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ABSTRACT 

There are many techniques that would reduce the self-weight of reinforced concrete structures. The most 
important and the most common are those that depend on changing the cross section of structural members, especially the 
slabs and which constitutes the effective portion of dead loads. Eleven one-way simply supported slabs comprised three as 
reference slabs (solid slabs) and eight as hollow block slabs with two cases of reduction in cross sectional area (23.3% and 
29.1%) were carried out in this experimental work. The holes were formed by placing styropor at the ineffective concrete 
zones in resisting the tensile stresses. All slabs have length 1100mm with effective span 1000mm, width 600mm and depth 
120mm except one has depth 85mm (which has cross sectional area equal to hollow block slab with weight reduction 
(29.1%). Two loading cases (A and B) of shear span to effective depth ratio (a/d=3.125, 2) (as two-line monotonic loads) 
were used to investigate the structural behavior of hollow block slab. Nine out eleven of the slab specimens which were 
tested in experimental program and covered most of parametric study have been verified by the finite element method. The 
suggested finite element model shows good agreement with the experimental results. The obtained numerical load at 
failure agrees well with the experimental ones, since the difference between them is less than 10%. As results of this 
agreement, additional parameters of weight reduction up to 35% and decreasing compressive strength of concrete were also 
investigated in this study. 
 
Keywords: experimental, hollow block slab, numerical, reduction, self-weight. 
 
1. INTRODUCTION 

The self-weight of slab comprises the largest 
proportion of the superstructure weight, for this reason 
that weight reduction is very effective, especially with 
long spans and multi- story buildings that is causing in 
turn reducing the cross section for all structural elements 
and then the pressure on the soil. 

Slabs with the other supporting elements such as 
beams, drops and ribs called structural floor system. It is 
often in direct contact with gravity load and transferring it 
to the rest of vertical elements such as columns, walls and 
then foundations. 

Hollow block slab is one type of the voided slab 
which depends on reducing the self-weight by removing 
the ineffective zone of concrete. Hollow blocks are used to 
fill portions of the slab thickness; this results in deeper 
arm for the rebar while saving considerable amount of 
concrete and hence the own weight of the slab. The 

reinforcement is placed between the blocks inside the ribs. 
Blocks may be styro-foam or concrete blocks …etc. 
 
a) Study parameters  

The eleven slab specimens are arranged as shown 
in the flow chart of Figure-1. Weight reduction effect on 
shear and bending behavior is represented by the 
percentage of styropor in cross section. The response of 
hollow block slab under monotonic load is represented by 
different load cases (shear span to effective depth), the 
effect of the rearrangement of the ribs on the efficiency of 
this type of structural floor system, the increasing of the 
stiffness of hollow block slab by compensating of 
ineffective concrete (tensile zone) in increasing the depth 
of ribs and finally, the effect of increasing the shear 
capacity using shear reinforcement or concrete tapered at 
critical shear zone are investigated in this study. 
 

 

 
 

Figure-1. Arrangement of parameters. 
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b) Details of experimental slab specimens  
Eleven slab specimens have been implemented. 

All specimens were of dimensions (L(length) =1100 mm x 
B(width) =600 mm x H(depth) =120 mm) except one 
specimen (RS3-A) with (H=85 mm). Longitudinal 
reinforcement (flexural reinforcement) for each slab 
specimen was (6 8 mm). Three slab specimens (RS1-A, 
RS2-B and RS3-A) were as reference slabs (RS), the 
reference specimens were provided by transverse 
reinforcement ( 8@210mm) in unsupported direction. 
The details of reinforcement for specimens (RS1-A, RS2-
B and RS3-A) are shown in Figure-2. Eight slab 
specimens were implemented as hollow block slabs (HS). 
The thickness of slab portion (t) equal to 50 mm which 
was reinforced by mesh ( 4@110mm) in each direction 
and located at the center of slab portion. They can be 
described as follows: 
 HS4-A and HS5-B with weight reduction equal to 

23.3%. Both specimens consist of three ribs 
(h(thickness of rib))=120 mm x bw(width of rib)=120 
mm) with longitudinal reinforcement (2 8mm/rib). 
HS5-B specimen was strengthened by minimum shear 
reinforcement ( 4mm) at the critical shear region.  

