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 Punching is one of the most important phenomena to be considered during the design of reinforced 

concrete flat slabs. This research investigates, experimentally, the behavior of interior slab-column 

connections consisted of lightweight concrete and special shear reinforcement. The experimental 

work included testing of five flat slabs with dimensions of 1100 x 1100 mm and thickness of 120 

mm. The studied variables were the concrete type, the presence of shear reinforcement, and the 

column dimensions. The concrete type varies from normal weight concrete to lightweight concrete, 

while the column dimensions vary from 150 x 150 mm to 250 x 250 mm. The five specimens were 

loaded at the interior column with a single concentrated load until failure. The test results showed 

that using of lightweight concrete decreased the performance of slab behavior compared with the 

normal weight concrete and reduced the shear punching capacity. Also, The presence of shear 

reinforcement improved punching shear but without a remarkable percentage, while changing the 

column dimensions had a remarkable effect on the punching shear capacity.  
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1. Introduction  

Lightweight concrete (LWC) has an ancient history in the 

Roman Empire from two thousand years ago [1].  Over the years, 

the marvelous use of LWC with including various types of 

natural aggregate in the Roman concrete has amazed the 

engineers [2]. The low density and high fire resistance are the 

main favorable characteristics of LWC [3-6]. LWC has several 

definitions in the different codes. ACI 213-14 [7] requires 17 

N/mm2 as a minimum cylinder strength, and density from 1120 to 

1920 kg/m3 for structural LWC, and requires density from 800 to 

2240 kgLm3 for LWC that has no strength requirement. LWC 

that has compressive strength more than and equal to 40 N/mm2 

is categorized as high strength LWC [7]. EN 206 [8] requires 8, 

and 9 N/mm2 for the cylinder, and cube strengths, respectively, 

while EN 1992 [9] requests 12, and 13 N/mm2 for the cylinder, 

and cube strengths, respectively. The LWC with fly ash or blast 

furnace cement has a low thermal conductivity which leads to a 

high exerted temperature in the core of the element [10] during 

the hydration process and could exceed the critical limit for the 

formation of delayed ettringite [11]. The effect of curing LWC is 

depending on the testing age and the type of specimen. No 

difference was observed when curing then testing concrete 

cylinders at 28 and 90 days, while the cube specimens were more 

affected with curing due to the corners’ fast drying [12]. 

The most challenging applications for LWC are bridges [13], 

and offshore platforms [14]. LWC can be used for high and low 

stressed facades that require low material density [15]. Due to the 

low conductivity characteristic, LWC is increasingly used for 

thermal insulation as external walls or as a casted layer on the 

roof. The existing examples of structures with LWC are; bus 

station roof in Korbach, the Pedestrian bridge in Czech, a heavy 

lifter in the Netherlands, and several private houses in Germany 

[15].  

A sudden punching collapse occurs in slabs without shear 

reinforcement leading to high losses [16-17]. The punching shear 

is affected by the effective depth [18], the ratio between the 

longitudinal main reinforcement, and characteristic compressive 

strength of concrete [19]. The crack propagation of punching is 

significantly different between the normal weight concrete 

(NWC) and LWC specimens [20]. The crack spread through the 

week aggregates led to smoother crack and less aggregate * Abdel-Rahman Hazem, Structural Engineering Depart., Faculty of Engineering, Cairo 

University, Egypt , +201068604332, abdelrahman.hazem1@yahoo.com 
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interlocking effect. By decreasing the density of concrete as in 

