FAILURE STATE

>

Girder (#)

(
- Figure'6.34: Transverse Distribution of the Moment in CSGB-3P
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Load Distr. Factor (m)
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21 F
2 1 ] I
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Figure 6.35: Transverse Distribution of the Moment in SSBGB-2P
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Figure 6.36: Transverse Distribution of the Moment in SSBGB-1P
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Figure 6.37; Tfa.nsverse Distribution of the Moment in CBGB-3N
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I.oad Distr. Factor (m)
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Figute 6.38: Transverse Distribution of the Moment in CBGB-3P
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Table 6.1: -Multiple Load Factors

‘ At elastic | At first At sharp decline | At failure.
stage plas.'tic hinge in stiffness
SSSGB-3P || 1.00 (1.25) | 4.15 (5.19) 5.80 (7.25) 6.20 (7.75) |
CSGB-3N [ 1.00 (1.25) | 4.80 (6.00) 7.60 (9.50) 8.40 (10.50)
CSGB-3P | 1.00 (1.25) | 3.82 (4.78) 6.40 (8.00) 7.44 (9.30)
SSBGB-2P | 1.00 (1.11) | 10.35 (11.50) | 12.40 (13.78) | 12.80 (14.22)
SSBGB-1P 1.00 17.35 29.00 NA.
CBGB-3N | 1.00 (1.25) | 4.85(6.06) | 6.60 (8.25) = | 7.00 (8.75)
CBGB-3P || 1.00 (1.257| 4.36 (5.45) 5.70 (7.13) 6.00:(7.50)

. Table 6.2: Strength Reserves of the Analyzed Bridgés

: N AMLE, ., | AMLF,,; | SR .
- 8.8, Slab-on-Girder 5.19 7.75 1.50
Cont. Slab-on-Girder 4.48 9.30 1.95
S.S. Box Girder 11.50 14.22 - 11 1.24
" Cont. Box Girder 5.45 7.50 1.38
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Table 6.3: Values of ¥ and %R'in' CSGB-3N

‘Multiple | CSGB-3N
load factor || ¥ %R
4.8 1.000 | 0.00
5.2 1.005 | -0.50
56 | 1.001 | -0.10
7.2 1.019 | -1.90
7.6 | 0997|026
8.0 0.955 | 4.46
8.4 0.908 | 9.20

Table 6.4: Values of ¥ and %R in CSGB-3P

Multiple CSGB-3P
load factor || ¥ | %R
3.82 '1.000 | 0.00
] 400 | oess| 010
- 4.60 0.995 { 0.50
520 | 0.991| 0.90
5.80 0.978 | 2.17
6.40 0.909 | 9.10
7.00 0.848 15‘%20
7.44 0.806 | 19.40
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- Table 6.5: Values of ¥ and %R in CBGB-3N

Multiple | CBGB-3N
load factor T %R
485 1.000 |.0.00
500 || 0.999 | 0.10.
- 540 [ 0.993 [0.70
580 | 0.985 | 1.50 |-
6.60 || 0.921|7.80 |
7.00 {0.902]9.80

" Table 6.6: Values of ¥ and %R in CSGB-3P

Multiple -| CSGB-3P
load factor [ ¥ | %R
4.36 1.000 | 0.00
450 | 0.999 | 0.10
480 | 0.996 | 0.40
- 5.00 0.994 | 0.60
540 | 0.989 | 1.10
570 . || 0.947 | 5.20 .
6.00 0.904 { 9.60 i
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Table 6.7: Moments and Load Distribution Factors for SSSGB-3P

Multiple . “

load factor

4.00
4.15*
4.30
4.50
470
5.00
5.40
5.60
5.80
6.20"

Moment (klN-m)

- D (m)

Ext.

3609.780
3741.127
3917.962
4096.497
4482.344
4912.313
5087.214
5293.759
5505.230

Int.1

Int.2

| 1.00 || 869.715 | 966.494

f 3480.134 | 3866.896

4010.439
4154.270

4343.731°

4532.858
4901.565
5272.218
5405.972
5465.340
5583.322

957.489

3830.089

3973.372

4116;201'
4304.174

4491.948
4864.752
\5236.322
5380.458

5480.350

5609.251

‘Ext_. :

JInt.1

Int.2 ||

2.4536

2.4532

2.4532
2.4524
2.4497
2.4464
2.4273
2.3962
2.3813
2.3399
2.3127

2.2079
2.2079
2.2081
2.2085
2.2096
2.2109
2.2198
2.2326
2.2409
22664
2.2827

2.2287 |
2.2290
2.2287
22289
2.2299
2.2310
2.2366
2.9479
2.2515
2.2602

1l

2.2608

1* At first plastic hinge

2o All girders are yielded

158

Y

k)



Table 6.8: Moments and Load Distribution Factors for CSGB-3N
I‘Mul_.fj._iple__ﬂ"-._lMoment (kN.m) "D (m)- " o
“|l load factor ||'Exterior' Interior || Exterior. | Interior ‘
100 | 28986 | 34.970 | 0.6619 | 0.5487
4.00 + ‘| 115.948 | 139.881 | 0.6619 | 0.5487
. S
4.80" | 140.980 | 165.237- 0.6516 | 0.5559
¢ 520 | 155.165 | 178.360 | 0.6448 | 0.5610
'5.60 . | 169.955 | 187.818 | 0.6315 | 0.5715
7200 || 233.442 | 248,078 || 0.6188 | 0.5823
T.60 || 236.732'| 246.832 | 0.6128 | 0.5848 )
800 | 242189 | 245:404 | 0.6039 | 0.5961
| 840 || 245.901 | 240.585 | 05935 | 0.6066
: ) \.r\ !
: i
f
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Table 6.9: Moments and Load Distribution Factors for CSGB-3P

LN

}

Multiple || Moment (kN.m) D (m);
load-factor || Exterior | Interior || Exterior | Interior
1.00 20.185 | 35.317 | 0.6630 | 0.5479
200 | 58.371 | 70.635 | 0.6630 | 0.5479
3.8 || 111525 | 134.923 | 0.6630 | 0.5476, |
400 || 116.726 | 140.844 | 06620 | 0.5486
460 ¢ | 134573 | 160.657 | 0.6581 | 0.5513
5.20- 153.633 | 178.901 || . 0.6493' | 0.5576
580 | 173.933 | 192.168 | 0.6315 | 0.5715
640 * | 184.576 | 190727 0.6200 | 0.5003
7.00 192,116 |190.800 || 0.5979 | 0.6020
744 . | 195599 | 191.467 | 0.5937 | 0.6065
,
LB
.-'“ ! . “
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Table 6.10:.Momen‘ts and Load Distribution Factors for SSBGB-2P '

|| Multiple Moment (kN.m) D (m)
load factor || Exterior | Interior || Exterior | Interior
1.00 3180.b02 3219.349 2.3773 | 2.3482
10.00 31800.020 32193.{190 23773 | 2.3482
10.35* | 32012.123 | 33319.930 | 2.3773 | 2.3482
+ 10.60 33698.248 | 34115.850 || 2.3773 2.3482
1120 || 35556.511 | 36000.328 || 2.3774 | 2.3481
-~ 11.60 37425.607 | 37954.103 | 2.3794 | 2.3462
12.00 38595.571 | 39117.441 || 2.3787 | 2.3469
12,40 40459.880 | 40948.991 || 2.3763 | 2.3491
12.80° 41609.324 | 42084.643 {| 2.3761 | 2.3492
. b
{ .
. i N . mil - l.',‘
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“
Table 6.11: Moments and Lu)d distributi_on Factt;rs 'fc.)r SSBGErlP

Multiple Moment (kN-m) j % D (m)

load factor | Webl | Web2 | Web3 | Web4 | Webl | Web2 | Web3 | Webd
10.00 |l 19680.36 |-18022.74 14106.76 | 10185.46 | 3.6058 | 4.1999 | 5.3318 | 6.9671
16.00 | 31501.76 | 28831.56 | 22716.94 | 16290.12 || 3.6044 | 4.2008 | 5.3315 | 6.0702
17.35t - || 34165.17 | 31267.99 | 24629.96 | 17665.73 || 3.6040 4.2006 | 5.3326 | 6.9702
19.00 | 37458.45 | 3410165 | 27010.16 | 19360.81 | 3.5985 | 4.2163 | 5.3232 | 6.9623
20.00 | 39285.79 | 35768.91 | 28527.53 | 20504.35 | 3.6102 | 4.2295 | 5.3032 | 6.0171
21.00 | 40256.19 | 37171.26 | 30636.54 22571.50 | 3.7091 | 4.2848 |*5.1987 | 6.6152
2200 || 41568.71 38580:11 | 32684.41 | 24271.38 | 3.7702 | 4.3320 | 5.1146 | 6.4570
23.00 | 42938.58 | 40162.36 | 34324.32 | 25801.93 | 3.8126 | 4.3479 | 5.0874 | 6.3448
24.00 || 44353.25 | 41854.63 | 35046.78 | 27344.50 | 3.8526 | 4.3548 | 5.0705 | 6.2491
25.00 || 46620.24 | 44399.31 | $7342.24 | 28641.93 || 3.8488 | 4.3115 5.1264 | 6.2658 |
29.00% || 64139.85 | 51665.70 | 43506.68 | 34548.73 || 3.4547 | 4.5747 | 5.4326 | 6.4136

3t At first plastic hinge

At At sharp decline in stiffness

* ]
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'I.‘able. 6.12: Momenf;ti g.nd Load Distribution Factors for CBGi?a-3N

