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Abstract

~ —

'i:his thesis is concerned with the overload behavior of a composite contin-
uous slab-on-girder bridge model consisting of four steel girders supporting
a cast-in-place reinforced concrete deck . The purpose of this thesis was
not to develop any method of post-elastic design and analysis, but rather
to .explore certain aspects of the post-elastic behavior to determine how
they might affect the responses at ultimate limit state . Progressive plasti-
fication Bf the bridge under increasing load were studied, as well as actual

collapse due to excessive deflection and rotation . |

A nonlinear finite element program "ADINA" was used to study the load
distribution chg.racteristics, nonlinear behavior, and to develop the load
distribution factors for the ultimate limit state which include load redistz-

bution in both tansverse and longitudinal directions .
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Nomenclature

A, Area of the steel girder.\- /f'

Al Area of the reinforcing steel in the slab .

Au Area of the web of the steel girder.

B Actual width of slab overhang .

B, Effective width of slab overhang .

b Half bridge width .

b . Effective total width of concrete slab .

b, Total width of concrete slab .

Cy A correction factor used to adjust the D value .

D Transvérse load distribution factor .

Dy Design eiastic load d.istributi;m factor .

D The longitudinal flexural rigidity per unit width .

D, The transverse flexural rigidity per unit length .

D, The longitudinal torsional rigidity per unit width.
~ Dy The transverse torsional rigidity per unit length .

D, The coupling rigidity per unit width .

D The coupling rigidity per unit length .

+d overall heigth of steel girder .

E : Modulus of elasticity .

E. Modulus of elasticity of concrete .

E, Modulus of elasticity of steel .

F, Yield stess of steel .

f Load factor .

iv



fi Cornpfessiw_:e strenght of concrete .’

e Yield stess of reinforcing steel .

G Sheaz. ipod;ﬂus .

H ’.ﬁheef’fective torsional rigidity .

h Clear ‘depth-between ﬁa.nges-. .

I ‘ Moment of inertia of a section .

J Torsional inertia of a section .

L < Span length .

M Longitudinal moment at a section .

M+ Positive or sagging moment at a section .
M= N ega.tivé or hogging moment at a section .
M, Morment resisted by one girder .

M, Simple plastic moment of a section.

M, . Yield moment of a section.

S Girder spacing .

t Thickness of the flange .

w Thickness of the web . -

«, 8 charaterizing parameters for load distribution .
7 A parameter defined in section 2.4 .

v ~ Poisson’s ratio .

Y Longitudinal distribution factor.
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Chapt er 1°
INTRODUCTION

For more than thirty years now, composite slab-on-girderbridges have been
one of the most popular bridge types in the short to m:edium span range.
A large number of these bridges were built in Ontario and the rest of North
America with rapid expansion of the infrastructure over this period. In that
time span, however, legal load limits have increased significantly, to the
point where in some cases they are gréa.ter than the loads for which these
bridges were designed. Although the generally satisfactory performance
of these structures indicate that they have sufficient capacity to support
these service loads, current analytical methods used in bridge design often
indicate a level of safety against failure less than the minimum acceptable

by today’s design standards.

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



analysis to determine the distribution of force effects, while the capacities
are set equal to the uitimate resistances of the various components which
imply inelastic behavior. In addition, the capacity of the structure is nor-
mally limited to that load at which the first section reachs its capacity
based on these elastic strength calculations: A reserve of capacity between
first yleld and complete collapse will usually exist. In a highly redundant
structure such as a multi-span continuous composite slab-on-girder bridge,
the magnitude of that Jeserve capacity could be significant. If post-elastic
methods were available to determine the niagnitude of this strength reserve,
the ultimate capacities of many of these old structures would no lon.ger be
in question. We could confidently leave them in service for many more
vears at considerable savings. Sigrificant savings could also be realised in
the design of new structures by exploiting some of this post-elastic strength
reserve. As a result, 2 more uniform level of safety prior to coilapse would

apply to different structures leading to better overall economy.

The present AASHTO specification criteria for wheel load distribution in
highway bridge does not provide a uniform and consistent approach for
determination of transverse load distribution factors in a broad range of
‘;ommc;nly utilized short and medium span highway bridge structures. The
AASHTO load distribution factors are different for different bridge types.
This may be due to the absence of some significant parameters(bridge
width-span ratio, bending and torsional moments of inertia of girders, com-
pos%te and non-composite behavior, stiffness z-md spacing of diaphragms,

boundary conditions, etc...) in the equations that are being used .

+
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The introduction of limit states design philosophy and the ever growing
demand for higher permissible loads for overload vehicles or special per-
mit vehicles necessitates a thorough investigation of the behavior and live
load distribution characteristics of bridges beyond the working stress range.
Evaluation of the live load moment at ultimate utilizing elastic load dis-
tribution factors is neither realistic nor logical, as the distribution factors
should reflect the actual structure/load response at that stage, such as
nonlinear behavior and load redistribution due to yvielding. At the ultimate
state, the transverse distribution of vehicle loads could be significantly dif-
ferent from that to the serviceability limit state. At present, many codes
which require consideration of the ultimate limit state, still permit linear
elastic analysis for this limit state. The main reason for this apparent dis-
crepancy is the lack of experimental results and easy to apply methods of
analysis which can account for the nonelastic behavior of bridges at the
ultimate limit state. However, the true behavior_ of the bridge and its dis-
tribution characteristics at ultimate are critical and important to a bridge

designer, especially when assessing and up-grading existing bridges.

Although several authors have studied load distribution characteristics at
ultimate loads in the past, their studies were mainly restricted to AASHTO
truck load and the AASHTO code (Heins and Kuo [37]). Also the most
recent study based on the OHBDC was carried out by Cheung, Ng, and
Gradner {40].



This thesis presents only the results of analytical study of the load distribu-
tion characteristics at ultimate for a large scale continuous slab-on”girder
bridge model which includes load redistribution in both longitudinal and
transverse direction, non-linear behavior. Since slab-on-girder bridges re-
sist loads pﬁmarily through flexure, only the redis;ribution of moments
was examined. The behavioriof the bridge model and load distribution fac-
tors report%d in this thesis were based on simulated OHBDC truck loading
(OHBDC 1983). '



"~ Chapter 2 ;

o/ ‘
LITERATURE REVIEWS

2.1 Limit States Design vs. Working Stress
Design |

The popularity of LSD over WSD is based on its more uniform level of
safety and hence greater ecbnoqy. In the WSD method, force effects in
a structure under specified loading are :‘ti:a.lcdated using elastic methods
of analysis. The individual members are designed so that the maximum
stresses due to these force effects do not exceed an allowable stress derived
from the yield stress of the material. This allowable stress would normally
vary with the type of force effect being resisted. The ratio of yield stress

to the allowable stress provides a factor of safety against failure under an



overload while satisfactory performance under the specified service loads is
ensured since the material is kept well within the elastic regime. However,
the actual factor of safety against collapse will likely be much higher than
this ratio since structural elements possess a strength reserve between first
- yield and failure. The magnitude will vary with type of force effect being
resisted but it can be significant in flexural members. It will also vary with
the proportions of the structural elements as,they determine the ability
of the member to withstand progressive plastiﬁc;tion between ﬁrst'_vield
and the plastic moment while avoiding secondary failu:es:-guch as buckling
and crushing. Other factors which affect the magnitude of this strength
reserve are the shape of the member, the material properties and work-
manship. There may be a further reserve of strength between failure of
the first member and collapse of the structure depending on the degree of .
redundancy and the ability of the members to withstand plastic rotations

leading to the formation of a plastic collapse mechanism.

Not only can the true resistance vary considerably from those determined
by an allowable stress design, so may the actual loading vary from the
design loading. Specified loads are only estimates of the loads the structure
may resist in its life. The actual loads vary with the same probability
/'Nstributibn_ and may well exceed the specified loads the aforementioned
factor of safety is also intended to compensate for that possibility in WSD.
However, different types of loads have different prob.a.bility distributions :
live loads have much wider distrib}ltions than dead loads.\}:ince the ratio of

e level of safety.

p;

live load to dead load varies between structures, so does

v



It 1s apparent that this variability of resistance and loads results in a highly
non-uniform level of safety ameng structures designed using WSD. Al-
though an acceptable probability of failure suggests that minimum levels
of safety as provided by, WSD are satisfactory , some structures are over

designed and, hence, are uneconomical.
-

Limit state design is 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 deformations, cracking, etc., or susceptibility to fatigue

failure. The structure would normally behave elastically at these load levels.

—

The Ultimate Limit State(ULS) ensures that the probability of failure is suf-
ficiently smaH—.—This is achieved by applyving 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 acceptably low. Since
-different loaci types have different distributions, they will_ also have d?ﬂ'erent

load factors.

The resistance of the structural members at the ULS is the maximum resis-
éa.nce that can be expected. Depending on the force effect being considered,
the resisté.uce will vary with the dimensions of the section, bracing and end-
fixaty, as well as material properties. In the case of flexure, the resistance

could range anywhere up to the full plastic moment or more, although it

could well be less than the theoretical yielding moment. In any case, this’

resistance may be reduced by performance factors to account for uncertain-
' e
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ties in calculating the member resistance due to the variability of material
properties, dimensions, workrnanship,..etc. Even the type of failure plays
a role: the tensile resistance of a steel member can be predicted for more
accurately than the shear resistance of a concrete section. An allowance

may also be inclined for inaccuracies in the method of ahalysis used.

~

It is interesting to note that different LSD codes specify different léad and
performance factors for apparently siz:nila: circumstances. Part of the rea-
son is that code writers have considerable flexibility when choosing to in-
clude variable quantities in a performanc_e factor or a load factor. Another

reason is that those codes which also specify different design loads.

Regardless, the combination of load factors and performance factors are
intended to provide satisfactory performance under service loads and an
acceptable low probability of failure at ULS. It should be ob¥icus that
the probability of failure can never be reduced ero, but economically
feasible structures can be built with acceptabl}'q:::)robabilities of failure.
The level of safety in LSD structures is bound to be more uniform than in

WSD structures. -



v

2.2 Inelastic Method in Bridge Design

2.2.1 Resistance To Plastic Design :

Although the LSD philosophy has gained acceptaﬁce, the use of plastic
analysis is not widespread in bridge design outside of yield line theory for
slirbs. This has led to the inconsistency Gt using elastic analysis to predict
the distribution of load effects in a structure while the capacities are based
on ultimate resistances which imply inelastic behaviour. The strength cal-
culation based on an elastic analysis normz_i.lly limit the capacity of the _

structure to the load at which the first section reaches its capacity. In an

indeterminate structure, there is usually a strength reserve between the

failure of the first section and collapse of the structure. The magnitude
of that strength reserve will depend on the degree of redundancy and the
loading configuration as it effects the relative ratios of force effects to ca-
pacities at the critical sections. How much of that streng;h reserve that
can be mobilized will depend on the ability of the structure to redistribute
the force effects up to collapse.

.‘\

- "In the case of sla.gzon-girder bridges, the principle force effect is flexure. A

hinge forms at a section once the fexural capacity is reached . In a multi-
span contiruous bridge. longitudinal redistribution of moments will occur
under increasing load if the hinge can rotate at or above the plastic moment.

It will continue until sufficient hinges have formed to form a mechanism in

il
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that member.

However, in a multi-girder bridges, the transverse slab will likely continue
to support the 'failed’ member, redistributing load transversely to the other
as yet unfailed longitudinal members. It is likely that the longitudinal and
transverse redistribution will occur simultaneously. It may be possible to

continue loading until the structure or a portion of it fails due to férmation
of a collapse mechanism. Again, it will depend onlthe plastic rotation

capacities of the various members.

In any case, the strength between the first hinge and collapse may be sig-
nificant, and will be highly variable between different structural types. In
that respect, even LSD yields variable factors of safety when capacities
are based on elastic methods. Plastic analysis is necessary, basi'x;g ULS on

collapse of the structure, if truly uniform levels of safety are to be athieved.

2.2.2 AASHTO Inelastic Analysis Provisions:

It is often argued that any economies which may be realized by exploiting
these strength reserves would not offset the additional time and expense of
the required plastic analysis. Some codes allow designers to include some of
:he benefits of plas‘ticity without the inherent work of # plastic analysis by
permitting a limited redistribution of the elastic bending moments. Within
the LSD option, AASHTO allows a maximum 10% reduction of the neg-

ative moments over supports, accompanied by an appropriate increase in

10 #



the maximum positive moments for continuous steel beams with compact

sections.

AASHTO defines a compact section as one that is able to reach the simple
plastic moment and rotate at near constant moment during redistribution.
The simple plastic moment for a naked beam and a composite section are

calculated using the assumed stress distribution shown in Figure(2.1).

When calculating the simple plastic moments from the stress distribution
in Figure(2.1), the full width of the slab may not be effective in resisting
the moment due to elastic shear lag: the shear stress may not dissipate uni-
formly through the slab, resulting in a peaked distribution of slab stresses
over the girder. The effective width is that width of slab over which the
peak stress will give the same net force as the actual stress distribution.
AASHTO limits the effective width to the least of (i) one-fourth the span
of the girder, (ii) the distance center to center of the girders, or (iii) twelve
times the slab thickness. These limits are based on the elastic behaviour
of composite beams, but are assumed to be also applicable, if not more

conservative, at the ULS .

The 10% redistribution of elastic bending moments is applicable at the
ma.ximun; load level, or ULS. It may also be admissible at the overload
level of AASHTO, Which represents the infrequent passage of heavy ve-
hicles equal to 1.67 times theldesign vehicle. This is a serviceability limit

state with the critesia being that no objectionable permanent deformation

occur. These are prevented by limiting the flange stresses to 80% of the

»
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yield stress, F, in non—compdsite sections under the redistributes moments,
and 95% of F, in composite sections under the original moment distribu=
tion. However, these limits effectively prevent any redistribution in either
case. For the non-composite sections, the allowed ‘redistribution’ of elastic
~bending moments effectively increases the allowable flange stress to 0.89F,

at a negative bending section under the clastic moments, and something

less than 0.8F, at the positive bending section.

2.2 Provisions for Inelastic Analysis in Canadian

Codes :

Since the CSA's "Design of Highway Bridges™ has not yet adopted the LSD
option for steel bridges. there are no provisions for longitudinal redistribu-
tion of bending moments. Nor cloes the OHBDC [2] make any allowarce for
plastic disfribution. No non-linear analytical methods may be used with-
out approval except ir@ecial areas such as vield-line theory for slabs. The
OHBDC still classifies compact section is one that can reach the simple
plastic moments but need not have adequate rotational capacity to allow
for any redistribution. The slenderness and bracing limits are consequently
less restrictive than those for an AASHTO compact section . For compos-
ite sections in positive benchng, only the lateral spacing requirements for
the compression flange are assumed to be satisfied by the shear connection
between girder and slab; the slendemess limits are not explicitly waived.

Capacities are still calculated using the fully plastic stress distributions of

12
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Figure(2.1), but the effective slab width azq‘f’(given by [2] :

Where :
B, B. = slab dimensions as shown in figure (2.1).
L = equivalent span length in positive or negative as appropriate.

To further clarify the difference between an AASHTO :ompact section and
an OHBDC compact section, reference is made to the CSA’s "steel struc-
tures for buildings-limit states design”(5]. Although this code is not appli-
cable to bridge design, the classification of steel sections is universal. Here
a class 1 or plastic design section will reach the plastic moment and al-
low subsequent redistribution. A class 2 or compact section will reach the

plastic moment but need not allow any redistribution.

13
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2.3 Methods of Analysis

Within a time span of approximately 30 years, the science of bridge a.nalysi.%
has undergone major change. Following the advent of the digital computer,
and the consequent development of analytical techniques based upon its use,
the bridge designer has available today a number of powerful analytical
tools in the so-called refined methods of analysis, including the following:

e The direct stiffness methods .

1. The orthotropic plate method

£+

. The grillage analogy method.
3. The folded plate metizod.

4. The finite element methods including its finite strip formulation
e Finite Difference Me\thod .

e Semi-continuum Method .

These refined methods are by now well established for the analysis of load
distribution in bridge of various' types. It is important to realize that most
of the refined methods have limitations as to the kinds of bridge superstruc-
tures which they are capable of representing. For example, the usual grillage
analogy and the orthotropicg‘plate methods are suitableéor the analysis of
bridges in which load distribution takes place mainly through flexure and

[l
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torsion in the longitudinal and transverse directions, with deflection due to

shear being negligibly small.

2.3.1 Orthotropic plate theory :

In applying the orthotropic plate theory to bridge analysis, the bridge deck
treated as a plate. The rigidities of the longitudinal beams are assumed to
be uniformly distributed throughout the deck in the directions perpgndicu-
lar to the respective members. Thus, the actual discontinueus structure of
the deck is represented by an idealized substitute orthotropic plate, reflect-
ing the characteristic propertie.s of the actual system.. The deformations
and stresses can be computed by means of the ordinary theory of elastic
plates. The elastic properties of an orthotropic plate are defined by the

rigidity coefficients:

E.t?

