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ABSTRACT
The primary objective of this thesis is to evaluate the
finite elément program ADINA of use in analyzihg '
soil-structure interaction problems. This evaluation

consists of three stages:

/
/ s

1) %h overview -of the element typesh\ material models,

formulat/ons and other featufés in ADINA hat are useful .

when‘analysing soil—structargyin;eraction P

2)/ a disucssion of the appliéation of ADINA and general
'modell&ng considerations to soil-structure problems. Methods
for mgdel1ing various stages of construction were also ‘
vdeveioped. | ‘

3) the applicatiohidf the modelling @ethodé and and
other, considerations to the arch-bgam culﬁeft structure.
This/ structure invbives a‘combinaéion of three materials:
soil, steel and concrete. In addition tbe soil cover and the
structure's stiff:éss were varied. The p;edicted'responce of
this structure was compared to field test data.

¢ The material models and modelling techniqﬁes used in

the analyses are evaluated and changes in the test and

design procedures for arch beam culverts are suggested.

~J
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1. INTRODUCTION

1.1 Soil—Strncture Interaction

Soil-structure interaction problems can be considered
to include any strucﬁure-that is “eitheTr rest%ng on or in
soil; however in this study this.term is ;estriceed to
include only those structures whose sggength and stiffness
are dependent upon interactipn with the soil. These problems
are Mot in the direct realm of responsibflity of either the
geotechnical or struptural engineer and therefore are some
of the least understood and most igno}ed probiems. Modelling
of the nonlineat benavdouf of the soil is,bin~most cases,
essentlal to understanding the true interaction between the
structure and the soil on which it is dependent. Therefore,
'in any problem where soil is inyolved, a linear analysis is
of questionable-value because the engineer must depend upon
the plast1c1ty of the soil to have a practical design.

So1l structure interaction problems are frequently
highly indete;minate and construction dependen{ and
fherefore, difficult to\analyze. The soil is usually
considered to Be a two- or three-dimensional solid witH
defined or assumed boundary conditions. In the past, many
emplrlcal methods have been developed to analyze the
interaction between soil and certaln types of stuctures
These methods are limited in their application and ra;ely
represent the true behaviour'of the structure.. The finite

/

element method is able to analyze structures that are both
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nonlinear and indeterminate. Therefore, it is ideally suited
to the solution of these problems.

In recent years, with an increase in the cemputing
capability available and a large reduction in cost, it has
become more common to'use a nonlinear finite element program
to analyze soil structure interaction problems. ADINA, one
such finite element program, is described in Chapter 2.
Although ADINA is a general purpose, nonlinear finite
element program, it was written primarily for structurally
oriented problems. Research was‘undertaken at the'dnibersity
of Alberta to investigate the p0551ble use of ADINA toO solve
5011 structure 1nteraction problems and construction
dependent problems in general. ADINA has a number of
features that can belused to model sofl-structure
interaction problems. These features include a variety of
linear and nonlinear materlal models, formulations and
element types. The procedures and technigues presented 1n
Chapters, 3.and 5 were developed for use in the modelling of‘
‘soil-structure problems where the construction process
affects the final stresses or where the stresses during
construction are of interest. |

It was decided that an actual application would be
useful in understanding the problems that can be encountered
in modelling a soil-structure interaction. The application
chosen was the arch-beam”culyert,“an example of which is
shown in Figure 1.1. A particular arch-beam culvert

structure as constructed by Alberta Transportation at
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1.1 A Typical Arch-Beam

Culvert in Use

s



Blairmore, Alberta was modelled in detéil; Aﬁ advantage of
considering this struéture‘was that it was inétrumented by
the Alberta Research Council. Méasurements of stfains and
displacements were taken both i7ring construction and during
two subsequent static load test’s. This allowed the analysis
to be compa;ed to tﬁe actualvtest results. This comparison,
given in Chapter 5, brought to light a number of modelling
consideratiohs that would have been overlooked if an
arbitrary structure had been chosen. A description of design

and construction considerations for large span culverts and

N : .
arch-beam culverts is given in Chapter 4.

i.z Object and Scope

The primary objective of the research was to gain
familiafity with ADINA and to evaluate its applica%&on to
soil-structure interaction problems. To achieve this goal a
series of analyses were done to evaluate ADINA's ability to
model a structure's noniinear response and its ability to
model the interacfion between a structure and the
surrounding soil, o

A secondary objectiVe was to evaluate tPe structural(i
response of the arch—beém ;u&vert.'This included its
response during construction and under a stafic live -load.
Thisfrequired the evaluatioﬁ of the structural adequacy of
the prototype culvert and an evaluation of the possible

failure modes. From this evaluation it should be possible to

determine the aspects of the design that could prove to be



critical.ﬁIt also illustrated the aspects of the structure
which required.special attentioh during the analysis. ’

The scope of the analysis was greatly influenced‘by the
results of the preliminary analyses. The analysis Qas
limited to a two-dimensional plane strain model using only
those features that were alreadylincluded in ADINA. A
preliminary nonlinear elastic analysis was followed by a
material nonlinear»analysis. The m;terial nohlinear analysis
included a partial parametric study of the example
structure. The parameters considered include the soil cover

. . 2. -‘ )
and the thickness of the concrete section, and method of

construction.
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2.1 General Description

2.1.1 A Finite Element Program for Automatic Dynamic
Incremental Nonlinear Analysis
ADINA is a cdmputer program for the static and dynamic
displacement and stress analysis of solids, structures énd
fluid-structure systemg. It is capable of solving many
structural engineering problems including those that involve

nonlinearities due to large displacements and strains and/or

nonlinear material properties. ADINA has a large variety of

. element types and material models to choose from. These can

be combined to“provide more realistic models.

“This program was developed at the Acoustics and
Vibration&Laboratéry in the Mechanical Engineering
Deparrmént of ;Be MaSsachuserts Institute of Technology
under the direction of K. J. Bathe. It is presently
contrelled by ADINA Engineering Inc. .and is in a constant
state of development. At the University of Alberta two
versions of ADINA have been.ﬁsed, the first being ADINA78,
which does not include all of the features of the present

version ADINAB81, ADINAB81 includes features such as new

material models, element types, and information on

- convergence for each solution step. It is also able to be

used with the version of ADINA-PLOT, a post-processing

program, available at the University of Alberta. At this
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time ADINA84 is in its final stages of development, but is
3 *

not yet available at the University of Alberta. Therefore

all references to ADINA, except where explicity stated to

the contrary, are to ADINAB1, (

2.1.2 Ancillary Programs
There are three ancillary programs available from ADINA
Engineering Inc.. These progr?ms are described brlgfly below
and their complete abstracts are included 1n Append X A, &
ADINA—PLOT is a post-processing program for ADINA. It °

3'()5;‘ =
B S

can be used to produce plots and list results dir%a_ y from

used to produce the other plots or the tables of results.

This program is expensive to use because ofkthe large
amounts of data thatbmust be stored on magnetic tape and in
temporary files.

| ADINA-IN, a pre-prdcessor, uses a command language to
generate a finite element mesh and the complete ADINA input
file. It also includes plotting and listing facilities to
check the ADINA model. It is not available at the Uﬂiversity
of Alberta at this time; however with the complex geometry
involved in the example problem discribed in Chapters 4 and

5, ADINA-IN would have been a great asset. It required one

or two weeks to manually produce and correctly enter a new

mesh for the example problem.
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ADINAT, "A Finite Element Program for Automatic Dynamic
Incrémental Nonlinear Analysis of Temperatures" 1s a
self-contained finite element program, which is available
for use at the University of Alberta. It can be used on its
own to solve steady-state and transient temperature and
field problems, or with ADINA to aﬁalyze structures that

include temperature dependent materials.

2.2 ADINA Features {
\

2.2.1 Element Types

The finite element program ADINA includes a large
variety of element types. These element types inélude a
trﬁss element, two- and three—dimegsibnal isoparametric
solid elemenﬁs, a two-node beam element, an isoparametric
beam element, plate/shell element and an isoparametric thin
shell element. Ali'of these element types can be combined
into a single analysis. This simplifies the creation of a
mesh that models the problem realistically. These element
types can be used in conjunction with a series of linear and
nonlinear material models. A complete list of material
models that may be used with each type d¢f element is
presented in Appendix B,

Four element types were considered for use in the
two-dimensional example analysis. The truss element is a
one-dimensional member that has three translational

degrees-of-freedom at each nmﬂ! and can only transmit axial



S \

force. The element can have two to four nodes and is mapped
isoparametrically in three dimensions.

The two-dimensional solid elements may have between

.four and eight nodés and each node has two translational

degrees- of-freedom. The element is mapped isbparametrically
ontoiﬁhe structufe. The two-dimensional solid element can be
formulated as either a plane-strain or a plané—stress
element. Tﬁe noaes of plane-strain elements must lie within
the f-z plane while the nodes of plane-stress elements may
lie in any arbitrary plane. A tfiangular elemen% can be
formed by collapsing the side with local node numbers one,
four and eight, as shown in Figure 2.1,

The Two-Node Beam element has phree translational and

three rotational degrees-of-freedom at each node and can

transmit axial forces, shear forces and moments. The element

is a straight beam with an arbitary orientation in three

dimensions. The orientation of the beams local r,s,t
coordinate system is defined using an auxilary node in the
local r,s plane. The element has two cross-sect{ons that can
be used in conjunction with a nonlinea; material model, a
rectangular section and a pipe section.

The Isoparametric Beam element, like the Two-Node ﬁeam
element, has three translational and three rotational
degreeSfofffreedom at each node. The element can have
between two and four nodes and is mapped isoparametrically

into three dimensions but all of the nodes used to define

the beam and it orientation must lie:on a single plane.
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Figure 2.1 Collapsed Rectagulaf Element
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2.2.2 Formulations

'ADINA offers four different analysis formulations. The
first is the linear elastic analysis which does)not allow
for any type of ﬁonlinear behaviour and is limited to linear
material types. The second type of analysis is the
materially nonlinear only analysis. In this type of analysis
only the nonlinearities of the material stress-strain
description are considered. The last two formulations are
the Total Légrangian and the Updated Lagrangian which
include the nonlinear behaviour due to large displacements
as well as the nonlinear material stress-strain description.
With the Updated Lagrangian formulation the effects of large
strains are included by updating the mesh at the end of each

time step. ‘ )

2.2.3 Material Models

A number of méterial models are available in ADINA but
only those which are considered most useful ig
soi}—structpre interaction problems are reviewed. Sources
con&aining a developement of the model and constitutive
relationships are referenced.

The first two material models considered for use with
the truss el;gents are the Linear Elastic model and the
Nonlinear Eléstic model [3,8]). The Linear Elastic model
requires a single material parameter, Young's modulus, to

define its behaviour. The Nonlinear Elastic model is

identical in concept to the Linear Elastic ,model except that
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it uses a nonlinear stress-strain~relationship that is

descr1bed by a piece- wise llneap curve. These models, beang

~

elastic models, follow the same’ stress straln curve 0ur1ng

,unloadlng and loadlng ¥
The Elastic-Plastic mater1al model is deflned by means
&

of an. 1n1t1a1 Young's modulus, wh1ch is used up to the

’ﬁfgéd unlaxlal yleld stress, and” "a strain hardenlng
moduIUS [3]. W1Eh this: model elther isotropic or kinematic
»straln hardenlng can be modelled W1th isotropic strain
hardening the yleld stress after straln hardenlng is
lncreKSed equally in tens1on and ‘compression. Kinematic
straln hardenlng causes the stress dlfference, between

',jyleldlng 1n ten51on and compre551on to be constant at twice

- the initial- Yleld Stress. All three of these models, used
with the,Updated Lagranglan formulation,‘can accommodate
larde_displaceménts but only Strains,less than twolper cent.

The material models considered for use with the
two dimensional element type ‘are much more varied than those

_cons1dered\for the truss element. This is because three
different materials, steel, concrete and soil, were to be
modelled.,In this chapter onlyftheir inout parameters and
general behaviour will be discussed; Their application'to

\\these materlals is presented in Chapter 3. |

The first two materlal models are the Isotroplc and

[y
o)

Orthotropuﬂ Linear Elastlc models. The mater1al parameters

~

for these models are constant Young s moduli and Poisson's

ratios. The Isotropic-model has a single Young's modulus and

¢

o



Poisson's ratio and the'Orthotropic model has'th;ee
principal Young s modﬁll and their corresponding Poisson's
ratios. With the Orthotoplc model one axis of orthotropy
must lie perpendicular to g%e plane of the element.%The
other two axes are defined on an element by element basis,
as éhown iﬁ Figure 2.2. Ny
The curve descrlptlon modei 1s a nonlinear model with
ho explicit yield surface [3]. Thexnonllnear behaviour is

defined by the 1nput of a piece- w1se 1ns&aﬁtaneous bulk and

Rirve is

shear moduli curves. The 1nstantaneous bulk modulu‘ 
1nput both for loading and unloadlng, as shown in
Figure 2.3. From the ratio of thg loading and unloading bulk
,méduli curves and theisheé: modulus curve an unloading shear .
modulus curve is calculated. ae determination,éf whether
- the ma&erial is being 1oaded or unloaded is based totally on
the change in volﬁmetric strain. |

This model also allows either‘a tgpsion cut;off’or a

>

tehsioq failﬁge to be included in the analysii. With the ?
tension‘cut—OEf.option, when a tension plane forms, the
stfesses across the plane are not’released but the normal

and shear stiffnesses are.reduced by user supplied factors.
With the tension failure opfion, thé-teﬁSion stress across
the Eension plane is released but the shear stfess on.the
tehsion plane_is not releas;d unless the sﬁeér stiffness
reductidn factor ‘is less than 0.001, the nérﬁal stiffness is.'

reduced to zero and ‘the shear stiffness is reduced by the

shear stiffness reductlon factor With both the tension



Figure 2.2 Axes of Orthotropy
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Figure 2.3 Inpué to Curve Description Model
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failure and tension cqt¥off options, a tension plane once
has been-defined, can become inactive upon unloading and
fhen becéme active again on reloading. However, once a
tension plané has beén defined it can only have the same
orientation or one perpendicular to it.

