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ABSTRACT

T his research is carried out to investigate the behavior of self-compacting concrete (SCC) two-
way slabs with central square opening under uniformly distributed loads. The experimental part
of this research is based on casting and testing six SCC simply supported square slabs having the
same dimentions and reinforcement. One of these slabs was cast without opening as a control
slab. While, the other five slabs having opening ratios (Og) of 2.78%, 6.25%, 11.11%, 17.36%
and 25.00%. From the experimental results it is found that the maximum percentage decrease in
cracking and ultimate uniform loads were 31.82% and 12.17% compared to control slab for
opening ratios (Or) of 11.11% and 6.25% respectively. Also the results showed that as Og is
increased from 0.00% to 11.11%, a signifacant increase in deflection was occured. While the
increase of Og from 11.11% to 25.00%, a slighlty decrease in deflection was occured compared
to control slab within the entire range of loading starting from first cracking load up to ultimate
load. The theoretical part of this research is adopted for both simply supported and clamped ends
square slabs according to yield line theory. For simply supported slabs, the results showed a
decrease in ultimate uniform loads for Ogr ranging between 0.00% and 25.00%. While beyond
this value, an increase in the ultimate uniform load is occured. In addition, it is found that as Og
was increased; the total ultimate load is decreased. Also from the theoretical analysis for
clamped end slabs it is found that as Or was increased, both the ultimate uniform load and the
total ultimate load were increased.
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1. INTRODUCTION

Reinforced concrete (RC) slabs are the most common elements in structural buildings and have
been widely used for multi-storey buildings. Openings are often required in slabs for mechanical
and electrical services such as heating, plumbing, electrical wiring, fire protection pipes,
telephone, computer network, water supply, sewerage and ventilating reasons. Meanwhile,
substantial size openings are required by lift, staircases and elevator shafts. The structural effect
of small openings is usually not considered due to ability of the structure to redistribute the
stresses. However, for large openings in slabs can severely reduce the strength and load carrying
capacity of these slabs due to cut out of both concrete and steel reinforcement. This may lead to
decrease the ability of structures to withstand the imposed loads and the structural needs,
Taljsten et. al, 2006; Mota, and Kamara, 2006.

Two- way RC slab is a form of unique construction of reinforced concrete. It is an
efficient, economic and widely used member. It is usually supported by all four sides and the
ratio of long span to short span is less than two. So that, two- way RC slab will deflect in two
directions and the loads are transferred to all supports. In general there are three types of RC
two- way slabs: flat plates, flat slab and slab supported on beams, Wang et. al, 2007.

Self-Compacting Concrete (SCC) is an innovative concrete flows under its own weight
and it does not require any external vibration for compaction. It was first developed in the late
1980’s by Japanese researchers. SCC can flow through restricted sections without segregation
and bleeding and completely filling formwork and achieving full compaction. Such concrete
should have a relatively low yield value to ensure high flow ability, a moderate viscosity to resist
segregation and bleeding, Nagamoto, and Ozawa, 1997 and Khayat, and Ghezal, 1999.

2. STRUCTURAL DESIGN OF REINFORCED CONCRETE SLABS WITH OPENINGS
The design of RC slab with openings is not clearly declared in the BS 8110, 1997. However, the
ACI 318, 2014 Code states that the openings are permitted in new slab system. The ACI Code
provides guide lines for different location of openings in RC flat slabs. Fig. 1 illustrates the
openings size and their locations in flat slab. The flat slab is divided into column and middle
strips in two orthogonal directions. The ACI Code suggestes that any size of opening is
permitted in the area of where middles strip intersects. For opening in the area intersecting
column strip, the permissible opening size is only 1/8 the width of column strip in either span
directions. Finally, for opening in the area that intersecting one column strip and one middle
strip, the maximum permissible opening size is only 1/4 the width of column or middle strip in
either span directions.

3. EXPERIMENTAL PROGRAM

3.1 Introduction

The main purpose of the experimental work is to investigate the behavior of SCC two-way slabs
with central square opening under uniformly distributed load. The primary variable in this
research is the opening ratio (Og) which is equal to the area of opening divided by the area of
solid slab multiplied by 100.
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The standard tests were carried out to determine the properties of hardened concrete and
steel reinforcement. In addition, instrumentation, experimental setup and testing procedures
adopted throughout this investigation are presented.

