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ABSTRACT
The conventional yield-line theory for reinforced concrete slabs provides a factor of safety of about 
1.5 relative to the design load. In practice, higher values of factor of safety have been realized for 
reinforced concrete slabs. This increased strength reserve in thin reinforced concrete slabs is 
attributed to membrane action in the slabs. Therefore, an understanding of the formation of 
membrane action in thin reinforced concrete slabs is critical for design purpose. Consequently, a 
review of the models developed by Bailey (2001) and Burgess et al. (2013) is discussed. Thereafter, a 
thin reinforced concrete slab model was developed and validated using the test data of Vecchio and 
Tang (1990). Findings reveal that at large deflections, the carrying-capacity of thin reinforced 
concrete slabs can be enhanced due to tensile membrane action. For horizontally restrained slabs, it 
was discovered that the carrying-capacity of the slab is about 4.3 times the collapse load. In a similar 
trend, the available deflection in horizontally restrained slabs is found to be 3.2 times the maximum 
deflection for the case of horizontally unrestrained slabs. 

KEYWORDS: Tensile membrane action, Reinforced concrete slab, Enhancement factor, Moment 
capacity, Numerical programme  

1. Introduction
Generally, most structural designs are 
carried out based on the theory of ultimate 
limit state. This limit state implicitly 
emphasizes the so-called "worst condition" 
of loading. A factor of safety of 
approximately 1.5 against collapse can be 
assumed for this design assumption 
relative to the design loads. However, 
experiments have demonstrated that 
factors of safety against collapse in the 
range of 4.5 to 6 can be achieved for 
different elastically restrained slabs. This 
high strength reserve can be attributed to 

membrane actions inherent in reinforced 
concrete slabs. The development and 
influence of membrane actions in 
reinforced concrete slabs must be clearly 
understood to enable the utilization of this 
unexpected strength reserve. Typically, the 
behaviour of a reinforced concrete slab 
supporting lateral or transverse loads is 
practically seen to develop out-of-plane 
deflection whereby the concrete in the 
tension zone cracks and the reinforcement 
in this zone is extended. In this situation, 
the strain in the tension zone will be 
significantly greater than that in the 
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compression zone. As this phenomenon 
takes place the resultant tensile strain at the 
mid-depth of the slab causes the slab to 
expand, which in turn induces apparent 
horizontal displacements at the ends the 
slab. The lateral stiffness of the 
surrounding elements will tend to offer 
resistance to these outward displacements. 
Consequently, compressive membrane 
forces will be induced in the loaded slab 
due to the restraints offered by the 
surrounding members. These compressive 
forces thus enhance the carrying capacity 
of the slab owing to the increase in the 
flexural stiffness of the slab. As the load is 
further increased, more cracks in the slab 
will occur leaving the concrete to lose its 
compressive capacity. Redistribution of 
loads takes place within the reinforced 
concrete section and the reinforcements are 
made to sustain the load. This mechanism 
is known as membrane action. It can 
simply be explicated that the induced 
compressive force is the compressive 
membrane action and the corresponding 
induced tensile force is the tensile 
membrane action. As the concrete is fully 
crushed the reinforcement acts as a tensile 
net to be able to support the load. 
 Membrane actions in slabs can only 
be fully understood by considering large-
deflection theory. Many previous 
researchers such as Guice and Rhomberg 
(1988), Vecchio and Collins (1990) and 
Bailey and Moore (2000) have maintained 
that rigid supports that provide rotational 
restraints at the slab's ends can help 
develop significant compressive mem-
brane forces. Tensile membrane action in 
slabs can occur with or without horizontal 
restraints around the slabs' ends provided 
the slabs are two-way spanning having 
vertical restraints. In conditions of large-
deflections, the mechanism which controls 