= ——— 29
D= = mr—o (22)
_ E, o
D' = T 23
Gt
D, = = (2.4)
) H = :(D.v+Dw+4Ds,)] (2.5)
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VWhere :
D: = The fexure rigidity of the plate in the x direction.

D, = The flexure rigidity of the plate in the y direction.

-

-
D., = The torsional rigidity of the plate in the 'é direction.
H . = The effective torsional rigidity.

t = Plate thickness.

il

The non-homogeneous differential equation giving the relationship between
the deflection and the loading of an orthotropic plate, often referred to as

Huber’s equation is:

v . dw Fw
— O e —_—
D 3ot +-Haz25‘y2 + D, 5 r(z,y)

where w is the deflection of the middle surface of the plate at any point (z, y)

(2.6)

and p(z,y) is the loading intensity at any point, expressed as a function of
the coordinates r and y. The general solution of equation (2.6) consists of

superposition of two solutions:

W =W + W, 2.

(A%
-1
~—

where :

W), is a general solution of the corresponding homogeneous differential equa-

] v
tion:
Fw . dtw Jw )
- — 2 . = (). 2.
Degat t H gomp TG =0 (2:8)

17



and 1V, is a particular solution of the horhogeneous equatién (2.6). The
solution of the homogeneous equation is most difficult and often impossible.
Generally. such solution can be only given as infinite series. .For example,
in the case of a plate simply supported along the edges x=0 and x=1 and
subject to any boundary conditions along the edges y= constant, "Levy”
suggested that solution for the homogeneous equation may be represented

in the general form: .

Wy = Z Y, sin ”E“’ (2.9)

n=1 . !

where L is the span in the x direction, Y, is a function of the variable y.

Three different expressions for Y, are obtained for the following three basic

€ases :

1. H*> D.D,

to

*=D.D,

3. H2 < D.D,

The particular solution may be expressed as:

.pzpizi(

Where p(z) is the loading represented by a Fourier series. When the de-

nw

) p(z) (210

flection surface, w, of the orthotropic plate and the value of the constants

have been determined, the bending moment at any point of the plate can

18



be found out by:

Co Fw | Fuw o
M, =-D, (@ -+ Vé-y?) (211)
Sw F*w
/7 M,=-D, (Ez— -PVEI:?) - (2.12)

2.3.2 Grillage Analogy Method :

A wide variety of bridge types may be idealized as a grillage, where the real
structure is represented by a seties of beam elements in both the longitudi-
nal and transversal directions, as shown in Figure (2.2) . The longitudinal
stifinesses of the slab are concentrated in the longitudinal beams while the
transverse stiffnesses are concentrated in the transverse beams. Icleza.llyT the
beam stifiness should be such that when the prototype slab and equivalent
grillage are subjected to identical loads, the two structures should deflect
identically and the moments, shear forces and torsions in any grillage beam
should equal the resultants of the stresses on the cross section of the part of
the slab the beam represents. Some rules have to be followed while doing -
the grillage idealization:

1) Place grillage beams coincident with lines of design strength, i.e. parallel
to prestregs or component beams, along edge beams , along lines of strength

over begring ...ete.

2) Place edge grillage members closely to the resultant of the vertical shear
flow at edge of the deck.

19



v
3} The total number of longitudinal member can be varying from four to
twenty or so depending on the bridge geometry and the loading conditions.

4) The spacing between transverse members should be sufficiently small
for loads distributed along longitudinal members to be represented with
reasonable accurasy by a2 number of point loads acting at the intersection

points of the beams.

5) The tra.nsib'g_ii and longitudinal member spacing should be reasonably

similar to permit sensible statical distribution of loads.

r
6) Simply supported decks at skew angles less than 20 degree can usually
be analyzed with grillage having right supports. Once such an idealization
of the structure has been established the analysis of the resulting grillage

becomes very easy.

b o
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2.3.3 Folded Plate Method :

The beha.vioﬁr of a folc?d plate may be considered to consist of the action
of a senies of transverse one:way ‘strip supported elastically at the ridges
by a series of interco;:fnected plate beams spanning longitudinally between
the end diaphragms. The slab strips only transmit shears and moments
in the transverse direction, while the plate beams only transmit forces in

their plane. The analysis is not straightforward because the slab system is

assumed elastically supported by the plate system.

Yitzhaki [11], suggested a solution technique called the method of particular
loadings. In this method of particular loading the structure, under the
action of the externally applied loads, is analyzed first assuming the slab

system to be rigidly supported by the plate system and the displacements

thus set up in the plate system by these ridge loads are calculated. These

plate displacements lead to relative joint displacements, as defined in Figure
(2.3), which set up additional 'sway’ moments in the transverse slab system.

A subsequent correction analysis is carried out to take these additional

' moments into account, and the final results are obtained by superposition

of the individual parts of the analysis.

[£%)
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M = Additional sway moments due to relative I

joint displacements.

Figure 2.3: Relative joint displacements.
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2.3.4 Finite Element Method :

The finite element method. is one of the most powerful analytical tech-
niques based on the direci stiffness approach. The fundamental concept
of the finite element method is that any structure is made up of elements;
therefore, the general behavior of a structure can be determined by con-
sidering the behavior of its components (element;s). The assembly of the
elements is done by matherfhtically enforced continuity conditions at the
element node points (points where the elements ﬁe Joined to each other or
to a boundary). The minimum total potential eriergy theorem is used to
develop the relationship between unknown nodal displacement parameters
and the applied loading. A two-way polynomial function is .usua.lly used to

represent the displacement function of the structure. A set of overall stiff-

ness equation can be obtainec based on the chosen displacement function. .

The nodal displacement parameters are then solved from the equations

[12,13].

Some aspects of the method which have significant influence on the bridge
analysis is discussed below. A structure can be modelled using one, two,

or three-dimensional elements or combination of these elements. There

are two main types of one-dimensional elements namely bar element and |

beam element. Bar element can take only axial tension or compression, see

Figure (2.4). However, beam element has bending strength with respect to -

principal axes of bending as well as axial strength.
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3 a) Bar element (one degree of freedom at each node).
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b) Beam element (six degrees of freedom at each node).

Figure 2.4: One dimensional elements .
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In two-dimensional elements, if the nodes are allowed to have d.is'placements
only in their own plane, the element is termed a membrane ele\inent. Al-
ternatively, the element may be used to simulate plate bending dction by

specifying three degree of freedom at each node as shown in Figure 2.5(c).

-

Three-dimensional solid elements are seldom used in the analysis of bridge
decks . Solid elements are used more often for the a.né.lysis of nuclear reactor
and complex soil structures. The simplest elements consists of tetrahedra
or hexahedra with nodes at the corners as shown in Figure 2.6. If the mesh
is fine, the nodes need on.ly have three degree of freedom for displacement
in the three dimensions. More sophisticated elernents have additional nodes

in addition to those at the corners, with more degree of freedom at each

node.

In selecting the element type for a particular model, some factors such as
element accuracy, reliability and simplicity, as well as computational cost
must be taken into consideration. Element size should be chosen in such
a way that they are well proportioned. Degrees of freedom are assigned
only to those displacements and rotation which can be resisted by elements

connected to the node.



(a) _ Membrane Element

by (Two Degrees of Freedom
p . at ‘'Each Node)

L

(b) H | \/\/ Flexural Element
w

(Three Degrees of Freedom
at Each Node)

; \ /
] Membrane- Flexural Element
___3--—-(1. ‘ )
6! ,83 H F
____a__ (Five Degrees of Freedom
u 8y at Each Node).1
BQY U '\‘-

Figure 2.5: Typical triangular elements .
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' 2.3.5 Finite Strip Method :

Bridge decks‘ can béa analyzed with a simple and economic type of finite
element called a finite strip. The method introduced by Y.K. Cheung [f] is
very similar to folded plate analysis. The structure is assumed, as in Fig-
ufe(Q.T) to be made up of finite elements called 'strips’ which extend from
one end of the deck to the other. The strips are connected by nodes which
also run from one end to the other. A displacement function, in terms of
the _nodal displacement parameters, is chosen to represent the displacement
field and consequently the strain and strain field within each strip. Stiffness
matrix and load matrices are then obtained based on the chosen displace-
ment function.The stiffness and load matrices of all the strips are assembled
" to form a set of overall stiffiness equations. Then nodal displacements can be
solved from these equations. Therefore, the choice of displacement function

for a strip is the most critical part of the analysis.
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2.3.6 Finite Difference Method :

In this method the bridge deck is subdivided into a grid of plate elements.
The governing equations fof the orthotropic plate elements are expressed
in terms of the unknown deflections at the grid intersections. Different
~ formulations are required for different boundary conditions. The results
are a set of simultaneous equations, which can be solved for‘the unknown
deflections, from which the folrce effects at the intersection points can then
be calculated. The resulting deflection pattern approximates the actual
curved‘proﬁle with a series of linear segments, and the accuracy of the
section will depend on the fineness of the grid. A ::1ailed discussion of the

finite difference method can be found in Cusens ajd Pama [7].

Although computer programs using the finite difference method to solve
the governing equations for orthotropic plates have allowed the analysis of
many bridge configurations which otherwise would have been too difficult
or time consuming, they are still only applicable to those bridges which can
realistically be idealized as orthotropic plates. This is not always possible,

and in other cases the bridge is better idealized in different fashions.
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' 2.3.7 Semi-continuum Method :

The semi-continuum method is well suited to the analysis of girder bridges.
The longitudinal elements a.r<.: idealized as discrete members while the trans-
verse slab is represented by a continuous medium. Hendry and Jaeger[10]
first developed the method for analyzing bridges with negligible torsional
stiffnesses. Jeager and Bakht (8] expanded on the method to take account of

the torsional stiffnesses in bo:: the longitudinal and transverse directions.
‘ -~

The method provides a more rational model of the slab-on-girder than ei-
ther the orthotropic plate theory, which idealizes it as a continuous medium
in both directions, or the grillage analogy, which uses discrete members in
both directions. Although the method would appear to be a hybrid of the
other two, its formulation is relatively u'niéue. The vertical deflection and
longitudinal twist of the longitudinal members are expressed as harmonic
series. For each harmonic the deformation patterns for each longitudinal
girder are the same but with different amplitudes. The vertical load and
torque functions associated with these deformations are similarly expressed
as harmonics. The different deflections, slopes and twists of adjacent gird-
ers at some longitudinal portion result in the bending and twisting of an
associated strip of the transverse medium. The amplitudes of the longi-
tudinal deflection and twist functions at each harmonic remain unknown.
For a bndge with N-girders, these*®N unknowns are found by solving the
2N simultaneous equations resulting from equilibrium of moments, and the

relative deflections and twists between the N-girders. Alternatively, the so-
-
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solution can be generated in the form of distribution coefficients for the
total longitudinal and torsional moments from which the other force effects
can be determined. In either case a solution is found for each-harmonic
and the results summed over a sufficient aumber of harmonics depending
on the loading conditions a.nd\the accuracy required. Jeager and Bakht {§]

have shown the method yields' fairly rapid édni'eréence for loading under a

series of wheel loads. /

The results of this method have been verified against those of 2 grillage
analysis. The semi-continuum method has the advantage over the grillage
analysis of requiring less computer storage and execution time, and is there-
fore better suited for applications on personal computers. As developed the
semi-continuum method is only applicable to single. span, simply supported
nght bridges, although continuity over intermediate s;pports could be ac-
commodated by application of the forg@ metho&. However, as it is fairly
new in its current state, the method ha;gc;t vet been expanded to consider

other geometries, boundary conditions or internal releases.
-~ .
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2.4 Load Distribution ¥Factor Theory

The evaluation of the load response of bridges requires consideration of the
interaction of all parts of the system. i.e. girder, slab,.and diaphragms.
Loads on a highway bridge are distributed transversely to the main lon-
gitudiné.l gir'dex: by the floor systen:. which consists of the deck slab and
supporting members. The interaction hetween the diﬁerent components
of a highway bridge is difficult to determine, thus the complete structural

analysis of a bridge is a'complex undertaking.

For the purpose of designing new bridges or evaluating existing ones, most
codes (AASHTO 1977; CSA 1978: OHBDC 1983) provide empirical or semi-
analytical rules for transverse load distribution. Currently both AASHTO
and CSA-S6 specifications permit a simplified method according to which
the live load longitudinal moments or shears for a longitudinal girder can
be obtained by treating the girder as a beam and subjecting it to one line
of wheels of the design vehicle, the weights of which are multiplied by a
load fraction (%) S is equal to the spacing of girders, and D is a factor

accounting for the degree of load distribution in the bridge.

The concept of the factor D can be explained with reference to Figures
(2.8) and (2.9) which show the transverse distribution of longitudinal mo-
ments at a cross-section due to a vehicle on a slab-on-girder bridge. The
total live load moment JAf, that the girder under the vehicle should be re-

quired to sustain, is equal to the area under curve shown hatched in Figure
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(2.9). If the intensity of.éhe maximum IOng;tudinal moment is Mimaz)s afid
the girder spacingfis equal to S, then this area is approximately equal to
SM:(maz). Thus:

| : M, = SM ez 3 CL(213)

Now assume that the unkﬂown quantity Mi(mez), can be obtained by a

factor D which is given by : - AR
/

> M 8
: D=
- M. z(maxz)

(2.14)

‘
W'l}f&/r,e M is one-half the total moment dye to one'vehicle, or, in other words,
;ifte_?noment due to one line of wheels at the section under consideration.
Substituting the :'a.lue of M:(maz) from equation (2.13) into equation (2.14),
we get:

MS

My = & : (2.15)

Thudy if the value of D is known for 2 bridge, the maximum live load

moment in S of the bridge can be obtained as a fraction 3 of the beam -

N,

bending morment due to one line of wheels, i.e., half the design vehicle. The
Ontario Highway Bridge Design Code (OHBDC 1983) adopted. more refined
load distribution schemes which are functions of material and geometric
properties of the bridge. It also provides values of D, but these depend
upon the values of @ and 4, and also upon the total number of lanes in
the bridge and t1‘1e number of lanes occupied by the design live loadings.
(o, 8 are torsional and flexural parameters of the bridge and are defined
in reference ,OHBDC 1983). The D values are given for bridges having 3.3

meter lanes in the form of contours in the a —§ space. The design D values, -
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Dy for bridges having lane widths other than 3.3 meters, are obtained as

follow:
sCy

- BLs 2
D, D[1+ 100] (2.16)

The correction fac;\.tor Cy is obtained from a set of charts and u is given by:

Lane width in meters — 3.3 -
B = (2.11)

0.6

The development background and the details of this method are given by
Bakht et al [20]. It should be pointed out that D values given in current

OHBDC were developed entirely based on linear elastic analysis.
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2.5 Research into the Post;ElaStiC'Behaviour

of Slab-on-girder Bridges

A considerable volume of research, both analytical and experimental, has
been done over the past three decades into the post elastic and ultimate
behaviour of composite beams and slab-on-girder bridges. It is not intended
to describe the development of the general methods of plastic analysis and
design here, but rather to concentrate on those works which are applicable
to slab-on-girder bridges. The conclusions reached by the researchers will
be emphasized rather than their methods except wheie those methods have

a direct bearing on those used in this study.

2.5.1 Single Span, Simply Supported Beams

Eafz:ly' tests by Chapman [28] were some of the first to explore the post
elastic behaviour of compoﬁité 'sections. With the positive bending capacity
based on the.rectangular stress blocks of Figure (2.1), composite sections
have relatively large Eséan factors, in the order of 1.5 compared to 1.15 for
naked steel .sections, composite beams seemed appropriate Q::f:ndidates for

the ultimate strength design methods which were gaining attention at that

time.

Preliminary tests on simply supported continuous beams suggested that

this theoretical ultimate moment could be attained provided that adequate
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shear connéction was supplied‘. It was also observed that for a section with
2 relatively large slab compared to the steel section, the neutral axis at
ultimate load wa.s‘we\ll within the slab, and failure was marked by crushing
of the slab only after considerable strain hardening had occurred in the
bottom flange of the steel beam. As the relative size of the slab decreased,

the location of the plastic neutral axis moved toward or into the girder.

Chapman proposed that a section where the plastic neutral axis is located
well within the steel section may not be able to reach the ultimate moment
since failure would occur by crushing of the concrete before the steel section
could yield throughout. This was not expected to be a problem in building
design where the girders are not large relative to the slab. It may be more
critical in bridge design. Chapman also hypothesized that the location of
the plastic neutral axis served as 2 measure of the ductility of 2 sagging
hinge as well as its ability to reach the simple plastic moment. Plastic
ductility would be a requirement in an indeterminate structure where the
sagging hinge would have to rotate plastically at or above the simple plastic

moment to form 2 collapse mechanism.