 HS6-A and HS7-B with weight reduction equal to 
29.2%. Both specimens consist of three ribs (h=120 
mm x bw=100 mm) with longitudinal reinforcement 
(2 8mm/rib), they were strengthened by minimum 
shear reinforcement ( 4@50mm) at the critical shear. 

 HS8-A and HS9-B with weight reduction equal to 
29.2%. Both specimens are provided by solid slab 
(300mm) at each end of specimens with transverse 
reinforcement and six ribs (h=120mm x bw=50mm) 
with longitudinal reinforcement (1 8mm/rib). 

 HS10-A is similar to HS8-A except the shape of ribs 
which consist of three ribs (h=120mm x bw =100mm) 
with longitudinal reinforcement (2 8mm/rib). 

 HS11-A with weight reduction equal to 29.2% and is 
provided by tapered concrete shape at critical shear 
region as shown. 
Limitations and design calculations for all slab 
specimens adopting ACI 318-2014. 

 
2. FINITE ELEMENT MODELING  
 
a) Elements types using in FEM models 

The representation of slab specimens has been 
implemented by using three types of elements. The first 
one for concrete media, the second for reinforcing steel 
bars (rebar), and the third is used for cushion (consisting 
of parts: rubber and steel plate).  
 
LINK 180 

LINK180 is a spar which may be used in a 
variety of engineering applications. This element can be 
used to model trusses, sagging cables, links, springs, etc 
Figure-2. The 3-D spar element is a uniaxial tension-
compression element with three degrees of freedom at 
each node: translations in the nodal x, y, and z directions. 
As in a pin jointed structure, no bending of the element is 

considered. Plasticity, creep, swelling, stress stiffening, 
and large deflection capabilities are included. 
 

 
 

Figure-2. LINK180 Geometry. 
 

SOLID65 
SOLID65 is used for the 3-D modeling of solids 

with or without reinforcing bars (rebar). The solid is 
capable of cracking in tension and crushing in 
compression. The element is defined by eight nodes 
having three degrees of freedom at each node, translations 
in the nodal x, y, and z directions Figure-3. 

 

 
 

Figure-3. SOLID65 Geometry. 
 
SOLID185 

SOLID185 is used for the 3-D modeling of solid 
structures. The element is defined by eight nodes having 
three degrees of freedom at each node: translations in the 
nodal x, y, and z directions Figure-4. The element has 
plasticity, creep, swelling, stress stiffening, large 
deflection, and large strain capabilities. 

 

 
 

Figure-4. SOLID185 Geometry. 
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b) Real constants 
Element real constants are properties that depend 

on the element type, such as the cross-sectional properties 
of a beam element. Not all element types require real 
constants, and different elements of the same type may 
have different real constant values. (ANSYS Mechanical 
APDL Basic Analysis Guide) 

The real constants for the models used in the 
present study are shown in Table-1. The solid65 element 

has no real constant set exists because the reinforcing bars 
are defined as discrete elements which have different real 
constants and properties. Two real constants were used to 
same element Link180 because two diameters of rebar 
were used in the models. For Solid185 no real constant is 
existed. 
 

 
Table-1. Real constants used in study. 

 

 
 
c) Properties of concrete 
 
i. Behavior of concrete under uniaxial compression 

stresses 
The normal strength concrete has linearly elastic 

behavior up to about 30% of its maximum compressive 
strength fć. In the present study, the compressive uniaxial 
stress-strain relationship for the concrete model was 
obtained using the multilinear isotropic stress-strain 
formula suggested by William-Wrank (1974). The 
behavior is linear elastic up to 0.3fc´ and beyond this level 
a multilinear stress-strain relationship is assumed with 
strain corresponding to peak stress level equal to (2fć) 
where E˳ is initial modulus of elasticity. Beyond this peak, 
the stress is assumed to be constant at increasing strain 
until crushing failure accrues at ultimate strain as shown in 
Figure-5. Based on the compression strength of concrete, 
the stress-strain relationship was obtained using the 
following equation: 
 

        (1) 
 

        (2) 
 

        (3) 
Where, 
 

 
 

 
 

Figure-5. Uniaxial stress- strain curves of concrete. 
 

