NONLINEAR FINFITE ELEMENT
ANALYSIS OF REINFORCED
CONCRETE CYLINDRICAL SHELLS
AND FOLDED PLATES WITH EDGE
BEAMS

A THESIS
SUBMITTED TO THE COLLEGE OF
ENGINEERING OF THE UNIVERSITY OF BABYLON
IN FULFILLMENT OF PARTIAL REQUIREMENTS
FOR THE DEGREE OF MASTER OF SCIENCE
IN
CIVIL ENGINEERING
(STRUCTURAL ENGINEERING)

By
Maitham Karim Al-Tae’y

B.Sc. ...

December -..r




soanall gualielly LU il
peilicalls il sy il il
o daliwal] il il po 4 shaal
L b lic

Al
(£ 528 il Aaala A Auigh 28 ) Aasis
Liaal) Auatigh B psle pinte Aa 3 i cibalbais
(Aslid) Aain)

el S s
Aride A a5 ) 1S

Y~~~

Your Jsl gl VEYY ) g




Www&gﬁ%ﬂmﬁﬁ%w&gW_ww»».@w..%w&w»».@w._%w&ww»..%w...»»ww...»»ww»..%w...»%%%%%%%%%%&P&w@ﬁ%%&ﬂ%%

\/ \/ \/ \/ \/ Y/
IS I I A AT T INTITITNI I I ININTINTINTINTI T I IEI INININAN

ZNyio
S
NI

VBAYE

A‘

B8

QN2
3 48 ) By gau

W
*
SN

NN N PN NN AN PN EN BN

D

N ’
I
) —

NS

WARAVA
e
N

NENE
et
(YY)
el

1AV
O

Qi

7
b >
A

-y \

ENPNE

X\
Nk

” ”~ () ” ”~ () ” ”~ () ” ”~ () ” ”~ ”~ ” ”~ ”~ ” ”~ ”~ ” (&) ”~ ” (&) ”~ ” k
AN N N A N S N A AN A S N A N AN S N A N A AN AN A N A AN AN A N A N AN AN,

4

Vo

sl
«
%9 >
%
:
%
:
%
:
-
-
-
-
.
.
-
-
-
-
-
-
-
-
-
-
-
-
%
%
e



Y

4 ghaad) ) 61 5 A ghaca) iy RN B ) a3 el Sl Al pall oda gl
AL cld alay) A5 48 gildal) ualiad) aladied) ai Basaal) yualind) 48y play 45, S5 <)
AL ot 288 sl oil) agaad A illy Lal oy S5 680 J et Badie oy pdall g pde dag Ny
O bl )5 2 9 g 2 gea dla¥) (D0 B gildal) yuaiadl JANa B ) gadia 4 ) g3 jualing
Zebeadl) s g Al A oy

Ol L el dnly Bl U ja B el aliuaiy) cilalga) il cand Al Al G pall e
At a8 Al cilalgal il caa dad) gl dflatall dpadlly Lal Al Ad) adigh Ao gl ol
e Adla A Gt Jfiail ( Smeared Crack Model) -diiall gl 3 geadf aladiiud
Aay 8l clalga) Sl ( Tension-Stiffening Model) S&) quluas 73 gl dlaic
L8l da ya

Incremental-) A JSi-dua) 35 A8y jla aladialy Aladd) 31 3l <Y alaa Ja ol
5 B had) Cal () gl (1 gl Adanal) A8y Jhal) e \alade) ( Iterative Technique
Cra B9 AT, o Bl Ll Ao i) Qi 8Y) jlama aladia) DA (e J g dald) Gl )
pda 8 33 g gal) cilpdatl) Jodail galadiad asi (A, V03, Yo ) sl el
. da g laY

Gisbad Ao alaieYl Leda a5 (( Geometrical Nonlinearity ) dswaigd) dukasu)
. (Von Karman )<bua b jLieY) cpag 3A) aa S (Lagrange) &l sy

Cylindrical ) a9 slaily sl <) 4y pddl) clidial) Ao Al jall (gdai a3
b jh clief e o gdad AN ( Folded Plate ) dxghaall o) 61 ) A8L&NG (Shell
Laland) guilill) aa b JSiy A8) gia Abaaal) guiliil) cuils Lgldad o zeall ) 4008 48
ALY 03¢d 3 ) guilal) 4y all) g

pd B Claddin Al clididal) G gl o Jal gadl lary il Al jal) culadal Las
(geladl) agan Al o (B plat) culind) pLAE ) o) ;A el ) o2 Al )
S AY Jal gl iy ) ABLEYL

o sl o Labea (LS ) S Jaa ¢l (Al pall oda gl e sl
Cra SRl Jaaa B35 A1 YA A e A g 31 Baly ) ) a8 o LBAY LEL) Ayl

B Y A ) Jaald) o) ) 288 (milill) Al o slaieWlhg, Y04 YKN A €4, YKN

e 8 Ak gata 0l ) lia S LaS, ¥ omm ) Y e mim O 8GRl da B3l ) Ads
Lededil) s dpud 0l die ) Jaad)

daal) jlada agaad B g Sale (Slaall A gl J S A ghaal) ) oD Al
Lglisanyaie o VY o glake JEAN Jaa glafla B (Bl LA LS A8 JESN L aBY)



(o ) gradal] ) i) sl dgaad) A B 33050 <l | 10 ) ¥ 0 e (Sl
JVovT M LaSA) Jaasialy A Y7 L laka Sl g

)9 5 A o) iy 8l ) Jaadl) jlafia Glocad cpilalaa ) pB) o
o) Juadl) 8 Ao ga LaS g Adlida LAl 4 ghaal)



ABSTRACT

This study deals with nonlinear large displacement analysis of reinforced
concrete shells and folded plates by the finite element method. The A, )¢ and
Y +-node brick element have been used to model the concrete. The reinforcing

bars are modeled as axial members embedded within the brick element. Perfect
bond between the concrete and the reinforcing bars was assumed to occur.

The elasto-plastic strain hardening model followed by perfectly plastic
response is used to simulate the compressive behavior of concrete. This response
Is terminated at the beginning of crushing. In tension, linear elastic behavior prior
to cracking is assumed. A smeared crack model with fixed orthogonal cracks is
adopted to represent the fracture of concrete.

The nonlinear equations of equilibrium have been solved by using an
incremental-iterative technique operating under load control. Modified version of
the Newton-Raphson method has been employed. Various integration rules (Y *,
Y 2a and Apoints) have been used in the analysis of the applications presented in
this study.

A nonlinear geometrical model based on the total Lagrangian approach
and taking into account VVon Karman assumptions is considered.

The study was applied on reinforced concrete shell structures and folded
plates including edge beams to test the validity of the program in the analysis. A
good agreement has been achieved between the examples analyzed in this
research work and their published experimental and theoretical results.

Also the study included effect of some parameters on the behavior of shell
and folded plate structures. The parameters include; change of the thickness,
edge beams height, change of the reinforcement ratio and some other parameter.

Based on the results of this work, the ultimate collapse load was very
sensitive to the variation in the angle of shell. When the shell angle (6) increased
from A+°to YA+ the failure load increased from ¢9.YkN to Y°9.YKkN. From
the results obtained, it was found that the ultimate load of the cylindrical shell
could be increased up to Y.A% times when the thickness of shell increased from
Yemm to Y+mm. The increase in the height of edge beam gave significant
increase in the ultimate load especially when the shell angle is increased. A



noticed enhancement is gained from increasing the steel reinforcement by
increasing the ultimate load carrying capacity and the ultimate deflection.

For The folded plate, the inclination angle has also significant effect on
increasing or decreasing the ultimate load. The ultimate load is decreased *.VY
times, when the inclination angle is increased from Y +°to 1 +°. The increasing in
the percent of short direction steel reinforcement to Y+ +7 an increase in the
failure load equals to Yo Y/,

Two simplified equations to determine the ultimate collapse load for
cylindrical shells and folded plates were suggested to calculate the collapse load
of these structures for different cases which were explained in chapter five.
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NOTATIONS

Matrix which contains the differential operators
Displacement vector

Nodal displacements

Cross-sectional area of steel

Body forces

Strain — displacement matrix

Linear strain — displacement matrix

Nonlinear strain — displacement matrix

Strain — displacement matrix of bar element
Linear strain — displacement matrix of bar element
Nonlinear strain — displacement matrix of bar element
Plasticity coefficient

Constitutive matrix

Elastic constitutive matrix

Constitutive matrix of the bar element

Cracked material stiffness in the local axis
Reduced modulus of elasticity

Applied load vector

Ultimate compressive strength of concrete
Maximum tensile strength of concrete

Shear modulus of elasticity

Hardening parameter

First stress invariant

First strain invariant

Jacobian matrix
Second deviatoric stress invariant

Second deviatoric strain invariant

Stiffness matrix

Stiffness matrix of the concrete element

Geometric stiffness matrix

Stiffness matrix of the bar element

Geometric stiffness matrix of the bar element
Directional cosines in the x, y, z directions respectively
Matrix containing interpolation functions

Shape function at the ith node

Internal force vector

Displacement vector at any point within the element



u, v, w

Ui Vi, W,
Vv

Wext
Wi
Wint
XY,z
Xi, Yi, Z)
a, B

o

(05)

Gcr

{c}
&, G

Displacement components in x, y and z — direction
respectively

Nodal displacement

Volume

External work

Weight of the sampling point

Internal work

Global or Cartisian coordinates

Global coordinates of ith node

Material parameters

The rate of stress release as the crack widens
Sudden loss of stress at instant of cracking
Reduction factor

Strain

Total effective strain of concrete

Cracking strain

Ultimate concrete strain

Elastic component of total effective strain of concrete
Plastic component of total effective strain of concrete
Strain vector

Strain vector of bar element

Effective accumulated plastic strain vector
Nonlinear component of strain vector

Nonlinear component of strain vector of embedded steel
bar
Linear component of strain vector of embedded steel bar

Compression reduction factor

Rate of decay of shear stiffness as the crack widens
Sudden loss in shear stiffness at the instant of cracking
Residual shear stiffness due to the dowel action

Stress

Equivalent uniaxial stress

Cracking stress of concrete

Equivalent effective stress at the onset of plastic
deformation
Stress vector

Local coordinate system



CHAPTER ONE
INTRODUCTION

General

Reinforced concrete is the one of the most commonly used construction
material. It is a composite material consisting of concrete and steel
reinforcement. The two materials have widely different properties. The
properties of reinforcing steel are generally known and well understood. On the
other hand, the properties of concrete under various stress combinations have
not been fully interpreted.

For concrete, it is well known that the mechanical properties depend
upon particular condition of mixing, placing, curing, nature and rate of loading
and environmental influences. Extensive experimental studies have been
undertaken to study the response of ultimate strength of plain concrete under
multiaxial stress state [Bresler and Pister ()4eA), Tasuji, Slate and Nelson
(yavA)]. Considerable scattering of results have been observed and collaborative
studies have been undertaken to identify the principal factors influencing this
variation [Neville (Y2AY), Mirza, Hazinikdas and McGregor (Y3v4)].

Research and experimental data have been achieved on the behavior and
properties of reinforced concrete as a material, and also on reinforced concrete
structures. This helps engineers to understand better the nonlinear behavior
and encourages them in construction field to increase the use of reinforced
concrete as a construction material for different forms and shapes of structures.

An analytical procedure for the prediction of the complete response of
such structures through the pre and post — cracking range up to failure is

necessary to assess the true factor of safety against collapse and serviceability
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Introduction
requirements. At present the finite element method offers a powerful and a

general tool to investigate the behavior of such reinforced concrete structures
and plays an important role in the analysis and design of these structures (Baka
Youy).

In recent years, nonlinear finite element analysis has proven to be an
extremely effective means for analyzing concrete structures. The complex
behavior of reinforced concrete structures including cracking, crushing,
yielding and tension stiffening, (previously treated in a very approximate way)
can presently be incorporated into the analysis in a more rational manner. The
correct prediction of reinforced concrete structures response can be achieved by
using the finite element method. It provides a valuable tool for research as well
as offering a basis for codes of practice and building specifications (Thannon
\‘\/\/\)_

A considerable number of successful theoretical and practical studies
have been published on the nonlinear analysis of reinforced concrete stiffened
plates and stiffened shells by using degenerated shell element only or by using
degenerated shell and curved beam elements. While investigations on stiffened
plates and shells by using all types of brick element are still lacking. Attempts
to analyze plate and shell with effect of edge beam and end diaphragm by using
eight, fourteen and twenty node brick element have proved inadequate to

predict the actual behavior of the structure up to its ultimate load.

Objective and Scope

The aim of the present study is to investigate the overall structural behavior of
reinforced concrete plates and shells with effect of edge beam and end
diaphragms. In this study, the behavior of plate and shell is simulated by
nonlinear three-dimensional finite element. Both material and geometric
nonlinearity are simulated by eight, fourteen, and twenty node brick elements.
The computer program P *DNFEA that was originally developed

by Al-Shaarbaf (Y42:) uses finite element analysis of reinforced concrete



Chapter One
Introduction
members by eight, and twenty node brick elements with material nonlinearity.

The modification to this program that was carried out by Mohammed (Y- "),
was the incorporation of the geometrical nonlinearity. The main modifications
to the computer program which have been carried out in the present study, was
the analysis of reinforced concrete structure by fourteen node brick element in
addition to the previous elements. Also, the present study is an attempt to
investigate the effect of edge beams on the shell and folded plate behavior.
Many other parameters affect the behavior and load carrying capacity
like the amount of reinforcement, the edge beam height, end diaphragm,
thickness of plate and shell, and some other parameters. The effect of brick

element type is also studied.

Layout of The Thesis

This thesis consists of six chapters. Chapter one introduces the problem within
hand. Chapter two contains a brief review of the previous studies that are
related to the nonlinear finite element analysis of reinforced concrete plates and
shells. The formulation of eight, fourteen, and twenty-node brick elements,
constitutive relations of concrete and steel also presented in Chapter three.
Chapter four contains numerical applications to test the validity of the
constitutive relationships and finite element formulation. The parametric study
and the empirical equations obtained from this study are given in Chapter five.
Chapter six gives a summary of the conclusions that can be drawn from this

study and the suggestions for further work.



CHAPTER TWO
REVIEW OF LITERATURE

Finite Element Method

The finite element method has become a powerful tool for the numerical solution
of a wide range of engineering problems. Applications range from deformation
and stress analysis of automotive, aircraft, building, and bridge structures to field
analysis of heat flux, fluid flow, magnetic flux, seepage and other flow problems.
With the advances in computer technology and computer aided design system,

complex problem can be modeled with relative ease (Tirupathi Y 337),

Basic ideas of the finite element method originated from advances in
aircraft structure analysis. In Y4 £Y, Hrennikoff presented a solution of elasticity
problems using the “Framework method”. Courant’s paper, using a piecewise
polynomial interpolation over triangular subregions to model torsion problems,
appeared in Y4¢Y,

Argyris and Kelsey in 1« developed efficient solution techniques for
analyzing complicated structure configuration. These techniques used in the
aircraft industry, helped to establish the foundation for further development in
the finite element studies.

Turner et al. derived stiffness matrices for truss bar, beam, and other
elements and presented their findings in Y327, In Y37+ the term finite element
was first coined and used by Clough in a paper on plane elasticity problems.

In the early Y47 +s, engineers used the method for approximate solution of
problems in stress analysis, fluid flow, heat transfer, and other areas. The first
book on finite element by Zienkiewicz and Cheung was published in »sxv. In the
late 1s+.s, and early 1avis, there was a growing interest in the application of the
finite element procedure to the analysis of reinforced concrete structure,
particularly with respect to the influence of cracking on the response. In »av
Scordelis wrote a comprehensive survey of finite element analysis of reinforced
concrete structure.

Success in developing finite element models for application to reinforced
concrete is closely linked to the development of quantitative information
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concerning the load-deformation behavior of concrete. Formulation of such
information in a suitable form for use in the analytical technique is essential.

At present, the development in mainframe computers and availability of
powerful microcomputers has brought this method within reach of researchers
and engineers working in engineering industrial fields.

Finite Element Method for Analysis of Reinforced
Concrete Members

Ahmad et al. in Y4V« originally produced the degenerated shell element for the

linear finite element analysis of thick and thin shell structures. The three
dimensional stress and strain conditions were degenerated to a shell behavior by
employing isoparametric element with independent rotation and displacement
degrees of freedom. The Mindlin’s assumption was used in place of Kirchhoff
hypothesis. In the formulation of this element only the nodes on the mid-surface
of the element were retained. Five degrees of freedom were used at each node

(three displacements and two independent rotations).

Zienkiewics et al. in Y4V achieved a great improvement of this element

by using reduced integration techniques in general analysis of plate and shell

problems.

In YAVY, valliappan and Doolan used the finite element method for

determining the stress distribution in reinforced conctere structures not only due
to the limited tensile strength of concrete, but also due to the elasto-plastic
behavior of concrete and steel. The VVon-Mises yield criterion had been used for
both steel and concrete. A two-dimensional displacement method of analysis had
been used in this study. The triangular elements were used for the concrete, and
the bar elements to model the reinforcement. The results of the numerical

examples indicated that this type of analysis would be valuable to the design
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engineer as it offers a complete picture of the stress distribution both in concrete

and steel.

Hand et al. in Y3VY used doubly curved shallow shell layered nonlinear

finite element to analyze reinforced concrete plates and shells and obtained the
load-deflection history up to failure. The reinforcing steel is assumed to be
elastic-plastic and bilinear elasto-plastic behavior is used for concrete. The

concrete is assumed to be tension-limited and to yield in biaxial compression in
accordance with a yield criterion proposed by Kupfer and Gerstle (Y4VY). A

comparison of the numerical results obtained from finite element analysis of

plate and shell showed a good agreement with experimental results.

