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 8 

Abstract 9 

Bridges, mainly exposed in a multiple hazard environment, are the most vulnerable component of 10 

the road network. Damage of critical bridge components (i.e., piers, bearings, and abutments) may 11 

result in loss of bridge functionality after a hazard event and, therefore, the rapid decision for the 12 

most appropriate retrofit measure is crucial in order to limit the related direct and indirect losses in 13 

short time after the event. In line with the above, a holistic methodology is proposed herein for the 14 

selection of the optimum retrofit measure for bridge piers, among reinforced concrete or FRP 15 

jackets. The proposed methodology is based on advanced, inelastic analysis results, multi-objective 16 

optimization techniques and genetic algorithms to derive the retrofit measure's properties in order 17 

to meet selected performance, cost and sustainability criteria. Based on literature recommendations, 18 

the common practice is to select the retrofit measure on the basis of  the seismic assessment results 19 

and, in particular, the fragility curves of bridges retrofitted with various schemes (i.e., reinforced 20 

concrete, steel, or FRP jackets) and varying properties. However, a component-specific selection 21 

of the optimum retrofit measure properties is proposed herein, also accounting for the as-built 22 

properties of the bridge pier studied and the targeted performance, cost and CO2 emissions criteria. 23 
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The source code developed for applying the proposed approach is also provided (in Github). Since 24 

both the components and the criteria are parametrically defined within the code, it could be 25 

practically used for different case studies, investigating the effect of as-built properties, retrofit 26 

measure properties, and selection criteria on the results. The proposed methodology is indicatively 27 

applied to a case study bridge pier, estimating the optimal retrofit measure among RC and FRP 28 

jackets and its properties for selected performance, cost, and sustainability criteria, comparatively 29 

assessing the results.  30 

Keywords: bridge piers, retrofit, jackets, multi-objective optimization, genetic algorithms   31 
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1 Introduction 32 

During the last decades, a significant number of bridge infrastructures have been constructed 33 

in Europe, creating new or expanding existing road and railway networks. Bridges are exposed to 34 

a multiple hazard environment and are directly affected by the extreme environmental conditions 35 

and climate change effects. Therefore, the probability of bridge component damage due to multiple 36 

hazards (i.e., earthquake, flood), ageing, temperature, etc., is increased, and the need for inspection, 37 

maintenance, retrofit, and recovery planning is urgent.  38 

Several methodologies are available for assessing the bridge performance against earthquake 39 

or flood hazards, providing frameworks and relevant fragility curves [1,2,3] for estimating damage 40 

probability for different intensity levels. However, selecting the most appropriate retrofit strategy 41 

and relevant properties for bridge structures and various levels of (earthquake or flood) intensity is 42 

a rather complex and case-dependent procedure. The most common approach is to select specific 43 

measures and properties, i.e., reinforced concrete (RC) or FRP jacket thickness and material 44 

properties for bridge piers, to evaluate the structural performance, and eventually propose the 45 

optimum strategy and solution. However, it is evident that the result is strongly dependent on the 46 

initial selection of parameters; in many cases, the selection is simply the best among a limited 47 

number of retrofit schemes tested. Several approaches are available in the literature for the selection 48 

of the optimum retrofit solution, mainly based on the use of fragility curves of bridges retrofitted 49 

with various schemes (i.e., RC, steel, or FRP jackets) and varying properties as a tool for the 50 

selection of the most effective retrofit solution for bridge piers  [3,4,5,6]. The use of seismic 51 

isolation has also been proposed, evaluating different isolation measures and properties using the 52 

fragility function method [7]. Finally, the selection of the most appropriate retrofit measure 53 

considering performance-based criteria has been proposed, initially for buildings [8], while it has 54 
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currently been extended to bridges offering a framework for fragility-informed selection of bridge 55 

retrofit schemes for specific performance criteria based on fragility curves for as-built and 56 

retrofitted bridges [9]. 57 

Optimization frameworks and measures have been proposed in the literature to design and 58 

retrofit structures. Structural optimization techniques have been proposed for the optimum design 59 

of steel and truss structures [9,10,11]. Furthermore, the performance-based seismic design concept 60 

using optimization frameworks has also been proposed [11], including reliability-based criteria and 61 

constraints to obtain designs of improved performance and reduced cost [12]. Optimization 62 

(evolutionary) algorithms have been applied to select optimum methods for the retrofitting of 63 

building structures considering constructional/architectural and economic limitations in structural 64 

simulation, incorporating a series of objective function evaluations and providing optimal, 65 

earthquake-resistant solutions [13]. Very recently [14], the use of multi-objective optimization 66 

measures and multi-criteria decision-making procedures have been proposed to select the optimum 67 

retrofit solution, considering earthquake-induced economic losses as a decision criterion. The fact 68 

that the selection of the optimum retrofit solution for building structures is challenging is discussed 69 

in [15], highlighting that the retrofit strategies may vary, targeting either strength or ductility 70 

enhancement and that their selection at the preliminary/conceptual retrofit design phase is not 71 

straightforward. The selection of the most appropriate retrofit strategy is therefore proposed based 72 

on a fragility-oriented approach that maps the increase of the capacity-to-demand ratio to the 73 

reduction of building-level seismic fragility, relating it to loss metrics. A very similar approach has 74 

already been proposed in [9] and [16] for bridges, relating the selection of the retrofit measure and 75 

properties to the targeted performance level and evaluating the effect of different retrofit measures 76 

intended for strength and ductility enhancement and/or seismic isolation methods on the basis of 77 

fragility curves for retrofitted bridges. Regarding bridge infrastructures exposed to natural hazards, 78 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

