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' ABSTRACT

Transve.rse opemngs are someumes very essential for accommodating uuhty services in reinforced
concrete structures. Most current codes and specifications have no provisions for specific design of
reinforced concrete beans with openings and subjected to torsion.

The objéct of this research is to develop a nonlinear 3-D finite elements constitutive model for
R.C. beams with openings subjected to torsion by simulate the experimental behavior. A computer
program based on finite element method is developed to include the nonlinear material properties

of both concrete-and steel reinforcement. The output results of the F.E. program are compared and

- verified with the exp‘erimental resalts don¢ by other researchers. The effect of some important
. parameters such as ‘tension stiffening, shear retention paramieters, compressive strength of
" concrete, as well as the opening dimensions, and their locauons are stuched and mvesngated
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1 INTRODUCTION

Transvérse opemngs in- concrete Jbeams. represent "
from a - practical’ vwwpomt a means .of

accommodating . ufility ~ sérvices in . a bulIdmg

"structure. Thé ability to dccomiriodate such services -

through a2 member instead of below or. above the

- member results in'a compact design and an overall
. savmg in térms of total buildiig Height. Provision.of

openings through a beam; however, - changes its

‘ sunple made of behavior to'a miore complex one [1].
- Therefore, the design of sich béaris needs special
- treatment. Most cutrent ¢odes and- specifications,
"’ however, have no prOWSlons for Spec:ﬁc desxgn of
._suchmembers e

- The fexpr‘:‘rimental works require, qualified

Iaboratofies with special equipments, financial
supports, and time facilities

Most of the researchers depend on the analytical
stady of the problem by improving theoretical

- models to estimate torsional strength of members and

the way they can resist torsional moments. To verify
the résults of the theoretical models, some important

' -comparisons with the available experimental works

should be essential. Three dimensional nonlinear
finite elemént program is developed [2] and extended
[3] to study and simulate many types of reinforced
conicrete ' structures. The torsional behavior of
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rectangular sections with or without openings is
investigated,

The analysis based on the finite element method was
extended to consider the material nonlinearities
represented by stress-strain relationships for both
concrete and reinforcing steel, concrete cracking,
crushing, tension stiffening effect and shear retention
factors. An isoparametric clement with 20 nodes is
used in the analysis. Each node has three degrees of
freedom. The reinforcing steel was represented by
the embedded bars in the concrete element {2].

One of the objectives of this paper is to verify and
assure of the reliability of the developed three
dimensional nonlinear finite clement program on
reinforced concrete structures under pure torsion.
Another objective of this appraisal, in addition to
testing the model reliability, is to identify the
important material and solution parameters, which
affect the torsional behavior of the considered beam.

2. EXPERIMENTAL WORK

2.1 Test Specimens

The results of the test program done by Mansur et
al [4] was chosen in this analysis to be simulated and
compared with the finite eclement analysis. The
purpose of the test was to study the behavior of
reinforced concrete beams with large rectangular
openings under pure torsion. The test program
consisted of ten reinforced concrete beams with

P A

rectangular cross section, The major variables of the
study were the length, depth, and eccentricity of the
openings.

Each beam was 3.3 m long with an overall cross
section of 200 mm by 400 mm, The beams were
supported on a span of 2.5 m. The dimensions and
the reinforcing details of the test beam are shown in
Fig. 1. The yiceld forces of reinforcing bars was 62.2
kN for longitudinal reinforcement and 10.6 kN for
stirrups and the concrete cylinder strength fo was
44.4 N/,

In this paper, one of these beams, B4, was chosen for
the comparative study. Details of opening and
concrete dimensions are shown in Fig. 1.

2.2 Description of Test Rig

The test beam was supported at each end on a
cylindrical bearing. These bearings permitted free
torsional rotation at the supports. A torsiofl arm was
attached to the beam at each support. The load was
applied to one of the torsion arnts by means of a 200
kN hydraulic jack while the other torsion arm was
held in position. Torsional rotations were measured
within the central 1.6 m of the beam irrespective of
opening length, Fig. 2 shows the test setup and
instrumentation. The load on the torsion arm was
applied in increments up to failure, The experimental
cracking torque was 4.79 kN.m and the ultimate
torque was 14.66 kN.m,

G
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Fig. 1 Dimensions and reinforcement details of the tested beam [4]
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Fig, 2 Test Setup and instrumentation for
© experimental work [4]
3. MODELING OF THE TESTED BEAM BY