A tensioﬁ failure or tension cut-off occurs when the
principal stress exceeds the in-situ gravity pressure. Wi
the curve description model the surface of the soil must
have a z-coordinate of 0.0 because of the method used to
éalulate the gravity pressure. This causes problems when
performing an énalysis in which the soil surface changes
either because of excavation or backfilling. The in-situ
gravity pressure p, is determined by assuming that thére
a hydrostatic pressure distribution within the material.

gravity pressure 1s calculated by the following formula.

In the formulajh-l is the element interpolation function,

‘N is the total number of nodes belonging to the element.

16

it

th

is

The

and

The

value of pi‘is calculated using the formula P; = 7423 where

z. is the z-coordinate of node i and s is the material
density. The stresses calculated in the analysis'do not .

include the gravity in-situ stress unless a mass

proportionalvloading is applied separately. Therefore, if
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the Curve Description model is being considered, the
cqordinated system for‘the mesh must take into account the
method used to calculate the gravity pressure. IS
This allows the formulation of the sbil stiffﬁ%&s while
removing the need to model thé true in-situ stresses in the
soil. A method that can be used, is to model the soil with a
mass proportional loading with the trge'material density and
tHe»density‘in the curve description model set to zero. This
would have the effect of setting'the éllowable tension
stress in the soil‘to zero and the stresses in the soil
would be the stress due to gravity and the other loads.
The Elastic-plastic, voﬁ Mises yield criterion is one
of‘the most commonly implemented material hodels in
nonlinear finite element programs; however the
'implémentation of this criterion in ADINA has a number of
features not normally available. This model can take two
forms, the bilinear el§§>ic—plastic and the multi-linear
elastic-plastic [3,8,10 . The bilinear elastic-plastic model
uses an initial'Ybung'érmodulué in the elastic region and a
strain hardening modulﬁs thereafter. The cylindrical yieid
surface is defined by the input of the uniaxial yield stress
and the resulting yield function is of the form shown in

equation 2.2.
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(2.2)

The multi-linear elastic-plastic model also uses an initial

Yqﬁhg s modulus and Poisson's ratio in the elastic region

but 1n the inelastic region the behaviour is defined by up

to seven points on the uniaxial stress-strain curve. For

both the bilinear and multi-linear‘models, either isotropic

or kinematic strain hardening can be assumed. The

differences between these two types of strain hardening is

shown in Figure 2.4.

These two models, with either type of

strain hardening, can be used in material nonlinear only

analysis or with the Total Lagrangian formulation in a small

strain, large displacement analysis. -However,

only isoﬂropic

strain hardening can be used when the Updated Lagrangian

formulation is used.

The Drucker-Prager yield model,

as implemented in

ADINA, assumes elastic perfectly plastic ‘behaviour in the

material and can include cap hardening in compression and a

stress cut-off in tension [10].

The Drucker Prager yield

.criterion uses a linear-conical yield surface as shown 1in

F\
v
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F =3 0_+ o0-K o (2.3)

The values of a and K are material parameters and can be
determined experimentally in a triaxial compression test.
The following formuli are used to calculate « and K, where 6

is the internal angle of friction and ¢ is the cohesion.

-

N 2 siné
% 73 - sind) /3 (2.4)
K = 6c cosb

T3 - sinf) /3 | _ (2.5)

i

The matérial is linear elastic until it encounters the yield
surface, the hardening cap or the tension.cut-off. The
elastic behaviour is defined by an initial Young's hodulus
and Poisson's ratio. The cap hardening behaviour is governed

by the folléwing formula.

RS G 1n[1 - tep} . 012 (2.6)



21

aoejang pIolx ummmum 19yonag gz @anbta

— . —
-
I
- RSN |

dV3 ONIN3QHVH

$J0-4n7 uojsUe]

90044ng PIAIA
leboig ieyonuiQg

ol



( -

I? is the current cap position, OI? is the initial

Where t

cap pssition and tes is the current volumetric plastic
strain. The values of D and W are cap hardening parameters,
D is the total volumetric plast}c strain rate and W is the
maximum plastic volumetric strain. The linear cap hardening

surface in ADINA is defined by the following formula.

F = ~-"1_+ "1 ©(2.7)

The cap hardening surface changes the stress-strain
behaviour of the materigl by reducing the effective Young's
modulus and Poisson's éatio when the stress state is on the
cap hardening surface. The eff:ctive Young's modulus
approachs the varues input as the Fotal volumetric plastic
strain approach the maximum plastic volumetric strain, W.
The effective Poisson's ratio, in the usual application of
this model, is/neéaﬁiyp over a large portion of the model's

T _
range. When thefmateria; is unloading, the values of Young's
modulus and Poisson's ratio are those input (Figure 2.6).

" The tension cut-off in the Drucker Prager model is not
as sophisticated as in the Curve Description model or the
Triaxial Concrete model. The tension cut-8ff occufs when a
principal stress exceeds the input tensile strength of the

material. All of the principal stresses at the point- where

the tension cut-off occurres, are reduced to one-third &f
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the tensile streAgth.‘This reduction in stress leads to
instability when a large area fails in tension. This is
because the stiffness-in all directions is reduced and not
just the stiffneés across the tension plaﬁe.

The Concrete Cracking model is a very complex model
specifically developed to model Eoncréte [3,9]. The input to
define the uniaxial compression stress-strain curve, shown
in Figure 2.7, include the initial tangent Young's modulus,
the maximum uniaxial stress and corresponding strain, and
the ultimate stress and corresponding strain. The tangential

Young's modulus is given by the following formula.

£ [1 - B(té/éc)2 - 2c(té/éc)3}

- o
B o= > (2.8)

[1 e altese,) + B(tese)? + c(té/éc>3}

where
~o 3 2 I:30 3 2
— + (p~ - 2p°) — - (2p” - 3p~ + 1)
E E '
u s

A =

B = [(2 - E/E]) + 2A]

c = [(2 - E_/E]) *+ A]

[ ]

° is the initial tangent modulus

é = 3 = =
5 Oc/ec’ Eu ou/eu’ p eu/ec
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9. is the maximum compressive stress and
e. is the corresponding strain
7, is the ultimate compressive stress and

it

e, is tHWe corresponding strain

- In the tensile region a linear stress strain relationship is
Yused with a slope equal to the inital tangent modulus. The
compressive stress-strain curve is adjusted for the triaxial

4

containment by multiplying the stresses and strains, used to

3
[

determine the stress-strain curve, by v (Figure 2.7). The
valuelﬁf v, the increase in compressive strength, is
detq/;ined by linear interpolation between the eighteen
points input by the user that define the triaxial failure
surface. Figure 2.8 shows the failure surface as defined by
the eighteen points and an example of triaxial test results.
During udnloading the stress—étrain behaviour follows a
straight line with the slope eq&al to the initial Young's
moduius. Upon reloading the straight line is followed up to

the original stress-strain curve and then follows th

pa)
original curve. ' . \\\\
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The function that determineswwhether the matlerial 1is

loading or ﬁnlgeding.is shown below.

tp = 5 + 3a Fo ‘ . | (2.9)
] m ,
where '
1
t-= 1t t 2
£ 1
om =3 %44

The value of a is a constant equal to one third the slope of .
the failure surface in the § and o stress space. The
t

materlal is loadlng if 'F 2 F and unloading is 'r < F

max max’

where Fm X is the maximum value of 'F reached during the

solution.

The. Concrete Cracking mbdel,alSo includes a tension
failure option. The uniaxial tensile failure stress is input
to theiprogram; This tensile strength is reduced linearly as
the other principal stresees increase in compression. When a
pr1nc1pal stress exceeds the tensile strength the stress
across the fallure plane 1is released and the normal and
shear stiffnesses are reduced by the factors suppl1ed by the
user. The failure plane,'having been formed, is-allowed to
become inactive upon unloading and active again on
reloading. Once a failure p%gge has foé%ed, its oriénpation

is fixed and a second crack can only" form perpendicular to
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the originai. Itmshould be noted that to have the nonlinear
behaviour due to cracking recoghized, equilbrium iterations
must "be included. This is because the constitutive matrix is
always reset to the initial elastic matrix after a crack has
formed. The stiffness is only reduced by the equilibrium
iterations. In all cases, even after cracking, Poisson's

ratio is kept constant.

2.2.4 Other Capabilities
2.2.4.1 Element Birth and Death Options
The most important feature when using ADINA to
model construction is the element Birth and Death
option. This option allows ‘the user to specify for each
element in an element groﬁp where the Birth or Death
option has beén chosen, to specify the time step at
which the element becomes active or ceases to be act;ye. )
All degrees of freedom not active have their deflections
set to zero and are eliminated from the stiffness
matrix. The.'elemkents “a'lorig the bounda‘here son;.e lof
the nodes have deflected.previous to th® element; being.
added, have all previous defﬁéctions subtracted in the
calculation of their strains. The stiffness matrix must
be feforﬁdaated whenever an element is added or removed.
| fhis option is available for all of the element types
available invAD&NA; however the following discussion .

concentrates on the two-dimensional solid elements. It

should be noted that at this time ADINA does not allow
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for an element to be both added and then li&fr removed.
An‘importaﬁt point of clarification on what is
stated in the ADINA users manual is that if an element

1

is given a birth time of 10.0 it becomes active at 10.0.
- If an element is given a death time of 10.0 it becomes
inactive after 10.0, therefore if the element is to be
inactive at time 10.0 and the ﬁime;step incréhent is 1.0
a deatpltime of 9.0 must be specified}
A major limitafioﬁ with the element Birth and Death

Gl option is the way in which gravity loads are applied. In

vy
i

ADINA the gravity loads are applied using a lumped mass
~—
matrix rather than a consistent mass matrix. This method
is used to reduce the amount of computation time
required to calculate what part of an element's load is
| applied to each of its nodes. In the‘consist?nt mass
method the load is divided agEording to éachvnodes
ability to ca?ry that load or in other words the load is
proportional to the stiffness. The lumped mass matrix
methéd divides the load evenly between .the nodes
irrespéétive of their stiffness. This method requires
.~ the calculatiQn of the load vecﬁor only once at the
begiﬁning of the analysis.
A global node héving more than one element
-contributing to its stiffness also has a portion of each
element's mass confribute to tﬁe grfvity load at the

node. The mass of the surrounding elements is therefare

attributed to the node and not the element, and has the
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effect of having the mass from all of the elements that

have ever or will ever contribute to the nodes whether

or not the element is present at the time.

2.2.4.2 Restart Option

To make the.best use of this feature it should be
decided at what.points in the analysis that changes in
the modelling of construction could occur or where
different load cases are applied. The i mation to
restart,tﬁe analysis can then be stored for these time
‘stéps.,This allows the analysis to continue from this
point wifhout rerunning the first part of the analysis.
It should be noted that the information saved iﬂclﬁdes
all material properties and the element birth and death’
times, therefore these values cannot be altered. If they
are changed in the input to a restart'run, ADINA echos
the input but uses the original values. ADINA does not
save the solution time with the restart information and
no errdr,Tessage is printed if the restart file for the

W ~
wrong solution time is used.

‘2.2.?.3 Smsstructuring

ADINK is capable of a limited form of
substructu%ing. A éubstructure“in ADINA can consist of a
number of linear element groups and can be used as a
"super element" a numbér of times to form a complete
structure. The limitation that only linear element

groups ¢can be " used in substructures limits their use.
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Their major advantage is to statically condense out the
majority of the degrees of freedom that are expected to

perform linearly in an incremental nonlinear analysis.

2.2.4.4 Dynamic Analysis

The program was developed to be a linear and
noniinéar dynamic analysis program and allows the
several types of dynamic analysis. In a‘linéar dynamic
analysis the mass matrix may be diagonal (lumped mass
analysis) or banded (consistent mass analysis). Thé
solution of the equilibrium equations can be carried out
using mode superposition, implicit time integration
(Newmark or Wilson mephqﬁ), or anbexplicit technique

=N

(central difference method) with a lumped mass matrix,

;Nonlinear dynamic analyses can use either the implicit

or explicit time integration method.
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3. FINITE ELEMENT MODELLING OF BURIED STRUCTURES

3.1 General Comments ’
This chapter discusses the general modelling”proceéures
used in finite element modelling of soil-structure
interaction problems..This includes the decision'making
process used to pick the best method of analysis to
obtaining the desired results, thle not using unrequired
options that increése the cost of the analysis. The methods

presented in thisvchapter’are those used in the analysis of

the example structure, presented in Chapter 5.