LWC, the ultimate strength and the rotation of the slab were 

decreased, which led to less ductile performance [21].  Goldyn 

M. et al [22] studied the effect of changing the ratio of 

longitudinal reinforcement for lightweight concrete slabs 

experimentally [22]. Using double headed studs in the 

reinforcement improved the ultimate load capacity from 19% to 

44% for slab reinforcement ratios ranging from 0.5% to 1.2% 

[22]. Said M. et al [23] studied new strengthening techniques to 

improve the capacity of punching shear of LWC slabs. The 

highest punching capacity was achieved when strengthening slab 

by planting vertical steel bars inside the slabs [23]. This 

technique achieved 77% improvement ratio [23]. The 

performance of pre-stressed lightweight concrete slabs was 

investigated by Deifalla A. [24]. It was concluded that Eurocode 

2 [9] was overly conservative, while MC [26] was the most 

accurate in calculating punching load [24, 27]. The researches 

which are studying the existence of vertical stirrups to improve 

punching capacity were minimum specially in the case of using 

lightweight concrete, so an experimental investigation had to be 

performed.   

To achieve the objectives of the this research work, an 

experimental program was carried out. The experimental program 

includes testing five medium scale reinforced NWC and LWC 

with simple span two-way slabs under punching loading. The 

effect of different variables such as concrete type, and shear 

reinforcement type (vertical stirrups) was used to investigate the 

effect of using shear reinforcement on the punching shear 

capacity of NWC and LWC slabs. 

2. Experimental work 

2.1. Specimens details 

The current study consists of five slab specimens that are 

denoted as S1 to S5. The five slabs were cast and tested under the 

axial compression loads at the reinforced concrete laboratory of 

the department of structural engineering at Cairo University. 

Each slab specimen has the same slab dimensions equal (1100 × 

1100 × 120) mm, the column cross section is (150 × 150 × 400) 

mm except specimen (S5) has a cross section equal (250 × 250 × 

400) mm as shown in Figures 1 and 2. All the details of the 

specimens are listed in Table 1. Reinforcement details of 

specimens are shown in Figure 3.  

 

 
Section 2-2 

 
Section 1-1 

Figure 1: Dimensions of test specimens except for specimen (S5) 

 

 

Section 2-2 

 

Section 1-1 

Figure 2: Dimensions of test specimen (S5) 
  

Table 1: Details of slab specimens  

Slab Type of 

Concrete 

Column 

Dimension 

(mm) 

Column 

RFT 
Column 

Stirrups 
Shear 

RFT 

S1 N.W.C 150*150*400 4Ø16 6Ø8 ….. 

S2 N.W.C 150*150*400 4Ø16 6Ø8 
VL.Stirrups 

9Ø8/Direction 

@d/2 
S3 L.W.C 150*150*400 4Ø16 6Ø8 ….. 

S4 L.W.C 150*150*400 4Ø16 6Ø8 
VL.Stirrups 

9Ø8/Direction 

@d/2 
S5 L.W.C 250*250*400 8Ø16 6Ø8 ….. 
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(a) RFT details of slabs S1 and S3 

 

(b) RFT details of slabs S2 and S4 

 

(c) RFT details of slab S5 

Figure 3: RFT details of the tested slabs 

 

2.2. Materials  

The cement used in this research was ordinary Portland 

cement (OPC). Tests of cement were carried out according to the 

Egyptian Code No. 373/1991. The reinforcement steel used in 

this research study was high tensile steel (36/52) for longitudinal 

reinforcement. It had a yield strength of 360 N/mm2, The 

deformed bars used for reinforcement were 12 mm and 16 mm in 

diameter, and used for column reinforcement and flexure 

reinforcement. The reinforcement steel used for shear and column 

reinforcement was mild tensile steel (24/36), had a yield strength 

of 240 N/mm2, and the deformed bars used for reinforcement 

were 8 mm.  

Silica fume was utilized as a mineral admixture in the design 

of the concrete mix. In the ferrosilicon alloy and silicon metal 

industries, silica fume is a by-product of induction furnaces [28]. 

586 kg/m3 is the average bulk density. The primary concern with 

employing silica fume is that the water demand increases unless 

using a proper dosage of super plasticizer. Silica fume is highly 

pozzolanic and reacts quickly with calcium hydroxide due to the 

hydration of cement to produce high strength calcium silicate 

hydrates [28]. 