In YAVY Suidan and Schnobrich presented a finite element analysis of

reinforced concrete beams, which utilizes three-dimensional isoparametric Y * -

node brick elements to simulate the concrete, while, the steel reinforcement was
assumed to be smeared throughout the concrete element. An elastic-perfectly
plastic behavior for both steel and concrete was assumed. The Von-Mises vyield
criterion was adopted to indicate yielding condition. Perfect bond between steel
and concrete was assumed to occur. Cracking occurred when the principal tensile
stress violates the specific tensile strength of concrete and consequently, the
stiffness normal to the crack was reduced to zero. The analysis also includes a
factor for shear-retention in the cracked planes of concrete. The predicted
behavior of reinforced concrete beams analyzed by this manner was compared
against the experimentally observed behavior of the same beams. Good
agreement has been obtained between the predicted and the experimental

behavior.

Mawenya and Davies in Y3Y¢ used the finite element technique to

account for the effect of membrane action in orthotropically reinforced concrete
slabs. The analysis included the effects of inplane stresses. The results obtained

in this study were compared with the classical thin plate theory solutions.
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Scanlon in Y4V ¢ presented a finite element model which is capable of

simulating the behavior of reinforced concrete slabs at working loads, including
the effects of nonuniform reinforcing and tensile cracking. This study

concentrates on technique for including the effect of creep and shrinkage.

Also Lin and Scordelis in Y3V used triangular finite elements for the

nonlinear analysis of reinforced concrete shells of general form. The analysis
includes tracing the load-deflection response and the crack prorogation through
the elastic, inelastic and ultimate ranges. A layered approach was used to
represent both the concrete and the steel. A bilinear state of stress was assumed
for both the concrete and the steel, and the tension stiffening effect of the
concrete between cracks was included in such study and was found to have
significant influence on the post-cracking load-deflection response of under

reinforced concrete structures.

In YAV Phillips and Zienkiewicz presented a nonlinear analysis of

reinforced concrete structures by using the finite element technique. Nonlinear
effects such as cracking, multiaxial compressive behavior of concrete, yielding of
reinforcement and to a lesser extent, aggregate interlocking were included.
Isoparametric elements, under plane and axisymmetric conditions, were used to
represent the concrete, while steel reinforcement was simulated by special line
elements embedded within the isoparametric elements. Perfect bond between
concrete and steel bars was assumed. A linear elastic-fracture model simulating
the behavior of concrete in tension and cracking was handled by adjusting the
stress level and material properties in the cracked zone. In compression, two
models were adopted to predict the concrete behavior, the first model was based
on experimental uniaxial and biaxial stress-strain relationships, and the second
model was based on deviatoric and hydrostatic components of stress and strain.
Several realistic concrete structures were analyzed and the finite element

solutions were compared with experimental evidence. It has been shown that the
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behavior of reinforced concrete structures was generally well predicted by the
method presented. The load-displacement relationships, and the location and

direction of tensile cracking were determined with sufficient accuracy.

In his research, Kabir (¥ 1Y) extended the work of Lin and Scordelis to

include the time dependent effect of creep, shrinkage and load history for the

nonlinear analysis of reinforced concrete shells.

In Y VY, Buyukozturk used doubly curved isoparametric thin shell finite

elements to analyze reinforced concrete deep beams and cylindrical shells
subjected to short time loading. A generalization of the Mohr-Coulomb criterion
was made in terms of the principal stress invariants. The generalized yield and
failure criteria were developed to account for the progressive cracking of
concrete in tension, and the nonlinear response of concrete under multiaxial
compressive stresses. Using these criteria, incremental stress-strain relationship
was established in suitable form for the nonlinear finite element analysis.
Equivalent isotropic steel layers represented the actual reinforcing bars. These
layers carry uniaxial stresses only in the same direction as the actual bars. The

effect of dowel action was neglected in this work.

In Y4v4a, Bergan and Holand used the finite element method for the

nonlinear analysis of reinforced concrete beams, shear walls, and slabs under
short time loading and/or cyclic loading. Simple beam elements with three and
four degrees of freedom per node and rectangular elements with four corner
nodes, each node has two degrees of freedom were used to simulate the concrete
structure. The reinforcement was idealized either by discrete bar elements or
smearing out into a steel layer. Full compatibility between concrete and
reinforcement displacements was assumed to occur. A smeared crack model was
used to simulate the behavior of concrete in tension, while the endochronic
theory of plasticity was used to model the behavior of concrete in compression.

Geometric nonliearity based on total and updated co-rotational description
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involving nonlinear strain expressions were considered in this analysis. The
results of ultimate loads and deflections show good agreement between the
numerical models and the experimental results. It was concluded that the
geometric nonlinearity plays an important role for predicting the ultimate
strength of the plates.

Bathe and Bolourchi in YA« applied the finite element method for the
analysis plates and shells including geometric and material nonlinearity. The
element was formulated by interpolating the element geometry using the mid-
surface nodal point coordinates and mid-surface nodal point normals. Total and
updated Lagrangian formulations are adopted that allow very large displacements
and rotations. The element is implemented as a variable-number-nodes element
and could be employed as a fully compatible transition element to model shell

intersections and shell-solid regions.
In their paper, Arnesen et al. () A +) developed a numerical procedure

based on the finite element method for the analysis of plane stress problems and
plates and shells under monotonically increasing load up to failure. Both the flow

theory of plasticity and the endochronic theory of plasticity were used in the
constitutive laws for concrete and reinforcement. General ¢-node quadrilateral

elements with selective sampling of strain and triangular shell elements were
used in the discretization. Geometric nonlinearity was accounted for through
updating of coordinates for the shell elements in the analysis of plates and shells.
Reinforced concrete beams, corbels, square plates and shells were analyzed and
compared with several experimental results. These studies show good agreement

with experimental results.
Bathe and Ho in Y 3AY adopted a simple flat three-node triangular shell

element for linear and nonlinear analysis of general shells. The element stiffness
matrix with six degrees of freedom per node is obtained by superimposing its

bending and membrane stiffness matrices. An updated Lagrangian formulation
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was used for large displacement analysis. The application of the element to the

analysis of various linear and nonlinear problems was demonstrated also.

Abdel-Rahman and Hinton in Y AT presented linear and nonlinear finite

element analysis of reinforced and prestressed concrete cellular slabs based on
slab-beam model. Mindlin/Timoshenko assumptions are adopted in the slab-
beam model which thus allows for transverse shear deformation. A layered
approach was used to represent the concrete and steel. The slab-beam model
consists of Mindlin plate elements to represent the slab and Timoshenko beam
elements to represent the eccentric beam stiffeners. A reference plane at which
all degrees of freedom are defined is usually chosen to coincide with plate mid-
surface. It is assumed that the stiffeners are monolithically connected to the plate.
This assumption implies that identical displacement fields must be produced at

the junction between the plate and the beams.

Huang in Y 3AY used the degenerated shell element and improved it by

assuming transverse shear and membrane strains. An explanation of the locking
behavior and also the location of sampling points for the assumed strains field
were given. In order to overcome the shear locking problem of the new element,
transverse shear strains in the natural coordinate system were assumed and
membrane strains in the orthogonal curvilinear coordinate system were applied to
this element to avoid membrane locking behavior. Both linear and nonlinear

problems were considered

Thannon, Bicanic and Owen in ) 3AY used degenerated quadratic thick

shell element for simulating the behavior of reinforced concrete plates and shells
stiffened with eccentric beam systems. The shell elements were employed for the
plate and shell body. For the beams, a curved element formulation is adopted
based on beam theory with incorporation of transverse shear deformation. A

layered approach is used for both shell and beam in order to model the
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progressive characteristics. The analysis was based on short term loading

conditions.

Owen, Thannon and Bicanic in Y3AY used degenerated quadratic shell

element and curved beam element for the analysis of reinforced concrete
stiffened shells, including both geometric and material nonlinearities. A layered
representation through the depth is employed, in conjunction with a simple
nonlinear model of reinforced concrete. The curved beam element exhibits the
required displacement compatibility with the degenerated shell element, and the
six degrees of freedom are capable of representing torsional and transverse
bending behavior. Numerical examples for reinforced concrete funicular shells

and folded slabs showed good agreement with the experimental work.

Thannon in Y3AA applied the finite element method for the nonlinear

analysis of reinforced concrete stiffened shells and folded slabs. Degenerated
quadratic thick shell elements were employed for the shell. For the beam, a
curved element formulation was adopted which was based on the beam theory
and incorporating transverse shear deformation. For the stiffened shell, the
modification of the degenerated shell element that was needed for the connection
with curved beam was made. A layered model was employed with special
treatment of the combined torque and bending about the weak axis of the beam.
Various reinforced concrete beams, stiffened shells, and folded slabs were
analyzed. The numerical results of the structures analyzed showed a good

agreement with the experimental results.

Guice et al. in Y YA% presented a truss-element model, which incorporates
nonlinear geometric theory to reinforced concrete slabs response by relating the
behavior of the slab to that of shallow shell. A simple truss element model, which
is typically used in the stability analysis of thin shells, was used to predict the
total load-deflection curve for restrained slabs. The comparison of the results

with experimental data suggests that it is a reasonable approach to predict the
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total load-deflection behavior especially when a single degree of freedom model

IS considered.

In his thesis, Al-Shaarbaf ()%9+) described a three-dimensional
nonlinear finite element model suitable for the analysis of reinforced concrete or
steel members under general states of loading. The Y *-node isoparametric brick

element was used to model the concrete, and reinforcing bars were idealized as
axial members embedded within the concrete elements. The behavior of concrete
in compression was simulated by an elasto-plastic work hardening model
followed by a perfectly plastic response, which is terminated at the onset of
crushing. In tension, a smeared crack model with fixed orthogonal cracks was
used with the inclusion of models for the retained post-cracking stress and
reduced shear modulus. Only material nonlinearity due to concrete behavior in
compression, cracking of concrete, yielding of reinforcement was considered.
The analysis of reinforced concrete members, which fails in shear or torsion
modes, was investigated. The numerical solutions obtained for reinforced
concrete panels under pure shear and beams in pure torsion and compound
bending and torsion revealed that the inclusion of a model for reducing the
compressive strength of cracked concrete can significantly improve the
correlation of the predicted post-cracking stiffness and ultimate loads with the

experimental results.
In Y24Y, Abbasi et al. applied the finite element method for the nonlinear

analysis of reinforced concrete slabs subjected to central patch loads. Using the
layered approach, a degenerated quadratic plate element with five degrees of
freedom has been employed to model the reinforced concrete slabs. Smeared
crack model was used with fixed orthogonal cracking. Several comparisons have
been considered in this work. These comparisons are; perfectly plastic models
versus hardening models, variation of tension-stiffening parameters, degraded

shear modulus and the role of yield criterion.
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Usama in Y34V used layered degenerated shell element for the nonlinear

finite element analysis of partially restrained reinforced concrete slabs. Perfect
bond between the concrete and reinforcement is assumed. The compressive
behavior of reinforced concrete is simulated by an elasto-plastic work hardening
model. Heterosis isoparametric element has been used to model the concrete. In
tension, a smeared crack model with fixed orthogonal cracks has been used with
the inclusion of models to account for the retained post-cracking stress and shear
modulus. The nonlinear equation of equilibrium has been solved by using an
incremental-iterative technique operating under load or displacement control and
standard and modified Newton-Raphson solver technique is adopted.
Displacement control incrementation scheme is used to trace the falling branch of
the load-deflection curve. Good agreement with experimental results for slabs
analyzed was gained.

In their paper, Edwards and Billington ()44A) presented a nonlinear finite
element analysis of reinforced concrete hipped hyperbolic paraboloid shell roof.
The ¢-node shell elements with six degrees of freedom at each node (three
translations, and three rotations) were used to idealize the shell roof. While, the
edge beams, columns, and tie beams were modeled by using A-node solid
elements with three degrees of freedom at each node (three translations). The
effects of geometrical nonlinearity and long-term effects of creep and shrinkage
were considered in this study. The finite element analysis was based on
uncracked materials and assumed that the incremental creep strains were
proportional to the stresses and exponentially decaying with time. The finite
element results show good agreement with experimental results in terms of
failure loads.

In Y49A, Mohammed investigated the behavior of various ferrocement
structures subjected to short time loading, using two-dimensional nonlinear finite
element model adopted by Thannon. Both A-node Serendipity and 4-node

Lagrangian degenerated quadrilateral shell elements have been used to model the
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concrete. The reinforcement was idealized as a smeared layer of equivalent
thickness throughout the thickness of the shell element. Perfect bond between
concrete and steel reinforcement had been assumed. Ferrocement shells, box
beams, and slabs were analyzed using the proposed model and showed good
agreement with experimental results. A parametric study to investigate the effect
of tension-stiffening parameters, effect of number of concrete layers, and the
effects of the quadratic Lagrangian elements was also carried out in this work.

In his thesis, Al-Khuza’y (¥ **)) used degenerated shell elements for

modeling both shells, and edge beams to study different types of concrete shell
structures. A layered model is considered in the modeling of the reinforced
concrete behavior and a perfect bond between the concrete and reinforcement
had been assumed. The compressive behavior of the concrete had been modeled
by employing two approaches, both the elastic-strain hardening and elastic-
perfectly plastic approach. The nonlinear equations of equilibrium had been
solved using the incremental-iterative technique operating under load control.
Various integration rules (full, selective, reduced) had been used in the analysis
of the applications. A nonlinear geometrical model based on the total Lagrangian
approach and taking into account Von Karman assumption is considered. A good
agreement with experimental results had been achieved for the used examples.
Also the study included the effect of some parameters on the behavior of shell
structures.

Mohammed in Y.V studied both two and three-dimensional nonlinear
finite element models suitable for the analysis of reinforced concrete folded
plates. The 4-node Lagrangian degenerated shell elements and the Y-:-node
isoparametric brick elements have been used to model the concrete. While, the
reinforcing bars were modeled as smeared layers of equivalent thickness
throughout the shell element or as axial members embedded within the brick
elements for the two and three-dimensional models respectively. The finite
element results showed good agreement with the experimental results. The
influence of simulating the reinforced concrete folded plates by using two or

three-dimensional finite elements were also studied. Several parametric studies

V¢



Chapter Two
Review of Literature

had been carried like; the influence of increasing concrete compressive strength,

amount of reinforcement, plate thickness, span/width ratio, and inclination.

Baka in Y+ + Y applied the nonlinear finite element for the analysis of flat
slab and reinforced concrete funicular shell. A layered degenerated quadratic
shell elements with five degrees of freedom per node was employed. Both the
elastic-perfectly plastic and strain hardening plasticity approach had been
employed to model the compressive behavior of the concrete. A smeared fixed
cracked approach was used, the reinforcement is represented by equivalent
thickness with uniaxial properties. Perfect bond between the concrete and
reinforcement has been assumed. The geometric and material nonlinearity were
considered in the analysis. Instead of modeling the edge beam in these structures,
it was considered as boundary conditions only. Numerical results obtained from
the finite element analysis showed good agreement with experimental results.

The present study deals with the case of reinforced concrete shells and
folded plates by using three—dimensional nonlinear finite element analysis.
Different types of isoparametric brick elements with three degrees of freedom for
each node are employed to model the concrete structures. Some parameters

affecting the behavior of shells and folded plates are studied herein.
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Introduction

The finite element method as a numerical technique for solving complicated
boundaries and complex material characteristic problems of solid mechanics
offers scope to develop a rigorous and rational analysis of reinforced concrete
structures. The method can be thought of as a general method of structural
analysis by means of which a solution of a problem in continuum mechanics
can be approximated. This can be achieved by analyzing a structure consisting
of an assemblage of properly selected finite elements interconnected at a finite
number of nodal points.

Nonlinear analysis of reinforced concrete structures has become popular
over the last three decades. This approach can be achieved by carrying out a
numerical simulation of the complete structural response up to collapse load. In
particular, it has proved that it is difficult to describe the highly complex
behavior of reinforced concrete within the framework of a unified material law
because of its extremely nonlinear response. This nonlinear response involving
phenomena like cracking of concrete, yielding of reinforcement, and the
nonlinear stress-strain relationship of concrete in compression and interactive

effects between the concrete and reinforcement (Bergan and Holand Y4V?),

These special properties of reinforced concrete must be considered for material
modeling at all stages of loading. Therefore, it is necessary to model the
reinforced concrete by considering the constitutive relationships of the
composite material. This can be usually achieved by the superposition of

constitutive models of the individual material components, concrete and

reinforcement (Chen Y 4AY),
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Structures may exhibit nonlinear behavior due to material or geometric
nonlinearities. Geometric nonlinearity is associated only with certain special
structural members and systems in which the effect of displacements on initial
forces must be considered in the analysis. Long columns, flexible arches, and
some thin plate and shell structures are examples of such special structural
members. On the other hand, material nonlinearities occur in all reinforced
concrete structures and should be considered by using an accurate rational

analysis (Nilson Y 2AY),

Three — Dimensional Brick Elements

In the YD finite element method, the construction of the stiffness matrix of the
brick element has been facilitated by three advances in the finite element
technology: local coordinates, isoparametric definition and numerical
integration (Al — Shaarbaf Y44 +).

These advances revolutionized the finite element field in mid — Y37 +’s,
mainly, when the A node linear and the Y+ — node quadratic brick elements
were presented as shown in Fig. (¥.)c) and (¥.Ya) respectively. This two
elements were used in representing the three dimensional solid bodies.

Alternatively, Smith and Kidger (Y24Y) used a Yf-node element as
shown in Fig. (¥.)b). This element has eight corner and six mid-face nodes.

These elements have been adopted in the present study to show their

ability for concrete representation for shell structures and for folded plates.