the load resistance of floor systems 
changes progressively from the flexural 
capacity of the structural members (beams 
and slabs) based on the ultimate limit state 
design to membrane actions inherent in the 
reinforced concrete slabs. For membrane 
actions to be fully activated in any two-
way spanning floor systems, high 
deflection of the slabs must be reached 
ensuring that the vertical restraints are 
intact. However, Bailey (2002) asserted 
that depending on the horizontal restraint 
conditions around the perimeter of the 
slab, membrane action can occur for small 
and large vertical deflections of the slab. In 
the tensile membrane action mechanism, 
for example, the highly deflected concrete 
slab will effectively carry the loading by 
membrane actions as the flexural strength 
of the supporting beam sections 
considerably decreases. In effect, quite a 
good number of researches have 
demonstrated that tensile membrane 
action can greatly enhance the load-
carrying capacity of a given floor system 
compared with the conventional small-
deflection theory of collapse mechanism 
(Bailey and Moore, 2000, Burgess et al., 
2013). 
 The additional carrying capacity of 
the slab, due to tensile membrane action, is 
simplified into what is termed "capacity 
enhancement factor". The derivation of the 
empirical correlation for capacity 
enhancement factor is based on the aspect 
rat io and the avai lable vert ical  
displacement of the slab. It represents the 
strength reserve of the slab in excess of the 
lower-bound yield-line limit load. The 
enhancement factors derived by Bailey 
(2001) increase progressively as the 
displacements of the slab increase, 
depending however on the available 
compressive force during flexural action 
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of the slab. Recently, Burgess et al. (2013) 
developed an alternative model for which 
the capacity enhancement factor of the 
slab, due to tensile membrane action, 
increases up to a certain level as the slab 
deflects and then begins to decrease with 
increasing deflection of the slab. However, 
Bailey's (2001) model was based on test 
observations with some conservative 
empirical assumptions. Burgess et al. 
(2013) claimed that their model included 
kinematically consistent assumptions that 
e l iminate  the  l ike ly  mechanical  
inconsistencies associated with the model 
developed by Bailey (2001). For 
reinforcement ductility of 5%, for 
example, the enhancement factor for the 
slab according to Burgess et al. (2013) 
becomes zero when the slab has reached a 
displacement value equivalent to ten times 
its effective depth. According to the model 
developed by Bailey (2001) the enhance-
ment factor progressively increases with 
increase in displacement.    

2  The Mechanism of Membrane 
Action
Membrane actions are particularly of 
interest in thin and thick reinforced 
concrete slabs. For thick slabs, the resultant 
compressive force is greater than the 
tensile force while in thin slabs the 
resultant tensile force is higher. Therefore, 
in thin slabs undergoing large vertical 
deflection, tensile membrane action is a 
mechanism that produces the enhanced 
load-carrying capacity whereby the 
stretched core region of the slab induces an 
equilibrating peripheral ring of compres-
sive forces around the edges. Arching 
action in one-way spanning slabs and 
compressive membrane action in two-way 
spanning slabs are phenomena that occur in 
reinforced concrete slabs due to 

differences in tensile and compressive 
capacities of the reinforced concrete 
sections. Cracking of concrete in the 
tension zone induces an in-plane 
expansion of the reinforced concrete slab 
at its boundaries. If this in-plane 
movement is restrained, a corresponding 
compressive force known as arching 
action will be developed. However, the 
available tensile stresses generated in the 
tension zone will be fully borne by the 
reinforcing bars provided. The arching 
action developed in the concrete helps to 
enhance the carrying-capacity of the slab. 
This means that the slab is able to support 
additional loads beyond the plastic limit 
capacity. As more loads are added the slab 
will experience large vertical displace-
ment. However, the strength enhancement 
effects of the arching action largely 
depends on the extent of horizontal 
restraining force at the slab's boundaries.  
 Conversely, if no lateral restraints 
are provided, there will be insignificant or 
no arching action in the slab. Depending 
on whether plastic hinges are formed in the 
two-way spanning thin slab at locations of 
maximum bending moments, the slab may 
be able to support additional loads. If no 
plastic hinges are formed, and provided 
there are vertical restraints the slab will 
deflect further under increasing loading 
and a 'tensile net' within the extended core 
region of the slab will be formed with an 
equilibrating compression ring around the 
boundaries of the slab. This phenomenon 
is known as tensile membrane action. 
Compressive membrane action is the 
result of the arching action that occurs in 
the slab due to the resistance offered by the 
surrounding boundaries against lateral 
expansion. Tensile membrane action will 
usually occur with or without lateral 
restraints. Without the reinforcing bars, 
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concrete cannot develop tensile membrane 
action. Concrete is good in compression 
and very poor in tension. The arching 
action that occurs in reinforced concrete 
slabs does not depend on the reinforcing 
bars. It only requires a restraining force 
against lateral expansion at the boundary of 
the slab. When concrete cracks, the loads 
(tensile stresses) are fully redistributed to 
the reinforcing bars. At large displace-
ments, in-plane tensile forces are induced 
in the steel bars which help to complement 
the flexural capacity of the reinforced 
concrete slab. These in-plane tensile forces 