Silica fume consists of extremely small particles with a 

surface area of 20000 m2/kg. During the hydration process of 

cement, silica fume combines with the lime to generate a stable 

cementitious compound due to its high fineness and silica 

content. The high-range water-reducing admixture facilitated the 

utilization of silica fume in concrete as a part of the cementitious 

component to produce high strength concrete. The normal silica 

fume ranges from 5 to 20 percent of Portland cement content. 

Sika ViscoCrete® -3425 [28] was used as a super plasticizer in 

the mixture. Polystyrene foam is a type of plastic produced foam 

styrene as shown in Figure 4. It is a lightweight, rigid cellular that 

was used in the concrete mix. Polystyrene foam has excellent 

resistance to moisture, imperviousness to rot, and mildew and 

corrosion. Polypropylene MasterFiber®012 [29] was used to 

restrict small cracks formations that occur during plastic 

shrinkage and premature drying to provide hardened cementitious 

material.  

Two concrete mixes were selected from several-trial mixes to 

casting the tested specimens for LWC and NWC specimens. The 

target compressive strength of the two mixes was 30 N/mm2 at 

the age of 28 days. In order to produce the lightweight concrete 

with bulk density of 18.2 kN/m3, several trial mixes were done. 

Silica fume, polystyrene foam, and super plasticizer were utilized 

in the mix. The concrete mixture included natural sand as the fine 

aggregate, fine crushed stone with 10 mm of maximum nominal 

size as the coarse aggregate, ordinary Portland cement, 

polypropylene fiber, and tab water. Mixing of the concrete was 

performed in a conventional rotating mixing in the concrete 

Research Laboratory at Cairo University. Mix proportions for the 

concrete mix used in this study to produce LWC and NC are 

shown in Tables 2 and 3, respectively. 

 

Figure 4: Polystyrene Foam 

 

Table 2: Mix proportion of LWC 
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Water 

(Liter) 

Cement 

(kg) 

Sand 

(kg) 

Coarse 

Agg. 

(kg) 

Foam* 

(Liter) 

Silica 

fume 

(kg) 

Super 

Plasticizer 

(Liter) 

Fiber** 

(kg) 

135 500 630 630 400 40 20 0.9 

* Indicate to Polystyrene foam, ** Indicate to Polypropylene fibers 
 

Table 3: Mix proportion of NC 

Water 

(Liter) 

Cement 

(kg) 

Sand 

(kg) 

Coarse Agg. 

(kg) 

135 500 630 630 

 

 

 

2.3. Test Setup  

The testing of specimens was conducted at the concrete 

research laboratory of Cairo University. The strain gauges are 

used to record the strain of the bottom main steel and shear 

reinforcement. The strain gauges for the bottom main 

reinforcement were located at the slabs center under the center of 

the column for all slabs, and on the shear vertical stirrups in 

specimens S2 and S4. The vertical displacement of the slab was 

measured using three LVDTs. These LVDTs were located at the 

center and the quarter of the slab on the bottom side. After curing 

the slabs, all specimens were prepared for punching test under the 

rigid loading frame which is provided with steel bracing. The 

slabs were tested using a hydraulic jack with 50 ton capacity. The 

loading rate was adjusted to be increased incrementally by 0.50 

ton till the occurrence of the first crack then the loading rate was 

incrementally increased by 1.00 ton. Figures 5-a and 5-b 

presenting the locations of strain gauges and LVDTs, 

respectively. Figure 6 shows the loading setup of the slab 

specimen. 

 

 

(a) Strain Locations  

 

(b) LVDTs Locations  

Figure 5: Locations of Strains and LVDTs 
 

 

Figure 6: Loading Setup 
 

3. Results and Discussion 

The tested specimens were categorized into five groups 

referring to the three variables that the research aimed to 

investigate. Group (1) includes specimens S1 and S2, to study the 

effect of shear reinforcement. Group (2) includes specimens S3 

and S4, to observe the effect of shear reinforcement. Group (3) 

includes specimens S1 and S3, to examine the effect of the 

concrete type. Group (4) includes specimens S2 and S4, to 

evaluate the effect of the concrete type. Group (5) includes 

specimens S3 and S5, to investigate the effect column dimension. 