3.2 General Procedure

The first step in modelling a soil-structure
intéréction problem is to define the problemcin terms of
- what is expected from the model. There are two basic reasons
to carry out an analysis; to predict the behaviour of a

particular structure or to evaluate the validity of a less

complicated analysis. In either case, the features of the ¥

structure‘that are critical to its behaviour must be
identified. These can be the geometric properties,
construction procedure and the mate;ial properties.olt_must
also be decided if the énalysis is to be valid'only at
service load levels or is it expected to §erform cbrrectly
near tﬁelultimate'load level. ' F’ﬁ“*\.

If ﬁheAanalysis‘is to predibt thé,beha&iour 6f a

structure, the actual geometry and material properties must

33
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be determined. The parameters required for some materigl
models are not easily determined. In these cases the
literature may provide ‘the informaﬁion required.

1f the objective is to evaluate an analytical
procedurg, two sets of analyses should be conducted; the
first set to test the assumptions that are made in the
simplified analysis, such as to assume an elasto-plastic
material behaviour compared to the behaviour of the
.structure with strain hardening, and the second set shouid
model a series of structures to determine a range of -

applicability for the simplified analysis.
3.3 Modelling of Construction

3.3.1 Excavation

qudfe begiﬁning excavation of the soil in which the
structure will bé constructed, the sqil mass must be formed
with its jin-situ stresse$s and initial material properties.
This is usually a simple process if the oréinal surface of
the soil is level and the soil properties are known. The
soil mass can be placed in a single time step either with
its compacted soil properties or have a load applied to the
surface of the soil equal to the preconsolidation pressure.
The self W¢ight of the soil can also be applied at this time
step.
8]

Once the soil mass has been constructed, the excavation

can be conducted by removing layers of soil elements. This

{
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must proceed in a realistic manner because there is a
possibility of slope faiiu;e. Depending upon the soil model
being used there can be problems'with convergence because a
lafge pdrtion of the structure, changes from loading to
unloading. The top layer‘of soil elements has a small net
compfessive stress and can develop tensile stresses that the
nonlinear soil model cannot éarry. The removal of soil élso
reduces the total weight and can.cause the model to exhibit
a large amount of rebound that may not be recognized in the

li

field.

3.3.2 Modelling of Soil Compaction

‘The simplest method that can bg used to model compacted
soil is fo‘give the properties of s%il that has already been
c0mpacted.ﬁThis 1s often used yheréJa linear soil model 1is
used and chéhges in the Stréss:history have no effect, or
where the conéfruction procedure is not being explictly:
"being modelled és in a "Gravity on Analysis". In a Gra;ity
on Analysis is whére the structure ;s gipen its final
ggémetry before gfavi;y is applied. This can be used.with
gdbd results in elastié sgil—structure analyses if the
structure is not consttuction dependent.

Thei second method {s one used the most often in
analyses where only soil;is involved at the time of
compactidh'[22]} With this method, the scil elements are

added }n layers to simulate "1ifts" of soil being placed. A

distributed load is then app;ied and removed to simulate the
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compaction equipment compacting the soil. This load is
calculated té give the same compactive effort as the
compaction equipment used in the field. To be of use, this
method must be Qsed wa:h a nonlinear material model that is
dependent upon t;e stress history to determine the
instantanous response.

The major disadvantage of this method is that the
distributed load used is, in most cases, greater in total
magnitude than that of the weight of the compaction
equipment being modelled. This is because the compaction
equipment delivers a very concentrated load rather than a
distributed load. If only soil is being modelled in a
contained boundary and where the structure will not fail
undér the load, this method éan be used; however if the
structuré is flexible, such as a steel culvert, the load .
will cause unrealistically large deflections or failure.

To model this type of problem the "Preload"” method was
developed. This method is a combination of the prévious two
methods in which the soil is placed in layers but the
material is given initial properties of compacted soil and a
load is applied to the existing structure prior to the
addition of the layer of elements.

The preioad is appiied’to reduce ;he effects of the
differential settlements in the underlying layers. The
differential settlements can cause unreéalistic stresses in
the soil being placed. This is demonstrated using the

example mesh shown in Figure 3.1. When the soil in this



37

91N30N13S 3S3L POY3I3W peolaid |°¢ ainbtg

.. Aq J134HINOD

Ao

»

~. ..

Ry |
b
<

r-J




38

structure is added without using the preload method the top
layer of elements yield and areas of small tensile principal
stresses appear (Figure 3.2). This is not realistic because
the compaction process woﬁld remold the soil in this rqgion.'

The preload is equal to the weight of soil to be added
in the next layer or total soil to br added. Whenr the layer
is placed, with its self weight, the preload is reduced and
moved to the new surface. This allows the new layer of
elements to be formed after the existing structure has
deflectedeTﬁese deflections can be ignored because when
these deformations are taking place the actual soil is still
being reformed by the compactioﬁ pr&éess. ‘

| There are three methods of preloading that can be used

dependin?fupon the structure and the intermed&ate results
wanted (Figure 3.3). The first pfeloading method has the
preload equal to weight of all.remaining.soil elements. The
preload is applied to the structure, a single layer of soil
elements is added and in the same time step the load is
reduced by the weight of the elements added and is moved to
the new soil surface. The problem with this method-is that
the structure may require the stiffness of the soil yet to
be placéd to carry the load of the soil represented by the
preload. It also does not solve for intermediate
construction steps.

Another method which does solve for intermediate steps
has the preload equal to the weiqht of the next layer of

soil elements. The preload is applied to the existing

o]
s
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structure-in one time step, the preload is thgm‘pemoved and
the soil elements with their self weight are added in the
next time step The top. layer of elements is w1thout a net,
compressive stress when this method is used. Thls\ﬁan cause *
zones of tension failure to occur when a structure in the
soil causes differential settlements. These zones of tension
failure can lead to nUmerioal instabilﬁties when a nonlinear
material model is used.” .

The third variation of the preload method is very
similar to the second The preload is egual to.the weight of
the next layér of elements. The preload is dpplied, then the
layer of elements is added and at the same time the preload
is moved to the new surface. This keeps a small net‘
compressive stress and reduces the.possiblity of"avsma%l
tensile stress forming, whilefal}oying the solution at

intermediate construction steps.

<

3.4 Mesh Development Considerations
L :

3.4.i Boundary Conditions

| The extent of soil to be con51dered in a finite-element
f‘analy51s was suggested to have the vertical boundarles three
times the span away from the centerllne of the structure and
the horizontal boundary one'and a half time the rise below‘~
the base of the ’sgructute (ABDEL-SAYED and BAKHT 1981) [1].

The vertical boundaries are rollered to allow movement in

the vertical direction and the horizontial base of the soil

/
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mass is fully fixed. These boundaries were found by
Abdel-Sayed et al to be sufficiently distant -so that any
further increase in the distance had no substantial affect
on the,structu:e; These are by no means the only boundary
that .can be used and a teduction in the distance to the
' bouhdary ‘can be worthwhile if a large number of ahalyses ere -
to be done. Any reduction-would require investigation while
the boundarles given above generally give good results

1t has been suggested that a radial boundary can be
used, thereby reducing the amount of soil that need be
modelled (ABEL, MARK and RICHARDS 1973) [2]. This is where
. the boundary of the soil mass is modelled as a circular arc

Yy

that is perpendicular ‘at the soil surface and radial
movement is fixed while circumferential movement is allowed
to occur. This possibility was investigated and found tJ
give vVery unrealistic results in the soilf At the base of
. the soil mass, when a radial boundary-is.used, the lateral
presshre quer self weight 1is larger than the pressure on
the hotizontallplane. This is not a realistic stress field

when -the soil is assumed to have a Poissoq's ratid of 0.3.

This boundary condition'was therefore aban@gned.

'*3 4 2 Mesh ProgreSSLon

The progmess1oq of the f1n1te element mesh is governed -
by the COﬂSthCthﬂ process used in the fleld When the

constructxgé process 1ncludes both excavatlon and

c# M“,\

baCkfllll%& there must.be areas of the mesh where two sets
b o A
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of elements covef the same volume of soil, one to be removed
during excavation and one to be added during the
backfilling. This is required because of the limitation
withén the element Birth and Death option(that an element
can only be added or removed but not removed and later :
added. This overlapping of the mesh can have the same
geometry; however this is not.requirea and is usually not
the best solutﬁQn because»of,the different procedures\used
while modelling the excavationﬁand backfilling operations.

In either case a second set of nodes should be used to

T

7.

define the OVeqxsgpﬂ
FE * ¥

, ,,ﬁ{,_.g,

21

dtained.

,

fiesh geometry) so that the original

3.4.3 Compatibility
When the finite element mesh is being developed it is

desirable to use elements that have the same order -of

displacement function. This ensures that the displacement
field is continuous through the structure. Convergence as
the mesh is refined will only occur monotonically if-

compatibility is maintained between elements. Three examples

of incompatiblity between eleménts are shown in Figure 3.4,

'In Figure 3.4a,»the.two—dimensional solid elements have a

linear shape function while the two-node beam element has a
cubic shape function. While the two-dimensional elements are
compatible in their x and y‘translational‘dispiacements the
beam element also maintains compatiblity of slopes’between

Rl

elements. In the second example (Figure 3.4b) the node at

R .
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Figure 3.4 Examples of Discontinuity Between Elements
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the midpoint of the common side is only connected to the
guadratic element and not to the liﬁﬁar element. This allows
the two eléments to separate along.their boundary as shown,
In the example shown in Figure 3.4c, the fwo linear elements
are connected to the single quadratic element. While this
ensures continufﬁy at the nodes other points along the sides
of the elements are not connected because the quadratic
element deflects into a parabolic shape while the two linear
elements approximate this with two linear segments.,
Incompatibility within a mesh can make the transition

from a fine mesh, where it is needed, to a-coarsé mesh
éasier to construct. This isva possible alternative to
keeping the mesh'fine and maintaining compatiblity if the
hegative effects can be accommodated, such as | \
discontinuitieg in the stress field at the point- of the
displacement discontinuity, agd possibly a slower rate of
convergence.

| Another form of discontinuity'is introduced by using
thé element Birth and Death option in ADINA to model
construction. In this case the discéntingity is caused by’
the existing mesh’deflecting under ioadiné before thevnéw_
section of the mesh is added. This discontinuity is

realistic if the modelling procedure follows the

construction in the fiéld. - '
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. \
3.4.4 Aspect Ratio's and Order of Integration

With isoparametric two- and three-dimension 1 elements
‘the shape into which the element is mapped can have a great
effect upon its stiffness. There are many recommendations as
to the limits on aspect ratios in two and three dimensional
oolid elemente but the 1ecommended maximum of 2.5 and the
absolute maximum ol 5.0 areigenerally considergé reasonable.
These limits are placed assuming that exact integration is
used. When the aépect ratio exceeds these limits the element
‘may not perform as expected because of shear lock. Shear
lock is when an element, because of the its shape function,
must undergo large shear deformations in order to assume the
true deflected shape due to bending. This is demonstrated in
Figure 3.5 using a linear two-dimensional solid element.
Using 2x2 gaussian integration, the shear strains at the . »
gauss points are lérge though no shear force-isiépplied. %

Using a four element cantilever beam modelled using
quadratic elements with aspect ratios of 5.0, the average
sﬁear stress through the cross-section is shown in
Figure 3.6. If 3x3 integration is used to sample the Strains
in -the model of the beam the stresses would be either far .
.largér'or smaller than the theoretical value or even of the
incorrect sign. This is because'the average”shearvstress in
the model has a parabolic éhépé;and the 3x3 integration
scheme samples at the peaks.,&f'the reduced order of
integration, 2x2, 1is used, the Iocation of the gauss points

correspond to the points where the theoretical average shear
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(1x1) Reduced |ntegrotio’n

Figure 3.5 High Shear Caused by the Order of the Shape

Function
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,stréss is“équaiwto'the sampled average shear stress,

,USin% red&ged integration has become common when -
.conductindga no;linear analysis because it ,has the advantage
of reduding thejamoﬁnt of storage needed for the strain
histofy of the material at each gauss point. A reduction in
the order of integration substantially reduces the cost of a.
nonlinear analysis, but it affects the rate of convergence
as well, The effect of reduced integration when theleléments
have large aspect ratios is to ingréase the rate of
convergence. However, when the material model used is
nonlinear,'thegprogression of the nonlinear effects are more
discontinugus Jithva reduced oFdér of integration. An
example of this is shown i? Figure 3.7, a single quadratic.
serendipity e}ément is s;bjected to a uniform moment ;ield.
A quadraﬁic egément cén represent the displacements under
this lqééing exactly because the theoretical displaced shape.
is alsowquadratic. Depending upon the order of the
integration used the nonlihear'behaviour can change so that
the ultimate moment carriéd changes by over 35 per cent.
3.4.5 Methods of Formulation

Results from a finite element analysis can vary greatly
depending upon the material model, its parameters and the
formulation‘method used. The problem being modelled must
thefefofé be understood so that all important features are
included in the analysis. To illustrate this a steel plate

(Figure 3.8), restrained along two edges against any
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*: .
translation and against rotation, infinite in the other

‘direction and subjected to a transverse uniform load
(Ratzlaff, Kennedy 1985) [33], was chosen even though it 1is
not a soil structure interaction problem because the changes
in behaviour are so dramatic with different assumptions.

