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Abstract: This paper discusses the structural behavior affamied concrete rectangular beams which t
transverse opening in the web under the effecingfies point loading. The location of the openingghe majo
variable adopted in this paper, while, théher variables are kept constant for all tested ispats. The
experimental part includes poured and test of {@00x150x750mm) beam specimens with different ocat
openings. The experimental results indicated thatultimate strengths are decrea(12%), (22%) and (41%
for beams containing opening at distance (L/2)3)land (L/6) from the edge respectively. Also, dhange ir
openings locations from center toward the edge teatkcrease the carrying capacity for about (2960prder
to studymore thoroughly the performance of tested beamsprdinear analysis using ANSYS (Vers-11)
finite element program is used. The analytical Itssndicated that the lo-deflection response, ultimate loa
and crack pattern are in good agreement the experimental results.
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1. Introduction
Sometimes, in building construction, utility duaad pipes are accommodated in

space above the false ceiling. Passing these dhmisigh openings in the floor beal
eliminates a significant amount of dead space asdlts in a more compact economi
design, however, the effect of openings on thengtteand behavior of the beammust be
considered, Fig. lincluding transverse openings in the web of a ceodd concrete bear
reduced stiffness, and alters the simple beam hb@h&y a more complex one. Therefo
while providing a large opening, the effects onnudite and serve load behaviors of tr
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beam must be properly accounted for in design. iladbese ducts through vertical (or
transverse) openings in the floor beams leadsrémlaction in the dead space and results in a
more compact designmultiplied by the number ofiesocan represent a substantial saving in
total height, length of air-conditioning and elémi ducts, plumbing risers, walls and
partition surfaces, and overall load on the fouiothatThe reduced stiffness of the beam may
also give rise to excessive deflection under serdiwad and result in a considerable
redistribution of internal forces and moments incantinuous beam unless special
reinforcement is provided in sufficient quantity thviproper detailing, the strength and
serviceability of such a beam may be seriouslycséid

Figurel.Industrial Building (Openings through Stem of Beam)

Since the strength of concrete in tension is camaldly lower than its strength in
compression, design for shear becomes of major rtaupce in all types of concrete
structures. Generally, shear mode of failures arelet into four categories of failure and
depends mainly on shear span to effective depib Bt The possible modes of failure are
shear-tension failure; shear-compression failuexufal failure; and arch-rib failure. Several
researches are interest in transverse openings gp@fings) in the rectangular floor beams
under the effect of flexural or torsion loads [2, Shear behavior of reinforced concrete T-
Beams contains vertical opening (Flange openiradsd, studied [4].

This paper discusses the structural behavior affosied concrete beam which have
transverse opening in the web and subjected ta.shea

2. Experimental Study

2.1. Experimental Program

Tests were carried out on four rectangular shapainls, simply supported under the
effect of single point loading. All beam specimemsre reinforced with tension (flexural)
bars at bottom. To eliminate the shear resistingtrdmution of stirrups and to ensure the
specimens to fail in shear mode of failure, theetsbeams were made without shear
reinforcement (stirrups). The location of openingswhe major variable in this research. The
span, cross-section, concrete strength and rearftent were kept constant for all tested
specimens. To evaluate the compressive strengttoncrete, the experimental program
consists, also, cast and test of a series of d@spgezimens (cubes).
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2.2. Beam Specimens Details

The nominal dimensions of tested beams are showkign2. The overall length was
(750 mm), while, the overall depth and width arB0ghm) and (100 mm) respectively. All
beam specimens were reinforced withg @ mm) tension (flexural) bars at bottom (with

clear cover of 20mm) without shear reinforcement.

£
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Figure 2. Dimensions of Tested Beams

The first beam specimen is poured without any apgnand the others are poured with
circular opening (50mm) diameter at different lomas (Mid-span, L/3 and L/6). Table
1.shows the details of tested beams, the locatibopenings are shown in Fig. 3.

