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Abstract:  
     

 The main purpose of this study is to evaluate the effect of punching shear strength 

on the behavior of self compacting reinforced concrete two-way slab specimens which 

have different types of openings. Seven slabs were prepared for this matter divided into 

two groups, group (A) consists of four slabs, one without opening (S1) and three with 

square openings (S2,S3, and S4) while group (B) consists of  three slabs with circle 

opening (S5,S6, and S7). The different parameters included in this study are; shapes of 

opening (square opening, circular opening) and position of opening (for punching failure). 

The constant parameters considered are; concrete type (self compact) and steel 

reinforcement ratio. Some of conclusions in this study are; the ultimate punching shear 

strength of the slab with the larger opening is less than that with smaller one and at the 

edge for square opening, and the ultimate load capacity for slab specimens were decreased 

significantly when opening existed, so that the slabs in group (A and B)showed decreasing 

of the original load of slab (S1), of (38.9%, 44.4%, 33.3%, 30.6%, 38.9%, and 44.4%) for 

slabs: (S2, S3, S4, S5, S6, and S7) specimens respectively .The percentage of reduction 

depends mainly on size and position of opening. 

 

Keywords: Punching shear, experimental study, self compacting concrete, slabs opening. 

 

 الخلاصة:
ح الوسلؽح ٘الِذف هي ُزا الثؽس ُْ دساسح ذأش٘ش هقاّهح القص الصاقة علٔ سلْك ًوارض هي الثلاغاخ الخشساًإى 

ء فؽذص علذٔ سذثم ًوذارض هذي الثلاغذاخ ذذن ٗرعوي ُذزا الثؽذس إظذشاّالرٖ ذؽرْٕ علٔ فرؽاخ هخرلفح. إر  راذ٘ح الشص

, هعوْعح )أ( ذرعوي أستعح تلاغاخ ّاؼذج تذّى فرؽح ّشلاشح ذؽرْٕ علٔ فرؽح هشتعذح تأهذامي  ٘يهعوْعر ذقس٘وِا الٔ

ٌُالل عاهلاى هرغ٘شاى . ّق٘اساخ هخرلفح ّهعوْعح )ب( ذؽرْٕ علٔ شلاز تلاغاخ راخ فرؽاخ دائشٗح ّتأهامي هخرلفح

ًذْ  الخشسذاًح الوسذرخذهح ّالرذٖ  ُوذا أّ ا  صاترذاىال ىهلاالعذا شنل الفرؽح ّهْقم الفرؽح تالٌسثح للثلاغح أها سئ٘س٘اى ُوا

ا ذرعوي خشساًح راذ٘ح الشص ّ الٌرذائط ّ سسذن هٌؽذٖ الر ذٍْ للٌوذارض راخ الفرؽذاخ ؼلاذل ذذن خُ   . الرسل٘ػًسثح ؼذٗذ شاً٘ا

قذص عشض الر ققاخ الؽاصلح فٖ الٌوارض ّم٘ف٘ح ظِْس ذذأش٘ش الصلذ ّمزلل سْف ذ  ال ّقْسًد الٌرائط هم ًرائط الٌوْرض

: هقاّهذح القذص الصاقذة القصذْٓ  1إى تعط ا سرٌراظاخ الرٖ ذن الرْصل إلَ٘ فذٖ ُذزا الثؽذس ,  تْظْغ. علِ٘االصاقة 

: الٌقصذاى تسذعح الؽوذل القصذْٓ  2للثلاغح راخ الفرؽح النث٘شج اقل هي  الوقاّهح ف٘وا ٗخص الفرؽح الصغ٘شج ّالعاًث٘ح, 

الوعوذذذذذذذذذذْعر٘ي )أ,ب( ًسذذذذذذذذذذثح ًقصذذذذذذذذذذاى   عٌذذذذذذذذذذذ ّظذذذذذذذذذذْد الفرؽذذذذذذذذذذاخ تؽ٘ذذذذذذذذذذس أظِذذذذذذذذذذشخ الثلاغذذذذذذذذذذاخ  فذذذذذذذذذذٖ

 خف٘وا ٗرعلذ  تالثلاغذا S1%( هي الؽول الأصلٖ للثلاغح الصلذج %44.4, %38.9,6..%3,%33.3,%44.4,38.9)

(S2,S3,S4,S5,S6 and S7) .علٔ الرْالٖ. ُّزا الٌقصاى ٗعروذ علٔ ؼعن ّهْقم الفرؽاخ 

 

 راذ٘ح الشص, فرؽاخ السقْف. القص الصاقة, دساسَ عولَ٘, خشساًح  الكلمات المفتاحية:
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1-Introduction: 
 

Suspended reinforced concrete (RC) solid slab has been widely used for the multi-storey 

building. Small openings are required in the slab to accommodate the mechanical and electrical 

services such as heating, plumbing and ventilating risers. Meanwhile, substantial size openings are 

required by lift, stairways and elevator shafts. The structural effect for small openings is often not 

considered due to the ability of the structure to redistributed stresses. However, for large openings, 

the static system may be altered when it involves a significant amount of concrete and 

reinforcement bar that need to be removed. This may lead to decrease in ability of the structure to 

withstand the imposed loads and the structure needs (1). Fig.(1) shows the opening in slab using for 

lift (2).  