FINITE ELEMENT METHOD

" In the analysis, thie beam is divided into 22 elements
- to simulate the reinforced Concrete specimens as

shown in Fig. 3. Reinforcements including stirrups
and longit-udinal bars are represented for each
element with its actual location, area, and direction as
shown in Fig. 4. A Gauss rule with 3x3x3 was used
for this stady, =~ - : '

To check the relibility of the prograr for torsional

analysis, load application, bouindary conditions, shear
retention  parameters, and . temsion-stifféning
parameters were considered to simulate the problem,

3.1 Loading Stmulation

To properly simulate the - experimentally applied -

torque, three sets of nodal loads ate assumed it the
F.E. analysis to simulate the exact loading as shown
in Fig. 5. o : IR

‘Fig. 4 FE Modeling of stecl bars as imbedded

~ reinforcement for beam B4
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T1=T2=T/2 T =P.A+P.B
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P,=T/6B . P =T/A+B)

Fig. 5 Modeling of the applied ioad by three sets of
s loading

Figure 6 shows the effect of different simulation of

load sets on the non-linear behavior and torque-angle
of twist behavior of the tested beam. It.can be seen

from this figure that load application of Set I and 2,

where the torque is applied as a set of two equal
couples, gives an overall better results than the other
load Set 3, therefore Set 1 is used for all subsequent

_ analysis in this research.
Y T
) 7 ‘A"’A
204 . A’
. At
. A aaagen X
E15{ £ peeiRo
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19 4 i TS A
£ ---@--- Set (1)
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u - l‘ 'l. }7 T T ‘(
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- Angle of Twist x10-3 in (rad/m)

Fig. 6 Effect of load application on the non-linear
o ) ~ behavior '
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3.2 Boundary Conditions

Six cases of boundary conditions were examined as

shown in Fig. 7, where:

Case {1): all external nodes at one end are compleiely
fixed to prevent any warping of the cross-
section,

Case (2): the four corner nodes of the beam at one
end are completely fixed to allow
symmetrical warping to occur,

Case (3): is similar to case (2) but instead the four
middle nodes were fixed,

Case (4): Three nodes only were completely fixed,
this being the minimum to prevent
unconstrained movement,

Case (5): all nodes at the end are fixed in the y- and
z-directions while only three nodes fixed in
the x-direction, this being an atiempt to
simulate the skew- symmetry nature of the
problem, and finally

Case (6): is a combination of case (2) and case (3).

Fig. 8 shows the nonlinear torque-twist curves for
different cases of boundary conditions and Fig. 9
compares ultimate torques for all boundary
conditions with the test results. Boundary condition,
Case (5) gives a too stiff post-cracking response and
a large overestimate of the ultimate torque. Case (3)
produced the closest fit to the experimental results;
therefore, it is applied for all subsequent analysis

Case 2 Case 3

Case 4 Case 5 Case 6

Fig. 7 Different boundary conditions
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Fig. 8 Torque-angle of twist curves for different
cases of boundary conditions

25

g
%2 20
£
£ 15 4 7
g 15 %
S .
10 |
w5 %
s |

0- _

Test C§1 CS2 CS3 C85 CS6
Boundary Condition
Fig. 9 Ultimate torques for different cases of
boundary conditions

4. PARAMETERIC STUDIES

The main parameters affecting the results of torsion
by the proposed nonlinear finite element model for
reinforced concrete structures can be classified into
two groups; the first contains material property
parameters of both concrete and steel such as tension
stiffening, shear retention factor, compressive and
tensile sirengths, as well as stress-strain relationships,
and the second contains "numerical” factors such as
the solution techniques used to solve non-linear
equations, mesh size, number and size of increments;
maximum number of iterations in each increment,
convergence tolerance, the type of element used in
the analysis, the number of Gauss points per element
and other parameters such as simulation of supports
and applied loads.

The aim of this section is to study the effects of some
of the above parameters on the behavior of reinforced
concrete members subjected to pure torsion.

In addition to the pervious factors, the effect of
opening dimensions on the behavior of beam B4 wiil
be investigated.
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crack as shown in Fig. (10).
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5. EFFECT OF NONLINEAR PARAMETERS
' The following parameters thai  influence the -

nonlinear analysis were studied in this part:

e  Shear retention factor

" e ‘Tension stiffening factor
o Compressive strength of concrete
e  Openiig d1mens10ns .

5.1 Effect of Shear Retentlon Parameters

- The shear retention factor can strongly influence a

nonlinear solution, espema]ly if shear is prominent,
The torsion problem is pnmanly a ghear dominant
problem.