Each o the following idealized structures describes

‘the behaviogr of the actual préblem ovef a certain range, as
shown in Figqures 3.9 and 3.10. Each make cef%;in assumptions ¢
thag allow the analysis to be simplified. The, behaviour of
each of these structures can be predicted by ADINA when thg
boundary conditions) materialwmodel and formulééion are

varied or they can be described by a closed form solution.

B Fixed Elastic Beam
(Elastic Beam Theory)
- small deflection
- linear elastic material

B Fixed Plastic Beam
P (Plastic Beam Theory)
- small deflection
- elasto-plastic material

M Clamped Elastic Plate
(Timoshenko) ’

- large deflection

- linear elastic material

C Elastic Cable
- large deflection .
- linear elastic material |,

C Plastic Cable .
P - large deflection
- elasto-plastic material
Jovr= 0.3
(o Plastic Cable
P - large deflection
- elasto-plastic material
- v = 0.5
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‘Elasto-plastic Finite Element Analyﬁﬁv
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[ . . .
Two further sets of assumptions were made and the
corresponding curves were generated usihg ADINA. With ‘these

assumptions a closed form solution would be almost

' impd§siblé to formulate. The only difference between these

two sets of assumptions issthat the Improved Finite Element

as the

Analysis includes strain hardening whery

Elasto-plastic Finite Element Analysis B
(ADINA) ’
- large deflection ‘
(Updated Lagrahgian formulation)
- elasto-plastic material
(Bilinear von Mises Y¥eld criterion)

Improved Finite Element Analysis

(ADINA)
- large def%ﬁction.

(Updated agrangian formaulation)
- elastic-plastic material )
‘ (Multi-linear von Mises Yield criterion)
a (Isotropic strain hardening)

The results of the analyses for the steel plate depend
upon the assumptions made; however each of the analyses is
valid within the limitations of the'assumptibns. The resydt
is that ADINA can model each of the assumptions and the’

results must be evaluated to check that each of the

assumptions is correct. An assumption can be checked by

: . 4 . . :
removing the assumption from the analysis using ADINA to see

if the results change significantly.

-1
A

-
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3.5 Summary .
. In this chapter the finite element modelling
considerations discussed included those'that were used to
model the soil-structure interaﬁbion problem discussed in
Chapters 4 and 5. The“procedurié used to model constructlon
of this problem can be applied to any analyels where
constructlon‘must?be modelled to arrive at a realistic
solution, '
‘Some general finite element considerations were
discussed because they were of partieular intereet when
modelling the example problem The features that are
specific to ADINA have been dlSCUSSed in greater detail than

in the ADINA Users Manual [3] to remove the confusioﬁ

encountered while conducting the analyses.

!



4. ARCH-BEAM CULVERTS

4.1 General Description : ’ v
4.4.1 Description of an Arch-Beam Culvert

Arch-beam-culverts are large span, multi-plate,
corrugated steel culverts with a conérete shell placed over
the upper portion. The soil cover is nérmally’less‘than
allowed in the code requirements for Soil-steel culverts.
The concrete shell provides résis£an;e to local bending
moments caused by individual wheel loads. This concrete
shell is reinforced and is bonded té the culverﬁ using shear
connectoré.'The concrete also extends horizontally beyond
the culvert to provide its own suppgrts;‘At the ends of the
‘CUIVeft]‘end walls are provided to act like diaphgamstin a
cylindrical shell (Figure 4.9, Figuré 4.2).7

Arch-beam cu%vérts have a numbefyﬁf advant?ges over the
conventional shorﬁvspén‘bridges which would otherwise be
reéuired. Arch—béam culverts have a completion time of as
little as H4 days incdluding earth work., A large portion of
this time is required for curing of the concrete, The
construction time is less than for ¢onvéntionalﬂbridgesl&Hat
are cast in place because there 'is little formwork requ;réqz"
other than the steelﬂcdlvert.‘Once iq.is constructed;;tﬂg h
steel culvert is left in place and with a properly designeé* “
stream transition‘eliminaﬁes the;écoﬁr under ghé $
"abutments". They ;re élsoJEQ?éﬁﬁgéistant to- road sait‘énd

6%? R
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Figure 4.2 Blairmore Creek Arch-Beam Culvert

¥

Figure 4.3 Compaction Beside the Prototype Arch-Beam Culvert’
| 4 E-



corrosion because of the soil cover above the concrete. Th

soil_also acts as a temperature daﬁper and reduces the
ﬁumber of freeze-thaw cycles that the struétufg must
withséand. The arch-beah:culverﬁ is therefore superior in
resisting these thrée major céuses of maintenance problems.

‘Arch-~beam gulverts offer a pleas 1ng appearance like
that of a stone arch bridge. This type of stucture has a
very small soil cover compared to conventlonal soil-steel
culverts and reduces the amount of earth work to a minimum.
This results in substantial saV1ngs as compared to the
_convenplonal bridges. |
4.1.2 Other Culvert Modifications

The:a:c ~beam culvert is the latest of several
modificatioJE to corrugated sfeel cu;verts to improve the
distribﬁﬁion of of applied loads whe only a limited soil
cover can be used. The first is to place thrust beams along
each sidemof the cﬁlvert (Figuré 4.4a) {13]. This provides
1mproved abutments fot the top arch of the culvert and
causes the p01nt loads to be dlstrlbuted longltudlnally The
thrust beams prov1de the same support to the culvert as the
support slab with the arch beam culvert.

The second modification has a horizontal concrete slab
cast within the soil (Flgure 4 4b) [1]. This slab assists in
dlstrlbutlng the wheel loads. | ”

Another modification that is very'similigr.to the

arch-belam culvert uses closely spaéed trahsverse steel ribs

LA
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Figure, 4.4 éoil Steel Culvert Modifications -
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.y

and lghgitudinal thrust beams, instead of the concrete shell
and support slabs, to stiffen the steel culvert |

(Figure 4.5). One such reinforced corrugated steel culvert
with a span of 18.0 m was constructed in Wellington County,

ontario [14],
4.2 Preliminary Design Considerations

4.2.f Corrugated Steel Culvert Design ansiderations

The design procedure for a corrugated stégl culver£ is
to determine its strength as a thin cdmpression ring. The
surroundipg soil must be capable of p;oviding the required
reéction pressures and the culvert cross—sectién must have
sfficient moment resistance to permit handling and
installation.

White and Layer [36] outline the assdmptions used when.
designing culverts as compression rings. One assumption is
that concentrated loads are not applied directly to the
culvert, AASHTO, therefore,‘gequires that the soil cover be:
at least one sixth of the épan. This allows the point load
applied at the soil surface to be distributed sufficiently
so that it as close to uniform at the culvert. This depth of

soil also provides the required confinement to give the Lo
don

culvert its strength. ' B
| . . “
The axial force in the culvert is assumed to be &;>

constant if the friction between the culvert and the soil is

neglected. The axial force is calculated as é%pwn in

.
s B
5
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Figure 4.6a. The weight of the soil above the culvert spéh
and the applied live load is assumed to be carried by the
culvert. To provide equilibrium in each section of the-i
culvert the radial stress in the soil surrounding the
culvert 1is proportional‘to the curvature of the culvert
(Figure 4.6b). "

To reduce the axial force in the culvert, soil archs
can be formed during construcﬁion. The soii'is placed in
curved layers above the culvert. As the'layers are placed
the lower layers carry a portion of the weight by arching to
each side of the culvert. To promote thié behaviour a sth
bedding material is sometimes placed below the culvert. This
allows ﬁhe culvert. to settle and have the soil archs carry a

larger portion of the load.

4.2.2 Arch—Beam Culvert Design Considerations

At the time when the protofype culvert was being
designed, two .principal structural actions were postulated.
The first is that the concrete would behave“as a cylindrical
'shell and the horﬁzontal.slab would act to provide the
horizontél res;raint. With this behaviour only a relatively

~

thin concrete section is required since most of ‘the load is
carriéd by an arching action. The secondvaction considers
the concrete arch to be sufficiently flat so that the action
is primarily that of a one-way slab with Ehe horizontal

‘wings acting as reaction points. This behaviour assumes that

the entire load is carried in bending and therefore requires
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‘The importance of the structure and;%he time ““”

o g@%& G
constralnts imposed by construction requ1red tHat the md?%@ﬁ~\

conservatlve one-way slab action be assumed. The hdﬂlzontﬁl

7
wings were assumed to prov1de the required reactlgnS‘“The 5
distribution of the reactiune under the W1ngs were assumed.

to be uniform for dead load and triangular undef;live 109d »%%

* 3
3

as shown in Figure 4.7. ' ; S
An MS30 single axle loadlng was used in thé/de51gn
This single axle loading of 240 kN was not reduced for
multipié lanes, Impact loéding was applied according to
section 1.2.12 of the AASHO Standards Specifications for
Highway Bfidges. This section allows for a reduction in the
impatt load from 30% for uncovered culverts down to 0% for
culverts with 0.9 m of soil cover. This axle load was
applied to the‘strUCture as two point loads at 1.8 m spacing
each having half the magnitude of the axle load as
calculated above. These point loads were then distributed
through the soil according to section 1.4.3 of AASHTO. If
the depth of fill is 0.61 m or hore the concentrated load
shall be ~onsidered as uniformly distributed over a square,
the sides of which are equal to 1.75 times the depth of
fill. The dead load due to the soii was assumed to be ysd
where Yg is the density of the soil and d is the heigﬂtjqf

fill above the structure.
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4.3 Prototype Geometry ‘ .

The prototype structure consgfucted was a 8.6 n x 4,5 m
horlzontal ellipse (F1gure 4 8)-with a crown length of 28.6
m. The culvert material was 5 mm thick corrugated steel with

| the proflle shown‘ln Flgure 4.9. The structure had a.501l
-- ¢over that varxed between 60 cm and 150 cm under the road
surface and as little as 10 cm of soil cover on the
shoulders of the road The nominal thickness of concrete 4,
placed was 51 cm. The bottom re1nfo>bement placed was 5 cm
‘above the neutral axfs of the corrugated plate 15M bars at

. B

50 cm longltudlnally and 25M bars at 30 cm centers

circumferentially.‘The top reinforcement of 15M ‘bars was K
placed 8 cm below the surface in the same grid as dLe bottom

relnforcement. A longltudlnal Cross- sectlon through the 3

concrete slab is shown 1wfﬁlgure 4 10. - 'f' ‘

'struction'of-Prototype~
'T e construction begins with the excavation of a stream
bed in whrch tq place the structure (Flgure 4.11a, b) he

beddlng surfaceaon which the culvert Wlll be assembled 1s

shaped to the culvert s bottom arc (Flgure 4, 11c) The

- . I

‘ culvert plates.are assembled startlng wlth the bottom plates

and support cables or braces are used to ma1nta1n its" shape
. = R
(Flgure 4 1d)" Backf1Ll materlal be51de the culvert is = - :

<

v placed and cbmpacted us1ng hand tamplng or llght compactlon
)

equ1pment as shown in Flgure 4, 3 Aégood quallty granular

materlal is requ1red because the culvert is very flex1ble at

Tk

. e v ' . . .t
e o -
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A

"Figure 4.10 quss-sectioh Through fhe'Composife Cu%vert
. y

)
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4, 6 Test1ng Program‘ﬂ ) TS
| Testing of the structureregan durlng constrUCtlon.
AIn1t1al strain and deflection readlngs ‘weré taken when the
‘backfill bes1de the culvert had been placed to the bottom of
the arms. Readlngs were then taken over. the next f1ve daxﬁ
whlle the relnforcement was 1nstalled Two more sets of
readlngs wereﬁtaken under dead load, 1mmed1ately before and
Sfter the placement of the concrete. o
Two static load test series'werem%onducted‘afterﬁfuring’

of the’ concrete and the placement of the granular materlal ’

B

‘ above the concrete arms‘b The flrst test series was conducted,”

seven da‘f after placement of the concrete and w1th 10 cm of’(“

uﬁ
granular materlal covering the crown. The l1ve load was

apblied dsing a self-propelled at}hmover straddllng

Cross- sectlon A as shown in F1g§&e 4,13, Stralns and

deflectlons were measured under * gros% axle welghts of 311

..

and 440 kN. At the 440 kN load one wheel of the axle was
. o~ . R £
also postloned’dlrectly over cross—sectxOn A whlle readings

were taken. , B B %

The second test series‘was carried out 28 days after
.placing the concrete. The soil cover over the crown of the
structure had been increased to 74 ¢m. This t%&f the load

was applied to the structure using two 61 cm b¥ 91 cm H-pile

. ,L‘
w/bads at 2.7 m spacing. These H-p%le pads were placed

straddllng cross-section Aags it was in the first test

series. The steel pads were then loaded-using precast

-3

L'concrete‘bridgeldeck~0nitst Strains and deflecggons\were,

.
R
'
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\

a

measured prior to and after loading as well as at loads of

462, 698, 885 and 1080 kN.

