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Abstract

This research work presents a nonlinear finite element investigation on the
behavior of lightweight reinforced concrete beams. This investigation is carried
out in order to get a better understanding of their behavior throughout the entire
loading history.

The three-dimensiond 20-node brick elements are used to model the
concrete, while the reinforcing bars are modeled as axia members embedded
within the concrete brick elements. The compressive behavior of concrete is
simulated by an elastic-plastic work-hardening model followed by a perfectly
plastic response, which terminated at the onset of crushing. In tension, a fixed
smeared crack mode has been used .The effect of some important parameters
(f'c, rw,a/d) have been investigated to study their influence on the predicted load-
deflection curves.
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Introdudtion equilibrium density between (1120
Structural lightweight-aggregate and 1920 kg/m3), and consists
concrete made with structura entirely of lightweight aggregate or a
lightweight aggregate as defined in combination of lightweight and
ASTM C 330. The concrete has a normal-density aggregate[1]. In the
minimum 28 day compressive last few years there was an
strength  of (17 MPa), an increasing interest in concrete for
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heat isolating dements in housing,
for bridge structures or other
structural elements .In the field of
civil engineering, lightweight
concrete is used in plates or in
dender edements eg. beams .To
construct such gructural  elements
without or with a minimum of shear
reinforcement is of major interest .
Due to the application of
lightweight  aggregate  concrete
(LWAC), it is possible to save
weight transferred to the
substructures and foundations of a
bridge or a building or a energy-
related floating structures and so the
construction cost and time could be

reduced These structura
applications  stimulated more-
concentrated research into  the
properties of lightweight concrete to
be used for new and nove
applications where high strength and
high durability are dedrable.
Structural  high-strength lightweight-
aggregate concrete is usudly defined
as a concrete with a 28-day
compressive strength of (40 MPa) or
greater [1].All structural concrete
elements such as beams, columns,
walls and dlabs depend on concrete
to resist part of the applied shear
force .Since a shear failure is rather
sudden and non-ductile, it is
imperative that the designer be able
to accurately predict the concrete
contribution to the shear strength .It
is essential to study the shear
strength  of LWAC  structura
members to provide engineers with a
safe, proven design method [2].

Finite Element M oddl

In the present research work, a full
three - dimensiona finite dement
idedization has been used. This

idedlization gives accurate
simulation for geometry, type of
failure and location of reinforcing
bars. The 20-node quadratic
brick element shown in  Fig. (1) is
adopted to represent concrete.

The reinforcement representation
that is used in this study is the
embedded representation, Fig. (1).
The reinforcing bar is considered to
be an axiad member built into the
concrete element. The
reinforcing bars were assumed to be
cgpable of transmitting axid force
only.

The numerical integration is
generaly carried out using the
27(3x3x3) point Gaussian type
integration rule.

The nonlinear equations of
equilibrium have been solved using
an incrementd-iterative technique
operating under load control. The
nonlinear solution agorithm that is
used in this research work is the
modified Newton-Raphson method
in which the dtiffness matrix is
updated a the?® 12" 22™ . .ec.
iterations of each increment of
loading .

Concrete Model Adopted in the
Analysis
Behavior in Compresson

In compression, the behavior of
concrete is smulated by an eadtic-
plasic work hardening  modd
followed by a pefectly plagtic
response, which is terminated at the
onset of crushing. The growth of
subsequent  loading  surfaces  is
described by an isotropic hardening
rule. A parabolic equivalent uniaxia
stress-strain curve has been used to
represent the work hardening stage of

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.10, 201(

Nonlinear Finite Element Analysisof High
Strength Lightweight Concrete Beams

behavior and the plastic draining is
controlled by an associated flow rule.