The control specimen (S1) failed suddenly with extensive 

spalling of concrete cover, while all the other specimens had a 

punching shear failure with extensive spalling of concrete cover 

and achieved a gradual and higher ultimate load. The crack began 

at the tension side of the slab forming a diagonal shape coincident 

with the loaded area perimeter. As the applied load increased, the 

cracks became wider and new cracks developed and began to 

propagate in several directions towards the slab edges forming a 

van shape. Figure 7 shows crack patterns of the examined slabs. 

It was observed from Figure 8 that the highest cracking load was 

obtained when increasing the columns’ dimensions as in S5. On 

the other hand, the lowest cracking and ultimate loads are 

achieved by slab S3 when using LWC without using vertical 

stirrups as shear reinforcement. The highest ultimate load was 

recorded in the control specimen S2 with shear reinforcement due 

to the existence of shear reinforcement and the higher strength of 

NWC than LWC.  
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(a) S1 

  
(b) S2 

 
(c) S3 

 
(d) S4 

 

(e) S5 

Figure 7: Crack patterns of slab specimens 
 

 

Figure 8: Cracking and ultimate loads of slab specimens 
 

3.1. The effect of shear reinforcement 

From Figure 9-a, the specimen (S2) had an ultimate load 

value higher than the control specimen (S1). At the first crack, 

the applied load for the control specimen (S1) with associated 

deflection of 0.74 mm under the column and 1.66 mm at 0.25L 

was 50 kN while the applied load for the specimen (S2) with 

associated deflection of 0.48 mm under the column and 0.7 mm 

at 0.25L was 70 kN. For the control specimen (S1) at an ultimate 

load level equal to 280 kN, the recorded deflection was 12.22 mm 

under the column and 11.28 mm at 0.25L. While specimen (S2) 

at ultimate load level equal 297 kN, the recorded deflection was 

10.84 mm under the column and 9.63 mm at 0.25L. The ultimate 

load of the specimen (S2) was 6 % higher than the control 

specimen (S1) due to the stiffening action which is resulted from 

the existence of shear reinforcement, while the deflection at the 

ultimate load level for the specimen (S1) was 35.7% higher than 

the specimen (S2) under the column and 41% higher at 0.25L at 

same loading level. The ultimate load of the specimen (S4) 

recorded 220 kN and it was 10% higher than the specimen (S3) 

with a value of 200, while the deflection at the ultimate load level 

for the specimen (S3) was 14.8% higher than the specimen (S4) 
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under the column and 8.67% higher at 0.25L at same loading 

level as shown in Figure 9-b. 

 

(a) 

 

(b) 

Figure 9: Load-Deflection curves to study  

the effect of shear reinforcement 

 

3.2. The effect of concrete type 

The control specimen (S1) had an ultimate load value higher 

than the specimen (S3) as shown in Figure 10-a. At the first 

crack, the applied load for the control specimen (S1) with 

associated deflection of 0.74 mm under the column and 1.66 mm 

at 0.25L was 50 kN while the applied load for the specimen (S3) 

with associated deflection of 1.6 mm under the column and 1.41 

mm at 0.25L was 45 kN. For the control specimen (S1) at an 

ultimate load level equal to 280 kN, the recorded deflection was 

12.22 mm under the column and 11.28 mm at 0.25L. While 

specimen (S3) at ultimate load level equal 200 kN, the recorded 

deflection was 7.69 mm under the column and 6.52 mm at 0.25L. 