Chapman and Balakrishnan [29] investiga.ﬁed the effects of shear connection
i a.ndﬁinterface slip on the ultimate bending capacity of composite sections.
' They varied the number and distribution of shear stud connector in a series
of experimental tests. They found that a minimum number of connectors
weré required to attain the maximum moment based on the rectangular

stress distribution of Figure (2.1) but beyond that additioral connectors
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served only to reduce the interface slip between slab and girder. Slip has
‘no significant eﬁ’ed on the ultimate bending capacity in this range. The au-
thors also recommended that compression steel in the slab not be included
in calculating the plastic moment capacity since small amounts had little

effect and larger amounts would have to be tied against buckling. ,

Baranard and Johnson [30] reported on an axm'tical study of the moment
curvature relationship for compoéite beams in positive bending. A com-
puter was used to locate points on the curve using the actual stress-strain
relationships for the constituent materials and integrating the resulting
stress across the section at an assumed curvature. Six composite beams
were tested to failure to check the analytical resylts. Dimensions were cho-
sen which allowed the effects of neutral axis location and the degree of
vielding in the steel at ultimate moment to be examined. These verified

the validity of computer program which was then used to model a wider

range of sections. From the experimental and analytical models it was con-
cluded that sections where thé'steel has not fully vielded before unloading
due to concrete crushing would be subjected to a rapid loss of capacity.
This is because the behaviour of concfete, in t.he declining portion of its

stress-strain curve, governs.

A brittle failure such as this would be suitable in a plastic design where
plastic ductility is required. However, it was also concluded that the use
of the simpler rectangular stress blocks, and assuming that the steel was

always fully yielded, generally gave ultimate moment capacities within 5%
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of the more precise values calculated from the computer program. This /

ultimate moment was more sensitive to the maximum allowable concrete -~

strain than the shape of the concrete stress-strain curve.

An analytical study by Yam and Chapman [31] also considered the effects of
various parameters on the ultimate bending capacity of composite sections,
including shear connection, slab depth, strain hardening, span lengths, and
loading configuration. Rather than assuming rectangular stress blocks,
an iterative technique was used to converge on the precise distribution
of stresses at the critical sections to coincide with an assumed bending
moment distribution. For the range of parameters considered the sections
always reached theoretical ultimate positive morment provided the shear

connection was adequate.
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2.5.2 Multi-Span Continuous Beams

Having established that the rectangular stress blocks of Figure (2.1) pro-
vided a reliable estimate of the ultimate sagging moment capacity of a
composite section, research then turned to plastic design of continuous com-
posite beams. In most indeterminate structures this would require that the
section not (_mly should have ultimate flexural capacities, but also tHat the
hinge should sustain that moment while undergoing plastic rotation. Some
indication of the plastic ductility of 2 sagging hinge was provided in the
earlier test on simply supported singlg span beams, but more extensive

tesfing on continuous beams was required.

Barnard and Johnson [32] reported on a series of tests of four three-span
continuous composite beams. Span configurations were varied to study ro-
tations at sagging and hogging hinges. Slab reinforcement and shear stud
spacing were also varied. Based on their observation, the authors classified
the plastic hinges in a composite beam-as their strain softening or strain
hardening depe‘néx'ng on whether the concrete slab was in compression or
tension respectively. For the compact section tested, the strain hardening
llinges, in the hogging moment regions possessed significant rotation capac- |
i%y at or above the simple plastic moments calculated using the r-ecta.ngular
stress blocks of Figure (2.1), ignoring the concrete in tension but including
the slab reinforcement. Their behaviour appeared to be governed by the
strain hardening propérties of the steel. The hinges in the sagging moment

regions were classified as s}t\ain softening since their behaviour appeared to

/
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be governed by the declining portion of the stress-stra:in curve of the con-
crete slab, at least for the sections tested which were squat, compact girders
with relatively narrow slabs. These hinges did not display significant r'ota:-
tion capacity, and those tested beams which formed strain softening hinges
first failed to support the simple plastic load. Their failure was marked by
crushing of the concrete before enough rotation could oceur to redistribute

- -

the moments and form a collapse mechanism.

»

The preliminary conclusion from these tests was that plastic design was
suitable for structures of composite construction if the sagging hinges were
the last to form. Although the ability of these sagging sections to reach
the plastic moment had been established, the ductility of these hinges was
now becoming suspect. However, Mallick and Chattopadhyay [33] tested
two and three span continuous composite beams to failure, a.gd found, in
general, that all hinges had sufficient ductility to form collapse mechanism.
The only exception. was a three span beam loaded in the outside spans
requiring a uniform plastic moment across the middle span at the plastic
collapse load, which would be rare in most cases.- In all the test speci-
mens, the plastic neutral axis was located in the slab. This would support
Chapman’s [28] earlier hypothesis that only composite sections where the
plastic neutral axis is in the slab would be a.bl.e to reach the ultimate sag-
ging moment and sustain it through enough'roﬁation to form a mechanism.
Up to this point, most of the concern with the post-elastic behaviour of
cor;posite beams was with the ductility of the sagging hinge. This was in
spite of the fact that the sagging plastic moment capacity, M,,, 15 generally
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larger than the hoggi‘ng plastic moment. My, because the slab is effective
in compression but not in tensim'L It was assumed that since the composite
section in negative bending was essentially a naked beam, it would have
the same plastic rotational characteristics as a naked beam. These have al-
ready been established in extensive research such as those reported by Lay
(34] and Lukey and Adams [353]. They determined that failure was usually
caused by local buckling at the hinge. and this was dependent on the slen-
derness of the flange and web. Slenderness limits had been established for

compact section suitable for plastic design. Bracing requirements were also

established to prevent lateral buckling during plastic rotation.
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2.5.3 Experimental and Analytical Studies .of Com-
posite Bridge Decks

Up to this point, only post-clastic behaviour of incividual éomposite beams
has been reviewed. The post-clastic behaviour of a multi-girder composite
bridge would be more complex since it involves more redundancies and re-
quires both transverse and longitudinal redistribution of bending moments.
Some of the carliest physical tests on multi-girder bridges were performed

by Lash and Nagaraja {3G] in 1970.

They reported on the testing to failure of twelve scale model slab-on-girder
bridges. The-bridges had concrete rather than steel longitudinal girders,
but the failure mechanism may still provice some insight into the plastic
behaviour of steel bridges. All the test specimens were models of a 60 ft,
single span, two lane structure with two or four longitudinal girders. Other
variables included the presence of internal diaphragms, the type of loading
. and the number of lanes loaded. In addition to the experimental test, the
authors analyzed the -bridges under various assumed failure mechanisms
to arrive at minimum npper bound estimates of the collapse loads.These
mechanism included Sexural hinges in the girders, flexural and torsional
hinges in the diaphragms, and yield lines in the slab. The test loads gener-
ally exceeded the theoretical values, although the failure mechanisms were
similar to those predicted. Longitudinal yield lines along the torsionally
stiff concrete girders were typical. Steel I-beams have much lower torsional

stifinesses, and the slab in a slab-on-steel-girder bridge would not likely de-



velop as large transverse bending moments along them. Longitudinal yield
lines are less-likely to occur in steel bridges except under specific loading

-conditions.

Heins and Kuzweil [37] performed an anelytical study of different failure
mechanisms in sla.b-on-girdef&aridges. They considered local failures of the
slab due to yield lines mechanisms within an area bounded by longitudi-
‘nal girders, support lines and free edges, and global collapse mechanisms
consisting of hinge lines which involve all girders a:é’éections of maxdimum
moments. Girder spa.cing and span lengths were varied, as were the rela-

tive flexufal capacities of the slab in the orthogonal directions and of the

- ' —
girders in positive and negative bending. It was concluded that the design

of the slab would generil)y be ignored by serviceability requirmenets, ot

“the ultimate limit state, and that global failure mecharisms would be the-

most likely to occur. The authors noted that yield line theory normally
underestimates the strength of concrete slabs due to membrane action and

strain hardening of the steel, thereby further reducing the likelihood of local
>

slab failures.
Heins and Kuo [38] performed an analytical study of single span multi-
girder composite bridges to determine the transverse distribution of live
load applicable at the wltimate limit state, which they defined as the for-
mation of the first sagging hinge in accordance with AASHTO provisions.
Although no plastic rotation of that hinge nor Ebsequent transverse re-

distribution of moments was considered, some redistribution would occur
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. .
between first yield and the formation of the hinge. The authors believed

that live load distribution factors based on elastic behaviour such as those

2.2.3 respectively, may be too conservative, and that uniform distribution

of load results from the yielding. _ b

A finite difference technique was used to solve the differential equations
of the equivalent orthotropic plates for bridg'es with various girder span
and aspect ra.tios. At each load increment, iterations were performed to
converge on the equilibrium force effects with declining member stiffnesses.
More uniform distributions of load were noted as the first hinge formed,
and the authors proposed a method to calculate the appropriate distribu-
tion factors at ULS based on the number ;Jf girders and the number of design
lanes. However, the effects of relative flexural and torsional stifnesses in
the longitudinal and transverse directions were not considered. Wegmuller
[39] investigated the same post-yielding behaviour of simply supported sin-
gle span composite bridges using a slightly different analytical technique.
Instead of an orthotropic plate idealization, he used a finite element model
which subdivided the slab and girders into layered elements. Under incre-
mental loading, an iterative procedure was again used to converge on the
appropriate element stiffnesses corresponding to an equilibrium set of de-
formations. Stiffnesses were modified to account for concrete cracking and
crushing, yielding of the steel girder. Loads up to 27% higher than first
yield were considered, but the Temphasis was on the immediate post-cracking

behaviour rather than the ULS or beyond to an actual collapse mechanism.
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In that range, however, an improvement in the transverse distribution of

longitudinal bending moments was noted.

LS,

Improved transverse distribution of load in the post-elastic range was also
the purpose of scale model b??';dge tests performed by Botzler and Colville
[40]. A two span and three span model were included, hoth with three
éompact longitudinal girders composite throughout. Loading consisted of
a single concentrated point load over the middle girder at center of one Span;
the middle span in the three span model. Loading was increased until yield-
ing has occurred in both the sagging and hogging regions with moments
redistributed from the loaded sectioq. From the load deflection plots, how-
ever, the models were not uriloa.di:—zg at this point and the formation of a
. collapse mechanism did not seem imminent. Based on measured strains the
transverse distribution of sagging momex*s at the loaded section was more
 uniform than at elastic load levels. Moments were also being redistributed
iongitudina.lly, but apparently oﬁly along the loaded centre girder since the
transverse distribu_t_tions of hogging moments at the support sections became
more concentrated in the post-elastic range. Had loading increased beyond
this, however, transverse redistribution ma;}' have occurred at the hogging

sections as well, progressing towards a collapse mechanism.

The results of another experimental test to determine the load distribution
factors at ULS were reported by Cheung et al {41] in 1986. A scale model
of 2 single span simply supported slab-on-girder bridge was loaded with
scaled Ontario Highway Bridge Design (OHBD) vehicles in one or two of the
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three lanes, increased proportionally to fail.ure. There were six longitudinal
girders with compact rolled sections. The interior girders were most heavily
loaded, and between first yield and full plasticization of the most heavily’
loaded girder, the transverse distribution became more peaked with that
girder carrying a larger proportion of the load. Subsequently, moments
were redistributed transversely and the distribution improved. However,
at the highest load level for which results were reported, the distribution
was still more concentrated than the elastic distribution, contrary to wha.-t
would be expected. The nature of the failure was not made clear, but it was
obviously not due to the formation of a collapse mechanism consisting of 2
single sagging hinge line, otherwise the transverse distribution of moments

would have been more uniform.
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Chapter 3

ANALYTICAL PROCEDURE

-

A finite element analysis was carried out using the ADINA program [1],
to analyze the bridge model. Both elastic and non-elastic behavior of the
steel girders of the bridge were taken into consideration in the finite ele-
ment idealization. The element type that is used throughout the model
is an isoparametric thick shell element with nine nodes. Only material
nonlinearity was considered in the analysis. In the plastic‘region the Von
Mises yield criterion with isotropic strain hardening was used. For ADINA,
the load is given as a function of time defining the time histery point by
point. Within each load increment an eqﬁilibrium iteration is performed
if desired. The finite element model idealized the concrate deck as linear
elastic shell elements, and the steel diaphragms as three-dimensional elastic
shell elements, and the steel girder as three-dimensional elastic/plastic shell

elements. Details of the finite element idealization are shown in Figure 3.3.
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3.1 Bridge Geometry .

The analysis was undertaken on a reduced scale model of a highway bridge
that spans the Red River near Ste-Agathe, Manitoba. The model shown in
Figure (3.1), was made to a 0.354 scale which reduced the overall size to

approximately 16.186 m. long and 3.220 m. wide .

The bridge model consisted of four W15 x 10 steel beams with steel di- p
aphragms and a cast-in-place concrete deck of thickness of 62.5 mm. The
four girders were spaced at each _?00 mm, and connected transversely by
ten C-beams acting as diaphragms? Three diaphragms were located at each
support, and two of them were equally spaced at each span, as shown in
Figure(3.2). :I‘he bridge fhodel has span lengths of 4.856 m, 6.474 m, and
47856 m. The total width of the bridge model was 3.22 m.

Taking advantage of symmetry 2bout the transverse,center line, a finite
- element mesh of 1659 nodes was used to model the bridge model. 312 shell
elements were selected to represent the girders and slab. The finite element

- idealization for the bridge model is shown in Figures 3.3, 3.4, 3.5, and 3.6 .
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3.2 Material Properties of the-Slab-on-girder
Bridge Model :

3.2.1- Girders

The 0.354 scale factor permitted to use the standard W 10 x 135 steel-beams
to model the W36 x 10* steel beams used in the prototwr pe. The struc-
tural steel is of type CS_A G40.12 with a specified minimum vield stress
of 304 M Pa, and a modulus of elasticity of 2 x 10° M Pa. To provide for
composite action, %in long channel acting as shear connectors C1.5 x 1.7
were welded to the upper surface of the flange. The shear connectors were
not s-tructurally redesigned for this bridge model but were only scaled from

the prototype. Dimensions of the girder are shown in Figure (3.2).

3.2.2 Concrete Deck

The properties of the concrete used for the bridge model deck were de-
termined by Y. Symko {25) . Concrete control cylinders of 3 x 6 inches I-

were made? for every half sectidn cast in order to™deterrnine the compres-
sive strength and the modulus of elasticity . Values of elast:ic médulus
wore determined ‘from len'g:'rtu\ilina.l strain measurements on the compres-
sion cylinders. .The average modulus values were found to be 6., 7.8, 5.1,

6.7 and 6. (in terms of 10° psi) and the avérage ultimate cylinder strengths
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6900, 7400, 6400, 7200 and 6800 psi, respectively .

3.2.3 Reinforcing Steel

The structural action of the slz;.b is essentially one-way. The load is carried
by the slab in the direction perpendicular to the traffic. Steel was provided
in longitudinal direction as temperature and shrinkage reinforcement. The
reinforcement layout is shown in Figure (3.2). The tensile and compressive
steel ratios shown in Figure (3.2) are given for 2 doubly reinforced slab

esisting positive and negative moments occurring between and at the steel

{ ‘beams respectively.

The main reinforcement has tensile steel ratio varying from 0.0198 0 0.0314
and the compressive steel ratio from 0.0071 to 0.0316. For longitudinal
rein-forcement, the small steel ratio was 0.006. '

M
£

3.2.4 Bridge Bearing

The girders of the bridge model were simply supported at one end. At that
end, theré is no longitudinal movement but only rotation. At the opposite
end and atwnterior piers, the girders are supported on a rocker and rollers
to permit both rotation about supporté and longitudinal displacement. De-
tails of the hinged and rocker-roller bearing are outlined in Figure (3.2).

/

.
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3.3 Bridge Loading

3.3.1 Load System

Two types of loads were applied to the bridge model. The first type con-
sisted of two point loads moving across the centerline of the bridge span.In
moving the load across the centerline of the bridge, the loads were posi-
tioned directly above the interior girders, to determine the effect of inter-
mediate diaphragms. The second type of loading consisted of the QOHBDC
truck load scal_eci down to fit the model and positioned to produce the

-

following:

~

1. The maximum negative longitudinal moment.

o

- The maximum positive longitudinal moment at the middle span.

3. The maximum positive longitudinal moment at the end span.

The position of the loads in the longitudinal direction are shown in Figure
(3.7). Three lanes loaded always govern the design of a three lane bridge at
the ULS in an elastic analysis. The truck loads distributed transversely over
the girders. The transverse positions of the OHBDC vehicles are shown in
Figure (3.8). In a design problem, the design vehicles would be positioned
at any transverse position within each lane so as to maximize the force

effect under consideration. This would require-that transverse positions
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Section 2.4, designers would normally use simplified methods to determine
the largest elastir.; force effect in an interior and an extetior girder, then
design all girdefs for the worst case. However, in a post-elastic analysis,
the transverse redistribution that can occur will depend on the elastic dis-
tribution of moments, which depends on the transverse positions of the
loads. Obviously, 2 multitude of combinaticns of transverse positioning
could be considered. To keep the time and expense of this analysis within

a reasonable limit, only one transverse position of the truck was included .