5 
 

multi-objective optimization (genetic) algorithms have been proposed [17], introducing a 79 

framework that identifies the optimal retrofit and/or repair solutions, that ensure public safety and 80 

minimize lifetime environmental, economic, and social performance measures of sustainability. 81 

Finally, multi-objective optimization measures and decision-making have been proposed for the 82 

optimum selection of interventions at the transportation system level, considering cost, safety, and 83 

environmental impact [18,19]. 84 

The critical question that this research paper aims to answer, providing both the framework 85 

and the computational tool, is the following: Can a designer make a first selection of the optimum 86 

retrofit measure for bridge piers (e.g., RC or FRP jacket) and its properties (jacket thickness, 87 

reinforcement ratios, material properties) without performing analysis, but accounting for 88 

performance, cost, and sustainability criteria? The scope of this research paper is to propose a 89 

holistic approach based on multi-objective optimization algorithms, also providing the relevant 90 

source code (available on GitHub). The main concept is to account for all the critical parameters 91 

that affect bridge pier performance and to estimate the properties of the optimum retrofit solution, 92 

defined as the solution that optimally satisfies cost, performance, and sustainability criteria for 93 

selected retrofit targets. Therefore the bridge pier properties, i.e., geometrical, material, 94 

reinforcement, etc. properties of the core and jacket, are considered the design variables, and the 95 

cost, CO2 emissions, and targeted performance indicators as objective functions. Constraints 96 

related to the capacity-to-demand ductility and strength ratio (depending on the retrofit measure 97 

used) are defined, and the optimization procedure is applied, estimating the Pareto front. Finally, 98 

the best-worst multi-criteria decision-making method is proposed for the estimation of the optimum 99 

solution, considering weighting at the criteria considered. The methodology is applied for different 100 

research measures (i.e., RC and FRP jackets) using the tool developed, setting specific criteria 101 

regarding the targeted strength and ductility. The optimum retrofit solution in terms of performance, 102 
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cost, and sustainability criteria is defined, along with the jacket parameters (thickness, number of 103 

bars, reinforcement ratio, FRP strength, and stiffness). It is noted that the evaluation of different 104 

measures, resulting in comparable performance, cost, and sustainability criteria, should be 105 

subsequently performed using fragility curves of the retrofitted bridge system. Based on the above, 106 

the proposed approach is a rapid, reliable, and open (available on GitHub) first-stage selection of 107 

retrofit measures and properties, consisting a valuable tool for stakeholders and managers of 108 

infrastructures. The proposed methodology is indicatively applied to a case study bridge pier, 109 

estimating the optimal RC and FRP jacket properties for the selected performance, cost, and 110 

sustainability criteria. The results are presented and comparatively discussed.  111 

2 Problem statement and available tools 112 

2.1  Problem statement  113 

The scope of the framework presented herein is to select the retrofit measures of structural 114 

bridge components and their parameters at a first stage, accounting for performance, cost, and 115 

sustainability criteria at component and, eventually, at system level with a view to proposing the 116 

optimal retrofit solution related to the criteria considered. The inherent difficulty in the selection 117 

of the most appropriate retrofit measure and properties is that it is not a straightforward procedure, 118 

requiring several steps and, therefore, computational effort. In particular, the practices proposed in 119 

the literature require either a) the selection and design of retrofit alternatives for the same expected 120 

damage state under the design level-IM or b) the a priori selection of the retrofit measures to be 121 

applied based on expert elicitation, and the subsequent evaluation of the results on the basis of 122 

fragility curves of retrofitted bridges. The critical issue that is practically resolved within this study 123 

is the rapid, initial selection of the retrofit measures and their parameters, based on a rational 124 
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approach that includes consideration of multiple structural, economic, environmental, etc. criteria 125 

and a stratified decision-making method. The properties of the retrofit alternatives are estimated 126 

on the basis of a multi-objective, multi-criteria decision-making method. To this end, functions 127 

related to performance, cost, and CO2 emission criteria are defined and optimized, also defining 128 

strength and ductility criteria that should be explicitly met (constraints). It should be outlined that 129 

the final evaluation and selection of the retrofitted structure's performance should be based on 130 

fragility analysis results of retrofitted bridges as described in [8] as well as other criteria related to 131 

losses or functionality. 132 

2.2  Multi-objective Optimization measures 133 

Το define the optimum parameters of alternative retrofit measures described above, multi-134 

objective optimization algorithms are employed. A multi-objective optimization problem tries to 135 

minimize a set of objective functions satisfying a set of constraints (linear/nonlinear, 136 

equality/inequality) that define the feasible region. In general, the problem is nonconvex and 137 

provides, as a result, a set of non-dominated points, the Pareto set (decision space). The values of 138 

the objective function at the Pareto points define the so-called Pareto front (objective space) (Fig.1). 139 

 

 

Figure 1. (left) Problem Initialization Definition, (right) Pareto front in minimization problem 140 
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The problem described herein involves integer variables (parameters of retrofit measures); 141 

therefore, a multi-objective integer programming (MOIP) problem should be solved. The problem 142 

statement is presented in Eq.1 in its general form, describing the design variables (x), the objective 143 

functions (f(x)),  and the constraints (c(x)) that should be defined to obtain the solutions. As already 144 

described in §2.1, the critical parameters for every retrofit alternative studied should be initially 145 

defined, consisting the design variables (x) of the optimization process (e.g., the jacket thickness, 146 

reinforcement, material properties, etc.). Parameters that are related to the retrofit efficiency (i.e., 147 

strength and/or ductility enhancement) should be explicitly met to define a retrofit target and are 148 

therefore set as constraints (c(x)) within the optimization problem. Criteria related to performance, 149 

cost, and sustainability are defined as objective functions (f(x)) to be minimized/maximized in order 150 

to obtain an optimum solution.  151 

1

2

3

4

Problem Statement

( )