Tablel. Beams Designation and Details

Beam Designation Dimensions (mm) Reinforcement  Opening Location**
by h I
(SB-1)* 100 150 750 3¢ 10 mm Without opening
SB-2 L/2
SB-3 L/3
SB-4 L/6
*Reference Beam *Measufedn Support ** Diameter of Opening is (50
SB-3 — §B-1
=0
< (30 (AN s50mmm 4
SB4 Somm 8B-2
e 7 A A
| §30mm | | S50mm |

Figure3. Location of Openings
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2.3. Materials

In manufacturing the beam and control specimertsgl loonstruction materials are used
(except steel bars); properties and descriptionsefl materials are reported and presented in
Table2.

Table 2. Description of Construction Materials

Material Descriptions
Cement Ordinary Portland Cement (Type )
Sand’ Natural sand from Al-Ukhaider region with maximize of (4.75mm)
Gravel’ Crushed gravel with maximum size of (20mm)
Reinforcing Bars §10 mm) deformed steel bars, having (410 MPa) salength f)”
Water Clean tap water (Used for Both Mixing and iGgy

* Conform with Iraqi specification No. 45/1989[5]. ** Conform with Iraqi specification No. 45/8@[6].
*** Average of three specimens (Each 400 mm lejpgth
2.4. Concrete Mix design
One concrete mix was used in this work; the coecneitx proportions are reported and

presented in Table 3. It was found that the usedproduces good workability and uniform
mixing of concrete without segregation.

Table 3. Proportions of Concrete Mix

Parameter Quantity

Water/cement ratio 0.40
Water (Liter) 168
Cement (kg/m) 420
Fine Aggregate (kg/M 600
Coarse Aggregate (kgfin 1200

2.5. Molds

Two wooden molds, (100x150x750) mm dimensions, wesed to poured beam
specimens. The molds were manufactured with (18thiolk plywood base and two movable
sides. The sides were fixed to the base by scréWisen the mixing process was completed,
the beam and control specimens were then castrée tlayers and compacted by a table
vibrator (external vibrator) to shake the mix awsolidate it into the molds. The surface of
the concrete (top face of control specimen and fide of beam specimens) was leveled off
and finished with a trowel, Fig. 4. Then, the spems were covered with a nylon sheet to
prevent evaporation of water. It may be noted tteagnsure that it would be easy to remove
the samples when the concrete hardened, the iaoces bf the molds was oiled.
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Figure 4. Poured of Beam Specimens

2.6. Test Measurements and | nstrumentation

Hydraulic universal testing machine (MFL systempwaed to test the beams specimens
as well as control specimens. Central deflectios l@en measured by means of (0.01mm)
accuracy dial gauge (ELE type) and (30mm) capaciige dial gauges were placed
underneath the bottom face of each span at midnBwafile and loading arrangement are
shown in Fig. 5.

2.7. Concrete Mixing and Placing (Pouring)

2.7.1. Concrete Mixer and Vibrating Table

The concrete was mixed by using a horizontal rotaiyer with (0.19 m) capacity.
While, vibrating table are used to vibrate the besgpacimens as well as control specimens.
The vibrating table consists of (1.0x1.5m) tabledmaf (10mm) thick steel plate. The source
of vibration was a rapidly rotating eccentric weigthich makes the table vibrates with a
simple harmonic motion.

2.7.2. Curing and Age of Testing

After (24) hours, the beam specimens and contretisgens were stripped from the
molds and cured (kept) in water bath for (28) dayish almost constant laboratory
temperature. Before (24) hours from the date dingsthey were taken out of the water bath
and tested in accordance with the standard spaidits.