The ultimate load of the control specimen (S1) was 40 % higher 

than the specimen (S3), while the deflection at the ultimate load 

level for the specimen (S3) was 18.85% higher than the specimen 

(S1) under the column and 8.67% higher at 0.25L at same loading 

level. . The ultimate load of the specimen (S2) achieved 297 kN 

and it was 35 % higher than the specimen (S4) with a value of 

220 kN, while the deflection at ultimate load level for the 

specimen (S4) was 48.57% higher than the specimen (S2) under 

the column and 86.6% higher at 0.25L at same loading level as 

shown in Figure 10-b. 

 

 

(a) 

 

(b) 

Figure 10: Load-Deflection curves to study  

the effect of concrete type 

 

3.3. The effect of changing column dimensions  

The specimen (S5) had an ultimate load value higher than the 

specimen (S3). At the first crack, the applied load for the 

specimen (S3) with associated deflection of 1.6 mm under the 

column and 1.41 mm at 0.25L was 45 kN while the applied load 

for the specimen (S5) with associated deflection of 2.75 mm 

under the column and 2.51 mm at 0.25L was 80 kN. For 

specimen (S3) at an ultimate load level equal to 200 kN, the 

recorded deflection was 7.69 mm under the column and 6.52 mm 

at 0.25L. While specimen (S5) at ultimate load level equal 275 

kN, the recorded deflection was 9.43 mm under the column and 

7.967 mm at 0.25L. The ultimate load of the specimen (S5) was 

37.5 % higher than the specimen (S3), while the deflection at the 

ultimate load level for the specimen (S3) was 11.28% higher than 

the specimen (S5) under the column and 15.8% higher at 0.25L at 

same loading level as shown in Figure 11. From those 

observations, it was concluded that by increasing the size of 

column, the punching capacity and deflection are increased.  
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Figure 11: Load-Deflection curves to study  

the effect of changing column dimensions 

 

3.4. Comparison between test results and ECP, ACI, BS, 

and EN codes  

A comparison between the ultimate shear stress obtained from 

the experimental investigation and the calculated stresses from 

the codes is carried out. The punching shear resistance for the RC 

flat slab is achieved by considering the provisions of various 

codes. These provisions are showed as empirical equations. The 

most commonly used design equations are in the Egyptian code 

(ECP 203-2017), American Concrete Institute (ACI 318-14), BS 

8110 -1997, and Eurocode-2.  

 

3.4.1. ECP-203-2018 punching shear  

The Egyptian Code [30] considered that the punching shear 

stress is not to be resisted by concrete only but also by shear 

reinforcement (vertical stirrups). The Egyptian Code recommends 

that the critical section for punching shear in slab is at a distance 

d/2 around the circumference of the concentrated load. The 

ultimate punching shear stress (qup) for flat slabs must be less 

than the maximum ultimate shear strength: 

𝑞𝑢𝑝 =
𝑄𝑢𝑝

𝑏𝑜.𝑑
 ≤ 𝑞𝑐𝑢𝑝                                                        (1) [30] 

Where 𝑞𝑢𝑝 is the ultimate punching shear stress, 𝑄𝑢𝑝 is the 

ultimate shear force, 𝑏𝑜 is the critical shear perimeter at distance 

d/2 from column face, 𝑑 is the effective depth of the slab, and 

𝑞𝑐𝑢𝑝 is the concrete punching shear strength that be calculated by 

using the smallest value of the following equations: 

𝑞𝑐𝑢𝑝 = 0.8 (
𝛼 𝑥 𝑑 

𝑏0
+ 0.2) √

𝐹𝑐𝑢

𝛾𝑐
                                           (2) [30]      

𝑞𝑐𝑢𝑝 = 0.316 (0.5 +
𝑎

𝑏
) √

𝐹𝑐𝑢

𝛾𝑐
                                            (3) [30]            

𝑞𝑐𝑢𝑝 = 0.316√
𝐹𝑐𝑢

𝛾𝑐
 (N/𝑚𝑚2)  ≤ 1.7 (𝑁/𝑚𝑚2)          (4) [30]      

Where a = column smaller dimension, b = column bigger 

dimension, fcu = compressive strength of concrete in N/mm2, and 

α = factor for column position (interior = 4, edge = 3, and corner 

= 2). To calculate the punishing shear capacity when involving 

shear reinforcement, the following equation is used.  

