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Abstract

This study is conducted to investigate the behavior of prestressed concrete
beams subjected to pure torsion and combined loads of shear, bending and
torsion using three dimensional nonlinear finite element analysis. The
concrete was modeled by Y--noded isoparametric brick elements, while the
prestressing and ordinary bars were modeled as axial members embedded
within the brick element of concrete, with assuming a perfect bond between
the concrete and reinforcement. The effect of prestressing is introduced as
effective stress and strain at the sampling points of prestressing steel.

An elasto-plastic work hardening model followed by a perfectly plastic
response, which terminated at the onset of crushing has been considered to
simulate the behavior of concrete in compression. The behavior of concrete
in tension is simulated by a smeared crack model with fixed orthogonal
cracks in connection with using a tension stiffening model to account for the
retained post-cracking stresses, shear retention model to account for the
reduced shear modulus, and a softening model to account for the reduction in
compressive strength due to orthogonal cracks.

An incremental-iterative technique based on the modified Newton-Raphson
method has been considered to solve the nonlinear equations of equilibrium.
The numerical integration has been carried out using the reduced integration

! %b-point Gaussian rule.

Many prestressed concrete beams subjected to pure torsion and combined
shear, bending and torsion loads have been analyzed. The results of the
analysis shows a good agreement with the available experimental results with
difference ( +. o< - 4. £7) for ultimate torque.

Parametric studies are implemented to study the effect of some important
finite element and material parameters. Also, the effect of amount of
prestressing, longitudinal, and transverse steel and the torque (T) to
transverse load (P) ratio are carried out. The results explain that the effect of
transverse load (P) on the ultimate torque capacity (T) is negligible for (T/P)

ratio equal to or above (7).
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NOTATION AND SYMBOLS

The major part of the symbols used in the text is listed below, others are defined

with their equations where they first appear.

General Symhols
[A]'{a}’ Transpose of matrix [A] and vector {a}.
[A]” Inverse of matrix [A].

d, 0 Differential symbols.
\ \ . det Determinate of matrix or absolute value.

A Denotes incremental quantity.

{} Vector.

[] Matrix.

Scalar

A Area of ordinary longitudinal reinforcing steel bar.
Aps Area of prestressing steel.

A, Area enclosed by the shear flow path.

A, Area of ordinary transverse reinforcing steel bar.
Co Plasticity coefficient.

da Plastic multiplier.

E. Modulus of elasticity of concrete.

Eps Modulus of elasticity of prestressing steel.

Es Modulus of elasticity of ordinary steel bar.

f Function.

f, Uniaxial compressive strength of concrete.

foy Yield strength of prestressing bar.

fr Modulus of rupture of concrete.

f; Uniaxial tensile strength of concrete.

fy Yield strength of ordinary steel bar.

G Shear modulus of concrete.

Xl



H Hardening parameter.
I First stress invariant.

ly, First strain invariant.

J Jacobian.
Jy Second deviatoric stress invariant.
Jv Second deviatoric strain invariant.

I, m, n Direction cosine of principal stresses.

K, Concrete compressive strength reduction parameter.
q Shear flow path.
p Perimeter of the center line of the stirrups.

Concentrated applied load.

S,C Direction cosine of in-plane principal stresses.
S Spacing of transverse reinforcement.
T Applied torque.
T, Torsional moment contributed by concrete.
Ter Cracking torsional moment of concrete.
T, Torsional moment contributed by reinforcement bars.
T, Nominal torsional strength.
u, v, w Displacement components.
\/ Volume.
W Weight of a sampling point.
X,Y,Z  Global coordinate system.

X,Y,Z Local coordinate system.
Xy Yy Smaller and longer length of the stirrups.
o Material parameter.
Oy, Oy Tension stiffening parameters.
S Shear retention factor or material constant.
y Shear strain.
", Px, pr  Shear retention parameters.

€ Strain.
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Ql

EN.C

Matrices
[A]
[B]
[D]
[D]
[J]
[K]
[K]
[N]
[T]

Ultimate strain of concrete.
Elastic strain.

Strain corresponding to peak Uniaxial concrete compressive stress.
Total strain corresponding to the parabolic part of uniaxial
compressive strength stress-strain curve.

Plastic strain.

Uniaxial cracking strain.

Compression strength reduction factor of concrete.

Poisson's ratio.

Stress.

Effective stress at onset of plastic deformation.

Effective stress.

Shear stress.

Natural coordinates system.

Displacement gradient matrix of concrete element.
Strain-displacement matrix.

Material constitutive matrix.

Constitutive matrix for steel bar.

Jacobian matrix.

Stiffness matrix of concrete element.

Stiffness matrix of bar element.

Shape function of concrete element.

Transformation matrix.
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{a} Nodal displacement or flow vector.
{B} Strain-displacement vector of the bar element.
{b} Body forces.
{f} External nodal forces.
{P} Internal load vector.
{r} Residual load vector.
{t} Surface traction.
{u} Displacement vector.
{o} Stress vector.
{c} Strain vector.
Suhscripts and superscripts
c Concrete.
cr Cracking.
e Elastic component.
ep Elasto-plastic.
n Number.
n Normal.
p Plastic component.
S Steel.
T Tangential.
t Tension.
y Yielding.
X,Y,Z Denotes Cartesian coordinate.
VLYY Denotes the principal directions.

XV



Appendix A

This appendix presents the modifications in (PYDNFEA) program that
used to introduce the effect of prestressing and calculating the
combination loads.

V.) Introduce the Effect of Prestressing :

READING THE INFORMATION OF PRESTRESSING TO INTRODUCED THE EFFECT
OF PRESTRESSING.
INPUT PRESTRESSING INDICATOR (PREST), WHEN (PREST) EQUAL  INPUT THE
EFFECT OF PRESTRESSING.
INPUT NUMBER OF G.P OF TENDONS (IGP).
INPUT NUMBER OF INCREMENTS OF TENDONS STRESSES (INOT).
READ (NIN,*) IGP, INOT , PREST
WRITE (*,*) IGP, INOT , PREST
C INPUT THE EFFECTIVE STRESS (FSE) OF PRESTRESSING TENDONS.
C  INPUT THE MODULUS OF ELASTICITY (EPS) OF PRESTRESSING TENDONS.
READ (NIN,*) FSE, EPS
WRITE (**) FSE, EPS
DO+ 1=),IGP
READ (NIN,*) GPOT(I)
WRITE (*,*) GPOT(I)
\+ CONTINUE

C  INPUT THE EFFECT OF PRETRESSING.

IF (PREST .EQ. ).+) THEN

DO 4o =), INOT

IF (IINCS .EQ. ) THEN

DO+ K=)TOTGAS

DO Y. J=),IGP

IF (K .EQ .GPOT(J)) THEN

A) = FSE

STRSG (V,K) = A)*l

BY = AV* / EPS

STRNG () ,K) = B)

ENDIF

WRITE (*,¥) ' STRSG ="' STRSG (),K) , ' STRNG ="' STRNG (" ,K)
'Y+ CONTINUE
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Y+« CONTINUE
ENDIF

e CONTINUE
ENDIF

Y.) Calculating the Combination Loads :

C  INPUT THE LOADS APPLIED ON THE PRESTRESED CONCRETE BEAM.
C INPUT THE INDICATOR OF TORSION (ITOR), WHEN (ITOR) EQUAL ' CALCULATED
C  THE TORSION MOMENT (TTOR).
C INPUT THE INDICATOR OF CONCENTRATED LOAD (ICON), WHEN (ICON) EQUAL
C CALCULATED THE CONCENTRATED LOAD (PLOD).
C  INPUT THE INITIAL VALUE OF TORSION MOMENT (TOR).
C  INPUT THE INITIAL VALUE OF CONCENTRATED LOAD (CONP).

READ (NIN,*) ITOR , TOR , ICON , CONP

INOTY = INOT + ).+

DO )Y+ K =), TOTDOF

IF (INCS.LT. INOT)) THEN

LOADS(K) = FACT(") * ORLOAD(K)

INLOAD(K) = NLOAD(K) + LOADS(K)

ELSEIF (IINCS .LT. 1+) THEN

LOADS(K) = FACT(Y) * ORLOAD(K)

INLOAD(K) = INLOAD(K) + LOADS(K)

ELSEIF (IINCS .LT. )+ +++) THEN

LOADS(K) = FACT(™) * ORLOAD(K)

INLOAD(K) = INLOAD(K) + LOADS(K)

ENDIF
\\Y. CONTINUE

C  CALCULATED THE TORSION MOMENT (TTOR).
IF (ITOR .EQ. .+) THEN
IF (IINCS.LT. INOT)) THEN
DTOR =FACT(") * TOR
TTOR = TTOR + DTOR
ELSEIF (IINCS .LT. +) THEN
DTOR = FACT(Y) * TOR
TTOR = TTOR + DTOR
ELSEIF (IINCS .LT. V++++) THEN
DTOR = FACT(") * TOR
TTOR = TTOR + DTOR
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ENDIF
ENDIF

CALCULATED THE CONCENTRATED LOAD (PLOD).
IF (ICON .EQ. V.+) THEN
IF(IINCS .LT. INOT))THEN

TOT = FACT()) * CONP

TOTO = TOTO + TOT

ELSEIF (IINCS .LT. +) THEN
TOT = FACT(Y) * CONP

TOTO = TOTO + TOT

ELSEIF (IINCS .LT. )+ +++) THEN
TOT = FACT(™) * CONP

TOTO = TOTO + TOT

ENDIF

ENDIF
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Chapter One
Introduction

V.Y General

Concrete is essentially a compression material. Its strength in tension is
much lower than that in compression. The original concept of
prestressing concrete is to introduce sufficient axial pre-compression in
member so that all tension in concrete is eliminated in member at service
load. Therefore, prestressing can be defined in general terms as the
pre-loading of a structure before application of service loads, so as to
improve its performance in specific ways [4].

The amount of prestressing may be sufficient to complete elimination
of tensile stresses in members at service load, this is defined as fully
prestressing. The intermediate solution between fully prestressed concrete
and ordinary reinforced concrete is partially prestressed concrete, in
which the tensile stresses are not complete elimination but reduced at full
service load. This permits some cracks to occur, thus ordinary steel must
be used to control cracking. This type of prestressing reduces the initial
camber (upward deflection) and also, reduces the cracks which may occur
at the end zone of post-tensioned members and is more economical. All
prestressed concrete members can be placed in one of two categories

which are either pre-tensioned or post-tensioned [rA].
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Torsion has a primary influence in many types of structures such as
curved beam, spandrel beam, curved bridges and spiral staircase. Beams
in practice are rarely loaded in torsion alone. If torsional moments exist,
they generally accompany bending and shearing forces.

Interaction between torsion and shear occurs because both torsion and
shear produce diagonal tension stresses in concrete beams. These stresses
are additive on one face of the beam and subtractive on the other.
Therefore, when a beam is subjected to both torsion and shear, diagonal
tension cracking will generally occur at a torque less than the diagonal
tension cracking in pure torsion, and at shear less than that which causes
diagonal tension cracking if shear and moment only acted on the
beam [re].

For reinforced concrete members which fail in torsion or shear modes,
the softening phenomenon of concrete compressive strength plays an
important role on the overall behavior and ultimate capacity of these
members. This phenomenon implies a reduction in the concrete
compressive strength in presence of transverse strains [e].

The development of digital computers and numerical techniques made
the finite element method a powerful analytical tool to investigate the
behavior of prestressed concrete structures under different types of
loading. In this method many aspects of behavior in prestressed concrete
structures can be modeled rationally. These aspects include the nonlinear
multiaxial material properties, changes in material properties after
cracking, steel-concrete interface behavior, yielding of prestressing and

ordinary steel bars and many other properties.

")
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.Y Ohjectives and Scope

This study is devoted to investigate the behavior of prestressed
concrete beams subjected to torsion and combined shear and torsion
loads, using finite element method. To achieve this aim, modifications
have been done on the finite element computer program PYDNFEA
(Program of Y-Dimensional Nonlinear Finite Element Analysis), which
was originally developed by Al-Shaarbaf [v], to be applicable for
analyzing prestressed concrete beams subjected to torsion and combined
shear, bending and torsion loads. In the present study the material
nonlinearity is considered while the geometrical nonlinearity is neglected.
The cracking and crushing of concrete, plastic flow of concrete,
steel-concrete interface, the degradation in compressive strength of
concrete due to orthogonal cracks and yielding of reinforcement, have
been considered.

Many applications have been considered to demonstrate the
applicability of the adopted models by comparing the predicted results
with the available experimental results. Parametric studies to investigate
the effect of some important material properties and geometrical

parameters are also considered.

\.Y Layout of the Thesis

The thesis consists of six chapters. A general introduction describing
the prestressed concrete members under the torsional with shear load and
the objective and scope of this thesis are presented in chapter one.

Chapter two reviews the theories of torsion, and the previous
investigation about the experimental and nonlinear finite element analysis
of reinforced and prestressed concrete members under different types of

loading.
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The basic concepts of the finite element method and the derivation of
the governing equilibrium equations using the principle of virtual
displacements are presented in chapter three. The r.-noded brick
element, the representation of concrete and steel, the integration rules, the
incremental-iterative Newton-Raphson methods and nonlinear solution
techniques are also presented in this chapter.

Chapter four deals with the material constitutive relationships of
concrete, the concrete model which used to represent the behavior of
concrete through different stages of loading, and the steel model.

The results of the analysis of prestressed concrete beams under pure
torsion and combined shear and torsion, and the comparison with the
available experimental results are presented in chapter five. Parametric
studies to investigate the effect of some important material properties and
geometrical parameters are also presented in this chapter.

Chapter six summarizes the conclusions drawn from this research and

the recommendations for future work.
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Chapter Two
Review of Literature

v.\ Introduction

This chapter reviews the theories of torsion used to predict the
torsional strength of concrete beams. The previous experimental works of
prestressed concrete beams subjected to flexural, torsion, and combined
shear, bending and torsion loads were presented in this chapter.

The nonlinear finite element analysis of prestressed concrete beams

subjected to flexural and torsion loads were also reviewed.

v.Y Torsion Theories

v.Y.\' Skew Bending Theory

This theory that was initially proposed by Lessig in yvies, had been
widely used to compute the torsional capacity of reinforced concrete
members. The basic characteristic of this approach is the formation of the
skew failure surface which was initiated by a helical crack along three
faces of the member. The ends of the helical crack were connected by a
compression zone near the fourth face. The skew failure surface intersects

both the closed stirrups and the longitudinal steel.
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The assumption of this theory were, both stirrups and longitudinal steel
yield at failure, the tensile strength of concrete was neglected, the spacing
of the stirrups was constant within the failure zone, no external loads
were presented within the failure zone, the effect of steel near the
compression zone was neglected, and the shape of shear-compression
zone was rectangular. Based on these assumptions the torsional strength
can be determined by taking equilibrium of the free body about the axis
of twist (internal torque equal to the external torque). The components of
the internal torsion moment were the axial forces of the stirrups, the
shear-compression face of concrete and the dowel forces of the
longitudinal bars as shown in figure (¥-»).

The theory was extended and modified by Hsu, Zia, and Gesund.
In »awa, Hsu made a major contribution experimentally to the
development of the skew bending theory as it stand in the ACI rya-as
code. Hsu proposed the following expression to calculate the ultimate

torque for the rectangular section :

T,=T, +atﬂAt'fsy ---------- (v-1)
S

a, =%(2+%) <15  mmmmmeeee- (v-v)

where :

T, : Torque resisted by concrete.

ay . Coefficient accounts for crack geometry.
X, : Shortest length of the stirrups.

y, . Longest length of the stirrups.

A : Area of transverse steel.

fs, 1 Yield stress of transverse steel.

s . Spacing of stirrups.
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(T¢) was taken equal to (-.¢) of cracking torque (T) [*¢] hence :

2
T =042
3

©o.s85f, e (v-7)
where :

f. : Modulus of rupture of concrete.

X,y : The cross sectional dimensions of concrete members.