3.3.2 Scale OHBDC Load

The load scale factor was calculated so that the bending stresses produced
in the prototype by the actual loads would be equal to the bending stresses
produced in thé model due to the scale load. The scale load fac‘tor was
calculated to be 0.094 (;5'). The OHBDC truck load is shown in Figure
(3.9 a). This loading was simplified by combining the two 140 kN load
into one 280 kN load. This simplified loading was then moved longitu-
dinally (from I;ft to right) along the prototype bridge until the position
of maximum moment was found (positive moment govem).- The applied
loads were then reduced by the load scale factor (0.094), and the spacing
of the loads were reduced by the geometric scale factor (0.354) to get the
model scale truck load as shown in Figure (3.9 ¢). The loading in Figure
(3.9 c) was further simplified. The 5.64 kN load was eliminated to create
only three lines of load. The other three loads were increased by (7.18%)
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in ordef to produce the same maximum moment with three loads as was
" produced with the original four loads, see Figure (3.9 d). This adjustment

of the loads increased the maximum value of the shear by only 5%.
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Figure 3.3: Finite clement mesh of the Lridge model for NTC.
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b) Finite element model-web elements.

¢) Finite element model-bottom flange elements.

Figure 3.4: Finite clement mesh of the Lridge model for PTC.
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Figure 3.5: Finite element mesh of the bridge mnodel for PTS-3L & PTS-1L.
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¢) Longitudinal position of scaled OHBDC load for the PTS.

Figure 3.7: Position of the load in the longitudinal direction.
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a) Three lanes loaded. -
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b} Two lanes loaded.

¢} One lane loaded.

Figure 3.8: Transverse Truck Positions Considered.
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3.4 Failure Criteria

It has been established that the bridge could fail due to a variety ;f reasons.
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 unstable. At the point of collapse, all the hinges are
free to rotate while still resisting their simple plastic moments. However, it
is possible that 2 hinge will have exhausted its plastic rotational capacity
before a mechanism can form. If it unloads faster than the moment can
be redistributed to other parts of the structure the load m reach the
simple plastic collapse load. Duct1htx of a sagging hinge depends on the
degree of strain hardening in the tension flange of the steel girder before the
slab concrete crushes. Various geometric and material properties influence
this ductility{17}. Hogging rotation capacity depends on slenderness ratio
and latefal bracing much the same as for naked steel beams, although the
sleciderness req-uirements for the web are severe because the slab reinforce-
ment in a composite section will put more of the web into compression at
the plastic moment than in a naked section [18]. Alteraatively non-compact
sections can be assumed to have sufficient hogging rotational capacity at a
reduced effective moment accerding to Autostress Design Methods. High
vertical shear could also cause a failure prior to the formation of a collapse
mechanism, or could cause a reduction in the flexural capacity at hogging
hinges over interior supports. The effect of a shear failure on the plastic
collapse be'hz‘a.vior of the bridge ‘in question was not considered explicitly

f
¥
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because the shear capacities can be increased more or less independently of
the flexural capacities by thickening the web. This could still influence the
redistribution cheracteristics in that the thicker web improves the rotation

capacity of a hogging section.

3.4.1 Numerical Verification
'
In order to show the validity of ADINA that was used in the a.ﬁalysis to
develop the load distribution factors, a bridge analyzed experimentz;lly by
Dorton [19] and analytically by Bakht and Cheung {20] using OHBDC, was
chosen to verify the computer solution presented in this thesis .

. .
The structure selected was slab-on-girder bridge with six girders. The de-

; _sign details of the bridge is shown in Table(3.1). also the cross section of
+ the bridge is shown m Figure (3.10) . Using simplified method given in
the OABDC . The calculation stezas in arriving at Dyegign , are :

EI _ E(56.29 x 10°)

=—= = 23829. .
D=5 == 2%3 3829.62E @.1)
Et?  E(19.058° __
Dy =5 = =~ =5T6.11E (3:2)

* Neglecting the contribution of the steel beams to the torsional inertia,

3 =33
D., =D, = &L _ £(19.05) = 500.96E . (3:3)

< 6  121+.13)

2.
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Figure 3.10: Cross scction of a slab-on-girder bridge.
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Table 3.1: Design details of the bridge and material properties

Bridge span length = 18.29 m.
Bridge width = 13.72m
Spaéing of beams : = 236 m
Slab thickness N = 190 mm.
Number of beams = 6
Yield stress of beams - = 300 MPa
| Modulus of elasticity of steel = 20x10° MPa
Modulus of elasticity of concrete = 26.5 x 10° MPa
Poisson’s ratio = 0.15
D, =D, = vD, = 0.15(576.11)F = §6.42E (3.4)-

1 D:y+Dy=+D,+D2] .
== |— - 3.5
2 I: (D:Dy)o's ( )
1 [500.96 + 500.96 + 86.42 + 86.42
_1 =0.1 3.
*=3 [ (23829.62 x 576.11)°% ] 0.16 (38)

0.25 — 5 025
g E % _ 13:1.03- [..3%29.6-] —0.95 (3.7)
2L | D, 2 x,1828.71 :’516.11
The lane width is 4.27 m , therefore, S
427-3.3 .
=—=16>1 . ' 3.8
0.6 > (38)
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"‘Useu=1.

From the charts (3-7.1.2.1 b) given in OHBDC [2], the values of D and c;
are 1.98 m and 6.8% respectively, therefore ,

1x6. ’
Ddcs:’yn = 198(1 + ;(00 8) = 2.12m. (3.9)

- This value is compared with the value obtained from ADINA using elastic

analysis as shown in Table 3.2 .

Table 3.2: Comparison of distribution factors obtained by ADINA,
OHBDC, and reference[20] '

N

> Method Diesign

meters | feet
- OHBDC 2,12 | 6.96
ADINA 220 | 7.7

o

-1

Testing[20] | 2.43 | 7.9

Approximately 3.6% difference of D value between the finite element method
and OHBDC method. This percent could be further reduced by increasing

the number of elements.
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Chapter 4

RESULTS AND DISCUSSION

1

-
—

The results for the seven separate analyses are presented in this chapter.

They are listed below and labeled as the following:

1. Maximum negative moment in the continuous span bridge.

S

. Diaphragms are not included.
3. Transverse hinges included in tHe analysis.
" 1. Maximum positive moment in the, continuous span bridge.

2. Diaphragms are not included.

3. Transverse hinges included in the ana.lj'sis.

'
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4. Longitudinal hinges included in the analysis.
e PTS-3L

1. Maximum positive moment in the simply supported bridge.
2. Diaphragms are not included.
3. Transverse hinges included in the analysis.

4. Three lanes loaded.
e PPS]

1. Maximum positive moment due to point load in the continuous

span bridge.

ta

Diaphragms are included.
3. Transverse hinges are included.
» PPS2
1. Maximum positive moment due to point load in the continuous
span bridge. .
2. Diaphragms are not included.

3. Transverse hinges are included.

e PTS2L - AN

' . )

1. Maximum positive moment in the simply supported bridge.

2. Diaphragms are not included.



3. Transverse hinges included in the analysis.

4. Two lanes loaded.- ..

[ ] E ]:i-lli ,&.\-\’
L]

1. Maximum positive moment in the sunply supported bridge.
2. D:aphragms are not included.
. Transverse hinges included in the analysis.

3
4. One lane loaded.

4.1 Critical States:

-~

As mentioned in section 2.5 , the plastic collapse is not the only possible
mode of failure in an elasto-plastic analysis. Rapidly increasing deflection
subsequent to a significant decline in stiffness would be another critical

state, even though the structure is technically stable .

There are other stages in the post-elastic loading that may also be critical
with respect to changing behavior . Due to the loading configuration and
the geometry of the bridge model , the first hinge to form was a sagging
hinge, even in that case where the vehlcle was positioned to maximize neg-
ative bending moment. The beginning of post-elasticity with the formation
of the first hinge is one such state. According to OHBDC specifications, this
would represent the capacity of the bndge at ULS for the specific loading
configuration.



- In summary, there are four states in the ela.sto-plastlc loading when the
behavior of the structure rna.y become critical. The four critical sta.tes are

defined as follows : - ’.

1. Formation of.the first sagging hinge.

&

Formatio:;l of the first hogging hinge.

3. Significant reduction in the overall stiffness of the structure, followed

by rapidly increasing deflection.
4. Failure at the ultimate load.

[

In all the analyses the four critical states in s:equence at distinct load stages,



4.2 Transverse Distribution:

—

Transverse distribution of moments could be expressed numerically by the
* load distribution factor, D. This value, which has unit of length, is used in
the ratio %, where S is the girder spacing, to calculate the fraction of the
load effects due to one wheel line of the design vehicle to be carried by one

girder. The transverse distribution factors calculate as follow:

where, n is the number of lanes loaded. The load distribution factor for
the most heavily loaded interior and exterior girders at the critical sections
and at each critical state are tabulated in Tables 4.1 to 4.7. The larger
the value of D, the less load that girder will carrv. At the elastic stage
and the formation of the first hinge the exterior girders usually have D
values Jarger than the interior girders. The closer the values of D across
a section, the better (i.e. the more uniform) the transverse distribution of
load. Consequently, as the moments are redistributed transversely, the D
values for the interior girders increase while those for thé exterior girders

decrease.

In Figures 4.10 to 4.14, the moment ratio for each girder at the three stages
is plotted, where the moment ratio is given by the live load moment in each

girder divided by the total live load moment across the section (%f-) For
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bulk of the load is carried by the interior girders in an elastic distribution
(i.e. elastic stage). At stage two (elasto-plastic), the transverse distribution
»

el . - . - . +
of the moments begins to improve, reaching the uniform distribution at

utimate .

The transverse distributions for that analysis where both lanes where loaded,
NTS-2L, is shown in Figure (4.13). In this case, the elastic distribution has
the most of the moments carried by the girders G2, G3, and G4, with a
larger proportion resisted by the girciers G3 and G4. The exterior girder
&) furthest from the load resists only a small moment in the opposite
sense to the others . In the post-elastic ra;.ge, the transverse distribution
‘improv'es among the two most heavily loaded girdérs (G3 and G4). The
girders G1 and G2 also resist an increasing proportion of the moment and

1t
the redistribution was not achieved at any section.

§ b
For the case where one lane was loaded (PTS-1L), the load initially is

hca.rried primarily by the interior girders in the elastic stage . However, as
the load increases causing yielding of the interior girders, the distribution

' \
of the moments begin to-change. At the elasto-plastic and ultimate stages,

the transverse distribution of the moments begin to improve as shown in

Figure (4.14).

—

For the Tables 4.1 to 4.7, the distribution factors for all the cases‘—arh\-

nearly constant under low magnitude of load (elastic stage). This value is N

A
a function of the elastic stiffness of the slab and the girder as well as the \//

loading configuration. The distribution factors start to decrease when first
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yield occurs at the interior girders. This trend continues until the section
becomes fully plastic. Then, any further increase of external load will be
distributed to the external gh‘ders until sufficient number of plastic hinges
have developed to form a collapse mechanism—Table 4.1 also shows that
- the total moment is distributed both tra.nsve?rsely and longitudinally as the

load increases.

-}
~1




4.3 Longitudinal Distribution:

The longitudinai‘distribution of live load bending moment for the PTC at
each load step, is shown in Figure (4.1). This represents the distribution
of the total longitudinal moments s\euned over each of the four girders .
The maximum positive and negative moments are indicated by M+ and

M~ respectively. ) »

The distribution at tie formation of the first hinge is elastic. The longitu-

dinal distribution factor, ¢, is given by : SN g

W = (ﬁ) | (4.2)

where :
A

M7, M,™ = the total negative moment at the first and n** states

" respectively.

@

fis fa = the live load factors at the first and n'h states respectively.

-

This 1s the ratio of the elasto-plastic hogging moment to the ela.stzc moment
at an equivalent load multiple. The expression 100(1— 1) 3 welds the percent
redistribution of moments from the hogging region to the sagging reglon .
A negative value corresponds to net redistribution from the sa.ggmg regmn

to the hoggmg region (i.e. ¢ > 1). The values of longitudinal distcibution .

"factors are shown in Table (4.1).



Table (4.1), shows small amount of longitudinal redistribution achieved for
the PTC analyzes loaded to maximize positive bending, 0.2% to 15.2% by

stage.two, and up to 19.4% by failure.
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Figure 4.1: Longitudinal moment distribution, case PTC .
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4.4 Load vs. Deflection .

The nonlinear behavior of a bridge is perhaps most easily revealed when the
load-deflection curve of some suitable point is plotted . For this bridge, the
‘maximum deflection at the mid-5pan for.both exterior and interior girders
are plotted against the load for all the analysis in Figures (4.3) to (49).
' In each case analyzed, it fs seen thet these curves have, of course, a linear
portion in the beginning. When plastification starts, deflection increase
more rapidly. After a certain load level these cirves again seem to have
an almost linear but still rising portion . In Table {4.4), the maximum
deflection for exterior girder in the case of PP31 is more than that in the

case oh\PPS2 by 10% in the elastic stage. This percentage decreased up to
0.2% at the ultimate.

The collapse caused by plastic hinge action is usually indicated by 2 hor-
izontal portioﬁ in the load-deflection curve. The corresponding load level
1s then taken as the plastic load. In this case, an estimation for the limit
load can be determined by the intersection of the two tangents to the load

deflection curve .

e
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4.5 Effect of Diaphragms

‘ ‘
In théQ\.ses of PPS1 and PPS2, two point loads were applied on the mid-
span o.f eac]:\of the interior girders to determine the effect of the diaphragms
. The initial yielding of the girders was predicted at a load of 275 k.
Some typical results are presente.d it Table (4.4) to illustrate tl:;e effect of
diaphragms on the t‘ra.nsverse distribution of bending moments and the de-
flection at the mid-span . The data presented in Table (4.4) indicate that
the diaphragms improves the distribution factors by 0.2% in the elastic
stage. This percentage increased up to 2% at the ultimate . The result also
serves to indicate the general non-uniform distribution of bridge response
when load is applied in a relatively concentrated mode. It shoﬁld be em-

phasized that with increasing load across the section(more lane loaded),

the distribution of moments becomes much more uniform.



-

* - ; ' Y .
4.6 Number of Lanes Loaded | -
- - ”
For the three lane bridge analyzed, two conclusions can be made regarding

the effect of the number of lanes loaded.

First, one and two lane loading wowdd not govern the design of the bridge at
ULS regadless of whether capacity is based on elastic strength calculation,

plastic collapse, or any of the intermediate states identifed as being critical.

Second, three lane loading generally will govern the design of the bridge at
ULS and it is possible to achieve a collapse mechanism . This would be
contingent on sufficient capacity in the slab to allow complete transverse
redistribution. With one and two lane loaded, however, the formation of a
collapse mechanism is highly. imp‘robable based on the signiﬁcémt decrease
in stiffness and rapidly increasing deﬂgctiqn which&gg predicted before

any substantial transverse redistribution was achieved .

Iy

In practice, the truck can occupy any location across the bridge, therefore,
one and two lanes loading cases will be important when assessing an existing
bridge. N

.



4.7 Load Multiples and Strength Reserve :

The load multiples or (load factors) are presented graphically in Fiéure
(4.2), from which certain observations are easily made. First, for a given
long1tud1nal positioning of the vehicles the load factors for a contmuous
span bridge are more than those for simple-span bridge at ea.cb\c;ntsc\al
state . In Figure (4.2) it can be se;zn that the ultimate load capacity fo>\
- the one and two lanes loaded (PTS-1L and PTS-2L) is higher than that for
th-e three lanes loaded (PTS-3L) . Also in a comparison of NTC vs. PTC,
the load factor at critical state one (formation of the first ‘hinge)—is less”
v.hen the vehicles are positioned to maximize negative rather tha.n positive
| moments, but at all other cases the load factors for the posxtne bending

case govern.