To achieve an aim of mcor_poratmg a realistic shear
retention factor to imodel shear transfer across
cracked concrete, a quadratic function is used [1]
based on the assumption of direct strain normal to the

B
] -

B

'Bz‘

1 L
S=fVE e

o ¥

Fig. 10 Variable shear retension factor

 Thisis given by.

Forl<1 p=1 D

For 1<Z g [33-'
: -

- p=py: mm 2133)+2F53( ] [—S—J] ¥

&
.Where' B __(E’l ﬁZ) 3) 7
(- 53) Lo
: and-&;--o‘ at.-s't =By | S o (4)_‘
For Snpyp=fp. O

€y

 Where © is the uniaxial cracking strain of concrets,
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-TOrq;le‘_ inkNm -

Py = the value to which the shear retention factor

drops immediately upon cracking to répresent the

- sudden loss of stiffness of cracking formation.

P2~ the value to which the shear retention factor
finalty settles and continues as a constant to represent

~“the residual shear stiffness due to dowel action once a
.. crack has opened sufficiently for. aggregate

interlocking to cease.

B3 = the ratio of final normal tensile strain, after
which the shear retention factor remains constant, to
the cracking strain to represent the rate of decay of
stiffhess as the crack widens,

" Shear retention factors can strongly influence a

nonlinedr solution, especially if shear is prominent,
The forsion problem is primarily a shear dominant
prablem and because of this dominance, and in order
to isolate the effects of shear retention from those of
tension stiffening, tension stiffening was assumed
inactive for the study reported in this section,

The effects of the shear retention parameters (f;,

B, , and ‘P3) on the nonlinear behavior of the

. investigated beam are considered with the followmg

limits:
B=(0.0~10)

]32= (00 -ﬂ] )

. B3 = 0.003*E, /1,

Where E, is the modulus of elasticity of concrete, and
'.is the tensile strength of concrete.

" Figure 11, shows torque-twist curves for the beam for

different values of fy, .and Fig 12 shows the
variation of the behavior for different values of By
and s ; It is clear from the figures that variation of
shear retention parameters produced significant

effects on ultimate torque and post-cracking_sﬁmleSS.

2
20 |

T T T

0 .10 20 30 4 50 60 70 30 90 100
_ 'Angle of Twist x10™ in rad/m

- Fig, 11 Effect of shear retention parameter
- { By ) on torgue-twist behavior
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Fig. 12 Effect of shear retention parameters
( B2 & By ) on torque-twist behavior

%2 Effect of Tension Stiffening Parameters

When concrete reaches the ultimate tensile strength,
primary cracks form at finite intervals along the
length, The load is transferred across these cracks by
reinforcement, but the concrete between cracks is
still capable of carrying part of the stresses because
of the bond between steel and concrete, This
phenomenon is known as tension stiffening effect.
The concrete stress is zero at the cracks, but is not
zero if averaged over the length. Figure 13 shows the
stress distribution of a cracked reinforced concrete
element. As the load increases, more cracks develop
and the amount of the tension carried by the concrete
is gradually decreased. Several appreaches based on
experimental results have been employed to simulate
this behavior. A gradual release of the concrete stress
component normal to the cracked plane is considered
in the present work as shown in Fig. 14.

Concrete cracking

Stress in concrete

Average Actual

Stress in reinforcement

Fig. 13 Stresses in cracked reinforced concrete
element

L

Stress

ANE

of .

Tensio

n

o

Strain

Compression Em

Fig, 14 Tension stiffening model [7]

The modulus of elasticity is assumed to decrease due
to cracking as the strain increases [7] by the
following formuia:
o f) £:

= (l-—L), and g <g<g,. (6)

i m
Where £, is the modulus of rupture of the concrete, &
is the uniaxial cracking strain, and ct, em are tension
stiffening parameters which depend on concrete
strength,
The normal stresses are obtained by:

G=af (--1), and g <gse, (D
em
a; = the ratio of the value to which the normal stress
across the crack drops immediately at cracking
to the tensile strength uncracked concrete.
oy = the ratio of the final tensile strain at which the

tension stiffening effect becomes zero to the
cracking strain of concrete,
Several values for the tension stiffening parameters
oy and o, were examined, as shown in Figs. 15

and 16 with the shear retention parameters adopted
from the previous section as:

By=04, By =020, py= 200

It is evidently clear from the figures that all values of
tension stiffening parameters produced slightly stiff
initial post-cracking response. However, neglecting
the tension stiffening parameters predicts reasonable
post cracking response. Furthermore, the ultimate
torques predicted with the inclusion of tension
stiffening was only slightly higher than those
predicted with no-tension stiffening. This can
probably be attributed to the nature of the torsional
cracking around the external perimeter of the cross
section as distinctly different from flexural cracking.
The maximum number of iterations was taken as 20
with a convergence tolerance equal to 1%. The
element stiffness was recomputed at the beginning of
each load increment. The load was applied in small
equal increments of 0.48 kN.m until failure,
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AngleomestxlO in rad/m

