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The provision of transverse openings in floor beams to facilitate the
passage of utility pipes and service ducts results not only in a more
systematic layout of pipes and ducts; but also translates into substantial
economic savings in the construction of a multi-storey building. Over the
past several decades, many researchers exerted great efforts to predict
and interpret the behavior of beams with web openings. Eleven beams
were tested under static loading up to failure, ten of them were simulated
the negative moment regions of reinforced concrete T- beams, were
fabricated with large opening through the web and the other beam has
solid web. In this study the effect of openings depth, openings length and
the distance between the nearest support to the opening and its center is
investigated. These beams made from high strength concrete of 90 MPa.
The pattern of cracks and modes of failure were observed. The concrete
strain and reinforced steel strain around openings were recorded. The
maximum midspan deflection, at inner edge of opening and difference
between maxi mum defl ections of two edges of the opening were measured.
The cracking and ultimate loads as well as crack width were measured.
The results were given in shape of photos, tables and curves.

KEYWORDS: concrete strength, pattern of cracks, deflections, T-
beams, opening, and shear stress.
INTRODUCTION

In most buildings, ducts and pipes for air-condhiing, water supply, sewage
and other electrical and mechanical services amnamodated within the

floor-ceiling sandwich. Passing these ducts throughsverse openings in the
floor beams eliminates a significant amount of dsaaice and results in a more
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compact design. Several researches had been cayukedoncerning the
behavior of reinforced concrete beams with opening.

In 1985, Nassekt-al. [5] studied the effect of openings located in the
shear zones on the behavior of reinforced conckeams. The main
conclusions of this work were that openings camiaele in the shear zones of
reinforced concrete beams in a way that the beaamgth and serviceability
conditions are slightly affected, rectangular- slthppenings with fillet corners
and diagonal steel bars improved the crack digiohuaround the corners of
openings and increased the shear strength of the lmearly equal to those
corresponding to beam without opening. In 1985, 8daret-al. [3] use a
rational design method for reinforced concrete leathey presented the
following formulas, see Fig. (1):
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If the top and bottom chords are each symmetricailyforced:
M =Nz (4.b)
Where
h over all depth of beam.

M  bending moment at center of opening.

Z distance between the plastic centroidepfand bottom chords.

They concluded that a T-beam containing a largéangular opening
behaves similarly to a Vierendeel panel at the womersegment. Under
combined bending and shear, the cord members Imedduble curvature with
contraflexure points located approximately at timeidlspan. Total applied shear
may be distributed between the top and bottom clamcbrdance to their
flexural stiffness, based on their gross or crackedsformed section. This
distribution applies at both service and ultimatads conditions irrespective of
whether the opening is located within the positv@egative moment region of
a continuous beam. [Fig. (1)].
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Fig. (1). Beam with a large opening under bendimg) shear.

In 1995, Kennedy, and Abdullah [7] published a agske on static
response of prestressed girders with openings.r Buedy was theoretical by
using nonlinear analysis and experimental, theastboncluded that, cracking
load decreases linearly with increase in the leogtine opening. The cracking
load is also influenced by the position of the ex&load, reinforcing the sides
of the opening can substantially increase the amgchkoad of prestressed
concrete beams and girders.

In 1998, Mansur [4] studied the effects of introdhgc a transverse
opening on the behaviour and strength of reinforcedcrete beams. Some
guidelines are suggested to classify the openirga®e” or ‘small”. There are
three schools solution for the distribution of tb&al shear between two chords.
The first school assumed the compression chordesaitie entire shear, this is
probably true in case of the opening is located tieatension face without the
use of any short stirrups in the tension chord. 3émond school distributes the
total shear between the chord members in propottidheir cross section. and
the third school distributes the total shear leetwthe chord mem® s in
proportion to the flexural stiffness of the cordmieers. It is obvious that for
large openings subjected to combine bending andrshierendeel action
prevails and failure occurs by the formation obarfhinge mechanism.