3.2 Specimens

The experimental work is based on casting and testing six SCC square slabs. All specimens have
the same dimensions of (650x 650x 50 mm) were cast and tested up to failure under a uniform
load. The slabs are designed as simply supported along four edges and supported on the (600 x
600 mm) perimeter at the bottom side of the slabs. One of these slabs was without opening
(solid) which is taken as a control slab and denoted as S-0. While the other five slabs have
different square openings located at the center of slab. Five openings with dimensions (100 x
100, 150 x 150, 200 x 200, 250 x 250 and 300 x 300 mm) were created at the center of the slabs,
so that the opening ratios (Og) were (2.78%, 6.25%, 11.11%, 17.36% and 25.00%) respectively.
These slabs are denoted as S-10, S-15, S-20, S-25 and S-30 for the above opening ratios (Og) as
listed in Table 1.

All specimens were reinforced at bottom with ¢ 2.5 mm @ 50 mm steel bars in both
directions with effective depth (d) of 40 mm, so that the steel ratio (p) is about 0.245% which
lies within the ACI Code limits. Also, each corner of the openings was provided with 2¢2.5 mm
additional diagonal steel bars to prevent stress concentration. Full details of the test slabs are
shown in Fig. 2.

3.3 Material Used for Casting Specimens

3.3.1 Cement

Ordinary Portland cement type (1) was used throughout this investigation. All quantity of cement
was tested chemically and physically. The properties were conform to the Iraqi Specifications
No. 5, 1984. for Portland cement.

3.3.2 Fine and coarse aggregate

Natural sand from Al-Akhaidher quarries was used for SCC mixes. The fine aggregate has
(4.75mm) maximum size with rounded-shape particles and smooth texture. While, crushed
gravel from Al-Sudor region with maximum size of 10 mm was used throughout this research.
The sand and gravel have been washed and cleaned with water several times and they were
conform to the Iragi specification No.45, 1984.

3.3.3 Limestone powder
To produce SCC, crushed limestone powder (LSP) was used in this investigation. This LSP is passed
sieve No. 0.075 mm and tested physically and chemically.

3.3.4 Superplasticizer
Glenium 51 was used in this research as a superplasticizer material to produce SCC. Glenium 51 is
free of chlorides and it was conform to ASTM C494 type A and F.

3.3.5 Steel bars

¢ 2.5 mm plain steel bars were used for reinforcement. For these bars, yield stress (fy) and
ultimate strength (f,) were 590 MPa and 690 MPa respectively. While, the modulus of elasticity
(Es) was 205000 MPa.
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3.4 Molds Fabrication

In the present research, six molds were used to cast the specimens. These molds were made from
plywood plates (18 mm) thickness and had a base and four sides to form a square frame. In
addition, five square wooden frames with different opening sizes are fabricated and located at the
center of each slab to form the opening size required. Before casting the SCC, these molds were
oiled and the reinforcement meshes were put into the required position as shown in Fig. 3.

3.5 Mix Design

In the present research, SCC was used for casting the specimens. After several trial mixes
according to recommendations mentioned in The Europeon Guidlines for Self-Compacting
Concrete, 2005, concrete mixture was designed to achieve a cylindrical compressive strength
(f.) of 30 MPa at 28 days. Table 2 illustrates the mix design properties of SCC used in this
investigation.

3.6 Test Rig Components and Loading Procedure
In the present research, the hydraulic testing machine at the Civil Engineering Department Lab.
of the University of Baghdad was used. All specimens were white painted to facilitate the
identification of cracks during the test. All test slabs were mounted on a supporting frame which
have a 30 mm bar welded along each side at the upper of supporting frame to achive simply
supported condition. Several dial gauges were used in this investigation and attached the tension
face of slabs. These dial gauges were located at distances of (150, 175, 200, 225, 250 and 300
mm) measured from supports for control slab (S-0). While for slabs with opening, one or more
dial gauges were excluded according to opening size condition as illustrated in Table 3.

To apply a uniformly distributed load on slabs, an aluminum sand container was put on
the top face of specimens and filled with sand. A steel plate with dimensions of (550 x 550 x 15
mm) was put on sand. Also a steel block of dimensions (550 x 450 x 50 mm) was put on steel
plate to insure full distribution of load on specimens. Hydraulic jack and load cell were put
respectively on steel block. The weight of sand, steel plate, steel block, hydraulic jack and load
cell were taken into account and added to to external applied load. Fig. 4 shows full details of
test rig components and setup of a typical tested slab.