L

| Multiple Moment (kN-m) D (m)
. _l;aad factor Ext. _I_nt.l Int.2 _._Ext. . In£ { Int2
i 1.00 - 3000.258 | 3071.351 3084.194—-:‘2-.2726 2.2@ 2.2107
200 6000.516 | 6142.702 | 6168.388 | 2.2726 | 2.2199 | 2.2107
4.85 14552.107 | 14896.100 | 14956.281 2.2724 2.2199 | 2.2110
500 14991.632 | 15336.685 | 15391.378 || 2.2711 :2.2200 '2.2121
5.40 16110.746 | 16464.918 | 16519.291 2.2693 2.2205 | 2.2132
5.80 | 17177.139 17547.337' | 17604.058 || 2.2686 | 2.2207 2.2136
6.60 18469.154 | 18576.954 | 18642.456 [ 2.2449 | 2.2319 | 2.2240
7.00°* 19240.034 | 19274.737 19295.856 || 2.2369 2.2329 2.2304
. .i‘..._,‘,‘ | :“ S ﬁ,

e,
. o~ | ' 0

-~ . %
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. Table 6.13: Moments and Load Distribution Factors for CBGB-3P

Multiple | Moment (kN-m){ _ , D (m)
load factor u Ext. | ~ntl | Intz —Ext. | Int.l | Inb2

100 | 3126862 | 3163.784 | 3162.245 | 22500 | 2.2246'| 2.2267
436" | 13633.305 | 13794.354 | 13787.58' 22500 | 2.2246 | 2.2257
450 | 14062.945 | 14227.496 | 14210:578 | 20502 | 2.2242 | 2.2268
480 | 14952.616 | 15132.416 | 15110.308 | 2{25057| 2.2238 | 2.2270
6.00 | 15545.623 | 15723.038 | 15704.907 | 2.2498 | 2.2244 | 2.2270
5.40 | 16722.9977 16901.700 | 16882.666 || 2.2487 | 2.2249 | 2.2274
5.70 16033.721 17058.é9$ 17046.529 || 2.2440,( 2.2276 | 2.2201
6.00 | 17086.326 | 17087.941 | 17100.089 | 2.2340 | 2.2338 | 2.2322

~

- (""‘1'1“..- : '
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| Chapt.er 7

5

CONCLUSIONS AND
RECOMMENDATIONS

7 .1 General

An extensive analytical work was undertaken to study the load distribution
characteristics of simply supported and continuous slab-on-girder and box

girder composite bridges over the entire loading range up to failure. .

A detailed literature review was conducted to establish the currént state of -
the art. It was found out that with respect to load distribution at ultimate

state there is a paucity of relevant material. This has led to the work

-described in this thesis.

‘g
In view of its versatility, the non-linear firiite element was adopted as the .
LS . -
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method of analysis. An existing program of- analys:s (ADINA.) was used
to determine the materially non-linear response of slab-on-gu:der a.nd box

girder bridges to overloadxng

The conclusions made are strictly applicable to those bridge conﬁgurations
| analyzed. Since only a few variations of a lumt:ed number of para.rneters '
were included, no design recommenda.txons as such will be made. It is hoped ‘
that the findings of this study will be incorporated in a comprehenswe

procedure for the plastic analysis of slab-on-girder and box gn'der bridges.

7.2 Conclusions
R .
1. The non-linear finite element method is an accurate and powerful tool
for the anaiysis of slab-on-girder and box girder composite bridges, -
including the study of their load distribution characteristics.

. v | VY
2. The load distribution characteristics of these types of bridges are af-
fected by many parameters, including the position of thetruck on the

bridge and the number of lanes loaded.
S

3. The load distribution characteristics improve with incfeased level of
lokding. The best load sharing generally occurs just prior to fail-
ure. At this stage all the girders or box girders attain their ultimate

capacity. #

4. The governing case for design purposes is generally a symmetrical one

in which all lanes are loaded.
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5. Significant reserves of capacity can exist between that based on an
" elastic strength calculation for the most heavily loaded member and

collapse of the entire structure

6. The magnitﬁde of that reserve capacity for a specific positioning of
the design vehicle will depend on the amount of longitudinal redistri-

bution which is required before a collapse mechanism is complete.

7. The amount of longitudinal redistribution that will be required de-
pends on the longitudinal posmon of the vehicle and the relatlve ca-
* - pacities of the bndge in sagging and hogging bendmg sections. These
determine the ra.tms of the live load flexural ca.pac1t1es to the elas-°
tic live load bending moments at the critical sagging and hogging
sections. The more equal these values are, the less loﬁgitudina.l redis-
tribution will be required. _
8. The patterns of transverse redistribution are directly related to those
of longitudinal redistribution, and therefore the vehicle position. Where
a large amount of longitudinal red1stnbut10n from the hogging to the
 sagging region is reqmred the hogging moments will be red1stnbuted
| transversely before any s1gmﬁca.nt redistribution of the sagging mo-
ments occurs. At a post- ela.stlc stage prior to colla,yse, different tra.ns— _
verse load distribution would apply in the two regions. In the sagglng, .
only a marginal improvement in transverse distribution was observec}J
at any of the critical post-elastic stages prior to the actual collapse,
and possibly a marginal decline in the early stages. Where little or no
longitudinal redistribution is possible, the transverse redistribution of

both the sagging and hogging moments occurs at a similar rate. Sim-
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ilar transverse load diétribution would apply in both regions..' Prior to -
collapse, only.marlginal improvemgnts in transverse distribution were

~ observed. At the formation of a global collapse mechanism, for a.ny
longitudinal position of the vehicles, the transverse distribution wili
equal the relatively uniform‘_' distribution of live load flexural capacities _

at all sections. '

9. A reduced number of lanes loaded should not govern the design at
ULS, rega.rdless oft whether capacity is based on, ¢ elastic strength cal-

culations, plastic co]lapse or a.ny mtermedmte post-elastic stage .y

7.3 Recommendations For Future Work

The current study was restricted %o straight simply supported a.nd continu- .
ous concrete slab on compa.ct steel girders or box girders bndges Although -
_such bridges constitute a large number of actual bridges, it is recommended

to study the load distribution properties of

Tkew bridges

Curved bridges

Bridges with non-compact sections

Composite concrete slab-on-girder or box girder bridges.

Additional expenmenta.l stuches are required to better understa.nd the post-

elastic behavior and capacities of certain composite bridge components
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Fﬁfther analytical work should be undertaken to consider the effect of the .

. following in more details: - , R

3

® The effect of different transversz positions of the design vehicle on the

redistribution patterns and the reserve capacities.

o Additiolna.l. variations in the bridge. configurations éonsidered,' includ-
ing the number and spacing of longitudinal members, the ratio of the
width to the span length, and relative rigidity-of slab to girder or box.
girder. |

We restricted our attention in this thesis to the longitudinal moments. It
ma.y also be interesting to investigate the long1tudma.l shear and transverse
bending moment in the slab -These are not, however, genera.lly as unpor-

tant as Iong1tudma.1 moments.
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Distribution Factors at ULS
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Table A.1: Values of D, in the S.S. Slab-on-Girder Bridge

-

Parameter Notation

Parameter Value

L (meters)
2b (meters)
S (meters )
NL (no units)

D, (Newton-meters)

Dy (Newton-meters)

D;, = D,; (Newton-meters)

D, = D; (Newton-meters)

a (no units)

6 (no unitsje .
- W, (nbeters) *
# (no units)

‘ D, (meters)
Dy, (meters)
C; (percent) -
Dy ez, (meters)

Dy ine. (meters)

18.28 .

13.72

2.36

i

628.46 x*10°
25.90 x 10°
22.00 x 10°
38.85 x 10°
0.203

0.832

4.26

1.00 N
2.03 ' ?
2.09

7.50
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Table A.2: Values of Dy in the 5.S. Box Girder Bridge

Parameter Notation

Parameter Value

L (meters)

2b (meters)

S (metells )

NL (no units}

D, (Newton-meters)
Dy (Newtor-meters)
B (no units)

W. (meters)

¢ (no units)

D (meters)

Cy (percent) ‘

Dy (meter.s)

_ «a (no units)

6 (no units)

D.:. (meters)

Dine. {meters)

Cy (percent)
Dy ezt (meters)

Dy ins. (meters)

4572 "
9.45

2.44

2

12.24 x 10°
45.69 x 10°
1.063

4.97

1.00

2.10

16.00

2.44

2.000

—t

© 0.338

2.05
2.10
20.00
2.46
2.52
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Table A.3: Velues of Dy in the Cont. Box Girder Bridge for the Negative
Regions )

Para.meter.Notation Parameter Value

. L (meters) - 21.60
. 2b (meters), 13.40
S ('meters ) 2.28 '
NL (no units) 3

D; (Newton-meters) 43.36 x 108
D., (Newton-meters) 21.10 x 10°

B (no units)‘ ) '2.790
W, (meters) 4.45
¢ (no units) 1.00 -
e D (meters) 2.20

Cy (percént) .13.50

"Dy (meters) 2.487

- a (no units) 2.000 S
8 (no units) 0.888

" Dy, (meters) 2.39
D;ye. (meters) 2.38
C; (percent) - 1150
Dy .z, (meters) 2.665 -
Dy int, (meters) 2.654
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o Table A.4: Valueé of Dy in the Cont. Box Girder Bridge for the Positive ‘
' Regions o 2 - .
L Parameter Notation  Parameter Value
L (meters) 43.20
' / 2b (rﬁetcrs) . 13.40
s (meters ) 2.28
NL (no units) -3

D. (Newton-meters), 43.36 x 108
D., (Newton-meters) 191,10 x 108

B (no units) 1.397

W, (meters) 4.45

¢t (no units) 1.00°

, . D (meters) 2.15
: f Y o C; (percent) 16.00
T r o § . - Dy (meters) ‘ 2.494
| . a (no units) _ 2.000
_ 8 (no units) 0.440

) Dz (meters) 2.57

D;p;. (meters) 2.50
B C; (percent) 15.00 :

Da.oxt. (meters) 2.955

Dy ins. (meters) 2.875°
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// G647 ~-3719. 12700. 0.