For prestressed concrete members subjected to torsion, limited tests
showed that the ultimate torsional strength can be expressed as the sum of
the strengths contributed by the concrete and the web reinforcement, just
as for non-prestressed members. The effect of prestress was to increase
the contribution of the concrete to the ultimate torsional strength, while
the contribution of the reinforcement remains unchanged. Then the

ultimate torque for prestressed members can be expressed as [r+] :

T,=T+T, e (v-¢)
L=q2taf, (-2)
S

where the terms of (Ts) were exactly as defined earlier for non-prestressed
members, and (T.) is the torsional resistance of the concrete after

cracking which can be expressed by the following expression :

To = (17x%.y).6y f; ( |1+ 10ffrcc k) e (x-1)
T 0.133

k=Q-79=0-—> e (v-v)
cr 77
0.35

= e Y=-A
7= 075+ (x1y) (v-4)
where :

n : Shape factor based on measured cracking torque.

f.c - The average longitudinal prestress (P/A.).
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Then the total nominal resisting torque (T,)for a rectangular prestressed
member with web reinforcement is [v4] :

TC =(77X2y)6\/f_c’( 1 _k)+at Xl yl A[fy __________ (Y—‘l)

: ! v
| ’
/ Z (Twist axis) S ]
1 ,/ I
T S P il
1
1
- | > X
v |! L
v
X
X
where: < »

Fx , Fy = Horizontal and vertical forces on longitudinal bars (A,.fs).
F, = Forces on vertical stirrups spaced at distance (s) (Av.fs).

C = Resultant force on compression zone at failure.

a = Width of shear-compression zone.

T= Torque (kN m).

Typical Cross Section

* Skew Benmg ailure and Forces Acting on a Skew Plane
ThIS theoryt Fathich ofvReinfogoeal i@oderstboBednbfy, Reusch in »axs

assumed that a member with arbitrary solid cross-section was assumed to
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act like a tube, so that the external torsional moment was resisted by
circulatory shear flow in the wall of the tube. Each wall segment of the
tube was assumed to act like a plane truss where the longitudinal bars
served as a chord members while the stirrups and the concrete within the
segment served as the web members. After cracking the concrete is
separated by :o-degrees cracks into a series of helical members. These
helical concrete members were assumed to interact with the longitudinal
and hoop steel bars to form a space truss as shown in figure (v-v). This
figure illustrates that the torsion is resisted by the tangential component
of the diagonal compression which produced a shear flow (q), around the
perimeter. This shear flow (q) was related to the applied torque (T) by the
equilibrium equation :

T=2A0 e ()
where (A,) is the area enclosed by the shear flow path (q).
The longitudinal component of the diagonal compression is balanced by
tension in the longitudinal bars.

Lampert and Thurlimann in a1 proposed two modifications to the
Rauschs approach. The first modification was that the crack inclination
(6) which was assumed equal to :o-degrees by Rausch was assumed to be
variable, hence the model is called the variable — angle truss model.
Secondly, assumed that the perimeter connecting the centeriod of the

corner longitudinal bars represent the centerline of the shear flow.

Collins and Mitchell, in vaA. suggested thin-walled tube approach
which represents an extension to the space truss analogy. This approach
assume that the concrete cover outside the centerline of the stirrups

provides the resistance of torsion by the outer skin of the cross section
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roughly centered on the closed stirrups as shown in figure (v-v). The new
ACI »yAM-.x code adopted the thin walled tube space truss analogy.

/

el

/

(a) Longitudinal equilibrium
components of diagonal compression,
g/tan 6 per unit length .

(b) cracked beam in torsion
diagonal compressive
stresses acting at angle (0)

B

e

Shear flow ,q per unit length —{

around perimeter p,
\/

(c) shear flow path
T=YA.q

Fig. (Y-Y): Space Truss Model for Hollow Rectangular Reinforced
Concrete Beam [V Y

cracks

Shear flow path

==

< < y

Y A

Y A

[
»

»
>

(a) Hallow beam
Shear flow path

(b) Solid beam
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v.v Experimental Works on Prestressed Concrete
heams under Fiexural Loads

In vaen, Janney et al., tested (14) rectangular beams, involving three
pre-tension, three post-tensioned grouted, five post-tensioned unbonded,
three post-tensioned unbonded with deformed bars and five conventional
deformed bar reinforcement under flexural loads. The investigators
concluded that the strengths of pretension and the corresponding post-
tensioned bonded beams were nearly equal, and were (¥- to ¢-) percent
greater than the strength of the corresponding unbonded post — tensioned
beams. It was believed that this increasing in strength is due to the
bonding which varied with reinforcement percentage, magnitude of

prestressing steel, beam span to depth ratio, and type of loading.

Study of the effects of non-prestressed steel on the behavior of
prestressed concrete beams represented by Shaikh and Branson in rav.,
Effects of camber, loss of prestressing force, cracking, and deflection
were included. Analytical results were compared with the observed
results. Twelve rectangular simply supported pre-tension, prestressed
concrete beams were tested, ten of which contained non tensioned steel.
The study presented that the effect of non-prestressed steel in reducing
time-dependent camber of prestressed concrete beams was similar to the
effect of compressive reinforcement in reducing long-time deflections of

ordinary reinforced concrete members.
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A study of the structural performances of CFRP (Carbon Fiber
Reinforced Polymer) tendon fully and partially prestressed beams were
presented by Yan et.al in v.... The study consist of testing five simply
supported prestressed concrete beams with rectangular cross section
under symmetrical two-points loading. The objectives of these tests to
investigate the flexural behavior of these specimens and to compare the
experimental results with the predicted values to validate the analytical
model, and to give recommendations for (CFRP) prestressing design
optimization by correlating different behavior of specimens sections,
number of tendons (one or two layers), and prestressing patterns. Simple
parametric study was performed to study the sensitivity of the model to
change parameters and to determine the most efficient way to use the

material.

v.¢ Experimental Works on Prestressed Concrete
heams under Pure Torsion

Humphreys, in yaev, tested in pure torsion, (a¢) rectangular prestressed
concrete members of varying width to depth ratio from » to ¢, and without
web reinforcement. Ninety of the specimens were prestressed by an
unbonded central bar while the remain were eccentrically prestressed.
The applied compression varied between specimens from zero to about ve

percent of the cylinder compression strength f.". The results explain that
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the torsional strength of prestressed concrete increased beyond the

strength of plain concrete.

In ya1y, Zia, reported tests on (1») prestressed concrete members of
rectangular T and | sections with and without web reinforcement, all
beams tested in pure torsion and some of specimens were eccentrically
prestressed. The results explain that under short time loads the ultimate
torque capacity (T.) of prestressed concrete members without web
reinforcement was the same as that causing the formation of the first
crack, and the ultimate torsional strength of prestressed members with
web reinforcement was equal to the sum of the concrete torsional moment

(T.) and the torque resisted by the web reinforcement (T).

Six rectangular beams all with the same amount of hoop reinforcement
but with varying amounts and types of longitudinal reinforcement the
beams were tested in pure torsion by Mitchell and Collins in yava, The
degree of prestressing of the tested beams ranging from zero
(non-prestressed) to fully prestressed concrete beams. These tests study
the effect of the longitudinal prestressing steel on the torsion response.
The study presented that the thick-walled hollow prestressed members
have the same torsional response as solid prestressed members.
Otherwise, identical properties and the addition of longitudinal
prestressing steel did not affect the pre-cracking torsional stiffness but it

caused a significant increase in the post cracking torsional stiffness.

Hsu (yare), tested (1) prestressed concrete beams under pure torsion
with various properties and presented a new theory to predict the ultimate
torque of non-prestressed concrete members, and indicated that this
theory can be broaden to include uniformly prestressed concrete by using
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the concept of the decompression of concrete. This generalized theory
was used to predict the torsional strength of prestressed concrete beams

under pure torsion.

In vaar, Abul-Hasanat et al., carried out an experimental program on
prestressed concrete beams containing a small circular transverse opening
under torsion. Based on the familiar skew-bending model, strength
equations were developed for axially and eccentrically prestressed beams
with and without web reinforcement. Test result of ¢ axially and
eccentrically prestressed beams with two different opening diameter were
presented. Introduction of web reinforcement in prestressed beams
changes its brittle failure characteristic torque to ductile one and improves
this torsional strength. Comparison of test results of axially and
eccentrically prestressed beams shows that eccentric prestressing is more

economical than axial prestressing.

v.c Experimental Works on Prestressed Concrete
heams under Combined Shear, Bending and
Torsion

Cowan and Armstrong (ev), reported tests on (1v) rectangular beams
without web reinforcements, post-tensioned by four unbounded bars,
tested under different combinations of torsion, bending and shear. Three
of the beams were non-prestressed, three uniformly prestressed and six
eccentrically prestressed. It was concluded that for prestressed beams

with relatively low bending moment / torque ratios, the cracking load
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coincided with the ultimate load. Also, concluded that with higher
bending moment / torque ratios the ultimate load was higher than that

causing the formation of the first cracks.

Reported tests on (¢¥) T-beams without web reinforcement subjected
to combined bending and torsion has been done by Reeves (1a1v). The
beams had constant height but varied flange width. Beams eccentrically
post-tensioned by bonded (-- mm) diameter wire. The results show that
the ultimate twisting strength increased with the bending moment up to
the cracking bending moment. Beyond this moment the twisting strength
decreased but did not drop below the pure twisting strength until
approximately ». percent of the ultimate bending moment is applied. The
study illustrated that the variation of the torque and moment capacities by
interaction diagram curves which given the relation between combined
ultimate torque and moment and the pure ultimate moment and torque

capacities.

Bishara, In »sava, presented an experimental investigation on the
behavior and ultimate capacity of prestressed concrete beams of
rectangular, I and T cross sections, with web reinforcement, subjected to
the combined action of torsion, bending, and shear. The elastic and the
rupture criteria defined. Neither the cracking load nor the ultimate
capacity could be satisfactorily predicted by Saint Venant's elastic torsion
theory and the principal stress criterion. The variation in the ultimate
capacity for each group of beams having the same cross section was
illustrated using non dimensional interaction curves. An empirical

expression for calculating the pure torsional strength of prestressed
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concrete members had been developed. For sections were the bending
moment / shear value is constant an empirical expression have been
developed to define the relation between torque and bending moment,

torque and the shear at ultimate capacities.

Mukherjee and Warwaruk (yav), tested two sets of prestressed
concrete beams each set grouped into four series within each series the
beams had identical properties, and among series, only the prestress and
its eccentricity were varied. The first set consisted of (¥») beams tested
under different combinations of torsion and bending loads, while the
second set consisted of (v¢) beams tested under different combinations of
shear, bending and torsion loads. It was concluded that the torsional
reinforcement, composed of rectangular ties and longitudinal bars at the
corners prevents a brittle type failure in prestressed concrete beams, and
the initial torsional stiffness is practically unaffected by the level of

prestressing, torque moment ratio and flexural shear.

Henry and Zia In »avs, reported a tests of (vv) rectangular prestressed
concrete beams with closed stirrups and longitudinal steel, under
combined torsion, bending and shear loads. The beams grouped into four
series, within each series four beams, with various torque to bending
moment ratios and torque to shear ratios. The tests were carried out to
find the load deflection and torque twist curve, failure modes, crack
pattern, and the non dimensional interaction diagrams for both torque-
bending and torque — shear. The results presented that prestressed

concrete beams that subjected to torsion, bending and shear tend to fail in
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one of two modes of skew bending. These were torsion mode and

bending mode.

In vava, Mattock and Wyss, reported a tests of nine eccentrically
prestressed concrete I-girders without web reinforcement, with the same
cross sectional dimensions, and the magnitude of prestressing steel
subjected to combined torsion, shear, and bending. The beams were
divided into two groups according to bending moment to shear ratio
(M/V). The primary objective of the tests were to determine the influence
of the bending moment to shear ratio on the torsion-shear interaction
relationship for diagonal tension cracking in I-section prestressed
concrete girders. The results presented that the torsional and flexural
stiffness of uncracked girder were not reduced in combined loading , and
may be calculated with reasonable accuracy on the basis of the elastic

theory.

v." Non-lLinear Finite Element Analysis of Prestressed
Concrete Beams under Flexural Load

In yaa., Young-Jan and Alexander, presented a numerical method
based on the finite element method for the material and geometric
nonlinear analysis of plane prestressed concrete frames, including the
time dependent effects of concrete and relaxation of prestressing steel.
These models were capable of predicting the behavior of prestressed

concrete frames, throughout service load history as well as throughout

€



Chapter TWO ..o it et et et e e et e et e cee teneaes sen ves eae ves see senne e ee e ee e e REVIEW OF Literature

elastic, inelastic and ultimate load range in one computer analysis. It was
concluded that a Parabolic stress-strain curves were capable to simulate
the behavior of concrete. While the behavior of reinforcing and
prestressing steel can simulated by a bilinear and multi linear

stress — strain curve.

Abdul- Rahman and Hinton (via1), analyzed reinforced and
prestressed concrete cellular slabs based on slab model by using linear
and nonlinear two dimensional finite element models. The basic idea of
this work was the separation of the cellular plate into main components, a
hallow plate, representing the upper and lower flanges and stiffening
beams representing the vertical webs between the voids. The voided slab
cross sections were represented as different layered elements with
assuming that the plane sections before deformation remain plane after
deformation. The study presented that the load — deflection curves of both
experimental and numerical tests were favorable, and good agreement
exist between the measured and analytical values of the first cracking

load.

A study on the behavior of reinforced and prestressed three
dimensional multi-planer system were presented by Ghalib (v:1.). The
concrete was represented by assemblage of a set of isoparamertic layered
r-noded flat shell elements. The behavior of concrete in compression was
modeled as an elastic-plastic material with hardening and as elastic-brittle
fracture in tension. A generally curved bonded/unbonded prestressing
strand element embedded in the general »-noded shell element has been
developed. An iterative incremental technique was adopted in the study to

suit the nonlinear path-dependent response.
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Harlt and Engamal in ..., developed a finite element formulation
based on three dimensional solid elements for concrete with embedded
one dimensional elements in order to represent the reinforcement and
tendons. The concrete is modeled as a plastic material, steel
reinforcement and tendons were allowed to intersect the mesh in any
arbitrary direction and their contribution to the stiffness matrix is
superimposed on the respective parent elements. Prestress is considered
with an iterative procedure by utilizing the load balancing concept. The
bond slip or tendon sliding was modeled by introducing supplementary
interface elements after the displacement field has been computed. It was
concluded that the ordinary and prestressed concrete structures can be
analyzed in two dimensional and three dimensional. in the two
dimensional case, the program was limited to plane stress or plane strain

problems.

In v..x, Tawfieq, used a three dimensional nonlinear finite element
model for the analysis of fully and partially rectangular, I, and T
prestressed concrete beams under flexure. The v.-noded isoparametric
brick element have been used to model the concrete, while the
reinforcement was modeled as axial members embedded within the brick
element assuming perfect bond between concrete and reinforcement. The
behavior of concrete in compression was simulated by elasto-plastic work
hardening model followed by perfectly plastic response which terminated
at the onset of crushing. Fixed smeared crack model has been used to

simulate the behavior of concrete in tension. The prestressing effect was
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introduced as effective stresses and strains at sampling points of tendons
and as an external prestressing forces at the ends of beam. The study
presented that when the area of prestressing steel increased from (-
mm’) to (»x-mm"), the ultimate load capacity is increased by a bout (1.4
%).

Y.V Non-linear Finite Element Analysis of Prestressed
Concrete heams under pure torsion

Shuber in v..v, investigated the behavior of prestressed concrete beams
under pure torsion using a nonlinear three dimensional finite element
model. A v--noded isoparametric brick elements have been used to model
the concrete, while the reinforcing bars were idealized as axial members
embedded within the concrete element. An elasto-plastic work hardening
followed by perfect plastic response which terminated at the onset of
crushing was proposed to simulate the behavior of concrete in
compression while the behavior in tension was simulated by smeared
crack model. The prestressing effect was introduces as an external
prestressing forces at the ends of beam. It was concluded that the
prestressed concrete beams without web reinforcement have a little
ductility, and failure is sudden and violent. The introduce of web

reinforcement improves ductility, as well as torsional strength.