The specimens were uniformly loaded with increasing load until failure. At each load
step, deflections reading by dial gauges were recorded.

4. EXPERIMENTAL RESULTS

All beams were tested up to failure by applying uniformly distributed load with load division of
(10 kN/m?) for steps before cracking. While for steps after cracking, the load division was
reduced to (2.5 kN/m?).

4.1 Cracking and Ultimate Loads Results

All slabs are characterized by the formation of cracks at the tension face of slabs and yield lines
propagated from corner of opening toward corner of supports till failure occur. Fig. 5 shows
tested slabs after forming yield lines and failure. From this figure it could be noticed that for
slabs S-0, S-10 and S-15 only diagonal yield lines were occured. While, for slabs S-20, S-25 and
S-30 additional straight cracks were developed perpendicular to the sides of openings. This
might be due large opening size effect. The experimental results for cracking and ultimate
uniform loads of all specimens are given in Table 4. From this table it could be noticed that the
control slab S-0 had maximum cracking and ultimate load capacities. The cracking and ultimate
uniform loads were decreased as Or was increased from 0.00% to 25.00%. The maximum
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percentage decrease in cracking load was 31.82% for slab S-20 (Or=11.11%) compared to
control slab. Beyond this value of Og, the percentage decrease in cracking load was decreased as
Or was increased from 11.11% to 25.00%.

The maximum percentage decrease in ultimate uniform load was 12.17% for slab S-15
(Or=6.25%) compared to control slab. Byond this value of Og, the percentage decease in
ultimate uniform load was decreased when Ogr was increased from 6.25% to 25.00%. For slab S-
30 (Ogr=25.00%), the ultimate load capacity is approximately similar to value obtained from
control slab. This might be due concentration of the uniform load near supports and increasing
slab stifness. Fig. 6 shows the percentage decrease in cracking and ultimate uniform loads with
increasing opening ratio (Og).

Cracking to ultimate load ratios (wc/wy) were also calculated and listed in Table 4. The
maximum and minimum (wc/w,) ratios are 0.507 and 0.386 for slab S-0 (control) and S-20
(Or=11.11%) respectively.

4.2 Load-Deflection Response

Deflections for each slab have been recorded during the test by using dial gauges located at the
positions listed in Table 3. Fig. 7 shows the load-deflection response for each tested slab at
different dial gauge locations (i.e variable dial gauge locations with constant Og). From this
figure it could be noticed that a linear behavior of the load-deflection response is evident. This
stage covers the region up to the cracking load. Within this stage the materials are still elastic
and no cracks occur in the specimens. When cracks have taken place, a sudden jump in
deflection value was occured. Those cracks are developed as the load increases and the response
changes from linearity to nonlinearity because the rate of increase in deflection with respect to
load continuously increases as the load is increased and the curve behaved nonlinearly as load
increased. Finaly as the applied load approaches its ultimate value, the rate of increase in
deflection is substantially exceeding the rate of increase in the value of applied load till failure
occured. Also it is clear from this figure that for each tested slab, the deflection is increased as
the location of dial gauge is far from supports.

Fig. 8 shows the load-deflection response for each tested slab recorded by same dial
gauge location (i.e constant dial gauge location with variable Og). It is clear from this figure that
the increase in Ogr has a significant effect on deflection through the entire range of loading
starting from cracking load up to ultimate uniform load. For slabs S-10, S-15 and S-20 of Og
(2.78%, 6.25% and 11.11%) respectively, the load-deflection curve showed a significant increase
in deflection values compared to control slab. While for slabs S-25 and S-30 with Og of (17.36%
and 25.00%) respectively, the load-deflection curve showed a slightly decrease in deflection
values compared to control slab. This is might be due to the effect of large opening size on
shifting the concentration of the uniform load towards the supports and that will make the slab
stiffer.