~

" 'PLOTSIZE’ 30.00 27.%0°
DATABASE CREATE ' :
HEAD *Simpiy Supported Slab—on-Glirder Bridge *
MASTER IDOF=QQ0001 NSTEP=1
ITERATION METHOD=BFGS
STIFFNESS-STEPS )

EQUILIBRIUM-STEPS
TIMEFUNCTION 1
o 0.

1 -1.0
PRINTOUT MINIMM . \
PRINTNODES 1 899 1

COORDINATES

ENTRIES NODE X ¥ Z

~ *CHNCRETE SLAB

. 18300. 773.725%
9 —£6880.<1 > 725

13 -6B60. 10300. 773.72%
17 -6880. 8000. 773.725
21 -5860, 5600. 773.725
29 -6860. 0. 773.725
59 —-5900% 18300. 773.725 ~
87 -5900. 0. 773.72%
349 0. 18300. 773.725
- 357 0. 12700. 773.72%
361 0. 10300. 773.725
365 0. BOVO. 773.72%
369 0. 5800. 773.725
377 0. 0. 773.725
*BOTTOM STEEL FLANGES
465 —8079¢. 18300. O.
473 -807%. 12700, O,
477 -8079. 10300. O.
481 -8079. 8000, 0.
485 -8079. 5600. ‘0.
493 —8079. 0. O.
523 -5721. 183C0. O,
%31 -5721. 12700. O.
535 -5721, 10300. 0.
—539 -5721. 8000. O.
543 -5721. 5800. 0.
851 -5721. 0. 0, v
639 -3719. 18300. 0.

651 -3719. 10300. O.
653 -3719. 8000. 0.

« 659 -3719. 5600. 0.

667 -3719. 0. 0.
697 -3381. 18300. 0.
705 -3361. 12700. 0.

+

AN

't



709

713 -3361.

M7

B13

821 -13%%.

82%

829 -1339.
833 ~13%9.

841
an

879 -~1001.
883 -1001.
887 —1001.
891 =1001.

-3381.

10300. 0.
8000. 0.

-33681. 56800. 0.
725 -3381. 0.

-1359.

-1359.

-1359. 0.
-1001.

899 -1201. 0.

LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT

0.

0.

0.

18300. 0.
12700. 0. '
10300. 0.
8000. O.
5800. 0.

18300, 0.
12700. 0.
10300. 0.
8000. 0.
5800. 0.

.

1 O EL=4 MID=1 NFm2

9 13 EL=2 MID=1 NF=10
13 17 EL=2 MID=1 NFmi4
17 21 EL=2 MID=i NF=18
21 290 ELm# MID=1 NF=22
29 87 EL=1 MID=1 NF=58 NS=29
87 377 ELwS MID=1 NFm=118 NS=29
1 59 EL=1 MIDw{ NF=30 NS=2§

89 349 EL=S MID=1 NF=BB NS=29
349 357 EL=4 MIDw1
357 381 EL=2 MIDwt
381 365 ELw2 MID=1
365 369 ELw2 MID=1
369 377 EL=4 MID=1
COMBINE 1 29 9 13 17 21
COMBINE 29 377 87

COMBINE 1 349 59 .
COMBINE 349 377 357 361 385

485
473
477
481
4385
493
483
523
531
335

473

ELm4 MID=1

A77 EL=2 MID=1

481
48%
493
351
523
531
835
339

B3M543

543

351

ELw2 MIDwi
ELw2 MID=1
ELm4 MID=1
Ei=1 MID=m{
ELwi MID=1
ELm4 MID=1
ELw2 MID=1
EL=2 MID=1
Elm2 MID=1
ELm4 MID=1

COMBINE 485 493 473 477 481
COMBINE 523 %351 331 835 339
STRAIGHT 839 647 ELw4 MID=1
STRAIGHT 647 851 EL=2 MID=1

NF=330
NF=358
NFw382
NF =388

. NF=370

369

NF =488
NF=474
NF=478
NFw482
NF=488
NF=322
NF=494
NF =524
NF=332
NF=538
NF=340
NFm344
485

543

NF=840
NF=848

Kem

NS=29
NS=29




b

LINE STRAIGHT 631 655 EL=2 MID=1 NF=852
- LINE STRAIGHT 855 6%9 EL=2 MIDmi NF=§28

LINE STRAIGHT 859 667 ELud4 MID=i NF=880 .

LINE STRAIGHT 667 725 Elm1 MIDm1 NF=898 NS=29

LINE STRAIGHT 639 697 EL=1 MID=1 NF=888 NS=29

LINE STRAIGHT 697 705 EL=4 MID=1 NF=§98

LINE STRAIGHT 705 709 ELw2 MIDw! NF=708

LINE STRAIGHT 709 713 ELw2 MID={ NF=71{0

LINE STRAIGHT 713 717 ELm2 MID=1 Nfm714

LINE STRAIGHT 717 725 ELw=4 MID=1- NFa7{8

LINE COMBINE 639 687 647 851 655 659

LINE COMBINE 897 725 70% 708 713 717 . —
LINE STRAIGHT 813 B21 EL=4 MID={ NF=fi{4

LINE STRAIGHT 821 825 EL=2 MIDw{ NFm822

LINE STRAIGHT 823 829 EL=2 MID=1 NFm828

LINE STRAIGHT 820 B33 El=2 MID=1 NF=B30

LINE STRAIGHT 833 841 ElLw4 MIDwi NFu834

LINE STRAIGHT 841 B99 Elwmi MID=1 NF=870 NS=29

LINE STRAIGHT B13 871 EL=1 MIDm1 NF=842 NS=29

LINE STRAIGHT 871 879 EL=4 MID=1 NF=872

LINE STRAIGHT 879 B83 EL=2 MID=1 NF=880

LINE STRAIGHT 883 887 ELm2 MID=t NF=B84

LINE STRAIGHT 887 891 ELw=2 MID=1 NFm=B88

LINE STRAIGHT 891 B99 EL=4 MID=1 NF=g92

LINE COMBINE 813 B41 821 825 829 833

LINE COMBINE 871 899 879 883 887 891

*CONCRETE SLAB AND STEEL GIRDERS

MATERIAL 1 ELASTIC Em26500. NUs=.15 Dm0, K=, 833
MATERIAL 2 PLASTIC H=i Ew2.ES NU=.3 Ywu300. ET=0. D=0.
EGROUP 1 SHELL M1 RINTm3 SINT=3 TINT=2

GSURFACE 1 29 377 349 EL1=14 EL2w8 NODES=9 NFw=2 EFm1
THICKNESS 1 225.45

STRESSTABLE 1 1 2345678 17 18

EDATA

ENTRIES EL NTH TABLE

11

TO .

84 1 1

EGROUP 2 SHELL M=2 RINT=5 SINTw3 TINT=—3

GSURFACE 465 493 551 523 EL1=14 EL2a1 NODES=9 NF=486 EF=15
GSURFACE 639 887 725 897 EL1=14 EL2=1 NODES=9 NF=840 EF=43
GSURFACE 813 841 809 871 EL1=14 EL2=1 NOOES=9 NF=814 EFm71
COORDINATES

ENTRIES NODE X Y 2

*STEEL WEBS

378 -%900. 18300. 773.725

407 -5900. 18300. 386.8682%

438 -5900. 18300. .0

552 -3540. 18300, 773.725

581 -3540. 18300. 386.862%



810 -3540. 18300.. .0 ' *
728 -1180. 18300. 773.72%

755 -1180. 18300. 386.8625% ‘
784 -1180. 18300, .0 '
NGENERATION TIMES=8 NSTEP=1 YSTEP=—700.

378 407 436 552 581 610 728 755 784

NGENERATION TIMES=4 NSTEP=1 YSTEP=—800.

386 415 444 560 589 818 734 763 792

NGENERATION TIMES=4 NSTEP=1 YSTEP=—S575.

390 419 448 %84 593 622 738 767 798

NGENERATION TIMES=4 NSTEP=1 YSTEP=—600.

394 423 452 568 507 628 742 771 BOO

NGENERATION TIMES=8 NSTEP=1 YSTEP==700.

"398 427 458 8572 601 830 748 775 804

ENODES

ENTRIES EL N1 N8 N4 N3 N13 N7 N2 N8 N3

1 378 379 380 407 408 409 436 437 438

29 552 553 554 581 582 583 610 611 612

57 726 727 728 755 756 757 784 785 788

EGENERATION TIMES=13 ESTEP=1 NSTEP1=2

1 STEP 28 TO 57

THICKNESS 1 30.

THICKNESS 2 18.