4.7 Summary

The results frbm these tests are presented in two
reports: Blairmore Creek Instrumentatlon (Summary of a
Results) [7] and Load-Response Behav1our of Blairmore Creek
Arch-Beam Culvert [26]. The first report presents the raw
extensometer and lcad cell readings and the material test
information and the second presents the strain gauge
reaé%n%{'relative deflections in the structure'and a
dlscussron of the behav1our of the structure.

.
;b@ anterpreta 1on of the results was made difficult

; “because the'btructure was very stiff resulting in the "

.gtrahgﬁ and deflections being very small. The maximum

def%ﬁﬁg&on under the applled loads was 1.5 mm downward at

';the cw&wn of the culvert under the 1080 KN load. The

1nte3pretatgpn was further limited because a large number of

t“"

o 3;‘5

Streln gauges mounted on the corrugated culvert exhibited

rratmc behaviour or unreallstlcally large initial strain

?An%r& considered to be inoperative.

| Where possible a comparlslon between these test results

RN FI .

and the asalytlcal results from ADINA is presented in

Chapter 5, For the reasons mentioned above and the \A}‘

llmltatlons of the two- d1@en51onal analy51s, the comparlslon
4 \

is llmlted tos the general behaviour and the observatlons \d

* during the analysis. As suggested by the Alberta Research



.Council Report the cffects of reduced soil cover and

concrete thickness were also investigated.
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5. MODELLING OF ARCH-BEAM CULVERTS
\

5.1 Definition of Problem
! The analytical modelling of arch beam culverts and the
results of these analyses are presented and discussed in
this chapter. The behav1our of ap arch- beam cudvert during
construction can be closely approxlmated by con51der1ng a
cross-sectjon through the culvert. This permlts the
structure to be modelled in two dimensions assuming a plene
¥ strain condition. The liye_ioad applied in the static live
load tests on the Blairmore.creek culvert cannot be

represented in two dimensions but a series of these lgpds

along the leﬂgth of the structure can ge modelled as a strip

- ¢

“w»$oad ThlS strlg&load is a more severe loadlng because the
load cannot be distributed longltudlnally

, Arch beam culverts Have two p0551ble pr1nc1éal
structural actions in two dlmen51ons that it behaves as
‘va one-way Slab; and the second that X ies the ;oadiing
compression as an arch. one¥or The purboses 3f the analY§§%v*
was to determine which of these two structural acté?gs e
dominate and the po%}ible‘short term failure mechanisms.
The material/{eatures of the structure that were
consrdered to be .important in determiming the behaviour are
the sgiffness and nonlinear behaviour of the soil, the |
S;&Cklﬂg of -the concrete and the yleldlng of the steel both

in the culvert Qnd in the relnforcement The geometric

consideratlons that can have a large effect upon the

. . . 78 '1 ; o
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behaviour are the amount of soil cover, the relative ax1al

and bending stlffnesses of the concrete cross- sectlon aﬁd
V"a

the curvature of the arch. “

&
k)
'y

In this study the shape of the steel culvert was kep;’
constant. Based on the results from the analy51s of the
prototype structure, constructed at Blalrmore, Alberta, it
was decided to analyze a second structure with the concretef
thickness redyced from 470 mm to 270 mm. fhe prototype
geometry resulted in a very conservative design and a Y
concrete thickhess of 270 mm was thought to be the minimum
that would be considered for this structure. The amount ‘and f*
location ofvthe reinforcement was changed in the 270 mm
'section based on the enalysis of the ptototype structure
(Figure 5.1). |

With the reduced concrete thickness two crown depths
were modelled (Figure 5.2). The first had a crown depth of
1250 mm as in the proetotype structure. This permitted a
direct comﬁarision between the two structures with only the
concrete thickness'chehged. Thebsecond crown depth was— "

450 mm, which correeponds to @ crown soil cerr of 150 mm.

This would normally be the least soil cover considered in

practice. :
w
5 2 Structure Nomenclature - y
The structures described in thlS chapter can be- ' ‘.'
.identrified by the following nOmenclature; (###C - ####S)~

The first number is the thickness of.the éoncrete‘actually

- . FEURCE S
>~ .y i et e
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AREA OF TRUSS
ELEMENT (Ay) mm@

Ry =2.62°

+ CONCRETE THICKNESS = 270mm
Figure 5.1 Compqsite

. v
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groSS—sections used in the Analyses
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.modelled and the following letter represents the materlal
model used for the concrete: T for ‘Triaxial Concrete g
Cracking model and D for Drucker Prager yield criteriOn. The
‘next number is fhe crown depth as described previously and

the letter represents ‘the material model used for the soil:
D for the Drucker I'r ager yicld uiJiCL)bH eand E for the
hinear Elastic model. e | |

For example structure (470D - 1250D) is the prototype=
structure ‘with the modelled concrete thlckness of 470 mm,
' crown depth of 1250 mm and both the concrete and 5011 are
modelled us1ng ‘the Drucker Prager y1eld crlterlon. |
5.3 Developement;of the Mesh

The., finite element-meSh used in all analxses of,the-
prototype‘geometry isbshoun in Figure 5.3; To allow for
Ichanges in the concrete thickness,‘the elements representing’
the concrete in this mesh were reduced in thickness. The
thickness of the top'two iayers of elements were'reduced
when the crown depth was changed. The* f1nal mesh is a result
of changes to accommodate various modelling procedures and
refinemEnts to the mesh in areas of high stress and where
high strain gradﬁénts occur. The greatest change§ to the

mesh were to accommodate the method used to place' the 5011

‘around the culvert. A previous mesh used layers of soil that

”followed the contours of the arch. This resulted in slope

faiﬂhres in the soil when the layers of soil were placed.

The mesh was then changed to the present one Wit orizontal

@
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Figure 5.3 & Typical Finite Element Mesh

4

83



| ' o 84

. DS
layers of soil., .
. . L . . .
In all»caSes the mesh was two-dimensional and had its

‘stiffness formulated using piage st:aih constitutive

matrices. The soil was modelled using quadratic sefendibity

elements near ﬁhe‘structure and lineqf two;giﬁeasional solid

elements away from the Structufe.?;his allowed a large -

réduction EQ the number of deérees of freedom required.

Compatipiiity waéialwayé maintained w¥thin the soil by using
’ »

transition elements. These elements haye some of,gheir nodes
and therefore dégreés—of—ffeeéom eliminated.

The steel culvert was modelled using‘22 quadratic'
serendipity’elements. Sohe of ‘these elements have asﬁect
ratios as large as 15. A'éefies of éﬁxi}liafyjruns involving
"single element céﬁéilevgr beams, Qiﬁh aspect ratios up to 15
and With vérie orders 6f integrétion, were conducted to
determine the error_in the ‘elastic reéponse; It was found
that if a 2x2 order o integrq}jgn_was used the edror is
less than 2% even with an aspect ratio al to 15.

The concrete Wwa ‘od led as ﬁhree quadratic elements-
through the section tb‘allow for progre;sion of éracking and
to allow the‘réinforcement, modelled as quadratic truss
elements, to be plated along the boundary between tﬁgﬁgf the
layers of elements. Two areaS‘of discontinui%z/ye%g
~introduced into the mesh as shown in Figufe 5.4. In the
first, the truss elements do not follow the boundary between

the two-dimensional elements at»the intersection between the

arch and the support slab. The second discontinuity is at
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Figure 5.4 Discontinuities in the Finite Element Mesh'
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the end of the support slab where the three elements in the
. ' . . ' - » N
slab join with one element in the soil. This is to ellc'inate

"

) 7
the need.to refine the mesh near the end of K;e condgete
o o &/

" slab.

%
5.4 Determ¥nation of Material Parameters
. The units’ used throughout the analysis wére millimeters

N 4 )
and newtons with the reaulting units of stress of

-

megapascals. The reinforcement was assumed, as in the design’

of the prototype, to have a yield stress of 300 MPa and a
Young' s modulus of 200,000 MPa. The area 95\J for the trusg
element was calculated by tak1ng the area of re1nforcement
per. mllllmeter because ADINA formulates the stiffness of the
plane strain elements on a structure having a unit
thickness.t

The steel for the corrugat;d culvert was assumed to
have a yield stress of 300 MPa, a Youngzg Modulus of
200,000 MPa and a Poisson‘siratiO'of 0.3. These material
properties were transformed to an eQuivalent rectangularl
cfossjsection because a two-dimensional solid element, with

a rectangular cross-section, was used to model -the culverts

corrugated cross-section. The transformation ensures that’

-

. the elastic stiffnesses, plastic axial force and first yield:

moment of -the transformed rectangular section are the same
as the original corrugated section. The method- used is
described by the formuli given 1in Appendix D. The resulting

transformed properties are Young's modwlus of 20380 MPa,

(=

.
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|

Poisson's ratio df 0.3,‘yield stress of 23.85 MPa and é
“ section depth of 60.0 mm. |

The soil was the material for which it was the most
difficult to determine material properties and the
corresponding material model paréme;e;S.IThe only

information Iuceived'from Alberta Transport tion on the soil

was that tlie backfill material was a coarse ranular
backfill with the grain size d?giribution,shown in
Figure 5;5. This haterial was to be compacted to’ 100%
-hodifiedvproctor;'however this degree of compacﬁion could
not be obtained near the flexible cuivert.

The Curve Description model was nqtéused to hodel the
soil because there was not enough infdrm;tion to determine

) x ‘ v
applicable loéding and unloading buik quuids and shear
moduigs curvesT\The‘qonliﬁear material model chosen was the
DrﬁckeryPrager yielé‘criterion. The ﬁatérial parameters -
required to determine the matérial‘béhaviOur are Young's
mbdalﬁs, Poisson's ratio, the angle of {nternal‘fri;tion and
the material's cohesion. All of these parameters can be
assumed by taking published values for a well compacted
granular material. After feviewing many papers. in which soil

properties were discussed eHe values were chosen from Bowles

Llllj;ﬂ' The range of values given by Bowles for a dense

granular material were Young's modulus of 80.0 - 200.0 MPa,
a Poisson's ratio of 0.2 - 0.4 and. a internai angle of ~
friction 35° - 50°. The values chosen for the soil

parameters were, a Young's modulus of 80.0 MPa, a Poisson's:
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ratio of 0.3, an'internallaﬁgle of fricti&n of 35° and a
cohesion of 0.015 MPa.JThe'Values for thefcap haréening
parameteré)vdqsgribéd in Chapter 2, were initially
§ = 0.0737, D = 0.004 1/MPa-and °1% = 0.0.

The cap hardenlng feature was later ellmlnated by
setting the initial position of the capr et 100 MPa With
the method of modelling used it was not necessary to have
the soil reméld during construction. Tha,remolaing
essentially moves the cap.position past where it would have
any éffe;t wpon the stucture after construction. The cap
hardening also causes the soil to have a negative effective
Po1sson s ratio upon 1n1t1al loading. This t; 1nh 4ﬁnt to
the model so that the hysterlsls effect can be ma@él&ed ' ~fﬂ£ﬁ

The concrete used in the prototype structure was tested |
“at 7 and 14 da?s to determiné its uniaxial compressive
_ stren&th Jf 26.3 and 29.7 MPa respectively. This value gives
some insight;into'the strength. However, for the Triaxial '
Céncrete Cracking model the triaxial failurevsurface and
nonlinear stress-strain behaviour must be input. Thié is
more information than woulc\usually blf known, therefore
values must again be assumed. The initial Young's modulus
. was assgmed to be given by the formula\in CAN3-A23.3-M77,

b

.
[}

SOOO’Vfé ’ (5.1)



‘

The maximum skress was assumed to occur at 0.002 strain
while the ultimate strain.was assumed to beq0.003 and the.
corresponding stress eqdél to 0.85 fé as suggested by
Whiﬁney's stregs block. The uniax}él £ension stress allowed

was calculated using eguation 5.2 (CAN3-A23.3-M77),
. , 2 7

= QiG'Vfé : . (5.2)

In-a di;}p% éo the above uniaxial parameters it is necessary
to.define the friaxial failure surface, values fpr this were
taken‘fromxghé‘litérature. After reviewing the possible
rahge'of results obtained from triaxial Fésts conducted by
Kahn and Saugy~[3] Launay et al [29] and Kupfer et al [28]
it was deciééd that the failure surface determined by Kahn
and Saugy (Figu:e_228) was conservative and for lack éf
specific information represented the best results availablq?
v N

. The other model used for the concrete was the Drucker

2
. . ’ . ’ . . . .
Prager yield criterion. This model required only the elastic

Young's modulus and Poisson's ratio to.define -the
‘stress—qtraih'behabiour up to failure. The yield surface

Fequired the calculation of g and K. This calculation was
. ' . t. A N . .

done by taking the discrete points input to the Triaxial
Concrete Cracking model and calculating the values of § and

,I? then pgtformihg a least'sqdares'fit to determine the

y-intercept K and the slope 3« (Figure 5.6). The initial cap

/
/

y 4
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S

hardening postﬁo}\was get to a large value so that it would
o -~
have no effect. The tensibn cut-off stress in this model was

set to the same value as in the Concrete Cracking model.
5.5 The Triaxial Concrete Cracking Model .