constitute tensile membrane actions.            
 Consider the reinforced concrete 
slab shown in Fig. 1. As the slab deflects 
under loading with vertical supports 
provided around its edges, the behaviour 
of the slab can be characterized as seen in 
Fig 2. This behaviour is exhibited 
irrespective of the horizontal anchorages 
accessible round the slab edges provided it 
is a two-way spanning slab. As the 
deflection increases the core tensile net 
builds up and the compression rings move 
toward the border region of the slab.

Fig. 1 A representative thin reinforced concrete slab

 

Fig. 2 Tensile membrane action mechanism in thin reinforced concrete slabs

If the edges of the slab are restrained axial 
forces will be developed which will in turn 
enhance the carrying capacity of the slab. 
This unexpected strength reserve is 
particularly utilised in fire design of 
structures at elevated temperature where 
large vertical deformation is likely. Park 
(1965) had earlier developed correlations 
to determine the ultimate load of two-way 
uniformly loaded rectangular slabs with 
edges restrained against lateral displace-
ments. Park (1965) was able to 

demonstrate using experimental data, and 
based on Johansen's (1962) yield-line 
theory that the maximum deflection at the 
ultimate limit state was around 40 to 50% 
of the slab thickness, notwithstanding the 
span-to-depth ratio. However, to ensure 
the enforcement of membrane action in 
floors comprising beam-slab arrangement, 
Park (1965) maintained that additional tie 
reinforcement is required around the 
supporting beams to form a continuous 
interaction between the slab and beam.      
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2.1 An overview of the enhance-
ment factor developed by Bailey 
(2001)

A series of experimental trials was 
conducted on thin, lightly reinforced 
concrete slabs to understand the 
mechanism of membrane actions at large 
deflections. The plastic or collapse load 
based on the yield-line theory was 
determined and taken as the base state on 
which any reserved strength was assessed. 
The enhancement factor was calculated in 
terms of reduction factor in which a 
reduction factor of unity represents the 
base state. This base state characterizes the 

yield-line limit load. Hence, enhancement 
factor is calculated as the ratio of the load 
capacity due to tensile membrane action to 
the yield-line load capacity. Similarly, the 
displacement factor is expressed as the 
ratio of the vertical displacement to the 
effective depth of section. Bailey (2001) 
correlated the additional carrying-capacity 
(capacity enhancement) of the slab for a 
given aspect ratio with some defined level 
of the slab's vertical deformation at given 
intervals up to the point where the slab 
failed. However, the correlation of this 
capacity enhancement factor was 
dependent on the available compressive 
force within the stress block during 
bending of the slab as shown in Fig. 3. 
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C = Compressive force in concrete 
T = Tensile force in reinforcement 
z = lever arm for moment capacity 
d = effective depth of section 
h = half the effective depth 
µ = parameter defining proportion  
      of available compressive force         

Fig. 3. Stress profile for the reinforced concrete slab

Computations were carried out by Bailey 
(2001 )for aspect ratios of the slab ranging 
from 1.0 up to 4.5 with different 
percentages of the parameter that defines 
the magnitude of available compressive 

force. For the purpose of emphasis, Tables 
1 and 2 show extracts from the design 
charts developed by Bailey (2001) based 
on experimental observations and are 
presented in Fig. 4.

Note: e = enhancement factor; d' = ratio of vertical displacement to effective depth 
e 1.26 1.5 1.87 2.13 2.37 2.7 2.9 3.25 3.5 3.75 4.06 4.35 4.65 4.9 5.2 5.5 5.75 6.0 

d' 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

 

Table 1 Estimated capacity enhancement for aspect ratio of 1.0 (Bailey 2001)   

Note: e = enhancement factor; d' = ratio of vertical displacement to effective depth 
e 1.25 1.5 1.75 2.0 2.25 2.5 2.75 3.0 3.25 3.5 3.75 4.0 4.25 4.5 4.75 5.0 5.25 5.5 

d' 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

 

Table 2 Estimated capacity enhancement for aspect ratio of 1.25 (Bailey 2001)  
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Fig. 4 Approximate capacity enhancement factors for aspect ratios of 1.0 and 1.25

2.2 S impl i f ied  theory  for 
membrane forces in slabs simply 
supported on all edges

This technique is based on rigid-plastic 
theory that incorporates second degree 
effects. The method was developed by 
Bailey (2001) and divides a floor slab into 

rectangular slab panels, simply supported 
on all edges with vertical restraints. Slab 
panels are analysed independently as 
simply-supported slabs undergoing large 
vertical displacements without any 
rotation capacity around the slab edges. 
Fig. 5 illustrates a floor slab divided into 
rectangular slab panels with the central 
panel circled as shown.