To obtain a reasonable comparison of deflections among tested slabs, Table 5
summarizes the deflection recorded at different locations corresponding to a load level of 130
kN/m? which is about 85% of ultimate uniform load capacity of the control slab. Also Fig. 9
shows the percentage increase and decrease in deflection with respect to distance of recorded
deflection from supports for different values of Ogr . While, Fig. 10 shows the percentage
increase and decrease in deflection with respect to Og for different values of distances from
supports. From these figures and Table 5, it may be noticed that the maximum percentage
increase in deflection is 39.13% for slab S-10 (Or=2.78%) at location of 250 mm from supports.
While, the maximum percentage decrease in deflection is 11.47% for slab S-25 (Or=17.36%) at
location of 175 mm from supports corresponding to a load level of 130 kN/m?.
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5. THEORETICAL ANALYSIS USING THE YIELD LINE THEORY

Simply supported and clamped ends square slabs with central square opening as shown in Fig.11
were considered in this theoretical analysis. These slabs are considered to have isotropic
reinforcement (i.e my = my). Yield lines are assumed to propagate from the corner of opening
toward the corner of slab. Also, these slabs are subjected to a uniformly distributed load (w) and
a unit displacement (A=1) is applied at the edge of opening.

5.1 Case-1 Simply Supported Slab
According to Fig. 11-a, the external work (WE) done by the applied load is given by Eq. (1)

WE = Wy (slab with opening) X 4 {(Z X (L;Z) X %) + ((% X (L - Z) X (L;Z) X g))}

(L-2)(L+22)
WE =w, (slab with opening) {f} (1)

where:
L = dimension of square slab.
Z = dimension of central square opening.

If the positive resistance moment per unit length along the yield lines is defined as (m), the
internal work (WI) done by this moment is given by Eq. (2)

WI = 4mlo
WI =4mx (L —Z) X =
Tz
WI =8m (2)
where:

| = projected length of the yield line.
O = rotation along the yield line.

Equating the external work with the internal work gives Eq. (3) which represents the relation
between (w) and (m) for case of simply supported slab with opening. Multiplying Eg. (3) by the
area of slab (L2-Z%) gives Eq. (4) which represents the relation between total load (P) and (m) for
the same case.

24m

Wy (slab with opening) — m (3)
24m (L+2)
Py (slab with opening) = W (4)

If Z=0 (solid slab) then Eq. (3) gives Eq. (5) which represents the relation between (w) and (m)
for case of simply supported solid slab. While, Eq. (4) gives Eq. (6) which represents the relation
between (P) and (m) for the same case.

24m
Wy (solid slab) = ~z~ (5)
Py (solid slab) — 24m (6)

Hence, the ratio of ultimate uniform load for a slab with opening to ultimate uniform load for a
solid slab (ULR) is given by Eqg. (7). This equation is obtained when Eq. (3) is divided by Eq. (5).
While, the ratio of total ultimate load for a slab with opening to total ultimate load for a solid
slab (TLR) is given by Eq. (8) when Eq. (4) is divided by Eq. (6).
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ULg = Wy (slab with opening) — L? (7)
Wy (solid slab) (L-Z)(L+2Z)

TLr = Py (slab with opening) — (L+2) (8)
Py (solid slab) (L+2Z)

Since, area of solid slab=L?, area of opening=Z* and % Opening ratio (Og) :%x 100
so that Egs. (7 & 8) can be expressed by Eqgs. (9 & 10) respectively.

ULg= Wy (slab with opening) __ 1 (9)
Wy (solid slab _V%OR JY%OR
u (solid slab) 1 - Y(1+ - )
J%0g
TLe= Py (slab with opening) __ 1+ 10 ) (10)
R Py (solid slab) ~ . /%OR
A+—=>)

By using Eqgs. (9 & 10), Figs. 12 and 13 are plotted to represent the effect of Og on the
ULg and TLg values respectively for simply supported square slabs. From Fig. 12 it can be
noticed that for Or ranging between 0.00% to 25.00% the slabs with opening showed decreasing
values of ultimate uniform load with respect to solid slab. The maximum decrease in ULg is
0.889 occured when Og=6.25%. This value is in agreement whith the results obtained from the
experimental test for slab S-15 (Or=6.25%). Also Fig. 12 shows that beyond Og of 25.00%, a
significant increase in the ultimate uniform load is occured. This might be due to concentration
of uniform load near supports for large opening ratios. So that larger load is needed for the
external work to achieve equilibrium with the internal work. For Og=60%, the ultimate uniform
load is about 1.75 times the uniform load of solid slab. From Fig. 13 it can be noticed that as Og
IS increased, the TLg is decreased. For Or=25% and 60%, the total ultimate loads are 0.750 and
0.696 of total ultimate load of the solid slab respectively. It can be also noticed from Fig. 13 that
beyond Og of 25.00%, a continuous decrease in TLg is occured which is unlike the behavior of
ULk noticed from Fig. 12.