11
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a. Quadratic ¥ +-node brick element

Element Model

X Y

b. Y¢-node brick element

s

X Y

c. Linear A-node brick element

Fig. (*.V) Isoparametric Brick Elements
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¥.¥.) Shape Functions

The natural (local) coordinates system is used to describe the displacement
components of a point p (&, n, £) within the element. These local coordinates (&,
n, {) are scattered in the center of the brick element where the origin point is

located as shown in the Fig. (¥.Y)

Fig. (¥.Y) Local coordinate system (Smith and Griffiths Y344A)

Every brick element has ¥ d.o.f per node and bounded by planes with &,

m,and { = = ) in & n, { space. The starting point for the stiffness matrix

YA
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derivation is the element displacement field. The isoparametric definition of

displacement components is:

n
U(&.77.8) = 3 Ny (€.,
1=

n (")
v( fsﬁsé/):igll\li (f,ﬁ,i)vi

W(E 7.8 = 3 NG 7. W,

where N; (&, n, {) is the shape function at the i-th node, n represent the number
of nodes per element and u;, v; and w; are the corresponding nodal
displacements.

The shape functions of the quadratic Y +-node brick element are shown
in Table (¥.))

Table (¥.Y) Shape Functions of the Quadratic ¥ +-Node Brick
Element (Cook Y4V¢)

Location T Ni (& n, §)

Corner nodes | ) | +) | &) | (V+ &)+ ) +EE) (E&tnmi+CG-Y )/A
mid-side nodes +) |t O-ENO+nn)(O+CG) /¢

mid—side nodes O-n)O+EE)(V+LG)E
mid-side nodes O-C)O+EE)O+n )¢

where &, n; and ¢, are local coordinate for i-th node and they are equal £).
The shape function, which represents the linear A-node brick element, is

shown in Table (¥.Y)

Table (¥.Y) Shape Function of the Linear A-Node Brick Element

Nodeno.(i) | & | m | & Ni (& n, §

14
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Table (¥.Y) shows the shape functions of the Y £-node brick element.
Table (¥.¥) Shape Functions of Y £-Node Brick Element (Smith and
Griffiths Y444A)

Node no. Ni (€, 1, )

(EMHEFCHT*EM* STt VHCHY)H(E) ) *(n- 1) *(C-))A
((E-EFC-Y*E*CHY *n-Y*E-Y)H(E) ) ¥+ V) *(C-))A
((E*NHE*GHY*EN*C-Y*n-V*E-Y)*(EH) )* (- ) *(C- V)N
((EM-E*C-YFEM*C- Yt YECEY ) *(EH) ) *(n+ 1) *(E-)))/A
~((E*-EXCHYHFEM*CH Y- VHGHY)*(E-) ) *(n-) ) *(GH)))IA

~(E*NHE*C-YFEM*CH Y F+V*C-Y)*(E-

VXY )*(EH))A
-((E*-E*CHYHFEM*C- Y+ Y *C-Y)*(EH) ) *(n-
V*(EH))A
-(E*n+E*C-Y*Em*C- Y-
VECEY)*(EHN) ) *(EH))/A
(EFD)HEN)* M- )*E )Y
(EH)*E- D) M) * (- DY
-((EF))*E-Y) *(-))*(EH)) *@NY
(EHD)HE) ¥+ )*(EH) *(ENY
(E-N)*MY) *M-)MERY) * @Y
(EEND)* M) *(-))*(EHY) *(@E )Y

In the isoparametric group of elements, the interpolation shape functions

are also used to define the geometry of the element and the global coordinates
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of any point p(&, n, €) in the terms of the natural local coordinates by using the

relations:

20 \
X(Sg’n’é/):ElN' (SKaU’éV)Xl

20
W& E)=3 N (6.0, (T1)

~—

20
Z(é:'n’g):-glNi (e‘,ﬂ,éV)Zi

= J
where X; , y; and z; are the global coordinates of the node i .

Y.Y.Y Definition of Strain and Stress Fields
In order to take into account the geometrical nonlinearity of the structure, the

general strain-displacement equations that are used for small and large

deformation problems can be written as (Zienkiewicz Y3 VY):

o (5) () (5]
o] forer3] (35
=1 (- aw/@“%[@—?) (&5 ¥id

ou 8V au ou 8v8v 8W6W

—+—
oy 8x axay axay axéy
Y v, ow dudu vov owow

oz oy 8y82 ayaz ay oz
ou Ow oOudu ovov awaw
—_ e — 4+ —

0L OX OX0Z oOXoZ ©oX az

where u, v, and w are the displacement components in the X, y, and z directions
respectively. Equation (Y.Y) reveals the nonlinearity of the strain-displacement

relationships. If the displacements are small, the general first order linear strain
approximation is obtained by neglecting the quadratic terms. The engineering strains

are considered valid for the new strains measured in the original configuration
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(Timoshenko and Goodier Y4°Y). Equation (¥.Y) can be written by using shape

functions as:

N LONGON, o LaNGaN o LONAN,
X 20X ox 2 ox ox 2 ox OX
10N, oN, oN, 1N oN; 10N, 0N,
Ey P — i A A A
2 0y oy oy ZéN oy 2 oy 8y
&y 10N, oN, 10N, oN, oN, 10N, oN, u,
- ———tu ———1lv, — 1w Y
g | 2 1 oz 2 07 oz oz 2 o1 or v, (1.9
y [T 4| N, oN; N, oN, oN, oN, oN, oN, W
Xy i — 4+ ——2u, —+——"V, — W i
v oy Ox oy OX OX oy oX oy
v N, oN; oN; aN oN; oN; aN oN;
Va EX R Z  yal oy ya
oN,  oN, oN, oN. N, oN.  oN, oN,
—+——1y, — — W,
| oz OX 01 OX 01 OX OX 01 i

Since the shape functions, N,, are functions of local coordinates rather
than Cartesian coordinates, the Jacobian matrix [J], is needed to relate the

derivatives in the two coordinate systems,

"N, ON,  oN, _ ]
X; Yi Z;
o5 = o 4
1=y Py Moy M, e(F29)
ia| on on on
N, N, N,
_8§ i 6§ i 6§ i_

where n is the number of node per element. Then, the shape function

derivatives with respect to X, y, and z can be obtained as:

N, /ox oN, /0¢
oN, /oy =[3]" 1N, /on e (17)
ON, /oz oN. /o

The vector of stresses is given by:

Yy
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Ox
Oy
Oz
{o}= ..("Y)

Txy
Tyz

T7x

and the stress — strain relationship is represented as:

{c}=[D]{¢} (1A

where [D] is the constitutive matrix.
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¥.Y.Y Stiffness Matrix Calculation

In order to establish the governing equations of static equilibrium, which will
lead to the derivation of the stiffness matrix, the principle of virtual
displacements for a deformable body is used. It simply states that a deformable
body is in equilibrium if the total work done by all the external forces plus the
total work done by all the internal forces during any kinematically admissible
virtual displacement is zero (Dawe Y3A¢) or in other words, strain energy is
equal to loss of potential work by external forces:

Swint —SWeXt =0

(P9

The external work can be expressed as the work done in moving the body

forces b and surface traction tg through the virtual displacement {du }, as:

Moyt = J/{@u}T {b} dv + g{au}T {ts Jds

w(FL10)

where v is the volume of the body and s is that part of the surface of the body
where external tractions are prescribed.
The change in the strain energy. or internal work, due to a set of virtual

strains, { 0 }, corresponding to the virtual displacement{ou } is: °

W, . = L& =31 {o3dv
(111 v

By substituting equations (v.A) into equation (¥.1)) then

T
SWint = \j/{@e} [D[eldv

Yy
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("1

By substituting equations (¥.) +) and (¥.VY) into equation (Y.4), then:
‘j/{ag}T [Dlieldv - J/{au}T b} dv - é{@u}T fts ds =0 WAL

This expression represents the equation of static equilibrium for a general body.

The basic concept of finite element analysis is to discretize the
continuum into arbitrary numbers of small elements connected together at their
common nodes. For a finite element, e, of the discrete model, the displacement

vector at any point is:

{ul® =[N] fa}f

(119
where [N] is a matrix containing the interpolation functions which relate the

displacements {u}® to the nodal displacements {a}°.

By differentiation of the displacements, the corresponding strains, {&}°,

are obtained such that:

{e} = [Al {u}’ e(119)

where [A] is the matrix, which contains the differential operators. Substituting

equation (¥.) ¢) into equation (¥.)°) yields:

Y¢
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{e} = [A] [N] {a}
(1)

{e}* = [B] {a}’

(r1Y)

where [B] is the strain-displacement matrix, which represents the values of the
strains at any point within the element, due to unit values of nodal
displacements. In the discrete model, the equations of equilibrium of the
continuum may be written as the sum of integration over the volume and
surface area for all the finite elements. Therefore, by making use of equation

(Y)Y 9) and (Y.VVY), equation (Y.)Y) becomes:

o) 3. 11817 [DIBJve{a)® -3 NI T (RJE dv® - [NTﬁ Past =

ny nv

(14

Since the relationship must be valid for any set of virtual displacements,
and since a{a }T is arbitrary or a{a }T is not equal to *, then equation (Y. A) is

written in a brief form for one element e as:

iy =kl fa
(119

where [K] is the structural stiffness matrix of the assemblage of the elements

and given by:

Yo
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[K] =3 JI°

(T

and {a} is the corresponding assemblage of nodal displacement vector, and {f}

is the assemblage of external nodal force vector of the structure given by:
(l=3 NI b)° av® ¥ NI {7 ° o°
w(FLT

For an element of volume v, the stiffness matrix is presented implicitly

in equation (¥.Y +) as:

[K]® = [[B]" [D].[B] dv®
Ve

NRS)

For three — dimensional elements, the differential volume dv®, may be

written as:

dv® = dxdydz
(T

Equation (¥.YY) can be transformed into the natural coordinates as:

dv® =|J/dgdndg
NARE)

A\
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where | J| is the determinant of the Jacobian matrix. The limits of integration in

the natural coordinates become —) an +) and the element stiffness matrix can

therefore be written as:

o +1+1+1 T
[KT* = Il Il Jl[B] [D][B]J|dEdndd

(519

In general it is not possible to evaluate the element stiffness matrix

explicitly. Thus, numerical integration has to be used.

Reinforcement ldealization

In developing a finite element model for reinforced concrete members, at least

three alternative representations of reinforcement have been used:

). Distributed Representation
In this representation, Fig. (¥.Ya), the steel is assumed to be distributed withen

the concrete element with a particular orientation angle 6. The composite
concrete-reinforcement constitutive relation is used in this case [ASCE
(Y3AY), Chen (Y3AY)]. To derive such a relation, perfect bond is usually

assumed between concrete and steel.

Y. Discrete Representation
A discrete representation of the reinforcement by using independent one -
dimensional elements has been widely used, Fig. (¥.Yb). Axial force members,

or bar links, may be used and they are assumed to be pin -connected with two

Yv
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degrees of freedom at the nodal points. Beam elements may also be used, and
they are assumed to be capable of resisting axial force, shear, and bending, with
three degrees of freedom assigned at each node. In either case, the one —
dimensional reinforcement elements are easily superimposed on the multi —
dimensional finite element mesh representing the concrete. A significant
advantage of the discrete representation in addition to its simplicity is that it

can account for possible displacement of the reinforcement with respect to the

surrounding concrete. [Cook (Y 4AY), Chen (Y 3AY)].

. Embedded Representation
An embedded representation, Fig. (¥.Yc), may be used in connection with
higher order isoparametric concrete elements [ASCE ()4A)Y), Al-Mahaidi

() 4Y4)]. The reinforcement bar is considered to be an axial member built into

the isoparametric concrete element such that its displacements are consistent
with those of the element. Perfect bond between the steel and the concrete has
been assumed in this case. A major advantage of this approach is that the steel
bars can be placed in their correct positions without imposing any restrictions
on mesh choice and hence the finite element analysis can be carried out with a
smaller number of brick elements compared to the discrete representation of
reinforcement. Therefore, the embedded representation is adopted in present

work.
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) Q

Axial element Axial element

b. Discrete representation

¢. Embedded representation

Fig. (*.¥) Alternative Representations of Steel Reinforcement

For particular types of problems, a combination of representations may
be used. As an example, discrete beam elements may be used for main
reinforcement in beams while axial bar elements for stirrups. Or a distributed
model can be used for the steel throughout the surface of the curved shell and
discrete bar or beam elements for special reinforcement along the edge.

A derivation is presented in this section for a bar parallel to the local

coordinate axis &. A similar derivation can be used for bars paralleled to n and

¢ axes [Phillips and Zienkiewicz () 1Y), Mohamed () 4AT)].

Ye
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For a bar lying inside a hexahedral brick element and parallel to the local

coordinate axis &, with n = and € = ., the displacement representations are:

n
u=> N;()y;

=1

n
V:iélNi(f)Vi > (T
W:_g N; (E)w;

=1

The strain-displacement relationship can be expressed in the local
coordinate system as:

_ _aNi'_
C, C C x|y
UL D TR M ¥
£ —E 2 kz A 5] 5 5 (T
3 5 6 GNI Wi
L L 82 my

where:

¢, = (0x/6&)?,

c, =(ox/05)(0y10S),
c,=(0x/10¢&)(0z10¢)

c, =(0y188)2,
cs = (0y188)(02182),
¢, =(02/8&)?

and

h:\/cl2 +c42 +c62

w(FLTA)
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Eqg. (Y.Y) is expressed in a compact form as:

{¢'}=[B'Ka}’
(1T 9)

where [B’] is the strain-displacement matrix of the bar element. Then the

stiffness matrix of an axially loaded bar element may be expressed as:

[KT=[ [BT [D][B]dV*

(r.r)

The constitutive matrix [D’] represents the modulus of elasticity of the
steel bar for the case of one-dimensional bar element lying in the direction
parallel to the natural coordinate line&, and thus the volume differential dv® can

be written as:

dv®=As.dx'=As.h.dg

(1))

where As is the cross-sectional area of the bar. By substitution of Eqg. (¥.V))

into Eq.(Y.Y +), the stiffness matrix of the embedded bar can be expressed as:

Al
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[KT

As| (BT D] [B'}hdz

(N
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Numerical Integration

To perform the integration required to set up the element stiffness matrix,
suitable scheme of numerical integration has to be made. In finite element
work, the Gauss-Legendre quadrature scheme has been found to be accurate

and efficient. The integral of the finite element stiffness matrix given in Eq.

(Y.Y®), can be expressed in the form [Robinson (Y 4YY), Dawe (Y A 9)]:

111
=] ] JF(&m,{)dEdndS
1141

(1T

which may be rewritten numerically as:

I_ni nj nk

Wi.Wj.WKFE. ,n.,¢ )
i=1j=1K=1 Lk

(T

where ni, nj, nk are the number of Gaussian points in the
§i,77jandg“kdirection respectively. The function F (&,,7,,4,) represents
the matrix multiplication ([B]".[D].[B].det[J] )at sampling points

In a similar manner, the integral of the stiffness matrix of the embedded

reinforcement can be written as:

| = % Wi F(E,)
i=1 '

(119
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The application of the three-dimensional finite element analysis in
connection with the nonlinear behavior of reinforced concrete structures needs
a large amount of computation time due to the frequent evaluation of the
stiffness matrix. Therefore, it is necessary to choose a suitable integration rule

that minimizes the computation time with sufficient accuracy. Several types of
integration rules can be used such as the eight (Yx YxY), and the twenty-seven
(Yx¥'xY) Gaussian point rules are used to integrate the stiffness matrix of brick
elements (Bathe Y 447). Also, there is the fifteen - point Gauss type integration
rule (Irons Y 4VYY),

The integration rules, which exist in this program, are the
eight=(YxYxY), YV=(Yx¥xY) Gauss quadrature and the )° points type
integration rule. The weights and abscissa of the sampling points are listed in
Tab. (Y.¢) .The relative distribution of the Gaussian points over the element is
given in Fig. (¥.%).

In the present study, all the above numerical integration rules are used.

v z

(b) Ye- point integration rule

b G
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Table (¥.£) Weights and Abscissa of Sampling Points in A, V¢ a and
YV Points Integration Rules.

Integration rule | Sampling point
Number

: Y _A
A-Point Rule

\ ¢a-point Rule

o TVEY | 4 TVED

L] L]

V¥ o v A Yy +o YYET | e YVET
YY Yo

YoEUA N Y, £ YVET | 4 YVER

YE VT Yo XYY Y¢

YV-Point Rule Vi

40, VY Yo Y, £ YVET | 0 VVER
YV

YA

ry
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Nonlinear Solution Techniques

The solution of finite element equations for linear problems can be
accomplished in a direct manner without major difficulties. However, this is no
longer the case for nonlinear problems where certain sophisticated solution
strategies must be employed. In the analysis of reinforced concrete structures,
the material nonlinear behavior, including sudden changes in the element
stiffness due to cracking and crushing of concrete and vyielding of
reinforcement, represents the main source of nonlinearity. The influence of
geometry changes on the behavior is also significant in many cases. An
analysis based on large deformations must be considered for those cases. An
incremental finite element formulation with corrective iteration cycles is
usually used for nonlinear finite element analysis to trace out the entire
structural response of reinforced concrete structures and to guarantee the

convergence towards the correct solution path.

r.2.y Solution Techniques for Nonlinear Equations

Applying the finite element method for any problem leads in general to a set of

algebraic equations in the following form:

[K{a}={f} cn(117)
where,
{a} is the unknown nodal displacement vector.

{f} is the nodal applied force vector.

[K] is the stiffness matrix ( j [B][D][B]dV )

The solution for these equations for linear elastic structural problems

Y¢
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can be obtained directly. In nonlinear problems, a direct solution is no longer
possible since the stiffness matrix [K] depends on the displacement level
([K]=[K]({a})), and therefore, it cannot be exactly calculated before the
determination of the unknown nodal displacements {a}. For the solution of a
nonlinear structural problem, the state of equilibrium of the structural system
corresponding to the applied load must be found. These equilibrium equations
can be derived by applying the equilibrium to the structural system. In finite

element terms, the equilibrium equations can be expressed as:

{r}={p}-{f} (1Y)

where {r} is the out-of-balance force vector and {p} represents the vector of

the nodal forces equivalent to the internal stress level, which is given by:

{p}= [[B]'{c} aV e(F.14)

\%

The equivalent internal forces also depend on the displacement level
{p}={p}({a})) and have to be approximated in successive steps until equation
(Y.YV) approaches zero.