Fig. 5 A typical floor slab divided into nine rectangular panels
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The panel circled in Fig. 5 is a two-way 
rectangular lightly reinforced concrete slab 
panel with the edges assumed to be simply 
supported with sufficient vertical restraints 
around the edges. Based on yield-line 
theory the traditional failure pattern of the 
circled panel of Fig. 5 is shown in Fig. 6. It 
is made up of two trapezoidal and two 
triangular segments. However, the existing 
simplified methods of calculating 
enhancement of load capacity due to 
tensile membrane action rely on the 
consistent observations from experimental 
trials that a through-depth tensile crack 

subsequently appears across the shorter 
mid-span of the slab as demonstrated in 
Fig. 7. (Bailey 2001, Burgess et al. 2013). 
If this crack is assumed to develop at large 
displacements, then six flat components 
made up of four trapezoidal and two 
triangular segments take part in the 
subsequent deformation of the slab. Two 
stress patterns were assumed by Bailey 
(2001) to assess the membrane forces at 
large displacements. The resultant stress 
diagrams with the geometric property 
description are shown in Figs. 8 and 9. 

Fig. 6 Pattern of cracks in rectangular reinforced concrete slabs

Fig. 7 Pattern of cracks in rectangular slabs developing through-depth tensile crack
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The various symbols used in the analysis are defined as follows:
C = Compressive force induced near the edges
T = Tensile force in element 11

T = Tensile force in element 22

T = Force in steel per unit width in the longer span0

k = Parameter defining magnitude of membrane force
β = Parameter defining yield-line pattern
L  = Short spanx

L  = Longer spany

KT  = Force in steel per unit width in the short span0

φ = Angle defining yield-line pattern
S = Shear force parallel to the yield
L  = Length of the diagonal yield-lined

b = Parameter defining magnitude of membrane force
λ = Parameter defining extent of central tensile membrane force

Fig. 8. Material and geometric descriptions showing the in-plane stress distribution, 
in-plane forces  and dimensions for stress pattern 1 (Bailey and Toh 2007)
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The in-plane tensile and compressive forces induced in the slabs can be determined by 
multiplying the appropriate force per unit width with the corresponding length of crack or 
yield-line. Thus,

Fig. 9. Material and geometric descriptions showing the in-plane stress distribution, 
in-plane forces  and dimensions for stress pattern 2 (Bailey and Toh 2007)
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The equivalent in-plane tensile and compressive forces induced in the slabs are computed as 
follows:

Based on yield-line theory, Wood (1961) 
developed the moment capacity for 
simply-supported rectangular or square 
slabs with isotropic reinforcement. The 
moment capacity is expressed in Equation 

2
(8) for which the values of (wL /M) can be x

simply determined for various aspect ratios 

shown in Table 3. From the table the slab's 
load-carrying capacity, based on yield-line 
limit conditions, can be readily obtained. If 
tensile membrane action is to be 
considered, this load is multiplied by the 
capacity enhancement factor to obtain the 
enhanced load-carrying capacity of the 
slab.  

(8)

2where w is the load-carrying capacity of the slab expressed in KN/m

Table 3 Determination of yield-line load for slabs with isotropic reinforcement
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3    Numerical Program
The experimental work of Vecchio and 
Tang (1990) was used to verify the 
numerical model implemented in the 
current study. The numerical computations 
were performed using a general-purpose 
commercial code-ABAQUS, which has 
the capacity to predict mechanical 
response of structures based on the finite 
element method. The modelling strategy 
involves the analysis of stress strain 
behaviour of a loaded slab to determine the 
capacity enhancement due to membrane 
forces inherent in the concrete slab. 
Membrane action of slab is very significant 
to the survival of floor slab systems 
undergoing large deformation particularly 
when accidental loadings such as thermal 
loads are involved. The second degree 
effects associated with the non-linear finite 
elements are considered using an updated 
Lagrangian formulation. The multi-linear 
stress-strain curves used in the calculation 
characterize the non-linear behaviour of 