Fig. 15 Effect of tension stiffening {o)
parameters on the non-linear behavior

—
(%]

=T S R - -
e

e

Angle of Tmst x10° in rad!m
Fig. 16 Effect of tensxon stiffeniing (az) parameters
on the non-lmear behawor - _

Companson between expenmenfal and ana]ytlcal
results

~ The anélytlcal results based on FEM model.
considering the previous factors aré compared with

the experimental results for the'test beam. Figure 17
compare the torque-angle of twist curve and Fig. 18.

compare theé cracking ultimate torque. It'is shown
" from these figures that a very good agréement

between the expenmental and analytlcal results was
obtained. .
' Crack propagatlon of the test beam at dlﬂ‘erent'
loadirig values is shown in Fig. 19, The expenmental
crack pattern of the test bearn is shown in F1g 20. 1t
is clear from the figuré that the predicted pattern of
cracks using the FEM model: was almost s1mllar to
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the experimental results. It is shown from the crack
. patterns that stress - concentration- occurs at the

corners of the opemng
18 -

. 16' _a--'ﬁF
‘14 +

g
Z 121
210
. i
2 8
2 61 B4 - Test
=
4- ---A--« B4-FEM

0 20 40 60 80 100 120
Angle of Twist x10” in radm
Fig, 17 Comparison of torque-twist curves between
‘experimental and analytical results
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Flg 19 Analytlcal crack patterns of beam B4
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TR e
Fig. 20 Experimental crack pattern of beam B4

5.3 Effect of Compressive Strength

Many researchers investigated the effect of torsion on
the behavior of normal and high strength concrete [6]
with different compressive strengths. In this section
three values of compressive strengths of concrete
were apphied to identify the concrete in the finite
element model proposed for the test beams. The
objective of this section is to show the effect of
increasing the compressive strength on the torsion
behavior. The following relations between the
compressive strength, temsile strength and young’s
modulus [7] are considered in the analysis:

£ = 674f,  psi ®
E, = 57000y, psi )

Three different values of compressive strength of
concrete, £, and the corresponding tensile strength,
£, and the modulus of elasticity E; are applied in the
analysis, The given data were as follows:

Case (1)

£ =3.55kN/em®

£ =0.33 kN/em?

E. = 2821 kN/em®

Case (2):

! = 4 44 kN/em?®

) =0.37 kN/em?
E. = 3155 kN/cm®

Case (3):
£, =5.55 kN/cm?
£ =0.41 kN/em®

Modulus of elasticity of concrete,
E. = 3527 kKN/cm?

The previous cases are analyzed by the finite
elements and the results are compared.

The effects of the compressive strength are shown in
Fig. 21 and 22, 1t is noticed that, when compressive
strength was increased by 25%, cracking and
ultimate torques of the considered beam were
increased by about 14% and 12.5%, respectively.

5.4 Effect of Openings Dimensions
The opening dimensions in the tested beam are
assumed with different values in order 1o investigate
their effects on the behavior of beam B4. The range
of values for these parameters is chosen as to be
within the practical range. The following parameters
are considered:

e The opening depth, d,

e  The opening length, 1,

While investigating each one of the parameters, the
other parameter is kept constant.
To investigate the effect of variation of opening
dimensions on the behavior of reinforced concrete
beams under torsion, test beam was investigated
under the following conditions:
e Opening depth with values of 160, 180, and
200 mm and with a constant opening length
of 800 mm.
e Opening length with values of 600, 800,
1000 mm with aconstant opening depth of
200 mm.
Results of the analysis are illustrated in figures from
23 t.hro;:ﬂgh 26.

18 1
16 1

Torque inkN.m

0 % 20 3 40 S50 60 70 80 9 00
Angle of Twist x10” in rad/m

Fig, 21 Effect of compressive strength of concrete on
the torque-twist behavior

25
&8 Cracking Torque
20 A g Ultimate T orque

15 1

Torge KNn
o
1

Case 1 Case 2 Case 3
Compressive strength in kN/em®

Fig. 22 Effect of compressive strength of concrete on
the cracking and ultimate torques

It can be noticed that torsional capacity of a beam
decreases with increasing length or depth of opening.
The pre-cracking torsional stiffness of beams
decreases with increasing length or depth of opening.
After cracking, the slope of the torgue-twist curves
appears to be independent of opening dimensions. In
other word, the slopes of the torque-twist curves in
the post-cracking range were nearly the same for all
the specimens regardless of the length or the depth of
the openings.
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Fig. 26 Effect of opening length on the cracking and
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6. CONCLUSION

1.