The concrete drength  under
multidimensiond date of dress is a
function of the sate of stress and
canot be predicted by dmple tendle,
compressve  axd  shearing  dress
independent of each other. So the the
date of stress must be scaled by an
gppropriate yield criterion to convert it
to equivalent dress that could be
obtained from smple experimentd ted.
The yidd criterion that has been used
successfully by many investigators [34]
can be expressed as

f({c})=(al1+3B%)*=c, -

where oo and  ae materid parameters
which are dependent on the type of
concrete[5,6]. I, is the fird dress
invariant and J is the second deviatoric
dress invariant. ¢ , is an equivdent
effective dress a the onsat of pladic
deformation which can be determined
from auniaxid compression test.

In a reinforced concrete member, a
sgnificant degradation in compressive
srength can result due to the presence
of transverse tendile draining after
cracking. In the present study, Vecchio
et, d. models are used for HSC [7]
members, which illugsrates the use of
the reduction factor, \. The compressive
reduction factor, A, for HSCisgiven as

A= 1 2
I+K .. K¢

where K. is a factor
representing the effect of the
transverse cracking and straining and
Kt is a factor representing the effect
of concrete compressive strength f¢

K.=0.35 (e1/ £5-0.28)°% ... ....(3)

ad
Ki=0.1825 (f')*°> 1.0.....(4)

where g;  is the tensile drain in

the direction normd to the crack and
g3 IS the compressve drain in the
direction parallé to the crack.

According to test results reported
in reference  [8], Al-Musawi
proposed the modulus of dasticity a
formula for the lightweight concrete
(Ec ) in terms of compressive
strength (f'. ) asfollows

E.=2900 (f')*° ... (5)

Behavior in Tension:

In tension, linear €astic
behavior prior to cracking is
assumed. Cracking is governed by
the attanment of a maximum
principal stress criterion. A smeared
crack mode with fixed orthogonal
cracks is assumed to represent the
cracked sampling point. The post-
cracking tensile gtress-strain relation,
Fig. (2), [9,10] and the reduction in
shear modulus with increasing
tensile strain Fig. (3),[11] have been
adopted in the present work.

According to test results reported
in reference [12] the concrete peak
value of the tensile stress of high
strength reinforced concrete (f ) is
proposed in terms of compressive
strength (. ) asfollows:

f.=0.57(f' 9% ... (6)

Numerical Examples
Description of Test Specimens:

A tota of 17 reinforced
lightweight concrete beams were
tested by Al-Dhaimi [2] under
monotonic loading up to failure. In
order to check the validity of the
present material model, six of these

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.10, 201(

Nonlinear Finite Element Analysisof High
Strength Lightweight Concrete Beams

beams were chosen for this research
work to carry out the finite element
analysis. These beams were
designated WS120,WS220, WS140,

WS240, WS340 and WS230.All

tested beams had a rectangular
section 102*203mm with different
length as shown in Table (1). Fig.(4)
shows loading arrangement and
reinforcement details.

Finite Element ldealization and

Material Properties:

By making use of symmetry of
loading, geometry and reinforcement
distribution of the tested beams, only
one quarter of each beam will be
considered in the numerical analyses.
In the present study, the chosen
segments were modeled using 4
brick elements. The finite element
mesh, boundary conditions, and
loading arrangement are shown in
Fig.(5). Dimensions, material
properties and the additional materia
and numerical parameters are listed
in Table (1).The longitudina bars
were simulated as  embedded
elements into the brick elements.

The numerical analysis have
been generdly carried out using the
27-point integration rule and a
convergence tolerance of 2 %. All
the analysis have been conducted out
using 3DNFEA(Three-Dimensiona
Non-Linear Finite Element Anaysis)
computer program and the program
was coded in FORTRAN-77
language.

Resultsof Analysis:

The experimental and numerica
load —deflection curves for beams
WS120,WS220, WS140, WS240,
WS340 and WS230.ae shown in
Fig.(6).These figures show good
agreement for the finite element
solution  compared  with  the

experimental results throughout the
entire range of behavior .They revea
that both the initiad and post-cracking
dtiffnesses are reasonably predicted.
The computed failure loads for all
beams are close to the corresponding
experimental collapse load as listed
in Table (2).