the material. The plasticity is calculated by 
the von Mises yield criteria and the 
associated flow rule. The experimental 
programme involved the testing of a large-
scale slab strip specimen loaded under a 
monotonically increasing line load applied 
at the midspan of the slab. The ultimate 
load at failure recorded was 89.5 kN. The 
slab specimen comprises a 100 mm thick, 
1500 mm wide s lab s t r ip  bui l t  
monolithically with two stub columns as 
shown in Fig. 10. The column stub 
measures 200 mm x 200 mm in cross 
section, spaced 3075 mm centres and 
extended 350 mm above the slab and 750 
mm below. A 400 mm square, 100 mm 
thick drop panel was provided at the 
around column at the slab-column 
interface to aid resistance to punching 
shear. The total length of the slab specimen 
is 6.25 m. The slab ends were restrained 
against vertical displacement while the 
column bases were restrained against both 
vertical and horizontal displacements.

The material property description for 
concrete and steel reinforcement from the 
experimental trials conducted by Vecchio 
and Tang (1990) is shown in Table 4. The 
concrete material  behaviour was 
characterized based on concrete damaged 

Fig. 10. Three-dimensional slab strip structure built integral with two stub columns 

plasticity model described in ABAQUS 
manual. The tensile and compressive 
behaviour relating to the model were 
implemented. For the compressive 
behaviour the yield stress and inelastic 
strain were defined while for the tensile 
behaviour, the yield stress and cracking 
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strain were used as defined in ABAQUS. It 
was assumed that concrete will crack under 
any tensile loading and that such loading 
can only be resisted by the reinforcement 
placed at the tensile zone within the 
concrete. Mild reinforcements of 8 mm 

diameter spaced at 150 mm centres were 
used for the hogging moments (top) while 
8 mm diameter bars spaced at 300 mm 
centres were used for the sagging moments 
(bottom).     

Table 4 Material property description for concrete and steel reinforcement 
implemented in the study

Normally, the presence of an axial force in 
a structural member decreases the moment 
capacity of that section as some material 
must be given over to carry the axial load. 
Therefore, it can be surmised that the 
moment capacity of a section depends on 
the amount of axial load that the section is 
intended to support. The interaction 
equation for this behaviour is given in 
Equation (9) and the interaction diagram 
shown in Fig. 11. This shows that as the 
axial capacity increases there is a trade off 

in the moment capacity. This behaviour is 
rather different when tensile membrane 
action is activated in large deflection 
behaviour of thin reinforced concrete 
slabs. Fig. 12 depicts a typical interaction 
diagram when tensile membrane action is 
included. It can be observed that beyond 
the ultimate moment, there is an increase in 
the moment capacity corresponding to an 
increase in the axial capacity. This 
phenomenon is due to the membrane 
action in the slab.  
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Fig. 11. Interaction diagram between moment and axial capacities of a typical section
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Fig. 12. Interaction diagram between moment and axial capacities of a typical section 
incorporating membrane action 

Where 
P = Axial force, P  = Plastic squash load, C

M  = Plastic moment capacity = M  and P u

M  = Plastic moment capacity of the PC

section resisting axial and bending forces  

The reinforcements were modelled with a 
3-node quadratic beam elements B32. 
These are second-order three-dimensional 
elements that  can be integrated 
numerically wherein the non-linear 
response associated with the non-linear 
behaviour can be readily captured. The 3-
node quadratic beam element B32 has few 
degrees of freedom and uses quadratic 
interpolation. Similarly, the concrete was 
modelled with a 20-node quadratic brick 
elements with reduced integration. The 20-
node quadratic brick elements are 
continuum elements that are applicable for 
both linear and non-linear analyses 
involving plasticity and large deformation. 
They have translational degrees of freedom 

and use a lower-order integration to form 
the element stiffness matrix with only 8 
integration points. These elements were 
not sensitive to mesh refinements since 
there are no shear locking problems 
associated with quadratic elements. The 
matrix of mesh sensitivity study is shown 
in Table 6.    