( )
min (objective functions)

( )

( )

( ) 0 (inequalityconstraints)

(bound constraints)

i

lb ub

f

f

f

f

Subjected to

c

 
 
 
 
 
 





 


  
 

x

x

x

x

x

x x x

x

 

(1) 

In order to solve the optimization problem described above, the genetic algorithm is applied. 152 

This algorithm class starts with an initial population and creates the next generation through elitism, 153 

crossover, and mutation. Special steps and modifications are applied for the incorporation of 154 

constraints. The algorithm stops when one of the stopping criteria is met, i.e., if max generations 155 

are met or relatively small changes are observed in the objective functions. Contrary to single-156 
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objective optimization, which tries to find one optimal solution, the multi-objective optimization 157 

applied herein results in a set of possible solutions (design variables). A decision-making procedure 158 

is applied at a second step to select the optimum solution of the set. The methodology is uniform, 159 

and no information is lost before the decision-making application since all the Pareto front is 160 

available. This posterior methodology provides a basis for the appropriate selection and evaluation 161 

of the decision-maker. In this work, the multi-criteria decision-making method BWM (best-worst 162 

method) is utilized. This method derives the weights (wi) of the individual criteria based on a 163 

pairwise comparison of the best and worst with the others. A scale 1 to 9 is selected for the pairwise 164 

comparisons. In the first step, the scale of the best to the others and others to the worst is defined, 165 

and each criterion's weight is computed (Σwi=1.0). The consistency ratio ξ characterizes the derived 166 

weights; specifically, larger values indicate a less reliable comparison. If the consistency ratio is 167 

not acceptable, then modified values for the pairwise comparisons should be provided. Finally, this 168 

methodology yields a reliable and consistent comparison matrix. Based on these weights,  the score 169 

of each solution at the Pareto front is calculated (Vp), and the best alternative is identified (Eq.2)  170 

1

n

p i pi

i

V w V


        (2) 171 

 172 

2.3 Parameters affecting the retrofit efficiency in terms of strength and ductility for piers 173 

retrofitted with  RC and FRP jackets  174 

In line with the above, the rapid, first-stage selection of the optimum retrofit measure for bridge 175 

piers is, practically, the estimation of the design variables (i.e., the retrofit measure's parameters) 176 

that optimize the objective functions (cost, performance and sustainability criteria) satisfying 177 

specific constraints that are related to the anticipated performance level. Since the objective 178 

functions are not optimized simultaneously for the same design variable values, a multi-objective 179 
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optimization technque (as described in §2.2) should be applied for the selection of the optimum 180 

retrofit measure for bridge piers. 181 

 For the case of bridge pier retrofit, the design variables are defined as the parameters of the 182 

retrofit measure selected, (i.e., the jacket thickness, material properties, reinforcement ratio, etc.) 183 

and the objective functions as the cost, CO2 emissions and ductility for selected performance levels 184 

(i.e., available displacement ductility for moderate and major limit states). The constraints are 185 

defined as the targeted strength and ductility values that are set by the user, e.g., 20% increase of 186 

the ultimate moment strength (Mu) and 10% increase of the displacement ductility (μδ = δu/δy or 187 

δ4/δ1) of the retrofitted section, compared to the as built one. In particular, the targeted strength and 188 

ductility enhancement of the retrofitted section (or member) is defined as the increase of the 189 

ultimate flexural strength (Mu,jacket/Mu,core) and the increase of the displacement ductility μδ  190 

(μδ,jacket/μδ,core, μδ = δu/δy or δ4/δ1). It should be outlined that RC and FRP jackets are the most widely 191 

used retrofit measures applied to bridge piers for strength and ductility enhancement; RC jackets 192 

result in both strength and ductility enhancement, while FRP jackets are mainly related to ductility 193 

enhancement. 194 

 Therefore, to apply the optimization techniques, the relationship between the design variables 195 

and the objective functions should be available, i.e., the equations relating the retrofit measure's 196 

parameters to moment strength and ductility. As already presented in [8], the strength and ductility 197 

of the as-built and retrofitted bridge piers depend on the parameters related to the geometry, 198 

material properties, reinforcement ratios, etc., of the core and the jacket. The closed-form 199 

relationships proposed in [8] for the estimation of the ultimate moment strength ratio of the 200 

retrofitted to the as-built section  (Mu,jacket/Mu,core) and the relevant for the estimation of the 201 

retrofitted to the as-built yield and ultimate displacement (necessary to calculate μδ,jacket/μδ,core) are 202 
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shown in Tables 1 and 2 below for the case of cylindrical piers. Relevant closed-form relationships 203 

are available for the case of retrofitted piers with FRP jackets. 204 

Table 1. Empirical relationships for the estimation of ultimate moment strength of the retrofitted with RC 205 
jacket section, related to the as built. 206 

Cylindrical Piers (RC Jacket) 