2.8. Test Results of Control Specimens

Test results of mechanical properties of contra@cgpens (compressive strength) are
summarized in Table 4. Compressive strength foesu(f.,) was carried out on concrete in
accordance with BSI 881-116 [7] with standard cufdégx150x150 mm). The cubes were
loaded uniaxially by the universal compressive maehip to failure.
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Table 4.Mechanical Properties of Concrete

Property (MPa) Value (MPa)
Cube compressive strength) 30
Cylinder compressive strength ()~ 25.5
*Average of six samples. f*c =0.8%¢y

2.9. Test Procedure

All beam specimens were tested using universainggeshachine (MFL system) with
monotonic loading to ultimate states. The testednise were simply supported over an
effective span of (650mm) and loaded with a simqgast load; Fig. 5 shows the setup of
beam specimens.The beams have been tested atfd@83 @ays. The beam specimens were
placed on the testing machine and adjusted sdhbatenterline, supports, point load and dial
gauge were in their correct or best locations.Logdivas applied slowly in successive
increments. At the end of each load increment, mbsens and measurements were recorded
for the mid-span deflection and crack developmerd propagation on the beam surface.
When the beams reached advanced stage of loadiradles increments were applied until
failure. They fail abruptly without warning (sudddailure) and the diagonal cracks that
develop becomes wider and as a result, the loadatwt stopped recording anymore and the
deflections increased very fast without any inceeas applied load. The developments of
cracks (crack pattern) were marked with a penalagh load increment.

Figure (5) Beam Specimen Setup

3. Numerical Study

In order to study more thoroughly the performantéested beams, ANSYS (Version-
11) [8] finite element program is used to analy@e selected beam specimens, (SB-1) and
(SB-3). A nonlinear three dimensional brick elem@MDLID-65) in ANSYSis used to model
the concrete. The solid element has eight nodds thite degrees of freedom at each node,
translations in the nodal x, y and z-directionse Hhement is capable of plastic deformation
and cracking in three orthogonal directions. A dige axial element (LINK-8 in ANSYS) is
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used to model the steel reinforcement. Two nodeseaquired for this element; at each node,
three degrees of freedom exist identical to thametlie brick element.To avoid stress
concentration, (10x50x100mm) steel plate, modelgdusing (SOLID-45 in ANSYS), is
added at the load locations. The element has eigties with three degrees of freedom at
each node, translations in the nodal x, y and eetions.

3.1. Materials Properties
3.1.1. Concrete

For the finite element models, compressive uniastia@ss-strain relationship for concrete
is described by a multilinear isotropic stressistrve. The failure surface is defined by a
total of five strength parameters, but it can dsospecified by a minimum of two constants

(f; and f(;) with the other three referred as given by Willamd Warnke criterion [9]. The
shear transfer coefficientB() for open cracks andf() for closed cracks, representing
conditions of the crack face and determining theowmh of shear transferred across the
cracks, are used in many studies ranging from ¢0.0}.0). In this study,{,) is assumed to
be (0.2) and f§.) (0.25). In tension, the stress-strain curve fonarete is assumed to be

linearly elastic up to the ultimate tensile stréngfhe tension stiffening of concrete after
cracking is represented by providing a linearly céesling branch. Smeared cracking
approach is utilized to model the cracking of ceter For finite element analysis, Poisson’s
ratio for concrete is assumed to be (0.2). The tdbpempirical equation of ACI-
318[10]Committee is used to determine the moduluglasticity and tensile strength of
concrete in the modeling of finite elements, asxshm Table 5.

Table (5) Modulus of Elasticity and Tensile Strength Adopted in FEA

Concrete Type Empirical Equation fc' (MPa) Value (MPa)
NSC - 25.5 E.=23734
E=4700| f. ¢
teo2(f, )" o5

3.1.2. Steel Reinforcement and Steel Plates

The uniaxial stress-strain relation for steel mailized as a bilinear curve with Von-Mises
yield criterion, representing the elastic-plastahavior with strain hardening. This relation is
assumed to be identical in tension and compressoshown in Fig. 6. In the present work,
the strain hardening modulusjHs assumed to be (0.03)EThis value is selected to avoid
convergence problems during iteration. The steatepl are assumed to be linear elastic
materials. An elastic modulus equal to (200GPa)Rwmidson’s ratio of (0.3) are used for the
plates and the steel reinforcement
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Figure 6. Modeling of Reinforcing Bars