Parametric Studies

To investigate the effects of
some of the materia and solution
parameters on the nonlinear finite
element andysis of lightweight
concrete beams, beam WS140 has
been chosen to cary out a
parametric study. This study helps to
clarify the effect of various
parameters  that have  been
considered on the behavior and
ultimate load capacity of the
analyzed beams.

Effect of Grade of Concrete (f'c)

In the present research work, a
study was made to investigate the
use of lightweight concrete of higher
compressive strength. This  was
achieved by numerically testing an
assumed beam with a wide range of
concrete compressive strength. This
beam is smilar in dimensions,
arrangement  of reinforcement and
other details to WS140. The tension
diffening parametersa; and a, were
set equa to 5 and 0.5 respectively.
While the shear retention parameters
v1, Yoand y3 were set equa to 5,0.99
and 0.15 respectively.

The results of this investigation are
shown in Fig. (7). Four grades of
concrete were considered in this
study. These were (32.6, 45, 65 and
85 MPa). The analysis reveaed that
the faillure was due to concrete
crushing for al grades of concrete.
Therefore the cracking load and
post-cracking stiffness are increased
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by increasing concrete compressive
strength .The finite element results
revealed that an increase up to 100%
in ultimate load capacity can be
achieved by wusing compressive
strength equal to 85 MPa, compared
to a compressive strength of 32.6
MPa

Influence of L ongtudinal Renforcement

(rw)

The influence of using different
longitudina  reinforcement  ratios
(rw) on the load-deflection curve is
investigated. An assumed beam
reinforced with various longitudina
reinforcement ratios was numerically
tested. The results are shown in Fig.
(8). The longitudinal reinforcement
ratio varied form 0.900 % to 2.305%.
The concrete compressive strength
and reinforcement yield stress were
32.6 and 738.4 MPa respectively. By
studying the predicted response of
the beam, it can be seen that the
increase in  the  longitudina
reinforcement ratio leads to a differ
post-cracking response and significant
increase in the ultimate load capacity
of the beam. The finite dement results
revealed that an increase up to 41.86%
in ultimate load capacity can be
achieved by usng longitudina
reinforcement ratio equal to 2.305%,
compared to a ratio of 0.9% . Table
(3) shows the comparison between
cracking and ultimate loads for
different amount of p,,.

Influencedf Shear Span-Depth Ratio (a/d)

In order to investigate the
influence of using different shear
span-depth (a/d) ratio on the
behavior of load-deflection curve of
the high drength  lightweight
concrete beam, an assumed beam
reinforced with r w=2.305%,
f'c=66MPa and various shear span-

depth (a/d) ratios were numericaly
tested. The results are shown in
Fig.(9).The shear span-depth (a/d)
ratio varied form 1.0 to 4.0.

By studying the predicted
response of the beam, it can be seen
that the increase in the shear span-
depth (&/d) ratio leads to a decresse in
the post- cracking siffness response
and a dgnificant decrease in  the
cracking load and ultimate load
cgpacity of the beam is noticed. The
finite lement results reveded that an
decrease up to 312.86% in ultimate
load capacity can be achieved by
using shear span-depth  (&/d) ratio
equals to 4.0 compared with using
(a/d) ratio equals to 1.0. Table (4)
shows the comparison between
cracking and ultimate loads for

different shear span-depth (a/d)
ratios.
Conclusions

1.The three dimensional nonlinear
finite element model used in the
present work is capable of simulating
the behavior of high strength
lightweight concrete beams
subjected to monotonic loading. The
finite element analysis carried out
showed good agreement with the
experimental results throughout the
entire range of behavior.

2The increase in  concrete
compressive strength results in a
significant increase in the ultimate
load capacity of the beams when the
failure is due to concrete crushing.