The chosen isoparametric element with 20 nodes
and embedded steel bars can represent the
concrete and simmlate the reinforcement with
real dimensions and positions.

The developed three dimensional nonlinear finite

_element model simulates the pure torsional

behavior of reinforced concrete rectangular
beams within acceptable accuracy. In particular,
torque-twist curves and ultimate strengths were

" all predicted well.

The finite element model predicts the behavior
of reinforced concrete beams under combined
loading reasonably well, Proper attention must
be paid for selecting the nonlinear material
parameters. ’

Suitable modeling of boundary conditions for
- torsion is important, and must be taken care of to

allow for proper warping effects.

Application of torque in the finite element
program can be simulated by a set of two equal
couples, since it gives acceptable simulation for
the warping of the cross section,

Care and proper judgment must be used to
identify what parameters affect the particular
situation in question. Generally, when shear
dominates the shear retention factor is more
jmportant and - tension stiffening may be
neglected or used with very small values of its
-parameters. On the other hand, when flexure
dominates the tension stiffening may be more
important and shonld be considered.

The results from the 3-D finite element program

" were harmonic with the experimental results and

therefore, the proposed analysis with FEM

. proved to be a good tool for predicting the

overall behavior of reinforced concrete beams

" with openings subjected to torsion and/or shear

and bending moment.
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7. Concrete grade affect the values of cracking and
ultimate torques. It is noticed that increasing of
compressive strength value by 25% results in
increasing of cracking and uitimate forques of
beam by about 14% and 12.5%, respectively.

8. Torsional capacity of a beam decreases with
increasing length or depth of opening. Tt can be
concluded from this study that increasing of
opening length by a ratio of 50% of beam depth
led to decreasing of ultimate torque by about
15.5%. In addition to that, a reduction in opening
depth by a ratio of 0.05% of beam cross section
results in an increasing in ultimate torque by
about 7%.

7. LIST OF SYMBOLES

E, Modulus of elasticity of concrete
/e  Compressive strength of standard concrete
cylinder
S+ Tensile strength of concrete
@)  the ratio of the value to which the normal
stress across the crack drops immediately at
cracking to the tensile strength uncracked
concrete.
ay  The ratio of the final tensile strain at which
the tension stiffening effect becomes zero to
the cracking strain of concrete.
By The value to which the shear retention factor
drops immediately upon cracking
B,  The value to which the shear retention factor
finally settles and continues as a constant
B3  The ratio of final normal tensile strain, after
which the shear retention factor remains
constant, to the cracking strain.

£ Uniaxial cracking strain of concrete

8. REFERENCES

[1] Nilson, AH.,, "Finite element Analysis of
Reinforced Concrete”, State of the Art Report,
American Scciety of Civil Engineers, New York
, 1982,

[2] Meleka, N. N, and Tayel M. A., “Nonlinear
Finite Element Analysis of Reinforced Concrete
Members Using Three Dimensional
Isoparametric Brick Elements with Embedded
Steel  Reinforcement”, 3rd  Alexandria
conference on structural and Geotechnical
Engineering, 1997, pp.557-576.

[3] Sigutri, M.M, "Nonlinear Finite Element Analysis
of Reinforced Concrete Beams with Openings
Subjected to Combined Torsion, Bending and
Shear", M.Sc. thesis, Civil Engineering
Department, Menoufiya University, Minoufiya,
Egypt, 2005.

[4] Mansur, M.A,; Ting, SK.; and Lee, SL,
"Torsion Tests of R/C Beams with Large
Openings®, Joumnal of Structural Division,
ASCE, V0l.109, No.8, August, 1983a, pp.1780-
1791

6} Abd Ei-Rahim, K.E, "Behavior of High Strength
Concrete Beams with Web Opening Subjected to
Torsion”, PhD. thesis, Department of Structural
Engineering, University of Cairo, Cairo, 2003

{71 Hinton, E., and Owen, D. R, L, “Finite Elemente
Prograrnme fiir Platten und Schalen” Springer-
Verlag, Berlin, 199¢.

[8) ACI Committee 318, "Building Code Require-
ments for Reinforced Concrete", ACI-318-2002,
American Concrete Institute, 2002,

384 Engineering Research Journal, Minoufiya University, Vol. 30, No. 3, July 2007