In 2002Carina N., Martina S.H. [6] studied the behaviolbeams with
large openings, the analysis and the results shakgtd Location of the point
of contraflexure is not located in the middle of ithords, Therefore a concept
has been developed depending on the size and timeetyy of the opening, the
moment-to shear-force ratio as well as the amouct @istribution of the
reinforcement in the chords. They concluded thae tlesign the stirrups next
to the opening depending on the load; the desigstnoaoncept has been
developed in order to choose the number and ttaidocof the stirrups next to
the opening. Limitation of the crack width in tharigers of the opening in order
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to limit the crack width an additional diagonal meircement bar has to be
placed in the opening corners.

EXPERIMENTAL PROGRAM

Eleven reinforced concrete beams with T-sectionewessted and chosen
according to the guide lines presented by ManslurAB tested beams have
over all depth 30cm, width of beams 16cm and flaofj8x45cm.Ten beams
were provided with large opening through the wehilevthe other beam has
solid web as reference beam. All beams were testel@r three points static
loading at mid span. The beams were tested comsidére flange in tension
zone. All beams reinforced with 2 bars 16mm diamagemain reinforcement
and around the openings, two bars 10mm diameter c@ampression
reinforcement, two bars 10mm diameter as reinfoesgnon edge of flange,
stirrups 6mm diameter with 15cm spacing on solidspand one stirrups 12mm
diameter as vertical reinforcement around openingBhe stirrups along
openings were 6mm diameter with 5cm spacing in bophand bottom cords
as shown in Fig. (2) and Table (1).

Beams in group (E) having shear span to depth (atd) equal to 2 with
distance from nearest support to center of opeequals to (0.5a) In group (E)
the effect of depth of opening is considered, idekitwo beams having shear
span to depth ratio (a/d) equal to 2, having thmeskength of openings equals
to 2.5@¢. The beam Ehaving depth of openings equals to 0.3t apch&ving
depth of openings equals to 0.5t. In group F tifecebf the openings length is
considered, includes three beams having the sapté dé openings equals to
0.4t, beam Fhaving length of openings equals to 3,96 having length of
openings equals to 2.§a@nd F having length of openings equals to 3.0d
group G the effect of distance from support is abered, includes four beams,
with 0.4tx2.5d rectangular opening, having two series with respecshear
span to depth ratio. Series (1): This series castemo beams, having shear
span to depth ratio (a/d) equal to 2. The beanm&ing distance from nearest
support to center of opening equals to 0.392a apndawing distance from
nearest support to center of opening equals to7@.&@ries (2): these series
contents two beams, having shear span to depth(edtl) equal to 4. The beam
Gs having distance from nearest support to centapehing equals to 0.196a
and G having distance from nearest support to centerpeinimg equals to
0.303a.
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Fig. (2) Details of the tested beams
Table (1): Details of tested beams
Grouf] Bean . fe Variable
As| As | ad do S | Lydy | AYA,
No. ] No. (Mpa included
R | 2014 -- - 90 - - 2.5 --- | Referencg
A2 | 2014 201§ 2 90 0.4t| 05a | 25| 0.274 beams
El| 201¢ 201 2 | 90 0.3[I 0.5a | 2.5 0.204 Depth of
E E2 | 2014 201p 2 90 0.5[I 0.5a | 25| 0.343 opening
F1 | 2014 201p 2 90 0.4[I 0.3924 1.5 0.164 Length of
F2 | 201§ 201 2 | 90 0.4[I 0.4464 2 | 0.214 opening
F
F3 [ 201§ 201 2 | 90 0.4[I 0553d 3 | 032 (Lo)
Gl 2®]| 201p 2 90 0.4[I 0.3929 2.5 ] 0.273 Position
G2| 201 2@1b 2| 90| o044 0.607d 25| 0274 of
G3 | 2014 201 4 90 | 0.4t] 0.196dd 2.5 | 0.274 opening
G
G4 | 2014 201F 4 90 | 0.4t 0.303aI 25 0274 (S9
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Where:

As Main steel reinforcement.