3.2. Finite Element Modeling

The actual dimensions of the tested beams are showig. 2. Due to simple geometry
of the tested beams, and due to vary locationgehings, entire model of beam is used for
the finite element modeling, Fig. 7

- AN — AN

EPE P LNIR HPE 7 2IS
IRezaeg Spe)

‘/\ Steel Plat

Obpeninc

Figure 7. Mesh of the Concrete and Steel Plate

It may be noted that, the origin point of coordesatie in one corners and only one
loading plate are provided at the top of stub (coiyto prevent load concentration. As an
initial step, the beams, plates and supports ardetad as areas, then volumes (solid
elements).

3.2.1. Finite Element Meshing

After creating of volumes, a finite element analysequires meshing of the model. In
other words, the model is divided into a numbemsiall elements, and after loading, the
stresses and strains are calculated at integratamts of these small elements. To obtain
good results, the mesh is set up such that sqgoaredtangular) elements are created, Fig. 7.
In the early attempt (before spreading the loadubing steel plates) and due to load
concentration on concrete elements, crushing ofctdnerete started to develop in elements
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located directly under loads. Subsequently, adfacencrete elements crushed within few
load steps. As a result, the model showed a laigg@ladement, the solution diverged and
finally, the finite element model failed prematytelTherefore, to prevent this premature
failure phenomenon, steel plates are used undér loa

3.2.2. Loads and Boundary Conditions

Displacement boundary conditions are needed tot@nsthe model for obtaining a
unique solution. To ensure that the model actsstee way as the experimental beams,
boundary conditions need to be applied at the supgpocation. For each support, of beam,
one support is to be modeled as a hinge and tlee otie is modeled as a rollers.

The external load was applied on a steel platesacitee entire centerline of the steel plate;
thus, the external applied load was representethéyequivalent nodal forces on the top
nodes of the same place of plate. Since the ste& pad four divisions in transverse

direction (Z-direction), the equivalent force atlkeaiode on the plate becomes (P/5) of the
actual applied force (assuming equally distribuigdpplied load).

The application of the loads up to failure was domaementally as required by the
Newton-Raphson procedure. Therefore, total appgbed was divided into a series of load
increments (load steps). Within each load step,imam of (50) iterations were permitted.

At certain stages in the analysis, load step siae varied from large (at points of linearity in
the response) to small (when cracking and ste@igg occurred). In all cases, convergence
was achieved before reaching the maximum (50)titera

Failure for each of the models is defined when #$lodution for a minimum load
increment still does not converge (convergences)fairhe program then gives a message
specifying that the models have a significantlgéadeflection (rigid body motion).

4. Results and Discussion
4.1. Experimental Results

As mentioned before, the main objectives of thislgtare to examine or assess the shear
behavior of reinforced concrete beams containirenoms at different locations.

During the experimental work, ultimate loads, le@dsus deflection at mid-span for each
beam were recorded. Photographs for the testedsagtaken to show the crack pattern and
some other details. The recorded data, generalvlmehend test observations are reported as
well as recognizing the effects of adopted pararaaie the shear behavior.

4.1.1. General Behavior

Photographs of the tested beams are shown in Figd8est results are given in Table 6.
All beams of this category were designed to faislear, which was characterized by sudden
failure and diagonal wide cracks which extendednfisupports towards the load or openings
locations.
The general behavior of the tested beams can logiloled as follows:

At early stages of loading, small vertical deflentiinitiated in the mid span of tested
beams, with further loading, one diagonal cracleeaéed upwards and became wider in shear
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span. The crack propagated faster and reached dimpression face (near applied load
oropenings), where crushing of the concrete neaptsitions of applied loads had occurred
due to high concentrated stresses under load askmre of weak locations in the beam
(openings).