 

The design of RC slab with opening is not clearly stated in BS 8110 (3). The American Concrete 

Institute, ACI 318 provides more guidelines for opening size in different location for flat slabs. 

Fig.(2) illustrates the suggested opening sizes and location on a flat slab. The flat slab is divided 

into column and middle strips in two perpendicular directions. The opening with any size is 

permitted in the area where middle strip intersects. For the opening in the area interesting column 

strip, the allowable opening size is 1/8 the width of column strip in either span. For opening 

involved in the area intersecting one column and one middle strip, the maximum opening size is 

where only 1/4 of the slab reinforcement in either strip may be interrupted. In order to apply the 

ACI 318 guidelines, the total number of reinforcement for slab without opening on both directions 

must be maintained. Hence, the reinforcement interrupted on the opening must be replaced on each 

side of the openings (4). Both ACI 318 and BS 8110 share the same idea where all the opening 

must not be encroach on the column head or drop especially at the edge of column where the shear 

in the slab is the highest. 

 

This paper study the effect of punching shear on two-way slab with opening using self 

compacted concrete.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1 The Punching Shear Strength: 
 

One of the major problems in such slabs is the punching shear failure at the connection between 

the slab and the column. Such type of failure is usually sudden and leads to progressive failure of 

flat plate structures .Therefore, caution is needed in the design of such slabs and attention should be 

given to avoid the sudden failure condition (5). 

Fig. (1) Lift Slab System (2) 

 

Fig. (2) Suggested Opening Sizes and        

Locations in Flat Slabs (4) 
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The catastrophic nature of failure exhibited by reinforced concrete flat plates when subjected to 

concentrated loads has concerned engineers for many years. This localized shear type failure occurs 

in the immediate vicinity of the load and is usually referred to as a punching shear failure. A failure 

of this type is undesirable since, for most practical design cases, an overall yield mechanism will 

not develop before punching. (6)   

There are differences in design provisions of punching strength between the two major building 

codes ACI 318-02(7) and BS 8110 –97(3), since they are based on different empirical formulas. 

Also, many researches on this problem found many formulas to predict the punching strength. All 

these differences lead to different predictions of the punching strength of the same specimens.  

 

1.2 Self Compacting Concrete (SCC):  
 

Self compacting concrete (SCC) is distinguished by its special workability. An optimum must be 

found according to flow ability, self-dearation and homogeneity or stability. The term “self 

compacting” describes a property of fresh concrete which can be achieved in a variety of ways with 

different concrete constituent materials and compositions. The nature of the application determines 

the requisite workability and workability period. It is; therefore, difficult to formulate generally 

valid specifications for the fresh properties of SCC in the context of technical regulations or to 

classify them in specific categories or workability classes, as is usually the case with normal 

concretes. (8)  

  

Concrete that requires little vibration or compaction has been used in Europe since the early 

1970s but self-compacting concrete was not developed until the late 1980’s in Japan. In Europe it 

was probably first used in civil works for transportation networks in Sweden in the mid1990’s. The 

EC "Testing-SCC project" funded by a multi-national, industry has led project "SCC" 1997-2000 

and since then SCC has found increasing use in all European countries. (9)                                                 

 

2-Literature Review: 

 
Mowrer and Vanderbilt (10),  investigated the punching shear resistance of slabs. They 

tested 51 slabs of normal and light weight concrete of which 17 light weight and 8 normal weight 

slabs which have perforations. On the basis of their tests, they modified Moe’s proposal. 

Munahey (11), studied the influence of compressive strength, column size and the amount of 

flexural reinforcement on the punching shear strength of reinforced concrete 1/2 of scale models of 

slab-column connection. Twelve slabs of dimensions (850*850*75) mm were loaded concentrically 

by a square column. The test results indicated that a first crack load and ultimate design punching 

load increase with the increase in concrete compressive strength or column size, while the increase 

of strength and column size resulted in decreasing the central deflections of the tested slabs. It was 

concluded that increasing the size of column or reducing the amount of flexural reinforcement can 

change the mode of failure from punching to flexural one. Also, the cracks were reduced in number 

with increasing the amount of flexural reinforcement. 
 