The techniques used in solving the nonlinear equations are (Cook
YAAYY:

). Linear-incremental technique.

Y. lterative technique.

Y. Incremental — iterative technique.

3.5.1.1 Linear — Incremental Technique

In this method, Fig. (¥.°), the nonlinear behavior is determined by solving a
sequence of linear problems. The load is applied as a sequence of sufficiently
small increments, so that during each load increment, the structure is assumed
to respond linearly. The basic disadvantage of this method is that a real

estimate of the solution accuracy is not possible, since equilibrium is not

Ye
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satisfied at any given load level. So, for stability requirements, it is necessary to

use small load increments, which in turn will increase the computation cost if

compared with the other techniques.

} Computed respons

ﬁ/ [ki#

Fig. (r.¢) Linear-Incremental Method

3.5.1.2 Iterative Technique

The iterative procedure is a sequence of calculations in which the structure is
fully loaded in one step to get an initial approximate solution. Then, this
solution is improved step — by — step by using an iteration process until
equilibrium is satisfied within a prescribed tolerance.

After each iteration, the portion of the total loading that is not balanced
is calculated and used in the iterative process as an additional load to compute
an approximate additional increment of the total displacements. This process is
repeated until equilibrium is approximated to some acceptable degree. These
techniques fail to reach the required convergence for structures with high
nonlinearity. There are several types of iteration procedure, some of them are:

Conventional Newton — Raphson method.

¥a
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. Modified Newton — Raphson method.

. Combined (conventional and modified) Newton — Raphson method.

3.9.1.38 Incremental - Iterative Technique

In this type of technique, Fig. (Y. 1), the load is applied as a series of

increments, and at each increment, iterative solution is carried out to find the
truest response of the structure. The conventional, modified and combined
Newton — Raphson methods may also be used in the iteration process within

each step. These methods are briefly discussed in the following sections.

»
»

Deformation

Fig. (*. 1) Incremental - Iterative Technique
3.59.1.3.1 Conventional Newton — Raphson Method

The conventional Newton — Raphson method, Fig. (Y. V), is one of the earliest
known methods used in solving nonlinear problems. For simplicity, a single
degree of freedom system is considered with a load level {P}., with the
assumption that the corresponding deformed configuration of the system which

may be denoted symbolically by {a}. is known. Then, to determine a new

configuration, {a} s, corresponding to a load level {p} s where:

Yv
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»
»

An+r Deformation

Fig. (v. v) Conventional Newton — Raphson Method

and {6 P} is the additional applied load is obtained by using a linearized

analysis, where the change in configuration {da} is first computed from:

6P =[kpisal
(T E0)

in which the tangent stiffness matrix [k]. is evaluated at the beginning of the

load interval, i.e. the load level {P}.. The term {a} s = {a}.+ {Jda} s represents
an approximate configuration which is then corrected by updating new tangent
stiffness matrix from the approximate configuration {a}s. The internal forces

{f}, corresponding to this configuration can be determined as:

{t}, =lklLah

YA
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Generally for any level of iteration (j ):

n

{a}j = {a}j-l + Z{éa}m

m=1
(T8N
where:

{a}j is the vector of displacement after the iteration. Then, the out-of-balance

force vector {r}j can be obtained from:

{r}j = {P}f _{f}j
(5N

The unbalanced joint forces are then treated as load increments and the

correction vector {5a} i1 Is then obtained from the incremental relationship:

[k]icaj, = 1r},

(129

A new approximate configuration is then computed by making use of
Eq. (Y.€£). The process continues until the latest correction vector is
sufficiently small.

The conventional Newton — Raphson method requires that the tangent
stiffness matrix is to be updated and a new system of equations is solved for
each iteration. This is expensive if the problem to be solved is too large.

Accordingly various modifications have been proposed.

3.9.1.3.2 Modified Newton — Raphson Method

Y4
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In this method, Fig. (Y. A), the stiffness matrix is updated only once for each
increment of loading. As compared with the conventional Newton — Raphson
method, the modified Newton — Raphson method is more economical.
However, this method requires more steps for convergence, but each step is
done quickly by avoiding time-consuming repetitions of forming the tangent

stiffness matrix.

Fig. (*. A) Modified Newton — Raphson Method

3.5.1.3.8 combined Newton - Raphson Method

This method, Fig. (¥.3), is a modification of the conventional Newton —
Raphson method. It involves updating the stiffness matrix after remaining
constant for a certain number of iterations. The stiffness matrix can be
recalculated at:

e The beginning of first iteration of each increment.

e Beginning of second iteration.

e First, eleventh, twenty first, ... stiffness matrices over each load
increment.

e Second, twelfth, twenty second, ... stiffness matrices over each load
increment.
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The disadvantage of this method is represented in the fact that the
convergence is slower than the conventional Newton — Raphson method and
requires a great number of iterations to achieve the solution within each load

increment.

. Deformation
a n+!

Fig. (*. 4) Combined Newton — Raphson Method

Y.o.YV Convergence Criterion

A termination criterion for the iterative process should be used to stop iteration
when a sufficient accuracy is achieved, i.e, when no further iterations are
necessary. The different useful criteria are the displacement, the force and the
work done criteria. Only the force criterion is adopted in the present study. This

criterion depends on comparing the internal force vector {P} and the applied
load vector {f } In other words, seeking a vector called “unbalanced force

vector” to be small within a prescribed tolerance. The convergence is assumed

to occur when the inequality:

1|
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(129

is satisfied.
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Nonlinear Geometric Analysis

Consideration of geometric nonlinearity plays an important role in the analysis
of thin reinforced concrete slabs, plates, and shells (Bergan and Holand YaVv4),
In general, it is not known in advance in what category the real structure can be
classified and where the geometrical nonlinear analysis is needed to avoid

underestimating or overestimating the failure load.

v1)y  Geometric Nonlinear Formulations for
Hexahedral Brick Element

The strain components in equation (Y.Y) can be separated into a linear {g,} and

anonlinear {¢,} part, which can be written as:

feh = feo}+ o) (18)
where,
] ] (o) (v, (aw)’
au 2|\ ox X X
ax = =
ov tlfau)' (v (ow)’
gv)\// 2|\ oy oy oy
. (o)’ (av) (aw)?
feot=| au@av | v enl=|315 ) tla) Tl o1 )
oy X _5_“5_“+Q@+@@ )
@Jr@ OX o0y Oxoy oOx oy
oz oy uou ovov  owow
w o oyoz oyoz oy oz
Lox oz uou ovov owow
OX0Z ©OXo0z OX 0z
and,
d{e} = d{e, } + d{e,, } vo(TLEA)
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¥.1.1.) Strain-Displacement Matrix [B]
The strain-displacement matrix [B] may be separated into two parts,
[B] = [Bo] + [Bnl] ceo(1.29)

where, [B,] is the linear part, and [B,,] is the nonlinear part

The strain-displacement matrix [B,] is related to the linear components
of the strain vector {e,}, while, the large strain-displacement matrix [By] is
related to the nonlinear components of the strain vector, {e,}, and can be
defined for use in the nonlinear process. In modeling the reinforced concrete,
the total strain has been used and the total strain-displacement relationship
should be defined. For the hexahedral brick elements, the nonlinear

components of the strain vector can be expressed by:

Moo o0 Yoo 0o M o 0| (euex
OX OX OX 5 /
0 0 oW u
o M o o0 ¥ o0 o0 ¥ o o
oy oy oy ou/oz
o o Z—u 0 0 Z—V 0o o0 ;ﬂ ov/ox
z z z
Eri=glou au oo v S oaw aw M (R
oy oOx dy oOx dy  oOx ov/oz
o 4 au v v 0w ow | | ow/ox
0z oy oz oy 0z oy | |ow/oy
o 0 M v 0 o w 0 ow ow/ oz
| 0z OX 0z oX 0z OX |

The nonlinear contribution to the strain vector can be written in a compact form

as.

fou} = 2 [AIR)
w(10)
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The derivatives of u, v and w can be calculated by summation of the

contribution of each nodal variable, and vector {R} can be written as:

Y. oN, /ox 0 0 ]

Y. 0N, /oy 0 0

Y. 0N, oz 0 0
0 Y. N, /ox 0 U,

(R}= 0 Y. N, /oy 0 v, w(re0)

0 Y oN, oz 0 i
0 0 Y. N, /ox
0 0 Y oN, /oy
0 0 Y oN, Joz

Equation (¥.eY) can be written in the following form as:

Ri=[G] fa (P2

By taking the variation of equation (¥.2") the following expression is obtained:

dlen} = S8lANR}+[A] ¢[R}=[A] ¢[R}=[A] [c]e) (129

Then from the definition of the strain matrix, the following expression can be

obtained:

Bul=[A] [G]

(120

In the present study, the incremental strain-displacement matrix [B] is
evaluated by summing the matrix [B,] to the current value of matrix [B]. In
the modified finite element program developed in the present study, the
matrices [B,] and [G] are initially calculated and stored for linear elastic

conditions.
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¥.1.\.Y Tangential Stiffness Matrix [K]

The tangential stiffness matrix [K] for the current configuration can be derived

from the variation of equation (¥.¥A) with respect to a displacement variation

{a}.

dip} = [[B7 polav + [d[B] folav = [K] dfa} (P2
where,

d{o}=[D] die}=[D] [B] dia} n(F2Y)
and,

d[B]' =d[B,[

(P 0A)

The initial stress or geometric stiffness matrix, [K],, for the definition of the

second term of equation (¥.21) is given by:

[K],dfa} = [d[B] {sldv = [d[B,] {c}dV (109
\Y% \Y%

then the tangential stiffness matrix can be written as:

[K]=[K]+[KI, NEAD
where,[K] is the stiffness matrix of concrete element, which was calculated in

section (v.Y.v). The geometric stiffness matrix [K], must be defined explicitly

in order to determine the tangential stiffness matrix [K]. Substitution of

equation (¥.2°) into equation (¥.24) yields:

[].dfa} = [[G] AT {ojav

(1)

where d[A] {c}can be written in the form as:

¢€¢



Finite

Chapter Three
Element Model

[ ou/ox
0
0

OV/OX
0
0

OW/dx
0

0

0
ou/oy
0
0
ov/oy
0
0
ow/dy
0

which can be written as:

Gy Ty

T, Oy

T Tys
0 O
0 O
0 0
0 O
0 O
0 O

0
0
ou/oz
0
0
ov/oz
0
0
ow/oz

ou/oy
ou/ ox

ov/oy
OV/ X

ow/oy
Ow/ox
0

O O O O O o

ou/oz
ou/oy

ov/oz
ov/oy

ow/oz
ow/oy

ou/oz |

ou/ox
ov/oz

OV/dX
ow/oz

OW/0X |

ou/ox
ou/oy
ou/oz
OV/Ox

dq ov/oy

ov/oz
oW/ Ox
ow/oy
ow/oz

WAL

WAL

The term d[A] {c} can be written, with the definition of [G] from equation

(Y.o¥) as:
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G, Ty T, 0 0 0O 0O 0 O
Ty O T, 0 0 0 0 0 O
T T, o, 0 0 0 0 0 O
c 0 0 o, 7y, 7, 0 0 O
dal{e}=|0 0 0 7, o, 1, 0 0 O0][G]da} ..r79
c 0 0 7, 7, oo 0 0 O
0o 0 0 0 0 0 o 1, 74
co 0o 0 o0 0 0 1, o 7,
co 0o 0 o0 0 0 =1, 1, O

By substituting equation (¥.1¢) into equation (¥.1)), the geometric stiffness

matrix can be written as:
K], =][c]" oG] av
Vv

WAL

..y Geometric Nonlinear Formulations for Embedded
Reinforcement Element
Since the bar is capable of transmitting axial force only, one component of
strain contributes to the strain energy, which is defined locally as(Mohammed
Yoo \)
, o’
ox'

If general strain-displacement equations are considered to cover the

€

IAL)

geometrical nonlinear behavior of the structure, then the strain component of

the bar will be:

, ou 1f,ou',, ,ov., ,OW',,

— +_ + - + [ cee r.’
&=y 2((5 ) (6x') (6)(,)) (r.1Y)

The strain component in equation (¥.1V) can be separated into a linear

e and a nonlinear ¢, part, which can be written as,

¢
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g =¢ +¢ cee(1TA)
where,

,ou , 1(,ou', oV, ,0W',,

= . En= +(5)" + NeAL
L (e gey @
and,
de' =de] +de/, BNEAD)

¥.2.¥.) Strain-Displacement Matrix {B'}

The strain—displacement vector {B'} may be separated into two parts,

B} ={B.}+{Bu} NEAD

where,

{B! } is the linear part.
{B!,} is the nonlinear part.

The nonlinear part of the strain component of the bar element can be

expressed by:

o l{@u ov aw} ov ()
L)

"2 ox" ox" ox'

The nonlinear contribution to the strain component can be written in a

compact form as:

¢ = {AYR) (7)
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The derivatives of u’, v’ and w’ can be calculated by summation of the

contribution of each nodal variable, and the vector {R} can be written as:

‘¢, d, +¢c,d, +c,d, c,d,+c,d, +c.d, c,d, +c.d, +cds ][y

1]c,d, +c,d, +cd, c,d,+c,d,+c,d; c,d,+c,d,+c.d,

{R}:hT Vi OOO(r'oVi)
c,d, +c,d, +c,d; c,d, +c.d,+c.d, c,d, +c.d, +c.d,
W
where c,,c,,.....c; are defined in section (¥.¥)
g, = N
OX
ON,
d,=—-+ (1Yo
=5 (r.r?)
ON.
d, =—*t
P&
and,
OX 0z
h? =2 (& + &y (V)
ga ac g
Equation (¥.v¢) can be written as:
{Ri=[Glfa} cee(RVY)

By taking the variation of equation (v.vY), the following expression is obtained:
|
de;, = dIANR}+ ZHAJR] = [AJdR} = IAI[GTa) cen(1VA)

Then, from the definition of the strain vector,
{B,}=1{A} [G] BNEAL))

v..v.Y Tangential Stiffness Matrix [K]
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The tangential stiffness matrix for the bar element can be written as,

[KT=[KT+[K, we(F40)

where,

[K'] is the main stiffness matrix for the bar element calculated in section
(v.7), and [K'], is the geometric stiffness matrix for the bar element.

Following the same formulations for the brick element in section (¥.1.),

the geometric stiffness matrix for bar element [K']_ can be written as:
[K'],d{a} = [[GIHA] {s)av cen(TA)
\Y%

where d{A}"{s} can take the following form,

ou’
8x:
diAf fo}=¢) & flo.) (A1

x
ox'

which can be written as:

e (FAP)
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The term d{A}"{z} can be written, with the definition of [G] from

equation (Y.vV),

Q

X

o O O

0
d{A}’ {0}{ o} [G] d{a} cee(1A9)
0

o O

By substituting equation (Y.A£) into equation (Y.AY), the geometric stiffness

matrix for the bar element can be written as:

K], = [[6]"{o} [G] v ee(FA2)
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Uniaxial and Multi-Axial Behavior of Concrete

A typical stress-strain relationship for concrete in compression is shown in Fig.
(Y.) +). It can be seen that the stress-strain curve has a nearly elastic behavior
up to about Y+ percent of its maximum compressive strength (f). For stress
above this point, the curve shows a gradual increase in curvature up to about
(¢.Vefc- +. 9+ %), beyond which it bends more sharply and approaches the
peak point at (f). Beyond this point, the stress-strain curve has a descending

part until crushing failure occurs at some ultimate strain g, (Chen Y 4AY),

Strain

Fig.(¥.) +) Typical Uniaxial Stress —Strain Curve for Concrete in
Compression

Poisson ratio (v), which is defined as the ratio of lateral tensile strain to
the principal longitudinal compressive strain has been observed in experiments
to be constant up to a stress level of (4 + ) of f'c and ranges between +. ! and
.. T¥(Chen Y3AY).

Under tensile stresses, the shape of the stress-strain curve of concrete
shows many similarities to the uniaxial compression curves. There are,
however, some differences exist, that the uniaxial tension state of stress tends
to hold the crack much less frequently than the compressive state of stress.
Therefore, and it can be expected that the interval of stable crack propagation is

relatively short. It has been found that the ratio between the uniaxial tensile and
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compressive strength may vary considerably but usually ranges from +.« @ to
+. 1. The modulus of elasticity under uniaxial tension is somewhat higher and

Poisson ratio somewhat lower than in compression (Mehta Y 4A7),

The behavior of concrete under multi-axial stress condition is very
complex if compared with that under uniaxial stress condition and has not yet
been assessed experimentally in a complete manner. Various material models

with considerable simplifying assumptions have been proposed in literature. A
typical biaxial strength envelope is shown in Fig. (¥.))) (Chen and Saleeb
V4AY). It was seen that the maximum compressive strength increases for biaxial

compression state. A maximum strength increase of approximately ¥¢ percent

Is achieved at a stress ratio of (02 /Gl =0.5), and this is reduced to about ! 7

percent at an equal biaxial compressive state (02/ alzl). Under biaxial

compression — tension state of stress, the compressive strength decreases
almost linearly as the applied tensile stress is increased (Chen Y 4AY),

Under biaxial or triaxial tension, the strength is almost the same as that
of uni-axial tensile strength. When subjected to triaxial compressive stresses,

concrete exhibits strength which increases with increasing the confining

pressure (Mehta ) 4A7),

f/=18.6 MPa

f/=30.7 MPa

f/ =57.6 MPa

Fig. (*.1Y) Failure Envelope of Concrete in Biaxial Stress Space
(Chen and Saleeb 14AY).
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Experiments indicate that concrete in triaxial stresses has a fairly
consistent failure surface which is a function of the three principal
stresses, Fig. (Y.)Y). This failure surface can be represented by three-
stress invariants. These invariants are the first invariant of the stress

tensor (1), and the second and the third invariant of the stress deviatoric

tensor (J ) and (J 7y (Chen Y 2AY),

-0

Failure
surface

Elastic
limit —
surface

o™
%
9
3
oV, g

P xJ

Fig.(¥.\ ¥) Triaxial Strength Envelope of Concrete (Chen Y4AY)

¥.A Numerical Modeling of Concrete Properties

Concrete is a heterogeneous material. So, it has a nonlinear behavior under
loading. This nonlinearity in reinforced concrete structures may be caused due
to inelastic response of concrete in compression, cracking of concrete in
tension and interactive effects between concrete and reinforcement.

