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Abstract

The voided reinforced concrete slab system is mainly produced with polyester foam placed mostly at the bottom of the slab. The aim 

of the voids is to reduce the weight of the slab. In this paper behavior of the voided reinforced concrete slabs in which voids placed at 

the mid-height of the slab cross-section, is examined analytically. A series of models were created to come up with a lightweight slab. 

Two distinct slab models were analyzed using the ABAQUS software. In the first group, slabs had three layers, in which bottom and 

top layers were of solid reinforced concrete, but the mid layer was of voided unreinforced concrete. In the second layer, in order to 

increase the contact between top and bottom layers of the slab, crossties were utilized, and the mid layer was reinforced accordingly. 

Since all the layers were 5 cm thick, the total thickness of the slabs were 15 cm. Slabs were 100 cm wide and 200 cm long. They were 

simulated the three-point bending test. Concrete damaged plasticity material model (CDPM) for concrete and elastoplastic material 

model for steel was selected. From the results it was found that moment capacity decreased with the increase in the volume of the 

voids. There was a sudden decrease in strength after reaching the yield strength in voided slab without a crosstie. In addition, crossties 

enabled the reduction of the weight of the slabs without significant decrease in moment capacity.
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1 Introduction
Earthquake load is directly related to the weight of the 
building, i.e., higher weight corresponds to the higher 
seismic forces. Weight of the building is affected from the 
slab weight directly since slabs are stated to consist almost 
40–60% of the dead load in a typical reinforced concrete 
residential building [1, 2]. Conventional and heavy slabs 
may create additional problems in large buildings or high-
rise buildings. One of the problems is that the building 
needs large beams and large vertical members to carry 
such heavy slabs and those large load carrying members 
further increase the dead load of the building which then 
end up with increased cost [1, 3]. Therefore, in order to 
create cost effective and safe buildings, the weight of the 
building should be reduced. A light-weight building hav-
ing sufficient stiffness, ductility and load carrying capac-
ity is the target to be sought by many researchers. 

As mentioned above, since the contribution of the slabs 
to the total weight is high, reducing the weight of the slab 

will significantly decrease the weight of the building. This 
can be achieved either by using lightweight concrete or 
introducing voids in the slabs. 

Lightweight aggregates are used to produce lightweight 
concrete. The aggregate varies from natural materials like 
pumice, shale, scoria etc., to artificial materials such as 
waste tires, crushed bricks etc. Lightweight aggregates, 
if used in proper mix ratios, can enhance the compressive 
strength of the concrete [4–7]. However, not only strength 
is important, but also stiffness and ductility should be 
questioned because beams and slabs are under continu-
ous bending. Studies revealed that lightweight concrete 
slabs showed almost the same behavior as the normal 
weight concrete but because of the reduction in stiffness 
and ductility they exhibit large deflection and less ductil-
ity. Besides, moment capacity is stated to be related to the 
tensile reinforcement rather than the effect of the weight 
or strength of the concrete [8–16]. In order to increase the 
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stiffness properties of the flexural members, high-strength 
lightweight concretes were utilized, and good perfor-
mances were reported [9, 17]. 

The other technique to reduce the weight is to create 
intentional voids in the cross-section of the slabs. Several 
void shapes; donut [18–20], spherical [21–28], cuboid 
[1 and 28–31], ellipsoidal [27, 32, 33], flat void [21] etc. 
were used and several configurations (discrete void, con-
tinuous void etc.) were studied. The voids may either be 
filled with a lightweight material namely polystyrene foam 
[23, 34, 35, 36] which is common in slab constructions or 
left unfilled. If the void was not filled, then the void for-
mer may be manufactured using a lightweight material like 
plastic, recycled plastic (polyethylene high-density, PE-HD 
or polypropylene, PP) [19, 21, 22, 24] or cardboard [37].

Although several different void configurations were 
studied, results seemed to be common. In general, follow-
ing conclusions were drawn: 

• Voids decrease the flexural stiffness. The reduction 
may be up to 50% [28]. Therefore, actual stiffness 
was recommended to be taken into account while 
calculating the deflections. 

• Behavior of voided slabs was similar to the solid 
ones; crack formation was not different thus yield 
line theory can be applied. A well-pronounced fail-
ure mechanism was observed indicating the yielding 
of tension reinforcements and crushing of concrete 
at the compression side.  

• Maximum load carried by the voided slabs were sim-
ilar to the load carried by the solid ones. Slight dif-
ferences were reported. 

• Discontinuities created by the voids in the slab sec-
tion, stress concentration occurs at the edges of the 
voids. This was reported to negatively affect the 
capacity and the behavior [34, 35, 38, 39, 40].

In addition to the above findings, some restrictions 
were also stated [21]:

• Voids reduce the concrete thickness at the top and 
bottom of the slab resulting in a reduced compres-
sion zone under bending. This may lead to a brittle 
behavior.

• Since the concrete area is reduced, shear resistance 
may reduce. 