3.1 Modelling the interaction 
between concrete and 
reinforcements
The bond that exists between concrete and 
reinforcements in the reinforced concrete 
slab can be modelled by creating a 
kinematic embedded region constraint, 
which is an interaction module available in 
ABAQUS. This technique is called the 
embedded element  method.  The 
reinforcements were modelled as beam 
elements having only translational degree 
of freedom, and were embedded within the 
three-dimensional continuum elements 
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used in modelling the concrete. The 
continuum elements were made the host 
elements wherein the beam elements were 
embedded. To ensure an interaction 
between the rebars and the concrete, 
ABAQUS searches for the geometric 
relationships between the nodes of the 
embedded elements and the host elements 
and uses the response of the host elements 
restrain the translational degree of freedom 
of all the nodes of the embedded elements 
that lie within the host elements. In this 
case, the degrees of freedom at the nodes of 
the embedded elements will be eliminated 
by constraining them to the interpolated 
values of the equivalent degrees of 
freedom of the host elements. Needful to 
mention is that the nodes of the embedded 
elements that may coincide with those of 
the host elements will not be constrained 
since they are not regarded embedded 
nodes by ABAQUS. 
 There are cases where the 
embedded nodes may lie outside the region 
of the host elements. For this, a geometric 
tolerance can be defined. On the other 
hand, if an embedded node lies close to an 
element edge or face within the host 
e l e m e n t s ,  i t  i s  n e c e s s a r y  a n d  
computationally more efficient to make 
little adjustments to reposition the 
embedded node to lie exactly on the edge or 
face of the host elements. Geometric 
tolerance is defined in ABAQUS as the 
fraction of the average size of all the non-
embedded elements within the model. 
ABAQUS ensures that embedded elements 
nodes must lie within a distance calculated 
by multiplying the average size of all non-
embedded elements in the model by 0.05. 
in the present calculation, ABAQUS 
default values were implemented. 

3.2 Material behaviour and 
properties of concrete and 
reinforcing steel
Material and geometric nonlinearities are 
characterized by elastic-plastic stress-
strain behaviour and large displacements 
respectively. The ABAQUS computer 
code employs the principles of Newton-
Raphson to determine the solutions by 
estimating the incremental stress in 
nonlinear elastic-plastic problems. The 
total load is usually divided into smaller 
load  increments  th rough  which  
approximate solutions, derived from 
equilibrium consideration are obtained at 
the end of each load increment. Each 
increment may contain a number of 
iteration processes which continues until 
the unbalanced force is completely 
reduced to an acceptable tolerance so that 
the displacement increment approximates 
to zero. It is noted that beyond the elastic 
region, the stiffness of the material is no 
longer constant and begins to reduce in 
magnitude with increasing stress. 
Furthermore, the geometric nonlinearity 
effect was introduced into the model by 
toggling on the 'Nlgeom' in the step 
module. For the automatic stabilization 
effect, the dissipated energy fraction value 
of 0.0002 was specified. 
 The stress-strain models for 
concrete and carbon steel used in the finite 
element computation to represent the 
behaviour of the materials are shown in 
Figs. 13 to 15. According to Eurocode 2 
(2004) the model of Fig. 13 can be 
implemented to derive the stress-strain 
curve shown in Fig. 14. This stress-strain 
model for concrete based on short term 
uniaxial loading, up to the point of nominal 
ultimate strain is described by the 
correlation expressed in Equation (10). 
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The numerical values of the mean 
compressive strength and the strain at the 
peak stress level were obtained from Table 
3.1 of Eurocode 2 (2004). Besides, is the 
characteristic compressive strength of 
concrete, which was taken as 30 MPa for 
which the mean concrete compressive 
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strength was 38 MPa. The matrix of the 
numerical values of design parameters of 
Equation (10) is shown in Table 5. Using 
these values, Equation (11) was obtained 
and consequently used to develop the 
stress-strain model shown in Fig. 14.
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Table 5 Numerical values of the design parameters used in Equation  (10)

    Table 6 Mesh sensitivity study for the horizontally restrained slab

Moreover, the stress-strain curve for steel shown in Fig. 15 is derived according to the model 
described in Eurocode 3 (2005). These curves were implemented in ABAQUS to calculate 
the forces and the resulting deformations of the slab specimen subjected to loadings.   

