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ABSTRACT 
 

The study presents reliability assessment of reinforced concrete folded plates with deterministic and stochastic 
design carried out in accordance with Eurocode 2. This was based on the First Order Reliability Method (FORM) 
using FORM 5. Limit state equations for reinforced concrete folded plate subjected to bending, longitudinal stress 
and deflection were derived and their implied reliability levels evaluated. All basic design variables involved are 
treated as random variables with their statistical characteristics adopted from the literature. The results showed 
that safety index decreases with increase in load ratio which was as a result of diminishing strength and largely 
depends on their variable parameters. It was also observed that both bending and longitudinal stress are safe at 
load ratio of 0.1 to 0.6 with safety indices ranging from 3.20 to 4.26 and probability of failure      of 10

-5
 while it 

becomes critical at load ratio of 0.8 to 1.0 which correspond to safety indices of 2.51 to 2.84. For deflection mode 
of failure, the structure is safe at all load ratio. The reliability assessment of the folded plate structure is 
unavoidable in order to ensure safety and minimum investment in design and construction. 

Keywords:  Reinforced concrete plates, reliability analysis, uncertainties  

1. INTRODUCTION 
 

1.1. Reinforced Concrete Folded Plates 

Folded plates can be defined as assemblies of flat 

plates rigidly connected together along their edges in 

such a way as to make the structural system capable 

of carrying loads without the need for additional 

supporting beams along mutual edges (Naveen, 

2014). Folded plates are adopted for construction of 

large span structures in which a large space is 

realized without columns as the structural 

components. The reinforced concrete folded plates 

consist of a number of rectangular slabs inclined to 

one another and joined monolithically along their 

common edges to span between stiff diaphragms. 

They resist the system of transverse loads by plate 

and slab action. The loads acting normal to each plate 

cause transverse bending between the junctions of the 

plates which can be considered as imaginary supports 

of a continuous slab (Wilby, 2005). In modern 

construction practice the most widely used folded 

plate structures are made of cast-in-situ or precast 

reinforced concrete (including pre-stressed and 

reinforced-cement structures). These structures are 

extensively used to provide economical means of 

covering large areas, without intermediate supports. 

As compared to cylindrical shells, folded plate 

structures require simpler formwork and are less 

likely to buckle. They are mainly used as roof for a 

variety of structures such as factory buildings, 

assembly halls, auditoriums and gymnasia, requiring 

large column free area, but are frequently used as 

components for bins, floors and foundation. They 

may be made of reinforced concrete, pre-stressed 
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concrete, or timber combined with plywood sheeting 

and steel (Krishna, 2007). 

The structural behaviour of folded plates resembles 

that of shells and they can be considered as examples 

of stressed skin construction. The different types of 

folded plates used for the various types of structures 

include the following: 

i) Prismatic; 

ii) Vee-Type; 

iii) Trough type; 

iv) Pyramidal; 

v) North-light; 

vi) Prismoidal; 

vii) Stair-case; 

viii) Coal-bunkers; 

 

The following are the general advantages of 

reinforced concrete folded plates: 

 

i) Folded plates have inherent resistance to fire, 

deterioration and atmospheric corrosion; 

ii) They allow large spans to be achieved in 

structural concrete; 

iii) They allow flexibility of planning and mobility 

beneath; 

iv) The reduced number of supporting columns 

makes it economical especially where ground 

conditions require expensive piled foundation; 

v) They are aesthetic in nature. 

 

This study aims at uncertainties and reliability 

analysis of reinforced concrete folded plates in 

accordance with Eurocode 2 (2004). Folded plates 

resist the system of transverse loads by ‘plate’ and 

‘slab’ action. The loads acting normal to each plate 

causes transverse bending between the junctions of 

the plates, which can be considered as imaginary 

supports of a continuous slab. This transverse 

bending is termed as ‘slab action’. The transverse 

moments developed in the plates can be determined 

by a continuous beam analysis assuming the supports 

to be at the junctions of the plates.  

The plates being supported at their ends on 

transverses, bend under the action of loads in their 

own plane. The longitudinal bending of the plates in 

their own plane is termed as ‘plate action’. The 

bending stresses resulting from plate action may be 

considered to have a linear distribution across each 

plate, with maximum intensity at the centre of span 

section (Krishna, 2007). 

1.2. Uncertainties and Reliability 

Variations and uncertainties in design processes and 

operation conditions cause variation in its 

performance and durability. Many sources of 

uncertainty are inherent in structural design. Despite 

what is often thought, the parameters of the loading 

and the load-carrying capacities of structural 

members are not deterministic quantities (that is, 

quantities which are perfectly known). They are 

random variables, and thus absolute safety (or zero 

probability of failure) cannot be achieved. 

Consequently, structures must be designed to serve 

their function with a finite probability of failure 

(Melchers, 1999).  

A structure is only strong as its ‘weakest element’, 

and so members with good measure of reliability do 

contribute significantly to overall structural reliability 

(Abubakar et al., 2014). The reliability of a structure 

is its ability to fulfil its design purpose for some 

specified design lifetime. It is often understood to 

equal the probability that a structure will not fail to 

perform its intended function. The term “failure” 

does not necessarily mean catastrophic failure but is 

used to indicate that the structure does not perform as 

desired as observed by Uche and Afolayan (2008). 

Uche and Afolayan (2008) described reliability as the 

probability or likelihood of structure performing its 

purpose adequately for a period of time intended 

under the operating conditions encountered. The 

problem associated with the traditional method of 

ensuring safety can be resolved by rendering broad, 

general concepts, such as uncertainties and risks, into 

precise mathematical terms that can be operated upon 

consistently. This approach essentially forms the 
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basis of reliability-based design. Uncertain 

engineering quantities (e.g. loads, capacities) are 

modeled by random variables, while design risk is 

quantified by the probability of failure. 