• Voids should be carefully placed in the slab because 
solid zones may be needed in case of punching. 

• Reducing the concrete thickness at the compression 
zone may lead to a local punching. 

• Construction joints should be carefully treated if they 
coincide with the voids which reduce the shear area. 

It can be said that introducing voids results in a reduced 
ductility, stiffness and shear capacities. In order to com-
pensate this reduction those slabs are made thicker than 
solid slabs. 

In addition to the voids, behavior of slabs is affected from 
several factors: material, thickness of the slab, ratio of ten-
sion and compression reinforcements, number-dimension 
and amount of the voids in the section and crossties. Many 
studies dealt with the effect of void ratio [1, 34, 35, 41] and 
in general it was found that moment and shear capacities 
of the slab decreases, and the displacements increases due 
to the increase in the void ratio. Besides, in the study of 
Allawi and Jabir [42], slab moment capacities increased 
and displacement values decreased as a result of the use 
of crossties in voided slabs. Wang et al. [43], has observed 
that the slab strength and displacement capacities increase 
when steel fiber reinforced concrete is used.

In this paper, effect of the amount of the cuboid voids 
placed at the mid-height of the slabs on the behavior was 
examined analytically. A series of models were created 
to come up with a lightweight slab having great moment 
capacity. Two distinct slab models were designed. In the 
first group, slabs had three layers, in which bottom and top 
layers were of solid reinforced concrete, but the mid layer 
was of voided unreinforced concrete. In the second group, 
in order to increase the contact between top and bottom 
layers of the slab, crossties were utilized, and the mid 
layer was reinforced accordingly. The voids were filled 
with polystyrene foam and in order to attain the lighter 
slab having better structural performance. The aim of this 
study was targeted to understand the effect of the follow-
ing on slab behavior:

• void ratio, 
• void configuration, 
• use of crosstie. 

2 Materials and method
2.1 Slab models and materials
A total of 10 slabs grouped into two (5 slabs in each group) 
and having 200 × 100 × 15 cm dimensions were designed. 
Concrete strength was 30 MPa. Group S-N slabs had three 
layers; bottom and top layers were of reinforced concrete 
(with 5 cm thickness) whose reinforcements were placed 
according to TS500-2000 [44], the mid-layer (again 5 cm 
thick) was of concrete without reinforcement and voids 
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filled with polystyrene were placed in this layer in order to 
reduce the weight of the slab (Fig. 1 and Fig. 2). According 
to TS500-2000 [44], a minimum reinforcement ratio of 
0.002 is used in both directions in the slab. In this context, 
in order to keep the rebar spacing constant, it is taken as 
0.0026 (corresponding to f6/75, diameter/distance in mm) 
equal in all both directions. Void ratio was the main vari-
able in this group. Slab S-N-0 had no voids and was the 
control slab, however, Slab S-N-10 had a 10% void ratio 
whereas it was 13.3% in Slab S-N-13. Remaining slabs, 
S-N-16 and S-N-20 had 16.7 and 20% void ratio, respec-
tively. Weight of S-N-0 was 7.5 kN and it reduces continu-
ously up to 5.59 kN in S-N-20. Concrete width between the 
voids reduced from 12 cm to 6 cm in S-N-10 and S-N-20, 
respectively. Less shear area was provided in S-N-20. In 3d 
drawings, the gray color represents the concrete and the 
red color represents the void. The enlargement of the red 
layer indicates that the void is increasing (Fig. 1 and Fig. 2).

In the second group (Group S-C), the same slabs as in 
Group S-N were manufactured (Fig. 3). Therefore, the 
same dimensions, same void ratio and same reinforce-
ment ratio were utilized in this group. The only differ-
ence was the crossties which were aimed to compensate 
for the strength loss to be caused by the voids. Crossties 
were of S-shape and extended from bottom concrete to the 
top concrete and embedded into the concrete with a hook 

length of 6 cm (Fig. 4). Ratio of crossties were kept con-
stant in all the slabs (Fig. 5 and Table 1). Crossties were not 
only placed in the concrete layer, but they also used in the 
void regions to provide a regular pattern of shear support 
as shown in Fig. 5. The clear cover is used as 15 mm.

2.2 Analytical modelling using finite element method
Finite element analysis methods are used in many differ-
ent areas, such as in the modeling of sensitive materials, 
concrete and steel. Load, stress, displacement, tempera-
ture, etc. values are transferred from node to node and the 
type of the analysis method affects the results. Since many 
researchers modeled the reinforced concrete slabs using 
ABAQUS software which considers Explicit Dynamic 
Analysis (EDA) [18, 25, 29, 32], same software and tech-
nique was utilized in this study. There are some behavioral 
problems during the modeling process of reinforced con-
crete members such as dynamic effects, non-linear behav-
ior, plastic deformations and contact uncertainty [45, 46]. 
Explicit Dynamic Analysis is a useful tool to overcome 
these problems as recommended in many studies. In addi-
tion, concrete damage plasticity (CDP) model for con-
crete, elastoplastic material models for steel, relevant sup-
port conditions, type of contact between contact surfaces 
and mesh sizes were the other issues to be determined 
during the modeling. Considering the several parameters 

Fig. 2 Cross sections and reinforcement details of the slabs in Group S-N (distances in cm and rebar dimensions in mm) 

Fig. 1 Group S-N slabs 
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mentioned above, it was stated that the results from the 
analytical models were compatible with the experimental 
results [18, 25, 29, 32]. 