Despite the complex behavior, it is required to model these properties to
include the different sources of nonlinearity in the finite element analysis.

Therefore, the following aspects of behavior must be included in the numerical

modeling of concrete: [AL-Shaarbaf (¥ 44 +), Bathe and Ramaswamy () 4V %)]

oy
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e Stress-strain model to represent the behavior of concrete prior to
failure.

e A failure criterion to simulate the cracking and crushing of concrete.

e A model for crack representation.

e Modeling of the post-cracking stress-strain relationship.

e Modeling of the reduction in compressive strength due to orthogonal

cracking.

Y.A.) Stress-Strain Models

Several approaches for describing the complicated stress-strain relationship of
concrete under various stress-strain state have been usually used. These
approaches can be divided generally into:

e Elasticity based models.

e Plasticity based models.

Elasticity based models may be linear or nonlinear elastic models. In the
former, the stress-strain relation for uncracked and cracked concrete is
developed depending on the theory of linear elasticity. These models are
adequate when the failure condition is the tensile cracking of concrete.
However, these models fail to identify the inelastic deformation. This
disadvantage becomes obvious when the material experiences unloading. This
can be improved by introducing nonlinear elastic models.

Nonlinear elastic models are based on two approaches, the total and the
incremental stress-strain formulation. With the total stress-strain model, the
current state of stress is assumed to be uniquely expressed as a function of the
current state of strain. This type of model is reversible and path independent,
which is generally not true for concrete. Also, it suffers from inability to
predict the inelastic deformation. For the incremental formulation, the state of
stress is dependent on the current state of strain and on the stress path followed

to reach such a state (this type of formulation is incrementally reversible and
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path dependent). This formulation gives a good representation for concrete
behavior as compared with the total stress formulation.

Plasticity based models have been used extensively in recent years for
concrete modeling in compression. It is known that under triaxial compression,
concrete can flow as a ductile material on the yield surface before reaching the
crushing strain.

To account for property, various plasticity models have been introduced.
In these models, concrete may be defined as an elastic — perfect plastic material
or as a strain hardening material. The prediction of the overall behavior by
using the plasticity based models gives a good agreement with experimental

results. So, this type of modeling is adopted in the present work.

Modeling of Concrete Fracture

Generally, concrete fracture may be either a compression fracture (i.e. crushing
of concrete) or a tension fracture (i.e. cracking of concrete).

The crushing failure occurs when the material can resist no further
compressive loading while the tension failure of concrete is characterized by a
gradual growth of cracks which join together and eventually disconnect larger
parts of the structure. It is a usual assumption that formation of cracks is a

brittle process and that the strength in the tension-loading direction abruptly
goes to zero after such cracks have formed, Fig. (Y¥.)Ya). But when

reinforcement bars bridge the concrete cracks, the strength mechanism

becomes more complex and the carrying strength of concrete between cracks

can be safely exploited [Chen (Y 4AY)].

3.9.1 Cracking Models

In general, the models, which have been developed to represent cracking in

connection with the finite element analysis of reinforced concrete members, are
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composed of three basic components, (Y)a criterion for crack initiation, (¥)a

method of crack representation and (¥)a method for cracking propagation.

Two fracture criteria are commonly used, the maximum principal stress
criterion and the maximum principal strain criterion. When a principal stress or
strain exceeds its limiting value a crack is assumed to occur in a plane normal
to the direction of the offending principal stress or strain, Fig. (Y. Yb).

In finite element analysis of concrete structures, two approaches have
been employed for crack modeling, these are the smeared cracking and the
discrete cracking models. The particular cracking model to be selected depends
upon the purpose of the analysis. If overall load-deflection behavior is desired,
without regard to completely realistic crack patterns and local stresses, the
smeared crack model is probably the best choice, while if detailed local
behavior is of interest, adoption of the discrete cracking model is useful. The

two approaches will be discussed in the following sections.

Maximum
stress criterion

Typical concrete \

v

71,

/
’  aximum
strain criterion

Tensile strain

a- Biaxial-fracture criteria in tensile zones b- Tensile stress- strain- fracture relations

Fig. (Y. ¥) Cracking of Concrete (Chen Y4AY)

3.9.1.1 Smeared Cracking Model
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Reshid in)a1A firstly introduced this model (Schnobrich Yavy). In this approach,
the cracked concrete is assumed to remain a continuum, i.e., the cracks are
smeared out in a continuos fashion. It is assumed that the concrete becomes
orthotropic or transversely isotropic after the first cracking has occurred, one of
the material axis being oriented along the direction of cracking. In the smeared
cracking model, a crack is not discrete but implies an infinite number of
parallel fissures across that part of the finite element, Fig.(v.)¢) [Bathe and

Ramaswamy (Y2v4), Chen () 3AY)].

Fig.(¥.) ¢) Smeared Crack Model (Hu and Schnobrich

Two different models are used for defining the crack direction. The first
Is the fixed orthogonal crack. In this approach, the direction of the crack is
fixed normally to the direction of the first principal tensile stress that exceeds
the cracking stress. By fixing the direction of the cracks, the subsequent
rotation of the principal stress is ignored. The second model is the rotating or
swinging crack model. In this approach, the crack direction is assumed to be
normal to the principal tensile strain direction when the tensile strain reaches a
specified limiting value. With further loading and changing of the principal
strain direction, the crack is assumed to rotate and the orthotropic material axes

are set in the new crack direction.

3.9.1.2 piscrete Cracking Model

Ch
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As shown in Fig. (¥.) ), this model represents the individual cracks as actual
discontinuities in the finite element mesh. This model was firstly used by Ngo
and Scordelis in Y41V to analyze simply supported reinforced concrete beams.
Cracking is initiated when failure criterion at a certain node is achieved and
crack discontinuity is represented by physically splitting that node. An obvious
restriction of such model is that the cracks must be formed along the element
boundaries. This makes crack patterns mostly dependent on the local mesh
refinement. These difficulties have resulted in a very limited acceptance of this
model in general structural applications. In the present study, the smeared
fixed-crack model has been adopted.

(2)One -Direction Cracking (b)Two- Direction Cracking

Fig.(r.V¢) Discrete Crack Model

3.9.2 Post-Cracking Model

In plain and reinforced concrete structures, cracking is not a perfectly brittle
phenomenon and experimental evidence shows that the tensile stresses normal
to a cracking plane are gradually released as the crack width increases. This
type of response is usually modeled in the finite element analysis by using
either the tension stiffening or the strain softening concepts. For reinforced
concrete structures where the behavior is characterized by the formation of
closely spaced cracks, the first concept seems to be more suitable than the

latter. The latter is found to be useful for analyzing plain concrete structures
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where the behavior is governed by the formation of a single microcrack or a
few dominants cracks (Chen Y4AY),

In the case where reinforcement exists, the nature of the stress release is
further complicated by the restraining effect of the reinforcing steel. After
cracking, the concrete stresses at the crack drop to zero and the steel carries the
full load. The concrete between cracks, however, still carries some tensile
stresses. This tensile stress drops as the load increases and the drop is
associated primarily with bond deterioration between steel and concrete. This
ability of concrete to share the tensile load with the reinforcement is termed as
tension stiffening phenomenon.

The tension stiffening effect of concrete has been studied in finite
element analysis by using two procedures. First, the tension portion of the
concrete stress-strain curve has been given a descending branch. The form of
tension—stiffening effect was first introduced by Scanlon. Descending branches
of many different shapes have been employed, Linear, bilinear and curved
shapes. The second is to increase the steel stiffness. The additional stress in the
steel represents the total tensile force carried by both the steel and the concrete

between the cracks (Chen YaAY),

3.9.3 Shear Transfer across The Cracks

Several mechanisms exist by which shear is transferred across reinforced
concrete sections. Among these mechanisms are the shear stiffness of
uncracked portion of concrete, aggregate interlock in the crack surface (or
interface shear transfer), dowel in the reinforcement bars action and the
combined effect of tension in reinforcement and arching action.

For the shear transfer across the cracked concrete planes crossed by
reinforcement, the two major mechanisms are the dowel action and the
aggregate interlock. Shear transfer by these two mechanisms is accompanied

by slippage or relative movement of crack faces. In the dowel action, shear
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forces are partially resisted by the stiffness of reinforcing bars because
slippage imposes bearing forces of opposite direction on the bars. The
aggregate interlock mechanism is of frictional nature. Slippage causes the
irregular faces of the crack to separate slightly. Tensile stresses created in the
steel bars by the separation of crack faces in turn develop same shear resistance
(AL-Shaarbaf 144+).

Concrete Model Adopted in The Analysis

In this study, a plasticity-based model is adopted for the nonlinear analysis of
three-dimensional reinforced concrete structures under static loads. In
compression, the behavior of concrete is simulated by an elastic-plastic work
hardening model followed by a perfectly plastic response, which is terminated
at the onset of crushing. The plasticity model in compression state of stress has
the following characteristics: (AL-Shaarbaf Y44+).

e yield criterion

e hardening rule

e flow rule

e crushing condition

In tension, linear elastic behavior prior to cracking is assumed. A

smeared crack model with fixed orthogonal cracks is adopted to represent the
fractured concrete. The model will be described in terms of the following:

e cracking criterion

e post-cracking formulation

e shear retention model

Work Perfect
hardening plasticity
C D Ductile

Softening

Crushing

ion
Tensiol e

Brittle _]I o Compression

Cracking
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3.10.1 Modeling of Concrete in Compression

3.10.1.1 The Yield Criterion

Under a triaxial state of stress, the yield criterion for concrete is generally
assumed to be dependent on three stress invariants. However, a yield criterion
dependent on two stress invariants only has been proved to be adequate for
most practical situations. The yield criterion incorporated in the present model
iIs of such type and it has been successfully used in research. It can be

expressed as (Hinton and Owen Y4A¢)

f(o)=f (1, ,32):(a|1+3532)1/2:00 e (FA)

where () and () are material parameters, (1) is the first stress invariant given
by:
Il =0y +0y+0, cee(7AY)

J is the second deviatoric stress invariant given by:

J2 §+G§)—(chy+c yO7 +GZGX)}+ r)z(y +T§/z +r)2(2 (r.A4)

and o0 > 0 is the equivalent effective stress at the onset of plastic deformation,

_ L2
—§{(GX+G

this G can be determined from the uniaxial compression test as:
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co=Cp.fC ce(FA9)
where 0 <Cp<1.0is the plasticity coefficient, which is used to mark the
initiation of the plastic deformation.

The parameters (@) and (f) are determined by using the uniaxial and

biaxial compression tests. Then for a uniaxial compression state, the yield

stress is given by:

ox =0, INEAD

and for the equal biaxial compression state, the yield stress is given by:

Ox =0y ==y0, (1)

If the results obtained by Kupfer and Gerstle (Vavv) for the failure
envelope is employed for initial yield, the value of the constant () is equal to
(>.v1). From Eq.(.A%) through Eq.(v.4)), the material constants can be found to
be:

a=035468 and [=13546¢ WAl

=0.17734

writing C=
(2 c0)

Therefore, Eq. (¥.A1) can be written as:

f(o)=(2Co, I1+3ﬂ]2)%260 (190

This can be solved for o, as:

f(c)=C.1, +{(C.1)? +3R,}* =, (P 1)

3.10.1.2 Hardening Rule

R
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The concept of plastic flow in work hardening materials extends to the notion
of perfectly plastic solids for which the yield or failure surface remains fixed in
stress space. The hardening rule defines the motion of the subsequent loading
surfaces during plastic loading. A number of hardening rules has been proposed
to describe the growth of subsequent loading surface for work-hardening
materials. Some of these rules are; isotropic hardening, kinematic hardening
and mixed hardening. The isotropic model applies mainly to proportional
loading. For cyclic and reversed types of loading, kinematic hardening rule is
more appropriate. Combinations of isotropic and kinematic hardening are
called mixed hardening rules (Chen Y 4AY),

An isotropic hardening rule is used in the present study. Therefore, from
Eqg. (v.4¢), the subsequent loading surface may be expressed as: (AL-Shaarbaf

\‘\‘\~)_

f(o)=C. I1+{(C—I1)2+3,BJ2 2-5 WAL

where & represents the stress level at which further plastic deformation will
occur and this is termed as the effective stress or equivalent uniaxial stress.

The incremental theory of plasticity implies a relationship between the
effective stress and the effective plastic strain. The effective plastic strain
increment Js, that results from an incremental plastic work dw, may be

determined by using the work-hardening hypothesis as:

. dwy {03 et
P~ o 5

(1 97)

where deg, represents the effective accumulated plastic strain increment, along
the strain path.

The effective plastic strain can be written as:

8p=jd8p c (1Y)
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In the present model, a parabolic stress-strain curve is used for the
equivalent uniaxial stress-strain relationship beyond the limit of elasticity,
(C,fc). This relationship represents the work-hardening stage of behavior.
When the peak compressive stress is reached, a perfectly plastic response is
assumed to occur. Fig. (v.'Y) shows the equivalent uniaxial stress-strain curve
in the various stages of behavior. These are given by:

(a) During the elastic stage, when c<C,.ft

G=E.g, (194

(b) After the initial yielding and up to the ultimate concrete compressive

strength, when:- Cp ft <o<flC

. p E 2
a_Cpfc+E[gC— E ]—[280][50— g ] SNEAL)
c)for & 2(2—Cp)f'c/E

C_S:f’c ...(f'_"')

where g, represents the total strain corresponding to the parabolic part of the

curve that can be calculated from:

2(1-C

A value of -.ris assumed for the plasticity coefficient (Cp) in the

BNLATE)

present study and hence plastic yielding begins at a stress level equal to
(+.1%)(Chen yaay),

The total effective strain €. is composed of two parts, elastic and

plastic components:

E.=&+¢&, (1)
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The elastic strain &, is given by:

o
L =— (1
£ g/

By substituting Eqg. (v.)+¥) and Eq. (*.)+¥) into Eq. (v.49), the effective
stress- plastic strain relation can be expressed as:

5=C,fc—EC, +(2E2g,s,)l/2 (P10 9)

Differentiation of Eq. (v.)+¢) with respect to the plastic strain leads to
the slope of the tangent of the effective stress-plastic strain curve, which

represents the hardening coefficient, H, that is needed in the formulation of the
incremental stress-strain relation:

we(F140)

Fig.(*.Vv) Uniaxial Stress-Strain Curve for Concrete
(AL-Shaarbaf v44+)

1¢



Chapter Three Finite
Element Model

3.10.1.3 Fiow Rule

In plasticity theory, a flow rule must be defined so that the plastic strain
increment can be determined for a given stress increment. The associated flow
rule has been widely used for concrete models mainly because of its simplicity.
This approach is adopted in the current model. The plastic strain increment is

expressed as:

_qy 9f(o) ,
d(ey) =dr < AR

8 (o)
oo
vector The yield function derivatives with respect to the stress components

is termed as the flow

The normal to the current loading surface

define the flow vector {a} as:

.
| Of of af af af of

80)( ’ch’ész’arxy’aryz’érzx

BNLARY)

o= e ple? i+ oo -pfoy oo )

ar= ——=C+ :2(02 +B)0y +(2C2 _BXGX _Gz)]/Q

ar = o _ C+ :Z(CZ +B)Uz +(2C2 _BXGX I )]/Q
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SN EARYD
of
ds = GGX = 6BTXy/Q
of
a. = Ty =6B.1y,/Q
a = a =6B1,5/Q
Gz

where ¢ and 3, are the material constants, and Q is given by:

)%

(C2 + ﬂXa)% + 0'32/ + 0'22 )+ (202 - ,BXGXO'y +0y0; +0,0y

eeo(109)
.3ﬂ(r)%y +r§z +2'22X)

Q=2

3.10.1.4 The Incremental Stress-Strain Relationship

During the plastic loading, both of the initial yield and the subsequent stress
states must satisfy the yield condition.F(O',K)zo. The vyield function

defined in Eq. (¥.4¢), can be rewritten as,

F(o, K)=f(o)+K(k)=0 ALD
where kK, is the hardening parameter, which governs the expansion of the yield

surface. By differentiating Eq. (*.V)+), then

_0F OF 1 _
dF_%cha—KdK_O SNAARE)
or
a'do-AdA=0 SNAARE)
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where

__10F
A= d_kﬂdk (1111

The total incremental strain vector can be rewritten as:

ife)} = d{eC}+d x% (P119)

The elastic strain increment is related to the stress increment by the

elastic constitutive relation which is given in:
d {c}=[DH {ge} (1 119)

where [D] is the elastic constitutive matrix given by

[1-v v v 0 0 0
v 1-v v 0 0 0
[D]:L v v 1-v 0 0 0 ...("‘”7)
@+vil-2v)f 0 0 0 (@-2v)R2 0 0
0 0 0 0 1-2v)2 0
| 0 0 0 0 0 (1-2v)/2]

Substitution of Eq. (¥.1Y¢) into Eq. (v.))¢) yields

ds:[D]’lchrdx{a} (111

Pre-multiplying both sides of Eq. (v.)'v) by {a}" [D] and eliminating a".do by
making use of Eq. (¥.V)Y), the following expression for the plastic multiplier
d A is obtained,

v
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| @To] ]
di= die} 4ARY)
[H’+{a}T[D]{a}

By substituting Eq. (*.)'A), into Eqg. (*.))¢), and pre multiplying both
sides by [D], the complete elastic incremental stress-strain relationship can be

expressed as:

d {0}—[[D]— D {a}{a}T[D] ]d{g} BWAARL)

where the second term in the brackets represents the stiffness degradation due

to the plastic deformation.