Hong Guan (12), using the numerical analysis of the non-linear Layered Finite Element 

Method (LFEM) to predict the effect of openings on punching shears failure behavior of slab-

column connections with shear stud reinforcement (SSR). All twenty one (21) models are examined 

through six parametric studies including varying the opening size and location and varying the 

column aspect ratio. He included in the comparison the empirical predictions recommended by the 

Standards Association of Australia and the American Concrete Institute. This investigation is an 

important step towards the determination of the size and location of opening and the size of column 

for optimum structural performance of flat plate systems. 
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Chee Khoon, et al (13), studied a simply-supported and fixed-end, square slabs with opening at 

ultimate limit state using the yield line method. For simply-supported slabs, the analytical study on 

the ultimate load capacity of the slab shows that the ultimate total load decreases with the size of the 

opening. However, when the ultimate total load is converted to ultimate area load, the results show 

otherwise. In the study of fixed-end slabs, the results show that the opening has insignificant effect 

on the ultimate area load capacity for a small opening size of up to 0.3 times the slab dimension. 

For opening size of more than 0.5 times the slab dimension, the ultimate area load capacity 

increases drastically. 

 

O. Enochsson, et, al (14), presented laboratory tests on 11 slabs with openings, loaded with a 

distributed load together with analytical and numerical evaluations. Six slabs with openings have 

been strengthened with carbon fiber reinforced polymers (CFRPs) sheets. These slabs are compared 

with traditionally steel reinforced slabs, both with (four slabs) and without openings (one slab). The 

slabs are quadratic with a side length of 2.6 m and a thickness of 100 mm. Two different sizes of 

openings are used, (0.85 * 0.85) m and (1.2 *1.2) m. The results from the tests show that slabs with 

openings can be strengthened with externally bonded CFRP sheets. The performance is even better 

than for traditionally steel reinforced slabs. The numerical and analytical evaluations show good 

agreement with the experimental results. 

 

 

3-The Experimental Work: 
 

This experimental study consists examining the use of two types of self-compacting concrete 

slabs. Group (A) consists four slabs  were made of self-compacting concrete, one of them without 

opening and the other three with square opening, while group (B) consists three slabs were made of 

self-compacting concrete with circular opening. The experiments had been done in tthhee  Structural 

Lab. of the College of Engineering / AL-Mustansiriya University 

 

 

3-1 Specimens Details: 
 

The dimensions of all the slab specimens were (450   450   40 mm) (length   width   

thickness), the dimensions were selected according to the dimensions of the used test machine. The 

dimensions of the slab specimens in group (A) are shown in Fig.(3) and the dimensions of the slab 

specimens in group (B) are shown in Fig.(4). All specimens have a compressive strength of 

70(N/mm2) and steel ratio of (0.005), also they are designed to fail in punching.    

The slabs were simply supported along the four edges with a clear span of 420 mm for each 

direction.  
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Fig. (4) Dimensions and Reinforcement Details of 

Slabs in Group (B) 

Fig. (3) Dimensions and Reinforcement Details of 

Slabs in Group (A) 
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3-2 Materials: 

 
 The materials used in the experiments of this study are described as below: 

 

3-2-1 Concrete:  

Ordinary Portland cement (type I) according to ASTM C150-89(15) produced in Lebanon 

was used throughout this study. The coarse aggregate was a 12.5mm maximum size crushed gravel 

and the fine aggregate was natural river sand with a 2.72 fineness modulus according to the Iraqi 

standard specification No. 45/ 1984(16). For self compact concrete production, super plasticizer 

(high range water reducing agent HRWRA) based on poly carboxylic ether is used, and the cement 

is generally partial replaced by filler limestone powder in order to improve certain properties. 

Cylinders and prisms for control tests were cast and stored with each slab and then tested at the 

same time of slab testing. The average results of cylinder strength test 70 (N/mm2). The test was 

conducted at age of (28) days. Then,  one mix was chosen to cast the specimens used in this study. 

Details of the chosen mixes are shown in Table (1). 