As a result of the insignificant differences between 
the concrete properties that have been obtained from the 
experimental work for all specimens and those calculated 
based on the equations of the ACI 318-2014, the values of 
concrete properties at the specific compressive strength 
(27 – 37 MPa) computed according to listed equations. 
The Compressive strength of 27 MPa is used as an 
additional study parameter and will be illustrated later. 
 

       (4) 
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       (5) 
 

Summary of material properties used in this 
analysis is given in Table-2 and Table-3. (N and mm) 
units are used for all input data. 
 

Table-2. Material properties for concrete (Solid65) in FEM models. 
 

 
 

Table-3. Material properties for steel (Link180) and cushion (Solid185) in FEM models. 
 

 
 
d) Modeling 

In this study, the slabs were modeled as volumes. 
Because of the symmetry, quarter of the slab has been 
modeled. So the models were 550 mm long and 300 mm 
width. The volumes of holes were made from subdividing 
the slab into volumes also. And to ensure the efficiency of 
meshing process, the mass of volume should be divided 

according to the transverse - longitudinal reinforcement 
and supporting -loading cushion Figure-6. The 300mm 
value of the Z-coordinate represents plane of symmetry 
around the X-axis. While the 550mm dimension of X-
coordinate represents plane of symmetry around the Z-
axis. Due to symmetry, only one line load and support are 
needed. 
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Figure-6. Modeling of (A) Solid slab (B) Hollow block slab by ANSYS. 
 

Kothandaraman (2011), made a parametric study 
for using steel cushion by analyzing the beam in both case 
(using steel cushion at the support and at the loading point 
or without). The results of analysis show that the inclusion 
of steel cushion at the support may not be necessary in 
load-displacement verification. But for detailed study on 
stress variation, the steel cushion has to be included in 
modeling. 

As result to use rubber parts at the supporting and 
loading locations in the experimental specimens. These 
parts can be contributed in part of deflection during the 
initial loading stage. Therefore, and in order to made 
realistic modeling, the cushion in ANSYS consisting of 
two parts for the same element solid185, one of these parts 
was simulated to provide the deflection identical to those 
provided by rubber part in the experimental models. 

Several attempts on the finite elements model to 
determine the value of modulus of elasticity for rubber 
parts by measuring the vertical deflection at the final 
loading stage and compared with the limited deflection in 
experimental specimens.  

Nine out eleven of the slab specimens which 
were tested in experimental program and covered most of 
parametric study have been verified by the finite element 
method. As conclusion of the experimental work results, 
the hollow block slab with reduction of weight 29.1% and 
the ribs strengthened by minimum shear reinforcement 
provided ultimate load capacity higher than those in the 
solid slab under the loading cases (A) and (B) with 

acceptable values of deflection compared with the solid 
slab specimens. It became necessary to investigate the 
optimum value of weight reduction of ineffective concrete 
by adopting numerical models using appropriate 
parameters obtaining from the experimental work. 

 
e) Meshing 

The first step in meshing process is defined as the 
mesh attribute for each part of the slab specimen. The steel 
reinforcement has been meshed as lines elements 
(link180) while the concrete regions are meshed as 
volumes (using element solid65). In order to control the 
meshing process, the generating lines that surrounded 
volumes are meshed first before meshing volumes. The 
maximum size of element is 25 mm in X, Y and Z 
coordinates. In some regions especially in hollow block 
slabs, the size of element need to be smaller than 25 mm, 
this depends on the location and distribution of both the 
steel reinforcement and styropor pieces. Solid185 which is 
used to represent cushion parts modeled by creating nodes, 
these nodes linked with each other according to specific 
technique. The use of smaller elements has not changed 
the results significantly, but it led to increase computation 
time and computer disk space requirements. Elements 
(solid65, solid185 and link185) within the ANSYS model 
are illustrated in Figure-7. 
 