This indicates that when dealing with moving loads, the strength reserve
between the formation of the first hinge (i.e elastic failure) and the plastic
collapse of the"bridge is given by tlvxek m.inimum‘pla:stic collapse load factor
divided by the minimum elastic failure load factor, which may not neces-
‘sarily be for the same load position. For example, it would be 7.44 (PTC,

state four) divided by 4.8 (NTC state one), yielding a strength reserve of

1.55. . ¥
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Table 4.1:. Moments and Load Distribution Factors for PTC

Load factor || Moment (kN.n) D (m} Y. (m).
| ) Exterior | Interior | Exterior | Ifterior ‘
1.0 - 29.185 | 35.317 | 0.6630 | 0.5479 -
29 , 58371 | 70.635 | 0.6630 | 0.5479 | -
3.32" 111.525 |134.923 | 0.6630 | 0.5479 1.
4.0 | 116.726 | 140.844 9 0.6620 | 0.5486 || 0.9981
- 46 || 134.573 | 160.657 (00581 | 0.5513 ) 0.9948
5.2 153.633 | 178.901 || 0.6493 | 0.5576 || 0.9912
5.8 | 173.933 | 192,165 | 0.6315 0:5715 || 0.9783
| 64 | 154576 |'100.727 || 0.6100 | 0.5003 | 0.9089
7o 192.116 | 190.800 || 0.5979 | 0.6020 || 0.8479
B 744 || 195.509 | 191.467 | 0.5937 | 0.6065 || 0.5064

'-"r s, . . . .
'* first yiclding started at the interior girder

2** both exterior and interior girders are yielded

S0



Table 4.2: Moments And Load Distribution Factars For NTC

C/\\&_/ Load Factor || .Moment (kN.m) D (m)
“ . Exterior | Interior || Exterior | Interior
28.986 | 34.970 | 0.6619" | 0.5487
4. 115.948 | 139.881 || 0.6619 | 0.3487
4.8" 140.980 | 165.237 || 0.6316 | 0.5559
’ 5.2 155.165 | 178.360 || 0.6448 | 0.5610
5.6 169.955 | 187.818 || 0.6315 | 0.5715
72 233.442 | 248.078 § 0.6188 | 0.5823
5 236.732 | 246.832 | 0.6128 | 0.5848
8. 242,189 | 245.404 || 0.6039 | 0.5961
8.4 245.901 | 240.585 || 0.3935 | 0.6066

™~
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Table\@i /M’;Dments And Load Distribution Fa:t/ors For PTS-3L g

TN

AN

J

Load Factor | Moment (kN.m) D (m)
Exterior | Interior || Exterior | Interior
- 1. 33.177 | 40.206 || 0.6636 | 0.5476
2, 66.356 | 80.411 { 0.6635 | 0.5476
3. 99.532 | 120.617 || 0.6636 | 0.5476
3.8" 127.111 | 152.651 || 0.6603 | 0.5498
4. 7| 133.925 | 160.084 || 0.6586 |.0.5510
4.2 142.821 | 170458 | 0.6581 | 0.5514
4.4 150.764 | 176.840 | 0.6519 | 0.5557
4.6 158.469 | 183.225 || 0.6469 | 0.5595
4.8 166.610 | 188.014 || 0.6385 | 0.5658
5.0 175.753 | 190.522 || 0.6252 | 0:5767
5.2 186.161 | 201.400 | 0.6246 | 0.5773
5.4 189.553 | 204.580 || 0.6238 | 0.5780
5.6 192.841 | 200.450 {| 0.6118 | 0.5886
5.8 193.979 | 192.203 || 0.5983 | 0.6017
5.93 189.329 | 190.578 | 0.6019 | 0.5980

38
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Table 4.4: Deflection and Load Distribution Factors for PPS1 and PPS2

Load Factor || Girder || Deflection (mm) |* D (m)
- | ppsi| pps2 | pps:|Pps2
0.25 Ext. || 240 | 219 | 3.049 | 3.065

~
Int. || 3.64 | 3.89 | 1.274] 1.277
3 0.50 Ext. | 481 | 437 | 3.048]3.065
Int. | 7.27 | 7.78 | 1.273 | 1.278
0.75 | Ext. | 7.20 | 656 | 3.049 | 3.066
» Int. | 10.91 | 11.66 7| 1.274 | 1:278 |"
\ 1.00" Ext. | 9060 | 875 | 3.046 | 3.064
Int. || 1455 | 15.55 | 1.277 | 1.274
i 1.50 Ext. || 13.49 | 14.32 | 2.834 | 2.918
Int. | 24.05| 26.06 i 1.319 | 1.302 =
2.00 Ext. | 23.04 | 21.41 | 2.521 | 2.589
Int. | 36.51 | 39.65 | 1.400 | 1.380
2.50 Ext. || 36.85 | 35.67 | 2.300 | 2.352
Int. | 55.77 | 60.52 | 1.478 | 1.458
. 2.75 Ext." | 48.14 | 47.41 | 2.218 | 2.303
Int. || 69.34 | 75.66 | 1.515 | 1.498
2.80 Ext. | 50.87 | 50.57 | 2.214 | 2.640
Int. || 72.68 | 79.43 | 1.516 | 1.479
2.82° Ext. || 52.11| 51.99 | 2.215 | 2.265 |

Int. | 7¢15| 81.01 | 1.516 | 1.480
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Ta.lbl“e 4.5: Moments And Load Distribution f‘actors For PTS-2L
Load Factor Moment (kN.m) D (m)
y -G1 G2 G3 G4 || GI | G2 | G3 G4
1. 5.836 | 21.342 | 35.359 | 34.738 || 3.750 | 1.026 | 0.6190 | 0.6300
2. 11.676 | 42.674 | 70.714 | 69.492 | 3.750 | 1.026 | 0.6190 | 0.6299
4." 23.352 | £5.341 | 141.413 | 139.076 || 3.750 | 1.026 | 0.6192 | 0.6296
6 37.447 | 135.733 | 201.103 | 208.255 || 3.500 | 0.9656 | 0.6518 | 0.6204
7. 94.544 | 163.586 | 212.858 | 220.325 || 2.687 | 0.8958 | 0.6885 | 0.6651
8. 83.339 | 177.426 | 209.755 | 215.425 || 1.852 | 0.8699 | 0.7358 ‘O.TIG-L
10. 148.844 | 192.541 | 240.237 | 240.678 |} 1.243 | 0.9609 | 0.7701 | 0.7637
11. 171.893 | 208.565 | 260.927 | 259.301 || 1.179 | 0.9717 | 0.7767 | 0.7815
11.18* 176.379 | 212.346 | 264.861 | 265.810 ||.1.173 | 0.9742 | 0.7810 | 0.7811

.
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Table 4.6: Moments And Load Distribution Factdrs For PTS-1L

-~

Load Factor | Moment (kN.m) | , D (m)

V| Exterior | Interior || Exterior | Interior
o R 7.322 | 16.450 | 2.922 | 1.301
14.645 32.902 2.923 1.301

)

s. 58.590 |131.621 | 2.922 | 1.301
8.2 60.063 | 134.697 | 2.918 | 1.301
12. 91.035 | 189.881| 2.777 | 1.331
14. 121.558 | 205.635 | 2422 | 1.432
N 16. 142.671 | 108.440 || 2.152 | 1.347
18. 168.873 | 211.239 | 2.026 | 1.619
20. 181.670 | 215.190 | 1.966 | 1.660

2042 185.084 | 217.646 1.938 1.665
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Chapter 5

»

SUMMARY AND
CONCLUSION

5.1 Summary

?’he objective of this thesis , given in chapter 1 , were as follow : -

(3%

. To study the elastic and inelastic behavior of the continucus slab-

on-girder bridge model , in particular , the load distribution in both

transverse and longitudinal directions.

. To study the effect of diaphragms on the transverse load distribution.

-

To study the effect of the number of lanes loaded.
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Background material on refined and simplified methods for the analysis of
bridge superstructures was presented in chapter 2. Seven methods were
briefly described, six refined methods and one simplified method. An ana-
lytical procedure including the loading system and idealization of the bridge

was described in chapter 3.

In order to confirm the validity of "TADINA” that was used in the analysis,

a simply supported span bridge of 18.29 m was compared with ADINA

results presented in chapter 3 . Results were presented and discussed in

chapter 4 . Finally ADINA-IN (input data) listings for the all cases are
included in the appendix . '



>

5.2 Conclusion

All conclusions made are restricted to the bridge model and those load

configurations analyzed. Since only a few variations of a limited number of-

parameters were included, no design recommendation as such will be made.

Only

1.

s {\)

recommendations for future research will be offered.

The nonlinefr finite element analysis program "ADINA” can be used
efficiently and accurately in predicting stress distribution and com-
plete nonlinear behavior of the composite slab-on-girder bridge. In
applying -\.DI\A to the analysis of the bridge , the numerical results

will reflect the behaw ior of the bndge
4

The distribution factors varied significantly from elastic stage to the
ultimate stage. The transverse distribution factors started with a

constant values in the elastic stage, after yielding occurred, 2 greater

%percentage of load was redistributed laterally to the exterior girders

and longitudinally to the supports. In this m;a.nner, the structure at-
tempts to utilize the full plastic capacity of all girders which , however
, ¢an only be achieved if the slab is capable of redistributing the load

~

The amount of longitudinal redistribution that will be required de-

- pends on the longitu&inal position of the vehicle and the relative

",ﬂ\‘

“capacities of the bridge in sagging and hogging bending. These de-

termine the ratios of live load flexural capacities to the elastic live load

106

L 4



i

~1

more uniform these values are , the less longitudinal redistribution

© will be required.

Load distribution characteristics are dramatically improved when the

number of the loaded lanes increased.

. The load distribution factor,.D, is improved between the elastic and
[

the ultimate stages. For example, in the case of three lanes loaded,
the D value at the interior girders improved by approximately 9%,
this percentage increased up to 28% and 26% for the one and two

lanes loaded respectively .

. Significant reserve of capacity can exist between that based on elastic

strength calculation for the mest ltxea\'ii}' 1oaded member and collapse
of the entire structure. The magnitude of that reserve capacity for a
specific positioning of the design vehicle will depend on the amount of
longitudinal redistribution which is req‘ired before a collapse mech-

anism is complete.

. The presence of the diaphragms will improve the transverse distribu-

tion factors.
. {
One and two lane loaded cases would not govern the design of the

bridge at ULS regardless of whether capacity is based on elastic
strength calculations, plastic collapse, or any of the inte#mediate

states identified as being critjcal .

The governing case for design purpose is generally a symmetrical one

in which 2all lanes are loafiec‘i.
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9. The governing case for design purpose is generally a symmetrical one
in which all lanes are loaded. '

108



5.3 Suggestion for Further Research

-

In this thesis, a number of questions arose which were not directly within
the scope of this thesis . While time was not available to answer them here,

the author feels that the follov;ing issues deserve further study :

\
1. Use of finite element procedures for design. Using parametric studies
with finite element bridge models, it should be possible to develop
design‘charts similar to, and perhaps more accurate than those cur-

rentiy used in the Ontario Code .

o

The ability of the slab to redistribute moments transversely while

resisting the formation of longitudinal yield lines .

3. The effect of different transverse positions of the bridge vehicle on the

redistribution patterns and the reserve capacities.

4. Additional variations in the bridge configurations considered, includ-
ing the number and length of spanﬁ, the number of lanes, the number

and spacing of girder, structure width, ...etc .
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*PLOTSIZE® 30 28

DATABASE CREATE

HEAD *ADINA=-IN for Ccse NTC*
MASTER IDOF=Q00CO1 NSTEPw1
ITERATION MmBFGS
STIFFNESS-STEPS
EQUILIBRIUM-STEPS
PRINTOUT VOLUME=MIN IVC=0 [AC=0
TIMEFUNCTION 1 .

0 0.

11.0

PRINTNODES 1 1659 1
COORDINATES

ENTRIES NODE X Y Z

1 <1610 16186 277.75-

21 -1610 11330 277.75

37 ~1610 8317.4 277.7%

49 ~1610 5981 277.75

55 —1610 4856 277.7%
BITV610 3432.2 277.75

79 -1610 0 277.7%

159 1350 16186 277.75 ¥
237 -1350 0 277.7%

633 0 16188 277.7%

653 0 11330 277.7%

669 0 8317.4 277.75 ’
681 0 5981 277.75

687 0 4856 277.75

695 0 3432.2 277.75

711 0 0 277.7%

949 -1401 16186 0
969 -1401 11330 0
985 -1401 8317.4 0
997 -1401 5981 0
1003 -1401 4858 0
1011 1401 3432.2 0
1027 -1401 0 O

1107 -1299 18188 0
1127 -1299 11330 ©
1143 ~1299 8317.4 0
1155 1299 %981 O
1161 —1299 4858 ©
1169 ~1299 3432.2 0
1185 -1289 0 0

1423 -501 15188 0
1443 -501 11330 0
1459 ~501 8317.4 0
1471 =501 %981 0
1477 =501 4858 0
1485 -501 3432.2 0

-i"’



1501
1581
1601
16817
1629
1635
1643
1639
. 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

-501 0 O
-399 186 0
-399 11330 ¢
-339 8317.4 0
-399 5981 O
-399 4856 O
-399 3432.2 0
-399 0 0

STRAIGHT Ni=1 N2=21 ELwiQ MIDw! NF@2 NS=i Rwi
STRAIGHT Ni=m21 N2=37 EL=8 MIDmi1 NF=22 NS=i Rwt

STRAIGHT N1=37 N2=49 ELw& MIDm1 NFm35
STRAIGHT N1=m49 N2=55 EL=3 MIDmi NFaS0
STRAIGHT N1=55 N2=53 ElLwd MIDm1 NFm58
STRAIGHT Ni=63 N2=79 Elm8 MIDm1 NFw=§4

STRAIGHT Nim1 N2w159 Elmi MID=1 NF=80 NS=75 Rwi
STRAIGHT Ni1m159 N2w833 EL=3 MID=1 NFm238 NS=79

Nim79 N2=237 EL=1 M=! NFm158 NS=79

N1=237 N2=711 ELm3 M=! NEm318 NS=79
N1mE33 N2m653 ELw10 Mal NF=634

N1mES3 N2=SE9 EL=8 M=l NF=854

N1=869 N2w881 ELmS M=l NF=870

N1mE881 N2=887 EL=3 M= NF=882

N1=837 N2=895 Elwé Mm1 NF=88S

N1m§9S N2=711 EL=8 Mmi NF=S98

N1=G49 N2=3969 ELm10 Mm1 NFw9SQ

N1=§69 ‘N2=98S ELmB Me1 NF=970

Ni=98S N2=g97 EL=8 M=1 NF=988

N1=g97 N2=1003 EL=3 M=1 NF=398

Nim1003 N2=1011 ELmé Mmi1 NF=1004 '
Ni=m1011 N2w=1027 Elw8 M=l NF=1012

Nim1107 N2=1127 EL=10 M1 NF=1108 .
Ni=m1127 N2=1143 EL=B M=i NF=1128

Nim1143 N2=1155 ELwS Mmi NFmi1144

Ni=1155 N2w1161 EL=3 M=1 NF=i158

Ni=11681 N2=1169 EL=4 MIDwi’ NF=1182
STRAIGHT N1=1169 N2m=1185 ElLa8 MIDm1 NF=1170
STRAIGHT N1=1423 N2m1443 CLa{0 MIDm1 NF=1424
STRAIGHT Nim1443 N2wi459 ELm8 MIDm1 NFam1444
STRAIGHT N1m1459 N2m1471 ELw8 MID=1 NFw1480
STRAIGHT Nim1471 N2=1477 ELa3 MIDm1 NF=1472
S N1=1477 N2m1485 EL=m4 Mw] NF=1478

S N1=1485 N2=1501 ZLm8 Mmi NFm{488

S Ni=1581 N2=1601 EL=10 Mmi NFwi582

S Nim1601 N2=1617 EL=8 M=1 NF=1802

S Ni=1617 N2=1629 Elw8 Mmi NF=1618

S N1=1529 N2=1835 ELa3 Mail NF=1630

S N1=1835 N2m1643 Elmé Mml NFm1638

S N1m1643 N2=1659 ELm8 Mui NFmi1S44
COMBINED 1 79 21 37 49 55 63

ULV UKW

CGJBINED\1 633 159 .

.