, ,core w c0 1 2 3
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4
  5

  

u, ,coreRCj uM M  -4.257 +4.727 +0.284 -0.056 +0.065 +0.237 

 207 
Table 2. Empirical relationships for the estimation of d1 (dy) and d4 (du) of the retrofitted with RC jacket 208 

section, related to the as built. 209 

 210 

The relationships proposed in [8] are based on an extensive parametric study considering a 211 

wide range of as-built and retrofitted pier properties, including geometry parameters (diameter of 212 

the core (Dc) and the retrofitted (Dj) section), reinforcement ratios (longitudinal (ρl) and transverse 213 

(ρw) reinforcement ratios) and material properties (concrete (fc) and steel (fy) strength, FRP flexural 214 

strength (fj) and modulus of elasticity (Ef)) for the estimation of curvature, moment and 215 

displacement capacity values. In particular, as built and retrofitted cross sections were set up 216 

combining the parameters considered, section analyses were performed to obtain the ultimate 217 

moment strength and the moment -curvature (M-φ) curve. The latter was used as input for the 218 

inelastic pushover analysis of the pier member, providing relationships for the estimation of yield 219 
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and ultimate displacement at the control point of the pier. Based on regression analysis of the 220 

results, the closed-form relationships were formed.   221 

Based on the above one can practically implement the suggested relationships and estimate the 222 

moment strength (Mu) and displacement ductility (μδ) considering the selected parameters of the 223 

core section and the properties for the retrofit measure. The relationships were implemented for 224 

selected core and retrofit measure properties for both cases of RC and FRP jackets, and the results 225 

are shown in Fig.2 to Fig.8, highlighting the contradictory effect of each parameter on the estimated 226 

ultimate moment, yield and ultimate displacement values. 227 

 228 

 
  

Dj=2.4 (m) , Dc=2.0 (m) , fc,j= 38 (MPa), fc,c= 28 (MPa), 

fy,j= 550 (MPa), fy,c= 440 (MPa) 

Dj=2.001 (m), Dc=2.0 (m), Ef,j=225000 (MPa), fc,c=28 

(MPa)   

Figure 2. Retrofitted to as-built ratios of the ultimate moment (Mu) values for cylindrical piers versus 229 
material (fc, fl) and reinforcement (ρl, ρw, ρl) properties for the case of RC (left) and FRP (right) jacket.  230 

 231 
As shown in Fig.2 (left), the effect of increasing the RC jacket to core longitudinal and 232 

transverse reinforcement ratios (ρl,j/ρl,c and ρw,j/ρw,c) on the ultimate moment strength is not the 233 

same. It is evident that for the case of RC jackets, the effect of the increase of the jacket to core 234 

longitudinal reinforcement on the ultimate moment strength ratio is greater compared to the 235 

relevant when the transverse reinforcement ratio is increased. Additionally, as shown in Fig.2 236 

(right) for the case of FRP jacket, both the increase of the jacket to core reinforcement and material 237 

strength ratio, result in an increase of the ultimate jacket to core moment strength ratio.  238 
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Dj=2.4 (m) , Dc=2.0 (m) , fc,j= 38 (MPa), fc,c= 28 (MPa), 

fy,j= 550 (MPa), fy,c= 440 (MPa) 

Dj=2.4 (m) , Dc=2.0 (m) , fc,j= 38 (MPa), fc,c= 28 (MPa), fy,j= 

550 (MPa), fy,c= 440 (MPa) 

Figure 3. Retrofitted to as-built ratios of the yield (d1) and ultimate (d4) displacement versus relevant 239 
reinforcement ratios (ρl, ρw) for the case of cylindrical piers retrofitted with RC jackets. 240 

  
ρl,j= 0.015 , ρl,c= 0.010 , ρw,j= 0.015 , ρw,c= 0.01 , fy,j= 550 

(MPa), fy,c= 440 (MPa) 

H=10 (m), D=2.0 (m) , fc= 33 (MPa), fy= 550 (MPa), v=0.20 

Figure 4. Retrofitted to as-built ratios of the yield (d1) and ultimate (d4) displacement at pier top 241 
versus relevant material strength (fc) and diameter (jacketed to as built) ratios for the case of 242 

cylindrical piers retrofitted with RC jackets. 243 

 
Dj=2.4 (m) , Dc=2.0 (m) , fc,j= 38 (MPa), fc,c= 28 (MPa), fy,j= 550 

(MPa), fy,c= 440 (MPa) 

Figure 5. Retrofitted to as-built ratios of the displacement ductility (μδ) versus relevant reinforcement 244 
ratios (ρl, ρw) for the case of cylindrical piers retrofitted with RC jackets. 245 

The effect of varying parameters on the yield and ultimate displacements (δ1 and δ4) is, eventually 246 

reflected in the displacement ductility (μδ=δ4/δ1). From Fig.5, it is obvious that when the 247 

1
2

3
4

5

0

2

4

6
0.8

1

1.2

1.4

1.6

1.8


w,j

/
w,c

(
1,j

/h)/(
1,c

/h)- 
l,j

/
l,c

 - 
w,j

/
w,c


l,j

/
l,c

(
1

,j
/h

)/
(

1
,c

/h
)

1

2

3

4

5

0

2

4

6
0.5

1

1.5


w,j

/
w,c

(
4,j

/h)/(
4,c

/h)- 
l,j

/
l,c

 - 
w,j

/
w,c


l,j

/
l,c

(
4

,j
/h

)/
(

4
,c

/h
)

1

1.2

1.4

0.811.21.41.61.82

1

1.05

1.1

1.15

1.2

1.25

D
j
/D

c

(
1,j

/h)/(
1,c

/h)- f
c,j

/f
c,c

 - D
j
/D

c

f
c,j

/f
c,c

(
1

,j
/h

)/
(

1
,c

/h
)