In this study, upon the reliable results presented in the 
literature, ABAQUS software with Explicit Dynamic Anal-
ysis method was utilized in modeling the slabs and rele-
vant material models, loading conditions and restraints was 
used. During the dynamic analysis, the loading is performed 
in very small steps to find the most reliable result [45, 46].

2.2.1 Boundary conditions and load procedure
All the slabs were 3D modeled in ABAQUS/Explicit soft-
ware considering simply supports at both ends (short sides) 
to demonstrate the three-point-bending test. Slabs were 
loaded at the midspan by a line loading that was increased 
gradually until failure (Fig. 6). Moments, support reactions 
and midspan displacements were recorded continuously 
during the analysis.

Reference points (RP) RP-1, 2 and 3 were assigned to 
the semi-circular support surface center and connected 
with the center as a "tie". Linear tie (fixed in all directions) 
connection is assigned to the surface interaction between 
the supports and the slab. Supports are defined as master 
surface and slab is defined as slave surface. The load at the 
RP-1 point was defined as displacement and transferred 
to the slab as a linear load. The RP-2 point is fixed in all 
directions, while the RP-3 point is fixed in all directions 
except the x direction. For the displacement velocity, pre-
liminary analyzes were made as 1, 3, 6, 7, 9 and 12 mm/s, 
and finally 6 mm/s was determined. Due to the low dis-
placement velocity, the analysis was finished before the 
total collapse. When the displacement velocity was high, 
it was realized that impact was governed resulting in unre-
liable capacity. Support reactions and midspan displace-
ments were recorded continuously during the analysis. 
Moments calculated by multiplying the support reactions 
by half span. 

2.2.2 Finite element mesh size for slab and solution 
procedure
There are many mesh shapes (square, rectangular, triangu-
lar prism etc.) in finite element method. In order to accu-
rately transfer stresses, strains and cracks, it is necessary to 
determine the appropriate mesh shape and size depending 

Fig. 3 Group S-C slabs

Fig. 4 Crosstie geometry (dimensions in cm)

Fig. 5 Cross sections and reinforcement details of the slabs in Group S-C (distances in cm and rebar dimensions in mm)



1052|Kıpçak et al.
Period. Polytech. Civ. Eng., 67(4), pp. 1048–1065, 2023

on the slab size. For the slabs, ABAQUS recommends 
the standard 8-node cube or rectangular prism mesh type 
[46, 47]. This type of FE provides smooth and correct load 
distribution. For this reason, preliminary analyzes of 20, 
25, 30, 35, 40, 50 mm cube and rectangular mesh were per-
formed for control slabs (S-N-0 and S-C-0) and from the 
analysis results it was decided to use a mesh size of 35 mm 
vertically and 25 mm horizontally (Fig. 7). For the remain-
ing slabs, 35 mm vertical and 16.67 mm horizontal meshes 
were utilized. A smaller mesh was used horizontally to 
obtain more detailed and reliable tensile, and compression 
stresses. The reason for the difference in mesh sizes is to 
get rid of the convergence problem and save time during 
the analysis. While meshing, C3D8R mesh element type 
given in Explicit/3D Stress in ABAQUS was selected. 
As a result, 9918 elements and 12180 nodes were formed in 
S-N-0 slab, 12222 elements and 19152 nodes were formed 
in S-N-10 slab. Reinforcements in the short and long direc-
tions are defined as T3D2 material and the mesh size was 
20 mm. Central-difference time integration rule, which 
eliminates the complex analysis, was followed [47]. Since 
EDA procedure proceeds using the small-time increment, 
time period 10 s was used in the analysis and geometric 
nonlinearity was taken into account. Increment type was 
taken automatically to shorten the analysis time. Other 
parameters were used as default as given in ABAQUS.  

Table 1 Slab properties

Slab Concrete width at the mid-height 
layer between voids, cm Void ratio % Weight, kN ρ Crosstie Ratio in 1 m2 area

Group S-N

S-N-0 NA 0.0 7.50 0.0026 -

S-N-10 12 10.0 6.60 0.0026 -

S-N-13 10 13.3 6.19 0.0026 -

S-N-16 8 16.7 5.85 0.0026 -

S-N-20 6 20.0 5.59 0.0026 -

Group S-C

S-C-0 NA 0.0 7.50 0.0026 0.0034

S-C-10 12 10.0 6.60 0.0026 0.0034

S-C-13 10 13.3 6.19 0.0026 0.0034

S-C-16 8 16.7 5.85 0.0026 0.0034

S-C-20 6 20.0 5.59 0.0026 0.0034

Fig. 6 Slab under three-point-bending test (distances in cm)

(a)

(b)
Fig. 7 Finite element meshes for slab (a) S-N-0, (b) S-N-10
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2.2.3 Concrete model
The concrete damaged plasticity model (CDP) defined 
in [48] were used to define concrete properties in the 
ABAQUS software. In the CDP model, concrete stress-
strain, damage parameter-inelastic strain graph and five 
plastic parameters are used. The first parameter is the 
dilatation angle of the concrete obtained from the Mohr 
Circle as shown in Fig. 8(a). 