EDATA

ENTRIES EL NTH TABLE -

121

70
14
15
- T0
28 1
29 2 1

To

42 2 1

4311

TO

58 1 1 -
57 2 1

TO

70 2 1

711 i
TO ]
84 11

BOUNDARIES I1DOFw=111001
493 STEP 29 TO 551/464
667 STEP 290 TO 725/838
841 STEP 26 TO 899/812
BOUNDARIES IDOF=100011
349 TO 377

BOUNDARIES 1DOF=101001

- N
—

-

-




S A T
CRRE 1 —-'.‘.'\J-.'_l

485 STEP 20 TO 523/4368

639 STEP 29 TO 697/610 ——
813 STEP 29 TO 871/784 )

LIST BOUNDARIES '

CONSTRAINT
378 1 39 1/T0/406 1 87 1

378 2 59 2/T0/408 2 87 2
378 3 59 3/T0/408 3 87 3
378 8 39 5/TO/406 5 B7 5
582 1 17% 1/T0/580 1 203 1
, 552 2 175 2/T0/580 2 203 2
552 3 175 3/T0/580 3 203 3
552 5 175 5/T0/580 5 203 5 -
726 1 291 1/T0/754 1 319 1 .
726 2 281 2/T0/75%4 2 319 2 ¢ !
726 3 291 3/T0/754 3 319 3 ©
726 5 201 3/TO/754 5 319 5 :
437 1 495 1/T0/483 1 521 1
437 2 495 2/70/483 2 8521 2 !
437 3 495 3/TO/483 3 %21 3 #
437 5 495 5/T0/463 5 521 S
436 2 494 2
436 5 494 5
464 %5 522 5
811 1 889 1/T0/837 1 695 1
611 2 889 2/T0/637 2 895 2
811 3 889 3/T0/837 3 895 3
611 5 669 5/T0/837 5 695 S
610 2 868 2 L
610 5 868 S : -
838 5 6968 5 - :
<785 1 843 1/T0/811 1 889 1
K 785 2 B43 2/T0/811 2 8689 2 )
r B 785 3 843 3/T0/B11 3 868 3
785 5 B43 3/10/811 5 869 5
784 2 B42 2 N
784 5 842 5 -
812 5 870 5

LOADS CONCENTRATED
77 3 113700. 1

193 3 183485, 1 _

309 3 149305. 1 4
66 3 81215, 1

182 3 131065. 1

298 3 106650. 1

FRAME

MESH

ADINA OPTIM=YES

END



'PLOTSIZE* 30.00 27.50
DATABASE CREATE

HEAD *Continuous Slab-on-Glirder Bridge’

MASTER IDOF=(Q00001 NSTEP=1
ITERATION Me«BFGS '
STIFFNESS~STEPS
QUILIBRIUM-STEPS

INTOUT VOLUME=MIN 1VC=0 [AC»0

TIMEFUNCTION 1

0 0.0

11.0

PRINTNODES 1 1659 1
COORDINATES

ENTRIES NODE X Y Z

1 -1610 16186 277.75
21 -1610 11330 277.7%
37 -1610 8534.8 277.75
48 -1610 5198.2 277.75
55 ~1610 4856 277.75
63 -1610 3649.2 277.75
79 ~1610 0 277.75%

159 -1350 16188 277.75
237 ~1350 0 277.75

633 0 161868 277.75
.653 0 11330 277.75
669 O B534.6 277.75
681 O 6198.2 277.75
687 O 4858 277.75
695 0 3649.2 277.75
711 0 0 277.75

949 ~1401 16186 0
969 -1401 11330 0
985 ~1401 8534.8 0
997 -1401 6198.2 o=
1003 ~1401 4856 0
"'1011 ~1401 3649.2 0
1027 -1401 0 O
1107 1295 16186 0
1127 -1299 11330 0
1143 ~1299 B8534.8 0
1155 -1299 6198.2 0
1181 -1299 4836 0
1169 —~1299 3649.2 0
1185 -1299 0 0

1423 -501 16186 0
1443 --501 11330 0
1459 ~501 8534.6 0
1471 =501 8198.2' 0
1477 =501 4858 0
1485 -50% 3649.2 0

-




v o

1501
1581
1601
1617
1629
1635
1643
16359
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE

=501 00
=399 1618
=399 1133
~399 8534
=399 6198
~-399 4858
=399 3649
=399 00
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
Nim79 N
Ni=237
Ni=833
Ni=8353
Ni=889
Nim881
Ni=887
N1=895
NT=049
S Ni=B8g

nuwouomnnnw

LINE & N1=98S

LINE
LINE
LING
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE

S Ni=gg7
N1=1003
Ni=1011

N?

6 0
00
.80
.2
o
.2 0

' .
Nim1 N2=21 EL=10 MIDw{ NF=2 NS=1 R=1
Niw2] N2=37 EL=8 MID=! NF=22 NS={ R=m1
Ni=37 N2=4g EL=E MID=1 NF=38
Ni=4§ N2=55 EL=3 MID=1 NF=50
Ni=55 N2=63 EL=4 MID={ NF=56
N1=83 N2=79 EL=8 MID=1 NF=54 -
Nim1 N2=159 EL=1 MID=1 NF=80 NS=79 Rw=i
N1=159 N2=533 ELw3 MID=1 NF=238 NS=79
2=237 EL=1 M=1 NF=158 NS=79
N2=711 EL=3 M=1 NF=316 NS=7G .
N2wS53 EL=10 M=i NF=634
N2=869 ELmE Mmi NFwG54
N2=881 ELwS M=l NF=870
N2=887 EL=3 Mm1 NF=882
N2=895 ElL=4 M=l NF=m888
N2=711 EL=8 M=1 NFm=836
N2e989 ELm10 M=1 NF=§30
N2=985 EL=8 M=t NF=570
N2=997 ELmS Mmi NFm988
N2=1003 EL=3 M=i NF=398
N2=1011 ELm4 Mmi NF=1004
N2=1027 EL=8 M=1 NF=1012-

N1=m1107 N2w1127 EL=10 M=1 NFm=1108

Ni={143 N2w]155 EL=8 M=] NF=1144
N1=1155 N2=1181 EL=3 M=1 NF=1158

Nim{181
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
S Ni=1477
S Ni=1485
S Ni=1381
5 N1=1601
S Nimi817
S Nim1829
S N1=1635
S Nim1843
COMBINED
COMBINED

—

5
S
5
S N1=1127 N2=1143 EL=B M= NF=1128
]
S
s

N2=1169 EL=4 MID=1 NF=1162
Ni=1189 N2=1185 EL=B MID=1 NF=1170
N1=m1423 N2w1443 EL=10 MID=1 NF=m1424
Nim1443 N2=1459 EL=B MID=1 NF=1444
N1m1459 N2=1471 EL=8 MID=1 NFm=1460
Nim1471 N2w1477 EL=3 MID=1 NFm1472
N2=1485 EL=4 M=l NFu{478

N2=1501 EL=B M=1 NFw1486

N2=1601 ELm10 Mwi NF=1582

N2m=1817 EL=B8 Mm=1 NF=1602

N2=1629 EL=8 Mu1 NF=1618

N2=1835 EL=3 M=1 NF=1630 .
N2=1643 EL=4 M=1 NF=1635

N2=1659 EL=8 M=1 NF=1644

179 21 37 39, 55 63 .

1 633 159 : ™\
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LINE C 79

LINE C 833 711 853 869 831 887 695

LINE C 949 1027 989 985 997 1003 1011

LINE € 1107 1185 1127 1143 1155 1161 1169

LINE C 1423 1501 1443 1459 1471 1477 1485

LINE C 1581 1650 1801 1817 1629 1835 1843

MATERIAL 1 ELASTIC Em4,358E4 NU=mQ,15 D=0, K=0,83333
MATERIAL 2 PLASTIC Hml E=2ES NU=0.3 Y=304, ET=0, Dm0,
EGROUP Nem! SHELL D=S M=l RINT=3 SINTm3 TINTw2
GSURFACE 1 79 711 633 EL1=39 EL2w4 NOw=9 NFw2 EFmi

THICKNESS

STRESSTABLE 1t 1 2345678

EDATA

711 237

1 65.5

ENTRIES EL NTH TABLE

111
TO
158 1 1§

GROUP, N=2 SHELL D=S Mm2 RINT=3 SINT=S TINTa=2

GSURFACE 949 1027 1185 1107 EL1m39 EL2w1 NOw§ NFw350 EFm40
GSURFACE 1423 1501 1658 1581 EL1=39 EL2=1 NO=§ NF=1424 EF=118
" COORDINATES

ENTRIES NODE X ¥ Z

712 -1350
791 -13%50
870 —1350
732 -1350
811 -1330
890 -1350
748 -1330
827 -13%50
g08 -1350
760 =1350
839 -1350
918 -1350
768 —1350
845 —-1350
924 -1330
774 —-1350
833 -1350
932 -1350
1188 450
1265 —45%50
1344 450
1206 -4350
1285 —430
1364 —4%0
1222 —450
1301 —430
1380 —450
1234 —430

16186 277.75

16186 138.875

16188 0

11330 277.75%
11330 138.87%
11330 0

8534.8 277.7%
8534.6 138.87%
8534.6 O
6198.2 277.7%
6198.2 138.875
6198.2 0

4856 277.75
48568 138.87%
4858 0

3649.2 277.75
3649.2 138.875
3649.2 0

18186 277.7%
15186 138.87%
18186 0

11330 277.75
11330 138.87%
11330 0
8535.6 277.75
8534.8 138.875
8534.0 0
5198.2 277.75%




-

1313 -450 £198.2 138.87%

1392 —450 8198.2 0

1240 430 4838 277.75

1319 430 4838 138.87%

1358 430 4856 0

1248. —430 3649.2 277.75

1327 -450 3649.2 138.87%

1408 —4350 3649.2 0

NGENERATION TIMES=20 NSTEP=1 YSTEP=-242.8
712 STEP 79 TO 870

1186 STEP 79 TO 1344 .

ENCDES

ENTRIES EL N1 N5 N2 N8 N13 N6 N4 N7 N3

1 712 713 714 791 792 793 870 871 872 e

79 1186 1187 1188 1283 1268 1287 1344 1345 1348
EGENERATION TIMES=9 ESTEP=1 NSTEP1=2
179 .