 

 
 

Figure-7. Elements within ANSYS Model after meshing process. 
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f) Loads and boundary conditions 
Displacement boundary conditions are necessary 

to restrict the model and get a unique solution. Since 
quarter of slab has been modeled, boundary conditions 
needed to be applied at planes of symmetry which are the 
plan at X=550mm (which restrict the movement in X and 
Z direction) and the plan at Z=300mm (which restrict the 
movement in Z-direction).  Another restricting at the 
supports, which are located at X-coordinate =50 mm. All 
the nodes located along the support line (Y=0, X=50 mm) 
restricted from the movement in Y and Z-direction. The 
cushions have been located in the positions at support and 
loading regions. This process will prevent local concrete 
failure. The load was applied on all surface nodes of steel 
cushion. The overall load was divided by 4 because of 
dealing with a quarter of the slab; and then they are 
divided by the number of nodes that located on the surface 
of steel cushion. 
   
3. ANALYSIS METHOD   

The finite elements model for this analysis is a 
slab under transverse loading. For this purpose, the static 
analysis type is utilized. Since all the selected elements are 
nonlinear, the solution will be nonlinear. The number of 
sub-steps was (53-97) and the maximum number of 
equilibrium iteration is limited to 100.  

The convergence criteria used for analysis was 
displacement. There was a problem with the convergence 
criteria when the slab began to crack. The convergence for 
the nonlinear analysis was impossible with the default 
value of tolerance (0.001). The solution of this problem is 
to change the value of tolerance. Kachlakev et al, (2001) 
and Dahmani et al, (2010) used convergence tolerance 
limit as 0.005 and 0.05 for force and displacement 
respectively. Wu, (2006) and Izzet, (2008) followed a 
tolerance level of 0.05 for force and displacement 
convergence Kothandaraman, (2011). So the tolerance 
used in this study is with a value of (0.05).  
 
a) Finite element analysis results 

This section compares the numerical analysis 
results from the ANSYS finite element analysis with the 
experimental data for nine slab specimens. The 
comparison is made for the ultimate loads carrying 
capacity, ultimate deflection, overall behavior of slabs. 
The following results were obtained from ANSYS: 
 Deflection contours at failure load  
 Failure load. 
 Stress in steel and concrete elements. 

Deflections were found out for various load values. 
The failure loads for slabs were obtained from ANSYS 
and compared with experimental data. Finally, it is 
important to investigate about the amount and type of 
stress (whether it causes elastic or plastic strains) relating 
to the reinforcement mesh located at the slab portion. 
 
b) Presentation of ANSYS model results 

The mid-span deflection values due to the 
application of two-line load (under the cases A and B) to 

the nine tested slabs have been determined according to 
the present ANSYS model (according to the formerly 
mentioned concept, fundamentals, and assumptions). They 
have been arranged in a load ~ mid-span deflection 
response till failure. They were presented graphically in 
Figures-8 to 16. 

In addition, variations of the vertical displacements, 
stresses distribution in the reinforcement under the effects 
of ultimate loads as processed and produced by the present 
ANSYS model are presented by imaginary perspectives in 
Figures-17 to 36.  
 

 
 

Figure-8. Load- deflection response of RS1-A. 
 

 
 

Figure-9. Load- deflection response of RS2-B. 
 

 
 

Figure-10. Load- deflection response of RS3-A. 
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Figure-11. Load- deflection response of HS4-A. 
 

 
 

Figure-12. Load- deflection response of HS5-B. 
 

 
 

Figure-13. Load- deflection response of HS6-A. 
 

 
 

Figure-14. Load- deflection response of HS7-B. 

 
 

Figure-15. Load- deflection response of HS8-A. 
 

 
 

Figure-16. Load- deflection response of HS10-A. 
 

 
 

Figure-17. FEM ultimate load- deflection of RS1-A. 
 

 
 

Figure-18. FEM ultimate load- deflection of RS2-B. 
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Figure-19. FEM ultimate load- deflection of RS3-A. 
 

 
 

Figure-20. FEM ultimate load- deflection of HS4-A. 
 

 
 

Figure-21. Support before applying load HS4-A. 
 

 
 

Figure-22. Support after applying load HS4-A. 
 

 
 

Figure-23. FEM ultimate load- deflection of HS5-B. 
 

 
 

Figure-24. FEM ultimate load- deflection of HS6-A. 
 

 
 

Figure-25. Load- FEM ultimate load- deflection HS7-B. 
 

 
 

Figure-26.  FEM ultimate load- deflection HS8-A. 
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Figure-27.  FEM ultimate load- deflection HS10-A. 
 