The Triéxial Concrete Cracking model had initially beeﬁ
used for the concrete }n the analyses but a probleﬁ occurred
-with ADINA formulating a nonpositive definite stiffness
matrix. This o:cprred when the second last layer of soil
elements was being formed in the tonstruction modelling. At
this point in the analysis ali of the material stiffnesses
were positive at all of the gauss points within the
structure, the order of integration\was sufficient and the
boundary conditions were sufficient to prevent a rigid body
displacement,

The error messége given by ADINA at the time is shown

“

below and all of the suggested possibile causes listed with

the error message were checked.
*x%k%x STOP STIFFNESS MATRIX IS NOT POSITIVE DEFINITE **x*

_ NONPOSITIVE PIVOT FOR EQUATION XXX
) PIVOT = -X.XXXXE+XX

Depending upon the material model used for the soil and
method of construction the equation nﬁmber and the Qalue of
the pivot changed.

A series of runs indicated that the Triaxial Concrete

Cracking model was involved. The entire structure was
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modelled using the linear elastic material model and no
problems were encountered. With only the material model for
the concrete changed ghe nonpositive definite stiffness .
matrix occurred. This problem could not be repfoduced ia\
isolation using a four element me;h. It was concluded thdt
the problem involved the Triaxial Concrete model in
combination with another opfion used to-model tﬁe
construction. The correction for the coilapse of réctangular
elements to trigngular elements could also be involved. When
this option was not used in later runs with the reduced
concrete thickness a change in the soil material model from
Drucker Prager to Linear Elastic eliminated the préblem.

R

This phenomenon has never been fully explained.
5.6 Method of Analysis

5.6.1 Mddelling of Construction

The method used to model the construction of an Arch
bea& culvert follows closely the construction procedure used
in the field. The basic stages in the actual construction
are; excavation of the channel to receive the culvert,
placing of the culvert with the erection cables, placing of
soil beside the culvert up to the level of the support slab,
placing 32 the wet concrete and élacing of the soil above
the hardened éoncrete. While following this procedure in the
analysis, certain deviations were made to simplify the

analysis procedure or to overcome some limitation in the
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program.

The six mesh configurations used to model™the stages of
‘construction are presented in Figure 5.7. To obtain a
complete §olution‘for each structure, sixteen time stedﬁﬂ

\yere required to model the construction sequence, ThegE’
steps are summarized in Figure % B and are discussed below.
. The first deviatiop from the actual construction
procedure was Ehat the excavation of the soil to form the
stream bed was not modelled. Instead, the first step was to
_form the mesh up to the point ghown in Figure 5.7a and apply
‘fﬁé gravity load so that this soil mass deflected under its
own weight. Modelling the excavation procedure would add a
large number of degrees of freedom, add a number of time
steps to the analysis and Mave little affect on the final
results, .
ce the soil ﬁass has deflected the layer of soil

below the culvert, £he culvert and the supp&rt cable are
formed and allowed to assume their eqUilibrium position
resting on the bedding. If the elements representing the
soil to be placed beside the culvert are just added using
the element birth and death option, the soil elements w~ill
undergo very large strains because the culvert is very
flexible. These strains are sufficient to cause numerical
instabilities when using a nonlinear soil mo%‘l.

"To overcome the numerical proktlems caused by yielding

in the soil, the placing of this soil was modelled using the

preload method. With the culvert in place a linearly varying

A}
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_Construction finished o
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DESCRIPTION

Form soil mass with self weight.
Form culvert with cable and bedding.

Apply lateral preload used to place the soil
next to the culvert

Form soil elements in the gap beside the
culvert and remove- that part of the preload.

Form soil elements upto the support slab
and remove the remaining preload. v

-

Apply a portion of the preload used to place
the concrete. a :

Apply remaining‘édncrete.breload.

Form hardened concrete elementé and remove
the preload. :

v

Remove the. erection cable. .

Apply a portion of the preload used to place
the soil beside the support slab (layer #1)

Apply the remaining portion of preload #1

96

/

o : , : /
Form layer #1, Remove preload #1, Apply preload #2

Form layer #2, Remove preload #2, Apply préload/#B
, : iy

Form layer #3, Remove prelcad #3, Apply prelgéd #a

Form layer #4;‘Rembve preload #4, Apply prgioad #E

Form layer #5, Remove preload #5

| .
\ .
\

iption of the Time Steps used in Modelling
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lateral pressure was applied to the culvert as‘shown in
Flgure 5.%9a. The magnltude of this preload, detemined by
trial and error, was suff1c1ent to lift the crown sl1ghtiy
above its original position. The resulting preload was
approximateiy 80% of the at-rest 1ateral pressure of the
soil. The next step is to add the elehents beside the
culvert and remove the preload. The culvert then settles and
applies a load to the soil.

To determine .the effect of the distribution of the
~preload used a second distribution was tried and the two
resuﬁtlng pressure dlstrlbutlons are shown in Flgure 5.9.
Whlle‘there are some dlfferences in the final pressure
distributions, they both have the same general shape: and
ﬁagnitude ~The final dlstrlbutlon of pressure is therefore
not sen51t1ve to the initial dlstrlbutlon of the preload

The next stage in the analy51s is to place the concrete
in such a way as to have the welght of the cast concrete \
carried by,the culvert in conjunctlon w1th the?cwbie and the
soil and not by the concrete itself. Once agaln the preload
method was used The distribution of the preload is equal to
the depth of concrete multlplled by the concrete den51ty as
shown in Figure 5.10. The preload is then removed and the
concrete elements added with their own weight and final .
v stiffness. The result.is that the culvert is carrying the?%ip
concrete‘and the concrete elements are essentially stress

free, | NG

Y
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The final stage in the construction process is to place
the soil above the céncrete. The first attempt at modelling
'was to add all of the elements in a single time step. No
numerical problems were encountered but the final stresses
in the soil included zones of tension and yielding near the
"soil surface.

‘The soil qlemehts were added in layers to simulate the
placing of -1ifts of soil. No problems were encountered -
ﬁlacing the first layer beside the support slab but there
were zones of tension failure in the soil element adjacent
totthe concrete. In aftemptiﬁg.tp add theJnext layer, ADINA.
was not able to converge to a solution. This was due to the
vdifferential settlements in the underlying layer§ causing
tensile stresses in the top layer of soil é}ements.,

This led to another applqcation of the preload methbd.

/
The first variation tried involved placing a preload equal
to the weight of all the soil ;o be placed on the structure.
' The preload is applied to the existing structure and then,
as each layer of elements is added thé preload is Feduced by
the weight‘of this laYer and moved to the new surface. This
method worked well and the resulting stresses in the éoil
were reasonable. However, this method forces the dead load
of the soil, represented by the préload, to be carried by
beam action becausé thé soil was not present to providé the
horizontal-reaction required for arching.

The next preload method used a prelvad equal to the

weight of the next layer of elements to be added. The
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preload is applied in one time step then the next layer of
elements is added as the preload is removed. This reduced
the effect of the differential settlement but ADINA could
““not cbnverge to_a solution. f\y | |
This was overcome by using’a preload equal to the
. weight of the next iayer of elements bul the uext preload 1s
plaéed on the structure at the same time as the preload for
the present layer of elements is removed. This kept a net
compressive stress in the top layer of elements and
increased the stabiiity of the Drucker Préger model used for

the soil that included a tension cut-off.

5.7 Live Loadings

The AASHTO code [35] provides two types of highway
loadings. Thes; loadings ére termed M and MS load}ngs, where
the MS loadings are heavier than the M loadings. fhese two
classifications of loadings consist of standard trucks and
lagg loading which are eqguivalent to Eruck trains.

In the design of the prototype an MS30 loading was

"~ used. The ,"30" represents the magnitude of the single axle

load W equal to 300 KN, Thé resplting point loads for the (:
standard truck are shown invﬁigpre‘1.2.5c of the AASHTO \\\
code. The.lane load considered is a single line load across ‘/
a traffic lane with a total magnitude equal to 0.65W and a
uniform load of 0.05W per meter length of roadway. These
1oadings afe applied to each lane of the highway. The width

of a design traffic lahe is 3.658 m (12 ft) and the standard
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truck or lane loading having a 3.048 m (10 ft) 'width is
placed within the traffic lane to)produce the maximum ¥
stress. | |

These loadings are médified to allow for muitiple lane -
loads and impact loadﬁng. The load is reduced for multiple
lanes by 10% when there are £hree lanes and by 25% for four
or more lanes. Impact lﬁad ié determined for culverts
depending upon the soil cover. Tﬁe“impact load- is 30% of the
live load when the soill cover is less than 0.305 m (1 ft),
20% when thé soil cover is between 0.305 (1 ft) ana 0.610 m
(2 ft) and 10% for culverts wifh covéf up to 0.889 m (3 ft).
When the cover is .greater than 0.889 m (3 ft) impact loading
is not applied. h | \

The loadings as applied to the analyses included both.
the design trdck and lane loadings. The design truck load
-was modified to -.cause a more éevere case at the centerline
of phé structure. The froﬁt two axles of the truck were both
placed above the centerline as a patch load extendihg 1.0 m
in the direction of the roadway and acréss the 3.048 m
design traffic lane. The resuiting pressure on the surface
is 0.898 MpPa without thé impact loading being apﬁlied. The
impact loading fbr;the crown soill cover in the prototYpe‘
geometry is 10% while the structure with fhe reduced'Soil
cover Has an impact load of 30%. The resulping load was not
modified for multiple 1aneuloads though the two-dimensional
analysis caused the étructure to act as though the culvert

had this load applied along its entire length.
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. analyses ensured that the modelling procedure worked as

103

. | The lane loading was applied in a similar manner with
the lipe load‘applied on the 1,0 m x 3.048 m patch at the
centerline as in the design truck load. The distributed load
was applied.to the entire surface of the model.

A second load case with the patch load next to the
support slab would result in a greater shear force in the
concrete and this would also have been a more severe case
for the soil supporting the concrete. It was not included in

the éhalyses because it makes the analysis non-symmetric and

would require the entire structure to be modelled.

5.8 Results of Analysis Using ADINA

' 5.8.1 Elastic  Analysis

The first sun with every geometry was a preliminary
elastic analysis. These runs included modelling of the
construction procedure, as it would be done in the inelastic

analyses, and the application of some live load. These

expected and that the preloads and live load were applied

correctly.

The results from this analysis that are of interest are
that only small areas of the soil were in tension at some
intermediate construction steps. This indicates that the
preload method did eliminate the large areas of yielding and

tension that would cause an instability. However, there were

tensile stresses in the soil above the support slab when
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live load was applied. These. stresses would not occur in the
, . ’ ,
actual structure because the soil cannot carry tension. The
'same is true of the concrete at higher. load levels. For

these reasons a nonllnear analysis uslng(more reallstlc

material models is required.

5.8.2 Nonlxnear Analysxs ,
For the prototype structuqe (470D - 1250D) and the

structure with the reduced concrete thickness (270‘ -1250D)

a material: nonlinear analysis was conducted. Thlsj ncluded

e

yield crlterlon for the soil and concrete, with their
appropriate material properties. Initially the Triaxial-
Concrete Cracking model was used in some analyses but
because of the problems described in Section 5f5' it was
replaced by the Drucker Prager yield criterion.

With both geometries the construction was modelled as
" described in Section 5.6.1. The general behaviour of the
.steel culvert during the construction is illustrated by the’
deflections at five points on the steel culvert
(Figure 5.11). The crown deflection is initially downward
but with the application of the oreload used to place the
soil next to the culvert the crown deflects upward. The

magnitude of the préload was chosen so that the crown would
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be in its original position prior to placing the concrete.

[

This matched the method used in the field because the

-

compaction was controlled so that the culvert had its
original geometry priér to placing the concrete.

! The axial force and bending moment diagrams‘for the
steel culvert f[or the construction stages corresponding to
the culvert supported on the bedding with the erection
cable, prior to placing of the concrete with the soil placed
up to the support slabs and after the concrete has been
placed are shown in Figure 5.12. These forces in th culvert
are of interest when trying to understand the behaviour;
however all stresses in the culyert were less then 15% of
the yield stress.

During éonstruction, the largest moment in the culvert
‘occurred when the culvert was supporting i£S own weight.
This moment occurred at the point where the soil is no
longer supporting the culvert. As constfuctioﬁ progressed
the position of the maximum moment moved to the new point at
"which the culvert was no longer in contact with the soil,
Placing of the soil beside the cul§ert increased the axial

-
force in the top arc only slightly because it is still only
carrying its own weight. The increase in lateral load is
carried by both the lower arc of the culvert and by the
soil. The bending moments are reduced at this stage as would

be expected because the culvert should be in a position

closer to its fabricated geometry.