As' longitudinal reinforcement around openings.
do opening depth,

Lo opening length,

S Distance from nearest support to centepeining.
t over all beam depth,
Ao area of open,
Aw area of web.
a effective shear span.
MATERIALS

Concrete mixes were designed to produce concretmdha 28 days cubic
compressive strength of 90 Mpa.
The used materials were:

a)
b)

c)

d)
e)

f)

9)

Ordinary Portland cement conforms with E.S.S [2].

Crushed basalt; the used crushed basalt was 20mm maximum nominal
size, 2.70 specific gravity and 2.35 taolume weight

Local sand was used, 2.60, 1.58 and 2.58 specifwity, volume
weight and fineness modules respectively.

Drinking water.

Superplastisizer; the used additive was SIKAMENTF3Jproduct by
SIKA Industries Co. for SIKA Egypt Co., having arsity 1.21 t/m
Silica fume; the average particle size isynl] the specific surface area
is (12-15 mi/g) and the specific gravity is 2.2.

The longitudinal reinforcing steel was high tensile one of grade 40/60;
while normal mild steel of grade 24/35 was used drups having
6mm diameter. Steel reinforcing confirm with E.£5

Mix proportion by weight was presented in table (2)

Table (2) Mix proportion by weight

Amount of constituent materials/m3

Cement Sand Broken Bazalt Water Silica fume Add.
(kg) (kg) (kg) (litre) ((kg) -(kg)
50C 50C 120( 14E 11C 20
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FABRICATION OF THE TESTED BEAMS

This program was carried out in reinforced concr&boratory, Assiut
University. The concrete was mixed by means ofzworial pan mixer of 0.1
m? capacity. Concrete was placed in a steel forms. dpenings were achieved
using wooden parts of the same opening size. Therete was compacted by
electrical internal vibrator. Control specimensluging three cubes 15 cm side
length were cast with each beam at the same titme.bBams and cubes were
curing in the same manner.

TEST PROCEDURE

The beams were tested under one point static Igaoinincrements. Before
cracking load each increment was 0.50 ton but aftacking, each increment
was 1.0 ton. The load was kept constant betweerstwoessive increments for
about five minutes. During this period, readingetéctrical strain gauges of
steel and concrete strains, dial gauges, crackhvadd the crack propagation
were recorded at the beginning and at the endaf eerement of loading. At
the same time, three control cubes were testedompression. The beam
maximum deflection was measured using dial gaugedfiat mid span, and
another dial gauge in the two edges of openings. sffains were measured by
using electrical strain gauges connecting to ataligitrain indicator. For all
beams, the strain in concrete was measured in pad at compression zone
and strain in steel was measured in longitudinafeecement around openings,
in top chord was measured in corner beside appi&d, in bottom chord was
measured in corner beside support. The cracksapimdared were measured by
using an optical micrometer with a 40X magnificatifactor. Measurements
were taken on both sides of beam and at severakspong the crack and
marked by number (load value). At the end of eash the crack pattern was
sketched and measured.

GENERAL BEHAVIOUR OF TESTED BEAMS

Generally, the load-deflection curve of the tesbeéms can be divided into

three district stages, first stage I, the beam wasacked and hence it had a
relatively high flexural rigidity. Consequently,etslope of the load-deflection

curve in this stage was steeper than that for therestages. Second stage I,
flexural cracks started to form, as the applieddlogas increased, cracks
propagated and their width and height increasedcelethe slope of the load-

deflection curve became smaller than that of thet Stage. Third stage lIl, the

beams started to show signs of failure and theestdpghe load-deflection curve

became more flat.
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INFLUENCE OF OPENING DEPTH (do):

W.R.T. Pattern of cracks, modes of failure and width of cracks

From investigation of plates (1) to (11), it is alethat increasing of opening
depth don't change the mode of failure but increpgsiumber and width of

cracks at the same load level. This is due tdfdbethat increasing of opening
depth means decreasing the top chord depth leadlidgcreases strength of the
beams chords. In beam having opening depth equa/stéimes over all beam

depth, the number of cracks in solid part is lothem the number of cracks in
solid part of beam having depth equals to 0.4 times all beam depth. This is
due to the fact that failure load of beam havinghbr opening depth is lower
than failure load of beam having lower opening Hepind the several cracks
appeared in solid part at later stages of loadiing modes of failure of beams
having difference opening depth were shear comjmredailure at upper chord

of opening. As shown in Fig. (4) and Table (3).