The dilatation angle (dilatancy, ψ) affects the stress and 
strain curve of the concrete. It can change not only the 
plastic deformation state, but also the fracture mode if it 
is too large or too small [49]. In the CDP model, the dil-
atation angle has a critical role in affecting the behavior 
among many parameters. In reinforced concrete studies 
where this model was used, the dilatation angle was gener-
ally investigated between 5° and 55° in order to accurately 
observe the experimental behavior of the elements [49–53]. 
For normal weight concrete, Wosatko et al. [49] did not 
recommend a value greater than 35°. Genikomsou and 
Polak [50] observed more accurate results when taking 
this value as 40° for concrete with a compressive strength 
of 33–46 MPa while analyzing punching behavior of the 
slabs. Guo et al. [51] suggested 38° for concrete with a com-
pressive strength of 30–50 MPa, while Hafezolghorani 
et al. [52] suggested 31°. On the other hand, Rewers [53], 
used 35° in the reinforced concrete beam analysis for 
39 MPa concrete. As can be seen, the dilatation angle 
value has been used to calibrate analytical model of 
a reinforced concrete element. In the preliminary analysis 
performed in this study, the results were evaluated by tak-
ing into account the dilatation angle of 30°, 33°, 35°, 38° 
and 40°. After interpreting the preliminary results, it was 
decided that to use 38°.

The second parameter is the eccentricity which is cal-
culated from the intersection of the tangent line with the 
normal stress axis (Fig. 8(a)). Default value of the eccen-
tricity is 0.1 in ABAQUS was recommended and used in 
many studies [47, 50, 51, 54, 55]. Therefore, an eccentric-
ity value of 0.1 was utilized in this study. The third param-
eter is F = fb0 / fc0 which is defined as the ratio of the yield 
strength of concrete under biaxial compression to the 
yield strength under uniaxial compression. Although its 
effect on the behavior is insignificant, the default value of 
1.16 as recommended and used in many studies is consid-
ered in this study also. The fourth parameter is Kc which 
is the ratio of the second stress constant on the tension 
meridian to the stress constant on the pressure meridian. 
It is also defined as the shape of the yield surface in the 

strain plane [47]. In the Drucker-Prager concrete model, 
Kc value is usually taken as 2/3 which is also the default 
value CDP model in ABAQUS (Fig. 8(b)).

The fifth parameter is the viscosity (µ). This is a param-
eter representing the resolution time of the developed vis-
coplastic system of the CDP model [47]. It is a parame-
ter that affects the convergence problems, analysis time, 
number of iterations, stiffness, load carrying capacity, 
stress and strain values in the analysis process. Viscosity 
is used to save time without disturbing the results. It also 
helps to improve the convergence ratio [56]. Higher value 
reduces the analysis time significantly, but the results 
diverge from the actual behavior. 

Therefore, a value greater than 0.0005 is not recom-
mended [56]. For beams and slabs, 0.1 × 10–4 or 1 × 10–5 was 
taken mostly [50–54]. In this study, viscosity was assumed 
to be "0" (zero) to avoid convergence problem and to find 
more consistent results. The five parameters given above to 
define the concrete properties are based on the literature as 
given in Table 2. 

In this study, the concrete model defined in the Chinese 
Code-2010 [57] was used to obtain the stress-strain values 
of C30/37 concrete. Stress-strain and damage parameter- 
inelastic strain curves of concrete under uniaxial com-
pression and tension are depicted in Table 3. Nonlinear 

(a)

(b)
Fig. 8 (a) Eccentricity and dilatation angle (b) Kc = 1 and Kc = 2/3 

parameters
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parabolic relationship is used for compression behavior. 
The yield point under compression was calculated as 
40% of the maximum strength ( fc) ending up 12 MPa. 
Compressive stress decreases parabolically after fc until 
3.05 MPa. However, as for tensile behavior it is assumed 
that a linear relationship exists between stress and strain 
up to maximum tensile stress ( fct) and an abrupt decrease 
in stress exists after the fct. Compressive stress-strain 
and tensile stress-strain curves according to the Chinese 
Code-2010 [57] are given in Fig. 9.

In x = ε/εcu, the sub-index c and t represent pressure and 
tension, respectively. Ec is the modulus of elasticity, σc,t is 
the calculated stress, dc,t is the damage parameter, ε is the 
strain parameter, fcu,tu is the ultimate strength, εcu,tu is the 
peak strain. For the ultimate stress in C30/37 concrete ac 

value is 1.36, for the ultimate tensile stress of 1.917 MPa 
at value is 1.16 found iteratively.