1

1.2

1.4

0.811.21.41.61.82

0.8

0.9

1

1.1

1.2

1.3

D
j
/D

c

f
c,j

/f
c,c

(
4,j

/h)/(
4,c

/h)- f
c,j

/f
c,c

 - D
j
/D

c

(
4

,j
/h

)/
(

4
,c

/h
)

1

2

3

4

5

0
1

2
3

4
5

0.8

1

1.2

1.4


w,j

/
w,c


,j

/
,c

- 
l,j

/
l,c

 - 
w,j

/
w,c


l,j

/
l,c



,j
/


,c

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

14 
 

longitudinal and the transverse reinforcement ratios are increased for the case of RC jacket, the 248 

displacement ductility increases as well, however not at the same rate.  249 

  
ff,j= 4150 (MPa), fc,c= 28 (MPa) , ρf,j= 0.001 , ρw,c= 0.005  ff,j= 4150 (MPa), fc,c= 28 (MPa) , ρf,j= 0.001 , ρw,c= 0.005  

Figure 6. Retrofitted to as-built ratios of the yield (d1) and ultimate (d4) displacement versus modulus 250 
of elasticity and diameter (jacketed to as built) ratios for the case of cylindrical piers retrofitted with 251 

FRP jackets. 252 

  

Dj=2.001 (m), Dc=2.0 (m), Ef,j=225000 (MPa), fc,c=28 

(MPa)   

Dj=2.001 (m), Dc=2.0 (m), Ef,j=225000 (MPa), fc,c=28 

(MPa)   

Figure 7. Retrofitted to as-built ratios of the yield (d1) and ultimate (d4) displacement versus relevant 253 
material (fj,fc) and reinforcement ratios (ρl, ρw) for the case of cylindrical piers retrofitted with FRP jackets 254 

 
Dj=2.001 (m), Dc=2.0 (m), Ef,j=225000 (MPa), fc,c=28 

(MPa)   

Figure 8. Retrofitted to as-built ratios of the displacement ductility (μδ) versus relevant material and 255 
reinforcement ratios for the case of cylindrical piers retrofitted with FRP jackets. 256 
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The relevant relationships for the retrofitted piers with FRP jackets are applied, and the results are 257 

shown in Fig. 6 to Fig. 8. Both the ultimate and the yield displacements of the FRP-jacketed piers 258 

increase when the jacket to core thickness, material strength, and reinforcement ratios increase (Fig. 259 

6 and Fig.7), however with varying rate. Therefore, there is a relevant increase of displacement 260 

ductility, which is greater in the case of the reinforcement ratio increase, as shown in Fig. 8.  261 

 Based on the above, it is obvious that the effect of different retrofitting measure parameters on 262 

the seismic performance of the retrofitted pier varies; therefore, the application of muli-objective 263 

optimization measure is necessary in order to derive and propose the optimum set of thickness 264 

reinforcement and material properties to achieve the targeted performance.  265 

3 Framework proposed for the selection of optimum parameters of different retrofit 266 

measures 267 

The proposed framework in order to define the optimum measure and parameters for bridge 268 

pier retrofit considering user defined cost, sustainability and performance criteria is outlined in four 269 

distinct steps presented in Fig.9. The first step is related to the selection of the retrofit measure (i.e., 270 

RC or FRP jacket) and the definition of the critical parameters of the jacketed pier section that 271 

should be considered as design variables within the optimization procedure. In the second step, 272 

cost, sustainability, and performance criteria are defined in terms of closed-form relationships 273 

(objective functions) relating the design variables to the criteria set in monetary, CO2 emission, 274 

and displacement ductility terms. Furthermore, the retrofit targets (constraints) are also defined and 275 

related to the design variables. In the third step, the multiobjective optimization measures using 276 

genetic (evolutionary) algorithms are applied, and the Pareto front for the performance, cost, and 277 
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sustainability criteria is estimated. Finally, within step 4, a multi-criteria method (BWM) is applied, 278 

selecting weights for the correlation of best and worst parameters. The weighting procedure results 279 

in the estimation of the optimum solution from the Pareto front and the relevant properties for each 280 

retrofit measure considered. 281 

 282 

Figure 9. The steps of the proposed framework for the optimum retrofit measure and properties selection 283 

The main steps of the herein proposed framework are described in detail below: 284 

 Step 1: Selection of the retrofit measures (RC and FRP jackets) and the design variables that 285 

affect the efficiency of each measure. 286 

The most popular and frequently proposed in literature retrofit measures for strength and 287 

ductility enhancement of bridge piers are initially selected. For the measures selected (i.e., RC 288 
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and FRP jackets), the parameters that mostly affect the effectiveness of each measure are 289 

defined. The latter is based on an extensive parametric study that highlights the variation of 290 

moment strength and displacement ductility with variable geometry, material, and 291 

reinforcement properties. 292 

 Step 2: Definition of design variables, objective functions, and constraints 293 

During the second step, the objective functions that should be optimized are defined along with 294 

the constraints, i.e., the retrofit targets. The objective functions are related to performance, 295 

sustainability, and cost criteria. Regarding the performance criteria, they are related to 296 

displacement ductilities for selected performance levels. The closed form relationships that are 297 

available in [8] for μδ2,jacket/μδ2,core = (δ2,jacket/δ1,jacket)/(δ2,core/δ12,core) and μδ3,jacket/μδ3,core = 298 