?

N , L
NGENERATION TIMES=18 NSTEP=1 YSTEP=—174.712% .. .-~

732 STEP 78 TO 880

1208 STEP 79 TO 1384

ENODES

ENTRIES EL N1 N5 N2 N8 N13 N6 N4 N7 N3

11 732 733 734 811 812 813 890 891 892

B9 1208 1207 1208 1285 1286 1287 1364 {365 1366
EGENERATION TIMES=7 ESTEP=1 NSTEP{=2

1t 89

NGENERATION TIMES=12 NSTEP={1 YSTEP=-194.7
748 STEP 79 TO $06

1222 STEP 79 TO 1380

ENODES

ENTRIES EL N1 NS N2 N8 N13 N8 N4 N7 N3

19 748 749 750 827 828 829 906 807 908

'97 1222 1223 1224 1301 1302 1303 1380 1381 1382
EGENERATION TIMES=S ESTEP=1 NSTEP1=2 -

19 97

NGENERATION TIMES=8 NSTEP=1 YSTEP=-223.7
760 STEP 79 TO 918

1234 STEP 79 TO 1392

ENODES

ENTRIES EL N1 NS N2 N8 N13 N8 N4 N7 N3

25 760 781 762 8§39 840 841 918 919 920 .
103 1234 1235 1236 1313 1314 1315 1392 1393 1394
EGENERATION TIMES=2 ESTEP=1 NSTEP{=2

25 103

NGENERATION TIMES=8 NSTEPm1 YSTEP=—150.85
766 STEP 79 TO 924

1240 STEP 79 TO 1398

ENODES

ENTRIES EL N1 NS N2 N8 N13 N6 N4 N7 N3

28 788 767 763 B4S 848 847 924 925 926



10671240 1241 1242 1319 1320 1321 1398 1399 1400
EGENERATION TIMES=3 ESTEP=1 NSTEP{m2
" 28 108 '

'NGENERATION TIMES=18 NSTEP={ YSTEP=-~22B.075
L774- STEP 79 TO 932

1248 STEP 79 TO 1406

ENOODES _

'ENTRIES EL N1- N5 N2 NB N13 N8 N4 N7 N3

32 774 77% 776 853 854 855 932 933 934

110 1248 1249 1250 1327 1328 1329 1408 1407 J4o8
EGENERATION TIMES=7 ESTEP=1 NSTEP1m2 \

)
32 110 S—

THICKNESS 2 6.3,
EDATA

ENTRIES EL NTH TABLE &$
122

TO

156 2 2

BOUNDARY 1DOF=101001

549 STEP 7¢ TO 1107/870
1423 STEP 79 10 1581/1344
969 STEP 79 TO 1127/8350
1443 STEP 79 TO 1601/1364
1003 STEP 79 TO 1181/924
1477 STEP 79 'TO 1635/1398
BOUNDARY 1DOF=111001

1027 STEP 79 TO 118%/948
1501 STEP 79 TO.1658/1422
BOUNDARY 1DOF=100011

833 T0 711 r

LIST BOUNDARY

CONSTRAINTS .

712 1 159 1/T0/790 1 237 1
712 2 159 2/T0/700 2 237 2
712 3 189 3/T0/790 3 237 3
712 5 159 5/T0/780 5 237 8
1188 1 473 1/T0/1264 1 %53
1186 2 47% 2/T0/1264 2 553
1188 3 475 3/T0/1264 3 553
1186 5 475 5/T0/1264 5 553
871 1 1029 1/TO/947 1 1105
871 2 1029 2/T0/947 2 1105
871 3 1029 3/T0/947 3 1105
871 5 1029 5/T0/947 5 1105
DELETE 8Y0 924

1345 1 1503 1/T0/1421 1 1579 1
1345 2 1503 2/T0/1421 2 1579 2
1345 3 1503 3/T0/1421 3 1579 3
1345 5 1503 5/T0/1421 5 1579 5
DELETE 1384 1398

BN =N -

'

—




‘870 2 1028 2
"670 5 1028 8
830 2 1048 2
890 5 1048 5
924 2 1082 2
924 % 1082 S
948 5 1106 S
1344 2 1502

1344 5 1502

1364 2 1822

1384 5 1522

1398 2 1556

1398 3 1558

1422 5 1580 5

LOAD CONCENTRATED

195 3 ~13150,

207 3 -9395.

221 3 ~7515,

511 3 -29165.

523 3 -20830.

337 3 ~16686%.

FRAME

MESH NODES=11 ELEMENTS=1
ADINA

END

BN ARD BN




'PLOTSIZE® 30.00 27.%0

DATABASE CREATE

HEAC *Simply Supported Box Girder Bridge’
MASTER I1DOF=000001 NSTEP=1

ITERATION METHOD=BFGS

TOLERANCES TYPE~E ETOL=0.01 [TEMAX=30
STIFFNESS-STEPS

EQUILIBRIUM-STEPS

TIMEFUNCTION 1

0 0.

1 -1.00

PRINTOUT MINIMUM

PRINTNODES 1 1155 1

COORDINATES I

ENTRIES NODE X Y 2

*CONCRETE DECK SLAB !

1 -4724.4 43720, 2376.65

7 ~4724.4 34320, 2376.6%

“13 ~4724.4 27120, 2376.65

19 -4724.4 20520. 2376.65
23 24.4 18320, 2376.85
33 -4724.4 0. 2378.65
67 —-3657.8 45720, 2376.6%
99 ~3657.8 ~0. 2376.85
463 3657.6 45720. 2376.65
49% 36%7.8 0. 2378.65
529 4724.4 45720, 2378.65 '
535 4724.4 34320. 2376.65
49 4724 .4 27120, 2376.6%
547 4724 .4 20520, 2376.65
551 4724.4 16320. 2376.65
S61 4724.4 0. 2376.65
*STEEL FLANGES

661 -3857.68 45720, 0.
667 -3657.8 34320. O,
673 -36%7.6 27120. O.
679 -3857.6 20520. O.
683 -3657.8 16320. O.
693 -3857.6 0. 0.
727 -1219.2 45720, 0.
738 -1219.2 34320, 0.
739 -1218.2 27120. 0.
745 ~1219.2 20%20. 0.
749 -1219.2 16320. O,
759 ~-12(9.2 0. 0.
958  1219.2 45720, O.
964 1219,2 34320, O.
970  1219.2 27120. 0.
976  1219.2 20520. O.
980 1219.2 18320. O,




990
1024
1030
1038
1042
1048
1058
LINE
LINE

LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE

LINE
LINE
LINE

1219.2

3857.6
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
COMBINE

COMBINE

COMBINE

COMBINE

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT

STRAIGHT
STRAIGHT
STRAIGHT
COVBINE

COMBTNE

STRAIGHT
LINE STRAIGHT
LINE STRAIGHT
LINE-STRAIGHT
* LINE STRAIGHT
LINE STRAIGHT
LINE STRAIGHT
LINE STRAIGHT
LINE STRAIGHT

STRAIGHT

0.
38%7.6 45720. 0.
3857.6 34320, 0.
3657.8 27120, 0,
3637.6 20520.
3657.6 18320.
0.

1
7

0.

0.

0.

0.
7
13

13— 19

19
23

33

99
495

87
483
S29
535
541
S47
551

1

33

]
529
681
687
873
879
683
893
861
127
733
739
745
749

881

727
238
984
970
978
9280
980
938
1024
1030

23
33
99

495
561
67
463
529
535
541
547
551
561
.33
561
529
561
667
673
"679
683
693
759
727
733
739
7458
749
759
693
759
864
970
976
980
990

1058

1024

1030

1036

EL=3
EL=3
ELa3
ELm2

ELmS
Elm
EL=6
EL=1
El=1
EL=8
ELw=t
EL=3
EL=3
EL=3
EL=2
EL=5
7

MIDee1
MI D=t
MIDe=1
MIDw1
MID=1
MID=1
MID=1
MID=1
MID=1
MIDw1
MID=1
MT Dy
M1Dwt
MIDw=t
MID=1
MIDw1
13

99 493
67 483

535 =49

ELm=3
EL=3
ELm3
EL=2
EL=3
ELm=1
El=1
ELm3
EL=3
EL=3
El=2
EL=5

MIDw1
MID=1
MID=1
MIDm=1
MID=1
MIDwe1
MID==1
M{Dw1
M1D=1
MID=1
MIDw1
MID=1

19

NFm2
NF=8
NF=14
NF=20
NF=24
NF=88
NF=132
NF=528
NF =34
NF=100
NF=498
NF =330
NF=538
NF =542
NF w348
NF =352
23

NS=33
NS=33
NS=33
NS=33
N§=33
NS=33

547 531

NF=662
NF =658
NF=874
NF =680
NFm=E84
NF=726
NFuE94
NF=728
NF=734
NF=740
NF=746
NF =750

NS=33
NS=33

867 €73 679 683
733 739 745 749

EL=3
EL=3
EL=3
ElL=2
ElL=5
EL=1
EL=1
EL=3
" EL=3

M1t
MIDmt
MID=1
MIDw1
MID=1
MIDm=1
M]D=1
MID=1
M1D=1

NFug59

NF=981
NF=1023 NS=33
NF=991 NS=33
NF=102%
NF=1031



«~»

LINE STRAIGHT 1038 1042 EL=3 MID=1 NF=1037

LINE STRAIGHT 1042 1048 ELw2 MID=1 NF=1043

LINE STRAIGHT 1048 1036 EL=3 MID=t NF=1047

LINE COMBINE 938 990 964 970 878 980

LINE COMBINE 1024 1056 1030 1036 1042 1046
*CONCRETE DECK AND STEEL BOXES

MATERIAL 1 ELASTIC E=28500. NU=.15 D=0. K=.B33
MATERIAL 2 PLASTIC H=] £=2.E5 NU=.3 Y=330. ETa0d. D=0.