From the previous sections, many investigations had been carried out
to study the behavior of reinforced and prestressed concrete members
under flexural loads or pure torsion. These studies had been based on
either experimental work or numerical techniques. Little experimental

works on studying the behavior of prestressed concrete beams subjected
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to combined shear and torsion have been considered, as a compared with
the experimental works of beams under flexural or pure torsion. Because
these experimental tests were expensive, complex and involve two main
problems; the difficulty in accounting for flexure and difficulty in
eliminating the effect of local disturbances due to loads and supports [:-].

In the present study, three dimensional non-linear finite element
analysis using v--noded brick element with three degrees of freedom at
each node (u, v, w) to model the concrete and one dimensional element to
model reinforcement, with assuming perfect bond between reinforcement
and concrete have been considered to study the behavior of prestressed
concrete beams subjected to pure torsion and combined shear and torsion.
The effect of prestressing is introduced as an effective stress and strain at
the sampling points of tendons, while Shuber introduced the effect of

prestressing as external prestressing forces at the ends of the beam.
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Chapter Tiree
Finite Element Method and

Nonlinear Solution Technigue

Y.\ Introduction

In finite element method, the continuum of infinite degrees of freedom
is replaced by mathematical model which is an assembly of subdivisions
of finite number of degrees of freedom called finite elements. These
elements are connected together by a finite number of joints called nodes.
The external loading is also transformed into equivalent forces applied at
the nodes ['°].

The nonlinear finite element approach can be used to predict the
behavior of prestressed concrete structures at different stages of loading.
This approach can be considered as a theoretical or more accurately a
numerical laboratory to test the prestressed concrete members. The
accuracy of this approach depends mainly on the suitable modeling of
material properties of concrete and prestressing steel individually and on
the shape, size, and number of elements. In the present study, Y +-noded
isoparametric brick elements are used to idealize the concrete, while the
reinforcement is idealized as axial one dimensional element embedded
within the brick concrete element, assuming a perfect bond between

concrete and reinforcement.
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The formulation of the finite element, material representations, numerical
integration and nonlinear solution techniques are presented in this

chapter.

¥.Y Finite Element Formulation

The governing equations of static equilibrium can be established by
using the principle of virtual displacement. Consider a three —dimensional
body subjected to external forces. These forces cause a displacement
having components u, v, and w in the x, y, and z directions respectively.
The displacement vector at any point within the element {u}® can be

expressed as :

where [N] is a matrix containing the interpolation functions which relate
the displacement {u}®, to the nodal displacements, {a}°, where {u}® is

given by :
W =uvw: (*-Y)

The corresponding strains, {¢}°, are obtained by differentiation of the

displacements :

r=[Al o e (T-7)
where [A] is a matrix which contains the differential operators.

Substitution of equation (Y-V) into equation (¥-Y) yields :

eff =Bl & (*-£)
where [B] is the strain-displacement matrix given by :
Bl=[AlN] e (v-°)
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The stress-strain relationship is usually given by :

ef =[plef e (Y-
1)
where [D], is the constitutive matrix, {c}°is the stress vector and given
by :

{O-} ;er = [O-x Oy O, Ty Ty sz] """""""" (V-
Y)

and the {¢}° is the strains vector given by :

~

ou/ox
(&, ] ov/ oy
£, Oow/ oz
{ }e (C,‘Z a_u + @
Er =1 s = < .
yxy ay oxX (L (T’-/\)
v, ow
Y yz 57 oy
(7 2 ou oW
- _|_ -
L Oz OX

substitution of equation (Y-£) into equation (¥-1) yields the stress-

displacement relationship,

of =PllBHaf® e (T-)

The principle of virtual displacements which has been used in the study
states that , “a deformable body is in equilibrium if the total work done
by all external forces minus the total work done by all internal forces
during any kinematically admissible virtual displacement is zero” [ ¢] .
By considering the external work, We, and the internal work, W;., the

principle can be written as :

OWint = OWee= ¢ e (Y-)+)

€ Y8



Chapter Three ...........ccc.cceeeeeeeeeeeeee oo Finite Element Method And Nonlinear Solution Techniques

where 6 Wi,; 1S the internal work, and o W,y is the external work.

By considering a system of volume (V) and surface area (S) subjected to

body forces {b} and surface forces {t}, the external work is expressed as :

SW,,, ja {b}dV+ja ds e (*-11)

the internal work can be expressed as :

MWy =[ole}) folv e (Y-)Y)

substituting of equation (¥-1) into equation (Y- Y) yields :

W, =[ole}' [Dlelav e (YY)

by substituting equation (Y-YV) and (¥-1Y) into equation (¥-) +) yields :
[olel" [Dle}dv - [olu) blav - j TR e S (1) S— (*-1%)
\Y \Y

this expression represents the equation of static equilibrium for a general

body.

Substituting equation (Y-Y) and (¥-¢) in equation (¥-) ¢) yields :
F2 I [B'[D] [Blv*faf -3 J [ydve - [IN] {3 ds |= {0}

(¥.)°)

where (n) is the total number of elements of discrete system.

since, 8{a}T is arbitrary, thus it may be canceled from both two sides of

equation (Y-)°) and yields the following expression :
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where, [K] is the stiffness matrix of the element assemblage which is
formed by systematic addition of the element stiffness matrices, and is

given by :

KI=X [Tl B e (1Y)

o e
{a} is the corresponding element assemblage nodal displacement vector,
and {f} is the element assemblage of external nodal force vector. The
body force vector and the surface traction vector are calculated by direct
addition of element body forces vector and the element surface traction
vectors as shown in the following expression [V].

(=2 [INTofave+ > [IN] {tFass e (*-

n e nse

YA)

Y.Y Material Representation

In the present study, concrete is simulated by isoparametric Y *-noded
brick elements, while the prestressing steel bars and ordinary

reinforcement are modeled by using one-dimensional bar elements.

¥.¥.) Concrete ldealization

In this study concrete is modeled by using Y-:-noded isoparametric
brick element as shown in figure (Y-a); the major advantage of using
Y+-noded brick element is that the warping displacement of the beam
cross section can be adequately approximated with fewer elements. The

element sides are defined in the local coordinate system by (&=#!, (=+,
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and 7n=z#") and the origin of the local coordinate system is the center of

the element as shown in figure (¥-1b) [V].

Each nodal point has three degrees of freedom of movement (u, v, and w)
along the Cartesian coordinates (X, y, and z), respectively. The element
coordinate and displacement field within the element is defined in terms

of the shape functions and displacement values at the nodes.

The displacement field is given by :
B

20

uEn.g)=Y N(Engu,

i=1

MEn =D NEnGY o e (T)9)

i=1

20

w(En, &)= N(En.Cw,

i=1

where Ni (&,7,0) represents the shape function in the local coordinates &,
n, and { at the node (i) at which the nodal displacements at (X, y, and z)
coordinates are u;, v; and w; respectively. The value of (i) range from one
to twenty. The shape functions of the ¥ +-noded brick element, are given
in Table (Y-)).

The global coordinates in terms of the natural coordinates are given by :
X(&.1.6) =2 Ni(&.7m.8)x,

y(é,n,é)zil\n(mg).yi --------------- (T-7)

20
2(&,m,8)=2 Ni(&,m.¢) 7,
i=1
where Xx;, y; and z; are the nodal coordinates.

By substituting equation (¥-)4) into equation (¥-A), the strain fields
vector {¢} can be expressed by the following expression
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The shape functions, (N;) can be expressed in either local or global
coordinate systems . The derivatives of the brick shape functions can be

given by the usual chain rule :

where [J] is known as the Jacobean matrix.

Ni | Toax oy oz || N

o0& o0& o0& O& OX

Ny | |ox oy oz ||9N; . vx
on on ony om|| oy | T (-1)
ON. ox oy oz ||eN.

oc | Lo¢ 06 O¢ ]| oz |

ON: | [ ON. ]

o¢ OX

ON. - ON.

— == . Y-YY
o oy ¢
ON. oN.

o¢ | 0z |

Then, the shape function derivatives with respect to (x, y, and z) can be

obtained by :
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ON. /8x ON. /8&
N, foyr=[]*yoNyjomy (r-e)
ON, /62 ON, /6@
Hence the element stiffness matrix in terms of local coordinates can be
written as :
111
[k = _H'J' B] [Dl[B}|I|dednds (*-Y2)
—-1-1-1

The element stiffness matrix [K]® can be evaluated numerically by the

numerical integration.

x
X 0, V,-Y)
(a) Cartesian coordinate system (b) Local coordinate system

Fig. (Y-)): The Y --Noded Isoparametric Brick Element [V]

Table (Y-)) Shape Functions for the Y --Nodded Brick Element [V, ]
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Nodes Shape function N,(£,7,¢)

Corner nodes

¢ in -1t - S ge e i s & eg +nn, + &, -2)
i=—'ni:—1 i —=*

Mid side nodes

§=0n=41( =41 %(1‘3)(“%)(1%@)

Mid side nodes

g =%ln, =0, =+1 %(1+§§i)(1_U2X1+§§i)

Mid side nodes
& =%Ln, =41 =0

s Y Jo-c?)

&, mi, ¢i denote the coordinates of i-th node.

¥.¥.Y Reinforcement ldealization

The analysis of prestressed concrete members by using the finite
element method requires a simple representation to simulate the
prestressing and ordinary bars in the finite element model. Three
alternative representations for steel bars which have been usually used
are discrete, distributed, and embedded representation [ 1].

In discrete representation the steel bars are replaced by a truss element
that are connected to the concrete elements at the nodes. This approach
allows to slip bar within the parent element and can use linkage element
with this representation to account for the slip. However, this increases
the number of degrees of freedom per element.

In distributed representation the bars are assumed as a two-dimensional
membrane layer of equivalent thickness. The bars are assumed to resist
axial force only in the bar direction and assumed a perfect bond between
steel and concrete. This representation is suitable for homogenous

distributed reinforcement.
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The current study adopts the embedded representation in which the bar
element is assumed to be built in the parent brick element so that the
displacement of two types of element (concrete and steel) are to be
consistent, the steel bars are capable to transmitting axial force only with
assumed perfect bond between concrete and reinforcement. The major
advantage of this representation 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 elements, as compared to the discrete representation. The three types of
reinforcement representation are shown in figure (¥-Y).

Assuming a bar element is embedded in the brick element, as shown in
figure (Y-Yc), parallel to ¢ and has a position # = #; and = ¢, the shape
function of the brick element can be used to represent the displacement of

the bar element as follows [V] :

u =§Ni ©u;
V=§Ni(§)v1 --------------- (*-¥79)

W:iNi(f)wl

/

where (i) is equal to ) and Y in the embedded steel representation. Since,
the bar is capable of transmitting axial forces only, one component of
strain contributes to the strain energy [A]. The strain-displacement

relationship is given by [V,A] :
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N
x
P c, Cy Cg 8I\)I(- u;
{¢} :iél "2 Cr Cy Cg WI vi| 0 T (Y-
3 % %] oN; ||L"i
L —H—_
YV)
where :
C = (ax/ag)z,c2 = (Ox16&)(0y10&),
C3=(ox/08)(@210¢).C, = (0y10£)?,
Cs = (Oy/08)(@2108).C = (021 0)?
h:\/C12+C§1+C§ """""""" (V-

YA)

finally, equation (Y-YVY) may be rewritten in form :

{£¥=[B1{a}Y e (Y-
Y4)
The stiffness matrix of an axially loaded bar element may be expressed as
1)
k1=[[eT [D]Blav (F-r)
ve

where the constitutive matrix [D] represents the modulus of elasticity of
the steel bar.

dvVf=A;.dx=A;.h.dc s (Y-¥Y)
where (A;) represents the area of the steel bar.

Substituting equation (Y-YV) in equation (¥-Y+), the stiffness matrix of the

embedded bar can be expressed as :

T

1

[k]=As[[B] [D}BINde (V.¥Y)
-1

a similar derivation can be used for bar parallel to the  and {axes .
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I 1 1
L 1 1]
I 1 1 =
De—
== ‘k
Axial element Flexural element

(b): Discrete representation

(c): Embedded representation

Fig. (Y-Y): Representation of Steel Reinforcement [YY]

¥.¢ Numerical Integration

The evaluation of the element stiffness matrix of concrete brick

element and embedded reinforcement element may be very difficult or
even impossible. Therefore, an alternative arrangement of numerical
integration is used. Usually the Gauss-Legendre scheme is used to
perform the integration required to set up the stiffness matrix.

For the isoparametric concrete brick element, the required integration of

equation (Y-Y©) can be expressed by [V] :

€



Chapter Three ..........c.cc.ccccveec e e e ... Finite Element Method And Nonlinear Solution Techniques

111
R L N = — "
-1-1-1
which can be calculated numerically as :
ni n nk
| :ZZZWin'\Nk F(fi,ﬂj,ék) ............... (Y-Y¢)
i=1 j=1 k=1

where ni, nj, and nk represent the number of Gaussian points in the & #,
and { direction respectively, and wi, wj, and wk are the weight factor of
ith, jth, and kth integration point . The function F(¢i, nj, {K) represents the

matrix multiplication [[B] [D}[B]|J|] in equation (¥-Y®).

Generally the number of integration points are taken equal in the three
directions. In a similar manner the integration of the stiffness matrix of

the embedded reinforcement can be written as :
1 ni

= [FOAE=DWiF@E) e (Y-T2)
-1 i=1

In which, F(&) represents the matrix multiplication [[B'] [D'][B]] in
equation (Y.¥Y). It is necessary to choose a suitable integration rule that
minimizes the computation time with sufficient accuracy. The YV (YxYxY)
and Ye-point Gauss-Quadrature integration rule has been used in this
investigation. While for steel bars the one dimensional Y-points Gauss
integration rule has been used. Figure (¥-Y) shows the distribution of the
sampling points and the corresponding weights and locations are
tabulated in table (¥-Y).
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Table (¥-Y) Weights and Locations of Sampling Points for The Ye and YV — Point
Integration Rules [V,) ¢]

i Load Coordinates

Intergurlaétlon Sampling Point Weight
E 1 ¢
\ . . . yongst
Y,T“ +) . . + Yoooo
X/

a 2,0 . . i\ ..VOOOO
1Y ~ +) ' 1.Toeoe
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Ty . e AEAL . TATYY
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+. Yyvai 4+ VYV 4+ YYVAR
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v.©o Nonlinear Solution Techniques

The nonlinear behavior of concrete structures may be due to the

material or geometrical nonlinearities. The material nonlinear behavior

results from cracking and crushing of concrete, yielding of reinforcement

and plastic deformation of concrete and reinforcement. The geometrical

nonlinearity is related to the large deformations and, in many cases, this

nonlinearity is neglected as a result of early onset of the material

nonlinearity in reinforced concrete structures [Y]. Thus, the material

nonlinearity is only considered in the present study.

The general form of the set of algebraic equations which describes the

nonlinearity is of the system is given by [Y] :

r@}={p@3i—-{f}
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where {r(a)}, is the out of balance residual force vector, {a} is the vector
of the nodal displacements, {f} is the vector of external loads and {p(a)}

is the internal nodal loads vector which is given by :

@3- Bl gorav e (7-¥Y)

where {o} is the stress vector. The solution of the set of equilibrium
equations (Y-Y1) is based on obtaining a balance between the external and
the internal load vectors such that residual forces approach zero. The
solution of nonlinear problems is usually performed by three basic
techniques, these techniques are the incremental technique, iterative

technique, and the incremental-iterative technique.

In the incremental approach figure (¥-¢a), the external load is applied
as sequence of small increments. Because the purely incremental
technique does not account for the redistribution of forces during the
application of loading increments; this technique suffers from continuous
drift from the true equilibrium path. While, in the iterative technique
figure (Y-¢b), the load is applied in a single increment. An initial estimate
of the vector of unknown nodal displacement is obtained. Then, for each
estimation, the internal forces are calculated, and after that the out of
balance forces are obtained to check the convergence. The purely iterative
technique unable to trace out the overall behavior throughout the entire

range of loading.

