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ABSTRACT 
This paper presented an experimental study on the Punching Shear Behavior of self-compacting Lightweight Concrete (LWC) 
Slabs. LWC was obtained through the use of polystyrene foam as a partial aggregate's replacement to reduce the concrete dry 
unit weight from 23.0 kN/m3 to 18.5 kN/m3. Nine medium scale RC slabs were statically tested to failure under concentric 
punching loading. The concrete type, slab's thickness, amount of shear reinforcement and loaded plate area were the test 
parameters. A comprehensive presentation of the experimental procedures, testes and results is undertaken in the paper, 
followed by a general discussion of all results. Finally, the punching shear capacities were obtained from the test results and 
compared with the calculated values from the available codes’ equations. Test results showed that the use of LWC in RC slabs 
resulted in most pronounced post-cracking structural degradations, including reduced stiffness until failure and reduced 
capacity but increased deformability relative to the normal density concrete (NDC) slab. The LWC slab's degradations were 
overcompensated through increased thickness, where increased capacity was achieved, but at the price of deformability 
reductions. Increasing loaded plate area or providing shear studs as shear reinforcement resulted in considerably improved 
structural behavior and increased post-yielding stiffness of slabs' responses as well as increased failure loads and increased 
failure deflections relative to LWC slab. 
Keywords:LWC slabs; Punching Shear behavior; Shear Reinforcement; Slab thickness; Loaded area. 
1. INTRODUCTION 
Most of the current concrete research focuses on high-performance concrete, by which is meant a cost effective material 
that satisfies demanding performance requirements, including durability. Lightweight concrete (LWC) is very 
important to the construction industry due to its cost effective and highly advantageous. The primary advantage of 
LWC is to reduce the dead load of a concrete structure, which then allows the structural designer to reduce the size of 
columns, footings and other load bearing elements. Structural lightweight concrete mixtures can be designed to achieve 
similar strengths as normal weight concrete.. 
The same is true for other mechanical and durability performance requirements. Structural lightweight concrete 
provides a more efficient strength-to-weight ratio in structural elements. Lightweight foamed concrete is a new kind of 
Lightweight concrete, which combines the advantages of normal density concrete, cellular concrete and self-
compacting concrete through partially replacing the normal weight aggregates with polystyrene foam, hence, leading to 
concrete's unit weight reduction while maintaining adequate strength. The latter material can therefore be produced 
using standard methods familiar to the construction industry with a dry unit weight of 18.5 kN/m3, which in turn leads 
to dead load reduction by 15 – 20 % and the associated decrease in the structure's overall cost, hence, providing a 
feasible challenge to normal density concrete (NDC).One of the most important elements in RC structures which can be 
produced from lightweight foamed concrete are the slabs. A series problem that can arise in Lightweight foamed 
concrete slab is the brittle punching failure due to transfer of shearing forces and unbalanced moments between slabs 
and columns. When shear stresses due to shear forces and moments transfer in the region of the slab around the axial 
load become too high, a punching failure will occur. Besides being brittle and occurring without much warning or 
visible cracks, the failure in a single slab-column connection could lead to a catastrophic disaster due to the progressive 
collapse of slab element (1). 
2. LITERATURE REVIEW 
Self-compacting concrete (SCC) is a highly workable concrete that does not require vibration for placing and 
compaction. It is able to flow under its own weight, completely filling formwork and achieving full compaction, even in 
the presence of congested reinforcement or complicated geometry, yet producing a dense and homogenous hardened 
concrete. SCC is often produced with low water/cement ratio providing the potential for high early strength, earlier 
demoulding and faster use of elements and structures.  
Okamura and Ouchi, , 2003, introduced the method for achieving self-compactability, as not only involving high 
deformability of paste or mortar, but also resistance to segregation between coarse aggregate and mortar when the 
concrete flows through the confined zone of reinforcing bars or complex geometrical configurations.  Okamura(2) has 
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employed the method shown in Fig. 1 to achieve the self-compactability. The frequency of collision and contact 
between aggregate particles increases as the relative distance between the particles decreases and then the internal 
stress increases when concrete is deformed, particularly near obstacles. 
 

 
Figure 1Method of achieving self-compactability (2) 

G. Birkle and W.H. Dilger(3) investigated the effect of layout and the extent of the shear reinforcement on the punching 
shear resistance, six slab-column connections were tested at the University of Calgary. The tests showed that the 
strength of the connections and their ductility were significantly enhanced by shear stud reinforcement. They also 
demonstrated that the radial layout of the stud-rails as required by Eurocode 2 exhibited no advantage in performance 
over an orthogonal layout where the stud-rails were aligned with the orthogonal reinforcing mesh. This is the standard 
arrangement in North America. The latter is preferable because of the minimal interference with the non-prestressed or 
prestressed flexural reinforcement. In this tested series, maximum ductility was achieved by extending the shear 
reinforcement to 4d from the face of the column. Where the shear reinforcement was only extended to 2d from the face 
of the column, an increase in strength was recorded, but the mode of failure still had to be classified as brittle because 
the failure surface occurred outside the shear reinforced zone. Providing shear studs spaced at d/2 to a distance 2d from 
the column and spaced at d between 2d and 4d significantly increased the ductility of the connection. 