/
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Placing of the soil beside the culvert resulted in the
crown being slightly above its original geometry. This could
have been adjusted but the stresses in the culvert?were
small and the change would have little effect on the final
results. The soil pressure on the culvert at this stage ot
construction was less than the lateral at-rest pressurc aid
therefore the soil beside the culvert must mobiiize some of
its own strength to carry its weight.

Placing the weight of the concrete onto the.culvert
caused a large increasé of the axial force in the top arc of
the culvert. This increased force is removéd from the
culvert by the soil beside the culvert. This increase in
radial stress in thg soil causes én outward settlement and
the axial force in the bottbm arc is reduced. This would not
have occurred had it been possible #to model tlHe interface
between the culvert and soil been model as a friction free
surface.

The crown deflection obtained frgm £he analysis under
the weight of,the cast concrete was less than observed in
the field. This was attributed to the fact that the soil
modelled at the spring line had initial properties of
compacted soil and the soil near the culvert in this region
could not be czgpacted to 100% proctor because the culvert
was very flexible. Once the structure has been constructed
this soil should have properties close to those given for
the rest of ﬁhe soil. ADINA does not allow the material

parameters to be manually changed during an analysis.
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Thetefore, the assumption was made that the soil was to- be

w‘

1n1t1ally homogeneous and to use material parameters that

model ‘this 5011 accurately during the live: loading stage of -

the analysis.

The force. in the erection cable after the concrete was

’ %
placed was found to be small and therefore the release of

-this ﬁéﬁée had almost no effect on the forces in the

culvert.

The cable ten51on was never measured in the field

therefore the magnitpde of the horizontalvforce in the cable

after placing of the_concrete cannot be verified by the

faeld measurement If the force 4n the cable was larger,

ithere would be’ an 1ncrease the p051t1ve moments in the

_'comp051te section after the cable is released.

The ax1al force in the culvert closely follows membrane

behav1our when it is not in contact with the soil. The ax1al

force in- the culvert was reduced when in contact with the

Ll

s0il Qecause the 5011 and culvertvelements are rigidly

connected. The bendlng moments were also reduced because the

soil was attached to the culvert. The soil and culvert were'

~

rigidly

element

connected because ADINA does not have an 1nterface

at this time.

S

Wlth the concrete placed the axialaforcé and bending

moment diagqams for the composite section are shown in

“Figures

the the-

moment$s

‘elastic

-

X

5.13 - 5)16. Jhe initial apparent negative,moment is

result of shifting the axis, about which the bending

'are taken}\from the neutral axis of the steel to the

centroid of the composite cross-section. The steel

ra
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culvert, has a compressive force caused by the weight of the
concrete and the concrete 1is virtually stress free. This

results in a net compressive force and a negative bending

.
1

'The bending moments plotted for the composite section

moment in the composite cross-section.

Qere all taken about the initial elastic centroid of the
composite section. The elastic centroid was calculated
‘taking into account the effect of Poisson's ratio in the
.concrete and the culvert stee;,‘while the reinforcement is
not affected by Poisson's‘ratio.

Placing the soil above the concrete in horizontal
léyers using the preLoaa method resulted in the soil being
virtually stress free exéépt for its own weight. The first
few layers of soil placed near the support slab caused the
crown of the culvert to rise sliéhtly. The rest of.the
layers being placed resulted ig a downward deflection and a
positive moment at the crown. The chéﬁge in the bending
moment at the crown, resulting from the placing of the soil
~ above the concrete, was 29% of those given by the simplified
design method used for the prototype. This is a result of a
por;ion of the load being carried by arching action as is
evident by the increases in fhe axial force in the composite
section.

The Vertical étresses on ﬁhé concrete after
construction is completed and with 1.0 times the Servicé
Live Load are shown in Figure 5.17. The distribution of

pressures on the top surface of the concrete are close to
. ] .
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those assumed in the simplified design procedure
(Figure 5.18, Figure 5.19). However, the dead load reaction
under the support slab is triangular rather than uniform.

.1f the dead load reaction used in the simplified design
procedure were changed to triangular,‘thé max imum positive
moment is reduced and the support slab hﬁ?"ﬁégative moments.
This would result in closer agréement wit@ the ADINA
results.

on the basis of the unmodified simplified design
procedure, negativé moment.reinforéement was no£'provided in
the support élab of the structures analyzed. ADINA allows )
the concreﬁe to carry some tensile stress and tﬁerefore it
can have a small negative moment in the‘support slaB;but
this will be released when the tension cut-off stress has
been reached. !

The bending mbments in thé support slab for structur;
(57OT - 1250E) are shown in-Figure 5.22, The support slab \
does not have the apparent iﬁitialJnegative moment that was
present in the composite section aé'a'result of the
compressive-force in the steel culvert. Therefore, the
magnitude of the moments at the intersection>are not equal
but the change in magnitude for any applied'load 1is
approximately the ‘same.

The two types of live load were applied to the model of
the prototype structure. It was founa that the standard

truck loading caused the largest mid-span moments. This

loading was then used for all of the following analyses. The
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magnitude of the lqgading will be described as a multiple of
the MS30 standard truck loading as described earlier.

The live load was applied to the prototype structure
(470D - 1250D) in increments of 0.2 times the Service Live
" Load (O.ZXSLL). The stiffness matrix was not reformulated
Letween the Lime steps. This permits a crack to progress
through an entige element without causing the element to
become unstable. The solution usually converged with 20
modified Newton equilibrium interations but with a limit of
300 equilibrium iterations, ADINA could not converge when
the load was greater than 2.4xSLL. The cracking in the
concrete had just proceedeé'through an entire element and
the average stress in the s%eel was 51.4 MPa at the point of

cracking near the crown.
The cause of the instability is thought to have been a

]

fbcalizedfsoil failure in the scil above the concrete
su%port slab. This was confirmed by comparing the
incremental deflections in the last time step to previous
incremental defleé?dons.kfﬁ was found that certain
deflections were as much as 3000% larger in the last time
step than in preyious time steps. The yielding in the soil
above £he concrete support slab can be seen to progress
downward as the livé'load is applied (Figure 5.20). This

“
"failure" was thought to be the result of the coarseness of

the mesh and the inability of the Drucker Prager model to

resolve the increased rate of strain caused by the cracking

in the concrete.
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The‘shape.of the bending moment diagram under live load
given by the analysis {s similar to the bending moment
diagram for the dead load. The shape of both of these curves
is similar to the bending moment diagram for a pinned
circular arch with their respective Joadings. The moments
~are la:jer 1n magnitude because i€ ¢ oy LI Wera2 not rigid
and have some horizontal settien:n\, Jinaer bech live and
dead load the moments were lass than those predicted by the
simplified design prbcedure.

This same behaviour was found with thé structure having
the reduced concrete thickness (270D - 1250D). The
equilibrium iteration limit of 300 was reached when the
scracking in the concrete progressed through an entire
element. The load at this stage was 1.5xSLL. This Qas less
load than that for the prototype structure because the
reduced concrete section permitted cracking to occur sooner.

The bending moments due to the live load were 45% less
and the axial force was 24% larger in the 270 mm
cross-section (270D - 1250D) than in the prototype structure
(470D - 1250D). The moment in each of these sections is

almost proportional to their'relative flexural stiffnesses.

5.8.3 Nonlinear Analysis with Elastic Soil:

To confirm that the failure was local and to determine
the response of the structure at higher loads another run
was conducted with the reduced concrete thickness

(270T - 1250E). This analysis was conducted in the same
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manner as with the Drucker Prager model for the soil with
the exception that the load was applied in increments of
0.5xSLL. The resulte through ienstruction were very similar /«»
as shown by the bending’moment and axial force diagrams in

\
Figure 5.21 and 5.22.

With the elastic model used for the soil the
gpplication of live load proceeded until the culvert steel
at the crown had yielded in tension. The equilibrium
;teration limit was reached when more load was appl{ed. This
yielding occurred when the load was 9.5xSLL. The resulting
load de;iectlon response is shown in Figure 5.23. The
respoﬁse for this structure 1s almost 1dent1c;l when the
soil was modelled elastically as compared to when it was
modelled using the Drucker Prager yield criterion up to the
l1oad at which the localized failure occured.

The load deflection plot (Flgure 5.23) shows that the
structure itself acts almost llnearly up until failure. The
negative moments at the intersection of the arch and the
support slab are reduced as the cracking proceeds %prough
the concrete but the shape of the bending moment and axial
force diagrams remain the same. Creekihg at the crown causes

the stiffness of the cross-section to be redﬁced and a

corresponding increase in the tensioh stress in the culvert

steel.

e
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5;8.4 Reduced Soil Cover

Based on the results of the analysié of structure
(270T - 1250E) it was decided to model an arch beam culvert
with a crown soil cover of 450 mm, structﬁre (270T - 450E).
This would show'the effect‘of‘reducing the soil cover. The
construction was médelled usiné the same procedure used in
the previous analyseg. The‘material models were the same as
for the Nonlinear Analysis with Elastic Soil.

The results during construction were the same as for
the structure having the same cohcrete section but with the
1250 mm crown depth. As a result of the reduced soil cover,
the bending moments and éxial farces in the composite |
sectiqn were reduced proportionally (Figure 5.24,

Flgure 5.25).

. The crown soil deflection for structure (270T - 450E)
due to the livelload'was almost the same as for structure
(270T - 1250E) having a 1250 mm crown depth (Figure‘5,24): 

-The load was applied to thé structure until ADINA 'no longer
converged within 300 ,equilibrium iterations;uThis‘bccurred
when the culvert at She.érown‘hqd complete Vielaed and the
load was 7.5xSLL. This yield,f;é%ryas less than for the same
structure with a crown depth'of 1250 mm, even though the
moment at the crown was less due to reduceé dead load.

The reduced "failure" load for structure (270T - 450E)

" is because the relaglve deflection between the concrete
crown and the support slab (Figure 5.26) is larger than for

structure (270T - 1250E). The change in bending moments and
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axial forces in the composite section, due to the live load
(Figure 5.24, Figure 5.25) are proportionally larger as
well. The crown soil deflections shown in Figure $.22 are
approximately equal only because the increase in the ,
internal deflection cancelled out the decrease.in the

deflection within the soil.

5.8.5 Summary of Analyses

A series'of_analyses of arch-beam culverts showed that
the load is carried by a combination of bending and axial
forces. The amount of load carrled by each of these two
actions is dependent ,on the relative axial and flexural
stiffness of the section con51dered the loading applled to
the structure and - the horlzontal support provided by the
support slab

The relatlve ax1al and flexural stiffnesses are related
. to the amount of horizontal reaction prov1ded by the support
slab because a large portion of the b nding moments are-
caused by the outward movement of the support slab. If the
cross-section is sufficiently flexible then the load is
carried primarily by arching. However, if the section is
very stiff flexurally theu the horizontal movement is not
sufficient to develop tue horizontal force required for
arching and more of the load is carried by bending. This
occurred when the concrete thicknessvuas reduced from 470 mm

to 270 mm,
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{

The distributioh of load is a factor in the amount of
moment the section must carry because the geometry of an
arch is different for each‘distributiop of loading. The
"arch” portion of the arch-beam culvert is circular which
does not match the shape required for the load to.be carried
entirely by arch action. Therefore, the (rossoseclion of the
arch-beam culvert must always be able to carry the
corresponding moments. \\\ .

In general, the more cencentrated the load the lérger
the portion that ﬁust be carried by bending. This was
_confirmed by reducing the soil cover through which the load
is distributed. The load on the surface of the structure
with the reduced soil cover (270T - 450E) resulted ih larger
bending,moments and a‘reduced failure load, under the same

applied 1oading.

5.9 Efféct of not Modelling Construction
Further analyées were conducted in which the various
stages of construction were notvmodelled. The mesh Qas
formed with its fihal geometry and the live load was
applied. . |
The first analysis attempted was struéture
(270T - 1250D). With the Drucker Prager'yieid criterion for
the soil; live load could not be applied without large zones
ofotension failure occuring. However, when the model used

for the soil was changed to the linear,elastic model

(27OT - 1250E), live load could be applied. Cracking of the
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concrete and yielding of the culvert at the crown occurred

at a larger live load than when the construction stage were

modelled because the moments due to dead load were reduced.
!

5.10 Comparision of Analysis and Test Results

The comparision of the analysis results and the test
results confirmed that ADINA is‘able to predict the response
of structures such as the Blairmore Creek.culvert. The
general response is compared because the deflections and
strains measured in the field were small and in the'order of
the experimental error.

The soil pressure cells mounted on the culvert surface
were in close agreement with the pressures given by tee
analysis:»These measured pressures, with the crown
deflectionilwere used to determine the magnitude of the
preload usedxto place the soil elements next to the culvert.