The incremental-iterative technique, figure (Y-fc), implies the
subdivision of the total external load into smaller increments, within each
increment of loading, iterative cycles are performed in order to obtain a
converged solution corresponding to the stage of loading under
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consideration. The progress of the iterative procedure is monitored with

reference to specified convergence criterion [V].
The main approaches of incremental-iterative technique are [Y°] :
V.) The Standard Newton — Raphson Method :

In this method, the tangential stiffness matrix is updated and a new
system of equations are solved for each iteration. This method is an

expensive computational procedure as shown in figure (¥-¢d).
¥.) The Modified Newton — Raphson Method [KTV]:

In this method, the tangential stiffness matrix is updated at the first

iteration of each increment of loading as shown in figure (¥-¢e).
¥.) The Modified Newton — Raphson Method [KT Y]:

In this method, the tangential stiffness matrix is updated at the second

iteration of each increment of loading.
¢.) The Modified Newton — Raphson Method [KTa]:

In this method, the tangential stiffness matrix is updated at the Yst, 1™,

VA . Tteration of each increment of loading, figure (¥-£f).
¢.) The Modified Newton — Raphson Method [KTYa]:

In this method , the tangential stiffness matrix is updated at the Y™,
vyt oyy™ . Iteration of each increment of loading. This method
adopted by searchers [°,7,Y2,£¢ ¢1] who tested beams under torsion
and under flexural load, for this work, this method has been used in

the analysis.

fa faA
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v.7 Gonvergence Criteria

When the difference between the external and internal forces becomes
negligibly small, the convergence is assumed to occur and then the
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iterative process is terminated. The accuracy of the approximate solution
is usually specified by selection of a suitable convergence tolerance.

In general, the main types of convergence criteria for nonlinear structural
analysis are the force, displacement and internal work convergence
criteria. The force convergence criterion has been considered in the
present work, which is based on out of balance forces and can be
expressed in the form [V] :

r@y {r(2)3

Y AL}

where r{a} represent the residual forces and {f} is the applied loads for

< convergence tolerance ~ -------mm--o--- (Y-YA)

each increment.

v.v  Equivalent Nodal Forces

Generally, in the finite element analysis, any external loads must be
represented by an equivalent set of forces applied at the nodes. In the case
of applying an external torque these forces should be distributed amongst
the nodes of the free end to provide the same configuration of shear
stresses as those induced by the original torque. When applying the nodal
loads in proportions other than the correct one, this will lead to an
incorrect distribution of stresses especially in the region adjacent to the
loaded section.

An iterative scheme can be used to determine the proper distribution of
nodal loads corresponding to elastic pure torque. This approach that was
proposed by Al-Shaarbaf [Y], is based on the fact that the reaction forces
at the nodes of the restrained ends, represent better estimate of the correct
loads than obtained from the corresponding nodal forces applied at the
free end. In this iterative scheme, a set of nodal loads is applied at the free

end such that they produce a torque moment equivalent to the external
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applied torque. The reactions corresponding to the applied nodal loads at
the fixed end are found using the finite element analysis within the elastic
stage. Then, the obtained reactions are assumed to be a new set of nodal
loads at the free end. This procedure is repeated until the difference
between the applied forces and the reactions is negligible. The nodal
forces represent the equivalent forces that are applied at the ends of the

beams under torsion.

¥.A Qutline of the Computer Program
In the present study, the computer program PYDNFEA (Program of

Y-Dimensional Nonlinear Finite Element Analysis) which was originally
developed by Al-Shaarbaf [V], has been used. This program was coded in
FORTRAN-YY Language to analyze ordinary reinforced concrete
members under general three — dimensional state of loading up to failure.
The computer program has been modified to be capable to analyze
prestressed concrete beams subjected to torsion and combined shear,
bending and torsion. The modifications include introducing the effect of
prestressing and the combination loads of shear, bending and torsion. The
effect of prestressing has been introduced to the concrete beams as
effective stress (fse) which represents the stress remaining in prestressing
steel after losses have occurred, and strain at sampling points along the
prestressing tendons in a sufficient number of increments in order to
avoid the crushing of concrete during introducing the effective stress of
prestressing (fs) .
When the stress of prestressing has been fully introduced, the external
vertical loads and torsion moments are then applied at non-uniform
increments. Large increments were used for the first stages of loading,

while for stages close to the ultimate capacity small increments were
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used. The external torsion moment is applied to the concrete beams as an
equivalent set of forces applied at the nodes according to equivalent nodal
forces approach which was proposed by Al-Shaarbaf [V].

The modified computer program was implemented on Pentium ()
computer with Y YA MB RAM, compiler with FYYL — EM YY FORTRAN
VY and operated by using the Microsoft Fortran Power Station
Development System version (£.+).

The modifications in the (PYDNFEA) program to introduce the effect

of prestressing and the combination loads are presented in Appendix A.
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Chapter Four
Modeling of Material Properties

¢.) Introduction

The efficiency and accuracy of the nonlinear finite element approach in
the analysis of reinforced concrete structures depends mainly on the
suitable modeling of material properties. The modeling implies choosing
the suitable element type, simulation of the actual behavior of the
material properties, choosing of sufficient number of the sampling points
and selection of the proper integration technique [ °].

The information required in any three-dimensional nonlinear finite
element analysis of reinforced concrete structures are the material
constitutive relationships, which describe the multi-dimensional stress-
strain relations that govern the behavior of the structures. The prestressed
concrete is a complicated composite material therefore its behavior can
not be obtained without considering the constitutive relations of its
constituents (concrete, prestressing tendons, and ordinary steel bars)
independently. Perfect bond between concrete and steel bars has been
assumed to exist throughout the present study.

This chapter deals with the observed behavior of concrete and the
modeling of constitutive material properties of concrete, prestressing

steel, and ordinary reinforcement.
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¢.Y The Ohserved Behavior of Concrete

One of the most important characteristics of concrete is its low tensile
strength, which results in tensile cracking at very low stress compared
with compressive stresses. The tensile cracking reduces the stiffness of
the concrete and is usually the major contributor to the nonlinear behavior

of reinforced concrete structures [ V].

£.v.) Unixial Behavior of Concrete
¢.¥.,).) Behavior of Concrete under Unixial Compression

A typical stress — strain relationship for concrete subjected to unixial
compression stress is shown in figure (£-)). The stress- strain curve has a
nearly linear-elastic behavior up to ¥+ percent of its unixial compressive
strength, f.. This level of stress ( «. *f' ;) has been termed onset of localized
cracking and has been proposed as the limit of elasticity [ ]. For stresses
greater than ( +. ff;), the curve shows a gradual increase in curvature due
to form micro cracks at the mortar — coarse aggregate interfaces and
propagate through the mortar upon further stresses. At a stress level of
about (. vef" ), the rate of crack propagation increases rapidly and the
stress — strain curve bends sharply until the peak stress level is reached.
Beyond the peak stress level, concrete shows a softening response, which
is presented by the descending portion of the stress-strain curve. This
softening response is terminated when crushing failure occurs at some

ultimate strain ¢, [Y *].
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olf A
f': Compressive Strength of Concrete

Proportionality
Limit

= Axial Strain

n—4 - -

u

Fig.(¢-)): Typical Unixial Stress-Strain Curve for Concrete in
Compression [£V]

£.Y.).Y Behavior of Concrete Under Unixial Tension

The stress — strain curve of concrete in uniaxial tension, figure (¢-Y),
shows many similarities to the uniaxial compressive curve. For stresses
less than about 1+ percent of the uniaxial tensile strength f;, the creation
of new micro cracks is negligible. Thus, this stress level will correspond
to limit of elasticity; above this level the bond micro cracks start to grow
and the nonlinearity of the curve start to increase as the stress level
increases until peak stress is reached [ V].

As a result of the difficulties in implementing the direct testing of
concrete in pure axial tension, indirect tests are alternatively used to
determine the concrete cracking strength. These tests are the modulus of
rupture f;, which is determined from bending test, the splitting strength f,
which is determined by splitting the concrete cylinder with a line load,
and the double punching test for determining concrete cracking
strength [Y°]. For normal aggregate concrete, the splitting cylinder

strength of concrete is usually between 0.5,/f/ and 0.67,/f/, where f

represents the compressive strength of concrete in (N/mm") [Y'A].
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According to the ACI- Building Code YYAM-+Y [£], the modulus of

rupture of concrete estimated by :

f=07/ff  (N/mm) e (¢-
)

where f'. is the uniaxial compressive strength of concrete in N/mm".

clfy
A

f't. Tensile Strength

v

Axial Tensile Strength

Fig.(¢-Y): Typical Unixial Stress-Strain Curve for Concrete in
Tension [£V]

¢.Y.Y Multiaxial Behavior of Concrete

The strength and the stress — strain behavior of concrete under biaxial
and triaxial states of stresses are different from that of uniaxial state. The
maximum compressive strength increases for the biaxial compression
state, and this increase is approximately Y° percent at a stress ratio of
(6vey =+.°) and is reduced to about Y7 percent at an equal biaxial —
compression state (e+o, =V.*), while under biaxial compression —
tension, the compressive strength decreases almost linearly as the applied

tensile stress is increase and under biaxial tension, the strength is the
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same as that of uniaxial tensile strength [£°]. Figure (£-Y) shows a typical
biaxial failure envelope of concrete.

Under triaxial compressive stresses, the axial strength of concrete
increases with increasing confining pressure. Experimental studies
indicate that the three — dimensional failure is the function of the three
principal stresses. The elastic limit (onset of stable crack propagation),
the onset of unstable crack propagation, and the failure limit can be
represented as surfaces in three — dimensional principal stress space as

shown in figure (£¢-¢) [YY].

¢.Y.Y The Modulus of Elasticity and Poisson's Ratio of Concrete
The modulus of elasticity of concrete, E., may be estimated according
to the ACI-Building Code YYAM —+ Y [£] as :
E, =W,°.(0.043) £/ (Nfmm") e (£-Y)

where W, is the unit weight of concrete in Kg/m'. For normal strength

concrete, equation (£-Y) can be expressed in the following form :

E. = 4700\/? (N'/mm") s (£-Y)

Poisson's ratio (v) for concrete under uniaxial compressive loading ranges
from about (:.Y® to +.YY). the ratio (v) remains constant until
approximately A+ percent of f', at which stress the apparent Poisson's

ratio begins to increase [ V].
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Fig. (¢-Y): Failure Envelope of Concrete in Biaxial Stress
Space [ V]
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Fig.(¢-¢): Typical Traixial Failure Envelope of Concrete [ V]
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¢.Y Numerical Modeling of Goncrete

Prestressed concrete is one of the composed materials that have a
complex behavior due to the cracking of concrete in tension and the
nonlinear inelastic behavior in compression. Hence the mathematical
modeling of concrete behavior is complicated.

In the finite element analysis, the numerical models of concrete should
cover the overall behavior of prestressed concrete members within
sufficient degree of accuracy and at the same time these models must be
kept as simple as possible for easy implementation in the finite element

program.

¢.Y.) Modeling of Concrete in Compression

The plasticity — based model has been used to describe the nonlinear
behavior of concrete in compression. In this approach, the nonlinear
deformations occur when concrete is stressed beyond its limit of
elasticity. The total strain may be separated into recoverable and
irrecoverable parts. The recoverable part represents the framework of
elasticity, while the treatment of the irrecoverable part is based on the
theory of plasticity. Under triaxial compression, concrete can flow like a
ductile material on the yield or failure surfaces before reaching its
crushing strains [ ].

In this study, the behavior of concrete in compression is simulated by
an elasto-plastic work hardening model followed by a perfectly plastic
response, which is terminated at the onset of crushing. The adopted
plasticity model will be illustrated in terms of the following constituents :

a) The yield criterion.

b) The hardening rule.
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c) The flow rule.
d) The incremental stress — strain relationship.

e) The crushing condition.

£.¥.).) The Yield Criterion

Three stress invariants are necessary to determine the general
formulation of the three — dimensional failure surface. Therefore, the
yield criterion required to monitor the onset of yield is also dependent on
the three stress invariants in its general form. However, many researchers
[V,Y4] showed that a yield criterion can be expressed in terms of two
stress invariants only. The yield criterion incorporated in the present
model is dependent on two stress invariants (I,,Jx).

This criterion is expressed as [Y] :

foh=f(,d,) =, +38, =6, = e (£-%)
where (o) and () are material parameters, and Iy, Jv are the first stress

invariant and the second deviatoric stress invariant, respectively that are

given by :

|1=GX—|—Gy +O_Z _______________ (i_o)
1

J, :5[(05 +65 +622 )—(O'X.Gy +0,0,+0,.0, )]+ rxzy +z-§z +2-22X (£

1)

and o. is the equivalent effective stress at the onset of plastic deformation

that can be determined from the uniaxial compression test as :

oc,=C,.f, (£-Y)

where C, is the plasticity coefficient which is used to mark the initiation
of the plastic deformation ranging from zero to one. For normal strength

concrete, a value of +.Y is usually taken for C, [V].
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The yield stress for the uniaxial compression state is given by :

o, =—0C,  mmmmmmmmeeeeee (£-A)

X

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

o,=0,==y0, e (%-

1)
If the results obtained by Kupfer for a failure envelope of plain concrete
are employed for initial yielding, the value of the constant (y) is equal to

(1.) 1), and the material constants can be found to be :

o=+ 1oflAg, and B = 1.rof1A
let c=-% -01773¢ . (£ 1)
20,

therefore, equation (£-°) can be rewritten as :

f(c)=yJ2Co,,+3/, =0, e (£-))
solving for oy,
f(0)=Cl,+/(CL)2+38), =6, oo (£1Y)

¢.Y.).Y The Hardening Rule

The hardening rule is required to describe the evolution of the
subsequent loading surfaces during plastic deformation, when a material
is stressed beyond its initial yield surface. Three hardening rules are
usually used to describe the growth of the subsequent loading surfaces for
strain or work — hardening material. These rules are the isotropic
hardening, kinematic hardening, and mixed hardening rules [Y].

The kinematic hardening rule assumes that during plastic flow the
loading surface is translated as a rigid body in the stress space,
maintaining the size and the shape of the initial yield surface. This rule is

more appropriate for cyclic types of loading. In the mixed hardening rule
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the loading surface undergoes both translation and uniform expansion in
all directions [°].

In the current study, an isotropic hardening rule is adopted, which
assumes that the yield surface expands uniformly without distortion as
plastic flow occurs, this type of hardening rule mainly implies to
monotonic proportional loading [VY,)°].

From equation (£-)Y) the subsequent loading function may be expressed

as .

f(lo)=Cl +(CLY+38d, =6 oo (£-1Y)

Where (& ) represents the stress level at which further plastic deformation

will occur, and is known as the effective stress or the equivalent uniaxial
stress. In order to define the expansion of the current loading surface, the
incremental theory of plasticity implies a relationship between the
effective stress and the effective plastic strain to extrapolate the results of
a uniaxial state to multi axial situation.

In the present model, a parabolic stress — strain curve is used for the
uniaxial stress — strain relationship beyond the limit of elasticity, (C,.f'¢).
This parabolic curve represents the work — hardening stage of behavior.
When the peak compressive stress is reached, a perfectly plastic response
Is assumed to occur [V]. The equivalent uniaxial stress — strain in various
stages of behavior is shown in figure (£-2). The relations of these stages
are given by :

a.) For o <C_.f,

o = E_gc """""""" (2'\2)

!

b.) For Cp.fC' <g < f,
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where & represents the total strain corresponding to the peak strain of the

parabolic portion of the curve that can be calculated from :

e —— ()

the total effective plastic strain &, is composed of two parts, elastic and

plastic components :

& =&+& e (£-1Y)

where & is the elastic strain and given by :

By substituting equations (¢-)V) and (¢-)A) into equation (¢-)¢°), the

effective stress — strain are :

c=C,.f/—Eg,+\2E&.¢, e (£-)9)

c.) For g, > ¢,

4

c=f  mmmmememeeeee- (£-Y)

C

The, differentiation of equation (¢-)4) with respect to the plastic strain
leads to the slope of the tangent of the effective stress — plastic strain
which represents the hardening coefficient H', which required in the

formulation of the incremental stress — strain relationship [V, ) °].