Elastic region of the concrete under compression and 
tension is defined introducing the modulus of elasticity 
and Poisson's ratio values given in Table 2 [44, 47, 50, 51, 
54, 55, 58-60], while the plastic region is defined using the 

Table 3 Stress-strain and damage parameter- inelastic strain curves of 
concrete under uniaxial compression and tension
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Fig. 9 C30/37 concrete material models in compression and tension

Table 2 Concrete plastic damage model parameters

C30/37 Concrete References

fc [MPa] 30

fct [MPa] 1.917 [44] ( fct = 0.35√f̅c)

Density [t/m3] 2.5 [58]

Elastic Properties

Ec [MPa] 27386 [59] (E = 5000√f̅ck)

Poisson's ratio [ν] 0.2 [44, 60]

Plastic Properties

Dilation angle, [ψ] 38° [51]

Eccentricity [e] 0.1 [47, 50, 51, 54, 55]

F = fb0 / fc0 1.16 [47, 50, 51, 54, 55]

Kc =
q'CM/q'CM 2/3 [47, 50, 51, 54, 55]

Viscosity [µ] 0 [50, 51, 54]
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concrete damaged plasticity model in ABAQUS. Thus, the 
dotted curves in Fig. 9 were defined as the concrete dam-
aged plasticity model. Since concrete is damaged after 
the yield strength, change in the strength and stiffness in 
cyclic loading can be measured to identify the damage. 
In this study, concrete damage percentage and inelastic 
strain values are also defined, and the curves related to 
these values are presented in Fig. 9. The damage increased 
with the deformation under compression and large defor-
mations occurred after approximately 60% damage (dc). 
Between 80% and 90% damage rate, much higher inelastic 
strains develop. The amount of inelastic strain increases 
rapidly after 70% damage (dt) under tensile stress. 

Considering the stress-strain curve of the concrete, dc 
compression damage parameter, εt

el elastic strains and εt
in 

inelastic strains were calculated from Eqs. (1), (2) and (3), 
respectively. As for tension parameter εt

el and εt
in of con-

crete, the same equations were utilized. According to the 
concrete data in the equations fc compressive strength, εc 
uniaxial strain under compression, ε0c

el  elastic strain, εc
in 

inelastic strain, εt tensile strain, εt
el elastic tension strain 

and εt
in inelastic tensile strain of concrete are determined 

by the following equations [47]: 
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The plastic parameters are calculated according to the 
following equations, taking into account the compressive 
and tensile strength and inelastic parameters of the con-
crete defined in the ABAQUS software. Plastic strain in 
compression εc

pl, plastic strain in tension εt
pl are given as 

in Eq. (4) [47].
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2.2.4 Rebar model
In order to simplify the calculations, the stress-strain curve 
of the rebar under tension was formed from three linear 
lines idealized with the values taken from TEC-2018 [61]. 
Elastic and plastic parameters were calculated and given 
in Table 4 [30, 50, 53, 54, 58, 60-62]. B420C rebar was 
assumed with a yield strength ( fsy ) of 420 MPa and tensile 
strength ( fsu ) of 525 MPa. The amount of stress-inelastic 

strain (εt
in) in the plastic region of the reinforcement was 

calculated by subtracting the elastic strain at the point 
where it reached the yield strength from all strains.

3 Results and discussion 
As previously noted, voided slabs were created by using 
polystyrene foam between two slab layers. Slabs were 3D 
modeled using ABAQUS and they were analyzed under 
distributed line load applied at the midspan. The aim was 
to understand the effect of voids on flexural behavior of 
slabs and also the effect of the crossties as it has been 
observed that vertical crossties increase the moment and 
shear capacities [35, 39, 42, 43]. 

3.1 Tensile damage ratio and plastic strain distribution
Slabs were examined under the gradual line load up to the 
failure. Fig. 10 and Fig. 11 shows the global tension dam-
age ratio (DAMAGET) at the yield moment. Stripping the 
compression fiber only the tension region becomes visible 
as presented in Fig. 12. Only the concrete part is seen in 
Fig. 12 since polystyrene foams at the middle of the sec-
tion were not modeled since they create voids and do not 
have any effect on the behavior.

It can be seen from Fig. 10 and Fig. 12 that; cracks were 
not localized at a region instead it spread to a large area 
indicating that the bottom of S-N-0 cracks completely. 
Acr (in %) was calculated to represent the slab cracked 
areas. Therefore, Acr,S-N represents group S-N, Acr,S-C rep-
resents group S-C. The cracked area (Acr) is almost 98% of 
the entire span. Group S-N slabs experienced significant 
cracks developed and localized below the voids. Those 
limited cracks barely penetrated to the top layers. Limited 
cracks developed which extended through the slab width. 