3

LINE C 79 711 237

LINE C 633 711 853 569 831 8§37 895

LINE C 949 1027 969 985 937 1003 1011

LINE C 1107 1185 1127 1143 1155 1161 1189

LINE C 1423 1501 1443 1459 1471 1477 1485

LINE C 158t 1659 1601 1617 1629 1635 1843

MATERIAL 1 ELASTIC Emé,35SE4 NU=O.15 D=0. K=0,83333
MATERIAL 2 PLASTIC Hwl Em2ES NU=Q.3 Ym304. ET=0. D=0.
EGROUP Nem1 SHELL D=S M=1 RINT=3 SINT=3 TINTe2

GSURFACK 1 79 711_633 EL1w39 EL2wé NOwS NF=2 EF=1
THICKNESS 1 65.5

STRESSTABLE 1 1 23 456 7 8

EDATA

ENTRIES EL NTH TABLE

1119

70 '

156 1 1 ,

EGROUP N=2 SHELL D=S Mm2 RINT=3 SINT=S TINT=2 -

GSURFACE 949 1027 1185 1107 EL1a39 EL2m1 NO=Q NF=§S0 EFmd0

GSURFACE 1423 1501 1659 1581 EL1m39 EL2w] NOwd NFw1424 EF=118
COORDINATES v

ENTRIES NODE X ¥ Z

712 -1350 181868 277.75
791 -1350 161868 138.87%
870 -1350 18188 0

732 -1350 11330 277.7%
811 -1350 11330 138.873
890 -1350 11330 0O

743 -1350 8317.4 277.75
827 ~1330 8317.4 138.87%
906 -1350 8317.4 0

760 -13%0 5381 277.75
839 ~1350 3981 138.875
918 -1330 5981 ¢

768 —1350 4858 277.7%
845 —-1350 4858 138.875
924 —13350 4838 0

774 —1350 3432.2' 277.7%
853 -1350 3432.2 138.875
932 —-135%0 3432.2 0

1186 —450 18188 277.7%
1265 —450 16188 138.87%
1344 -430 18188 0

1206 —430 11330 277.7%
1285 —450 11330 138.873%
1364 —4350 11330 O

1222 :450 8317.4 277.73
1301 —430 8317.4 138.873
1380 —450 8317.4 0

1234 —430 3981 277.75



1313 —450 5981 138.87%
1392 —450 5981 0"

1240 —450°4858 277.75%

1319 —450 4358 138.87%

1398 —450 4858 0

1248 —450 3432.2 277.7%

1327 —450 3432.2 138.87%

1406 —450 3432.2 0

NGENERATION TIMES=20 NSTEPmt1 YSTEPw—242.8

712 STEP 7% TO 870

1186 STEP 75 TO 1344

ENODES

ENTRIES EL N1 NS N2 N8 N13 N6 N& N7 N3

1 712 713 714 791 792 793 870 871 872

7971186 1187 1188 1265 1266 1267 1344 1345 1348
EGENERATION TIMES=9 ESTEPw! NSTEP1m2 '
179

NGENERATION TIMES=18 NSTER=1 YSTEPw=-183.2875
732 STEP 79 TO 890

1208 STEP 79 TO 1384

ENCDES _ .

ENTRIES EL N1 NS N2 NS N13 N6 N4 N7 N3

11 732 735 734 811 812 813 890 891 892

89 1206 1207 1208 1285 1286 1287 1364 1365 1366
EGENERATION TIMES=7 ESTEP=1 NSTEP1w2

11 89

NGENERATION TIMES=12 NSTEP=1 YSTEPw—194.7

748 STEP 79 TO 906

1222 STEP 78 TO 1380

ENODES

ENTRIES EL N1 N5 N2 N8 N13 N6 N4 N7 N3

19 748 749 750 827 828 829 906 $07 908

97 1222 1223 1224 1301 1302 1305 1380 1381 1382
EGENERATION TIMES=S ESTEP=1 NSTEP1=2

19 97

NGENERATION TIMES=8 NSTEP=1 YSTEP=—187.%

760 STEP 79 TO 918

1234 STEP 79 TO 1392

ENODES

ENTRIES EL N1 NS N2 N8 N13 NS N4 N7 N3

25 750 761 782 839 B40 841 918 919 920

103 1234 1235 1238 1313 1314 1315 1392 1393 1394
EGENERATION TIMES=2 ESTEPm! NSTEP1=2

25 103

NGENERATION TIMES=8 NSTEP=1 YSTEP=177.975

766 STEP 79 TO 924

1240 STEP 79 TO 1398

ENODES

ENTRIES EL N1 NS5 N2 N8 N13 N6 N4 N7 N3

28 766 767 763 845 848 847 924 925 928



108 1240 1241 1242 1319 1320 1321 1398 1395 1400
EGENERATION TIMES=3 ESTEP=1 NSTEP1=2

28 106

NGENERATION TIMES=16 NSTEP=1 YSTEPw—214.5125
774 STEP 79 TO 932

1248 STEP 79 TO 1408

ENODES

ENTRIES EL N1 NS N2 N8 N13 N& n+ N7 N3
32 774 775 778 853 854 855 932 933 934
110 1248 1249 1250 1327 1328 1329 1406 1407 1408
EGENERATION TIMES=7'ESTEP=m{ NSTEP1m2

32 110

THICKNESS 2 6.3

EDATA

ENTRIES EL NTH TABLE

122

10

156 2 2

BOUNDARY [DOF=101001

949 STEP 78 TO 1107/870 .
1423 STEP 79 TO 1581/1344

969 STEP 79 TO-1127/890 , .
1443 STEP 79 TO 1601/1364

1003 STEP 79 TO 1161/924

1477 STEP 79 TO 1635/1398

BOUNDARY IDOF=111001

1027 STEP 79 TO 1185/948

1501 STEP 79 TO 1659/1422

BOUNDARY 1DOF=100011

633 TO 711

LIST BOUNDARY

CONSTRAINTS

712 1 159 1/T0/790 1 237 1

712 2 159 2/T0/790 2 237 2

712 3 159 3/70/790 3 237 3

712 5 159 S/T0/790 S 237 S

1186 1 475 1/T0/1264 1 553 1

1186 2 475 2/T0/1264 2 553 2

1168 3 475 3/T0/12684 3 553 3

1186 5 475 5/T0/1284 5 S53 5

871 1 1029 1/T0/947 1 1105 1

871 2 1029 2/T0/947 2 1105 2

871 3 1029 3/T0/947 3 1105 3

871 5 1029 S/T0/947 S 1105 S

DELETE 850 924

1345 1 15C3 1/T0/1421 1 1579 1

1345 2 1507 2/70/1421 2 1579 2

1345 3 1503 3/T0/1421 3 1579 3

1345 5 1503 0/T0/1421 5 1579 5

DELETE 1364 1398 )

S



870 2 1028 2

B70 5 1028 S

830 2 1048 2

850 5 1048 S )
924 2 1082 2 «
924 5 1082 S

48 S5 1108.5

1344 2 1502 2

1344 5 1502 5

1364 2 1522 2

1354 5 1522 8

1398 2 15%8 2

1398 5 1558 5

1422 51580 S

LOAD CONCENTRATED
195 3 -131%50.

207 3 -933s,

221 3 -751S.

511 3 -29165.

S23 3 -20830.

537\ 3 -15665.

FRANE |
MESH. NODES=11 ELEMENTS=1
ADINA

END

\/



*PLOTSIZE® 30 28

DATABASE CREATE

HEAD *ADINA~IN for Case PTC’
MASTER IDOFm000001 NSIEPw1
ITERATION M=EFGS
STIFFNESS-STEPS
EQUILIBRIUM-STEPS -
PRINTOUT YOLUME=MIN IVC=Q [AC=0
TIMEFUNCTION 1

0 o.

1 7.44

PRINTNODES 1 1659 1

" COORDINATES

ENTRIES NODE X ¥ 2
1_-1810 16186 277.75
21 -1610 11330 277.75
37 -1610 §334.8 277.75
49 ~1610 6198.2 277.75
55 —1610 4856 277.75
63 -1610 364¢.2 277.75
79 -1610 0 277.75

159 -1350 16188 277.75%
237 -1350 0 277.75

633 0 16186 277.75

653 0 11330 277.75

669 0 8534.8 277.75
681 O 6198.2 277.75
687 0 4856 277.75

69% 0 3649.2 277.75
711 0 0 277.75

949 —1401 16186 0 ‘
969 -1401 11330 O

1985 —1401 8534.8 0

997 -1401 6198.2 0

F s

1003 —1401 43%8 O —

1071 —-1401 3849.2 0
1027 -1401. 00

1167 -129¢ 16188 0
1127 -1299-11330 ©
1143 -1299 3534.8 0
1155 -1299 6188.2 ¢
1161 -1299 4858 O
1169 -1299 3649.2 O
1185 -1299 0 0

1423 =507 18186 0
1443 ~501 11320 Q
1459 =501 3534.8 0
1471 =501 6198.2 0
1477 =501 4856 O
1435 501 3649.2 0



1501 ~501 0 O
1581 -39 16188 0

1601 -39% 11330 0

1617 -399 8534.8 0

1629 -399 6198.2

1635 -399 48568 0

1643 -339 3649.2 0

1659 =385 0 0 .

LINE STRAIGHT Nim1 N2w2i EL=10 MIDm1 NFa2 NS=i Rei
LINE STRAIGHT N1=21 N2=37 ElLa8 MIDw] NFm22 NS=] Rwl
LINE STRAIGHT N1m37 N2wé9 ClLwS MIDw! NFm38

LINE STRAIGHT Nim49 N2=%55 ELw3 MID=! NF=50

LINE STRAIGHT Nim55 N2m63 EL=4 MIDmi NFm5§

LINE STRAIGHT N1m63 N2=79 ELw8 MID=1 NFmf4 .

LINE STRAIGHT Niwl N2w159 EL={ MID=i NFa80 NSa7¢ Re!
LINE STRAIGHT Nim159 N2e833 ELa3 MIBm! NFm238 -NSe79

LINE S
LINE S
LINE S
LINE S
LINE S
LINE S
LINE S
LINES
LINE S
LINE §
LINE §
LINE S
LINE S
LINE S
LINE'S
LINE S
LINE S
LINE S
LINE S

Ni=79 N2m237? ElL=t Mmi NF={55 NS=79
N1=2X7 N2w711 EL=3 M=i NFa318 NS=79
N1=833 N2mf53 ELwi0 Mmi NF=§34
N1=553 N2e880 ELwm3 Me1 NFm854 .
N1=58 N2=g81 EL=8 M=1 NF=&70
Nim881 N2=887 Elm3 M=t NF=8S82
N1m587 N2w8S0S5 Elaé M=1 NFwSSS
N1=89S N2=711 ELm8 Mmi NF=S$8
N1w549 N2=969 EL=10 M1 NFw9%0
N1=969 N2w385 ELm8 M=1 NF=970
N1=985 N2=997 EL=8 Mm1 NF=538 @
N1=397 N2=1003 ElL=3 M=l NF=938
Ni=1003 NZ2m1011 EL=é M=1 NF=1004
N1=1011 N2m1027 EL=8 M=] NF=1012
Nim1107 N2w1127 EL=10 M=1 NF=1108
Ni1=1127 N2m=1143 EL=8 M=1 NF=1128
N1m1143 N2m1155 ElLwf Mu=i NFm1144
Nim1155 N2=1181 EL=3 M=1 NF=1158
N1=1181 N2wi189 EL=4 MIDw1 NF=1162

LINE STRAIGHT Ni=1169 N2w1185 El=8 MIDm{ NF=1170
LINE STRAIGHT N1m1423 N2wi443 ELmi0 MIDw1 NF=1424
LINE STRAIGHT Nim1443 N2w1459 ELw8 MIDw1 NF=1444
LINE STRAIGHMT Nim1459 N2m1471 ELw8 MID=1 NF=1480
LINE STRAIGHT Nim1471 N2m1477 EL=3 MID=1 NFm1472
LINE S N1=m1477 N2w1485 ELmé Mwi NF=1473

LINE S

Nim1485 N2w1501 El=8 M=1 NF=1458

LINE S Ni=1381 N2=1801 EL=m10 M=t NF=1582

LINE §

LINE S
LINE S
LINE S
LINE S

Nim1601 N2=i817 ElL=wB M=l NFa1802
Nimi617 N2w1629 EL=8 M=! NFmi618
N1=1629 N2w1635 EL=3 M=1 NF=1630
N1=1635 N2w1843 EL=4 M=l NF=1638
Nim1843 N2=1659 EL=B M=] NF=1644 \

LINE COMBINED 1 79 21 37 49 55 63 d
LINE COMBINED 1 633 159 o



LINE ¢ 79 711 237

LINE C 6335 711 853 653 881 587 635 -
LINE C 949 1027 969 985 997 1003 1011

LINE C 1107 118% 1127 1143 1155 1161 1169

LINE C 1423 1501 1443 1459 1471 1477 1485

LINE € 1581 16%9 1601 1617 1829 1635 1843

MATERIAL 1 ELASTIC Ew4 3%8E4 NUmO.15 Dw, K=d,B83333
MATERIAL 2 PLASTIC Hm] Ea2f% NUmO.3 Ya304, ET=0, D=0,
EGROUP Nmi SHELL D=S M=] RINTa3 SINT=3 TINTe2
GSURFACE 1 79 711 635 EL1=w39 EL2wé NO=§ NF=2 EFwi
THICKNESS 1 65.5

STRESSTABLE 1 123 4587 8

EDATA

ENTRIES EL NTH TABLE

111

TO

156 1 1 .

EGROUP Nm2 SHELL DmS M=2 RINTm3 SINT=S TINT=2
GSURFACE 949 1027 1185 1107 ELTm39 EL2m1 NOw3 NF=350 EFwdl
GSURFACE 1423 1501 1859 1581 EL1m39 EL2w=1 NO=3 NFm1424 EFm118
COORDINATES

ENTRIES NODE X Y 2

712 -1350 16188 277.75

791 -13%0 16186, 138.875

B70 -1350 18188 0

732 -1350 11330 277.7%

811 -13%0 11330 138.87%

890 -1350 11330 0

748 —13%0 B534.6 277.75

B27 -1350 8534.8 138.873

906 -1350 8534.8 0

760 —-13%0 8198.2 277.75

839 -1350 8198.2 138.487%

918 -13%0 8188.2 0

766 —1350 4858 277.7%

845 -1350 4858 138.875

924 -1350 4858 0

774 =1350 3849.2 277.75%

853 -13%0 3640.2 138.87%

932 ~1350 3848.2 0

1186 —50 18188 277.75

1265 -450 18188 138.87%

1344 —450 16186 0 ,

1208 —450 11330 277.75

1285 —450 11330 138.875

1384 —450 11330 0

1222 —450 8%34.6 277.75

1301 —450 8534.8 138.87%

1380 -450 853+.8 0

1234 —450 6198.2 277.75



1313 -450 6198.2 138.87%
1392 -450 6198.2 0

1240 —450 48%8 277.75

1319 —450 4358 133.87%

1398 -450 4858 0

1248 =450 35649.2 277.7%

1327 —450 3849.2 138.875

1408 —450 3849.2 0 .
NGENERATION TIMESw20 NSTEP=1 YSTEP=~242.8 N4
712 STEP 79 TO 870

1186 STEP 79 TO 1344

ENODES

ENTRIES EL N1 NS N2 N8 N13 N8 N4-N7 N3

1 712 713 714 791 792 793 870 871 §72 .
79 1188 1187 1188 126% 1266 1267 1344 1345 1348
EGENERATION TIMES=9 ESTEPw! NSTEP1m2

179 . :
NGENERATION TIMES=18 NSTEP=1 YSTEP=—174.7125
732 STEP 79 TO 890

1208 STEP 79 TO 1364

ENCDES :

ENTRIES EL N1 NS N2 N8 NI3 NS N4 N7 N3

11 732 733 734 811 512 813 890 891 852

89 1208 1207 1208 1285 1288 1287 1364 1365 1358
EGENERATION TIMESe7 ESTEPm! NSTEP1m2

11 89

NGENERATION TIMES=12 NSTEP=m{ YSTEP=—194.7

748 STEP 79 TO 906

1222 STEP 79 TO 1380

ENODES

ENTRIES EL N1 NS N2 N8 N13 NS N4 N7 N3

19 748 749 750 827 828 829 908 $07 908

97 1222 1223 1224 1301 1302 1303 1380 1381 3382
EGENERATION TIMES=S ESTEPm{ NSTEP1=2

19 97 .