 
 

Figure-28. FEM ultimate reinforcement Stress RS1-A. 
 

 
 

Figure-29. FEM ultimate reinforcement stress RS2-B. 
 

 
 

Figure-30. FEM ultimate reinforcement stress RS3-A. 
 

 
 

Figure-31. FEM ultimate reinforcement stress HS4-A. 
 

 
 

Figure-32. FEM ultimate reinforcement stress RS5-B. 
 

 
 

Figure-33. FEM ultimate reinforcement stress HS6-A. 
 

 
 

Figure-34. FEM ultimate reinforcement stress HS7-B. 
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Figure-35. FEM ultimate reinforcement stress HS8-A. 
 

 
 

Figure-36. FEM ultimate reinforcement stress RS10-A. 
 

Correlation between Finite Elements Analysis and 
Experimental Results 
 
Ultimate load capacity and mid-span deflection 

To check the validity of the suggested model, a 
comparison must be done between the actual and 
numerical analysis values of ultimate load and 
displacement. Table-4 shows the failure load of the 
experimental and the numerical model. It also shows the 
ratio between them. The obtained numerical failure load 
agrees well with the experimental ones. Since the 
coefficient of variation is under (0.05) (Mamede, et al, 
2013). Although the numerical results show a slight 
reduction in the failure load for most of the specimens. 
The average value of the ratio obtained between 
experimental and the numerical failure load was (1.04) 
with coefficient of variation of (0.043). 
 
 
 
 
 
 
 

 
Table-4. Ultimate load and ultimate displacement comparison between FEM and EXP. 
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Regarding the mid-span deflection at failure, 
slightly lower agreements between experimental values 
and those obtained numerically. The average value of the 
obtained ratio between experimental and the numerical 
failure load was (1.12) with coefficient of variation of 
(0.092). Numerically computed values are smaller than 
their corresponding experimentally measured one.  

Those errors (between experimental and finite 
element results) are essentially introduced by representing 
the mathematical model by a finite-element one. The FEA 
solution is influenced by the number of elements used, the 
number of nodes per element, the nature of element shape 
functions, integration rules used with isoparametric 
elements and other formulation details of particular 
elements. Cook et al. (2002). 
 
Load- displacement response 

The comparison between experimental and finite 
elements analysis results for slab specimens show the 
characteristics and stages of the load versus mid-span 
deflection behavior along test progress of the nine tested 
slabs. The comparison can be subdivided into three ranges, 
pre-cracking (elastic stage), cracking stage (till yielding of 
steel), and yielding of steel and crushing of concrete. 

In pre-cracking stage, for most of the specimens the 
load-deflection curves show significant divergence 
between numerical and experimental results, in cracking–
elastic stage a slight divergence under loading case (A), 
while the convergence remaining constant as it in the pre-
cracking stage under loading case (B). Numerical results 
show higher stiffness in linear range than the experimental 
results. Many factors effects can be detected for this 
behavior, the first is associated with the presence the 
micro-cracks which could be produced by drying 
shrinkage in the experimental specimens unlike the finite 
element models and the second is the assumption that the 
bond between the concrete and steel in finite element 
models is assumed to be perfect. 

At the third stage, there is approximately close 
agreement between the experimental specimen curves and 
the finite element models curves under loading case (A) 
while, it is observed gradually decreasing in finite element 
curves compared with experimental curves under loading 
case (B). 

The verification and acceptability of the results 
between experimental work and the finite element method 
prepared appropriate parameters to work additional 
models under the finite element method. Four hollow 
block slab specimens investigated by ANSYS14.5 
computer program with study parameters listed in       
Table-5 and tested numerically under two monotonic line 
load (A) and (B). Figure-37 shows the details of 
specimens HS12-A and HS13-B. 
 

 
 
 
 
 

Table-5. Study parameters proposed by ANSYS. 
 

 
 

Real constants and the properties of materials for 
models HS12-A, HS13-B, HS14-A and HS15-B are listed 
in the Table-4-1 and Table-4-2.  

 

 
 

Figure-37. Details of specimens HS12-A and HS13-B. 
 

