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Abstract 

 

Fibre-reinforced polymers (FRP) wraps have shown great 

promise in the retrofit and rehabilitation of ageing and 

damaged reinforced concrete (RC) elements.  After nearly 

four decades of research in this area, the FRP material 

selection for a particular repair application is still a challenge 

in the research and industrial communities. This paper 

presents novel approaches for selecting the optimum FRP 

choice from a list of candidate materials. 
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Introduction 

 

A considerable inventory of existing concrete 

structures needs to be retrofitted due to one or more of 

the following causes: (1) improper quality of materials, 

(2) incorrect specifications, (3) faulty design, (4) errors 

in the construction process, and (5) exposure of 

structures to extreme loading and/or environmental 

conditions. Chemical and physical agents may induce 

a gradual increase in concrete porosity and 

permeability.   Low-cycle   fatigue   and   freeze-thaw 

cycles can compromise further the material integrity, 

allowing chemical substances to penetrate concrete. 

The corrosion of the  reinforcing steel  results in  the 

formation of expansive products, generating internal 

stresses and subsequent cracking and spalling of the 

concrete. Such problems can lead to insufficient 

structural capacity that can decrease the service life of 

a structure [Shash, 2005]. A typical deteriorated 

concrete bridge deck is shown in Fig. 1. 
 

A relatively new progress in the repair and 

rehabilitation of RC elements is the use of externally 

bonded  FRP  composite  wraps  (Fig.  2).  FRPs  have 

Received great attention and their applications to 

structural repair and retrofit have grown significantly 

in recent years. FRPs have proven to be an excellent 

Option for the external reinforcement of concrete 

because of their high tensile strength, lightweight, 

resistance to corrosion, high durability, and ease of 

installation  
 

 
FIG. 1 EXAMPLEOFDAMAGED-DETERIORATED BRIDGE DECK 

(with permission-http://www.eng.cam.ac.uk). 

 
FIG. 2 APPLICATION OF EXTERNAL CFRP 

WRAPFORREPAIRING A RC BEAM 

Although, the concept of composite materials, which 

are basically a combination of two or more materials to

http://www.eng.cam.ac.uk/
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obtain a new material, has been known for thousands 
of years (Fig. 3), the idea of modern fibre-reinforced 

composites dates back to a few decades ago. Modern 

FRPs are constructed of high-performance fibres such 

as carbon, aramid, or glass, which are placed in a resin 

matrix. The variety of FRPs is not just limited to fibre 

and matrix material properties. The geometry, lay-up 

and manufacturing process are also key variables in 

forming various types of FRPs (Fig. 4). By selecting 

from the many available fibres, geometries and 

polymers,  the  mechanical  and  durability  properties 

can be tailored for a particular application [Hull, 1996]. 
 

 
FIG. 3 KABOUTAR-KHANEH, ASTRUCTURE MADE OF MALT- 

STRAW COMPOSITE IN THE 13th CENTURY, YAZD, IRAN. 

 
 
 
 
 
 
 
 

(a)                             (b)                                (c) 
 
 
 
 
 
 
 
 
 

(d)                              (e)                               (f) 
 

Fig. 4 VARIOUS FRP TYPES (a) UNIDIRECTIONAL CARBON-FRP, 

(b) BIDIRECTIONAL ±45o GLASS-FRP, (c) BIDIRECTIONAL 

0o/90o ARAMID-FRP, (d) BIDIRECTIONAL 0o/90oCARBON-

FRP, (e) BIDIRECTIONAL 0o/90oHYBRID GLASS-ARAMID-

FRP, (f) WOVENGLASS-FRP. 

Generally, current design guidelines ignore the 

effect of the environmental and durability 

parameters in selecting the FRP material and only 

propose empirical or    semi-empirical   equations   

for    estimating   the ultimate strength of a repaired 

concrete element based on the mechanical 

properties of the externally bonded FRP 

used[Nehdi and Nikopour, 2011; Colottiet. al., 

2005]. Moreover, design codes ignore the effect of 

transverse mechanical properties of the external 

FRP, which can have significant effects, in particular 

for RC elements subjected to seismic loading 

[Selvadurai and Nikopour, 2012a; Selvadurai and 

Nikopour, 2012b; Nikopour and Selvadurai, 2013, 

Nikopour, 2013]. Accordingly, the  main  objective  

of  this  study  is  to introduce simple, yet effective 

methods for selecting the optimum FRP material for 

different repair applications considering cost, 

corrosion resistance, density and 

longitudinal/transverse mechanical properties of 

FRPs. 