NGENERATION TIMES=S NSTEP={1 YSTEP=—223.7

760 STEP 79 TO 918

1234 STEP 79 10 1392

ENODES .
ENTRIES EL N1 NS N2 N8 N13 N6 N4 N7 N3

25 760 761 762 839 840 B41 918 919 920

103 1234 123% 1238 1313 1314 1315 1392 1393 1394
EGENERATION TIMES=2 ESTEP=! NSTEP1=2

2% 103

NGENERATION TIMES=S8 NSTEP=1 YSTEP=—150.8%

768 STEP 79 TO 924

1240 STEP 79 TO 1388

ENODES

ENTRIES EL N1 NS N2 N8 N13 N8 N4 N7 N3

28 766 787 788 B4%S B48 847 924 925 928



106 1240 1241 1242 1319 1320 1321 1398 1399 1400
EGENERATION TIMES=3 ESTEPm1 NSTEP{=2

28 108 ‘
NGENERATION TIMES=18 NSTEP=1 YSTEP=—228.075

774 STEP 79 TO 932 )

1248 STEP 79 TO 1406

ENCDES

ENTRIES EL N1 NS N2 N8 N13 N6 N4 N7 N3

32 774 775 776 853 854 855 932 933 934

110 1248 1249 1250 1327 1328 1329 1406 1407 1408
EGENERATION TIMES=7 ESTEP=1 NSTEPim2

32 110

THICKNESS 2 6.3

EDATA

ENTRIES EL NTH TABLE

122,

T0

156 2 2

BOUNDARY I100F=101001

949 STEP 79 TO 1107/870

1423 STEP 79 TO 1581/1344

969 STEP 79 TO 1127/880 ~
1443 STEP 79 TO 1601/1364
1003 STEP 79 TO 1161/924
1477 STEP 79 TO 1835/1338
BOUNDARY 1DOF=111001

1027 STEP 79 TO 1185/948
1501 STEP 79 TO 1659/1422
BOUNDARY 1DOF=100011

633 TO 711

LIST BOUNDARY

CONSTRAINTS

712 1 159 1/T0/790 1 237 1
712 2 159 2/T0/790 2 237 2
712 3 159 3/T0/790 3 237 3
712 5 159 S5/T0/790 5 237 5
1186 1 475 1/T0/1264 1 553
1186 2 475 2/T0/1284 2 553
1186 3 475 3/T0/1284 3 %53
1186 S 475 S/T0/1284 % 553
871 1 1029 1/T0/947 1 .1105
871 2 1029 2/T0/947 2 110S
871 3 1029.3/T0/947 3 110%
871 5 1025 5/T0/947 5 1103
DELETE 890 924

1345 1 1503 1/70/1421 1 1579 1
1345 2 1503 2/T0/1421 2 1579 2
1345 3 1503 3/T0/1421 3 1579 3
1345 5 1503 5/70/1421 S 1579 5
DELETE 1364 1353

S

NURN 2 BN =



870 2 1028 2
870 5 1028 3
890 2 10438 2
890 5 1048 5
924 2 1082 2
924 31082 5
948 5 1108 5
1344 2 1302 2
1344 5 1502 %
1384 2 1522 2
1364 5 1522 5
1398 2 1556, 2
1398 5 1558 S
1422 5 1580 &
LOAD CONCENTRATED
193 3 13130,
207 3 -9395.
221 3 =7515.
311 3 -29165,
523 3 -20830.
537 3 —-18665.
FRAME

MESH NODES=a11 ELEMENTSe=1
ADINA

END

r



'PLOTSIZE" 30 2
DATABASE CREATE
HEAD ‘*ADINA-IN
MASTER 1DOF=000

8

v
for Case PPS1* !
001 NSTEPw=1

ITERATION M=BFGS

STIFFNESS-STEPS
EQUILIBRIUM-STE

PRINTOUT VOLUME=MIN IPD=4 [DCm1 IVCm(Q IAC=0

TIMEFUNCTION 1
Q 0. .

1 1.0
PRINTNCOES 1 11
COORDINATES

PS ‘ 4

oo 1 >

ENTRIES NODE X T Z
1 —-1610 8094 277.75 -

7 -1610 7015.5
17 ~1610 4857 2
41 -1610 0 277.
83 -1350 8054 2
123 -1350 0 277
329 0 8094 277.
+335 0 7015.5 27
345 0 48%7 277.
369 0 0 277.75
370 ~1401 8094
376 -1401 7015,
386 1401 4857
410 -1401 0 0
452 -1299 8094
458 ~1299 7015.
468 -1299 4857
492 ~1299 0 0
493 -501 8094 0
499 =501 701S.5
509 -501 4857 0
533 =501 0 0
575 -399 8094 0
581 -399 701%.5
591 -399 4857 0
615 =399 0 O
SHELLNODE DIREC

277.75
77.73
73
77.75
.75

7%
7.75
75

o

0

TORm—2 SYSTEM-—Dwl

83 -2GTO 123 -2¢C

247 -2 G TO 287
411 -2 G TO 451

-2 G
-2 G

534 -2 G 7O 574 ~2 G

697 ~2 G STEP 41 T0 779 -2 G
689 -2 G STEP 41 TO 771 =2 G
681 -2 G STEP 41J0 763 -2 G
673 —2.G STED 41 TO 755 -2 G
663 -2 G STEF 41 TO 745 -2 G

g



S02 -2 G STEP 41 TO 984 -2 ¢
894 -2 G STEP 41 70 976 -2 G
BB8 -2 G STEP 41 TO 968 -2 G
878 -2 G STEP 41 TO 960 -2 G

858 -2 G STEP 41

TO 5%0 -2 G

LINE STRAIGHT Nimi N2m7 ELm3 MIDm! NFa2 NSmi Rel
LINE STRAIGHT Nia7? N2=17 EL=5 MID={ NF=8 NS=1 Rwi
LINE STRAIGHT Nim17 N2m41 ELami2 MID=1 NF=18

LINE STRAIGHT Nim1 N2w83 EL=1 MID=i1 NF@42 NSm4! Rat
LINE STRAIGHT N1m83 N2m329 ELa3 MID=1 NFwi24 NS=m41
S Nim41 N2m323 EL=1 Mml NFw82 NS=41

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

Ni=123
N1=329
N1=335
N1=345
N1=370
N1=3768
Ni=388

N1=4358
Ni=488
Ni=493

N2=m3869
N2=335%
N2=3435
N2=359
N2=378
N2=386
N2=410
N2m453
N2=45E
N2=492
N2m499

N1S%39-N2I=509

Ni=Z508
Ni=375
Ni=381
S Ni=591

s
s
s
s
s
s
s
"5 N1m452
s
S
s
s
s
s
s

N2w533
N2=381
N2=531
N2=615%

LINE COMBINED 1 41 7
LINE COJBINED 1 329 83

LINE
LINE
LINE
LI

AINE
LINE
MATE
MATE
MATE

EGROUP Nei
GSURFACE 1

c\ﬂ 369

123

EL=3 Mm1 NF=184 NSm41
EL=3 M=1 NF=330

EL=S Mmi NF=336 I
EL=12 Mm1 NFm348

EL=3 M=1 NF=371

EL=5 M=1 NF=377

ELe12 M=1 NF=387

EL=3 M=1 NFm453

EL=5 Mm1 NF=459

EL=12 M=1 NF=489

EL=m3 Mm1 NFu494

EL=5 M=1 NF=500

EL=12 M=1 NF=510

EL=3 Mm1 NFa576

EL=5 Mm1 NF=582

ELa12 M=l NF=592

17

C 329 389 335 345

370 410 376 338
C 432 492 458 468
C 493 533 499 S0%
C 575 813 581 591

RIAL 1
RIAL 2
RIAL 3

THICKNESS 1 635.5
STRESSTABLE 1 12 3 4567 8
EQATA '
ENTRIES EL NTH TASLE

11
TO
80 1

1

1

ELASTIC E=4.358E4 NU=0.15 D=0, K=0.83333 "
PLASTIC Hw] E=2ET NUw0.3 Ya304. ET=0. D=O.
ELASTIC E=2E5 NUw,3 Dm0, K=. 83333

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

41 369 329 EL1=20 EL2m4 NOwD NF=2 EFm=i

EGROUP Nw2 SHELL Dw=S Mm2 RINTm3 SINT=3 TINT=2
GSURFACE 370 410 452 452 EL1=20 EL2=1 NO=§ NFm371 EFat
GSURFACE 493 333 813 575 EL1=20 EL2w1 NOw) NF=454 EFm2t



COORDINATES

ENTRIES NODE X Y Z

6§16 ~13%50 §094 243.0312%

622 -1350 W15.5 243.03125

632 ~1350 4857 243.03125

657 —1350 8094 208.312%

663 -1350 7015.5 208.3125

673 —1350 4857 208.312%

698 -1350 8094 138.87%

704 -1350 7015.S 138,875

714 —1350 4857 138.875

739 1350 8094 69.4375

745 <1350 7015.5 69.437%

758 —1330 4357 £9.4375

780 -13%0 8094 34.7187%

786 ~1350 7015.5 34.71875

796 —13%0 4857 34.7187%

411 —1350 8094 0

417 -1350 7015.5 0

427 -1350 4857 O

821 —43%0 5094 243.03125

827 —450 7015.5 243.03125

837 450 4857 243.03125

862 —450 8094 208.3125

868 —450 7015.5 208.3125

878 -450 4857 208.312%

903 —450 8094 $38.87%

90 —4%0 7015.5 138.875

$19 —450 4857 138.87%

944 —450 8094 63.4375

950 —450 7015.5 69.437%

960 —450 4857 £9.4375

985 —450 8094 34.71875

$91 —450 7015.5 34.71875

1001 ~450 4857 34.7187%

534 —450 8094 0

540 —450 7015.5 0

550 —450 4857 O -

NGENERATION TIMES=S NSTEP={ YSTEP=—179.75
83 247 411 534

618 STEP 41 TO $85

ENOOES

ENTRIES EL N1 NS N2' N8 N13 N8 N4 N7 N3
41 83 84 85 618 617 618 657 658 659

61 657 558 859 698 699 700 739 740 741
81 739 740 741 780 781 782 411 412 413
101 247 248 249 B21 822 823 862 863 864
121 BE2 B3 864 903 S04 905 944 945 548
141 944 945 94r 985 986 SB7 534 535 538
EGENERATION TIM:S=2 ESTEP=1 NSTEP1=2

-~



41 81 81 101 121 141
NGENERATION TIMES=10 NSTEP=1 YSTEP=—215.85
89 253 417 540 X .

622 STEP. 41 TO 991

ENODES .

ENTRIES™EL N1 NS N2 N8 N13 N6 Né N7 N3

44 89 90 S1 622 523 824 683 664 665

B4 863 684 B85S 704 705 706 745 748 747

B4 745 748 747 786 787 788 417 418 419

104 253 254 255 827 828 829 868 869 870

124 868 869 870 909 910 911 95079%1 952

144 950 951,952 991 992 993 540 541 542
EGENERATIONSTIMES=4 ESTEPm! NSTEP1m2

44 64 84 104 124 144 '
NGENERATION TIMES=24 NSTEP=1 YSTEP=—202.375
99 253 427 550

632 STEP 41 TO 1001

ENCDES )
ENTRIES EL N1 N5 N2 N8 N13 N6 N4 N7 N3
49 99 100 101 632 633 834 673 674 675

69 873 &74 675 714 715 718 755 758 757
89 755 756 757 798 797 798 427 428 429
109 263 264 265 837 838 839 878 879 880
129 878 8797880 919 $20 921 980 961 62 \
149 960 961 962 1001 1002 1003 S50 551 552 ~
EGENERATION TIMES=11 ESTEP=! NSTEP1=2 :

49 63 B9 109 129 149

THICKNESS 2 6.3

STRESSTABLE 2 1 2 3 4

EDATA

ENTRIES EL NTH TABLE

122

To .

-

- 160 2 2

EGROUP Nm3 SHELL DmS Mm3 RINTa3 SINTa3 TINT=2
COORDINATES

ENTRIES NOOE X Y Z

1028 -112% 0 208.3125
1031 ~1125 0 138.87%
1036 —1125 0 69.437%
1029 =285 0 208.3125
1034 -22% 0 138.87%

1039 =225 0 69.4375

1041 -1125 1619 208.312%
1048 -1125 1819 138.87%
1051 ~1125 1619 89.437%
1044 -225 1819 208.3125%
1049 =225 1819 138,875
1054 -225 1819 69.437%
1056 1125 3238 208.3125



108t -1125 3238 138.873

T10868 -1123 3238 69.4375

1039 -22% 3238 208.312%

1064 =225 3238 138.87%

1069 =225 3238 69.437%

1071 ~1125 4857 208.312%

1076 -1125 4857 138.87%

1081 =1125 4857 69.4375

1074 =225 4857 208.3125% -

1079 -225 4857 138.875

1084 —22% 4857 69.437%

1086 -1125 7015.5 208.3125

1091 -112%5 7015.5 138.875%

1096 -1125 7015.5 69.437%

1089 -225 7015.% 208.3125%

1094 =225 7015.5 138.87%

1099 -225 7015.5 69,4375

NGENERATION TIMES=2 NSTEPm1 XSTEPw225.

1026 STEP 5 TO 1098

ENODES

ENTRIES EL N1 NS N2 N8 N13 N6 N4 N7 N3

1 697 1026 1027 738 1031 1032 779 1038 1037

2 1027 1028 902 1032 1033 943 1037 1038 984

4 689 1041 1042 730 1048 1047 771 1051 1052

5 1042 1043 894 1047 1048 935 1052 1053 9768

7 681 1058 1057 722 1061 1062 763 1065 1067

8 1057 1058 886 1052 1083 927 1067 1068 968

10 673 1071 1072 714 1078 1077 755 10381 1082
11 1072 1073 878 1077 1078 919 1082 1083 960
13 663 1088 1087 704 1091 1092 745 1096 1097
14 1087 1088 888 1092 1093 909 1097 1098 $50
NGENERATION TIMES=! NSTEP=1 XSTEP=225.

1028 STEP 5 TO 1099

ENCOES

ENTRIES EL N1 NS N2 N8 N13 N8 N4 N7 N3

3 902 1029 1030 943 1034 1035 984 1039 1040

6 894 1044 1045 935 1049 1050 978 1054 1055

9 888 1059 1060 $27 1064 1085 988 1069 1070

12 878 1074 1075 915 1079 1080 $60 1084 108%
15 858 1089 1090 909 1094 1095 950 1089 1100
THICKNESS 3 9.

THICKNESS 4 11.2

THICKNESS 5 16.4

STRESSTABLE 2 1 2 3 4

EDATA

ENTRIES EL NTH TABLE ‘
13270332

442709 42 —
1052701252
13427015 42



BOUNDARY 1DOF=101001
386 STEP 41 TO 468/427
509 STEP 41 TO 531/550
BOUNDARY IDOF=111001
410 STEP 41 TO 492/451
533 STEP 41 TO 615/574
BOUNDARY IDOF=100011
330 TO 369 ’
1030 STEP 5 TO 1100
BOUNDARY IDOF=110111
329

BOUNDARY 1DOF=010101

1 STEP 41 TO 288

370 STEP 41 TO 575
618 STEP 41 TO 98%
LOAD CONCENTRATED

247 3 =72500. 1

FRAME

MESH NODES=11 ELEMENTS=1
ADINA

END



*PLOTSIZE" 30 28

DATABASE CREATE

HEAD °*ADINA-IN for Casze PTS-2L'
MASTER 1DOF=000001 NSTEP=1 .
ITERATION M=BFGS ’
STIFFNESS~STEPS
EQUILIBRIUM=STEPS

PRINTOUT VOLUME=MIN IVC=0 IAC=0
TIMEFUNCTION 1

o o.

1 %5.59

PRINTNODES 1 1517 1
COORDINATES

ENTRIES NODE X ¥ 2

1 -1510 4856 277.7%
17 -1610 2914.8 277.7%
I3 -1610 57B.4 277.75
37 ~1610 0 277.7%

75 ~1350 4858 277.75
111 -13%0 0 277.75
519 1350 4858 277.75
555 1350 0 277.75
593 1610 4858 277.75
509 1610 2914.8 277.75
625 1610 578.4 277.75
£29 1610 0 277.75

741 —1401 4856 0

757 —-1401 2914.6 0
773 =1401 %78.4 0
777 -1401 0 O

81% -1299 4856 0

831 -1299 2914.5 0
B47 -1299 578.4 0

851 -1298 0 0. .

963 501 48%6 0

979 =501 2914.6 0

995 -501 578.4 0

999 =501 0 0.