Table 4 Mechanical properties of B420C rebar 

B420C Steel References

fsy [MPa] 420 [61]

fsu [MPa] 525 [61] ( fsu / fsy = 1.25)

Density [t/m3] 7.85 [58, 60, 62]

Elastic Properties

Es [GPa] 200 [61]

Poisson's ratio[ν] 0.3 [30, 50, 53, 54]

Plastic Properties

Stress [MPa] εt
in

420 0 [61]

420 0.0059

525 0.0779
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As for S-C-0 it is seen that the same crack pattern as 
S-N-0 was possible and additional cracks developed result-
ing in a cracked region of 100% of the span. Introducing 
voids again narrowed the cracked regions and decreased 
the moment capacity (Figs. 10, 11 and Table 5). However, 
decrease in Acr and My was less than Group S-N slabs which 
can be attributed to the effect of crossties. Since crossties 
connect the tension zone with the compression zone, they 
did not allow both zones to behave separately. While a ten-
sion zone at a region was cracked, owing to the crossties, 
the force could be redistributed to the adjacent regions 
which resulted in a greater cracked region when compared 

to Group S-N slabs. Therefore, redistribution of stresses 
was said to be more pronounced in voided slabs having 
crossties. Higher cracked region ended up higher moment 
capacities and higher load carrying capacities. Yield 
moment capacity (My) reduced 7% with the introduction of 
10% void ratio (S-C-10) and it further decreased 45% with 
20% void ratio (S-C-20). Those reductions in My were less 
than the slabs without crossties. Besides, it can be seen from 
Fig. 12 and Fig. 13 that 10% void ratio (S-C-10) decreased 
the cracked region 19% (less than the one in S-N-10 which 
was 30%) and 20% void ratio (S-C-20) reduced the cracked 
region 62% (reduction was 76% in S-N-20).  

Fig. 10 Tensile damage ratio and plastic strain distribution of S-N slabs
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Comparing both slab groups, it can be said that intro-
ducing crossties enhances the behavior of slabs and wid-
ens the cracked region. The effects of crossties are more 
pronounced in slabs having higher void ratio. Comparing 
S-N-10 with S-C-10 it is seen that 15.71% increase in Acr is 
possible in the slabs having a 10% void ratio. Noticeable 
increase is observed in S-C-20 where Acr increased 58.33% 
when compared to S-N-20.

3.2 Equivalent stress distribution
Von Mises equivalent stress distribution for the slabs were 
presented in Fig. 14. It can be seen that although equivalent 
stresses distributed over the solid slab in S-N, it started 

to be narrow with the introduction of the voids. As voids 
increased, much narrower stress distribution was seen. 

When crossties were used in the slabs (Group S-C 
slabs), a larger area of highly stressed region was pos-
sible as seen from Fig. 14. The large of highly stressed 
region ended up more cracks and crushing thus resulting 
in greater moment capacities. 

3.3 Flexural behavior of S-N slabs
Bending moments (shortly moments) at each load level 
were calculated from the reaction forces taken from the 
supports and vertical displacements at each load level 
were recorded directly from the lower part in the middle 

Fig. 11 Tensile damage ratio and plastic strain distribution of Group S-C slabs
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of the section. Moment capacity of the slabs was presented 
in Fig. 15 in terms of moment-vertical displacement. 

Since slabs were tested under 3-point bending test setup 
and behaved like a beam, Eq. (5) can be used to calcu-
late the moment capacity of the solid slab (Mr) ignoring 
compression reinforcement. In the equation As stands for 
the tensile reinforcement (which is 14ϕ6), fy is the yield 
strength of the rebar (420 MPa) and jd is the moment arm 
where d is the effective depth of the slab (135 mm). jd is 
mainly given by Eq. (6) and for doubly reinforced flexural 
members j varies between 0.86-0.90. In Eq. (6). k1 is the 
modification factor for the neutral axis (c). Ersoy et al. [63] 

recommended 0.86 for j and using this value Mr was cal-
culated as 19.3 kNm which can be considered as the yield 
moment capacity because of the yield strength of the rebar. 
As it is seen from Fig. 15, moment capacity of the solid 

Fig. 12 Tensile damage ratio in the tension region 

Table 5 Yield moment (My) capacities My,relative

Slab My, kNm My,relative Slab My, kNm My,relative

S-N-0 19.0 1.00 S-C-0 21.5 1.00

S-N-10 13.0 0.68 S-C-10 20.0 0.93

S-N-13 11.5 0.61 S-C-13 15.0 0.70

S-N-16 10.7 0.56 S-C-16 13.0 0.60

S-N-20 10.0 0.53 S-C-20 11.8 0.55
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(a) (b)

Fig. 13 Comparison of Acr and My wrt. void ratio (a) Acrvs Void Ratio, (b) My vs Acr

Fig. 14 Equivalent stress distribution 
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slab of S-N-0 had a yield moment capacity of 19 kNm 
which is close to the hand calculation. Eq. (5) was used as 
a calibration tool for the analytical model and getting close 
capacities it was assumed that the model was quite repre-
sentative and reliable therefore the same modeling tech-
nique was used to model the rest of the slabs.  