3.10.1.5 Crushing Condition

Crushing indicates the complete rupture and disintegration of the material
under compressive stress state. After crushing, the current stresses drop rapidly
to zero and the concrete is assumed to lose its resistance completely against
further deformation. In the adopted model, concrete is considered to crush
when the strain reaches a specified ultimate value. Hence, rewriting the yield
condition from Eq. (*.9¢) in terms of the peak strain, the following crushing

criterion is obtained (Chen Y4AY):

_ \2
C I1+\/(CI1) R, =& WALD

where 1 : is the first strain invariant

J, 1 is the second deviatoric strain
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&, 1S the ultimate concrete strain that can be extrapolated from the

uniaxial compression test.

3.10.2 Modeling of Concrete in Tension

3.10.2.1 Cracking Criterion

The maximum tensile stress criterion is used in this research work to monitor
cracking. For a previously uncracked sampling point, if the principal stress o
exceeds the limiting value of tensile stress, a crack is assumed to form. The
limiting tensile stress required to define the onset of cracking can be calculated

for states of triaxial tensile stress and for combination of tension and

compression principal stresses as follows (Bathe and Ramaswamy Y 4V 4):

a) For triaxial tension zone (o, > o, >0, >0)

C.=0 =123

i Ccu :ft

(TN

b) For the tension-tension-compression zone (o, >o, >0,0, <0)

0.750, |
C
(1T

¢) For the tension-compression-compression zone(o,)0, o, <o, <0)

0.7562 0.7563
c :Gcr:ft 1+ 1+

1 e e

14
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(TR

where o, is the cracking stress and both f; and ¢ are given positive values Eq.
(Y. VYY) incorporates the fact that compression in one direction favors cracking
in the others and thus reduces the tensile capacity of the material.

When the major principal stress o violates the cracking criterion, planes
of failure develop perpendicular to its direction. Concrete behavior is no longer
isotropic, it becomes orthotropic with the direction of orthotropy coinciding
with the direction of o,. Therefore, the normal and shear stresses across the
plane of failure and the corresponding normal and shear stiffness are reduced,
and the concrete is assumed to be transversely isotropic with axes of isotropy
being perpendicular to the direction of o . Thus, the incremental stress-strain

relationship in the local axes can be expressed as:

E 0 0 0 0 ©

Ac 1 Ag
ro, | |0 E/(l-v j vE/(l-v j 0 0 0 ||ag
A% 1 | o vE/(l—vzj E/(l—vzj 0 o o |3
iTlZ 0 0 0 BG O iy12
23] |0 0 0 0 G 0 || 723
Aa1) o 0 0 0 0 BG A3

(T T8

or in a condensed from:

{Ac}=[D. |iAe}

(179

where E, is the reduced modulus of elasticity in the direction of o), £ G is the

reduced shear modulus across the failure plane.
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[D¢] is the material stiffness in the local axes. The stress increments in the
global axes (X, y, z) may be obtained by using the coordinate transformation

matrix such that:

aol=[1]" D, JTiAS)

AL

where [T] is the transformation matrix expressed in terms of the direction

cosines as:
2 m? n2 i,m, m,n, ni, |
i m3 n3 i,m, m,n, n,i,
7] i3 m? n2 i,m, m,n, n,i,
12ii. 2 2 i i i ; (f‘ 1 ry
ii, 2mm, 2nn, im,+i,m n,m,+nm, i,n, +in, .
2i,i, 2m,m, 2n,n, i,m,+i;m, n,m,+n,m, i,n,+i,n,
| 2i,i, 2m,m, 2n;,n,  im +im,  nm,+nm,  in,+in, |

where i;, m; and n; represent the direction cosines of the local coordinate axes
with (X, y and z) direction respectively.

For the tension — tension — compression and the triaxial tension states of
stress, the cracking criterion may be violated by the major principal stress o,
and the second principal stress o, simultaneously. Thus, two sets of orthogonal
cracked planes may develop and the constitutive matrix in the local material

axes become diagonal:

EL 0 0 0 0 0
0 E, 0 0 0 0
|0 0o E; 0 0 0
DPlr=|¢ o o BG O 0
0 0 0 0 BG O
0 0 0 O 0 BG

(P TA)
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In the current model, a maximum of three sets of cracking is

allowed to form at each sampling point.

3.10.2.2 Post-Cracking Models
3.10.2.2.1 Tension- Stiffening Model

The tensile stresses normal to the cracked planes are gradually released,
and represented by an average stress-strain curve. In the present study
such a relationship may be obtained by using the tension-stiffening

model. This is specified by a linear descending stress-strain curve similar

to that shown in Fig. (Y.)A) and this is given by: [Scanlon ()3V)),

Bathe and Ramsawamy () 4V 9)]

fore, <g <a, ¢,

c, =0.0 m(y.yy
where o and ¢, are the stress and strain normal to the cracked plane, ¢ is the

cracking strain associated with the cracking stress o and s, and ar are the
tension-stiffening parameters. a; represents the rate of stress release as the

crack widens, while ar represents the sudden loss of stress at instant of

\A
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cracking.

Fig.(r.'v) Post Cracking Model for Concrete

3.10.2.2.2 Shear Retention Model

At a cracked sampling point, the shear stiffness across the cracked plane
becomes progressively smaller as the crack widens. A reduced shear modulus
PG, has been used across the cracked plane. The value of g depends on the
stage of loading and it is given by:

a) For g,<¢,

B=1
(TN

b) For e, <¢e <y, ¢,

yl—l 1 Ecr

(T

Yo =7 €
B: 2 3l:y - n]+yCr

vy
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c) Fore )y.&,
B=v3

(T

Fig. (Y.YA) shows schematically the value of (8) for different
stages. ¥, yr, yrare shear retention parameters. y, represents the rate of
decay of shear stiffness as the crack widens, yr is the sudden loss in shear

stiffness at the instant of cracking y is the residual shear stiffness due to

the dowel action.

Fig (*.1A) Shear Retention for Concrete

3.10.2.83 Modeling The Compressive Strength Reduction
Due to Orthogonal Cracks

In a reinforced concrete member, a significant degradation in compressive

strength can result due to presence of transverse tensile strain after cracking
(Cervenka Y AA®). In plasticity based model, the effect of these tensile strains

on the yield criterion and the evolution of the subsequent loading surface can

V¢
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be simulated by scaling the equivalent uniaxial stress-strain relationships given

by Egs. (¥.3A) and (Y. + +), according to the current value of the compressive
strength reduction factor.

The model used here is due to Cervenka and this depends on the
reduction factor (ﬂ)to reduce both the peak stress and the corresponding strain,
Fig. (Y.Y+). From Egs. (¥.9A-Y.) « +), the modified stress-strain relationship
may be written: (Cervenka Y 4A®),

a) for s<Cp.ft

G=E8C

(T8

b) for A Cp fc<o<AflC

_ . LCp ftc| E |[A Cp fC
G:KCpr+E{Se— }- { }
E 280 E

(119
c) for e.>(2-Cp)AfC/E

o< fC
(1Y

where
£0=2(L-Cp)r.fc/E
(TN

The effective stress-plastic strain relation can be modified as:
o=A Cp f,CESp +(2 E? /1.80 Ep)}é

(T 1A

Ve



Chapter Three Finite
Element Model

and the hardening parameter can be expressed as:

_ _ 1k
H=99 _E [’1‘901 ~1.0
dé‘p

28p

(1119

Fig.(r.¥+):Uniaxial Compressive Stress-Strain Relationship
for Cracked Concrete

For a singly cracked sampling point, the compression reduction factor is

given by:

&
' 0.005

(T E0)

A1=1.0-K <1.0-K,

via
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where &, is the transverse tensile strain in principal direction (1), the strain

normal to the cracked plane. Also for doubly cracked sampling point, the

reduction factor may be taken as:

(812 +822)

izl.O‘Kl W

<1.0-K,

(T ET

where &, is the tensile strain normal to the second crack.

Modeling of Reinforcement

Compared to concrete, steel is a much simpler material to represent. Its stress-
strain behavior can be assumed to be identical in tension and compression. In
reinforced concrete members, reinforcing bars are normally long and relatively
slender and therefore they can be assumed to be capable of transmitting axial
forces only. In the current study, the uniaxial stress-strain behavior of

reinforcement is simulated by an elastic-linear work hardening model, as

shown in Fig. (Y. Y)).
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Fig.(r.¥') Stress-Strain Relationship of Steel Bars Used in the
Analysis (Mohammed Y- +1)

The Employed Computer Programs

In the present research work, program PfDNFEA (program of Three-
Dimensional Nonlinear Finite Element Analysis), which has been originally
developed by AL-Shaarbaf and introduced in his Ph.D. thesis (Y44+) is used.
The main objective of the program is to analyze reinforced concrete members
under general three-dimensional states of loading up to failure. The type of
nonlinearity, which has been considered in this program, is the material
nonlinearity. The major modification to the original program, which has been
implemented by Mohammed (Y::)), was the development of subroutines,
which take into account the geometrical nonlinearity into consideration in
three-dimensional problems by definition of large strain-displacement

equations.

In the present work, the main modification to this program was the

VA
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adding of ) ¢-node brick element to analyze reinforced concrete members. The
subroutine BRK 1 ¢ which is used to calculate the shape functions to ) ¢-node

brick element, was listed in Appendix [A].
In the present study, the Fortran PowerStation £. * compiler produced
by Microsoft Incorporation was used to operate the program under PC Pentium

[11 with Intel 1+ MHz processor and ' YA MB RAM.

va



CHAPTER FOUR

APPLICATIONS, RESULTS
AND DISCUSSION

INTRODUCTION

This chapter deals with the prediction of the behavior of reinforced concrete plate
and shell structures using the finite element method and models presented in the

previous chapter.

The main aim of this chapter is to study the validity, efficiency and the
accuracy of the computational model and to demonstrate the versatility of the
computer program used for the analysis of different types of structures. Some
factors that affect the behavior of such structures are also studied. Comparison
between the present analytical results and other theoretical and available
experimental results are made to check the accuracy of the present method of

analysis.

In the following sections, the analytical results obtained for the considered

examples are discussed.

Reinforced Concrete Cylindrical Shell

A reinforced concrete cylindrical shell (shell no.Y) with edge beams was tested
experimentally by Bouma et al. (Y37Y). The dimensions and reinforcement
details of the shell and the edge beams are illustrated in Fig. (£.)). The applied
load was uniformly distributed. This load and the dead weights of the shells with

the edge beams are included in total applied load.
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Several investigators such as [Arnesen et. al. (! 9V 9, Ramm et. al.
(194%), and Thannon et. al. (! 94Y)] have analyzed the shell and thus
comparison can be made with their models. Concrete and steel material
properties and the additional material parameters are given in Table ( £. /).

By utilizing symmetry properties, only one quarter of the shell is analyzed.

The finite element meshes and boundary conditions are shown in Fig. (£.Y).

Table (£.Y) Material Properties of Bouma’s Cylindrical Shell

Material properties and material symbol
parameters

E. (N/mm’)
f'c
Compression strength (N/mm")

Young’s modulus

concrete

Tensile strength fi (N/mm’)

Poisson’s ratio v

Uniaxial crushing strain €cu
Es (N/mm’)

Young’s modulus

Yield stress of shell reinforcement | fy (N/mm’)

Y
Yield stress of beam reinforcement | fy (N/mm’)

Hardening parameter

Tension Rate of stress release
stiffening | Sudden loss of stress at the instant

parameters cracking

Rate of decay of shear stiffness
Shear Sudden loss of shear stiffness at

retention instant of cracking

parameters Residual shear stiffness due to

dowel action

va
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(b) Dimension of (c) Details of edge beam
Cylindrical shell reinforcement

$1@ 10

e

¢1@2o/

(d) Details of shell reinforcement

All dimensions in mm
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End diaphragm

s

o TYWANAA
VEY

) All dimension in mm

Fig. (¢£.Y) Modeling of End Diaphragm for Bouma’s Cylindrical
Shell No.Y(Mesh $)

¢.Y.) Finite Element Results

The experimental, other theoretical pervious studies and the present finite
element solutions as obtained from this study are compared in Fig. (£. %). In

general, this figure shows good agreement for the finite element solution
obtained from the present study compared with the experimental results

throughout the entire range of behavior. It may be observed that the predicted

AY
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ultimate load £ 9. kN was the nearest to the experimental ultimate load € *./
kN. Also, the load-deflection behavior by using the degenarate two-dimensional

finite element model supported by Thannon (! 944) is relatively closer to the

experimental response but the predicated failure load is /. ¢ kN.

Fig. (£.°) shows the deformation at midspan cross-section at failure
load, this figure shows very good agreement with experimental and Thannon

(1 9AA) results.

60
i Predicted ultimate load
® v, A KN
50 -
40 — "_..'-""‘;‘::'-""_'_—.:_‘_—_:“_ _________________________
Z P T
< |
£
o 30 -
<
i g Vg Exp.(Bouma 1961)
e N € Thannon 1988
| -—--A--—-  Ramm 1984
10 7 -4~ Arnesen 1979
|74 —=f=—  present study
0 ‘r T I T I T I T I T
0 10 20 30 40 50
Central deflection of the edge beam in mm
Fig. (£.€) Comparison of Load Deflection Curve
for Bouma’s Shell No. Y
20
10 =
.......... *-
0 —
c -
€ 10 4
£
= -
o
2 20 - AY
R
"lq—) -
0 30 - . Thannon 1988
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£.Y.).\ Effect of Mesh Refinement and Modeling of End Diaphragm

Three different meshes have been used as shown in Fig. (4. 7). As shown in Fig.
(£. 1), mesh no.! represented one layer with twelve elements, mesh no. ¥

considered one layer with twenty elements, and mesh no. ' considered two layers

each one has twenty elements.
Instead of modeling the end diaphragm, the end of the cylindrical shell is
assumed simply supported in mesh no. !, ¥, and ¥ The real representation for

end diaphragm is considered in mesh no. ¢.

The comparison between the finite element solutions for different types of
mesh and the experimental behavior is made in Fig. (4. 7). Fig. (€. Y) shows a

good agreement with experimental results throughout the whole behavior by
modeling end diaphragm. The end diaphragm modeling gives good results for

two reasons:

). The real representation for the geometry and the boundary
conditions

Y. The increasing in the degrees of freedom due to increasing in the
number of elements which modeled the cylindrical shell

A¢
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60
| Predicted ultimate load
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Fig. (£.7) Bouma’s Shell No. Y, Effect of Mesh Type
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Fig. (£.V) Bouma’s Shell No.Y, Effect of End Diaphragm Modeling

Ao



Chapter Four Applications,
Results and Discussion

£.Y.).Y Effect of Element Type

Fig. (¢£.A) shows the load-deflection curves obtained by using different types of
element. These elements are Y+, Y¢ and A-node brick elements. This figure
illustrates that the finite element results obtained by using ¢ and A-node brick
elements show stiffer response than the experimental results, while the Y:-node
brick element offers good consistency with experimental results. The Y--node
brick element is popular due to its superior performance. The major advantage of
this element over the other two elements, is that less number of elements can be
used to reach to the real behavior of the structure, as well it has curve sides and
therefore provides a better fit to the cylindrical shell [Cook (Y3V¢), Moaveni

(Y449)]. Therefore, the Y +-node brick element has been used in the present work.

Load in kN

Central deflection of the edge beam in mm

Fig. (£.A) Bouma’s shell no.Y, Effect of Element
Type on Load-Deflection Behavior

AT
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£.Y.).Y Effect of Integration Rule

Fig. (. 9) shows the load-central deflection curve obtained by using different

types of integration rule. Three rules are used :fY, !¢a, and the A-point
integration rules. It can be seen from Fig. ( £. 9) that the results obtained by ! “a-
point integration rule agrees well with the experimental results. The 'Y-point
integration rule gives a stiffer response than !<€a-point integration rule, while
very softer response is obtained for the A-point integration rule. Rule !4a has

advantage of having sampling points at the centers of the element faces. These
locations are convenient sampling positions for the stress peak values (Cervera
et. al. 1 947). Furthermore, the mismatch between two adjoining elements gives
an estimate of the accuracy of the adopted mesh. The stiffer response produced
by full integration (*Y-point integration rule) is due to the shear locking
phenomenon. Because the spread of points throughout the element is thought to
be insufficient for nonlinear material analysis, the A-point integration rule gives
far away results. For these reasons, the !<€a-point integration rule element has

been adopted in the present study.

Load in kN

Central deflection of the edge beam in mm

Fig. (£.9) Bouma’s Shell No.Y, Effect of
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£.Y.).¢ Effect of Geometric Nonlinearity

The effect of geometric nonlinearity is illustrated in Fig. (.7 ¢) and it is clear

that the curve shows a closer agreement with experimental results when the
geometric nonlinearity is considered and the failure load is significantly smaller
than that found when geometrical nonlinearity is neglected. The results of the
analysis based on geometrical nonlinearity revealed that the inclusion of
geometric nonlinearity in the finite element analysis of cylindrical shell which
exhibit large deformation before collapse plays an important role to improve the
predicted load-deflection response. Therefore, the geometric nonlinearity is used

in the present investigation.