(δ3,jacket/δ1,jacket)/(δ3,core/δ1,core), corresponding to minor and moderate damage, are proposed as 299 

objective functions herein (Table 1). It is outlined that δ1 is the yield displacement, δ2 the 300 

displacement threshold for minor damage and δ3 the displacement threshold for moderate 301 

damage. Regarding the sustainability criteria the CO2 emissions of each retrofit measure are 302 

estimated. According to [20] and [21] the CO2 emissions considered herein are equal to 0.12 303 

kgCO2/kg for the concrete, 0.684 kgCO2e/kg for the steel reinforcement and 4.97 (~5.0) 304 

kgCO2e/kg for the FRP. Finally, regarding the cost criteria, the cost for each retrofit measure 305 

is estimated considering 800€/m3 for the RC jacket (considering the total construction cost), 306 

1100€/tn for the steel reinforcement, and 400-600€/m3 for the two cases of FRP jacket. It is 307 

outlined that all the values mentioned above are indicative and can be modified within the 308 

source code available. The retrofit targets (constraints) considered herein are the following: 20% 309 

increase of the ultimate flexural strength (Mu) and 10% increase of the displacement ductility 310 

(μδ) for the case of RC jackets and 10% increase of the displacement ductility (μδu) for the case 311 

of FRP jackets. Based on Step 1, the design variables selected for RC jackets are the jacket 312 
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thickness, the longitudinal reinforcement ratio, and the transverse reinforcement ratio. For the 313 

case of FRP jackets the design variables are the FRP type (two different FRP types are 314 

considered, Ej,FRP=210GPa & fj,FRP=3.00GPa or Ej,FRP=225GPa & fj,FRP= 3.50GPa) and the 315 

jacket thickness. Regarding the FRP thickness, it is outlined that two different thickness values 316 

are considered (0.169mm and 0.333mm jacket thickness for each FRP type respectively), 317 

considering the number of layers varying. The objective functions and the constraints related 318 

to the performance to be optimized and to the targeted retrofit performance respectively are 319 

shown in Table 3 for the case of RC jackets and in Table 4 for the case of FRP jackets (also 320 

included in the source code available in Github).  321 

Table 3. Objective functions and constraint functions for the case of RC jacket 322 
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Table 4. Objective functions and constraint functions for the case of FRP jacket 324 
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 Step 3: Multi-objective optimization using genetic (evolutionary) algorithms. Estimation of the 327 

Pareto front. 328 

Genetic algorithms are applied to solve the multi-objective optimization problem. The solution 329 

is practically a set of points defining the Pareto front. The algorithm stops when one of the 330 

constraints are met or when minor differences are observed at the objective functions among 331 

iterations.  332 

 Step 4: Decision-making method to define the optimum solution (function and the relevant 333 

design variables- parameters for each retrofit measure considered). 334 

A decision-making procedure is applied within Step 4 to select the optimum solution of the 335 

Pareto set. It is outlined that the optimum solution is estimated for every different retrofit 336 

measure studied. A multi-criteria decision-making method BWM (best-worst method, as 337 

described in [22]) is applied, estimating the weights of all the criteria considered based on the 338 

user-based correlation estimation. Within the proposed framework, the best criterion (i.e., the 339 

most important) considered is the cost, and the less important is the performance for minor 340 

damage. The correlation of the best and the worst parameter with the other parameters is shown 341 

in Table 4. The weighting factors among the criteria considered (cost, CO2, μ2jacket/ μ2core, 342 

μ3jacket/ μ3core) are computed according to [22] for each retrofit solution, highlighting the 343 

optimum solution. The score of each solution is quantified, indicating the best alternative of 344 

the Pareto front (Table 5). 345 

Table 4. Correlation factors derived from BWM 346 

Best to others Cost CO2 emissions μδ2,jacket/μδ2,core μδ3,jacket/μδ3,core 

Cost 1 3 9 4 

Others to worst Cost CO2 emissions μδ2,jacket/μδ2,core μδ3,jacket/μδ3,core 

μδ2,jacket/μδ2,core 9 6 1 5 
 347 

Table 5. Weights for  derived from BWM 348 
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Criteria Cost CO2 emissions μδ2,jacket/μδ2,core μδ3,jacket/μδ3,core 

Weights 0.564 0.219 0.052 0.164 

4  Application of the proposed framework to a bridge pier retrofitted with RC 349 

and FRP jackets 350 

The framework proposed is applied for the selection of the optimum retrofit measure of a case 351 

study bridge pier. The scope is to select the most efficient retrofit measure and its properties, 352 

considering cost (€/m), sustainability (kgCO2e/kg) and performance (targeted ultimate 353 

strength and displacement ductility) criteria. The as-built section of the bridge pier studied is 354 

cylindrical with a diameter of 1.6m, concrete C16/20 (mean value fcm=24MPa), steel S400 355 

(mean value fym=440MPa), longitudinal reinforcement ratio ρl=0.008 and transverse 356 

reinforcement ratio ρw=0.075. The steps of §3 are applied to define the optimium retrofit 357 

measure for this case study bridge, in particular : 358 

Step 1 : Two alternative retrofit measures, namely RC and FRP jackets are selected for the 359 

bridge pier, since they are the most common measures used for strength and ductility 360 

enchancement. The parameters that mostly affect the retrofit effectiveness considered are both 361 

geometry and reinforcement parameters, i.e. the jacket thickness, FRP layers, material 362 

properties, reinforcement ratios.  363 

Step 2 : The design variables, the objective functions, and the retrofit targets are defined within 364 

this step. For the RC jacket the design variables selected are the jacket thickness (t) (as a 365 

multiple of 2cm) , the longitudinal reinforcement, i.e., the number of bars considering fixed 366 

bar diameter (Φ22), and the transverse reinforcement, i.e., the distance (s) of the transverse 367 

reinforcement considering fixed bar diameter (Φ16). Concrete C25/30 and S500b are 368 

considered for RC jacket and steel reinforcement material, respectively. For the case of FRP 369 
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jacket the design variables selected are the FRP type (two different FRP types are considered, 370 