 

Table (1) Mix Proportions 

 

Group 
W/C 

ratio 

Mix Proportions  

Water 

kg /m3 

Cement 

kg/ m3 

Sand 

kg/ m3 

Gravel 

kg/ m3 

Super 

plasticizer 

 l/m3 

Limestone 

Powder L.S.P 

 kg/ m3 

A and B 0.289 155 535 863 784 18 64 

 

3-2-2 Steel Reinforcement: 

Plain wires 6 mm in diameter were used as flexural reinforcement placed in the tension face 

of the slab. The yield strength was determined from tensile test at the Structural Lab. of the College 

of Engineering / AL-Mustansiriya University, and the average yield strength was 382 N/mm
2
. The 

wires were cut to the desired length, and 90-degree hook is formed at the ends of each bar 

dimensioned according to sections 7.1 and 7.2 of the ACI 318/02 Building code (7). The wires were 

uniformly spaced and placed in two directions at 75 mm c/c spacing each way to obtain the desired 

steel ratios of (0.005). A clear cover of 15 mm was provided for the mesh.  

 

3-3 Specimen Preparation and Testing: 
  

The moulds used for casting the slab specimens were wooden moulds. Each mould consists 

of a bed and four movable sides. The sides were fixed to the bed by screws. The clear dimensions of 

the moulds were 450   450   40 mm. Before placing concrete in the molds, steel wire mesh 

reinforcement was placed in the bottom face of the panel's mould, as shown in Fig. (5.a) 

       The opening was made by using two wooden cubes with the size of [75 mm×75 

mm×40mm] for S2,S4 , [75 mm×150 mm×40mm] for S3 , and  wooden circle with diameter 75 mm 

for S5,S6,S7, the cubes and circle were fixed in their correct positions using bolts. The bolts can be 

easily removed to take off the wooden cubes and circles from the mold after casting. The wooden 

cubes and circles were covered with a paper and wide tape and oiled before casting, to prevent 

bonding between the wooden cubes or circles and the concrete. 
 

After casting and curing procedure, the slabs will be tested by subjected to concentrated load 

which are provided by a central column of dimension (30 * 30) mm. The load is applied in 

increments in this test. 
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Before testing the specimens, positions of supports, central applied load and dial gauge were 

marked. The central deflection of the slab specimen was measured at the center of the slab by using 

a dial gauge of (0.01mm) sensitivity. Fig.(5.b) illustrates the testing setup. The machine which was 

used in the test of specimens is one of the hydraulic types available in the structural laboratory in 

the Civil Engineering Department, College of Engineering, Al-Mustansiriya University. 

 

 

 

 

 

 

 

 

 

 

 

 

 
4- Analysis of the Results: 
 

All the slabs of this study are designed to fail in punching, and test results recorded during this 

test included (first crack, ultimate load and the deflection at ultimate load) are given in Table (2). 
Table (2) Load and Deflection Characteristics at First Crack and Ultimate Loads of Slabs 

 

Group slab First 

crack load 

(F.C.L) 

(kN) 

Ultimate 

load 

(U.L) 

(kN) 

 

LU

LCF

.

..

(%) 

Deflection 

at 

ultimate 

load (mm) 

 

Mode 

of failure 

 

Group 

(A) 

S1 7.5 36 20.8 5 Punching 

S2 7.5 22 34 2.45 Punching 

S3 7.5 20 37.5 2.2 Punching 

S4 7.5 24 31.3 3 Punching 

Group 

(B) 

S5 7 25 28 4.0 Punching 

S6 7 22 31.8 3.8 Punching 

S7 7.5 20 37.5 3.1 Punching 

 

 

4-1 Load-Deflection Curve: 

   
The load–deflection relationships of slab models, with steel ratio (0.005), for self 

compacting slabs with opening models, groups A and B respectively are presented in Figs. (6) to 

(12). Also, load versus deflection relations at the center of the loaded area are recorded for each 

slab specimen, for each loading increment. Failure loads are measured. 

With reference to the below curves, it can be seen that the load-deflection curves at 

(different size of opening or at most specimens) exhibit three stages each with different slope. The 

a. Steel Bars & Mould 

FFiigg..  ((55))  SSppeecciimmeenn  PPrreeppaarraattiioonn  &&  TTeessttiinngg  

SSeettuupp  
  

  

 

b.Testing Setup 
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first stage is the elastic or uncracked stage, the second stage is multiple cracking stages; and the 

third is the plastic stage, which represents the yielding of reinforcement and widening of cracks. 

  In general, when one sees the Figs. (6 to 12) he notices a decreasing in the ultimate load 

capacity  and the percentage of decreasing  becomes about (38.9%,44.4%,33.3%) from the 

original load (S1) specimen for (S2,S3,S4) specimens, while it becomes about 

(30.6%,38.9%,44.4%) from original load (S1) specimen for (S5,S6,S7) specimens respectively.  