M A f jdr s y=  (5)

jd d k c
� ��
�
�

�
�
�

1

2
 (6)

Increase in the void ratio resulted in reduced cracked 
region and reduced moment capacity as shown in Fig. 15(b) 
10% void ratio reduced the cracked region 30% and thus 
reduced yielding moment capacity (My) by 32%. When the 
void ratio increased to 20%, the cracked area narrowed to 
24% of the slab and My decreased 47% as shown in Table 5. 

Solid slab reaches My with a high stiffness and after 
that post-yield stiffness significantly reduced but moment 
capacity slightly and continuously increased up to Mu 
(23 kNm). The curve was similar to the moment-curvature 
curve of a typical ductile beam. However, behavior of the 
voided slabs differed too much. They had a sharp decrease 
upon yielding (Fig. 15(a)) which can be attributed to the 

reduced compression region due to the voids. It is known 
that neutral axis depth is great at low strain values and 
starts to decrease upon the increase in strain of tension 
rebar. Increase in the strain of tension rebars resulted in 
decrease in neutral axis depth. Reducing neutral axis depth 
increased the moment arm and thus increased the moment 
capacity again. Besides, post-yield moment increase for 
voided slabs was well pronounced due to the strain harden-
ing of the rebar as compared to the solid slab. 

3.4 Flexural behavior of S-C slabs
As previously mentioned, S-C slabs had crossties creat-
ing direct connections between tension and compression 
fibers of the concrete. Although axial tension and com-
pression forces develop in the slab (in most of the flex-
ural members) and balance each other, force distribution 
is possible via shear transfer. As the voids reduce the shear 
area at the highly stressed midheight of the slab, force 
transfer becomes harder and results in a sharp decrease 
upon yielding. Crossties extending from top to the bottom 
of the slab will carry the shear and enable force transfer 
and contribute to the ductile bending of the slab.

Fig. 16 shows the flexural behavior of S-C slabs. It can 
be seen from Fig. 16(a) that the solid slab again experi-
enced a smooth behavior, that is no significant change was 

(b)
Fig. 15 Moment-displacement curves of S-N slabs (a) Moment-

displacement curves, (b) My vs void ratio

(a)

(b)
Fig. 16 Moment- displacement curves of S-C slabs (a) Moment-

displacement curves, (b) My vs void ratio

(a)
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seen in the curve. As in ductile flexural members, stiff-
ness reduced significantly beyond the yielding and mem-
ber failed at Mu. Although all the voided slabs had sharp 
decrease in moment capacity beyond My in S-N slabs, 
introducing crossties altered this behavior. Since cross-
ties enabled the shear transfer between tension and com-
pression regions smooth flexural behavior was obtained 
for 10% void ratio in S-C-10. In other words, 10% void 
ratio with crossties seem not to affect the flexural behav-
ior. When void ratio increased to 13.3% (S-C-13.3) almost 
zero stiffness region was observed after My and with strain 
hardening moment capacity started to increase afterwards. 
With 16% void ratio (S-C-16), effect of crossties reduced 
and slight decrease in moment capacity was seen beyond 
My. This reduction however easily recovered with both 
the reduction in neutral axis depth and strain hardening of 

rebar. Significant decrease was observed in the slab hav-
ing 20% void ratio (S-C-20) beyond My indicating that the 
amount of crossties were not adequate to transfer the shear. 

Change in yield moment capacity with void ratio was 
given in Fig. 16(b) It is seen that crossties were quite effec-
tive in voided slabs. No significant reduction was seen in 
10% void ratio. Although decrease was well pronounced 
in higher void ratio, general behavior was not affected 
in 13.3% void ratio as well. It can be said that amount 
of crossties was not adequate when void ratio increased 
beyond 13.3%.

3.5 Comparison of the flexural behavior
Fig. 17 gives the Moment-displacement (M-d) behavior 
of the slabs comparatively. As it is seen from Fig. 17(a), 
solid slabs behaved almost equally until My and beyond 

(a) (b)

(c) (d)

(e)
Fig. 17 Comparison of the M-d behaviors (a) M-d behavior of S-C-0 and S-N-0, (b) M-d behavior of S-C-10 and S-N-10, (c) M-d behavior of S-C-13 

and S-N-13, (d) M-d behavior of S-C-16 and S-N-16, (e) M-d behavior of S-C-20 and S-N-20
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My stiffness was almost zero in S-N-0 but S-C-0 still had 
increased moment capacity which can be attributed to the 
presence of crossties. Dramatic change was observed in 
slabs with a 10% void ratio. Although no decrease after 
My was seen in S-C-10, moment capacity reduced signifi-
cantly (almost 50% reduction was seen) in S-N-10 which 
reveals the importance of crossties. As previously noted 
since crossties connect tension fibers to the compression 
ones shear transfer was possible and relatively more duc-
tile behavior could be attained. Similar behavior was vis-
ible in Fig. 17(c) in slabs with 13.3% void ratio. Although 
reduction in moment capacity after My was seen in slabs 
having 16.7% and 20% void ratio, it can be said that 
crossties are well effective in S-C-16 and S-C-20 slabs. 
Therefore, it can be said that voids reduce the moment 
capacity and energy dissipation capacity, however cross-
ties may alter this behavior if adequately used in the slabs. 
From the analysis performed in this study it was seen that 
0.34% crossties were adequate in slabs having void ratio 
less than 16.7%.