𝑞𝑢𝑝 = 0.12√
𝐹𝑐𝑢

𝛾𝑐
+ 𝑞𝑠𝑢𝑝 ≤ 𝑞𝑢𝑝(𝑚𝑎𝑥)                             (5) [30]       

Where 𝐴𝑠𝑡  is the total area of shear reinforcement (vertical 

stirrups), 𝑆 is the  center to center spacing (spacing between 

stirrups < d/2), and 𝑞𝑢𝑝(𝑚𝑎𝑥)= maximum ultimate punching shear 

strength and must be less than the following: 

𝑞𝑢𝑝(𝑚𝑎𝑥) ≤ 0.45√
𝐹𝑐𝑢

𝛾𝑐
                                                       (6) 

[30]      

 

3.4.2. ACI 318-14 punching shear  

The punching shear capacity that specified in ACI 318-08 is 

calculated on the perimeter of a distance d/2 from the column 

face for all sides in square or rectangular columns. The ultimate 

shear strength of concrete slabs (Vuo) is the smallest of the 

following equations [31]:  

𝑉𝑢𝑜 = 0.17 (1 +
2

𝛽𝑐
)  𝜆 √𝑓𝑐′   𝑢𝑑                                    (7) 

[31]    

𝑉𝑢𝑜 = 0.083 (
𝛼𝑠 𝑑

𝑢
+ 2)  𝜆 √𝑓𝑐′   𝑢𝑑                               (8) 

[31]       

𝑉𝑢𝑜 = 0.33 𝜆 √𝑓𝑐′   𝑢𝑑                                                    (9) 

[31]   

Where: 

𝑉𝑢𝑜  is the ultimate shear strength of slabs, 𝑓𝑐′  is the 

cylindrical compressive strength (N/mm2), 𝛼𝑠 is the constant 

value of the column position, (interior = 40, edge = 30, and 

corner = 20), 𝛽𝑐  is the ratio of larger side to shorter side of the 

column, 𝜆 is a factor for the density of the concrete (1.0 For 

Normal Weight Concrete, 0.85 For low weight concrete, and 0.75 

For all-light- weight concrete), 𝑢 is the perimeter of the critical 

shear at distance d/2 from column face, and 𝑑 is the slab effective 

depth [31]. To calculate the strength of the design punching shear 

that using shear reinforced, the following equations is used: 

𝜙 𝑉𝑛 ≥  𝑉𝑢                                                                     (10) 

[31]              

𝑉𝑛 =  𝑉𝑐 + 𝑉𝑠  ≤  𝑉𝑚𝑎𝑥                                                  (11) 

[31]          

𝑉𝑐 =  0.17 √𝑓𝑐′   𝑢𝑑                                                     (12) [31]           

𝑉𝑠 =  
𝐴𝑠𝑣 𝐹𝑠𝑦  𝑑

𝑆
                                                                 (13) 

[31]        

𝑉𝑚𝑎𝑥 = 0.5 √𝑓𝑐′                                                              (14) 

[31]         

Where 𝑉𝑛 is the nominal shear strength, 𝑉𝑢 is the applied 

shear force that calculated at the critical perimeter, 𝜙 = 0.75 

(constant factor), 𝑉𝑐  is the concrete punching shear resistance, 

𝑉𝑠 is the punching shear resistance by using shear reinforcement, 

𝐴𝑠𝑣 is the total area of shear reinforcement (vertical stirrups), and 

𝑆 is the center to center spacing (spacing between stirrups < d/2) 

[31]. 