As expected, the main cracks (diagonal cracksafotested beams commenced at the
shear span and all beams exhibited sudden failure.may be noted that, at failure, some
parts of tested beams were crushed and subjecteeftagmentation , this is may be due to
high concentrated of stresses and absents ofcakesteel reinforcement to hold these parts in
the transverse direction.

SB-2

e

; '\'1_ / Diagonal CraC}(._ .
. s
\\

Diagonal Crack

Figure .8 Crack Patterns Tested Beams

4.1.2. Mode of Failure

The appearance of the cracks reflects the failuoglanfor the tested beams. The
experimental evidences show that the diagonal sragkended horizontally along the tension
reinforcement and eventually, the failure take elalue to diagonal tension cracks were
formed diagonally and moved up and towards thetiposof loading point, this mode of
failure called “Shear-Tension” failure, as showrig. 8.

4.1.3. Ultimate Shear Strength,jV

The recorded ultimate loads of the tested beamprasented in Table 6. As expected,
test results show that the reference beam (SB-%)tha maximum ultimate strength in
comparison with the rest beams. This may be dads$ent of any leak (openings) in the web.
As shown in Table 6, the ultimate shear strengtitedesed when the opening location moved
toward of and close up to the edge (support).Fertdéisted beam SB-4 (which have opening
near the support), the ultimate shear strengthedsed by (41%) this due to passing of the
crack's direction through the circular opening.v@8ten an opening faced it the crack grew
larger and consequently the sudden failure occurred

For the tested beam SB-2 (which have opening atehéer), the ultimate shear strength
deceased by (12%), the presence of opening dieipt the cracks to extended easily (the

10
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direction of cracks is far away from the openingipon) and as a results, the shear strength
didn't decreased significantly.

Table6. Ultimate Shear Strength of Tested Beams

Beam Designation Opening location u RN) V, (KN)** (Vo il(V )R
(SB-1)* Without Opening 41 20.5 1.0
SB-2 L/2 36 18 0.88
SB-3 L/3 32 16 0.78
SB-4 L/6 24 12 0.59

*Reference Beam **\=P,/2

4.1.4. Effect of Openings on Ultimate Strength

As shown in Table 6, presence of openings leaddetweases the stiffness of tested
beams due to removed concrete parts, and this teatésrease in carrying capacity.

Due to abrupt changes in the sectional configunatepening corners are subject to high
stress concentration that may lead to reductiostifmess of the tested beam and produced
cracking and excessive deflection, Fig. 9.

As shown in Table 6, when the opening shifted f(@/R) to (L/3) (see SB-2 and SB-3),
the ultimate shear strength decreased from (12%)2#36). When the openings shifted
towards the support (from (L/2) to (L/3)), rapidbgressive of cracks were take place due to
passing of openings directly within the path ofgdiaal cracks.The decreasing in ultimate
load was (41%) for tested beam (SB-4) when shiftede toward the support. This means
that the location of openings affected significamth ultimate capacity of tested beams.

4.1.5. Deflections

Load-deflection curves of the tested beams at mahsat all stages of loading up to
failure are constructed and shown in Fig. 9. Aswshoat the beginning, all curves were
identical and the tested beams exhibited lineaateh and the initial change of slope of the
load-deflection curves occurred between (5 kN tkN)S which may be indicated the first
crack loads. Beyond the first crack loading, easdéinb behaved in a certain manner.

Behavior of reference Beam (SB-1) exhibited greltads and deflections in comparison
with the other beams. This beam had the greatdfstess due to absent of openings. Load-
deflection curves for the tested beams (SB-2, SB¥@ SB-4) exhibits smooth increase in
both applied loads and deflections. Presence ohinge caused decreasing in the load
carrying capacity beyond the first cracking ands tinas reflected on the corresponding
deflections. For tested beams (SB-1 and SB-2)htsiiggrease in ultimate deflection of beam
(SB-2) was observed by comparing with (SB-1). Tikisay be due to presence of opening in
the beam (SB-2) which leads to decreasing of badfmess and as a result, slight increases
in deflection take place.