 

 Finally, the comparison between the results for solid slab (S1) and the results for other slab 

tested with opening of group (A and B) shown in Fig.(13 and 14).  From Fig.(13), it can be seen 

that the slab specimens (S2, S3, and S4) was failed at less load than load which of the solid slab 

(S1) was failed at, due to exist of openings. From the comparing the behavior of these specimens 

with the behavior of solid slab, we notice that specimen (S4) is recorded a small different in 

behavior comparing with the solid slab. This is due to that the effect of edge opening in slab is small 

comparing with other openings. From Fig.(14), we can see that the load-deflection relations of slab 

specimens (S5, S6,and S7) are flatter, representing softer load-deflection behavior than the solid 

slab specimens (S1) and the behavior of slab specimen S5 shows approximate nearly from S1 which 

more than slap specimens S6 and S7. This can be attributed to both the reduction of modulus of 

elasticity of concrete and the moment of inertia due to the increase in the amount of cracks. 

We notice the results the deflection for specimens in group (B) more than the deflection for 

specimens in group (A) comparing with specimen (S1). These differences changes obviously with 

opening (location and size). 
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Fig. (6) Load-Deflection Curve of 

Slab (1) 
Fig. (7) Load-Deflection Curve of 

Slab (2) 

Fig. (8) Load-Deflection Curve of 

Slab (3) 

Fig. (9) Load-Deflection Curve of 

Slab (4) 

Fig. (10) Load-Deflection Curve of 

Slab (5) 

Fig. (11) Load-Deflection Curve of 

Slab (6) 
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4-2 Crack Patterns:  
 

When the load is applied to the reinforced concrete (punching) slab specimens, with steel 

ratio (0.05), the first crack forms in the tension surface of the slab specimens under the loaded area. 

As the load is increased, radial cracks in the tension surface start to appear and extend from the 

perimeter below the loaded area towards the slab specimen edges included the opening  cracks 

noticed inside the opening and also some cracks appeared at the openings edges as a punching 

perimeter progressed these cracks also depending on the opening type and size, for square openings 

the small opening have the less cracks and the large opening have the more and wide cracks, while 

for circle openings the opening at the front of the column have less cracks compare with the edge 

and side openings.  

            At the same time, the cracks increase in number at the central region of the slab specimen. 

Cracking at the supports of the panels is also noticed at this stage. A complete punching shear 

Fig. (14) Load-Deflection Curve of Specimens, S1, S5, 

S6, S7 

Fig. (12) Load-Deflection Curve of 

Slab (7) Fig. (13) Load-Deflection Curve of 

Specimens, S1,S2,S3,S4 
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failure occurs by increasing the load. Figs.(15 to 21) shows the tested slab specimens and their 

cracking patterns. Fig. (22 and 23) explains the crack patterns within the opening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.(15)  Crack Pattern at Failure for 

Specimen S1. 

 

Fig.(16)  Crack Pattern at Failure for 

Specimen S2. 

 

Fig.(17) Crack Pattern at Failure for 

Specimen S3. 

 

Fig.(18) Crack Pattern at Failure for 

Specimen S4. 

 

Fig.(19)Crack Pattern at Failure for 

Specimen S5. 

 

Fig.(20) Crack Pattern at Failure for 

Specimen S6. 
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5- Conclusions: 
              

11..  The ultimate punching shear strength of the slab with the larger opening is less than 

that with smaller one and corner square openings represented at the percentages of 

55%, 61%, and 67%.  
22..  The ultimate punching shear strength of the slab with the corner opening and side 

opening is more than that with front one for circle opening represented at the 

percentages of 69%, 61%, and 55%.  
33..  An opening located at the front of the column decreases the punching shear capacity 

of the connection more than the same size opening located at the side of the column  
at percentage  of 6%..  

4. The ultimate load capacity for slab specimens decreases significantly when opening 

existed as the slabs in group (A and B) exhibit decrease of (38.9%, 44.4%, 33.3%, 

30.6%, 38.9%, and 44.4%) from the original load of slab (S1) for (S2, S3, S4, S5, 

Fig.(21)  Crack Pattern at Failure for 

Specimen S7. 

 

Fig.(22)   Crack Pattern at Failure for 

Specimen S3 within The Opening. 

 

 

Fig.(23)  Crack Pattern at Failure for  

Specimen S7 within The Opening. 
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S6, and S7) specimens respectively. The percentages of reduction depend mainly on 

the size and location of opening.   

5.    In the solid slab the punching shear zone is greater than that zone in slab with small 

opening, while is approximate  similar in slab with side and large opening for the 

square opening. But the punching shear zone in the sold slab is approximating 

similar to all specimens with circle opening. 

66..                  Cracks at the openings sides appeared at different percentages from the ultimate load 

according to opening type and this effect on the reduction in ultimate load and 

increase the deflection. 
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