W.R.T. Cracking and ultimate loads.

The theoretical values of ultimate loadg ¢Pgiven in the table (3) is calculated
based on consideration of Mansur [3] in second ai¢chtbe ACI code [1] is
used to calculate the ultimate shear strength eftésted beam. This school
gives good calculation for the tested beam belitan bther two schools. From
Table (3) and Figs. (5) , increasing of openingtdel@creased the cracking and
ultimate loads. This is due to the increases irttdep upper chord increasing
stiffness of the beams. Decreasing opening depth ©.4 to 0.3 times the over
all beam depth increased the cracking and ultinced by 12.5 % and 25 %
respectively Increasing opening depth from 0.4 to 0.5 timesaher all beam
depth decreased the cracking and ultimate loadbl¥p and 27 % respectively.
Beam having opening depth equals to 0.3 times e all beam depth the
cracking and ultimate loads were 45% and 96% res@de of beam without
opening. Also, beam having opening depth equalsGdimes the over all beam
depth the cracking and ultimate loads were 30%589d respectively of beam
without opening. As shown in Fig. (5).

W.R.T. Maximum Induced deflections.

Increasing of opening depth increased the maximefiections at mid span, at
inner edge of opening and difference between maxinaeflections of two
edges of the opening. This is due to the fact tiiatincreasing depth of upper
chord is usually accompanied with increasing st of beam. As shown in
Fig. (8) and Table (4).
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W.R.T. Maximum Induced strains.

Increasing of opening depth increased the maxintuamsat upper steel around
opening, strain at lower steel around opening aradnsat concrete under point
of loading at the same load level. This is duéhtodecreased the depth of upper
chord decreased the compression zone in crosmseaticompanied with a
decrease in the neutral axis depth in tension momeAs shown in Fig. (9) and
Table (4).

Table (3): Test results

Group | Beam Theoretical(ACI) Experimental A A A Woo | Mode ofI
No. No. Pu(t) P,(t) P Py 1 2 3 (mm)| failure
shaoo handing (1) (1)
R 24.33 21.66 10 25.4 1 - 1.0p S.g
D A, 20.53 21.66 4 19.6 0.77 1 0.9 1 S.d
E; 23.78 21.66 4.5 24.9 0.9¢ 1.2b 1.43 ] S.
E E, 18.06 21.66 3 15 0.59 0.77 0.98 1p S.(
F1 20.80 21.66 8.5 23 0.91 1.1y 1.1 in S.(
F F, 20.80 21.66 6 22.6 0.84 1.1 1.49 1p S.(
Fs 20.80 21.66 3 16 0.63 0.82 0.9 1p S.(
G 20.80 21.66 3.5 20 0.79 1.02 0.96 0.8 S.¢
G, 20.80 21.66 3 15 0.59 0.76 0.7 0.§4 S.(
G Gs 20.53 10.83 3 145 - - 1.34 0.5y F.T
G, 20.53 10.83 3 13 - - 1.2 0.8 F.T.
Where

Pcr = cracking load for the tested beams (t; Bltimate load for the tested
beams (t).

A;=experimental ultimate load of tested beams/ erpanial ultimate load of
beam without opening.

A,=experimental ultimate load of tested beams/expantal ultimate load of

beam A. A3 = theoretical load of tested beams / experiniéodal
tested beams.
S.C= Shear compression failure. F.T= tlaktension failure.