11
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Figure 9. Load-Deflection Relationship of Tested Beams

4.2. Finite Element Results
4.2.1. Loadbeflection Curve:

Deflections (Vertical displacements) are measutedid-span at the center of the bott
face of the beams, indirection (L,). Deflected shape of finite element beam model tdt
the vertical load is shown in F. 10. The load versus deflection curves obte from the
numerical study together with the experimentalstese presented andmpared in Fig. 11
and Fig. 12for tested beams (-1) and (SB3) respectively. In general, it can be noted fi
the loaddeflection curves that the finite element analyses agree well with th
experimental results throughout the entire rangebehavior. When comparing with t|
experimental values, all the numerical models shelatively large capacity at the ultime
stage.

1 1
BOIAL MILOTION BOREL SOLOTION
KPR, 7 215

T1:4:50

ST ENrEETY . 5715 ~. 23751 [T BT BT -, 26075 ENTEIT =T
- TBANE - 42B18 ~. 113065 1523w - SSHET -. 59156 - 27snE] - BSPIIL . 1ERESe

Figure 10. Deflected Shape of Beam Model
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Figure 11. Load-Deflection Relationship for Beam (SB-1)
=
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0 0.25 0s 0.75 1
Deflection {mm)

Figure 12. Load-Deflection Relationship for Beam (SB-3)

4.2.2. Ultimate Loads
Table 8 shows the comparison between the ultincatésl of the experimental (tested) bee

(Puexe., and the final loads from the finite elemenbdels, (l,)rem.

The final loads for the finite element models dre tast applied load steps before
solution starts to diverge due to numerous crackslarge deflections.As shown in Table
the ultimate loads obtained from numerical modetagvell with the corisponding values of

the experimental (tested) bea

Table 8. Comparison between Experimental and Finite Element Ultimate Loads

Beam Designation Ultimate Load (kN) (pu )FEM
(Pu)exe. (Porem (P) e

B-1 41 46 1.12

B-3 32 35 1.09

13
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4.2.3. Crack Patterns

The ANSYS program records the crack pattern at egmflied load step (after first
crack). Crack patterns obtained from the finitevedat analysis and the failure modes of the
experimental beams agree well, as shown in Fig.HEBappearance of the cracks reflects the
failure mode for the beams. The finite element nhadeurately predicts that the beams fail in
shear and predicts that the inclined cracks forineithe shear span regions. The cracks are
concentrated under load region and vanish diagpt@iards the opening then toward beam
supports.

cd ed od o E

Figure 13. Crack Pattern, (a) Experimental Test, (b) FE model

5. Conclusions
Based on the results obtained from the experimemtdltheoretical work, the following
conclusions are obtained:-

1- For tested beams with opening, the ultimatengties were decreased (12%), (22%) and
(41%) for beams containing opening at distance )(L{E/3) and (L/6) from the edge
respectively. Also, the change in openings locatifsom the center toward the edge lead
to decrease the carrying capacity for about (29%esence of openings lead to
concentrated of stress around their hollow and exdhudecreasing in the load carrying
capacity. As a result, when the location of webnipg moved toward of edges (supports),
the ultimate shear strength decreased.

2- In all tested beams, the crack path forced &sipg through the weak locations (locations
of openings). Therefore, in design, special detailst be added at these locations.

3- Based on the finite element analysis by usingSXS computer program (version 11.0), it
can be concluded that the computational finite elehmodels adopted in the current study
are useful and adequate for analyzing tested be@nesfinite element model used in the
present work is able to simulate the behavior dftedted beams. The analytical tests
carried out for all tested beams indicated thatithe-deflection responses, ultimate loads
behavior in concrete beams are in good agreeméintting experimental results.

14
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