Table 6 summarizes the experimental and the theoretical values of ULg and TLg. This
table show good agreement between the experimental and theoretical results.

5.2 Case-2 Clamped Ends Slab
According to Fig. 11-b, the external work done by the applied load is also given by Eqg. (1)
obtained for simply supported slab.

If (B) is defined as the ratio of the negative resistance moment at clamped ends to the
positive resistance moment along the positive yield lines, the internal work done by these
moments is given by Eq. (11)

WI = 4mlO + 43mL0O
WI = 4m x (L — Z) X 1= + 48m X L X 705

2 2
L—Z+RL

WI = 8m(——=>) (11)

Equating the external work given by Eq. (1) with the internal work given by Eq. (11) gives Eq.
(12) which represents the relation between (w) and (m) for clamped ends slab with central
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opening. Total load (P) is given by Eq. (13) which is also adopted by myltipling Eq. (12) by the
area of slab (L%-Z?).
24 m(L—Z+RL)

Wu (slab with opening) = (L-2)2(L+22) (12)
24 m(L-Z+RL)(L+Z)
Py (slab with opening) = (L-2)(L+22) (13)

If Z=0 (solid slab) then Eq. (12) gives Eq. (14) which represents the relation between (w) and
(m) for solid clamped ends slab. While, Eq. (13) gives Eqg. (15) which represents the relation
between (P) and (m) for solid clamped ends slab.

24 m(1+R)

Wy (solid stab) = — 2 (14)
P, (solid slab) = 24m (1+R) (15)

Hence, the expression for ULg and TLg is given by Egs. (16 & 17) respectively.

_ Wu (slab with opening) L?(L-Z+RL)
ULg= —=& = 16
Wy (solid slab) (L=2)2(L+22)(1+B) (16)
TLg= Py (slab with opening) — (L-Z+RBL)(L+Z) (17)
Py (solid slab) L-2)(L+2Z)(1+R)

Also similar to Egs. (7 and 8), Egs. (16 and 17) can be expressed by Eq. (18 & 19).

J%0R
— Wu (slab with opening) __ 1——5*8
Ule= Wy (solid slab) - 3 (%OR) , %OR V%OR (18)
(AR A0+ 500 )
TLR: Py (slab with opening) __ a 10 B)(1+4 10 ) (19)
Py (solid slab ) (1+3)(1_\/‘VZ‘;R)(1+\/%:R)

Figs. 14 and 15 are plotted by using Eqgs. (18 & 19). These figures show the effect of Or
on the ULr and TLg respectively for clamped end slabs for different values of 3. From these
figures it could be noticed that as Or is increased, both ULg and TLg are increased for all values
of 3 except ( R=0.5). When 3=0.5 and for Og ranging between 0.00% to 25.00% the slabs with
opening showed decreasing values of total ultimate load with respect to solid slab. While beyond
Or of 25.00%, a clear increase in the total ultimate load is noticed as shown in Figs. 15. Also
these figures reveal that the increase in ULg and TLg values are increased with increasing the
value of R. For values of 3 (0.5, 1.0, 1.5 and 2.0), the ULk values are 3.73, 4.73, 5.33 and 5.73
respectively for opening ratio (Og)=60%. While TLg values are 1.49, 1.89, 2.13 and 2.29
respectively for the same above values.

6. CONCLUSIONS

1. From the experimental results for simply supported square slabs, the cracking and ultimate
uniform loads were decreased as opening ratio (Og) is increased from 0.00% to 25.00%. The
maximum pecentage decrease in cracking and ultimate loads were 31.82% and 12.17%
compared to the control solid slab for opening ratios (Og) of 11.11% and 6.25% respectively.
Beyond the values of Og=11.11% and 6.25%, the percentages decrease in cracking load and
ultimate uniform load were decreased respectively.
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2. For opening ratio (Og)=25.00%, the ultimate uniform load capacity is approximately similar to
the value obtained for the control solid slab. This might be due concentration of the uniform load
near supports which leads to increase the slab stifness.