3.6 Recommended moment capacity
There is limited research concerning the moment capacity 
of voided slabs. Marais [64] stated that except for the self-
weight and bending stiffness of the slab, flexural behavior 
of the voided (spherical voids) slabs were almost the same 
as the solid slabs. Subramanian et al. [65] recommended 
an equation to calculate the ultimate moment capacity for 
the spherically voided slabs and the only parameter taking 
the void into account was implemented in the neutral axis 
depth. They assumed that neutral axis depth was limited to 
the clear concrete above the voids. Al-Gasham et al. [23] 
after testing voided slabs, calculated the flexural strengths 
using ACI318-19 [66] and Eurocode 2 [60] and found that 
compression depth slightly penetrated into the voids and 
in general neutral axis depth remains in the solid part of 
the concrete above voids. In addition, compression rein-
forcement was stated to have an insignificant effect on the 
moment capacity. Therefore, although it is given for the 
solid members, ACI318-19 [66] and Eurocode 2 [60] was 
stated to be utilized to calculate the moment capacity of the 
voided slabs [23, 32]. Contrarily, Lee et al. [67] indicated 
that cracking moment predictions made in ACI318-19 [66] 
were nonconservative for voided slabs.  

None of the studies proposed an equation considering 
the effects of voids on moment capacity. Researchers did 
not implement the effect of crossties (or any shear link 
members) on moment capacity calculations either. 

In general design calculations, moment capacity of 
a beam or a slab is mainly considered to be equal to its 
yield capacity since less increase beyond My is noted 
(strain hardening is mainly ignored). Therefore, moment 
capacity (Mr) is generally calculated from Eq. (5) where 
j is the moment arm and it usually changes between 0.86 
and 1.0. In this study compression reinforcements were 
ignored since their contribution to the moment capacity 
is insignificant. In Eq. (5) As, fy and d are all constant for 
a typical slab. The only variable is j. It affects the moment 
capacity directly and the effect of voids and crossties 
should be implemented into j. Eq. (7) is proposed for the 
moment arm ( j) in which ν is the void ratio in %, and ρc is 
the crossties ratio in %. 

j v c� � �
�

�
��

�

�
��0 86

100 10

0 7

.

.�
 (7)

Fig. 18 shows the comparative results of the moment 
capacities. The dotted and dashed lines represent the ana-
lytical results from the 3D-modeling of the slabs. The solid 
back lines indicate the moment capacities calculated from 
Eq. (5). As it can be seen, taking void ratio and ratio of the 
crossties into account, moment capacities may be predicted 
with minor errors. The proposed equation is also conser-
vative. Since the equations proposed by Subramanian 
et al. [65] and the one given in ACI318-19 [66] do not con-
sider the void ratio and crossties; they assume a constant 
moment capacity which becomes nonconservative with the 
introduction of the voids. Therefore, from the results given 
in this article it is recommended to consider the voids and 
crossties to calculate the moment capacities of voided slabs. 

4 Conclusions
In this study, the effect of cuboid voids on flexural behavior 
of slabs was investigated via 3D analysis using ABAQUS. 

Fig. 18 Moment capacity prediction results
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Two slab types were prepared: the first type had only 
voids, the second type had voids and crossties. From the 
analysis results following conclusions were drawn: 

• Voids in the slab reduce the yield moment capac-
ity of the slabs. Since the neutral axis depth is large 
at low load levels, the compression zone of the slab 
reduces owing to the voids and leads to a reduced 
moment capacity.

• The reduction in moment capacity can also be 
attributed to the reduced shear area which is respon-
sible for the force transfer between tension and com-
pression zones.

• Crossties have a significant effect on the behavior. 
They can be used to compensate the reduced shear 
transfer. They can also increase the moment capacity 
and ductility and thus improve the flexural behavior 
considerably. 

• Voids reducing the shear area, also narrowed the 
cracking zone. Damage localized in a limited area and 
adversely affected the flexural behavior. However, 

using crossties loss in shear was recovered and dam-
age distributed in a large area resulting in improved 
and ductile flexural behavior.

• Neither codes nor researchers consider the void ratio 
and effect of crossties while calculating the moment 
capacity of a slab. Results in this study indicate that 
those parameters are important and should be taken 
into account. Therefore, a simple equation for the 
moment capacity of voided slabs with/without cross-
ties was proposed. Results were reliable and conser-
vative when compared to the equations available in 
the literature.  
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