 

3.4.3. BS 8110 -97 punching shear  
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The punching capacity is calculated on the perimeter with a 

distance of 1.5d or more from the loaded area. The failures of 

punching occur on the inclined sides of the pyramid or truncated 

cones, depending on the loaded area shape. 

The ultimate shear strength (𝑉𝑐𝑑) will be calculated by using 

the following equation: 

𝑉𝑐𝑑 = 0.79×(100𝜌)1 3⁄ × (400 𝑑)⁄ 1 4⁄
× 

          (𝐹𝑐𝑢 25)⁄ 1 3⁄
× (𝑢𝑜𝑑 𝛾𝑚)⁄                                   (15) 

[32] 

 

Where 𝛾𝑚 is the factor of the material partial ( 𝛾𝑚 = 1.25), 

𝐹𝑐𝑢 is the compressive strength of concrete, (N/mm2), 𝜌 = 
𝜌𝑥+𝜌𝑦

2
< 0.03 , in which 𝜌𝑥 and 𝜌𝑦 are the ratio of the flexural 

reinforcement in both directions, (400 𝑑)⁄ 1 4⁄
 is the factor of the 

size (400 𝑑)⁄ 1 4⁄
≤ 1, and 𝑢𝑜 is the perimeter of the critical shear 

at distance 1.5d from column face [32]. The punching shear 

strength of flat slabs that using shear reinforcement is calculated 

by using the following equation. 

𝑉𝑠𝑑 =  𝑉𝑐𝑑 + 0.87 𝐴𝑠𝑣 𝐹𝑠𝑦 sin 𝛼                                   (16) 

[32] 

Where, 𝐴𝑠𝑣 is the area of one row of shear reinforcement 

(spacing ≤ 0.75d), 𝐹𝑠𝑦 is the yield strength of the shear 

reinforcement, (N/mm2), 𝛼 is the angle between shear 

reinforcement and plane of the slab. The angle α=90° when the 

shear reinforcement used will be normally taken vertical links 

[32]. The maximum shear stress (𝑣𝑚𝑎𝑥) must not to exceed 0.8 

√𝐹𝑐𝑢 or 5 N/𝑚𝑚2 if less. The 𝑣𝑚𝑎𝑥  will be calculated by using 

the following equation: 

𝑣𝑚𝑎𝑥 =  
𝑉

𝑢𝑜𝑑
                                                                  (17) 

[32] 

Where 𝑉 is the design ultimate value of the applied load. 

 

3.4.4. EUROCODE 2 punching shear  

According to Eurocode 2 [9], the critical section should be at 

distance 2d from the loaded area face for interior, edge and corner 

column and should be considered to minimize its length. But in 

case of using shear reinforcement, the recommended section is 

1.5d. The design process for punching shear is based on several 

checking at the column face and at the shear perimeter. If shear 

reinforcement is required, a new perimeter where shear 

reinforcement is no longer required should be found. The design 

values for the punching shear capacity of a slab without shear 

reinforcement, the punching capacity of a slab with shear 

reinforcement, and the maximum punching capacity along the 

reference section, are denoted as vRdc, vRdcs, and vRd max, 

respectively. The applied shear stress is calculated by applying 

the following equation: 

𝜈𝐸𝐷 =  
𝑉𝐸𝐷×β

𝑢×𝑑
                                                                   (18) 

[9] 

Where VED is the applied punching force, u is the length of 

the reference perimeter being considered, d is the effective depth 

of the slab, and β is the factor that takes the effect of the 

eccentricity recommended values (β = 1.5, 1.4, and 1.15 for the 

corner, edge, and interior columns, respectively) [9]. The design 

punching shear resistance (N/mm2) for Slabs without Punching 

Shear Reinforcement is calculated as follows: 

VRd,c = CRd,c × K(100ρ1fck)1/3 + K1σcp ≥ (vmin+K1σcp)           (19) [9] 