3. The maximum and minimum cracking to ultimate uniform load ratios (w¢/wy) were 0.507 and
0.386 for the control solid slab and for the slab with opening ratio (Og) of 11.11% respectively.
4. From the experimental results, it can be noticed that the opening ratio (Og) has a significant
effect on deflection values through the entire range of loading starting from crack and up to
ultimate load. For slabs of Or (2.78%, 6.25% and 11.11%), the load-deflection curve showed a
significant increase in deflection compared to control solid slab. While for slabs with Og of
(17.36% and 25.00%), the load-deflection curve showed a slight decrease in deflection values
compared to the control solid slab.

5. At a load level of 130 kN/m? which is about 85% of ultimate uniform load capacity of the
control slab, it is found that the maximum percentage increase in deflection is 39.13% for slab of
Or=2.78% at location of 250 mm from supports. While, the maximum percentage decrease in
deflection is 11.47% for slab of Og=17.36% at location of 175 mm from supports.

6. Based on the theoretical analysis for simply supported slabs it is found that for opening ratio
(Or) ranging between 0.00% and 25.00% a decrease in ultimate uniform load for a slab with
central opening relative to the ultimate uniform load for a solid slab ratio (ULg) is occured. The
maximum decrease in ULr was 0.889 for Or=6.25%. While beyond Og of 25.0%, a significant
increase in ultimate uniform load is occured. Also according to the theoretical analysis it is found
that the total ultimate load for a slab with central opening relative to the total ultimate load for a
solid slab ratio (TLg) is decreased as Ok is increased.

7. According to the theoretical analysis for clamped ends slab, it is found that as Og is increased,
both ULg and TLg are increased for all values of () which represents the ratio of the negative
resistance moment at clamped ends to the positive resistance moment along the positive yield
lines. Except when the value of =0.5 within Og ranging between 0.00% to 25.00% the TLg is
decreased. While beyond Og of 25.00%, a clear increase in the total ultimate load is noticed.
Also, it is found that as the value of B is increased, both ULg and TLg values are increased.
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NOMENCLATURE

d = depth of steel bars from top fiber of the section

Es =modulus of elasticity of steel bars

fz = cylindrical compressive strength of self-compacting concrete

f, =yield stress of steel reinforcement

f, = ultimate strength of steel reinforcement

L =dimension of square slab.

| = projected length of yield line.

LSP="limestone powder

m = resistance moment per unit length

Ok = opening ratio

P, =total ultimate load

RC =reinforced concrete

SCC = self- compacting concrete

TLr =ratio of total ultimate load for a slab with opening to total ultimate load for a solid slab
ULk =ratio of ultimate uniform load for a slab with opening to ultimate uniform load for a solid slab
W¢r =cracking load

WE =external work

WI =internal work

w, =ultimate uniform load

Z =dimension of central square opening.

R =ratio of negative resistance moment at fixed end to positive resistance moment along positive
yield lines

A =unit displacement

p =steel ratio of section

© =rotation along yield line
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Figure 3. Molds fabrication and reinforcement meshes for some tested slabs
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Figure 4. Setup of a typical tested slab.
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Figure 5. Bottom face of tested slabs after failure.
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Table 1. Properties of tested slabs.
Slab Slab dimensions Opening
desi . center to center of dimensions | % Opening ratio(Og)
esignation
supports (mm) (mm)
S-0 | control 600 x 600 - 0.00
S-10 600 x 600 100 x 100 2.78
S-15 600 x 600 150 x 150 6.25
S-20 600 x 600 200 x 200 11.11
S-25 600 x 600 250 x 250 17.36
S-30 600 x 600 300 x 300 25.00

% Opening ratio (Og) =

Area of openin,
#X 100
Area of soild slab

Table 2. Mix properties for SCC used in this research

Cement Sand Gravel LSP Water Superplasticizer
(Kg/m?) (Kg/m?) (Kg/m?) (Kg/m?) (litter/m?) (litter/m?)
371 845 792 199 185 4
Table 3. Dial gauges location .
) No. of Location of | Location of | Locationof | Location of Location of | Location of
Slab _Openl_ng dial dial gauge dial gauge dial gauge dial gauge dial gauge dial gauge
. . dimensions No.1 from No.2 from No.3 from No.4 from No.5 from No.6 from
designation (mm) GalOes supports supports supports supports supports supports

used (mm) (mm) (mm) (mm) (mm) (mm)

S0 | conwol | - 6 150 175 | 200 225 250 300

(center)

250
S-10 100 x 100 5 150 175 200 225 (edge of N.A
opening)
225
S-15 150 x 150 4 150 175 200 (edge of N.A N.A
opening)
200
S-20 200 x 200 3 150 175 (edge of N.A N.A N.A
opening)
175
S-25 250 x 250 2 150 edgeof | N.A N.A N.A N.A
opening)
150
S-30 300 x 300 1 (edge of N.A N.A N.A N.A N.A
opening)
N.A Not applicable
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Table 4. Experimental cracking and ultimate loads results .