Whax =width of cracks in (mm) at 85% of ultimate load.
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(1) BeamR

(2)Beam A

(3)Beam k&

(4)Beam &

(5) Beam It

(6) Beam k

Fig. (3) Pattern of cracks of tested beams
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(7)Beam ki

(8) Beam G

(9)Beam G

(10)Beam G

(11) Beam G

Fig. (3) Pattern of cracks of tested beams (cont.)
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Table (4) Test results

Grou Beam - - -

No. P No. -31max -d2max -d3max ~€51%10 ° '852*105 ~€c*10 °
R 6.20 5.90 1.80 ---- -—-- -—--

D A, 6.70 6.60 3.20 200 193 57
= 6.10 4.40 2.10 305 225 | T

E E, 5.20 5.30 3.30 215 74 179
Fy 5.70 4.80 2.70 297 | T | 7T

E F> 6.10 6.00 2.80 78 | T | T
F 8.50 7.80 4.55 1810 1120 84
G, 4.83 4.62 1.47 180 87 | T
G, 6.35 6.01 3.64 303 | 7T 124

G G; 41.05 16.17 11.38 189 | 7T 86
Gy 49.30 20.9 17.10 96 76 118

Where

d1max Maximum deflections at mid span of beams in atr85% of ultimate
load.

-0omax ~ Maximum deflections at inner edge of openingmim at 85% of
ultimate load.

-03max difference between maximum deflections of two aedgkethe opening in
mm at 85% of ultimate load.

-&s1  Maximum strains at upper steel around operti®§% of ultimate load.
-&sz Maximum strains at lower steel around openir@b&o of ultimate load.
-&c maximum strains at concrete under point oflilog at 85% of ultimate
load.
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INFLUENCE OF OPENING LENGTH (Lo):

W.R.T. Pattern of cracks, modes of failure and width of cracks

The opening length has the same influence of ogetdpth from the points of
views of pattern of cracks, mode of failure andcksawidth. The modes of
failure of beams having opening length equals 3@ @ 0.64 times of shear span
length were shear compression failure at upperdchbopening. The top chord
of beam having opening length 0.64 times of shgmmslength was fully
crushed, this is due to the distance between pbiload application and opening
edge is very small. This means that, this chorduisjected to high value of
bending moment (high value of compressive stre&aslid part of beam having
opening length equals to 0.64 times of shear sgagth have the same pattern of
cracks of beam having opening depth equal to t&dgiover all beam depth for
the same reason. As shown in Fig. (4) and Table (3)

W.R.T. Cracking and ultimate loads

Increasing of opening length has the same effettaéasing of opening depth
on both cracking and ultimate loads. Decreasinghimgelength from 0.54 to

0.32 times the shear span length increased thé&icgaand ultimate loads by
112.5 % and 17 % respectively. And decreasing ogelangth from 0.54 to

0.43 times the shear span length increased thkicgaand ultimate loads by 50
% and 15 % respectively. Increasing opening leffigitin 0.54 to 0.64 times
the shear span length decreased the cracking @indhid loads by 25 % and 18
% respectively. Beam having opening length equal6.82 times shear span
length the cracking and ultimate loads were 85% &d&o respectively

compared with that of beam without opening. Beamirga opening length

equals to 0.43 times shear span length the crackmgultimate loads were
60% and 89% respectively respect to beam witho@nioig. Beam having

opening length equals to 0.64 times shear sparthehg cracking and ultimate
loads were 30% and 63% respectively respect to bedhout opening. As

shown in Fig. (6) and Table (3).

W.R.T. Maximum Induced deflections

Increasing of opening length increased the maxirdeffections at mid span, at
inner edge of opening and difference between maxinaeflections of two

edges of the opening. This is due to the increasémgth of opening is

accompanied with a decreasing of stiffness of bessnshown in Fig. (8) and
Table (4).



EFFECTIOF OPENING DIMENSIONS AND POSITIONS ON STATIC.... 417
W.R.T. Maximum Induced strains

Increasing opening length increased the maximuainstxt upper steel around
opening, strain at lower steel around opening drainsat concrete under point
of loading at the same load level. As shown in E@y.and Table (4).