Load in kN
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Reinforced Concrete Folded Plate

A concrete Folded Plate, ¥ £.Ax1Y.Y ¢cm in plan with Y% mm thickness and YY.4
cm rise, that was tested by Goble and Jendikis (Y471), has been analyzed. This
structure had two edge beams (Y. cm deep by Y.A cm width). No sufficient
information about end diaphragms is given, therefore the diaphragms are not
modeled in this study. Fig. (£.)Y) shows the geometry, reinforcement details, and

the applied load.

During experiment the model has been tested in three loading-unloading
(loading from zero to YY.¥e kN, followed by unloading then loading again from
zero to Y1.V kN, followed by unloading and finally loading from zero up to
failure). Due to symmetry, only one quarter of the folded plate is analyzed. The
finite element meshes and boundary conditions used are shown in Fig. (¢.)Y).
The details of the material properties of the folded plate are given in Table (£.Y).

Table (£.Y) Material Properties of Goble’s Folded Plate

Material properties and material symbol Value
parameters
Young’s modulus E. (N/mmY) Yeva.
Fc
' Y
concrete Compressive strength (N /mmY) .
Tensile strength f (N/mm') | Y.+V

A4
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Poisson’s ratio Y <o
Uniaxial crushing strain Ecu v oY
Y \/\ LI N ]
Young’s modulus Es (N/mm )
Steel Yield stress of shell reinforcement | f, (N/mm') | YT I
Yield stress of beam reinforcement | f, (N/mm') | YT
Hardening parameter H’ o
Tension Rate of stress release oy Yoo
stiffening | Sudden loss of stress at the instant of -
parameters cracking oy '
Rate of decay of shear stiffness Ty Yoo
Shear Sudden loss of shear stiffness at . o
retention instant of cracking VY '
parameters | Residual shear stiffness due to the -
dual action v

1YYA

a-Cross-section

Vet

I

ANa

b-Longitudinal reinforcing

Fig (£.1 Y) Geometry and Reinforcement Details
of Goble’s Folded Plate
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¢.Y.) Finite Element Results

Fig. (¢£.'Y) shows the comparison between the experimental, other theoretical
studies and present finite element solutions obtained from this study. Only the
ultimate load has been recorded in this test. In general, this figure shows good
agreement for the finite element solution obtained from the present study

compared with the experimental results. It may be detected that the predicted
load Y).7 kN was the nearest to the experimental ultimate load YV.A kN. Also,
the load-deflection behavior by using the degenerate two-dimensional finite

element model supported by Thannon () AA) was too far from the experimental

response and the failure load produced was ¢V.% kN. The large difference

between the experimental and Thannon results is due to the non-real
representation of steel reinforcement by using smeared layer of equivalent
thickness through the shell element. This representation makes the steel layer
work in two directions while this structure has only one direction reinforcement

in the short direction of the slab.

Load in kN

Central poiﬁt“deflection inmm

Fig. (£.1Y) Comparison of Goble’s Folded Plate
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£.Y.\.) Effect of Mesh Refinement

Fig. (£. 7 1) shows three different meshes used to detect the best mesh. As shown
in this figure, mesh no. ! represented one layer with fifteen elements, mesh no. ¥
considered one layer with thirty elements, and mesh no. ¥ had two layers each
one has fifteen elements.

The comparison between finite element solutions for different types of
mesh and the experimental behavior is shown in Fig. (£.) £€). This figure shows
good agreement with the experimental results of mesh no.Y. It can be seen from
Fig. (£.)Y) that mesh No.Y and mesh No. ¥ has twenty elements but the best

results obtained from mesh no. Y. Therefore, increasing in the number of

concrete elements through the thickness improves the predicted response of the
reinforced concrete folded plate. This is due to the fact that the sensitivity of the

finite elements to trace cracking during all loading stages is increasing. As a

result, mesh no.Y is adopted for analysis of Goble’s Folded Plate in this study.

Goble Y417

.M AL

Load in kN

Central deflection in mm

Figa (£.) £) Goble’s Folded Plate-Effect of Mesh
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£.Y.).Y Effect of Element Type

To study the effect of element type on the behavior of load-central deflection
curves of the folded slab, three types of elements have been used to analyze this

structure. These elements areY +, Y ¢ and A-node brick elements.

As shown in Fig, (¢.Y°), the )¢-node and A-node brick elements offer a
stiffer load-deflection response compared with the results obtained by using the
Y +-node brick element whose results are closer to the experimental results. It can
be seen that good results can be obtained when the number of the nodes per
element increases. The increasing in the number of nodes provides the element
more degrees of freedom, which gives a softer load-deflection behavior to the
structure. The good results that are submitted by Y+-node brick element are due
to its high number of nodes. Therefore, this element is adopted in the analysis of
the folded plate.

Load in kN

Central point deflection in mm
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£.¥.).Y Effect of Integration Rule

In Figure (£.17), the effect of integration rule on the obtained behavior of load —
central deflection curve of the folded plate is examined by using three types of
integration rule. It is found that the ) ¢a-point integration rule is more appropriate
to estimate the ultimate load at failure than the other integration rules (YV-point
and A-point). Because of the good distribution of the sampling points, the)ea-
point integration rule provided good results. Therefore, the Y °a-point integration

rule is used for the present research.

Load in kN
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£.Y.\.t Effect of Geometric Nonlinearity

The comparison between geometrical linear and geometrical nonlinear analysis is
clearly shown in Fig. (£.1Y). From these results it can be noticed that the
response obtained by inclusion of geometrical nonlinearity is closer to the
experimental ultimate load and it is vital for the reliable prediction of failure
loads of this structure. From Fig. (£. ') it can be noticed when the folded plate
Is submitted to large deformation especially before collapse, the analysis based
on geometrical nonlinearity plays a major role to improve the analysis. For this

reason the geometrical nonlinearity is used in the analysis of this study.

Load in kN
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CHAPTER FIVE
PARAMETRIC STUDY

INTRODUCTION

In this chapter, the influences of some parameters that affect the behavior of the
cylindrical shell and the folded plate are studied. To achieve this aim, the
reinforced concrete cylindrical shell and folded plate which were analyzed in
chapter four have been chosen for the parametric studies to show the effects of
various parameters such as the amount of steel reinforcement, the strength of
concrete and some other parameters.

The geometric nonlinearity and material nonlinearity using the twenty-

node brick element and ) ®a-point integration rule have been included in this

study. For both cylindrical shell and folded plate, the span width and length are
kept constant.

To complete the advantage of the present chapter, the predicted ultimate

load for each parameter is listed in a single table.

BRlParametric Studies on Concrete Cylindrical Shell

To investigate the behavior of Bouma’s cylindrical shell under static load, some
parameters that affect the behavior of this structure were studied. These
parameters include the shell angle, shell thickness, reinforcement ratio, the

strength of concrete, steel reinforcement, and edge beam height.

The effect of each parameter is briefly discussed in the following sections.
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°. Y.\ Effect of Shell Angle

Fig. (°.)) offers the effect of inplane membrane forces on the load carrying
capacity and the enhancement in the behavior of the structure. The increase of
curvature increases the membrane forces and acts to maximize the ultimate load
and to decrease the deflection. Various shell angles are used which are, A+°,
VerO AYL0 Y E.0 7.0 and YA+ Fig. (°.)) shows that the results obtained by
using different angles give a good enhancement in the load carrying capacity and
decrease in the deflection. The predicted collapse load increases from £4.Y kN
for angle equals A+°to Y24.Y kN for angle equals YA+°. The deflection decreases
from ¢€3.A mm to 1.A mm for angle YA+° the ultimate load increases to Y.YY
times ultimate load for angle equals A+° and the deflection decreases to +.)¢
times ultimate deflection.

Because the variation in angle represents the main effect on membrane
forces, this variation is considered as main parameter. Therefore, in the following
sections the effect of angle change on the other parameters is studied briefly for
shell angles A+, Y+ +0 VY40 Y £.0 17,0 and YA O,

160
l ——  0=180
140 -
i —A— 0-160
120 — ——  0=140
= 100 - + 0=120
i y —=f=—  0-100
= 80 —
3 ] ——  0=80
o
— 60 —
i [4
40 4]
[/
1/
20 ¥
0 I T I T I T I T I T
0 10 20 30 40 50

Central deflection of the edge beam in mm

Fig. (°.)) Effect of Increasing of Shell Angle on Load-
Deflectign Behavior
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°.¥.Y Effect of Shell Thickness

The effect of shell thickness on overall behavior is shown in Fig. (°.Y). To
investigate the effect of this parameter, five shells are analyzed with different
thicknesses of (Y+, Yo, Y+, Yo and Y+ mm) respectively. The enhancement gained
from increasing slab thickness is to increase the ultimate load carrying capacity
and to decrease the deflection. The finite element results as shown in Fig. (°.Y)
shows the improvement in the behavior of these shells due to the increase in shell
thickness. From these results it can be seen that as the shell thickness increases

the load carrying capacity increases progressively.

It can be seen from Fig. (©.Y) that as the shell thickness increases from ) -
mm to Y+ mm, the ultimate load carrying capacity increases from ¢3.Y kN to
V€Y7 kN and ultimate deflection decreases from £3.A mm to ¥).¢ mm. It can be
noticed that the ultimate load for thicker shell increases to Y.A% times ultimate
load and the deflection decreases to +.1Y times the ultimate deflection for shell

thickness equal Y+ mm.

To establish the effect of increasing shell thickness by using different shell
angles, the five upper shells are repeated for different shell angles. Fig. (°.Y)
illustrates the improvement in ultimate load due to increase in the thickness, and
the shell angle. A progressive increase happened in ultimate load capacity for
higher shell angle. The ultimate load and the properties for each shell are listed in
Table (°.Y).

aA
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150
140
130
120
110
100
90
80
70
60
50
40
30
20

10
Shell thick.=10mm
0 T I T I T I T I T

0 10 20 30 40 50
Central deflection of the edge beam in mm

Fig. (°. Y) Effect of Shell Thickness on Load-
Deflection Behavior

Load in kN

Shell thick.=30mm
Shell thick.=25mm
Shell thick.=20mm

Pttt

Shell thick.=15mm

NG

750
700
650
600
550
500
450
400
350
300
250
200
150
100

50

Shell Thic.=30 mm
Shell Thic.=25 mm
Shell Thic.=20 mm
ShellThic.=15 mm

tomty

ShellThic.=10mm

Ultimate load in kN

80 90 100 110 120 130 140 150 160 170 180
Shell Angle (0) in Degrees

44
Fig. (. ¥) Effect of Shell Thickness on Load Carrying
Capacity for Various Angles
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©.¥.Y Effect of Edge Beam Height

To show the effect of edge beam height, seven shells are analyzed with different
beam height of (+.», ©+, Y+, Yoo Y. Yo and Y:+-mm) respectively. The
enhancement gained from increasing the height of edge beam is the increase in
the ultimate load carrying capacity and the decrease in the deflection. Fig. (°.¢)
illustrates the enhancement in the behavior of these shells due to the increase in
edge beam height, from this figure it can be found when the height of edge beam

increases the load carrying capacity increases.

From Fig. (°.£) it can be noted that as the edge beam height increases
from Y++ mm to Y.+ mm, the ultimate load carrying capacity increases from
£€9.Y kN to ©°.Y kN and the ultimate deflection decreases from £3.A mm to Ye.1
mm. It can be noticed that the ultimate load for shell of larger edge beam
increases to Y.V Y times the ultimate load and the deflection decreases to .V}
times the ultimate deflection for edge beam height equal to Y++ mm. When a
shell without edge beam is used the ultimate load decreases to YA.Y and the
deflection increases to 1.+ mm. Therefore, the load decreasing is equals to +.VA
times the ultimate load and the deflection increase equal to V.YY times the

ultimate deflection for the edge beam height equal to Y+ + mm.

The effects of increasing edge beam height and using different shell angles
are established by using the previous edge beams for different shell angles. Fig.
(°.2) shows the behavior of the ultimate load due to increase or decrease in
height of edge beam for different shell angles. It can be seen that the edge beam

height becomes a very important parameter and the load carrying capacity
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increases progressively by enlarging the angle of shell. Table (°.Y) shows the

ultimate load for shells used to study this parameter.

60
50 —
- 40 —
~
£ ]
T 30 - —k— Edge beam height=20 mm
3 i —4@— Edge beam height=15 mm
20 — —=f=— Edge beam height=13 mm
—— Edge beam height=10 mm
—A— Edge beam height=7 mm
10 4 // —Jl— Edge beam height=5 mm
V —J¥¢—  Shell without edge beam
0 T I T I T I T I T I T I T
0 10 20 30 40 50 60 70
Central deflection of the edge beam in mm
Fig. (¢.¢) Effect of Edge Beam Height on
Load-Deflection Behavior
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x
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©.Y.¢ Effect of Reinforcement Ratio

Three different types of steel reinforcement in Bouma’s cylindrical shell are
considered. They are longitudinal, short direction, and edge beam steel
reinforcement. In the following three sections, the effect of these reinforcements

are studied.

®.Y.t |\ Effect Longitudinal Steel Reinforcement

To study the effect of this factor, seven reinforced concrete cylindrical shells are
analyzed having longitudinal reinforcement ratios of (YeZ, o7, Yo/ Y« 7,
VYo7, Yo7/, and Y- +7) times the original reinforcement respectively. As shown
in Fig. (.1), the finite element results obtained from analyzing these shells show
a noticed rising in the load carrying capacity. It can be seen that increasing the
reinforcement ratio to (Y:+%) times the original reinforcement, the ultimate
collapse load increase to V. e the times ultimate load and the ultimate deflection

increases to Y. )).

Different shell angles are used to find the effect of increasing
reinforcement. Fig. (°.Y) illustrates the improvement in ultimate load due to
increase in the longitudinal reinforcement, and the shell angle. An increase is

noticed in the ultimate load capacity by using different steel reinforcement in the

Yo ¥
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way of increasing the shell angle. The ultimate load and the properties for each

shell are listed in Table (°.Y).
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Fig. (°.%) Effect of Longitudinal Steel
Reinforcement on Load-Deflection Behavior
180
160 —
140 —
Z -
v .
120
g 1 /”" As=2.00*Original As
@ 100 —‘ —4@— As=1.50*Original As




Chapter Five
Parametric Study

©.Y.¢ Y Effect of Transverse Steel Reinforcement

To establish the effect of increasing and decreasing the transverse reinforcement
on the structure behavior, seven concrete cylindrical shells with transverse steel
area equal to (YoZ, o7, Yo/ Yeu/ VYol NYe./ and Y- :7) times the original
steel area respectively are considered. Fig. (°.A) shows the finite element results
obtained from analyzing these shells, a small improvement in the load carrying
capacity is found. It can be noticed that increasing the reinforcement ratio to
(Y++7), the ultimate collapse load increases to ).+ A times the ultimate load for

Bouma’s cylindrical shell while the ultimate deflection increases to V. °.

The increasse in reinforcement becomes negligible when the shell angle

increases. From Fig. (. %) and Table ( °. £) the relation between the variation of

the amount of reinforcement and the increase in shell angle can be seen.

60

m —

40 -
< 1
= —=f=—  As=2.00*Original As
= 80 7 —A— As=1.50*Original As
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- —@®— As=1.25*Oriaginal As



Chapter Five
Parametric Study

160
140
5 120
£
3 " —=f=— As=2.00*Original As
E 100 —4&— As=150*Original As
—Jl— As=1.25*Original As
2 a0 -
> —@— Original As
60 —&A— As=0.75*Original As
—%— As=0.50*Original As
: —M— As=0.25*Original As
w I T I T I T I T I T I T I T I T I T I T
80 90 100 110 120 130 140 150 160 170 180
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Fig. (°.%) Effect of Transverse Steel Reinforcement
on Load Carrying Capacity for Various Angles

©.Y.£.Y Effect of Edge Beam Reinforcement

Like longitudinal and transverse reinforcement seven concrete cylindrical shells
with steel area for edge beam equals (Yo7, o«7%, Yo7/, Y« 7, YYe/ VYo7 and
Y.+7) times the original steel area respectively, to study the effect of this

parameter on structure behavior.

Fig. (. ! +) shows the ultimate loads obtained from analyzing these shells
with different shell angles, a small improvement in the load carrying capacity is
founded for angles equal to (7 +°) and (! ¢ *°). It can be noticed a very good
enhancement in the behavior for large angles by increasing the edge beam
reinforcement. Table ( ©. €) gives the ultimate loads the properties for each tested

shell.
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Fig. (°.) +) Effect of Edge Beam Steel Reinforcement
on Load Carrying Capacity for Various Angles

Y. Effect of Concrete Compressive Strength

To determine the relation between concrete compressive strength and the
improvement in load carrying capacity, different shells with compressive
strength equal to (Y, Yo, Y+ Yo &+ €0 and ©+ MPa) are used. Fig. (°.)))
illustrates the enhancement in the behavior of these shells due to the increasing
and decreasing in concrete compressive strength. From this figure it can be found
as the concrete strength increases the load carrying capacity increases

progressively.

Fig. (°.)Y) shows the behavior of ultimate load due to increase or decrease

in concrete compressive strength for different shell angles. It can be seen that the

Ve
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concrete compressive strength becomes very important parameter and the load
carrying capacity increases progressively by enlarging the angle of shell. Table

(.7) shows the ultimate load and the properties for each shell used to study this

parameter.
80
70
60
fc'=S0kPa
Z
o 50 fc'=45 kPa
£
-‘3 40 fc'=40 kPa
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10 fc'=20 kPa
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70 80 90
Central deflection of the edge beam in mm
Fig. (®.1 V) Effect of Compressive Strength of
Concrete on Load-Deflection Behavior
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©.Y.1 Effect of Steel Grade

Different grade of steel used to establish the effect of this parameter on shell
strength. Six shell angles are used to find the effect of increasing the steel
strength.