Jun-Mo Y., Young-Soo Y., William D. C., and Denis M.(4) studied the punching shear behavior of slabs reinforced with 
high-strength steel reinforcement and compared with that of slabs reinforced with conventional steel reinforcement. 
The high-strength steel selected for this research conforms to ASTM A1035-07. The influences of the flexural 
reinforcement ratio, concentrating the reinforcement in the immediate column region, and using steel fiber-reinforced 
concrete (SFRC) in the slab on the punching shear resistance, post-cracking stiffness, strain distribution, and crack 
control were investigated. In addition, the test results were compared with the predictions using various design codes. 
The use of high-strength steel reinforcement and SFRC increased the punching shear strength of slabs, and 
concentrating the top mat of flexural reinforcement showed beneficial effects on post-cracking stiffness, strain 
distribution, and crack control. 

An experimental-analytical study of the flexural behavior of reinforced self-compacting lightweight concrete (LWC) 
beams was presented. LWC was obtained through the use of polystyrene foam as a partial aggregate's replacement to 
reduce the concrete dry- unit weight from 23.0 kN/m3 to 18.5 kN/m3. The mechanical properties incorporated the 
compressive and tensile strengths as well as its tension stiffening capability. Key test results demonstrated that the 
beneficial effect of LWC in reducing the members' self-weight was at the price of minimal structural disadvantages; 
namely, the slightly reduced pre-cracking stiffness gradually decreasing at postcracking till failure as well as reduced 
ductility(5).  

3. EXPERIMENTAL PROGRAM 
3.1. Details of the Tested Slabs 
Fig. 4 shows the details and support conditions of the tested nine medium scale reinforced NDC and LWC slabs, coded 
(N1 & N2) and (L1 to L7), respectively. All the tested slabs were simply supported at four sides. The parameters were 
investigated in this study; namely, the concrete type, the slab thickness, amount of shear reinforcement and the loaded 
plate area. 
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Figure4: Slabs' Details and Steel Strain Gauges' Locations 
3.2. Materials' Properties and Casting 
The main flexural reinforcement of all slabs and Shear Studs were made of high tensile steel bars (st. 360/520) of yield 
strength, fy = 360 MPa, and ultimate strength, fu = 520 MPa. All reinforcement has a constant modulus of elasticity, 
ES = 200 GPa. High tensile steel bars of 10 and 12 mm diameter were used. In order to achieve the self-compacting 
lightweight concrete, polystyrene foam, silica fume and super plasticizer were added to the LWC mix, which consisted 
of natural sand as fine aggregate, fine crushed stone of nominal maximum size of 10 mm as coarse aggregate, fresh 
ordinary Portland cement and tab water, respectively. All slabs were cast horizontally at the Reinforced Concrete 
Laboratory of the Department of Structural Engineering at Ain Shams University. The average values of concrete 
characteristic compressive strengths, fcu, were 27 MPa for LWC, 50 and 25 MPa for NDC, respectively. 
 
 
 

   

L1 (t = 100 mm, fcu = 25 MPa & 
No Shear Studs) 

L2 (t = 60 mm, fcu = 25 MPa & No 
Shear Studs) 

L3 (t = 140 mm, fcu = 25 MPa & No 
Shear Studs) 

 
  

L4 (t =100 mm, fcu = 25 MPa & 
Shear Studs =2d) 

L5 (t =100 mm, fcu = 25 MPa & 
Shear Studs =3d) 

L6 (t = 100 mm, fcu = 25 MPa & No 
Shear Studs) 

   
L7 (t = 100 mm, fcu = 25 MPa & 

No Shear Studs) 
N1 (t = 100 mm, fcu = 50 MPa & 

No Shear Studs) 
N2 (t = 100 mm, fcu = 25 MPa & No 

Shear Studs) 
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3.3. Instrumentation, Test Setup and Loading Scheme 
Deflections were measured using seven 0.01 mm accuracy Electrical Linear Variable Distance Transducers (LVDTs), 
coded T1 to T7, and positioned on the slab’s surface, as shown in Fig. 5. The tensile steel strains at key locations of the 
slabs’ flexural reinforcement were also monitored using ten (seven in case of slabs L4 & L5) HPM electrical strain 
gauges of 10 mm gauge length and 120 Ohm resistance, codedS1 to S10, as previously shown in Fig. 4. The strains in 
shear studs at three locations were coded S3, S5 and S9, as previously shown in Fig. 4. The compressive concrete 
strains were coded C1 to C3 and mounted horizontally and diagonally at the extreme compression fibers, as shown in 
Fig. 5. All the tested slabs were loaded using hydraulic jacks of 300 kN capacity, with manually operated by pump. The 
tested slabs were put in horizontal position between the jack and a rigid steel frame. All slabs were tested as simply 
supported slabs. The dimension of the loaded plate was 100x100 mm for all specimens except specimens coded L6 and 
L7which was 141x141 mm and 200x200 mm, respectively 