EGROUP

1 SHELL M=1 RINT=3 SINT=3 TINT=2

GSURFACE 1 33 561 529 EL1=18 EL2=B NODES=9 NF=2 EFmi
THICKNESS 1 270.2 ‘

-

STRESSTABLE 11 2 3 45678

EDATA

ENTRIES EL NTH TABLE

111

TO

128 1

*LIST

EGROUP

1 ~ -
ENODES 1 128

2 SHELL M=2 RINT=S5 SINT=3 TINT=-3

GSURFACE 681 693 758 727 EL1=18 EL2=i NODES=9 NF=662 EFm1?

GSURFA
COORD1
ENTRIE
*STEEL
562 -

CE 958 990 1056 1024 EL1=18 EL2=1 NODES=9 NF=9%9 EF=55
NATES _ : y
S NODE X ¥ Z

WEBS -

3657.6 45720. 2376.630

595 ~3657.6 45720. 1188.323
628 -3637.8 45720. a.
780 ;—1219.2 45720, 2376.6350
793 -1219.2 45720. 1188.32%,
828 -1219.2 45720. 0.

859
B892
925
1057
1090
1123

1219.2 4%720. 23768.650
1219.2 43720. 1188.325
1219.2 43720. 0.
3857.8 45720. 2378.6%0
3657.8 45720. 1188.325
3857.8 45720. 0

NGENERATION TIMES=8 NSTEP={ YSTEP=—1500.

582 59

S 628 760 793 826 859 892 925 1057 10890 1123

NGENERATION TIMES=8 NSTEP=1 YSTEP=—1200.

UNER/TION TIMESe8 NSTEPw! YSTEP=—1100.

:%3'0201 834 766 798 B32 B86% 898 931 1083 1088 1129

574 607 840 772 805 838 871 904 937 1069 1102 1133

NGENERATION TIMES=4 NSTEP~1 YSTEP=—1030.

580 &1

3 648 778 811 844 877 910 943 1075 1108 1141 £

NGENERATION TIMESe10 NSTEP=1 YSTEP=—1632.

584 61
ENQDES
ENTRIE

7 850 782 815 B48 881 914 947 1079 1132 1145

S EL N1 NB N4 NS N13 N7 N2 N8 N3

T 582 3563 364 595 D96 I97 628 629 630

33 76

0 761 T82 793 794 795 828 827 828

TP

e



~

- 629 1 882 1/70/839

49 859 860 861 B892 893 894 925 926 927
81 1057 1058 1059 1080 1091 1092 1123 1124 1125
'EGENERATION TIMES=15 ESTEP=! NSTEP1a=2

1 33 49 81

THICKNESS 2 25.4

THICKNESS 3 12.7 oy
*STRESSTABLE 2 1 2345386789 ;
EDATA ~

ENTRIES EL NTH TABLE

131

T0

16 3 1

1721

T0
32 2
333
TO
84 3 1
85 2 1

- h

‘TO

80 2 1

8131 y

TO —
96 3 1

*LIST ENODES 1 96

BOUNDARIES [DOF=111001

893 STEP 33 TO 759/660 858

990 STEP 33 TO 1058/957 1155

BOUNDARIES 1DOF=101001

661 STEP 33 7O 727/623 826 .
958 STEP 33 TO 1024/925 1123

LIST BOUNDARIES

CONSTRAINT

562 1 67 1/T0/594 1 99 1
562 2 67 2/T0/594 2 99 2
562 3 87 3/T0/594 3 99 3 L
562 5 67 5/T0/384 5 99 5
760 1 199 1/70/792 1 231 1
760 2 199 2/T0/792 2 231 2
760 3 199 3/T0/792 3 231 3
760 5 199 5/T0/792 5 231 5
859 1 331 1/T0/891 1 383 1
859 2 331 2/T0/891 2 363 2
859 3 331 3/70/891 3 363 3
859 5 331 5/T0/891 5 363 5
1057 1 463 1/70/1089 1 485 1
1057 2 463 2/T0/1089 2 495 2
1057 3 483 3/T0/1089 3 495 3
1057 S 483 5/T0/1089 S 495 5

1692 1+~



758
758
758
758

AN -

' 620 2 5862 2/T0/6%0 2 892 2
629 3 882 3/T0/659 3 692 3
629 862 S£TO/65% S 692 5
628 2 881 2
628 S 661 5
660 5 693 5
B27 1 728 1/T0/857 1
827 2 728 2/T0/857 2
827 3 728 3/T0/857 3
827 5 728 3/70/857 S
826 2 727 2
828 5 727 5

2
3
5
2
L
5
1
2
3
5
2
5
858 5 750 8
926 1 939 1/T0/9%8
926 2 959-2/T0/958
926 3 959 3/T0/9%56
926 5 9%9 5/T0/958
925 2 958 2
925 % 958 5
957 5-990 5
19124 1 1025 1/T0/1154
1124 2 1025 2/T0/1154
1124 3 1025 3/T0/1154
1124 5 1025 5/70/11%4
1123 2 1024 2
1123 % 1024 5
1155 5 1058 S
LOADS CONCENTRATED
*73 3 70080.
*79 3 87570.
*85 3 122600.
*85 3 286270.
*208 3 B89940.
*211 3 112430.
*217 3 157400.
- %221 3 33730.
337 3 89940,
*343-3—112430.
*349 3 157400.
*353 3 33730,
*489 3 70080.
*475 3 87570.
*481 3 122600,
*485 3 28270.
73 3 68300. 1
79 3 85380, 1
85 3 119530. 1
1
1
1

W N =

-

—— mdh b ok ed b e b wh o wmh wmh mh A wmh mb

89 3 23610.
203 3 100480.
211 3 125600.

989
989
989
989

A N =

1 10535
2 105
3 105%
S 105%

N -




217 3 175840, 1
221 3 37880. 1
337 3 -10540. 1
343 3.-13180. 1
349 3 ~18440. 1 ,
353 3 -39%0. 1
469 3 1760. 1 ——— e
475 5 2200. 1
481 3 3070. 1 1
485 3 860. 1 s h
FRAME
MESH
ADINA OPTIMeYES
sLIST COOR 1 115%
END
.
4, L -
-
?
. QL\
~
o
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*PLOTSIZE' 30.00 27.50
DATABASE CREATE

HEAD ‘Contlinuous Box Girder Bridge (CBGBE-3N) *

MASTER 1DOF=000001 NSTEP=1
ITERATION METHOD=BFGS

" TOLERANCES TYPE=E ETOL=0.001 [TEMAX=30

STIFFNESS-STEPS
EQUILIBRIUM-STEPS
TIMEFUNCTION 1

0 0.
1 -1

.0

PRINTOUT MINIMUM

PRINTNODES 1 1110 1
COORDINATES
ENTRIES NODE X ¥ Z

*CONCRETE DECK SLAB

1
7
13
19
21
25
37
75
11
445
481
519
523
531
537
539
543
555

-8700.0
-8700.0
-6700.0
-6700.0
-6700.0
-8700.0
-6700.0
-5700.0
=5700.0
5700.0
5700.0
6700.0
6700.0
6700.0
6700.0
6700.0
6700.0
6700.0

S54000.
42000.
34800.
28800.
27800.
20400,
0.
54000.
Q.
54000.
0.
¥4000.
42000.
34800.-
28800.
27600.
20400.
0.

*STEEL FLANGES

-5700.0 54000,
=%700.0 42000.
=5700.0 34800.
-5700.0 28800.
—5700.0 27800.
~5700.0 20400.
=5700.0 0.
—3420.0 54000.
—3420.0 42000.
~3420.0 34800.
-3420.0 28800,
—3420.7 27800.

556
562
568
374
576
580
592
830
636
642
648
850
854
666
667

-3420.0
-3420.0
~1140.0

20400.
.0,
54000,

1687.
1687,
1687.
1687.
1687.
1687.
1687.,
1687,
1887.
1687.
1687.
1687.
1687,
1687,
1887.
1887.
1887,
1687,

a.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

Y




673
a7
&85
aa87
891
703
741
747
753
759
781

763

L
778
784
780
796
798

802 -

314
852
858
864
870
872
876
" 888

SHELLNODES DIRECTORm-2
~2GTO 111 <2¢

75
149
223
297
LY
445
558
830
887
741
778
852

LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE

-1140.0
+1140.0
~1140,0
~1140.0
«1140,0
=1140.0
1140.0
1140.0
1140.0
1140.0
1140.0
1140.0
1140.0
3420.0
3420.0
3420.0

3420.9

3420.0
3420.0
3420.0
53700.0
5700.0
5700.0
3700.0
$700.0
3700.0
5700.0

-2G6TO

-2 G TO 2%9

42000,
34800.
28800.
27800.
20400,

0.
54000.
42000.
34800.
28800,
27800,
20400.

0.
54000,
42000.
34800.
27800,
20400.

Q.
54000.
42000,
J4800.
28800.
27600.
20400.

0.