Ej,FRP=210GPa & fj,FRP=3.00GPa or Ej,FRP=225GPa & fj,FRP= 3.50GP) and the thickness, i.e., 371 

the number of layers for 0.169mm and 0.333mm thickness according to the FRP type selected. 372 

Four objective functions for RC and FRP jackets are considered, i.e. the functions related to 373 

cost and CO2 emissions (considering the €/m3 ,€/tn and kgCO2e/kg values mentioned in §3) 374 

and the functions related to displacement ductility for minor (μδ2,jacket/μδ2,core) and moderate 375 

(μδ3,jacket/μδ3,core) damage, as presented in Table 3, for the case of RC jackets, and Table 4, for 376 

the case of FRP jackets. Regarding the retrofit targets (constraints), a 10% increase of the 377 

displacement ductility is the target of both retrofit measures.  378 

 

 

 
Figure10. Optimum retrofit values for the case of RC Jacket  379 
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Step 3 : The multi-objective optimization problem is solved applying the genetic algorithms and 380 

the source code provided. The objective functions are optimised and the Pareto front is defined. It 381 

is outlined that the cost and CO2 emissions were scaled (cost/1000 and CO2 emissions/1000) in 382 

ordert o have parameters with the same value range. 383 

Step 4 : The BWM method is applied considering the weighting factors of Table 5.  384 

Applying the steps 1 to 4, the optimum retrofit solution is estimated for each measure, along with 385 

the design variables, i.e., the jacket thickness, material, and reinforcement properties, related to the 386 

retrofit measure selected. The solution that results in the minimum cost and CO2 emissions, 387 

maximizing at the same time the displacement ductility for the minor (μ2) and moderate (μ3) 388 

damage state, also accounting for the retrofit target (10% increase of the displacement ductility) is 389 

shown in Table 6 and Fig.10&11 for the cases of RC and FRP jacket respectively.  390 

Table 6. Criteria values for the optimum solution for every retrofit measure 391 

 Cost  

(€/m) 
CO2 emissions 

(kgCO2e/kg) 
μδ2,jacket/μδ2,core μδ3,jacket/μδ3,core 

RC Jacket 0.316 (×1000) 0.634 1.095 ~1.00 

FRP Jacket 2.210 (×1000) 0.336 1.050 1.59 

 392 

The design variables, i.e. the jacket properties that result in the optimum results of Table 4, are 8cm 393 

jacket thickness, longitudinal reinforcement 18Φ22 and transverse reinforcement Φ16/100 for the 394 

case of RC jacket and one layer of FRP jacket (t=0.169mm) with material properties equal to  395 

Ej,FRP=210GPa & fj,FRP=3.00GPa.  396 

Based on Table 6 and Fig.10&11 it is obvious that for the same retrofit target, the selection of 397 

the RC jacket may be more efficient in financial terms, however, the selection of FRP jacket is 398 

more efficient in sustainability terms (less CO2 emissions). It is also highlighted that FRP jacket is 399 
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more efficient for the displacement ductility enchacement corresponding to demands related to the 400 

performance level of moderate damage. 401 

 

 

 

 402 

Figure11. Optimum retrofit values for the case of FRP Jacket 403 

 404 

Therefore, the jacket properties for a first-stage selection of the optimum retrofit measure have 405 

been performed, considering critical criteria and specific retrofit targets. Using the source code 406 

provided herein in python, one can easily change the criteria and the retrofit target to estimate the 407 

relevant optimum parameters without performing analysis. 408 
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5 Conclusions 409 

A holistic approach based on multi-objective optimization algorithms has been proposed 410 

herein for the optimum selection of bridge pier retrofit measure properties considering performance, 411 

cost and sustainability criteria. The critical criteria and retrofit targets are defined for various 412 

retrofit measures, also accounting for a refined decision-making procedure, defining scores 413 

(weighting factors) for each criterion. On this basis, the different retrofit measures can be compared 414 

in terms of effectiveness, also providing the jacket properties that result in the optimum solution 415 

and consisting a first-stage selection or jacket type and propeties. A source code has been developed 416 

in GitHub and is available herein, in order to to apply the methodology proposed. The methodology 417 

is applied to a case study bridge pier, estimating the optimum retrofit measure among RC and FRP 418 

jackets and their properties. The results are discussed, focusing on the effectiveness of the methods 419 

and the need for a first-stage jacket properties selection. 420 

 421 

 422 

 423 

 424 

Acknowledgements 425 

This research is co-financed by Greece and the European Union (European Social Fund- ESF) 426 

through the Operational Programme «Human Resources Development, Education and Lifelong 427 

Learning» in the context of the project "Reinforcement of Postdoctoral Researchers - 2nd Cycle" 428 

(MIS-5033021), implemented by the State Scholarships Foundation (ΙΚΥ). 429 

 430 

 431 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://github.com/sotiria-stef/MutliObjective-Optimization-Bridge-Retrofit/blob/main/optimum.py


  