Where, fck is in N/mm2, K=1+√
200

𝑑
 ≤ 2,   d in mm, CRd,c is 

0.18/γc, for vmin is given by Expression (6.3N) that for k1 is 0.l, 
and 
 

ρ1= √𝜌𝑙𝑦. 𝜌𝑙𝑧 ≤0.02                                                             (20) [9]    

 

Where ρly and ρlz are related to the bonded tension steel in y- 

and z- directions respectively [9]. The design punching shear 

resistance for slabs with shear reinforcement is calculated as 

follows where shear reinforcement is required: 

vRdcs = 0.75 vRdc+1.5(d/Sr)Asw fywd,ef (1/(u1d))sinα                (21) 

[9] 

Where, d is the average of the effective depths in the vertical 

directions (mm), Asw is the area of one branch of shear 

reinforcement around the column (mm2), Sr is refer to the radial 

perimeter spacing of shear reinforcement (mm), fywd,ef is the 

effective strength of the punching shear reinforcement, α is the 

angle between the plane of the slab and the shear reinforcement 

(α = 90° and sin α = 1 for vertical stirrups), and v=0.6(1-fcd/250) 

[9]. 

Table 4 shows the calculated values from ECP 203-2018, ACI 

318-14, BS 8110-97, and Eurocode 2 in comparison with the 

experimental results. From Table 4, the ratios between the 

experimental ultimate load and the calculated load from all 

mentioned codes were greater than one, which indicate that they 

lie in a safe side and conservative. The highest conservative code 

was the ACI 318-14 with the largest differences from the 

experimental results.  

 

Table 4: The ultimate punching capacities of the 

experimental results and the design codes.   

Slab Ptest PECP 
Ptest 

/ 
PECP 

VACI 

Ptest 

/ 

VACI 

VBS 

Ptest 

/ 

VBS 

VEN 

Ptest 

/ 

VEN 

S1 280 182 1.54 173 1.62 242 1.15 221 1.26 

S2 297 171 1.73 191 1.56 284 1.04 242 1.22 

S3 200 182 1.1 130 1.54 194 1.03 177 1.13 

S4 220 171 1.28 168 1.31 215 1.02 209 1.05 

S5 275 253 1.09 181 1.52 235 1.17 214 1.28 
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4. Conclusions  

According to the experimental investigation results, the following 

conclusions could be derived: 

 

1. The slab specimens made by lightweight concrete had a 

decrease in the resistance of punching shear for slab-

column joints up to 40%. So, it is advised not to use 

lightweight concrete in flat slabs, because it has low 

effect on the resistance of punching shear for slab 

column joints. 

2. The slab specimens that were provided by shear 

reinforcement (vertical stirrups) had an increase in the 

resistance of punching shear for slab column joints up to 

6% in normal strength concrete and up to 10% in 

lightweight concrete. 

3. Increasing the supporting column dimension from 150 x 

150 mm to 250 x 250 mm increased the resistance of 

punching shear for slab-column joints up to 37.5%. 

4. The national and international codes that have been 

selected to study in research gives conservative estimate 

for the punching shear strength of tested slab. According 

to the BS code provision, adding the top main flexural 

reinforcement steel factor (ρ) in the design code 

equations will led to maximize the resistance of the 

punching shear of the slab-column connections. The 

ACI and ECP codes show lower resistance of the 

punching shear than the BS, and Eurocode as they do 

not take into consideration the main reinforcement in 

their design equations. 

5. Using shear reinforcement (vertical stirrups), increasing 

the number of the stirrups distribution per meter, and 

adding the top main and additional reinforcement to the 

design equation, will maximize the resistance of the 

punching shear up to 6%, and 10% for normal strength 

concrete and lightweight concrete, respectively. 

It’s suggested for future studies to investigate the effect of 

changing spacing between the stirrups, the diameter of 

reinforcing bars, and to conduct a finite element models to 

represent the behavior of lightweight concrete slabs and to 

create design equations taking into consideration all affecting 

parameters.  
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