H’—d—E—E{ %o 1,0] --------------- (¢-YY)

de 2.gp

tov



Chapter FOUP ... it s e e et et e v see e e e e e e e MOdelING Of Material Properties

Fig. (£-°): Uniaxial Stress-Strain Curve for Concrete [V]

¢Y.).Y The Flow Rule

In the plasticity — based theory, when the current yield surface is
reached, the material become in state of plastic flow upon further loading.
The flow rule is usually employed to connect the loading function (f) and
the stress — strain relation in the plastic range. This rule has been widely
used for concrete models because of its simplicity [V,) ].
The plasticity strain vector will be assumed to be normal to the yield

surface , the plastic strain increment is given by :

d{gp}zd/lw ............... (£-7Y)

olo}
where dA is a positive scalar hardening parameter which can vary

throughout the staining process. The normal to the current loading surface
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oo}
(o] )

derivatives the yield function with respect to the stress components, and

Is termed as the flow vector, which can be obtained by the

given by :

of of of of of of
fa) =

- oo, ’8Gy ‘0o, ’ﬁrxy ’ o7, ‘o7,

YY)
these derivatives can be evaluated from equation (¢-)Y) with the use of

equations (¢-1) and (¢-Y) as :

aai=C+:2(C2+ﬁ)6x+(2C2—ﬁ)(Gy+Uz):/Q\
O-X
i=C+-2(C2+,8)0'),+(2C32—,3)(0x+0'z)-/Q
do, ) -
aaf =C+:2(C2+ﬂ)0'z+(2C2_ﬂ)(0x+o-y):/Q
O-Z

of _ g By > """" (+7%)
0T, Q

of :6ﬂryz

or,, Q

of -6 ﬂrzx

or,, Q J

where (C) and (f) are the material constants , and (Q) is given by :

Q=2[(C*? +ﬂ)(af +a§ +0'22)+(2C2 -p)(o, c,+0,0,+0, o,)+

3B(ryy +7, +7,)17

¢.v.).¢ The Incremental Stress — Strain Relationship
The total incremental strain is composed from elastic and plastic strain,
therefore :
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dig}=die, }+dle,} e (£-Y1)
Substituting equation (£-YY) in equation (£¢-Y1) yields :
digf=d{e }+d2 % ............... (£-YV)

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

elastic constitutive relation given by :

dioj=[D]d{e.} e (£-YA)
Hence :
dig}=[D["dle} e (£-Y9)
where [D], is the elastic constitutive matrix given by :
1-v 1% 1% 0 0 0 |
1-v 1% 0 0 0
v 1-v . 02 0 0
E o o o —¥ o 0
D = L]
o] L+v)(1-2v) 2, - (¢-71)
0O 0 0 Y 0
2
0 0 0 0 1-2v
i 2 |

Substituting equation (£-Y14) into equation (£-YV) yields :

d{e}=[D]".d{c}+dr.{a} (£-Y1)
Pre-multiplying both sides of equation (¢-Y)) by, ({a}'.[D]) and
eliminating ({a}".d{c}), the following expression for the plastic

multiplier, dA is obtained :

[oae e |
95|y b e

By substituting equation (£¢-YY) into equation (£-Y9) and pre-multiplying

both sides by [D], the complete elasto — plastic incremental stress — strain

relationship can be expressed as :
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B i - N _
dlo}=| [Pl T o (+-17)

where the second term in the brackets represents stiffness degradation due

to the plastic deformation.

¢.Y.).e CGrushing Condition

Crushing of concrete indicates the complete rupture and disintegration
of the material under compression 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, the concrete crushing criterion is obtained when the
strain reaches the ultimate strain. The crushing criterion is obtained by
simply converting the yield criterion in equation (¢-1Y), which is written

in terms of stresses directly into strains, thus :

C.U+(CA)2+38.0, =¢,, oo (£-Y€)
where ¢, is the ultimate crushing strain of concrete, extrapolated from
uniaxial test, 1; and J; are the first strain invariant and the second

deviatoric strain invariant that can be obtained by the following equations

[V]:

=e+e+e, (£-70)
J, :(%j[(gf +¢, +822)—<€X8y +8,8, +325X)]+ (7)*
) 0 e (2-79)

¢.Y.Y Behavior of Concrete in Tension
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The stress — strain curve of concrete in tension is linear up to about
stress level of 1+ percent of the uniaxial tensile strength f. Above this
level, the bond cracks start to grow and the nonlinearity of the curve starts
to increase as the stress level increases until the peak stress. The term
cracking indicates a partial collapse of the material across the plane of
cracking under tensile stress states [ V].

After cracking, concrete changes from isotropic to orthotropic material. In
the finite element analysis of concrete structures, three different
approaches have been employed for crack modeling [ V] :

V.) Smeared — cracking model.

Y.) Discrete — cracking model.

¥'.) Fracture — mechanics model.

The particular cracking model to be selected depends upon the purpose of
the analysis [Y'Y].

If the overall load — deflection behavior is desired without regard to
completely realistic crack patterns and local stresses, the smeared —
cracking model is probably the best choice. In this approach the cracked
concrete is assumed to remain a continuum, and the concrete becomes
orthotropic or transversely isotropic. After the first cracking has occurred,
one of the material axes being oriented along the direction of the cracking
as shown in figure (£-1). For most structural engineering applications, the
smeared — cracking modeling is generally used [ ].

The discrete — cracking model represents a continuous smeared —
cracking model; this is normally done by disconnecting the displacement
at nodal points for adjoining elements as shown in figure (£-Y). The
difficulty in this approach is that the location and orientation of the cracks
are not known. This approach is used to obtain details about the local
behavior of concrete. While the applicability of fracture — mechanics
model to reinforced concrete is still questionable [YV].
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In the present study, the behavior of concrete in tension is simulated by
linear elastic prior to cracking. The cracking criterion of concrete is
expressed in terms of the principal tensile stress or strain. A smeared —
cracking model with fixed orthogonal cracks is adopted to represent the

fractured concrete.

The adopted model is desired in terms of [V] :
a.) Cracking criterion.
b.) Post — cracking model.
c.) Shear retention modal.

d.) Compressive strength reduction due to orthogonal crack model.

Ot
on

O'n‘
Ot

Fig. (£¢-1): ldealization of a Single Smeared Crack [Y]

f??v??ﬂ“}’wh

(a): One-Directional Crackina (b): Two-Directional Crackina
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¢.Y.v.) Cracking Criterion

In the present research, the onset of cracking is controlled by a
maximum principal stress criterion. According to this criterion, cracking
occurs when the principal tensile stress exceeds the limited tensile
strength of concrete f,, the limited 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 [V] :

a.) For the triaxial tension zone (o, > o, > 5, >0)
o, =0y =T, wherei= VY)Y s (£-77)

b.) For tension — tension — compression zone (o, > o, > 0,0, <0)

O;

oo = f[L0+ 272 =Y e (-

’
C

V)

c.) For tension — compression — compression (o, > 0,0, <o, <0)
: 7

0 7:3’02 L0+ 0 f5’<73

c c

o, =0, =f[1.0+ ] 1=) e (£-YA)

where (o) is the cracking stress and both (ft)and (f'.) are the tensile and
compressive strengths of concrete substitute in positive values.

The last two equations (£-YV) and (¢-YA) indicate that the presence of
compressive stress in one direction favors the cracking in other directions

and thus reduces the tensile capacity of the material.
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After cracking, the modulus of elasticity in the direction of the maximum
tensile stress (o)) is reduced because of the lack of interaction between
orthogonal planes caused by cracking, Poisson's ratio (v), is set to zero
and a reduced shear modulus (#,G) is employed to model the shear
strength deterioration. Therefore, the incremental stress — strain

relationship in local material axes may be expressed as :

Aoy ] [Eq 0 0 0 0 0 ]fAg
2 2
Asy| |0 E/1-vZ VE[1-vZ 0 0 0 || Aey
Aoz | [0 vE/1-v2 E[1-vZ 0 0 0 || Ae
At |00 0BG 0 0 [[Ayp| - (£-79)
At93 0 0 0 0 G 0 ||Ayys
At31 0 0 0 0 0 PG |lAr31

where (E)) is the reduced modulus of elasticity in the direction of (¢,) and
(G) is the shear modulus of elasticity. Equation (¢-Y4) can be written in a

compact form as :

act=[D, Haey =D

where [D] is the material stiffness in the local axes. The stress
increment in the global axes (X, y, and z) may be obtained by using the

coordinate transformation matrix such that

wop=[rT [D, JTHae} (£-£)

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

direction cosines as :
| I].2 ml Ilml ml nl nl |l |
2 m  on ,m, m,n, n,l,
fr]-= 2 m  n ,m, m, n, n,l,
L, 2mm, 2nn, (Lm+Lm) mn,+mn nl+nl | - (8-£Y)

2,1, 2m,m, 2n,n, (L,m;+l,m,) myn,+mn, n,l,+n,l

2,1 2mym 200 (bmy+lmg) myn+mn, gl +nls ]
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where |;, m;, and n; represent the direction cosines with respect to x,y, and
z directions respectively.

For both 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 (oy) simultaneously.
Thus, two sets of orthogonal failure planes develop. These planes are
perpendicular to the principal axes ' and Y respectively as in figure
(¢-Aaand b). In this case Poisson's ratio is set to zero in all directions and
the constitutive matrix in the local material axis is reduced to the

following form :

E, 0 O 0 0 0
0O E, O 0 0 0
D, ]= 0 0 E 0 0 o (£-£Y7)
°r 0O 0 0 pBG 0 0
O 0 O 0 4A,G 0
|0 0 O 0 0 BG|

In the current model, a maximum of three sets of cracks are allowed to
form at each sampling point. For triaxial tension states, a third crack may
appear when the minor principal stress, (o) exceeds the uniaxial tensile

strength f'y in figure (¢-Ac).

0
<’

!\—’\

Y,
VAV
(I ] ]!
(L)
NN WAV
. W W W
A
Y

AW
AN N

I 777
‘77
-~

/

NJ
£
)

a) Single cracks b) Double ¢) Triple cracks
cracks

€1y

Fig. (¢-A): Failure Cracking for Triaxially Loaded Concrete [V]
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¢.Y.v.Y Post-Cracking Models

After cracking, the stresses normal to the cracked plane are released as
the cracks propagate. To simulate this behavior in connection with finite
element modeling of reinforced concrete members, the tension —
stiffening concept has been used. This concept is based on the fact that
some of the tension stresses can be carried by the concrete between the
cracks due to the bond action between the steel bar and the surrounding
concrete. Two approaches have been suggested to account for the
tension — stiffening effects [¢+]. These are an increase of the steel
stiffness and a gradual decrease of the tensile stress in the cracked
concrete over a specified strain range. The last approach has been widely
used. In this approach, the stress — strain curve for tension stress may be
approximated as shown in figure (£-9).

The formulation of this approach is described as follows :
a.) For ., <¢, <a, &,
gn
(o _87
- e §-¢¢
o=a, o, (051 _1.0) ( )
b.) For ¢,2¢a, &,

c,=00  emmmmmmeeeeee- (¢-€9)

n

where, (g, ) and (e,) are the stress and strain normal to the cracked plane,
ger 1S the cracking strain associated with the cracking stress o, oy and o

are the tension stiffening parameters, where a, represents the rate of the
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stress reduction as the cracking widens, and oy represents the sudden loss

of stress at the instance of cracking.

In the cracked concrete, the secant modulus of elasticity is decreased,
when the crack is closed, the effects of any residual strains are neglected.
The secant modulus (E;) can be used to account for the closing and

reopening of the crack as [Y] :

c,=E.e, e (£-£1)
o
A
Oc¢r|==~~-
aZ'GCI’ YA _ (al_gn/gcr)
| Oy =00~ —
\ / (¢, -1)
e,
K ! R
’ > &
Eer &, Q&g
Fig. (£-%): Post-Cracking model for Concrete in Tension [V]

¢.y.v.y ShearRetention Models

The shear stiffness at a cracked sampling point becomes progressively
smaller as the crack widens. The dowel action of the reinforcing steel and
aggregate interlocking contribute to produce a considerable residual shear
stiffness of cracked concrete. Thus a reduction factor (f) has been used

across the cracked planes to reduce the shear stiffness at the cracked
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sampling point. Before cracking (#) equal ().+), when the cracks
propagate the shear reduction factor (5) is assumed to decrease linearly as
shown in figure (£-) +). When the crack is opened, a constant value of (5)

IS set to account for the dowel action.

The shear retention model can be expressed as [Y] :

a) For ¢, <&,

2 T S—— (£-£V)
b) For Eor < o < V1€er
— &

ﬂ:u{yl——"}+7/3 --------------- (£-£A)

71 -1 Eer
C) For gn > ylgcr
B=yr e (€-€9)
where v, yr and yrare the shear retention parameters, y, is the rate of
decaying of shear stiffness as the crack widens, v is the sudden loss in
the shear stiffness at the onset of cracking, and y- is the residual shear

stiffness due to the dowel action.

Vo—7V3 &y
==y, —— |+
—\ / B 7/1—1.0(71 gCJ Vs

gcr 7lgcr

v
™

Fig. (¢-)+): Shear Reten}ign Model for Concrete [V]
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¢Y.y.¢ Modeling the Compressive Strength Reduction Due to
Orthogonal Cracks

In reinforced concrete members, a significant degradation in
compressive strength can result due to the presence of transverse tensile
strain after cracking.

In plasticity — based model, effects of transverse tensile strain on the
yield criterion and the evolution of the subsequent loading surfaces can be
simulated by scaling the equivalent uniaxial stress — strain relationships
given by equation (£¢-)1) and (£-YV) according to the current value of the
compressive strength reduction factor. The model incorporated in the
current study is based on the proposals of Cervenka [):], which
illustrates the use of the reduction factor (1,) to reduce both the peak
stress and corresponding strain, therefore, from equation (¢-Y, £€-Y7, and
£-Y)Y),

The modified stress — strain relationship can be written as [V, °] :

a.) For o0 <4.,C_.f/
c=Ee, (¢-04)

b.)For 4.C,.f/ <o <A.f]

oc=4C,.f/+ E{gC - %'CE"'RJ— Zié {gc - &'CEP' f°T -------------- (£-0Y)
c.) For &, = &

c=A.f (¢-0V)
where,
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, 2(1-C)A, f!
Eg=—T——

E
consequently, the effective stress — plastic strain relation equation (£-Y+)

can be modified as :

c=4C,.f/-Eg + [2Ed 5.6, = oo (£-0¢)

and hence, the hardening parameter can be expressed as :

1

Hr =99 gl Aado ’ 10l (£-00)
de, 2.,

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

given by :

A =1.0-k —
0.005

<1.0-k, e (¢-07)

where, ¢, is the transverse tensile strain in principal direction ).
for a doubly cracked sampling point the expression can be taken as :
2 2
\/6‘ +&
A =10-k Y2 "2 <10-k - ¢_oy
' *0.005 ' (£-2Y)
where ¢ is the tensile strain normal to the second crack, and k, represents
a compression reduction parameter. Cervenka has used values ranging

between (+.YV and -.VY) for the parameter k, [ *].

¢.Y Modeling of Reinforcement

The stress — strain curve for a typical prestressing steel bar differs from
the ordinary steel reinforcement. The main differences are the much
higher proportional elastic limit and strength available in the round wire
and alloy bars used for prestressing, and the substantially lower ductility.
Figure (£-)Y) shows a typical stress — strain diagram for prestressing steel

in comparison with a mild steel bar reinforcement [YA].
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Modeling of Material Properties

The ordinary and prestressing steel bars are long and relatively slender;
and assumed to be capable of transmitting axial force only. The modeling
of ordinary and prestressing steel in connection with the finite element

analysis of prestressed concrete beams are much simpler than the

modeling of concrete.