INFLUENCE OF DISTANGE BETWEEN NEAREST
SUPPORT TO CENTER OF OPENING (Sy):

W.R.T. Pattern of cracks, modes of failure and width of cracks

The distance between nearest support to centepegfing has the same effect
of opening length from the points of views of paitef cracks, mode of failure
and cracks width. Increasing the distance betwesmest support to center of
opening in both short beams having a/d=2 and stehdams having a/d=4
increased the number and cracks width at the saatkelével. This is due to in
short beams the opening is more near of point afl lapplication. Beams
having distance between nearest support to cehtgpeming varied from 0.39
and 0.61 times shear span length with a/d=2 havsadime modes of failure and
pattern of cracks. Also, beams having distance &&twnearest support to
center of opening varied 0.2and 0.31 times shean $gngth with a/d=4 have
the same pattern of cracks and modes of failurgidarflexural failure at solid
span. This means that slender beams, (a/d=4) are affected by this distance.
The best location of opening is 0.195 and 0.4 tirslkesar span length for
slender beams (a/d=4) and short beams (a/d=2)ateagg. As shown in Fig.
(4) and Table (3).

W.R.T. Cracking and ultimate loads

When the distance between nearest support to ceindgrening is increased the
cracking and ultimate loads are usually decredseshort beams having a/d=2,
decreasing the distance between the nearest suppoenter of opening from

0.5 to 0.39 times shear span length increased thetltracking and ultimate
load by 12.5 % and 2 % respectively. And incregsire distance between the
nearest support and center of opening from 0.56d Gimes shear span length
decreased the cracking and ultimate load by 25 @®4rf% respectively . Also,

beam having distance between nearest support tercehopening equals to
0.39 times shear span length the cracking and aféntoads were 35% and
79% of that beam without opening, and beam havistanice between nearest
support to center of opening equals to 0.61 tinhesusspan length the cracking
and ultimate loads were 30% and 59% of that beathowi opening. In

slender beams having a/d=4, decreasing distaneeéetthe nearest support to
center of opening from 0.25 to 0.2 times sheanslength increased the
ultimate load by 3.6 %. Increasing distance betwt®n nearest support to
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center of opening from 0.25 to 0.31 times sheamn dpagth decreased the
ultimate load by 7.1 %. The cracking load of slenibeams is not affected by
this distance because the initiation of the cragkuas of flexural cracking type
under point of loading. Investigation of the effeftboth shear span to depth
ratio and distance between nearest support t@icehtopening indicates that
the distance between center of opening to poitdadfing more critical and has
a pronounced effect than the distance betweenresteaupport to center of
opening. As shown in Fig. (7) and Table (3).

W.R.T. Maximum Induced deflections

Increasing the distance between nearest suppaedrt@r ofopening increased
the maximum deflections at mid span, at inner eafgepening and difference
between maximum deflections of two edges of thenomge As shown in Fig.
(8) and Table (4).

W.R.T. Maximum Induced strains

Increasing the distance between nearest suppodri@r of opening increased
the maximum strain at upper steel around openinginsat lower steel around
opening and strain at concrete under point of logdior the same reason as the
effect of opening length. As shown in Fig. (9) drable (4).

CONCLUSIONS

The following conclusions may be drawn from the exxpental investigation
of reinforced HSC T-beams that contain large opgnthrough the web and are
subjected to combined bending and shear:

1- The opening depth, opening length and the disthet®een nearest support
to center of opening has a pronounced effect on b@cking and ultimate
loads of the tested T-beams.

2- The opening dimension and its position significarffect the maximum
induced deflections and strains more than the argcknd ultimate loads
of the tested T-beams.

3- The ultimate loads of the tested beams calculatea ACI [1] of second
school of distributing the total shear between th®rds members in
proportion to their cross section gives the bestfiomation for beams
failed in shear mode failure.

4- In beams failed in shear mode failure it is pogsiblr simplicity neglect the
opening in design when the opening depth is lems th3 times the over all
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depth of beam or the opening length is less thaB imes the shear span
of beam.

5- The best location of opening is 0.195 and 0.4 tisiesar span length for
slender beams (a/d=4) and short beams (a/d=2)atesglg.

6- The distance between the point of loading and cesft@pening is more
critical and has a pronounced effect than thatadi between nearest
support to center of opening.

7- In slender beams (a/d=4) when opening is near fsupport it was
observed that there is no effect on cracking anonate loads but a
significant effect on maximum induced deflectioasd strains was
noticed
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