1037 -355 4858 0

1053 -399 2914.8 0
1069 =399 578.4 0
1073 399 0 0

1185 395 48%8 0

1201 399 2914.8 0
1217 399 578.4 0

1221 399 0 O

1259 501 4856 .0

1275 501 2914.6 O
1291 501 578.4
1295 501 0 O

=1



1407 1299 4838 0

1423 1299 2914.6 Q

1439 1299 578.4 0

1443 1299 0 O°

1481 1401 4856 ¢

1497 1401 2914.6 O

1513 1401 578.4 0

1517 1401 0.0

LINE STRAIGHT Nim1 N2=17 El=3 MID=1 NF=2 NSal R=1
LINE STRAIGHT N1=17 N2w33 ELmB8 MID=1 NF=18 NS=1 Ru=i
LINE STRAIGHT Nim33 N2um37 Elwm2 MID=1 NF=34

LINE STRAIGHT Nim1 N2=73 Elml MIDm1 NF=38 NSa37 R=i
LINE STRAIGHT N1m75 N2=519 ElwS MIDmt NFa112 NS=37

LINE S N1=519 N2wS93 Elm1 Mw] NF=S56 NS=37

LINE S N1m37 N2m111 EL=] M=1 NF=74 NS=37

LINE S Nim111 N2=555 EL=8 Mal NF=148 NS=37

LINE S N1w555 N2w829 Elwi M=i NF=592 NS=37

LINE S N1m593 N2=509 ELm8 M=l NF=594 NSm1

LINE S N1=509 N2m§2% ELw8 M=l NF=810

LINE S N1m825 N2=829 Elw2 M=1 NF=§28

LINE S N1m741 N2=757 EL=B8 M=l NF=742

LINE S N1m757 N2w773 ELm8 Mmi NFa7353

LINE S N1w773 N2w777 EL=2 M=l NF=774

LINE S N1u815 N2w831 EL=8 Mal NF=318

LINE S N1=831 N2m847 EL=8 M=l NF=832

LINE S N1m847 N2mB851 Elw2 k=i NF=348

LINE S N1m963 N2=979 EL=8 M=i NF=354

LINE S N1=979 N2=995S EL=B M=1 NF=380

LINE S N1m995 N2w§99 EL=2 M=) NF=396

LINE S Nim1037 N2=1053 EL=8 M=1 NF=1038

LINE S N1=1053 N2w10569 EL=B M=1 NFwi1054

LINE S N1m1069 N2=1073 ELs2 M=1 NF=1070

LINE S N1=1185 N2=1201 EL=8 Mm1 NFe=1185

LINE S N1=1201 N2=m1217 ELw8 M=1 NF=1202

LINE § Nim1217 N2m1221 EL=2 M=1 NF=1218

LINE S Ni=1259 N2w1275 EL=8 M=1 NF=1280

LINE S N1=1275 N2w12Q1 EL=8 M=1 NF=1278

LINE' S N1=1291 N2m1295 ELm2 M=l NF=1292

LINE S Nimi407 N2m1423 EL=8 Mai1 NF=1408

LINE S N1=1423 N2=1439 ELm8 Mm1 NFai424

LINE S NTw1439 N2wm1443 ELl=2 M=i1 NFwi440

LINE S Nim1481 N2m1497 EL=§ Mul NF=1482

LINE S Nim1497 N2mi513 ELuS Mni NF=1498 -—
s

LINE S N1=m1513 N2=1517 ElLm2 M= NF=1514
LINE COMBINED 1 37 17 33

LINE COMBINED 1 593 7% 519

LINE C 37 629 111 555

LINE C 593 829 609 625

LINE C 741 777 757 773

LINE C 815 B51 831 847



<

LINE C 963 999 979 995%

LINE € 1037 1073 10%3 1069

LINE € 1185 1221 1201 1217 .

LINE C 1259 1295 1275 1291

LINE € 1407 1443 1423 1439

LINE C 1481 1517 1497 %13

MATERIAL 1 ELASTIC E=4.358E4 NU=0.15 De. Km0,83333
MATERIAL 2 PLASTIC H=l E=2ES NU=0.3 Ya304, ET=Q. Dw(.
EGROUP Nw1 SHELL [=S M=1 RINTm3 SINTe3 TINTm=2

GSURFACE 1 37 629 593 EL1=18 EL2=8 NOw§ NF=2 £fmi
THICKNESS 1 65.5

STRESSTASLE 1 1 23456 7 8

EDATA

ENTRIES EL NTH TABLE

111 - Y

TO
144 1 1 ' -

EGROUP Nm2 SHELL D=S M=2 RINT=3 SINT=5 TINTw=2

GSURFACE 741 777 851 815 ELim1B8 EL2=1 NO=9 NFm742 EF=19
GSURFACE 963 999 1073 1037 EL1a18 EL2=1 NO=G NF=964 EF=SS
GSURFACE 1185 1221 1295 1259 EL1=18 EL2=1 NO=S NF=1186 EFm=9i
GSURFACE 1407 1443 1517 1481 EL1a18 EL2=m1 NOw9 NF=1408 EFm=i27
COORDINATES .

ENTRIES NODE X T 2

630 1350 4836 277.75

667 —-1350 4856 138.875

704 —-1350 48%6 0

646 —1350 2314.6 277.75

‘683 ~1350 2914.6 138.87%

720 ~1350 2914.8 0 )

662 —13%0 S78.4 277.7% | .

699 ~1350 %78.4 138.87%

738 —1350 578.4 0

BS2 —450 4838 277.75

889 —450 4858 138.875

926 —450 4858 O

B68 =450 2914.8 277.7%

90% —450 2914.6 133.87S

942 —450 2914.6 0

B84 —450 578.4 277.7%

921 —450 $78.4 138.87% -
958 ~450 578.4 0

1074 450 4858 277.7S

1111 430 4858 138.875

1148 450 4858 0

1080 450 2914.6 277.7%

1127 450 2914.8 138.87%

1164 450 2514.6 0

1108 450 578.4 277.75

1143 450 578.4 138,875



1180 450 578.4 0

1298 1330 4838 277.75
1333 1350 4838 138.87%
1370 1350 4856 0

1312 1350 2914.8 277.7%
1349 1330 2914.6 138.875

T 1388 1350 2914.6 O

1328 1350 378.4 277.7%
1365 1350 578.4 138.87%

1402 1350 578.4 0

NGENERATION TIMES=18 NSTEPw! YSTEP=-121.3375
830 STEP 37 TO 704

852 STEP 37 TO 926

1074 STEP 37 TO 1148

1298 STEP 37 TO 1370

ENODES

ENTRIES EL N1 NS5 N2 N8 N13 N& N4 N7 N3

1 630 831 632 667 688 &£59 704 705 706

37 852 853 854 839 890 891 928 $27 928

73 1074 1075 1076 1111 1112 1113 1148 1148 1150

109 1296 1297 1298 1333 1334 1335 1370 1371 1372

EGENERATION TIMES=7 ESTEP=1 NSTEP1m2

1 37 73 109 )
NGENERATION TIMES=18 NSTEPm1 YSTEP=—148.0125

848 STEP 37 7O 720 ,
858 STEP 37 TO 942 '

1090 STEP 37 TO 1184

1312 STEP 37 TO 1388

ENODES

ENTRIES EL N1 NS N2 N8 N13 N6 N4 N7 N3

9 645 647 643 833 €84 685 720 721 722

45 B6B 869 570 905 908 907 942 943 944

81 1080 1081 1092 1127 1128 1129F 1154 1165 1168

117 1312 1313 1314 1349 1350 1351 1388 1387 1388
EGENERATION TIMES=7 ESTEP=1 NSTEP1m2

9 45 81 117

NGENERATION TIMES=4 NSTEP=m1 YSTEPw—144.6

662 STEP 37 TO 738 : :

884 STEP 37 TO 958

1108 STEP 37 TO 1180

1328 STEP 37 TO 1402

ENOOES

ENTRIES EL N1 NS N2 N8 NS N4 N7 N3

17 662 663 684 699 700 701 738 737 738

53 884 885 888 921 922 9§23 9538 959 960

89 1106 1107 1108 1143 1144 1145 1180 1181 1182

125 1328 1329 1330 1365 1366 1367 1402 1403 1404
EGENERATION TIMES=1 ESTEPm! NSTEP1m2

17 S3 89 12%

THICKNESS 2 6.3



iy

EDATA
ENTRIES EL NTH TABLE

12
T0

2

144 2 2

BOUNDARY 1DOF=101001

741 STEP 37 TO 815/704
963 STEP 37 TO 1037/926
1185 STEP 37 TO 12%9/1148
1407 STEP 37 TO 1481/1370
BOUNDARY 1DOF=111001

777 STEP 37 TO 851/740
999 STEP 37 TO 1073/962
1221 STEP 37 TO 129%5/1184
1443 STEP 37,70 1317/1406
LIST BOUNDARY
CONSTRAINTS -

630
630
630
630
852
832
852
852

BN W N -

1074 1
1074 2
1074 3
1074 5

1258
1298
1298
1298
705
705

1
2
3
-]

75 1/T0/666 1 111 1
75 2/T0/668 2 111 2
75 3/TO/666 3 111 3

75 5/70/668 5 111 S

223 1/T0/888 1 258 1
223 2/T0/888 2 259 2

223 3/T0/888 3 259 3
223 5/T0/888 5 259 5

371 1/T0/1110
371 2/T0/1110
371 3/T0/1110

1 407
2
3
371 3/T0/1110 5 407
1
2
3
5

407

519 1/T0/1332
519 2/7T0/1332
519 3/T0/1332
519 5/70/1332

ET 71 LTS T N PR TR

1 779 1/T0/739 1 813 1
2 779 2/T0/739 2 813 2
705 3 779 3/TO/739 3 813 3

705 S 779 5/T0/739 5 813 S

927 1 1001 1/TO/$61 1 1035 1
927 2 1001 2/T0/961 2 1035 2
927 3 1001 3/T0/961 3 1035 3
827 5 1001 3/T0/961 S 1035 5
1149 1 1223 1/T0/1183 1 1257 1
1149 2 1223 2/T0/1183 2 1257 2
1149 3 1223 3/T0/1183 3 1257 3
1149 5 1223 5/T0/1183 5 1257 S
1371 1 1445 1 /TO/1405 1 1479 1
1371 2 14452 /TO/1405 2 1479 2
1371 3 1445 3 /TO/1405 321479 3
1371 5 1445 5 ,/T0/1405 5 1479 5
704 2 778 2 _

R

&



704 5778 8

926 2 1000 2

926 5 1000 3

1148 2 1222 2

1148 5 1222 5

1370 2 1444 2

1370 5 1444 5 .
740 5 814 5

962 5 1036 5

1184 5 1258 5
1408 5 1480 $

LOAD CONCENTRATED
91 3 700. 1
107 3 500. 1
239 3 =-13020.
253 3 -37200.
387 3 =-31305.
403 3 -22380.
S35 3 -12795.
551 3 9140, 1
FRAME,

MESH NODES=11 ELEMENTS=1
ADINA ‘

END

e



'PLOTSIZE® 30 28

DATABASE CREATE

MEAD 'ADINA=IN for Case PTS-1L and PTS-3L*
MASTER 1DOF=000001 NSTEP=1

ITERATION MmBFGS

TOL E=.01 =30 , 3
STIFFNESS-STEPS =
EQUILIBRIUM-STEPS

PRINTOUT VOLUME=MIN IVC=0 1AC=0
TIMEFUNCTION 1

0 o.

1 1. -

PRINTNODES 1 777 1

COORDINATES

ENTRIES NODE X Y 2

1 =1610 4856 277.7%

17 ~1610 2914.6 277.75%

33 -1610 578.4 277.7%

37 -1810 0 277.75

75 —1350 48%6 277.75

111 -1350 0 277.7%

297 0 4858 277.7% :
313 0 2914.8 277.7%
329 0 S78.4 277.7%
333 0 0 277.75

445 —1401 4856 0

461 ~1401 2914.8 0
477 -1401 578.4 0

481 -1401 0 0O

519 —1299 4856 O )
535 —1299 2914.8 0
551 —1299 578.4 0

555 —1299 0 O a
667 -501 4856 0

683 -501 2914.6 0

699 -501 578.4 O

703 -%01 0 © .
741 ~395 4856 O -

757 -399 29148 0

773 =399 578.4 0

777 =383 0 0

LINE STRAIGHT Nim1 N2wm17 EL=8 MIDm{ NF=2 I.'CS-1 Rm1
LINE STRAIGHT Nim17 N2m33 EL=8 MIDm1 NF=13 NS=] Rwi

LINE STRAIGHT N1=33 N2=37 EL=2 MID=1 NF=34

LINE STRAIGHT Nlmi N2a75 ElL=] MID=1 NF=38 NSa37 Rmi
LINE STRAIGHT Nim75 N2m297 Elwm3 MIDm] NF=112 NS=37

LINE S Nim37 N2m111 EL={ =1 NF=74 NS=37
LINE S N1am111 N2=333 EL=3 M=1 NF=148 NSa37
LINE S N1=297 !12=313 ELmf Mwi1 NF=298

LINE S N1=313 N2m329 Elw8 M=1 NFm314



LINE S N1m329 N2=333 ELw? Mmi NFa330

LINE S Nim741 N2=757 EL=8 M=l NF=742
LINE S N1a757 N2=773 ELa8 M=l NF=758
LINE S Nim773 N2w777 ELm2 M=l NF=774
LINE COMBINED 1 37 17 33
LINE COMBINED 1 297 75
LINE C 37 333 111
LINE C 297 333 313 329
LINE C 445 451 481 477
LINE C 519 555 535 551
LINE C 667 703 683 699
LINE C 741 777 757 773
MATERIAL ‘1 ELASTIC Em4.358E4 NUmO.15 DmQ. KeQ.B83333
MATERIAL 2 PLASTIC Hml Em2ES NUmO0.3 Y=304. ET=0. D=0.
EGROUP Nel SHELL DmS Mm1 RINT=3 SINTa3 TINT=2
GSURFACE 1 37 333 297 EL1=18 EL2=4 NO=9 NFm2 EFmt
THICKNESS 1 65.5
STRESSTABLE 1 123 45678
EDATA
ENTRIES EL NTH TABLE
111
To °
72 11 _
EGROUP Ne2 SHELL DmS M2 RINT=3 SINT=S TINT=2
GSURFAGCE 445 481 555 519 EL1«18 EL2w] NO=§ NFw448 EFwid
GSURFACE 887 703 777 741 EL1=18 EL2m! NOw9 NF=EE3 EF=SS
COORDINATES
ENTRIES NODE X T Z
334 —1350 48568 277.75
37t -13%0 4858 138.875
408 —1350 4856 0
350 —1350 2914.6 277.75
\'@1 +135%0 2914.8 138.87%
424 -1350 2914.8 0
8 —1350 578.4 277.75
403 -1350 578.4 138.87%
440 -1350 578.4 0
558 —450 4858 277.75
503 —450 4858 138.87%
630 —~450 4858 0
572 =450 2914.8 277.7%

S
LINE 5 N1=4435 N2=481 Elm8 Mm] NFe448
LINE S Nim451 N2=477 Elm3 M=i NF=s452
LINE S Nim477 N2w481 ELm2 Mw1 NF=473
LINE S N1=3519 N2=535 EL=8 M=1 NF=320
LINE S Ni1a335 N2=551 EL=8 M=1 NF=538
LINE S Ni=351 N2=333 ELw2 M=l NFa552
LINE S N1m887 N2wS83 EL=g M=1 NF=fSS
LINE S Ni=883 N2=83990 EL=8 M= NF=S84
LINE S N1=899 N2=703 Elm2 M=i NF=700

S

]



609 —450 2914.8 138,875

645 —450 2914.6 0

538 —450 578.4 277.75

625 —450 578.4 138.875

662 —450 578.4 0

NGENERATION TIMES=18 NSTEP=1 YSTEPw-—121.3375
334 STEP 37 TO 408 :
558 STEP 37 TO 630

ENODES

ENTRIES EL N1 NS N2 N8 N13 N& N4 N7 N3
1 334 335 336 371 372 373 408 409 410
37 558 557 558 593 394 395 630 631 632
EGENERATION TIMES=? ESTEPw! NSTEPim2
137

NGENERATION TIMES=18 NSTEP=1 YSTEPw—148.0125
3%0 STEP 37 TO 424

s72 STEP 37 TO 648

ENODES

ENTRIES EL N1 NS N2 N8 N13 N6 N4 N7 N3
9 350 351 352 387 388 389 424 425 426
45 s 3 374 809 810 811 648 647 848
EGENZRATION TIMES=7 ESTEP=1 NSTEP1=2
94

NGENERATION TIMES=4 NSTEP=1 YSTEP=-144.8
388 #TEP 37 TO 440

588 STEP 37 TO 6852

ENODES

ENTRIES EL Nt NS N2 N8 N13 N6 N& N7 N3
17 368 367 368 403 404 405 440 441 442
53 S88 589 550 625 626 627 662 663 664
EGENERATION TIMES=i ESTEP=1 NSTEP1a2
17 53

THICKNESS 2 6.3

EDATA

ENTRIES EL NTH TABLE

122

10

7222

BOUNDARY 1DOF=101001

445 STEP 37 TO 519/408

667 STEP 37 TO 741/630

BOUNDARY 1DOFw=111001

481 STEP 37 TO 555/444

703 STEP 37 TO 777/666

BOUNDARY 1DOF=100011

297 TO 333

LIST BOUNDARY

CONSTRAINTS

334 1 7% 1/7T0,/370 1 111 1

334 2 75 2/T0;370 2 111 2



259
259
259
259
517
17
S17
s17
739
739
739
739

334 3 75 3/70/370 3 111 3
334 S 75 5/T0/370 5 111 5
858 1 223 1/70/592 1
556 2 223 2/70/592 2
558 3 223 3/T0/592 3
558 5 223 S/T0/552 5
409 1 483 1/T0/443 1
409 2 483 2/TO/443 2
409 3 483 3/T0/443 3
409 5 483 S/TO/443 5
831 1 705 1/70/685 1
631 2 705 2/T0/685 2
631 3 705 3/T0/665 3
631 5 705 5/T0/665 5
408 2 482 2

408 S 482 S

630 5 704 5

§30 2 704 2

444 5 518 5

866 S 740 S

LOAD CONCENTRATED

81 3 1055. 1

107 3 755. 1

239 3 -15160. 1
255 3 -10830. 1
FRAME -
MESH NODES=11 ELEMENTSa1

ADINA
END

MUP = AN = AW