In the present study, the uniaxial stress — strain behavior of ordinary and

prestressing steel bars has been simulated by an elastic linear work

hardening model as shown in figure (£¢-YY) [V].

Strain X 103

280
— 1.800
260 [ Round wire
240 — — 1,600
220
—{ 1,400
200
180 — 1,200
Alloy bars
- 160 H
£ / —1.000
g 140
g
“ 120K —| 800
100 H Grade 60 bars
— 600
Bﬂ [~ A
40
— 20C
20
0 I ! 1 1 i 1 1 1 1 (s}
0 100 200

Stress, MPa

Fig. (¢-1)): Comparative Stress — Strain Curves for
Reinforcing and Prestressing Steel [YA]
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Chapter five
Applications, Results, and

Discussion

°.) Introduction

In this chapter many examples are considered to verify the validity and
accuracy of the proposed three dimensional nonlinear finite element
model which is used to investigate the behavior and ultimate capacity of
prestressed concrete beams under torsion and combined shear, bending
and torsion, and to study the influence of variation of some important
material parameters on the behavior and ultimate capacity of beams
subjected to combined shear and torsion. The results of analysis are
discussed and compared with the experimental results. Also the
torque — twist curves of the tested beams that obtained from the finite
element analysis are compared with the available experimental
torque — twist curves.

Parametric studies have been carried out in this chapter to investigate
the effects of some important material parameters, and geometrical

parameters on the numerical results as obtained for the considered cases.
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o,y (Gase One : Prestressed Goncrete Beams under

Pure Torsion
>.Y.) Abul Hasanat et.al Prestressed Concrete Beam IPA-- -RLI

Abul Hasanat et.al () 9AA), tested a series of rectangular prestressed
concrete beams under torsion with various properties and detail of
reinforcement. Among these tested specimen beams, the beam designated
as [PA-+-RL] which was analyzed by Shuber using three dimensional

nonlinear finite element analysis is considered in the present study.

o Y.V .) Description and Material Properties of Abul Hasanat et.al Beam
IPA---RLI

Beam [PA-:-RL] was simply supported prestressed concrete beam

over (YY%+ mm) span and has an effective span of (YAe+ mm), with

(Y++ x Yo+) mm rectangular cross sectional dimensions. Figure (°-))

shows the dimensions and reinforcement details of beam [PA-+-RL]. The

material properties of concrete and reinforcement and the additional

material parameters of the tested beam are listed in table (°-Y).

o ¥.).Y Finite Element, Boundary Conditions, and Equivalent Nodal
Forces of the Tested Beam

Beam [PA-:-RL] has a symmetry in loading, geometry and
reinforcement layout. Thus only half of the beam has been used in the
present finite element analysis. The considered segment was simulated by
(1Y) isoparametric Y «-noded brick elements. While the reinforcement was
modeled as one dimensional axial element embedded within the brick
element as shown in figure (°-)). The effect of prestressing introduced
before applying the external torque as effective stress and strain at
sampling point of prestressing tendons using ()+) increments. The
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external torque modeled as a set of equivalent nodal forces were applied
at both ends of the selected segment as described in section Y-V. The Yeb
— point integration rule has been considered as a numerical integration,
with a convergence tolerance (¢ %). The modified Newton — Raphson

(KTYa) method has been adopted as a nonlinear solution algorithm.

Table (°-)) : Material Properties and Material Parameters for Abul
Hasanat et.al Beam [PA-+-RL]

Concrete
E. Young's modulus (N/mm") Ya. ..
fe Compressive strength (N/mm") £E AL
f; Tensile strength (N/mm") Y.
v Poisson's ratio* Y
Kk Compression reduction parameter* 1
a Yo
Tension stiffening parameters*
ar +.°
7 Ve
yr Shear - Retention parameters* .0
rr )
Prestressing tendons
Eps Young's modulus (N/mm") \RRERE
Aps Total area prestressing tendons (mm ") YAAEA
fee Effective prestressing stress (N/mm") AR
foy Yield stress (N/mm’) VAN
Gp Number of Gauss points of tendons A

Longitudinal and transverse reinforcement

Es Young's modulus (N/mm") Yoernn
Al Total area of longitudinal steel bars (mm") YYTA
Av Area of ordinary steel bar (mm") Yy
fy Yield stress (N/mm) YV

* assumed values : selected to obtain the best results in comparing with the
experimental results.
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Fig. (°-V): Finite Element Mesh, Boundary Conditions and Equivalent
Nodal Forces for Abul Hasanat et.al Beam [PA-+-RL]
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©.¥.) .Y Results of Analysis of Abhul Hasanat et.al Beam [PA- - -RLI

Many numerical tests have been considered on the tension stiffening
parameters, shear retention parameters and the compression reduction
parameter (k,), to obtain the best values of these parameters, that give the
best results as compared with the experimental results. The results of
these tests show that the value of these parameters are the same as values
that used by Shuber except the tension stiffening parameter (oy) and
compression reduction parameter (k,). Where Shuber used (ax) equal to
(+.Y) and (k) equal to (+.£), while in the present analysis (ax) set equal to
(+.) and (k) equal to (+.1).

The results of the tested beam show a good agreement between the
experimental results by Abul Hasanat et.al and the present finite element
analysis. The experimental ultimate torque was (V.© kN.m) while the
present numerical torque was (V.YY kN.m) with a difference (¥.7 %)
between experimental and numerical torque. Also the results show that no
significant difference in ultimate torque between the present finite
element torque which is (V.VY kN.m) and the predicted numerical
ultimate torque by Shuber which was (Y.A kN.m).

In the present study the effect of prestressing has been introduced as
an effective stress and strain at sampling points of prestressing tendons.
While Shuber introduced the effect of prestressing as an external
prestressing force at the ends of the tested beam.

A comparison between the present torque-twist curve, the torque-twist
curve by Shuber and the experimental torque-twist curve were shown in
figure (°-Y). Table (°-Y) listed the experimental and numerical ultimate
torque and the comparison between the experimental and numerical

ultimate torque.
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Application, Results, and Discussion

Table (°-Y) : Comparison Between the Experimental and Predicted
Ultimate Torque of Abul Hasanat et.al Beam [PA-+-RL]

Beam Texp Tn TU TU _Texp TU _TN T_U
(kN.m) | (kN.m) | (kN.m) Tew Ty exp
[PA-+-RL] V.o Y.A V.Y Y% - YN AR
where :

Texp : The ultimate experimental torque (by Abul Hasanat et.al).
Tn : The ultimate experimental torque (by Shuber).
Ty : The ultimate torque obtained from the present F.E.A.

Torque [KN.m]

8.00 —
6.00 —
4.00 —
2.00 —
—s—Experimental (by Abul Hasanat et.al)|
i —®—F.E.M. (by Shuber)
—*— Present F.E.M..
000 1 T 1 T 1 " 1
0.00 0.02 0.04 0.06 0.08

Angle of Twist [deg/m]

0.10

Fig. (°-Y): Torque — Twist Curve of Beam [PA-+-RL] (case one)
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°.v.Y Mitchell and Collins Prestressed Concrete Beams [P']
and [Pv]

In YAYA Mitchell and Collins, tested a series of six rectangular
prestressed concrete beams under torsion loads to describe the influence
of longitudinal prestressing steel on the torsional response of these
beams. All beams having the same amount of transverse reinforcement
and dimensions but with varying amounts of ordinary longitudinal and
prestressing steel. In this study two beams have been analyzed that are
designated as [P'] and [PY], to study the influence of prestressing steel
and ordinary longitudinal steel bars on the torque — twist behavior and

ultimate torque capacity.

o.v.Y.y Description and Material Properties of Mitchell and Collins

Beams IP ] and [PY]

Beams [PV] and [PY] have a (¥« ++ mm) length, with (Yo° x £€¥+) mm
cross sectional dimensions. Beam [PY] is concentrically prestressed by
four (¢p YY.» mm) prestressing wires, while [PY] is prestressed by one
(@) Y.+ mm) prestressing wires. The two beams have the same amount of
(¢ 3.2 mm) web reinforcement, but beam [P'] has eight (¢ 3.© mm)
ordinary longitudinal reinforcement and beam [PY] has six (¢ 2.© mm)
ordinary longitudinal steel bars. Figure (°-Y) shows the dimensions and
reinforcement of beams [PY] and [PY].

The materials properties of concrete and reinforcement and the
additional material parameters used in the analysis of the two beams are
listed in table (°-Y).
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Fig. (°-¥): Dimensions and Reinforcement Details of Mitchell and
Collins Beams [P '] and [PY]
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Table (°-Y) : Material Properties and Material Parameters for Mitchell
and Collins Beams [PY] and [PY]

Concrete [PY] [P¥]
E. Young's modulus (N/mm’) YV YV
e Compressive strength (N/mm") Yy Ye
f, Tensile strength (N/mm”) X Yo

v Poisson's ratio* Y Y
Kk Compression reduction parameter* .0 <A
a \o \o
Tension stiffening parameters*
ar 1 .0
P \ Ya
Py Shear - Retention parameters* .0 .0
yr ) )

Prestressing tendons

= Young's modulus (N/mm") VAV VAV
Aps Total area of prestressing tendon (mm") £1¢ AR
fse Effective prestressing stress (N/mm") V) go VVgo
foy Yield stress (N/mm") Vévo yevo
Gp Number of Gauss points of tendons vy A

Longitudinal steel

Es Young's modulus (N/mm") VAYeee | YAV
A Total area of longitudinal steel (mm") oTA £Y1
f, Yield stress (N/mm") YYA FYA

Web reinforcement

E, Young's modulus (N/mm’) VAV VAV
A, Area of web reinforcement (mm") v v
f, Yield stress (N/mm) YYA ¥YA

* assumed values : selected to obtain the best results in comparing with the
experimental results.
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©.Y.X.v Fnite Element, Boundary Conditions, and Equivalent Nodal
Forces of Mitchell and Collins Beams [P)]1 and [P¥]

Due to symmetry in loading, geometry, and reinforcement layout only
half of the beams will be considered in the analysis. The selected segment
has been analyzed with different meshes to study the effect of these
meshes on the numerical results. The results of these analysis show that
the (Y ¢) isoparametric Y «-noded brick elements gives closer results to the
experimental results. While the reinforcement was modeled as one
dimensional element embedded within the Y +-noded brick element. The
external torque was modeled as a set of equivalent nodal forces were
applied at both ends of the selected segment as described in section Y-V.
The angle of twist was calculated at the free end of the beams (atz = +.+).
The imposed boundary conditions maintain the stability of the beams and
allow to post cracking extension of the beams in z-direction to occur, the
same boundary conditions are used by many researchers who tested
prestressed and ordinary beams under pure torsion loads [, ¢].

The finite element mesh, boundary conditions, and the equivalent
nodal forces of beams [P Y] and [PY] are shown in figure (°-¢).

The effect of prestressing on the beams were introduced before
applying the external torque, and was considered as an effective stress
and strain at the sampling points of the prestressing tendons using () +)
increments.

The present finite element analysis has been carried out using )°b-
point integration rule, with a convergence tolerance (¢%). The modified
Newton — Raphson (KTYa) method has been adopted as a nonlinear

solution algorithm.
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Fig. (°-£): Finite Element Mesh, Boundary Conditions and Equivalent
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o.v.v.¥ Results of Analysis of Mitchell and Collins Beams [P 1and IP¥]

For beam [PV], figure (°-2) shows the experimental (by Mitchell and
Collins) and present numerical torque — twist curve. This figure shows a
good agreement between the numerical results and the experimental
results throughout the entire range of loading. The numerical ultimate
torque was (A£.1) KN.m, while the experimental ultimate torque was
(A+.YY) kKN.m. Thus the difference between these results is (¢.AY7%).

Figure (°-1) shows the experimental by Mitchell and Collins and
presents numerical torque — twist curve of beam [PY]. This figure shows
an acceptable agreement between the experimental and the present finite
element analysis results. The present numerical ultimate torque of beam
[PY] was (°£.7)kN.m, while the experimental ultimate torque was
(°Y.YV)KN.m and the difference between them is equal to (Y.1Y%). The
results for the two beams ([P]and [PY]) explain that when increasing the
amount of prestressing and ordinary steel bars, the ultimate and cracking
torque will increase.

The ultimate torque which is obtained from the present finite element
analysis and the experimental ultimate torque by Mitchell and Collins

for beams [PV] and [PY] are presented in table (°-¢).

Table (°-¢) : Comparison Between the Experimental and Predicted
Ultimate Torque of Mitchell and Collins Beams [P '] and [PY]

Tu Tu_Texp
Beam Texp (KN.m) Ty (KN.m)
Texp Texp
[PV] A VY At Y EA ¢ AY Op
[PY] oY) YR Y A YA YUY 0
where :

Texp - The ultimate experimental torque (by Mitchell and Collins).
Ty : The ultimate torque obtained from the present F.E.A.
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Fig. (°-°): Torque — Twist Curve of Beam [P Y] (case one)
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Fig. (°-1): Torque — Twist Curve of Beam [PY] (case one)
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oy Gase Two : Prestressed GConcrete Beams under
Comhined Shear, Bending and Torsion

Two groups of prestressed concrete beams have been tested by
Mukherjee and Warwaruk, the first group consisted of (YA) prestressed
concrete beams subjected to combined bending and torsion loads. In the
second group, (Y¢) prestressed concrete beams were tested under a
combination of shear, bending and torsion. These beams were grouped
into four series (VA, VB, VC, and VD), among these series the amount of
prestressing and its eccentricity were varied. Series (VA) and (VC) were
concentrically prestressed and series (VB) and (VD) were eccentrically
prestressed. In the present study, beams (V)+Y, V)Y, V)£ VY.2 and
VY +V) from series (VA) and beams (VYYY, VYYY VAYE ViYe and

VYY) from series (VB) have been considered.

o.v.) Description and Material Properties of Series (VA and
(VB) Beams

Series (VA) and (VB) have the same dimensions and amount of
reinforcement. All beams of series (VA) and (VB) have (Y)Y¢ mm)
overall length, and (YY£¢Y mm) supported length with (YeY x Y+2) mm
cross sectional dimensions. Each beam has four (¢ ¥.%® mm) prestressing
wire strand, four (¢ 9.°Y° mm) ordinary longitudinal steel bars, and
(¢ 3.Y°Y mm) closed stirrups outside the gage length and (¢ 1.¥Ye mm)
closed stirrups inside the gage length, as shown in figure (°-Y). Within
each series the beams were tested with different torsion to bending
moment ratio (T/B). Figure (°-A) shows the shear force diagram, bending
moment diagram, torsion moment diagram and the applied torque and
loads. The material parameters and material properties of the tested

beams are listed in table (°-°) and (°-1).
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Fig. (°-Y): Beams Loading, Reinforcement Details and Dimensions

of Series (VA) and (VB) Beams (case two)
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Gage Length (\YvY) | torque
i
P/Y YP/IY
P/Y
+
S.E.D.
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-YP/¥
B - 1828
3
B
+
B.M.D.
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T T
+
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Beam T/B (kN.m) (kN)
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* B, = Max. bending moment (kN.m).
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* all dimensions are in (mm).
Fig. (¢-A): Shear Force, Bending Moment, Torsion Moment Diagrams
and Applied Loads of Series (VA) and (VB) Beams
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Table (°-°) : Material Properties and Material Parameters for Mukherjee and
Warwaruk Series (VA) Beams