 
Materials Selection Methods 

 

A comprehensive review of available approaches for 

materials selection can be found in the text by [Ashby 

et. al., 2004]. These methods include free searching 

based on quantitative analysis [Ashby, 1992], 

checklist/questionnaire based on expertise 

[Tretheweyet. al., 1998], and inductive reasoning and 

analog procedure [Amen and Vomacka, 2001]. There 

are also materials selection methods based on neural 

networks [Takumaet. al., 1994], the fuzzy logic 

approach [ Sarafrazet.  al.,   2008], a n d  f u z z y  

m u l t i - criteria decision making [Liao, 1996]. A 

variety of quantitative selection procedures are also 

available to analyze the large amount of data involved 

in the materials   selection   processes   

[Fayazbakhshet. al.,2009]. The various steps of material 

selection process are illustrated in a chart (Fig.  5). The 

focus of this paper is on quantitative materials 

selection procedures. 
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The weighted-properties method (WPM) was proposed 

by [Farag, 1997]. In this method, each material property is 

given a certain weight, depending on its importance to 

the performance of the part in service. A weighted-

property value is obtained by multiplying the numerical 

values of each property by its weighting factor, . 

The individual weighted- property values of each 

material are then summed to calculate   the   

comparative   materials   performance index, in cases 

where numerous material properties are 

Specified and the relative importance of each 

property is not clear, determinations of the 

weighting factors, are largely intuitive, which 

reduces the reliability of

Modified Digital Logic   (MDL)   approach.   In this 

Method, the property evaluation was changed in a 

way that a value of (1) is assigned to the less 

important property and a value of (3) to the more 

important one, when two properties are considered at 

a time.  By doing this, the least important property, 

which is at times eliminated in the DL technique by 

the property evaluation system, still remains in the 

selection list. Another advantage of the MDL over the 

DL approach is that two properties with equal 

importance can have equal numerical valueIn the 

present study, the DL, MDL and Z transformation 

methods have been used in comparing a list of 6 

candidate materials encompassing various types  of  

unidirectional or  hybrid  FRPs.  For further 

clarification, a case study has been conducted for 

repairing damaged reinforced concrete beams in 

normal and extremely salty exposure environments 

and the findings are presented herein. 

 

Case Study 

 

A typical civil engineering rehabilitation project of a 

bridge was selected. In this case study, it was decided 

to use a typical supporting beam, which had exhibited 

deterioration. In general practice, the strengthening of 

the beam is done by repairing surface damage with 

new concrete and attaching structural steel plates or 

external FRP wraps on the exposed surfaces. The steel 

plate is  usually bolted into  place, whereas the  FRP 

wraps are epoxy bonded to develop the required 

anchorage. Two environmental exposure situations 

were considered: a normal dry exposure with no 

possibility of environmental or chemical attack (Case-

1)  and  an  extremely  salty  environment  with  high 

possibility of chloride and sulphate ions chemical 

exposure (Case-2). Six different carbon and glass FRP 

wraps were selected as candidate materials (Table 1). 

DL, MDL and Z-transformation material selection 

methods were used in ranking the candidate materials 

based on seven mechanical, physical and economical 

properties. 
 

Uncertainties in Material Properties 

 

The classic material selection methods considered 

consist of: m candidate materials (Mi; i = 1,..., m);   n 

design criteria (scaled material properties j;j = 1,...,n); 

and n weighting factors ( j;j = 1,..., n).   In order to 

account for possible uncertainties in material property 

values, a set of threshold values should also be added 

to the above list. Consequently, the problem with 

uncertainly furthermore consists of: n strict preference 

thresholds (pj; j = 1,..., n), reflecting the upper limit of 

uncertainty  in  each  scaled  material  property  value; 

and n indifference preference thresholds (qj; j = 1,..., n), 

reflecting the lower limit of uncertainty in each 

criterion value; and n veto thresholds (vj; j = 1,..., n), 

each of which reflecting a maximum allowable limit 

for a veto condition [Milani and Shanian, 2006]. 
 

For e a c h  c r i t e r i o n ,  qjpjvj.  To s o l v e  t h e    

material selection problem with uncertain material  

properties, ELECTRE III [Roy, 1990; Milani and 

Shanian, 2006], a pseudo-criterion   definition   instead    

of   a   classical definition   can   be   used   with    

conjunction   of   Z- transformation   method.   Each    

material   has    one indifference zone with the  

range  of  (-qi,  qi)  through which no preference 

relation may  be made. There is also a strict 

preference zone, (-pi,  pi), beyond which a strong 

preference can be noticeable. 

 

Conclusion  

 

The  DL,  MDL  and  Z-transformation methods  have 

been used in the present study for ranking 6 candidate 

materials based on 7 mechanical, physical and 

economical parameters for a retrofitting project of a 

typical concrete beam under normal and extremely 
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salty exposure environments. The following 

conclusions can be drawn from this research. 

 

For the range of material properties used in this 

study, the MDL and Z-transformation methods 

provide similar ranking of the candidate materials. 
 

In the Z-transformation method, there is no need for 

defining the parameter XC  used in the MDL method. 

This greatly reduces the dependency of the method on 

the user knowledge. 
 

The   ELECTRE   III   multi-criteria   decision model is 

capable of ranking candidate materials while estimating  

their  incomparability  and  indifferences. The use of 

fuzzy outranking relations and pseudo criteria in 

ELECTRE III can be particularly useful to account for 

material data uncertainty. 
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