 

 
Figure:5 Deflection and concrete strain measurements 

4. EXPERIMENTAL RESULTS AND DISCUSSION 
4.1. Test Observations 
Fig. 6 shows the crack patterns at failure of all tested slabs. The initial cracks opened up at the bottom surface of slab in 
the form of flexural cracks under the loaded plate. After the initial load stage, cracks propagated from the middle 
outwards and reached the slab edges. Subsequently, with increasing loads, more cracks developed and advanced 
radially from the loaded plate towards the slab edges All slabs failed suddenly in punching shear.  

 
Figure6Crack Patterns at Failure of all tested slabs 
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4.2. Deflection 
Fig. 7 shows the load versus mid-span deflection (T1) responses of all tested slabs until failure. All tested slabs' 
responses first exhibited similar stiffness within the pre-cracking stage, despite the different parameters investigated. 
This is due to the dominance of the gross concrete cross section's properties.On the other hand, Fig. 7 shows that the 
deflection responses demonstrated a totally different trend at the post-cracking stage until failure, where the effect of 
the test parameters became more pronounced.  

 
Figure 7Load-Deflection (T1) responses of all tested slabs 

4.3. Tensile Steel Strains 
The load versus tensile steel strain responses at position S2 (near mid-span) of all tested slabs are shown in Fig. 8. The 
steel strain responses of all specimens demonstrated gradually decreased post-cracking stiffness until reaching the steel 
yielding loads, after which, a significant loss in the post-yielding stiffness were monitored.The negative structural 
effects associated to the use of LWC in slab L1 relative to slab N2 are noted. This included decreased post-yielding 
stiffness until failure. The beneficial structural influences of increasing concrete grade of NDC slab N1 (50 MPa) 
relative to LWC slab L1 (27 MPa), are noted. This is demonstrated by the considerably higher post-yielding stiffness of 
slab N1 relative to slab L1, until failure. The higher maximum strain in N1 compared to N2 was due to its higher 
failure load resulting from its higher concrete grade. 

 
Figure 8 Load-Tensile Steel Strain responses (S2) of all tested slabs 

4.4. Strains in Shear Reinforcement 
The load versus shear steel strain responses at position S3 (near mid-span) of LWC tested Slabs L4 and L5 are shown 
in Fig. 9. The test results show that the strains in shear reinforcement using 3d-system of shear studs were smaller than 
those when 2d-system was used at the same location. 
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Figure 9 Load-Shear Steel Strain responses (S3) of tested slabs (L4 & L5) 

4.5. Compressive Concrete Strains 
Fig. 10 shows the load versus compressive concrete strain responses at position C1 of all tested slabs until failure. The 
slabs' responses in the figure again follow similar trends to the previous deflection and tensile steel strain ones; hence, 
reconfirming all previous tests' main findings.  

 
Figure 10  Load-Compressive Concrete Strain responses (C1) of all tested slabs 

5. CODES PREDICTIONS 
In this section, the experimental slab capacities calculated according to ECP203-2007(6), BS8110-1997(7) and 
ACI318-08(8), respectively. The actual compressive strengths of the concrete from the control specimens were used in 
the code predictions.For slabs without shear reinforcement, the capacities are calculated according to equations 1, 2 and 
3 of ECP203, BS8110 and ACI318, respectively as follows: 

PECP203 =  fcud) + d(c 1.264 ……………….………………..……….... (1) 

PBS8110 =       dcdc 124f
d

40010027.0 3/1
4/1

3/1
cuv 






   (2) 

PACI318 =  fc'd) + d(c 1.33 ………………….…...…………………….. (3) 

For slabs with shear reinforcement, the contribution of such reinforcement is calculated according to equation 4 for 
ACI318. The British code allows the use of shear reinforcement to increase the shear capacity for slabs more than 200 
mm thick. The Egyptian code allows for the concrete to carry punching shear and does not allow the use of shear 
reinforcement to increase the shear capacity for slabs as follows: 
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PACI318 = VC + VS  maxV   ……………….…….………..…………….. 
 

(4) 

VC =   fc'db 0.166  ………….………………………………………….. (5) 

VS = Av fy d / s  ……………...……….………………………………….. (6) 

cf  5.0maxv
 b  d ………………………………………………….. 