Crackin b Ultimate o
Slab % Opening g Decrease Decrease
. . . Load we, . : load w, . . Wer/Wy,
designation ratio(Og) (kN/m?) in cracking (kN/m?) in ultimate
load load
S-0 | control 0.00 77.0 control 152.0 control 0.507
S-10 2.78 61.0 20.78 134.6 11.45 0.453
S-15 6.25 57.0 25.97 133.5 12.17 0.427
S-20 11.11 52.5 31.82 136.1 10.46 0.386
S-25 17.36 56.0 27.27 141.5 6.91 0.396
S-30 25.00 62.5 18.83 151.2 0.53 0.413
% Decrease :Wcontrolsll/lx;b_wsl;lblw;th openingx 100
control sla
Table 5. Deflections coressponding to a load level of 130 kN/m?.
; el A AA B BB C cc D DD E EE FF
esignation
o9 | 187 | control | 218 | control | 258 | control | 2.92 | control | 3.22 | control | 3.47 | control
(ORS=-2.17%%) 2.42 +29.41 | 2.88 | +32.11 | 3.51 | +36.05 | 3.99 | +36.64 | 448 | +39.13 | N.A N.A
(oRigs.lzi%) 218 | +16.58 | 259 | +18.81 | 3.18 | +23.26 | 3.66 | +25.34 | N.A N.A N.A N.A
S-20
(On=11.11%) 2.00 +6.95 | 239 | +9.63 | 2.89 | +12.02 | N.A N.A N.A N.A N.A N.A
S-25
Owtraewy | 173 | 749 | 193 | -1147 [NA| NA |NA| NA |NA| NA |NA| NA
S-30
Owrsooy | 169 | 963 |NA| NA |NA| NA |NA| NA |NA| NA |NA| NA

A Deflection (mm) recorded at location of 150 mm from supports
B Deflection (mm) recorded at location of 175 mm from supports
C Deflection (mm) recorded at location of 200 mm from supports
D Deflection (mm) recorded at location of 225 mm from supports
E Deflection (mm) recorded at location of 250 mm from supports
F Deflection (mm) recorded at location of 300 mm from supports

XX Percentage increase or decrease in deflection with respect to control slab =

def.control slab—4ef .siab with openingxloo

(+) Sign for increasing in deflection and (-) sign for decreasing in deflection
N.A Not applicable

def .control slab

Table 6. Effect of opening ratio on ultimate loads results for simply supported slabs.

o Experimentally Experimentally Theoretically
Slab- Oper(:ing ULg TLr ULR (Exp.) | TLR (Exp.)
designation | ..~ On) (kl\\ll\;rl:nz) (Erxlf) ULg TLg Aé’p'y(g}g ?Epp?,lig)g ULR (Theo.) | TLR (Theo.)
q. q.

S-0 | control 0.00 152.0 | 54.72 | 1.0000 | 1.0000 | 1.0000 | 1.0000 1.0000 1.0000
S-10 2.78 1346 | 47.11 | 0.8855 | 0.8609 | 0.8999 | 0.8750 0.9840 0.9839
S-15 6.25 1335 | 45.06 | 0.8783 | 0.8235 | 0.8889 | 0.8333 0.9881 0.9882
S-20 11.11 | 136.1 | 43.55 | 0.8954 | 0.7959 | 0.8999 | 0.8000 0.9950 0.9949
S-25 17.36 | 1415 | 42.10 | 0.9309 | 0.7694 | 0.9350 | 0.7727 0.9956 0.9957
S-30 25.00 | 151.2 | 40.82 | 0.9947 | 0.7460 | 1.0000 | 0.7500 0.9947 0.9947

U I—R= Wy (slab with opening) ’ TLR: Py (slab with opening) ’ Pu=

Wuy (solid slab)

Py (solid slab)
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