28800,

0.
Q.

185 -2 G

-2 G TO 333 -2
-2 G TO 407 -2
-2 G TO 481 -2
-2 G TO 592 -2
~2 G TO 666 -2
-2 G TO 703 =2
-2 G TO 777 -2
-2 G 10 814 -2
-2 G TO 888 -2

STRAIGHT 1
STRAIGHT 7
STRAIGHT 13
STRAIGHT 19

STRAIGHT 21

STRAIGHT 23
STRAIGHT 37
STRAIGHT 111
STRAIGHT 481
STRAIGHT -1

-2 G

G
G
G
G

[ I > I~ B2 I

13
19
21
23
37
111
481
S353
75

EL=3 MIDw=1
EL=3 MIDw1
EL=3 MID=1
EL=1 MID=1
EL=2 MID=1
EL=G MID=1
ELmt MIDm1
EL=5 MID=1
EL=1 MIDw1i
EL=1 MID=1

NFm2
NF=8
NFm14
NF=20
NFm22
NFm28
NF=74
NF=148
NF=318
NF=38

SYSTEM-DEFAULT=l. DIRTOL=20

NS=37
NS=37
NS=37
NS=37




LINE
" LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
'LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
COMBINE

COMEB INE

COMBINE

COMBINE

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
COMB INE

COMBINE

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT

STRAIGHT.

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
COMBINE

COMBINE

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRATGHT
STRAIGHT

>

445

443 519

519
525
53
537
539
543

37

519
558
582
=68
574
576
580
592
558
630
838
842
848
850
654
538
630
887
873
679
885
887
891
703
867
741
747
753
759
761
765

. 687

741
778
784
790
796
798
802

523
531
537
539
543
555
- 37
555
519
555
382
588
574
578
580
592
L1
6§30
638
642
848
650

(654

L10)
592
acs
873
879
88s
a7
891
703

741

747
753
759
761
763

703
777
784
790
798
798
a02
814

525 3531

EL=5 MID=1
ELmt MID=i
ELw3 MID=1
EL=3 MID=1
ELw3 MID=i
ELm1 MID=1
EL=2 MID=1
EL=S MIDm1

NF=112
NF=482
NF=520
NF=526
NF=532
NF=3538
NF=340
NFm344

7 13 19 20

111 481
75 445

ELe3 MIDw=1
EL=3 MID=1
€l m3 MID=1
EL=1 M1Dw1i
ELm2 MID=1
EL=8 MID=i
EL=1 MID=1
EL=1 M{Dw1
EL=3 MID=1
EL=3 MID=1
EL=3 MID=1
ELw1 MID=1
ELm2 M1D=1
EL=8 MID=1

337 539

NF=557
NF=583
NFm589

NS=37
NS=37

2%

543

NF=575"

NFw377
NF=581
NF=829
NF=3593
NF=831
NFm837
NF=B43
NF=849
NF=8351
NF =853

NS=37
NS=37

552 588 574 578 580

EL=3 MID=1
EL=3 MID=1
EL=3 MID=1
EL=1 MID=1
EL=2 MID=1
EL=8 MID=1
ELm! MID=1
EL=1 MID=1
EL=3 MID=1
EL=3 MID=1
EL=3 MIDw?
EL=1 MID=1
EL=2 MID=1
ELw8 MIDel

EL=3 MIDwi
EL=3 MID=1
ElL=3 MI1D=1i
EL=1 MID=1
EL=2 MID=1
EL=8 MID=1

NF=888
NF=874
NF =880
NF=888
NF =888
NF =892
NF=740
NF=704
NF w742
NF=748
NF=754
NF=760
NF=762
NF=766

673 67% 685 687
747 733 759 761

NF=779
NF=785
NF=791
NF=797
NF=799
NF=803

638 642 648 630 &%4

NS=37
NS=37

a9
783




./.

~ I

" LINE STRAIGHT 814 B88  EL=] MID=1 NF=BS{

NS=3?

LINE STRAIGHT 778 832  EL~1 MIDui NF=B15 NSa37

LINE STRAIGHT 832 838 EL=3 MIDm1 NF=833
LINE STRAIGHT 858 884 ~ EL=3 MIDmi NF=859
LINE STRAIGHT 884 870 EL=3 MID=1 NF=865
LINE STRAIGHT B70 872 ELwi{ ‘M[D=i NF=871
LINE STRAIGHT 872 876 ELm2 MID=1 NF=873
LINE STRAIGHT 876 888 EL=8 MID=1 NF=877

LINE COMBINE 778 814 784 790 796 798 802
.LINE COMBINE 852 888 8%8 884 870 ‘872 876

*CONCRETE DECK AND STEEL BOXES

MATERIAL 1 ELASTIC E=28000. NU=.15 D-Ou K=,833

MATERIAL 2 PLASTIC H=] E=2.E3 NUw,3 Y=350. £T=0, D=0.

EGROUP 1 SHELL M=1 RINT=3 SINT=3 TINT=2

GSURFACE 1 37 535 519 EL1=18 EL2=7 NODES=9 NFm2 EF={

THICKNESS 1 230.

STRESSTABLE 1 1 23 4567 8
EDATA

ENTRIES EL NTH TABLE

ERE! a

T0

128 1 1

*LIST ENODES 1 128.
EGROUP 2 SHELL M=2 RINT=S5 SINT=3 TINT=—3

GSURFACE 3368 592 666 630 El1=18 EL2=1 NODES=9 NF=S57 EFmi9
GSURFACE 867 703 777 741 EL1=18 EL2=! NODES=9 NF=868 Ef=73
GSURFACE 778 814 BB8 832 EL1=18 ELg=1 NODES=9 NF=779 EFm127

COORDINATES
ENTRIES NODE X ¥ Z

*STEEL WEBS

889 -3700.0 54000. 843,
926 -3420.0 54000, 843,
983 —1140.0 54000. 843.
1000 1140.0 54000. 843.
1037 3420.0 54000. .843.
1074 5700.0 54000, 843.5

NGENERATION TIMES=8 NSTEPw1 YSTEP=-2000,
839 926 963 1000 1037 1074

NGENERATION TIMES=S NSTEPm1 YSTEP=—1200.
895 932 969 1008 1043 1080

NGENERATION TIMES=8 NSTEPw=1 r?;z—-woo.

(E BN RRT R R ]

\

901 938 973 1012 1049 10886
NGENERATION TIMES=2 NSTEPw1
907 944 281 1018 1035 1092 S
NGENERATION TIMES=4 NSTEP=1 YSTE
909 948 983 1020 1037 1094
NGENERATION TIMES=12 NSTEP=1 YSTEP=-\1700.
913 930 987 1024 1081 1098
ENOOES

ENTRIES EL N! NB N4 N5 N13 N7 N2 N6 N3

%

“~



A

1 75 76 77 889 BSO 891 558 557 558
37 149 150 151 926 927 928 630 631 632

© US55 223 224 225 963 984 #65 667 668 669

91 207 298 259 1000 1001 1002 741 742 743
109 371 372 373 1037 1038 1039 778 779 780
145 445 448 447 1074 1073 1078 852 853 854
EGENERATION TJMES=17 ESTEP=1 NSTEP1=2
1 37 55 91 109 145
THICKNESS 2 18.0
THICKNESS 3 10.0 -«
*STRESSTABLE 21 23456789
EDATA
ENTRIES EL NTH TABLE -

t 31

T0

18 31

19 2 1

TO

38 21

37 31

TO ]
72 3 1 ' . /
7321 J
TO

S0 2 1

91 31

TO

128 3 1
127 2 1
TO
144 2 1
145 3 1
TO
162 3 1
*LIST ENODES 1 162
BOUNDARIES 1DOF=111101
592 STEP 37 TO 668
703 STEP 37 TO 777
814 STEP 37 TO 888
BOUNDARIES 1DOF=101001
%8 STEP 37 TO 630
667 STEP 37 TO 741
778 STEP 37 TO 852
BOUNDARIES IDOF=01010%

37 STEP 37 TO 555
925 962 999 1038 1073 1110
LIST BOUNDAFIES
LOADS CONCENTRATED

81 3 61920. 1
87 3 77400. 1

M-




93 3 54180,
95 3 54180.
97 3 23220,

155
181
167
169
171
229
235
241
243
245
303
309
318
317
319
377
383
389
301
393
451
457
483
485
487

" FRAME

MESH

3 97580,
3 121970.
3 8s5380.
3 8s380.
3 36590.
3 80500-
3 100830.
3 70440,
3 70440.
3 301s0.
3 80500,
3 100630.
3 70440.
3 70440,
3 30190.
3 97%80.
3 121970,
85380.
83380,
36590,
81920.
77400,
54180.
54180,
23220.

oW

ADINA OPTIMsTES

END

1

1

*LIST COOR 1 1110

ek mh mh mh mh mdh ek ek mh b ek mh ah b o ol mA ad b ek b b

e
-t



'*PLOTSIZE* 30.00 27.%0
DATABASE CREATE i
HEAD ‘Continuous Box Girder Brld&c (CBGB-3)*
MASTER [DOF=000001 NSTEPw=1
ITERATION METHOD=BFGS
TOLERANCES TYPE=E ETOL=0.001 ITEMAX=30
STIFENESS-STEPS
EQUILIBRIUM-STEPS
© TIMEFUNCTION 1

0 0. T
1 -1.0
PRINTOUT MINIMUM
PRINTNODES 1 1098 ¢
COORDINATES
ENTRIES NODE X ¥ Z
*CONCRETE DECK SLAB
1 -6700.0 108000.. 1887.
9 -6700.0 983000. 1887.
15 -8700.0 B7800. 1887,
17 ~6700.0 86400, 1687.
23 -6700.0 80400. 1887,
29 =-68700.0 &9600. 16887.
37 -6700.0 54000. 1687.