Concrete Beam
\VAR \VARR S V¢ A\VAR) \VARRY
E. Young's modulus (N/mm") Yédeo | YoAw. | Yve.. | YoY.. | YY4..
f. | Compressive strength (N/mm®) Yv.e Yd.e AR YA S Yo ¢
f, Tensile strength (N/mm’) Y.y AR Y A4 Y.y YooY
) Poisson's ratio* A A A A A
K, Compression reduction o Lo .o Lo o
parameter*
aH 0 0 yo Yo Y
Tension stiffening parameters*
ar « 0 « 0 ~.-k . -k . -k
7 Y Y Y. Y. Y.
yr | Shear - Retention parameters* .0 .0 .0 .0 .0
yr ) ) ) ) )
Prestressing tendons
Eps Young's modulus (N/mm”) YAT o YA T e YA T e AT e | YA
A, Total area of prestressing Vo Vo Vo Vo Vo
P tendons (mm’)
£, Effective prestre§smg stress YYY Y114 Voo aq. y oy
(N/mm’)
foy Yield stress (N/mm) Vi Vi Vi Vi Vi
Gp Number of Gauss points of A A A A A
tendons
Longitudinal steel
Es Young'S modulus (N/mm“) Y DR Y DR \‘ DR \‘ DR \‘ DR
A Total area of Iongltydlnal steel Y AA YAA Y AN Y AN Y AA
bars (mm’)
f, Yield stress (N/mm’) Y¢o Y¢o Y¢o Y¢o Y¢o
Web reinforcement
ES Youngls modulus (N/mm“) Y DR A Y DR A V e V e V LR
A Area of web reinforcement VY VY VY VY VY
v (mm") vy vy vy vy vy
fy Yield stress (N/mm’) Yio Yio Yéo Yéo Yio
T/B Torsion to B;Z?igmg moment V¥ Y/t ¢ /¥ v YV

* assumed values : selected to obtain the best results in comparing with the experimental results
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Table (°-1) : Material Properties and Material Parameters for Mukherjee and
Warwaruk Series (VB) Beams

Concrete Beam
ViYY \VARKS \VARE: Vive VYV
E. Young's modulus (N/mm") Yovy. | Yove. | YW)ye. |oYveY. | YTA..
f. | Compressive strength (N/mm®) AR Ya.¢ ARl YA YV.Ae
f, Tensile strength (N/mm") Y.V Y.V Y.vo YA Y AY
) Poisson's ratio* Y Y .Y .Y .Y
K, Compression reduction s s .o s s
parameter*
a Vo Yo Yo Yo '
Tension stiffening parameters*
ar . -L nliL . -L . -L . -L
y’ \ . \ . \ . \ . \ .
yr | Shear - Retention parameters* .0 .0 .0 .0 .0
yr ) ) ) ) )
Prestressing tendons
Eps Young's modulus (N/mm") YAT e AT e YA e | AT e YA
A, Total area of prestressing Vo Vo Vo Vo Vo
: tendons (mm’)
£, Effective prestre§smg stress VIYY Y114 Veio aq. Yoy
(N/mm’)
foy Yield stress (N/mm) RER RER Ve Ve Ve
Gp Number of Gauss points of A A A A A
tendons
Longitudinal steel
Es Young'smodums(N/mmY) Yeeonn Yeeonne Yeeonoe Yeeonoe Yeernn
A Total area of Iongltydlnal steel Y AA Y AA Y AA Y AA Y AA
bars (mm’)
f, Yield stress (N/mm’) Y¢o Y¢o Y¢o Y¢o Y¢o
Web reinforcement
ES Young'smodulus(N/mmY) Yhhhhh Yhhhhh Y~~~~~ Y~~~~~ Y~~~~~
A Area of web reinforcement VY VY VY VY VY
g (mm") ¥y ¥y vy vy vy
f, Yield stress (N/mm’) Y¢o Y¢o Y¢o Y¢o Y¢o
T/B Torsion to Brg?_(;mg moment yY v/g T v w
i

* assumed values : selected to obtain the best results in comparing with the experimental results
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o.v.v Effect of Mesh Refinement

To study the effect of mesh refinement on the torque — twist response of
Mukherjee and Warwaruk beams, prestressed concrete beam (V) +Y) has
been analyzed using three different finite element meshes as shown in
figures (°-1). The finite element results for the three meshes are
compared in figures (°-)+) with the experimental torque — twist curve,
this figure shows that the mesh (a) (Y ¢ elements) gives a relatively stiffer
response as compared with the experimental results. The results of mesh
(b) (YY elements) and mesh (c) (¢ elements) are relatively similar, but
the predicted behavior of the prestressed concrete beam using mesh (c)
(¢+ elements) closer to the experimental response. Therefore, this mesh
has been used for all finite element analysis of Mukherjee and Warwaruk

prestressed concrete beams throughout the present work.

o.Y.Y Effect of Integration Rule

In order to study the accuracy and efficiency of the integration rule,
beam (V) +Y) tested using three different rules. These are Yea, ‘b and
YV-point integration rule. The effect of integration rule on the
torque — twist response is illustrated in figure (°-)V). In general, this
figure shows that no significant difference are obtained between the effect
of type of integration rule on the overall behavior of the tested beams.
The Yeb and YVY-Gauss point rules give a similar effect but Yeb point rule
iIs more close to the experimental results. This rule used in the present
study, many research work that dealt with analyzing ordinary and
prestressed concrete beams subjected to torsion and combined torsion and
bending [°,%,Y°,£¢], adopted Y °b - point rule.
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Application, Results, and Discussion
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* all dimensions are in (mm).

Fig. (°-1): Different Meshes for Mukherjee and Warwaruk (V) +Y)
Beam (case two)
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o Y.< Finite Element, Boundary Conditions, and Equivalent Nodal
Forces of the Tested Beams

Since all the tested beams have the same length and cross sectional
dimensions, the same finite element mesh will be used for all beams.
Each tested beam was simulated by (¢+) isoparametric Y+-noded brick
elements, and the reinforcement modeled as one dimensional element
embedded within the Y+-noded brick element. The concentrated load (P)
was modeled as a line load uniformly distributed across the width of the
beam, while the external torque was modeled as a set of equivalent nodal
forces applied at the end of the beam (at z = -.+), as described in the
section Y-V,

The imposed boundary conditions maintain the stability and allow to
post cracking extension of the beam in z — direction to occur, the angle of
twist was calculated at (z = YAY mm). Figure (°-)Y) shows the finite
element mesh, boundary conditions, and the equivalent nodal forces of
the tested beams.

The effect of prestressing on the beam is introduced before applying
the external torque. It is considered as an effective stress and strain at the
sampling points of the prestressing tendons using () *) increments. The
numerical analysis was carried out using the modified Newton Raphson
method (KTYa). Many numerical tests have been considered to study the
suitable convergence tolerance and proper integration rule. The results of
these tests show that a convergence tolerance (Y%) and the Yeb — point

integration rule give closer results to the experimental results.
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Fig. (°-)Y): Finite Element Mesh, Boundary Conditions, and the Equivalent
Nodal Forces of Series (VA) and (VB) Beams (case two)
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o.v.c Results of Analysis of the Tested Beams

The results of the present finite element analysis of beams (series VA)
VYY, VY VY e VY e and V)Y Y give an acceptable agreement with
the experimental (by Mukherjee and Warwaruk) results, with a difference
range (V.o7% - A £7) for ultimate torque. Figures (°-\Y), (e-Y¢),and  (°-
V) represent a comparison between the experimental (by Mukherjee and
Warwaruk) and the present finite element torque-twist curve of the
concentrically prestressed concrete beams V)Y (T/B = V/¥), V).
(T/B=Y),and V)V (T/B = Y/V) respectively. The results explain that a
small difference between the ultimate torque of beams V)¢ (T/B = ¢/Y)
and V-2 (T/B = Y), and the increasing in the transverse load causes a
significant decreases in the ultimate torque as shown in figure (°-Y1). The
beams of series (VA) analysis without introduced the effect of
prestressing (f,e = *) to study the effect of prestressing on the behavior
and ultimate capacity of the beams, the results of this analysis show that
the prestressing of the beams increases the ultimate torque with a
different percentage and this percentage depends on the torque to bending
moment ratio (T/B). The maximum increase in the ultimate torque occurs
for beam VYV (T/B = Y/¥) and the minimum increasing in the ultimate
torque occurs for beam V) +2 (T/B = Y), thus the increase in the ultimate
torque due to the prestressing increases with decreases the torque to
bending moment ratio (T/B).

For beams VYYY, VAYY VIYe VAYe and VYV of series (VB)
(concentrically beams e = ©Ymm) the results of the present finite element
analysis show a good agreement with the experimental (by Mukherjee
and Warwaruk) results, with a different range (+.o7% - ©.£7) for ultimate
torque. A comparison between the experimental (by Mukherjee and
Warwaruk) and the present finite element analysis torque-twist curve of
beams VYYY (T/B = Y/¥), VVYe (T/B = Y), and VYV (T/B = Y/V) are
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shown in figure (°-)V), (°-YA), and (°-)9) respectively. Also, a
comparison among the beams of series (VB) are illustrated in figure
(°-Y+) to show the effect of torque to bending moment ratio (T/B) on the
ultimate torque. To study the effect of prestressing on the behavior and
ultimate capacity of series (VB) beams, analysis these beams without
introduced the effect of prestressing (f.. = *). The results of this analysis
explain an increase in the ultimate torque ranging from (1).47%) for beam
VYYe (T/B=Y)to (¢¢.07) for beam VYV (T/B = V/V). By studying the
effect of prestressing on series (VA) and (VB) beams, it can be noticed
that the prestressing is more effective for series (VB) beams
(eccentrically beams). The results of the present finite element analysis,
the experimental results (by Mukherjee and Warwaruk), and the
comparison between the experimental and numerical results are tabulated

in table (°-V).

Table (°-V) : Comparison Between the Experimental and Predicted
Ultimate Torque of Series (VA) and (VB) Beams

Tus Tur-Texp. Tur-Tuy
Beam T/B Texp. Tu Tur oo Ton Tor

. VY \/Y A AAY Y Y oY Yo £Y.Y 0
<>‘:,'\ V¥ | v YYXYO [ VY YA | VoYY | ) Af At O YAN
@ 1| VYt ¢y Yeo | Yosv | VT Y oot 1t 0 VY £% 0
= S RVIRD v yeot | Yoro | Yevd Y o1 °1 0 V.EY %
o VY [y ¢ t.7 | YAY L V.0 % £¥ .0 0
vy VY Yo VA | Ve Af | Vot Y oot N $Y A 0%
gg VOYY | Y/e | YexY | Vevy | dvev | Y .v Y % YA Y %
8 o | VYYE t7AN Yo ¢y Yo oo YY.YA Y. ve0 «.00p YUY 0
Snfovyye ¥ Yo Y | Y1 YT | Ve oY Y ho¢ ot 0y 11,4 0p
2 VIR \/Y X3 ooY ¥ AY K Y\ 0% $¢ 0 0

where :

Texp : The ultimate experimental torque (kN.m) (by Mukherjee and Warwaruk) .

Ty : The ultimate torque obtained from the present F.E.A. (kN.m) for prestressing beams .

Tyx : The ultimate torque obtained from the present F.E.A. (kN.m) for non-prestressing
beams (fe. = *).
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o.¥.% ariation of Warping Displacement

The variation of warping displacement over the section at z = + (applied
torque section) and at z = YV¢Y mm (fixed in torque section) of beams
(VY+Y), (VV+Y), (V)Y %), (VY+°) and (V)+V) at the collapse loads are
shown in figures (°-Y)), (°-YY), (°-YY), (°-Y¢) and (°-Y°) respectively.
The warping displacement of beams V.Y (T/B = /¥) and (V)'V)
(T/B = Y/¥) at z = -« is similar and the warping surface is plane. The
section has a rotating about the neutral axis and small rotating about the
longitudinal axis.

While the warping surface of beams V):Y (T/B = Y/¢), (V)+%)
(T/B=¢/Y)and V)+2 (T/B =Y) atz =+ is non uniform (non plane); this
IS due to effect of torsion. Where the torsion to bending moment ratio
(T/B) in these beams is high. When the (T/B) ratio is high the warping
surface is non plane and when (T/B) is small the warping surface is plane.

The warping displacement At z = YV&Y mm (fixed in torque section)

the section rotate about the longitudinal and neutral axes in all beams.
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-~~~

atZ=-+.-
(Applied Torque Section)

atZ=YvVeEY mm
(Fixed in Torque Section)

Fig. (°-Y°): Variation of the Displacement in Z-Direction at Ultimate
Torque of Beam (VYY) (T/B=VY/V,e="+)
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°.¢ Parametric Study

The effect of tension stiffening parameters, shear retention parameters,
Poison's ratio, and effect of torque to transverse load (T/P) ratio have
been studied on beam (V':Y) (T/B = )/Y) which was subjected to
combined shear, bending and torsion. The effect of reduction in
compressive strength (ky), the effect of variation of amount of
prestressing steel and the amount of longitudinal and transverse
reinforcement have been studied on beams (V):Y), (V):Y), (V)+9),
(VY-+2),and (V) +V) that were subjected to combined shear, bending and
torsion. In these numerical tests one parameter was selected to be vary

and all the other parameters were kept constant.

o.¢.) Effect of Tension Stiffening Parameters (i, and u.):

To study the effect of tension stiffening parameters (oy and ox) on the

behavior and ultimate capacity of beams subjected to combined shear,

bending and torsion loads, beam (V) + Y) has been analyzed with different
values of (ay) and (av).

Numerical tests of beam V) + ¥ with values of (ay) equalto (¢, Y+, Y©
and Y'+) have been carried out, in these tests (ay) was set to (+.¢) for beam
VY+Y. Throughout the numerical tests of beam V):Y the tension
stiffening parameter (a.y), which represents the rate of stress release as the
crack widens, has a strongly effect on the post cracking behavior of the
tested beam. Figure (°-Y1) show that the effect of (o) is largely influence
on the post cracking response and the ultimate capacity of the beam. The

higher value of (ay = ¥+) causes slightly stiffer response while the lower
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value (ay = ©) shows a softer response. The best fit to the experimental
results of beam V) + Y was obtained when (o) set is equal to () +).

To study the effect of the tension stiffening parameter (ay), which
represents the sudden loss in the tensile stress at instant of cracking,
numerical tests on beam (V) + Y) with values of (ay) equal to (+.Y, +.0, *.V
and V.+) have been carried out, in these tests (ay) was set equal to () +)

during the analysis. The parameter (av) has a significant effect on the post

cracking torque-twist response and a small effect on the ultimate capacity

of the tested beam as shown in figure (°-YV). The best fit to the
experimental results was obtained when (av) is equal to (+.¢). Similar

analysis has been carried out on beams of series (VA) and (\VVB) to choose

the best values of tension stiffening parameters as listed in table (°-°) and

(°-7).