Fig. (°.)Y) illustrates the improvement in ultimate load due to increase in
the yield stress of shell reinforcement, and the shell angle. An increasing noticed
in ultimate load capacity for higher steel grades but this increasing may be
constant for different shell angles. Table (.V) illustrates the ultimate load and the

properties for each shell used.
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Table (°.Y) The Predicted Ultimate Loads in kN for Different Edge
Beam heights
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Mathematical Formula for Prediction of Ultimate
Load Capacity for Cylindrical Shell

The following expression to find the ultimate load for cylindrical shell structures

of the considered span width ratio, is suggested in the present study because of

the preceding parametric study using STATISTIC program version ©. +:

P=-VY 4+(-FVIoV VooV «feC "N _qy AYYA *fy (T L ¥q Yryq «
t+ T8 xph D L V4V ARAG x p O L FOrEE K LAYk pp )
+ Vo Ad4N *ps)*sin(~.5°/\ *th_\”\.i\Q)+ YAY o AN *logy.(t* \.~‘~\Y)

*pl T (8.

where ,

P is the ultimate load in kN

fc is the concrete compresive strength in kPa

fy is the yielding stress of steel reinforcement in kPa
t is the thickness of the cylindrical shell in mm

hb is the edge beam height in mm

pl, is the steel reinforcement ratio in long direction
ps is the steel reinforcement ratio in short direction
pb is the steel reinforcement ratio in edge beam

th is the shell angle in degree

Coefficient of correlation (R=+.AA)

As shown in Fig. (°.) £), good results obtained from the comparison

between the finite element results and the result optioned from proposed

mathematical formula.

750
700 a1 | - Proposed Eq. results for t=30 mm
650 -4 Proposed Eq. resultsyfoy ¥=20 mm
600 i — Proposed Eq. results for t=10mm
550 =

> 1—=— F.E.results for t=30 mm
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BParametric Studies on concrete Folded Plate

To establish the behavior of reinforced concrete folded plate; some parameters
that affect the behavior of this structure have been studied. These parameters are
the inclination angle, plate thickness, the plate reinforcement ratio, the concrete
compressive strength, and steel grade. The discussion of the effect of these

parameters, are made in the later sections.

° ¢V Effect of longitudinal steel reinforcement

In the practice in one-way slaps, minimum steel reinforcement provided in
addition to the main reinforcement to distribute the loads and the cracks provided
by temperature and shrinkage stresses (Nilson and Winter Y4AA). Therefore,

minimum reinforcement added to long direction of folded plate. This

Yy\Y
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reinforcement can be obtained from the following equation (ACI Committee YA
1440)

0.0018* 400
Pmin :f— (0N
y

This ratio is (+.* * YA) and it’s provided by (@ Y @ Y° mm)

Figure (°.)°) shows the influence of reinforcement ratio on the behavior
of folded plate. The finite element results obtained from analyzing this folded
plate show a significant enhancement in the load carrying capacity. It can be
noticed that the ultimate collapse load increase to ).Y'Y times the ultimate load for
folded plate without minimum longitudinal reinforcement. Then this

reinforcement is used in the following sections.

50
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Exp. (Goble Y411 Mﬂ/’

35

30
25

Load in kN

20
15

—Jl— Thannon 1988

—=f=— Plate withe mini. longitudinal steel reinf.

10

—4&@— Plate without longitudinal steel reinf.
| LA L LA LR LR NN BN N
0 2 4 6 8 10 12 14 16 18 20
Central deflection in mm

Fig. (°.)®) Goble’s Folded Plate-Effect of Longitudinal
Reinforcement on \L\o?d-Deflection Behavior
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. ¢.Y Effect of Inclination Angle

In order to study the effect of inclination angle (6) on load-deflection behavior,
four different values of 0 are used. These values of inclination angle are Y+,
Yo €00 and 10 The results obtained from the finite element analysis are
shown in Fig. (°.)1). From This figure it’s clear that when inclination angle
increases from Y0 to €20 or 10 the ultimate collapse load is significantly

decreased. When inclination angle equals Y *°, Gobl’s folded plate will be
change to V-shaped folded plate. By using this folded plate the membrane force

is significantly increased, and from fig. (°.) 1) the collapse ultimate load for 6

equals Y *° is rapidly increased.

As result, the inclination angle plays major role to represent the load-
deflection behavior and ultimate load. Therefore, the effect of angle change on

the other parameters is studied briefly in the following sections by using for
angles Yo, Y0 €00 and T +o Constant rise, width, and length of the folded

plate used in all parametric study.
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c. ¢ Y Effect of Reinforcement Ratio

In addition to minimum reinforcement that added to the folded slab in section
(°. &) ), Goble’s folded had two type of reinforcement; the main reinforcement

in the plate (short direction reinforcement) and the second one is the edge beam
reinforcement. The main and edge beam reinforcement are discussed in the

following two sections.

®. ¢ Y.\ Effect Maim Reinforcement
To establish the effect on increasing short direction reinforcement on the

structure behavior, Four folded plates with main reinforcement steel area equals

(VeoZ, Yool VYol and Y-+ 7) times the original steel area respectively.

Fig. (°.)V) shows the variation of ultimate load with different steel ratio
for various inclination angles. This figure shows significant increasing in
ultimate load capacity for higher steel ratio when inclination angle is increased.
From table (°.A) the amount of reinforcement, the increasing in inclination angle

and ultimate loads can be noted.

®.¢.Y.Y Effect Edge Beam Reinforcement

Different amounts of steel reinforcement have been used in the finite element
analysis to establish this aim. The amount of edge beam reinforcement are V.° -+,
Y.ve and Y.:+ times the actual reinforcement. Fig. (°.YA) shows the effect of

amount of edge beam reinforcement on the collapse load for different angles.

Y\1
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The ultimate load capacity of the folded plate shows an increase in its value with

the increase in amount of steel reinforcement for various angles.

The ultimate loads obtained from studying this parameter and the

properties of different folded plates are listed in table (°.9).
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Fig. (°.V) Effect of Short Direction Steel Reinforcement on
Load Carrying Capacity for Various Angles
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o ¢ ¢ Effect of Folded Plate Thickness

The folded plate thickness is another important factor that affects the behavior of
this structure. In order to investigate the effect of plate thickness on the load
carrying capacity and load-deflection relationship of folded plates. Four folded
plates with different thickness for various inclination angles are analyzed with

the other parameters kept constant.

In Figure (°.)%), the effect of plate thickness on the overall behavior of
the folded plate is demonstrated .The finite element results obtained from
analyzing these shells as shown in Figure (°.)%), which reveals that the stiffness
of the folded plate increases as the thickness increased. Also, the predicted
collapse load is clearly increased as the thickness increases. The predicted

collapse loads for these folded plates and its properties as given in Table (°.)+).

YAA
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100
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Fig. (°.1 %) Effect of Folded Plate Thickness on Load
Carrying Capacity for Various Angles

o ¢ o Effect of Edge Beam Height

Different beam heights are used to show this aim. These different heights are
(+.+, VYV, Ye. and Y.+mm) respectively. The enhancement gained from
increasing the height of edge beam is to increase the ultimate load carrying
capacity.

Fig. (°.Y *) shows the different behavior of the ultimate load due to

increase or decrease in the height of edge beam and for different inclination
angles. It can be seen that the edge beam height becomes a very important

parameter and the load carrying capacity increases progressively for small
inclination angle. Table (°.) ) shows the ultimate load for the folded plate

used to study this parameter in addition to its properties.

Y14



Chapter Five
Parametric Study

80

Beam height=200 mm
70 Beam height=150 mm

60 Beam height=127mm

bhid

Plate without edge beam
50
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Inclination Angle (0) in Degrees
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load carrying capacity, tifeaRAGHY ftd/alitausonpadesive strength equal to
(YEY, Y &€+ and ©+ MPa) is used.

Fig. (°.Y)) shows the behavior of ultimate load due to increase in

concrete compressive strength for different inclination angles. It can be seen that

the load carrying capacity increases with increasing of concrete compressive
strength for different inclination angles. Table (°.)Y) shows the ultimate load

and the properties for each folded plate used to study this parameter.
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o ¢V Effect of Steel Grade _
Fig. (°.YY) Effect of Concrete Compressive Strength on

In order to preserit eaddéavbpuigr€abtecityfforcasirauthApigldsstress of steel
reinforcement on ultimate collapse load, Goble’s folded plate is analyzed for
different steel grades. The values of steel grade used to study this parameter are
Y¢oand £) ¢ MPa in addition to the original steel grade (YY) MPa).

The effects of using different inclination angles for different steel grades
are shown in Fig. (°.YY). This figure shows a significant increase in predicted
ultimate load when the steel grade increases. The predicted collapse loads and the

properties for different folded plates used to study this aim are given in Table

(eY).
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Ultimate load in kN

70
—a=— fy=414 MPa
—J— fy=345MPa
60 —@— fy=331MPa
50
L
40
30 I T I T I T I T I T I T I T I T
20 25 30 35 40 45 50 55 60

Inclination Angle (0) in Degrees

Fig. (°.YY) Effect of Yield Stress of Steel Reinforcement on
Load Carrying Capacity for Various Angles

Table (°.M) The Predicted Ultimate Load in kN for Different Short

Direction Steel Reinforcement

fc'in plate | beam inclination angle(6)

kpa fy in kPa| thic in | high. in pl ps pb Y- v o T
mm mm
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Table (°.%) The Predicted Ultimate Load in kN for Different Edge

Beam Steel Reinforcement

‘ fc'in

fy in kPa
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beam‘ pl ‘ ps ‘ pb inclination angle(0)
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Table (°.) +) The Predicted Ultimate Load in kN for Different
Plate Thickness
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Table (°.1Y) The Predicted Ultimate Load in kN for Different
Concrete Compressive Strength
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Table (°.1Y) The Predicted Ultimate Load in kN for Different
Steel Grades
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Bl Mathematical Formula for Prediction of Ultimate
Load Capacity for Folded Plate
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Based on finite element results, an equation to estimate the ultimate load for
folded plate structures of the considered shape is suggested in the present study

by using STATISTIC program as follows:

P=-ffe 4 (-YOV YYufe O Ly A0 WV gy (717D L AYA L TAR O
+ o Aoxhp CFT) wY L 0 g A X ph D Ly Vet gk pg C

N Dy logy L (VYL £ E Y ARth) +9.0¥Y*og, (1 C"Y)

..(8.Y)

where , P is the ultimate load in kN

f¢ is the concrete compresive strength in kPa

fy is the yielding stress of steel reinforcement in kPa

t is the thickness of the folded plate in mm, hb is the edge beam height in mm
ps, is the steel reinforcement ratio in short direction

pb is the steel reinforcement ratio in edge beam
th is the shell angle in degree

Coefficient of correlation (R=+.27)
Fig. (°.YY) shows good results obtained from the comparison

between the finite element results and the result optioned Eq. (°.Y) for

different folded plate thickness.
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CHAPTER SIX

CONCLUSIONS AND
RECOMMENDATIONS FOR
FURTHER WORK

Conclusions

Based on the results obtained from the finite element procedure, which have been

carried out throughout the present work, the following conclusions can be drawn:

The finite element results obtained for the reinforced concrete shell and
the reinforced concrete folded plate show that the computational model
adopted in this study is suitable for prediction of the load-deflection behavior
and collapse load. The numerical results obtained from the different case
studies reveal that the predicted load-deflection curves and collapse loads are

in good agreement with the available experimental results.

It was found that using isoparametric Y *-node brick element is proved to
be efficient for folded plate and cylindrical shell structural discretiztion. The
numerical tests carried out for the two structures show that the inclusion of
the geometric nonlinearity together with material nonlinearity in the finite
element model significantly improve the predicted load-deflection behavior

and collapse load at all stages of loading.

The effect of the type of the integration rule was found to have a

significant effect on the predicted behavior and the computed collapse load.
The Y®a-point integration rule showed better agreement with experimental

results

A significant enhancement is found in the finite element results for the

mesh contains end diaphragm.



Chapter Six Conclusion and
Recommendations for Further Work

It was noticed that modeling the steel bars as axial members embedded in
the brick element gives better results than the smeared layers of equivalent

thickness throughout the shell element approach.

For the cases analyzed, the results showed that the shell angle was the
most pronounced factor that affected the load-deflection behavior and load
carrying capacity of the shell due to the presence of membrane action. Also,
the inclination angle in folded plate played a major parameter that affects load

carrying capacity.

From the parametric studies carried out on the cylindrical shell and the
folded plate, it was found that the increase of thickness was a pronounced

effect on load-deflection behavior.

According to the results obtained, it can be concluded that the increase of
edge beam height gives a noticed increase in the collapse load especially for
higher shell angles. Also, the absence or the decrease in the edge beam height

decreases the failure load.

It was found that in cylindrical shells, the effect of steel reinforcement is
not a significant parameter on the load carrying capacity. This can be
attributed to the presence of membrane action in this structure, while for the
folded plate the collapse load showed a significant increase when then main

reinforcement increases.

The finite element results show that as the compressive strength of
concrete increases the ultimate collapse load increases progressively for the

cylindrical shell and the folded plate shows less increase.

Recommendations for Further Work

Some suggestions are given below for possible improvement of the formulation
and extension of this investigation:

\Ye
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Recommendations for Further Work

The inclusions of strain softening behavior of concrete and using a
numerical procedure such as the arc-length method or displacement control.
This can improve the structural response beyond the ultimate load level and
increase its accuracy.

Extension of the material model adopted in the present study to include
the long-term effect on the concrete behavior (creep and shrinkage) as well as
cyclic loading.

Wider studies on folded plates and cylindrical shells with variable span
length and width and different boundary conditions in addition to the
parameters that were studied in this work.

Finding an empirical equation, which takes into account the above
suggestions to evaluate the ultimate load capacity for these types of
structures.

Making more experimental studies on cylindrical shells and folded plates
with different boundary conditions and comparing the results with the present
numerical results.
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APPENDIA




Subroutine BRK) ¢ used to calculate shape function and it’s derivative for
V¢-node brick element.

SUBROUTINE BRK)${ (FUN, IFUN, DER, IDER, JDER, X, Y, Z, ITEST)

IMPLICIT REAL*A (A-H,0-2)
DIMENSION FUN (IFUN),DER(IDER, JDER)

ITEST="
A=x-).+
LVCANERD ¢
B=Y-).*
BB=).*+Y
c=z-).*
cc=V. 4z
XY=X*Y
XZ=X*7
YZ=Y*7

FUN (V)= VYO0 ((XY+XZ+YZ+ Y.+ * (X+Y+Z+).*)) *A*xB*C
DER(V,) )=+ VYOx (Y vxxy+ ¥ «*X74+ & ¢ *X+YZ+Y+7Z) *B*C
DER(Y,V) =+ VYO (Y e xxy+xz+x+Y.t *YZ+&. ¢ xy+Z) *A*C
DER (¥,)) =+ N YOr (xy+ Y. 0 xxz+x+ Y. e xyz+y+ .0 x7) *A*B

(£)=2VY0x ((xy-x2-Y2+Y-)¥+ X-Y+2+).+)) *AA*BB*C

(V,E) =2 NYOx (Y onxy-Y exx7-£ +%X-Y7Z-Y+7) *BB*C
DER (Y,8) =+ Y YOx (Y e xxy-xz-x-Y. *xyz-£ +*Y+7) *AA*C

(Y, ¢

(O) ==+ VYo ((xY-XZ-YZ+Y.* * (X+Y-2+).*)) *A*B*CC
(\’O>:_~_\YD* (Y.'*XY—Y.'*XZ‘FE.'*X—YZ‘FY—Z) *B*CC
DER (V,0) ==+ VYOux (Y v xxy-xz+x-Y.*xyz+& +xy-7) *xA*CC
(V.0

)==+ N YOx ((XY+XZ-YZ+Y. v % (=X+Y+2Z-).*) ) *A*BB*CC
V== VY0ux (Y*0 xy+Y v #xx7-§ v ¥X-YZ+Y+7) *BB*CC
V)= e AYOx (Y orxy+xz-x-Y. 0 xyz+. 0 xY+7) *A*CC
J ) == VVO0x (xy+ Y. e xx7-x-Y.  xyz+Y+ £, 4 *7) *A*BB

FUN (V) ==+ ) YOx ((XY-XZ+YZ+Y.** (X-Y+2-).*) ) *AA*B*CC
DER (V,V) ==+ YYOux (Y vuxy-Y s xx7+& s xX+YZ-Y+Z) *B*CC
DER (V,V) ==+ YYOx (Y o xxy-xz4+x+Y. xyz-& +*xY+7) *AA*CC



FUN (

DER (

DER (

DER (

FUN (1) ==+ .O*AA*A*B*C

DER (),%) =—BB*B*C*X

DER (Y,%) =—AA*A*C*Y

DER (Y,%)=—+ . 0*xpAA*A*BB*B

FUN () *)="*.O*AA*A*BB*B*CC
*) =BB*B*CC*X

V)
Y,V v)=AA*A*CC*Y
A

DER v)y=+.0*AA*A*BB*B

FUN ()))=-+.O*AA*A*B*CC*C
DER (V,)))=-B*CC*C*X

DER (Y,V))=-+.O*AA*A*CC*C
DER (V,)))=—AA*A*B*7

FUN (YY) =+ .9*AA*A*BB*CC*C
DER (V,)Y)=BB*CC*C*X

DER (Y, Y)=+.9%aA*p*CC*C
DER (Y, Y)=AA*A*BB*7

FUN (VY) =-+.®*A*BB*B*CC*C
DER (), V) ==+ 0xBB*B*CC*C

()
(
DER (Y, V) =-axcCc*C*Y

DER (Y, V) =—A*BB*B*7

(Y €)=+, 0%AA*BB*B*CC*C
(V,V¢) =+ 0xBB*B*CC*C
DER (Y,) &) =AA*cC*C*Y

DER (V,) ¢) =AA*BB*B*7

RETURN
END
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