Structural element will be considered to have failed if 

its resistance (R) is less than the stress resultant (S) 

acting on it. Once the uncertainties in the resistance 

(R) and the stress resultant (S) have been modelled as 

random variables, the probability of failure (Pf) can 

be evaluated as in equation (1) (Melchers, 1999). 

 

             

              
  

  
 … (1) 

 

Where       = Probability Density Function of S and 

      = Probability Distribution Function of R. 

 

 

 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

FORM 5 computer package which uses algorithm 

linked to FORTRAN was used in this study to 

compute the implied safety levels for the different 

limit state functions, outlining the design criteria for 

reliability study of reinforced concrete V-Type folded 

plate using Eurocode 2. It handles up to 60 uncertain 

variables (x-variables) and can perform up to 40 

iterations to achieve convergence. 

2.2 Methods 

A typical symmetrical V-shaped reinforced concrete 

folded plate with span, L = 20000 mm, depth, h = 

2000 mm, thickness, t = 100 mm was considered in 

which the deterministic and stochastic design were 

carried out in accordance with Eurocode 2 (2004). 

Generally, the analysis of the folded plates was based 

on the following assumptions: 

i) The structure is monolithic with rigid joints; 

ii) The material is homogeneous, elastic and 

isotropic; 

iii) The length of each plate is more than twice its 

width; 

iv) Plane sections remain plane after deformation in 

all the plates. 

2.2.1 Derivation of Safe Design Parameters: In order 

to resist the loads, the resistance properties must be 

carefully chosen. This selection may not only revolve 

about the derivation of the ultimate strength equation 

of folded plates section but also aid in deriving the 

limit state expression of the various failure modes 

considered in the loading of reinforced concrete 

folded plate section. Hence the limits state equation 

for the idealized strength and load analysis were 

derived from the respective failure modes, under 

bending moment, longitudinal stress and deflection as 

given in equations 2, 3, and 4. 

 

Bending moment 

               
                     

  … 

(2) 

Longitudinal stress 

           
 

  
                  

 

    … (3) 

 

Deflection 

     
 

   
 

               
 

     
 … (4) 

 

Where:     is the characteristic compressive cylinder 

strength of concrete at 28 days;   is the plate width;   

is the plate depth;    is the characteristic variable 

action;   is the span of folded plate;   
  

  
      

               . 

2.2.2 FORTRAN Subroutine: The FORTRAN 

subroutine as written to accommodate different mode 

of failure of reinforced concrete V-type folded plates 

in FORTRAN language and linked with FORM 5 to 
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solve the limit state in bending, longitudinal stress and 

deflection. The flow chart for the subroutine is as 

shown in Figure 1. 

 

Figure 1: Chart for Reliability Analysis using 

FORM 5 

 

 

 

The FORM 5 was then launched via the command 

prompt of the computer using the following 

commands: 

 

CD\ (ENTER) for calling documents on drive C 

 

CD FORM (ENTER) for calling FORM from drive C 

which contains subroutines 

 

CL FPBEND (ENTER) for compiling subroutines on 

folded plates bending. 

 

FORML FPBEND (ENTER) to link FPBEND to 

FORM for execution. 

 

FPBEND (ENTER) to input the variables for 

execution. 

 

The values were then inputted as requested and the 

reliability safety index displayed on the screen upon 

hitting the ENTER button.  

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Results of reliability analysis of reinforced 

concrete folded plates 

Computer programs in FORTRAN 77 were written 

for use by FORM 5 in evaluation of reliability 

indices. Using the data generated from the reliability 

evaluation of the various limit state conditions 

(subroutines) graphs are plotted to allow for proper 

analysis of the reliability levels in Eurocode 2 

requirements for reinforced concrete V-type folded 

plate. The results obtained are presented in Figures 2-

5. 
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Figure 2: Implied safety indices for bending mode of failure 

 

 

 

Figure 3: Implied safety indices for longitudinal stress mode of failure 
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Figure 4: Implied safety indices for deflection mode of failure 

 

 

 

 

Figure 5: Implied Safety Indices of Reinforced Concrete V-Type Folded Plate 
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3.2. Discussions 

The implied safety indices, β for bending, 

longitudinal stress and deflection are recorded for the 

reinforced concrete V-type folded plate as presented 

in Figures 2 - 5. This shows that safety index 

decreases with increase in load ratio which was as a 

result of diminishing strength. To ensure safe design 

in bending and longitudinal stress, dead-live load ratio 

range of 0.1 to 0.6 should be adopted with 

corresponding safety indices ranging from 3.20 to 

4.26, while deflection is safe for all load ratio with 

corresponding safety indices ranging from 1.30 to 

3.33. The design becomes critical at load ratio of 0.8 

to 1.0 for the bending and longitudinal stress limit 

state conditions with corresponding safety indices 

ranging from 2.51 to 2.84. This is in line with the 

target safety indices range of 3.10 to 4.20 for bending 

and longitudinal stress and 1.30 to 2.30 for deflection 

recommended by JCSS (2001) for a structure with 

minor consequences of failure. The critical condition 

therefore occur in bending and longitudinal limit 

states. 

 

 

4. CONCLUSIONS 

 

The following conclusions and observations are 

drawn from the results obtained. Limit state equation 

for bending, longitudinal stress and deflection mode 

of failure for reinforced concrete folded plates were 

established. 

Reliability analysis on the existing deterministic 

design of reinforced concrete folded plates showed 

that safety index decreases with increase in load 

ratio. Also the design results are consistent when 

compared with the safety indices recommended by 

the Joint Committee of Structural Safety Code 

(JCSS, 2001). 
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