10.00 —
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'g‘ 6.00 —
Z
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- i
S
S 400 —
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—— Experimental (by Mukherjee and Warwaruk)
2.00 — —— o =°
_+_ oy = \
] —k— o = Yo
—— o = AT
0.00 ' | ' | ' | ' |
0.00 0.01 0.02 0.03 0.04
Angle of Twist [rad/m]
Fig. ( °-Y1): Effect of Tension Stiffening Parameter (o) on the
Torque — Twist Behavior of Beam (V) + Y) (case two)
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Fig. (°-YV) : Effect of Tension Stiffening Parameter (o) on the
Torque — Twist Behavior of Beam (V) + ¥) (case two)

o.¢. v Effect of Shear Retention Parameters [y, v and y,)

Different values of shear retention parameters (y,, yv and y+) have
been used in a numerical tests of beam (V) + Y) to study the effect of shear
retention parameters on the torque — twist response and ultimate capacity
of the tested beam. Numerical tests with values of (y,) which represents
the rate of decay of the shear stiffness as the crack widens equal to (¢, )+,
Yo and Y+) and (yv) equals to (+.¢) and (yr) equals to (+.)) were carried
out. A slightly stiff response was obtained for (y,) equal to (¥+), as shown
in figure (°-YA) . The best fit to the experimental results of the tested
beams is obtained when (y,) is equal to () +). Three numerical tests on
beams (V) +Y) with (yv) equal to (.Y, +.2, and +.Y), the parameters (y,)
and (yy) were set equal to () +) and (+.") respectively in all tests have been

considered to study the effect of shear retention parameter (yv) which
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represents the sudden loss in shear stiffness at instant of cracking. The
results of these tests show that no significant effect of (yy) on the
torque-twist curve of the tested beam as shown in figure (°-Y4). The best
value of (yy) for the tested beams was set equal to (+.¢). The effect of
shear retention parameter (y+) which represents the residual shear stiffness
due to dowel action is examined by four numerical tests of beams (VYY)
with (yr) equals to (+.+°, +.Y, +.Y° and +.Y). Figure (°-Y+) show that (yv)
has a small effect on the behavior and slightly effect on the ultimate
capacity of the tested beam, the best value of the parameter (yr) has been
taken equal to (+.)). From the results of the above testes of parameters
(vyy, yv and vyv) it is clear that a small effect of these parameters on the
behavior and ultimate capacity of the tested beam. Thus, for beams of
series (VA) and (VB) can use values () +, +.°2, and +.)) for parameters (y,,

v+ and yv) respectively.
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Fig. (°-YA): Effect of Tension Stiffening Parameter (y,) on the
Torque — Twist Behavior of Beam (V) + Y) (case two)
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o ¢ Y Effect of Poisson's Ratio (u)

The beam (V):Y) was analyzed using three different values of
Poisson's ratio. These values are (+.)2, +.Y, and -.Y). Figure (°-Y") shows
that no considerable difference is noticed in torque-twist response and
ultimate capacity of the tested beam for Poisson's ratio equal to (+.)° and
+.V) but the value (+.Y) gives decreasing ultimate capacity of the tested
beam. The best value of Poisson's ratio was set equal to (+.Y) for beams
of series (VA) and (VB). The same value of Poisson's ratio was used by
many researchers who analyzed reinforced and prestressed concrete

beams under torsion and combined bending and torsion [°,1,Y2,£¢],
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Fig. (°-Y"): Effect of Poisson's Ratio (v) on the Torque — Twist
Behavior of Beam (V) + Y) (case two)
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o ¢ ¢ Effect of Gompressive Strength Reduction Parameter (k,)

Four numerical tests have been carried out on the beams (V):Y),
VYY), (VY- 9), (VY+2), and (V):V) with different values of (k,) in
order to study the effect of compressive strength reduction parameter (k).
For each test the parameter (k,) was set equal to (+.Y), (+.°), (+.Y), and
(+.+) (i.e. The compressive strength reduction phenomena is not
activated). Figure (°-YY) shows no considerable effect of (k) on the
overall torque — twist response and small effect on the ultimate
torsional capacity of beam (V) :Y). The best fit of beam (V) :Y) to the
experimental results is obtained when (k,) set equal to (+.°). The results
of analysis to study the effect of the parameter (k,) on the torque — twist
behavior of beam (V) + ¥) explain that the parameter (k,) has more effect
on the torque — twist response and ultimate torsional capacity than
in beam (V) +Y), and the best value of the parameter (k) equal to (:.V).
The effect of the parameter (k,) increased in beams (V):¢) and (V):°)
that were tested with four different values of (k,). The result of the
(VY +°) beam is illustrated in figure (°-YY), which shows a strongly effect
of the parameter (k,) on the post cracking response and ultimate torsional
capacity of beam (V):°). The best fit of the parameter (ki) to the
experimental torque — twist curve is obtained for (k,) equals to
(+.°) for the two beams. No significant effect of the parameter (k) on the
ultimate torque of beam (V) V). The best fit to the experimental results is
obtained when the parameter (k,) set equal to (+.°). The results of the
tested beams to study the effect of the reduction compressive strength
parameter (k,) indicated that the parameter (k,) is more effective for
beam with high (T/B) ratio, and can be used a reduction compressive
strength parameters (k,) equal to (+.°) with an acceptable error for all
beams of series (VA) and (VB).
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o_¢ o Effect of Amount of Prestressing Steel (A)

The effect of the amount of prestressing steel (Ay) on the torque-twist
behavior of beams (V):Y), (V):Y), (V)+£), (V)+°), and (V):V) are
examined by three numerical tests for each beam. These tests contain
different values of amount of prestressing steel (Ay), these values are
(¢).%, v+, and 4¥) mm' in addition to the original area of prestressing
steel (*V.) mm'. The increasing of amount of prestressing steel causes

an increasing in prestressing forces with the same allowable stress

(fe= Ape ). The figures (°-Y¢), and (°-Y°) that represent the torque —

ps
twist curve of beams (V) +Y), and (V) + ) respectively show that increase
the amount of prestressing steel increases the stiffness, the cracking loads
and the ultimate capacities of the tested beams. The results and the
increasing ratio in the ultimate torsional capacity are listed in table (°-A).
From the results, it is clear that increase the amount of prestressing steel
iIs more effective for beams with low torsion to bending moment ratio
(T/B) as shown in figure (°-Y1).

Table (°-A) : Predicted Ultimate Torque for Different Amount of
Prestressing Steel for (VA) Series Beams

Beam | T/B Ultimate Torque (kN'm) T51.6 _T37.5 T7o _T37.5 T93 _T37.5

Trvo Toyx Ty. Tar Tyrs Tys Tys
V)Y \VAS A AY q.0 Yo )4 Yo Tg Y.YY 0 Yo oY 0p AR
VY«Y | Y/¢ YY.YA AR R Y& AA Yo Yo T.¢A0p VY «0 0p V¢ AY 0
V)¢ ¢y Yo ¢y \RTR V1,40 v va £ €Y 0p 4.A0 0y YE VY O
V).o Y Yo Yo Yo Yo a1 YT AY Y «Y 0 Y.4Y % 140
VY'Y | VWY I ¢ LY 1A ¢.vAa 4.V 0 Y1.Yo Op YA 9
where :

Tev.: ultimate torque when using area of prestressing steel equal to ¥V.emm".
T-\ -+ : ultimate torque when using area of prestressing steel equal to ©).Tmm".
Ty. : ultimate torque when using area of prestressing steel equal to Y+ mm" .

{H\}
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Ts : ultimate torque when using area of prestressing steel equal to Y mm'.
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Fig. (°-Y¢): Effect of the Amount of Prestressing Steel on the
Torque—Twist Behavior of Beam (V) +Y)
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Fig. (°-Y1): Effect of the Amount of Prestressing Steel on the
Ultimate Torque of Series (VA) Beams (e = +)

o.¢Eifect of Amount of Longitudinal and Transverse

Reinforcement

The beams (V) +Y), (V)Y), (V)+9), (V)+2), and (V) V) are tested
under different amounts of longitudinal reinforcement to study the
influence of longitudinal reinforcement on the torque — twist behavior and
ultimate torque capacity of the tested beams. In each beam, the amount of
longitudinal reinforcement (A,) increases in a uniform percentage (1.Y°A,
(3 mm"), Y.cA, (O +Amm") and YA, () £¢ mm")), in addition to the actual
amount of longitudinal reinforcement (A, = YY mm"). Figures (°-YV) and

(°-YA) illustrate the effect of the longitudinal reinforcement on the

SARAR
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torque — twist curve of beams VY+Y(T/B = V/¥) and VY-¢(T/B = Y)
respectively.

The results of all tests of the selected beams are listed in table (°-9).
These results show that the effect of increasing the longitudinal
reinforcement is more effective in ultimate torque capacity for beams
(VY+Y)and (V) V) (in these beams torsion to bending moment ratio is
low).

Also, it is noted that a small increase in torsional capacity for beam
(VY +2) which has a high torsion to bending moment ratio (T/B = Y).
Thus, the effect of the longitudinal reinforcement on the ultimate torque
capacity is not constant for all beams of series (VA). figure (°-Y4) shows
that the increasing in the ultimate torque depend on the (T/B) ratio.

Four numerical tests with amount of transverse reinforcement (A,)
equal to (Y.Y°A,, Y.°A,, YA,, and Y.2A,) have been carried out in order to
explain the effect of transverse reinforcement.

Figures (°-¢+) and (°-¢)) show the effect of the variation of the
amount of transverse reinforcement on the torque — twist curve of beams
(VY+Y) and (V) +°) respectively. The results of the numerical tests that
are listed in table (°-)+), show that a high increasing in the ultimate
torque for beams (V) +¢) and (V) +°) where these beams having a high
torsion to bending moment ratio (T/B), and this increase in torsional
capacity decreases when the torsion decreases to bending moment ratio.
The effect of the amount of transverse steel bars on the ultimate torque is

shown in figure (°-£Y).

{Hi}
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seam | /B Ultimate Torque (KN.m) T — T Tios =T | Tws =Ty
Tyy Ta. Ty Thee T2 T T2
\VARA \V/Y AAY 4.0 . Yyo 4.AA Y. 0 10 Y YO
VY«Y | Y/¢ YY.YA 'Y 'Y.4Y YE T Y.¢ANOp ¢ AY 0p oo 0y
VYed | /7 | Yoy Yo vy Yo 41 YYY Y.9¢ 0p Y.EY Op oY 0
V).o Y Yo Yo Yo 1) Yo Vo Yo A Y. 1404 Y10 Y 0
VYY [y ¢ 1 €Y ¢ Yy ¢ oV Y VY 0 X VY 01 0

Table (°-9) : Predicted Ultimate Torque for Different Amount of
Longitudinal Steel for (VA) Series Beams

where ;

Ty : ultimate torque when use area of longitudinal steel equal to YY mm'.
Ts. : ultimate torque when use area of longitudinal steel equal to 4+ mm'.
T..x : ultimate torque when use area of longitudinal steel equal to ) +A mm'.
T\ : ultimate torque when use area of longitudinal steel equal to ) £¢ mm'.

Table (°-) +) : Predicted Ultimate Torque for Different Amount of

Transverse Steel for (VA) Series Beams

Ultimate Torque (kN.m) T -T T -T T.-T T -T
Beam T/B 1 0 2 0 3 0 4 0
T T, T T | T T, T, T, T,
VYY |y | AAY A4y 93y | ave | a.0A 'Y 0 Y £ 0 104 AY 0p
Y veo | vev
VYY | ¥/ | YF YA | YYAY ¢ Y 0 oMo 0 q.1¢ 04 BRK
¥ 1 A
Wy [ yarn | oyey
VYee | g7 | Yo gy | v1.¢d T AY 0 Yo Y 0p YV1 0 ¥y 00
q q q
YA Ay [ v
\VARY:) ¥ yove | Yiov V.40 0 YY1 0 Y1Y 0 YoV 0
¥ Y ¥
where :

T, : ultimate torque when use area of transverse steel equal to (*Y and YY) mm’ inside
and outside the gage length respectively.

T, : ultimate torque when use area of transverse steel equal to (¢+ and 4+) mm’ inside
and outside the gage length respectively.

T+ : ultimate torque when use area of transverse steel equal (¢4 and )+A) mm’ inside and

outside the gage length respectively.
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T+ : ultimate torque when use area of transverse steel equal to (1¢ and Y¢¢) mm" inside and
outside the gage length respectively.

T. : ultimate torque when use area of transverse steel equal to (A+ and YA+) mm" inside and
outside the gage length respectively.
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Fig (°-YV) : Effect of the Amount of Longitudinal Steel on the
Torque—Twist Behavior of Beam (V) + Y) (case two)
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Fig. (°-Y4): Effect of the Amount of Longitudinal Steel Bars on
the Ultimate Torque of Series (VA) Beams (e = +)
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Fig. (°-¢Y): Effect of the Amount of Transverse Steel on the
Torque—Twist Behavior of Beam (V) + Y) (case two)
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o ¢ v Efect of (T/P) Ratio on the Ultimate Capacity

In order to study the effect of torque to transverse load (T/P) ratio on
the ultimate capacity of concentrically beam (V':Y) which was
subjected to combined shear, bending and torsion, many values of the
ratio (T/P) have been considered. The results of the analysis are tabulated
in table (°-))), these results explain that no considerable difference in
the ultimate torque when the torque to transverse load (T/P) ratio is equal
or above (Y) as shown in figure (°-£Y). The effect of (T/P) ratio on the
ultimate load of beam (V) :Y) is illustrated in figure (°-£¢). This figure
shows a small difference in the ultimate load for (T/P) ratio range from
(Y) to (?). Below (T/P) ratio of (Y), a high increase in the ultimate load is
noticed with decreasing (T/P) ratio . From the results it is clear that the
effect of concentrated load (P) on the ultimate torque is negligible for a
combination load (T/P) equal or above (Y), and the torque (T) has a small

effect on the ultimate load for a combination load (T/P) range from (Y) to

(%).
Table (°-)Y) : Ultimate Torque, and Ultimate Load for Different Values
of (T/P) Ratio of Beam (V) Y)

T/P [KN.m/KN] T [KN.m] P[KN]
VA AYE AY
\/4 AR Avoo)
\/A ¢ VY Y
\/V V.ot YY YA
VN 1)) 14
\/o YY.VY ¥ A0
\/4 VeV 01,01
\/Y Ve g¢ AR
\/Y Vo) y.n

\ Yo Y Vo¥)
Y A5 v.o)
v Y £.94
¢ Ve QA ¥.vo
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1.)  Introduction

The following conclusions are drawn with regard to the results of the
present finite element analysis of prestessed concrete beams subjected to
pure torsion and combined loads of shear, bending and torsion described
in the previous chapter, are presented in this chapter. The suggestions for

the future works are also presented in this chapter.

1.Y Conclusions

V. The effect of transverse load (P) on the ultimate torque capacity (T)
is negligible for torque to transverse load ratio (T/P) equal to or
above (V).

Y. It was found that the existing of prestressing force on reinforced
concrete beams subjected to combined shear, bending and torsion
increases the torsional stiffness and the ultimate torque capacity of
these beams. The increasing in the ultimate torque capacity
depends on the torque to bending moment ratio (T/B). The
prestressing force causes an increasing in the ultimate torque to
about (¢Y.07) for (T/B = /Y), while for (T/B = Y¥) the increasing in

the ultimate torque is about (V.£Y %).

YY)
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Y. The increasing of the amount of prestressing steel decreases the
ductility and increases the ultimate torque of prestressed concrete
beams subjected to combined shear, bending and torsion in
different range and this depends on the torque to bending moment
ratio (T/B). The increasing in ultimate torque was (Y:.1Y7) for
(T/B =)/¥) and (3.47%) for (T/B = Y) for the considered cases.

¢, For beams with low torque to bending moment ratio (T/B), the
increase in the longitudinal reinforcement increase the ductility and
the ultimate torque capacity. However, for beams with high (T/B)
ratio, the change in the amount of longitudinal reinforcement has a
small effect on the ultimate torque capacity and ductility. The
increase in the ultimate torque capacity is about () Y.e17% - ¥7) for
(T/B = V/Y) and (T/B = Y) respectively, when the amount of
ordinary longitudinal reinforcement is twice.

©. The transverse reinforcement has a significant effect for beams
with high torque to bending moment ratio (T/B). When the amount
of transverse reinforcement increases to twice, the ultimate torque
capacity increase to about (¥°.Y%) for beam with (T/B = Y) for the
considered cases.

1. The results of finite element analysis indicate that the tension
stiffening parameters (o, and o) have a large effect on the torque —
twist behavior and the ultimate torque capacity of prestressed
concrete beams under pure torsion and combined shear, bending
and torsion. While, the shear retention parameters (y, vy, and yv)
have small effects on the behavior and ultimate torque capacity.

Y. The best value of the reduction compressive strength parameter
(ky) is (+.®) for prestressed concrete beams subjected to combined
shear, bending and torsion. So, it is recommended to be used for

other similar cases.
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A. The three dimensional nonlinear finite element model and the

1Y

proposed simulation of the prestressing as effective stress and
strain at sampling points along the prestressing tendons that used in
the present study are capable to predict the behavior of prestressed
concrete beams subjected to pure torsion and for combined shear,
bending and torsion. The results of the analysis are in good
agreement with the experimental results, with a difference range of

(+.o% - A.£7) for ultimate torque.

. Analysis of prestressed concrete beams containing steel fiber under

combined shear and torsion could be carried out by modifying the

material model used in the present study.

. Analysis of prestressed concrete beams under combined shear and

torsion with inclusion of the effect of shrinkage, creep of concrete

and the relaxation of prestressing steel.

. Studying the effect of transverse opening in prestressed concrete

beams subjected to combined shear, bending, and torsion.

. More numerical research works are required for studying the

interaction between shear, bending, and torsion for different shapes

of prestressed concrete beams.
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