The load versus mid-span deflection for finite 
element models HS12-A, HS13-B, H14-A and HS15-B 
are presented in Figures-38 to 41. The comparison of their 
results for ultimate load and mid-span deflection with 
experimental reference slabs results RS1-A and RS2-B are 
shown in the Table-6. 
 

 
 

Figure-38. Load- deflection response of HS12-A. 
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Figure-39. Load- deflection response of HS13-B. 
 

 
 

Figure-40. Load- deflection response of HS14-A. 

 
 

Figure-41. Load- deflection response of HS15-B.. 

 
Table-6. Comparison of ultimate load - displacement for models proposed by ANSYS. 

 

 
 

Finite element models HS12-A and HS13-B under 
Rw 35% exhibit reduction in the strength capacity equal to 
8% -10% respectively. On other hand, the reduction in 
strength capacity could be increased about 3% as a result 
of increasing the rate of strength for experimental 
specimens than those in the finite element models. 

Regarding with loading case (A), hollow slab 
model HS12-A is controlled by flexural-ductile failure 
compared with HS4-A (RW equal to 23.3%) which is 
controlled by combination of shear- flexural failure. Under 
the loading case (B), hollow slab model HS13-B is also 
controlled by flexural-ductile failure compared with RS2-

B and HS9-B (RW equal to 29.1%) which is control by 
shear failure. 

From the earlier comparison, it can be seen that 
using shear reinforcement in hollow block slab system is 
effective through its contribution to the changing modes of 
failure, which is one of the most important characteristics 
in determining the safety of structures.  

Reduce the compressive strength for models HS14-
A and HS15-B by 27% lead to decrease the strength 
capacity by 19% and 23% compared to models HS6-A and 
HS7-B as well as the characteristics of ductility.  
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Evaluation of stresses in concrete and reinforcement 
elements 

By observing the outputs of numerical analysis of 
stresses in both concrete and reinforcement elements at the 
ultimate loading stage, the following points are concluded: 
 Crushing stress of concrete elements at the 

compression concrete zone exceeds the value of 
compressive strength (fć) about 10% as result of 
confinement state condition. 

 The failure occurred after the yielding of longitudinal 
reinforcement with considerable plastic strain for all 
finite element models with compressive strength 
37MPa which provide more ductility and identical 
with the experimental specimen results. 

 The upper mesh reinforcement remains close to the 
value of the yield stress with elastic behavior and this 
contributes in restricting of development the vertical 
cracks and its penetration to the compression concrete 
zone.  This in turn increases the ultimate strength 
capacity of the hollow block slab specimens and 
improves the failure modes.  

 
4. CONCLUSIONS   

The main conclusions drawn from this research 
are: 
 Reduction in cross-sectional area of hollow block slab 

by 29.1% under the loading cases A and B with using 
minimum shear reinforcement exhibits an increase in 
strength capacity by 8.6% and 5.7% compared to the 
RS, this is observed through the results of specimens 
HS6-A and HS7-B respectively. 
 

 At the same level of reduction in cross-sectional area 
of hollow block slab and solid slab (specimens HS6-A 
and RS3-A) by 29.1% under loading case load A, 
hollow block slab strengthened by minimum shear 
reinforcement offers an increase in strength capacity 
by 98% and other characteristics such as initial 
stiffness and modulus of toughness.  
 

 Despite the appearance of cracks in hollow block 
slabs with loads less than those in the reference slabs, 
the development of cracks in hollow block slabs 
during loading is slower than what observed in solid 
slab as results of presence the upper mesh 
reinforcement. 
 

 The increase in cross sectional area of the ribs within 
the hollow block slab section shows improved results 
than the increase of the number of ribs at the same 
percentage of reduction in cross sectional area. 
Results of cracking load capacity were 63% and 77% 
of RS and of ultimate load capacity were 102% and 
107% of RS for specimens HS8-A and HS10-A 
respectively. 
 

 Alternative solutions to improve the shear strength 
capacity can be provided using solid slab portion or 
tapered cross section at critical shear region. The 

results of slab HS11-A with (Rw=29.1%) show 
strength capacity equaled to RS and the same failure 
mode. 
 

 The best weight reduction percentages obtained in this 
study for hollow block slab ranging from (29% to 
35%) with using minimum shear reinforcement along 
critical shear span region which provides sufficient 
strength capacity and suitable failure mode. 
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