25 
 

References 432 

[1] Argyroudis, S.A., Mitoulis, S.A. (2021). Vulnerability of bridges to individual and multiple hazards-433 

floods and earthquakes. Reliability Engineering & System Safety, 210:107564. 434 

[2] Gehl, P., & D’Ayala, D. (2015). Integrated multi-hazard framework for the fragility analysis of roadway 435 

bridges. 12th International Conference on Applications of Statistics and Probability in Civil Engineering 436 

(ICASP12), Vancouver, July 12-15, 2015. 437 

[3] Stefanidou, S., Karatzetzou, A., Tsinidis G., Mitoulis, S., Argyroudis, A. (2022). Multi-hazard fragility 438 

assessment of bridges: Methodology and case study application. 3rd International Conference on Natural 439 

Hazards & Infrastructure, 5-7 July 2022, Athens, Greece 440 

[4] Padgett JE, DesRoches R. Methodology for the development of analytical fragility curves for retrofitted 441 

bridges. Earthq Eng Struct Dyn 2008;37:1157–74.  442 

[5] Kim S-H, Shinozuka M. Development of fragility curves of bridges retrofitted by column jacketing. 443 

Probab Eng Mech 2004;19(1–2):105–12.  444 

[6] Fakharifar M, Chen G, Dalvand A, Shamsabadi A. Collapse vulnerability and fragility analysis of 445 

substandard RC bridges rehabilitated with different repair jackets under post-mainshock cascading events. 446 

Int J Concr Struct Mater 2015.  447 

[7] Zhang J, Huo Y. Evaluating effectiveness and optimum design of isolation devices for highway bridges 448 

using the fragility function method. Eng Struct 2009;31(8): 1648–60. 449 

https://doi.org/10.1016/j.engstruct.2009.02.017.  450 

8. To retrofit or not to retrofit, Miano A, Ph D, Sezen H, Asce F, Jalayer F, Prota A. Performance-based 451 

assessment methodology for retrofit of buildings. J Struct Eng 2019;145(12). https://doi.org/ 452 

10.1061/(ASCE)ST.1943-541X.0002419.  453 

[9] Stefanidou, S.P., Kappos, A.J. (2021). Fragility-informed selection of bridge retrofit scheme based on 454 

performance criteria. Engineering Structures, 234: 111976. 455 

[10] Charalampakis, A.E. (2016), "Comparison of metaheuristic algorithms for size optimization of trusses", 456 

Proceeding of the 11th HSTAM International Congress on Mechanics, Athens, May.  457 

[11] Fragiadakis, M., Lagaros, N.D. and Papadrakakis, M. (2006), "Performance- based multiobjective 458 

optimum design of steel structures considering life-cycle cost", Struct. Multidiscip. Optim., 32(1), 1-11.  459 

[12] Fragiadakis, M. and Lagaros, N.D. (2011), "An overview to structural seismic design optimisation 460 

frameworks", Comput. Struct., 89(1-2), 1155-1165. 461 

[13] Zacharenaki, A.E., Fragiadakis, M. and Papadrakakis, M. (2013), "Reliability-based optimum seismic 462 

design of structures using simplified performance estimation methods", Eng. Struct., 52, 707-717. 463 

[14] Efstathakis, N.C., Papanikolaou V.K. (2016), "A retrofitting method for torsionally sensitive buildings 464 

using evolutionary algorithms", Earthquakes and Structures, 12(3). 465 

[15] Gentile, R., Galasso, C. (2020), "Simplified seismic loss assessment for optimal structural retrofit of 466 

RC buildings ", Earthquake Spectra, 37(1), 346-365. 467 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

26 
 

[16] Aljawhari, K., Gentile, R. and Galasso, C. (2022), "A fragility-oriented approach for seismic retrofit 468 

design ", Earthquake Spectra, 38(3), 1813-1843 469 

[17] Stefanidou S.P., Kappos A.J. (2013), "Optimum selection of retrofit measures for R/C bridges using 470 

fragility curves ", 4th ECCOMAS Thematic Conference on Computational Methods in Structural Dynamics 471 

and Earthquake Engineering, COMPDYN 2013, 12-14 June 2013. 472 

[18] Salem O.M., Miller R.A., Deshpande A.S and Arurkar T.P. (2013), "Multi-criteria decision-making 473 

system for selecting an effective plan for bridge rehabilitation ", Structure and Infrastructure Engineering, 474 

9(8), 806-816. 475 

[19] Brown N. J. K., Gearhart J. L., Jones D. A., Nozick L. K., Romero N.  and Xu N. (2013), "Multi-476 

objective optimization for bridge retrofit to address earthquake hazards" Winter Simulations Conference 477 

(WSC), 2013, pp. 2475-2486, doi: 10.1109/WSC.2013.6721621. 478 

[20] Franchini, A., De Poli, M., Galasso, C. (2022) ), "Competing seismic-safety and sustainability goals in 479 

cable-stayed bridge optimization", 12th National Conference on Earthquake Engineering. 480 

[21] Dai, J., & Ueda, T. (2012). "Carbon footprint analysis of fibre reinforced polymer (FRP) incorporated 481 

pedestrian bridges: A Case Study." Key Engineering Materials, 517, 724–729. 482 

https://doi.org/10.4028/www.scientific.net/KEM.517.724 483 

[22] Rezaei, J (2015), "Best-worst multi-criteria decision-making procedure", Omega, 53, 49-57 484 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.4028/www.scientific.net/KEM.517.724


Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
Dr. Sotiria Stefanidou 
 

 

Declaration of Interest Statement