81 -5700.0 . 0, 1687,
123 ~5700.0 108000. 1887,
183 -5700.0 . 0. 1687.
367 ~1140.0 108000. 1687.
427 -1140.0 (©. 1687.
489 0.0 10800D. 1687.
497 0.0 93000. 1887,
503 0.0 87800, 1687.
505 0.0 B86400. 1687.

- 1R 0.0 B80400. 1087,

817 0.0 69800. 1887.
525 0.0 54000. 1887,
%549 0.0 0. 16B87.

*STEEL FLANGE
550 -5700.0 108000. O.
558 -5700.0 93000. O.
%64 -5700.0 8&7600. O.
568 ~3700.0 88400. 0.
572 -5700.0 80400. 0.
578 -3700.0 egs00. 0.
586 -5700.0 54000. O,
610 -5700.0 0. 0.
. 672 -3420.0 108000. O.
680 -3420.C 93000, 0.
686 -3420.0 87600. 0
688 -3420.0 86400, O.
694 -3420.0 30400. 0.

]



\\‘/
700 -3420.0
708 -3420.0°
732 =3420.0
733 -1140.0
741 -=1140.0
747 -1140.0
749 ~1140.0
755 ~1140.0
781 140.0
769 f1140.0
793 1140.0
855 0.0
883 0.0
889 <0
an 0.0
877 0.0
ags 0.0
891 0.0
918 0.0

85800.
54000.
0.
108000.
£3000.
87600.
86400,
80400.
€9600.
54000.
a.
108000.
93000.
87600.
86400,
80400.
69600,
34000.
0.

.
.
.

.
.
.
.

.

0
0
o
0
0
0
0
0
0
o
0
Q
Q
0
0
0
0
0

0.

SHELLNODES DIRECTORw—2 SYSTEM-DEFAULT=L DIRTOL=2

123 -2 G TO 183 -2 G
245 -2 G TO 305 -2 G
387 -2 G TO 427 -2
550 -2 G TO 810 ~2
872 ~2 G TO 732 -2
733 -2 G TO 793 -2

LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE
LINE

STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
STRAIGHT
COMBINE

COMBINE

COMBINE

COMBINE

183
427

123
387

497
S03
508
511
517
525

81

489

aa0aq

15
17
23
29
37
81
183
427
S49
123
387

497
503
509
511
817
525
549

61
549
489

349

EL=4
EL=3
ELm1
EL=3
Ei=3
ELwd
Elwm12
ELm1

‘EL=2
Elmt
ELw1
ElLm2
EL=1
EL=4
EL=3
EL=1
EL=3
EL=3
EL=4
ELe12

MID=1
MID=1
MIDm=1
MID=1

MID=1

MIDe=1
MID=1
MIDw1
MID=1
MID=1
MIDw=1
MID={

M] D1’

MI D=1
MIDe=1
MID=1
MID=1
MIDm=1
MIDe=1
MID=1

9 1% 17
183 427
(123 387

497 %03 505

NFm2
NF=10
NFw18
NFm18
NF=24
NF=30
NF=38
NFm{22
NFm244
NF=488
NF=82
NFw184
NF=428
NF=430
NF=4958
NFm304
NF=3508
NF=S512
NF=318
NF=328
23

511

NS=81
NS=81
NS=81
NS«81
NS=81
NS=81

29 37

517 523




LINE STRAIGHT 35%0 558 ElL=4 MID=1 NF=55{
LINE STRAIGHT 558 564  EL=3 MID=1 NF=553
LINE. STRAIGHT 564 586  EL=1 MID=! NF=S6S
LINE STRAIGHT 3588 572  EL=3 MID=! NF=387
LINE STRAIGHT 3572 %78  EL=m3 MID=1 NF=373
LINE STRAIGHT 578 586  ElLm4 MID=1 NEwS79
LINE STRAIGHT 586 610  EL=12 MID=1 NF=587
LINE STRAIGHT 610 732  EL=1 MIDw1 NF=871 NS=81
LINE STRAIGHT S50 672  EL=1  MID=1 NFu811 NS=81
LINE STRAIGHT 672 680  ELe=4 MID=t NF=873
LINE STRAIGHT 680 688  EL=3 MID=1 NF=881
X LINE STRAIGHT 686 688  ELwi MID=! NFw887
LINE STRAIGHT 688 694  EL=3 MID=i NF=889
LINE STRAIGHT €94 700  EL=3 MID=i NFe895
LINE STRAIGHT 700 708  EL=4 MID=1 NF=701
LINE STRAIGHT 708 732  EL=12 MID=1 NF=709
LINE COMBINE 530 610 3553 584 586 572 578 586
LINE COMBINE 672- 732 680 686 888 894 700 708
. LINE STRAIGHT 733 741  ELw4 MIDm1 NF=734
LINE STRAIGHT 741 747  EL=3 MIDw=1 NFw742
LINE STRAIGHT 747 749  EL=1 MID=1 NF=748
LINE STRAIGHT 749 755  EL=3 MID=1 NF=750
LINE STRAIGHT 755 781  EL=3 MID=1 NF=758
LINE STRAIGHT 781 769  ElL=4 MID=1 NF=782
LINE STRAIGHT 769 7903  EL=12 MID=1 NF=770
LINE STRAIGHT 793 915  EL=1 MID=1 NF=854 NS=81
LINE STRAIGHT 733 855  ElL=1 MID=i NF=794 NS=81
LINE STRAIGHT 855 883  EL=4 MID=1 NF=B58
LINE STRAIGHT 863 889  EL=3 MIDm| NF=B84
LINE STRAIGHT B89 871  ELwt MID=i NFa870
LINE STRAIGHT 871 877  EL=3 MID=1 NF=872
LINE STRAIGHT 877 883  EL=3 MID=! NF=878
LINE STRAIGHT 883 891 EL=4 MIDw! NF=834
LINE STRAIGHT 861 915  EL=12 MID=1 NF=892
LINE COMBINE 733 793 .741 747 749 755 781 769
LINE COMBINE 853 915 863 869 871 877 883 891
*CONCRETE DECK AND STEEL BOXES
MATERIAL 1 ELASTIC Ew28000. NU=.15 Dm0. Ke.833
MATERIAL 2 PLASTIC H=l Ew2,.ES NUm.3 Ym350, ET=0. D=0.
EGROUP 1 SHELL M=i1 RINT=3 SINT=3 TINT=2
GSURFACE 1 61 549 489 EL1m30 EL2=4 NODES=9 NF=2 EFai
THICKNESS 1 230.
STRESSTABLE 1 1 23456 7 8
EDATA
ENTRIES EL NTH TABLE
111
T0
120 1 1
*LIST ENODES 120
EGROUP 2 SHELL Mm2 RINT=S SINTm3 TINT=-3



-

GSURFACE 530 610 732 672 EL1=30 EL2=1 NODES=) NFm351 EFm31
GSURFACE 733 793 915 B55 EL1m30 EL2=1 NODES=9 NFm734 EFw=121
COORDINATES .

ENTRIES NODE X Y Z

*STEEL WEBS

916 -5700.0 108000. B43.5 ,
977 -3420.0 108000. B43.5 .
1038 ~1140.0 108000. 843.5

NGENERATION, TIMES=B NSTEP={1 YSTEP=—1875.
916 977 1038

NGENERATION TIMES=8 NSTEP=1 YSTEP=—3500.
924 985 1048

NGENERATION TIMES=2 NSTEP=1 YSTEP=—800.
930 991 1052

NGENERATION TIMES=8 NSTEP=1 YSTEP=—1000.
932 993 1054

NGENERATION TIMES=§ NSTEP=1 YSTEP=—1800.

938 §9% 10680 i
- NGENERATION TIMES=8 NSTEPw=1 YSTEP=—1950.
944 1005 1088 .

NGENERATION TIMES=24 NSTEP=1 YSTEP=—22%0. <
952 1013 1074 /
ENODES
ENTRIES EL N1 NB N4 N5 N13 N7 N2 N8 N3
1 123 124 125 918 917 918 550 551 552
81 245 248 247 977 978 979 872 673 674
91 367 368 369 1038 1039 1040 733 734 735
EGENERAT{ON TIMES=29 ESTEP=1 NSTEP1=2
16199 T
THICKNESS 2 16.0
THICKNESS 3 10.0
*STRESSTABLE 2 1 23456789
EDATA
ENTRIES EL NTH TABLE
131 ~
TO
30 31
3121
T0
80 2 1
g1 3 19
TO
120 3 1
121 2 1
10 : ' N
150 2 1 R
*LIST ENODES 1 150 a
BOUNDARIES IDOF=111001
536 STEP 81 TO 708
769 STEP 81 TO 891



BOUNDARIES 1DOF=101001
550 STEP 81 TO 672

. 733 STEP 61 TO.855
610 STEP 61 TO 732
793 STEP 61 TO 915
BOUNDARIES. 1DOFm 100011
858 TO 915

489 TO 549

LIST BOUNDARIES

LOADS CONCENTRATED

133 3 23220. 1 | .
137 3 54180. 1

139 3 54180. 1

145 3 77400. 1

149 3 61920. 1

255 3 36590., 1

259 3 85380. 1

261 3 85380, 1

267 3 121970. 1

271 3 97580. 3

377 3 30190. 1

381 3 70440. 1

383 3 70440, 1

389 3 100630. 1

393 3 80300. 1

FRAME

MESH

ADINA OPTIM=YES :
sLIST COOR 1 1098 <
£ND