The ax1al force in the steel culvert could not be
"determlned because .of the failure of all the strain gauges
mounted on‘the inside surface of the culvert. However, when
fthe'wet concrete Qas placed, the remaining gauges showed a
inrreaSe in compression similar to the-analysis. The
deflection in the culvert under thi's load was larger invthe
field tHan in the analy51s because the Drucker Prager yield
crlterlon modelled the 5011 w1th a Young's modulus that does
not depend‘on the confining pressure. It was noted that the

soil bes}de the culvert could mot be fully compacted because

of a lack of leteral confinement.



133

The deflections due to dead load in the structure and
those given by the analysis, once the concrete had cured,
are of the same sign and order of‘magnitude. For example,
under the weigpt of tﬁe 740 mm of soil placed on the
structure the deflection of the crown relative to the invert
in the field ranged from 1.9 to 5.9 mm, while the analysis
predicted.a deflection of 6.1 mJ and the range of horizontal
movements of the suppbrt slab was 1.1 to 2.4 mm and the
analysis gave a-.value of 0.7 mm.

The live load used in the static live load test could
not be accurately modelled in a two-dimensional analysis,
but the response given by analysis was confirmed by the
field measurements. The loading in the field was not uniform
glong the'length of the structure but on a section through
"the culvert at the point of loading can be compared to the
plane strain analysis. The moment at the midspan of the
~culvert was positive and less than the moment predicted by
the simplified design procedure. The moments in the support
slab wére negative while the éimplified design procedure had
predicted positive moments. The strain gauge reading also
show a net 'compressive force in the composite section that
inaicates that some load is carried by arching. All of these
are consistent with the response given by the analysis.

The analysis using ADINA was confirmed by the field
measurements taken during the test on thel{Blairmore Creek
culvert. With better material information closer agreement

could have beén achieved.



6. CONCLUSIONS, AND RECOMMENDATIONS
6.1 Conclusions

6.1.1 Evaluation of ADINA

Through the analyses preformed in this study, it has
been found that ADINA is capable of accurately modelling
soil-structure interaction problems efficently. In the
modelling of these problems, which are often construétion
dependent and involve more than one material, ADINA's
ability to add or remove elements and to combine different
material models and different element types proved to be
invaluable. )

The von Mises yield criterion, used to model the
renforcement and the éteel culvert, was found to perform as
expected and did not cause any numerical problems.

The Drucker Prager yield‘criterion was used when the
soil was modelled as a nonlinear material. This model worked
well but the cap-hardening feature was not used because it
caused the effective Poisson's ratio to be negative. The
method used for the tension cut-off option caused local
failures to occur in the soil. This problem could have been
reduced by refining‘the mesh in the area of the failure. In
_ some cases, had a boundary of interface =lement been
available the failure could have been avoided by reducing

the high shear stresses next to the stfucture. The>Drucker

Prager yield criterion when used to model the concrete

134
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caused few difficulties.

The Triaxial Concrete Cracking model.is a very accurate
model, but it requires more material information than would
normally be available. It worked well in the test problems
which involved only concrete, but when used to model thé
arch beam culvert a nonpositive defini-e stiffpess matrix
was assembled when there was no apparent reason. This
problem appears to occur when using the Triaxial Concrete
Cracking model in certain combinations with the Drucker

i .

Prager yielawcriterion, the element bizxth and death option
and the correction for the rectangular elements collapsed to
triangular elements. The :Lmbinationfbf these ané possibly
other factors that causes the nonpositive definite stiffness
matrix has not been isolated. 1

Modelling the construction using just the element birth
option to add the concrete and soil elements resulted in
unrealistic stresses. This problem was overcome by using the
preload metbod in combination with the element birth thion.
This method allowed tbe concrete to be placed with‘the steel..
culvert carryindithe weight qf the conhcrete and it also
reduced the high shear stresses at the interface between the
'soil and the structure, which were caused by modelling the
interface without allowing slip to take place. If a better
soil’%odel and boundary or iﬁterface element were available
the preload method may not be needed to plaée the soil,but
it would still be required to model the placing of the

concrete.



6.1.2 Recommendations for Arch-beam Culverts { | '

ADINA was able to predict the behaviour of the
Blairmore Ereek culvert which is a very complex soil
structure interaction problem. The predicted behaviour was
confirmed by the response given by the field tests. The
predictions could be ;mprovcd>if a soil model such as the
hyporbolic soil model [20,21]) or if a boundary element were
had; available.

The behaviour confirmed by the field test is a
combination of arching and bending actions. The amount bf
each is dependent upon the amount of horizon;al reacton
provided by the support ilaE, the relative bending and axial
stiffnesses and the loading on the strucéure.

It was found that the simplified design procedure,
which considers the concrete to act as a simﬁly supported

beam, does not accuratepredict the elastic bending

moments in the concretgd f;g bending moments at midspan are

signficantly émallgr ¢ )Edicted and there are negative
moments im the support slab that are not predicted by the
simplified design procedure. It is therefore recommended
that future design procedures use a triangular dead load
reaction rather than one that is uniform and the axyal force
in the concrete be taken into account. /

The design should either provide negative 9ﬁment

reinforcement in the support slab or allow for a plastic

rn

bution ©

[V

redistr moments. The possibility ¢of a shear

failure in the concrete shoul.d be evaluated with the loading
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.
For

mogEfied to'cause“a,more Severe shear force than when the

llve load was appl1ed at midspan. - '

®
. If further analyses are to be conducted in conjunct1on,

£l
*

uith f1eld ests the following should be given
con51derat1zn:>Tonerm1t a better comparls1on of behaviour,
mére complete materlal property information is required. The
‘field 1nstrumentatlon should include the measurement of thel
forces in the temporary supports used durlng construct1on.
More measurements taken at dlfferent intervals during
construction would allow a better comparison to be made

; durlng this critical stage.

Under 11ve load either a three- dlmensronal analv51s
must be done or the test live load must be modified to allow
it to be modelled in two d1mens1on§. A destructlve test
‘would be useful inrmonfirming the behaviour\past‘the linear

&

region.

6.2 ﬁecommendations for Ancillary Programs
ADINA, like all nonlinear‘frhite element programs is

. very large and complex. The t1me requ1red to learn how to
‘use such a program is a major portlon of any nonllnear/
finite element analysis. ADINA'addresses this problem by
mak1ng the program s 1nput modular. ThlS allows the users to
concern themselves only with the sectlons that are related
to- thelr problem. : ) H

The largest amount of time spent duang an analysis %s

used‘in ‘the manual operations of preparing the input and
L8
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evaluating the output. It is therefore strongly recommended
that the preprocessorvADINA-IN be acquired befofg any
further major analyses be conducted using ADINA ADINA-Plot
should also be 1mproved to make the evaluatlon of the outpug
more automated. At this time ADINA-Plot has no form of
command replication aﬁd‘is without a facility to resolve
stréases iatofdirections other than the global axes. At the
present time uaers must areate their own post—processing

programs.
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| o APPENDIX A

BT
Absﬁracts%fop éhé ancillary programs to ADINA, These
abstracts were taken directly from the User Manuals for each

P

program [4,5,6].

ADINA-P]lot

"ADINA-PLOT can directly be used in conjunction with
the ADINA program to display input and output data. The
porthole file éfeated by an ADINA run is used to load a
specially‘gesigned database. ADINA-PLOT can be run in batch
or‘interaétiveif and a copﬁaqd language is used to request
plottingy lisﬁing or scanning operations. Lay-out options
are ava?lableﬁso that plots and tables can be produced ready

1 ! “ s

for inéértiqn in a report, Examples of plot capabilities are
meshes:(deférmed or undeformed), modeshapes, time histories,
line variapions and principal stresses. The operationé may
be applied to the wholé'model or a selected part. Regultants
such as total displaCements, effectiQé stresses or radial
displacements, may be calculated by userdefined formulas
writ;en in a Fortran like manner. The scanning operations
inglﬁde identification of a requested number of extreme

values or of results exceeding a specified value."

146
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"ADINA-IN
The pre-processor ADINA-IN is designed for effective
generation of input data to the ADINA progrqg. AD&NA—IN can
be run in batch or interactive operation. Thé%user input
consists of command, parameters and data lines, which define

the ADINA variables and generate element meshs, nodal

coordinates,ioads and so on. Plotting and listing facilities’

enable the user to cheé&xﬁhe ADINA model. Data is stored in
'a specially‘designed databgse. A complete ADINA input file
can be generated. Nodal pointé can be numbered in any order
since ADINA-IN can reduce the bandﬁidth énd profiie of the‘
ADINA stiffness and mass matrices by optimization of the
equation numbering. The numbering of the nodal points are

not affected by the optimization of the eguations numbering.
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ADINAT
"The program ADINAT (a Finite Element Program for
Autoﬁatic Dynamic Incremental Nonlinear Analysié of
Temperatures) is is currently available on the MTS systéﬁ';t
the University of Alberta. Although the terminology is that
\\of heat transfer problems, ADINAT can be used to model other
Wlfield problems,,such as seepage, Torsion“ and electrical
conductivity. ADINAT employs one-, two-, and three-
dimensional elements, and three basic material models :
Isotropic conétart.conductivity,'Orthotropic constant
conductivity, and nonlinear temperature dependcﬁt isotropic
condqstivityf Both steady-state and transien. analyses may
N

be performed. A new version of ADINAT is now available

(ADINAT81) which adds some new capablilities such as phase

changes and distribution heat flux loading.



APPENDIX B

List of Element Types and Cbrresponding Material Models

[3].
TRUSS ELEMENT

Linear Elastic

Nonlinear Elastic
Thermo-Elastic
Elastic-Plastic
Thermo-Elastic-Plastic and
Creep

o0 ow

g

i
TWO-DIMENSIONAL PLANE STRESS, PLANE STRAIN AND
AXISYMMETRIC ELEMENTS

Isotropic Linear Elastic
Ortotropic Linear Elastic
Isotropic Thermo-Elastic
Curve Description Nonlinear
Model for Analysis of
Geological Materials o7 S
e. Concrete Model 1
f. Isotermal Plasticity Models, ,

Von Mises Yield Condition or -

Drucker-Prager Yield

Condition with Cap
g. Thermo-Elastic-Plastic and

Creep, Von Mises Yield ' -

Condition ' ' . IETIC TR
h. Isotropic Nonlinear Elastic, " ' .
Incompressible (Mooney-Rivin
Material) ‘(plane stress fn
only) ' L

oo

. THIN SHELL ELEMENT (VARIABLE-NUMBER-NODESY; ' .
. | . é{? N
Isotropic Linear Elastic g

a‘
b. 1Isothermal Plasticity,
Von Mises Yield Condition

149
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ke

THREE-DIMENSIONAL SOLID AND THICK SHELL ELEMENT

Isotropic Linear Elastic
Ortotroplc Linear Elastic
. - Isotropic Thermo-Elastic
. Curve Descrlptlon Nonlinear

Model for Analysis of 0
Geological Materials

Concrete Model "{; :
Isotermal Plasticity WModels,

Von Mises Yield Comdition or

Drucker-Prager Yield

Condition with Cap -~

g. Thermo-Elastic-Plastic and

Creep, Von Mises Yield

Condition

Q0O ow

O

TWO-NODE THREE-DIMENSIONAL BEAM ELEMENT

a. Isotropic Linear Elastlc _ Y, "‘aﬁr

b. Elastic-Plastic Von Mlses
Yield Condition

N

ISOPARAMETRIC BEAM ELEMENT;

a. Isotropic Linear Elastic
b. Isotermal Plasticity,
Von Mises Yield Condition

" S
A g ﬁ
. e
L 4
THREE-NODE PLATE/SHELL ELEMENT :

a. Isotropic Linear Elastic
b. Isothermal Plasticity,
Ilyushin Yield Condition



APPENDIX C

Instrumentation of the Arch-Beam Culvert at Blairmere,
Alberta. The locations of the cross-sections are shown in

Figure 4.13.

CROSS-SECTION (A)

~
>

]

T DEFLECTION CONTROL POINT
j == CIRCUMFERENTIAL STRAIN GAUGE
@ LONGITUDINAL STRAIN GAUGE

Instrumentation on Cross-Section A
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CROSS SECTION (B)

Instrumentation on Cross-Section B
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Instrumentation on Cross-Section C . .
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Jnstrumentation on Cross-Section D
Y v L ’;{)qﬁ._ N .
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corrugated steel culvert cross-section to an equivalent.

iy

rectangular section.’

EA = EX bh
ASSUME b= 1
¥ = EA
R
“ Actual
A 6.150
1A 1867
Q‘)<’f;',/
E. 200,000
& .1.23 x 10°
EI 6

373.4 X 10

APPENDIX D

Noge - The depth of the actual section in 55 mm

and this transformation does not account

: .
' e

sformation of the elastic -stiffness properties from the

‘‘‘‘‘ o~
Bl = £f bh’
12
EI = EA h°
“h 12
| 1
_ 12
_‘[125}
Model -
mm 60.36 mm2
4 4
mm - 18325 mm
MPa 20378 MPa
mm2 N/mm2 1.23 X 106'mm2_N/mm2
4 2 6 4 2
mm - N/mm 373.4 X 10° mm~ N/mm
3

for tﬂ%;concrete displaced.

s