(7) 

Where; 

b  : The perimeter of critical section 

VS : The force carried by the shear reinforcement (in N) 

Av : The area of the shear reinforcement within a distance, s (in mm2) 

s : The spacing of the shear reinforcement in a direction parallel to the longitudinal 
reinforcement (in mm) 

fy : The design yield strength of the shear reinforcement (in MPa) 

Vma
x : maximum allowed shear Force  

Fig.11.a through Fig. 11.d show comparisons between the experimental slab capacities and the predicted ones 
according to ECP203, BS8110 and ACI318 codes, respectively.ECP 203 is conservative in the calculation of punching 
shear capacity of LWC slabs with different thicknesses except for slab L3, the prediction is slightly higher than the 
experimental one. For LWC slabs with shear reinforcement, L4 and L5, ECP 203 gives conservative prediction of 
punching shear capacity. For LWC slabs with different loaded area (L6 and L7), the prediction is slightly higher than 
the experimental one. Moreover, ECP 203 code gives more conservative predictions of punching shear capacity for the 
slab with NDC, N2, than LWC slab, L1.BS 8110 gives unconservative capacity predictions for the slabs without shear 
reinforcement. For slabs with shear reinforcement, BS 8110 gives a prediction were slightly higher than the 
experimental one. This may be attributed to the neglecting of the contribution of shear reinforcement. Moreover, BS 
8100 code gives more conservative predictions of punching shear capacity for the slab with NDC, N2, than LWC slab, 
L1. On the other hand, it gives unconservative capacity predictions for the slab with higher concrete grade. ACI 318 
code is conservative in the calculation of punching shear capacity of LWC slabs with different thicknesses except for 
slab L3, the prediction is slightly higher than the experimental one. For LWC slabs with shear reinforcement, ACI 318 
gives unconservative capacity predictions. For LWC slabs with different loaded area (L6 and L7), the prediction is 
slightly higher than the experimental one. ACI 318 gives conservative predictions for slab with NDC, N2, than LWC 
slab, L1.  

  
Figure 11.a Comparison between Test Results and 

Different Codes for Slabs (L1, N1 & N2) 
Figure 11.b Comparison between Test Results and 

Different Codes for Slabs (L1, L2 & L3) 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org 

Volume 4, Issue 7, July 2015              ISSN 2319 - 4847 
 

Volume 4, Issue 7, July 2015                                                                                            Page 74 

  
Figure 11.c Comparison between Test Results and 

Different Codes for Slabs (L1, L4 & L5) 
Figure 11.d Comparison between Test Results and 

Different Codes for Slabs (L1, L6 & L7) 

6. CONCLUSIONS 
1- The use of LWC slab when compared to the NDC slab with nearly similar concrete grade resulted in structural 

degradations. These degradations were most pronounced in the post-cracking stage until failure, and included less 
uniform failure crack patterns, lower post-cracking stiffness until failure at 12% reduced capacity as well as 28% 
reduced concrete strains. On the other hand, the failure deflection, flexural reinforcement strain and ductility factor 
increased by 36%, 25% and 31%, respectively.  

2- The NDC slab with concrete grade 50 MPa compared to the LWC slab with 27 MPa resulted in improved 
structural behavior from stiffness and capacity perspectives. This included more uniform failure crack patterns, 
higher post-cracking stiffness until failure at 18% increased capacity. Moreover, 5%, 17% and 28% further 
reductions in the failure deflection, flexural reinforcement strain and ductility factor, respectively, were noted.  

3- Increasing the LWC slab's thickness by 40% resulted in considerably improved structural behavior from stiffness 
and capacity perspectives. In fact, 133% and 59% increased cracking and failure loads, respectively, as well as 
enhanced post-cracking stiffness were monitored. However, 25%further reduction in the failure deflection was 
noted. Less uniform failure crack patterns were also noted for slab with increased thickness. 

4- Providing 2d-system and 3d-system of shear studs in LWC slabs, resulted in considerably improved structural 
behavior from stiffness and capacity perspectives. In fact, more uniform crack patterns, enhanced post-cracking, 
17% and 33% increased cracking loads for 2d-shear studs and 3d-shear studs, respectively, were monitored. In 
addition, 14% and 18% increased failure loads for 2d- shear studs and 3d- shear studs, respectively, were noted. 

5- Increasing loaded plate area in LWC slab, by 300% resulted in considerably improved structural behavior from 
stiffness and capacity perspectives. This included more uniform failure crack patterns, 33% and 41% increased 
cracking and failure loads, respectively, as well as enhanced post-cracking stiffness were monitored. 

6- The Egyptian code ECP 203 and the American Code ACI 318 give conservative capacity predictions for LWC 
slabs and NDC slabs than the results of British code BS 8110. The Egyptian code ECP 203 is very similar to the 
ACI 318 Building code, except for LWC slabs with shear reinforcement. 
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