Fig. 13. Schematic representation of the stress-strain behaviour of concrete (the 0.4fcm 

adopted for the definition of E  is approximate)cm
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Where         
          mean concrete strength at 28 days,            elastic modulus of concrete at               
          strain at peak stress and            nominal ultimate strain      

Fig. 14. Stress-strain model for concrete implemented in the study

Fig. 15. Bi-linear stress-strain model for reinforcement implemented in the study 

3.3 Modelling of crack failure in 
the concrete
Concrete in the tension zone of a reinforced 
concrete section is fully cracked and rebars 
are provided to complement the cracking 
failure in this zone. Rebars are considered 
as one-dimensional elements with elastic-
plastic material behaviour. In a reinforced 
concrete model, rebars are embedded 

within the host elements used in modelling 
the concrete. A variety of crack models is 
available in ABAQUS to simulate the 
crack behaviour of concrete in the tension 
zone. The smeared crack model was 
adopted in the present calculation wherein 
the concrete cracking behaviour was 
considered independent of the rebars. The 
model uses oriented damaged elasticity 
theory to describe the reversible 
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component of the material's response 
following cracking. Bond slip and dowel 
action effects at the boundary between the 
concrete and the reinforcing bars were 
modelled by introducing some tension 
stiffening into the smeared crack model to 
simulate load transfer across cracks 
through the reinforcements. It must be 
noted that cracks that occur are 
irrecoverable but may open and close, and 
will remain for the rest of the calculation. 
 Cracking is assumed to occur when 
the stress reaches a failure surface called 
the crack detection surface. Once a crack 
has been detected, its orientation is 
maintained for successive calculations. 
Hence, subsequent cracking at the same 
point is restricted to being perpendicular to 
this point of reference since stress 
components for an open crack are excluded 
in the characterization of failure surface 
used to detect additional cracks. However, 
it is common knowledge that that tension 
stiffening can be specified in ABAQUS by 
means of post-failure stress-strain model or 
by adopting a fracture energy cracking 
criterion. The post-failure stress-strain 
model was implemented in the calculation. 
It is also well known that more tension 
stiffening makes it simpler to obtain 
solution while less stiffening enables local 
cracking failure in the concrete to initiate 
temporarily unstable behaviour of the 
entire model response. Therefore, the 
compressive stress-plastic strain data used 
in the calculation within the smeared 
cracking model was determined from the 
stress-strain behaviour of the concrete 
outside the elastic range. The elastic range 
is defined as the region within which the 
elastic modulus is constant as defined in 
Fig. 13. It was then assumed that for the 
post-failure behaviour of the cracked 
concrete, the strain-softening that reduces 

the stress linearly to zero is approximately 
0.001.
              

4  Results and Discussion
The test results of Vecchio and Tang 
(1990) were used to validate the numerical 
model developed in this study and good 
agreement was achieved as seen in Figs. 16 
to 20. For tensile membrane action to take 
place the slab must be two-way spanning 
and vertically supported. However, 
findings reveal that when the edges of the 
slab are restrained horizontally the slab is 
able to sustain additional vertical 
deformation and the magnitude of the 
tensile membrane action increases further 
before the reinforcements begin to rupture 
as observed in Figs. 17 and 21. The 
midspan vertical displacement for the 
horizontally unrestrained slab is shown in 
Fig. 16. It is observed that the maximum 
midspan displacement of the horizontally 
unrestrained slab is found to be 
approximately 19 mm. Moreover, Fig. 18 
shows that the lateral displacement of the 
slab's end when the slab is horizontally 
unrestrained is insignificant compared to 
the slab midspan vertical displacement. 
However, as the ends of the slab were 
restrained, the slab was able to sustain 
further midspan displacement. This 
additional displacement is due to the 
tensile membrane action inherent in the 
reinforced concrete slab. Fig. 21 shows the 
membrane forces induced in the 
horizontally restrained slab while Fig. 22 
shows the relationship between the 
membrane force and the corresponding 
midspan vertical displacement. For the 
available vertical displacements the 
membrane force is obviously observed to 
be more effective at a displacement greater 
than 10 mm. No reinforcements were 
fractured during the process of  
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deformation of the slab until reaching a 
maximum displacement of about 35 mm. 
As the slab deflects further the tensile 

membrane force remains relatively 
constant for up to a maximum deflection of 
about 60 mm.   