3. The increase in longitudina
reinforcement ratio was found to
increase ultimate load capacity and
post-cracking stiffness. An increase
up to 41.86% in ultimate load
capacity can be achieved by using
longitudina reinforcement ratio of
2.305%.
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4.The decrease in shear span— depth

(a/d) ratio was found to increase

ultimate load capacity and post-

cracking stiffness. An increase up to

312.86% in ultimate load capacity for

(a/d=1.0) over ultimate load

capacity isobtained for (a/d=4.0).
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Nomenclature

fe

uniaxia compressive strength of concrete.

fy

yield strength of reinforcemen

fi

uniaxia tendle strength of concret:

O, O

tension-sti ffening parameters

b

material constant

ps

shear retention factor

9:,92,.,9;

shear retention parameters

compressive strength reduction factor of concret

stress normal to cracked plane

strain normal to cracked plane

cracking strain

cracking stress.

Table (1) Dimensions, material properties and the additional material and

numerical parametersused for Al-Dhalimi beams|[2]

| WS120 | WS220 | WsS230 | WS140 | WS240 | w340 |
Concrete
Shear Span a(mm) 430 430 513 684 684 684
ald 25 25 3.0 4.0 4.0 4.0
Effective Depth d| 171 171 171 171 171 171
Effective Span Ln| 1130 1130 1296 1638 1638 1638
Y oung’'s modulus, 14207 | 14281 | 15208 | 16558 | 15563 | 16405
Compressive 24 24.25 275 32.6 28.8 32
Tensile strength, f 3.31 2.864 3.08 3.03 3.183 3.087
Poisson’srétio, v 0.2 0.2 0.2 0.2 0.2 0.2
Main Reinforcement
Bar Diameter (mm) 212 3f12 3f12 2f12 3f12 4f 12
Y oung’'s modulus, 200000 | 200000 | 200000 | 200000 | 2000000 | 200000
Steel ratior , (%) 1297 | 1945 | 1945 | 1.297 1.945 2.593
Yield stress f, 7384 | 7384 | 7384 | 7384 738.4 738.4
Tension-stiffening parameter
a 5 5 5 5 5 5
a 0.4 0.45 0.45 0.5 0.55 0.55
Shear retention parameters
o 5 5 5 5 5 5
0 0.85 0.85 0.9 0.99 0.99 0.99
o8 0.1 0.1 0.1 0.15 0.15 0.15
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Table (2) Comparison between experimental and
predicted ultimate loads.

E ) tal Numerical
xperimental - timate Load (kN)
ultimate L oad
Beams Pu Pu o Pu ,num.
(kN)
Pu, exp.
WS120 73 73 1.000
WS220 73 1.096
WS230 65 64 0.985
WS140 56 53 0.946
WS240 58 59 1.017
WS340 55 53 0.964

Table (3) Comparison between cracking and ultimate loads for
different amount of longitudinal reinforcement ratio.

P Numerical Numerical
% CrackingLoad (kN) | Ultimate Load ( kN )
0.9 8 43

1.458 12 53

2.305 18 61
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Table (4) Comparison between cracking and ultimate
loads for different shear span-depth (a/d) ratio.

Numerical Numerical
= CrackingLoad (kN) [ UltimateLoad (kN )
1 51 289
15 41 260
2.0 20 245
25 10 171
3.0 10 140
35 8 101
4.0 8 70

Figure (1) The twenty-nodebrick
element.

Figure (2) Post-cracking modelsfor cracked
concr ete.
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Figure (3) Shear retention mode for cracked concrete.
P

v
g PIZI—bI P2 | 2ozmm

| 3 :
| | iﬁ[gi o

Ln =1130. 1296. 1638 mm 2012 or 3912
| or 4912

\4

A

Figure (4) Dimensions and reinforcement details of Al-Dhalimi beamg[2].
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X4———‘-§ 203 mm

At section Z=0.0 At section Z=b/2 At section Z=Ln/2

Figure (5) Finite element mesh, boundary and symmetry
conditions used for atypical tested beams
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Figure (6) Al-Dhalimi beams, analytical and experimental load-deflection curves
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Figure (7) Effect of concrete grade on the load-deflection behavior
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Figure (8) Effect of variation in thelongitudinal reinforcement ratio on
the load-deflection curve of beam WS140 with a/d=4.
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Figure (9) Influence of shear spadepth (a/d) ratio on load- deletion
curve of beam Ws 140 with f'c = 65 M Pa
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