Fig. 16. Midspan vertical displacements vs. applied loadings for the horizontally 
unrestrained slab

Fig. 17. Comparison of midspan vertical displacements vs. applied loadings for the 
horizontally unrestrained and restrained slabs
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Fig. 19. Lateral reaction at column base vs. applied loadings for the horizontally unrestrained slab

Fig. 20. Vertical reaction at slab end vs. applied loadings for the horizontally unrestrained slab

Journal of Civil and Environmental Systems Engineering - UNIBEN

Fig. 18. Lateral displacements vs. applied loadings for the horizontally unrestrained slab

58      Tensile and Compressive Membrane Actions in Reinforced Concrete Slabs ...

0

10

20

30

40

50

60

70

0 0.5 1 1.5

Lateral displacement (mm)

Test
Simulation

A
p
p
li

ed
 v

er
ti

ca
l 

lo
ad

 (
k
N

)

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25

Lateral reaction (kN)

Test
Simulation

A
pp

li
ed

 v
er

ti
ca

l 
lo

ad
 (

kN
)

 

0

10

20

30

40

50

60

70

80

90

0 5 10 15 20

 

 

 

Vertical reaction (kN)

Test
Simulation

A
p

p
li

ed
 v

er
ti

ca
l 

lo
ad

 (
k

N
)



Fig. 21. Lateral reaction at slab end vs. applied loadings for the horizontally restrained slab

Fig. 22. Membrane force vs. midspan vertical displacement for the 
horizontally restrained slab

The lateral reaction induced in the slab 
when the ends of the slab were restrained is 
about 4.3 times the design or failure load at 
the ultimate limit state. This value 
implicitly represents the capacity 
enhancement factor due to tensile 
membrane action in the reinforced 
concrete slab. This means that the slab is 
able to support 4.3 times the design load 

(yield-line load) before collapse. This 
further justifies that the carrying-capacity 
of a reinforced concrete slab can be 
enhanced when the ends of the slabs are 
horizontally restrained. The deformed 
shapes of the reinforced concrete slab for 
the horizontally unrestrained case is 
shown in Fig. 23. 
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Fig. 23. Deformed shape of the reinforced concrete slab for the horizontally unrestrained case

5 Conclusion
It is seen that the amount of available 
deflection increases when the edges of the 
slab are horizontally restrained. In this case 
the axial capacity of the slab increases 
correspondingly. Tensile membrane action 
is thus helpful in both load-carrying 
capacity and survival of the structure under 
increased loading conditions. It is 
generally known that concrete is very good 
in compression so that the compressive 
membrane action is actually offered by the 
concrete. Before yielding of the 
reinforcements, the reinforced concrete 
slab will increase in its tensile capacity 
beyond the conservative yield-line limit 
due to tensile membrane action as 
apparently observed in Fig. 21. It is 
demonstrated that this capacity enhance-
ment depends on conditions of end 
restraints. The slab was able to sustain 
additional midspan displacement because 
of the horizontal restraints imposed at the 
boundaries. This additional strength is due 
to the induced membrane forces, which 
may be a combination of tensile and 
compressive membrane actions inherent in 
the reinforced concrete slab.
 The capacity enhancement factor 
developed by Bailey (2001) increases 

progressively up to the point when the slab 
begins to fail, indicating that such 
enhancement is possible up to the 
maximum deflection. Nevertheless, such 
assumption is possible if none of the 
reinforcements within the slab ruptures in 
the process. Burgess et al. (2013) noted 
that as the slab deflects some of the 
reinforcements in the regions of yield will 
begin to rupture as the slab also rotates 
about the yield-lines before reaching its 
maximum deflection. Moreover, Burgess 
et al. (2013) based their claim on kinematic 
assumptions that include successive 
rupturing of the reinforcements around the 
zones where the concrete is observed to 
crack. Burgess et al. (2013) further 
maintained that the rupturing of these 
reinforcements was assumed to take place 
at different stages of loading, and when 
such rupturing occurs the carrying 
capacity starts to decrease and continues in 
this manner until the resultant carrying 
capacity of the slab becomes insignificant. 
Although Bailey (2001) developed the 
capacity enhancement model for the 
reinforced concrete slab based on 
experimental observations, it is not clear 
whether rupturing of reinforcement 
occurred as the slabs deflect. However, 
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findings from this investigation shows a 
similar trend with the model developed by 
Bailey (2001). However, to fully 
understand the phenomenon associated 
with capacity enhancement factor due to 
tensile membrane action in reinforced 
concrete slabs, further large scale 
experimental work is required to assess the 
behaviour.                  
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