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This work aims to establish a research method to find the optimal exploitation of the Remote Terminal Units 

(RTUs) in order to optimize reliability and operations in electrical distribution networks, this optimum is 

determined in two steps: 1) determination of the optimal choices of the substation to be remotely controlled, 2) the 

optimal number of substations, i.e. the optimal investment. For this, a multi-criteria optimization method 

combining a probabilistic approach and the Analytical Hierarchical Process was adopted to determine the 

principal points of the network; subsequently, a cost/worth analysis study was done to determine the optimal 

investment. 
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1. Introduction 

 
The technological progress, the increasing demand and the dependence on electrical energy, 
the evolution of regulatory and contractual requirements related to the quality of services 
are factors that have led to a re-thinking of the planning and exploitation of electrical 
distribution networks for improving the reliability of the system [1, 2, 3]. 
The quality of service can be divided into several categories: service continuity including 
duration and frequency of interruption in the power supply, as well as the voltage profile 
and the relational side with the interested parties [4]. 
The present work responds to one of the problems encountered by electrical power 
distributors: continuity of supply and reduction of outage duration time when a fault occurs. 
Supervisory Control and Data Acquisition (SCADA) technology provides real-time 
monitoring of the power grid, minimizes interruptions duration, isolates fault, and restore 
healthy parts in real time through controlling the principal organs of the electrical 
distribution network, but the distributor cannot remote control all the organs of the network 
[5], the distributor must at least deliver the energy in a quality compatible with the use 
made of it. The approach can be illustrated by the following two extreme cases: research a 
perfect quality lead to high number remote terminal units (RTUs), however a poor quality is 
also accompanied by high costs of unserved energy and the cost of unsatisfied customers, it 
is understandable that between these two extremes there is an optimum that corresponds to 
the minimum cost of use of RTUs. As this problem is non-linear, non-differential and 
discrete of enormous dimensions, conventional optimization procedures cannot be directly 
applied. 
Little work has already been developed to solve this problem using multi-objective 
optimization algorithms such as metaheuristic algorithms: the genetic algorithm [6], the 
immune algorithm [7]. Another method proposed in [8] based on a heuristic combinatorial 
search algorithm with simultaneous consideration scenarios. [9] Presents an iterative 
approach based on the relative reduction of interruption costs, in this approach the number 
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of iterations is reduced from the start by dividing the line into a set of super sections that 
have the same characteristics. Other works treat the subject by using the Multiple Criteria 
Decision Making (MCDM) approach to make the objective function to be optimized; [10] 
proceeded by a multi-objective optimization based on the AHP in order to form its multi- 
objective function then he made a comparison between the different alternatives based on 
the AHP itself. [11] Proceeded with a multi-criteria approach based on the Fuzzy analytic 
hierarchy process to determine the appropriate weights of each criterion in order to 
determine the final cumulative weight, the selection of candidates is done by the classical 
method of division by the number of RTUs to integrate into the feeder. A. Vieira Pombo et 
al [12] adopted memetic evolutionary algorithm, which combines the Non-Dominated 
Sorting Genetic Algorithm II (NSGA-II) with a local search algorithm for the switch, and 
recloser allocation in order to minimize the reliability indices namely system average 
interruption frequency index (SAIFI) and system average interruption duration index 
(SAIDI). [13] Proposed a differential search algorithm to resolve a multi-objective to 
allocate the Remote control switches in order to improve reliability indices in a radial 
distribution network. 
 
The objective of this work is to make a cost/benefits analysis of the installation of RTUs in 
distribution networks. For that, in the light of what has been done in recent work, we are 
trying to overcome their shortcomings, by paying more focus to the network topology. The 
cost/benefits analysis starts with the research of the principal points of the distribution 
network, for this a new iterative method based on the AHP and the calculation of utility of 
each candidate is used. The proposed methodology is verified on a feeder in the north of 
Morocco and the results obtained respond well to the needs and constraints of exploitation. 
 

2.  Analytical hierarchy process (theory) 

 
The analytic hierarchy process (AHP) is a structured technique presented by Saaty in 1980 
to organize, analyze and establish priorities between different criteria of choice, based on 
logical reasoning taking into consideration designer’s preferences. 
Establishment of priorities is based on relative assessments of pairwise comparison of 
criteria and alternatives, which captures subjective and objective aspects, subjective 
because it is able to reflect assessments (qualitative and quantitative) made by the decision 
maker in a multi-criterion ranking, and objective because it incorporates a useful technique 
to check the consistency of the decision-maker's assessments, by reducing partiality in the 
decision-making process [14, 15, 16]. 
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Although reciprocal with:   

1/ij jia a=                                                                                                       (2) 

A : the judgement matrix 

ij
a : Intensity scale of relative importance 

Next the consistency ratio (CR) is obtained by dividing the consistency index (CI) by the 
random index (RI) as given in Table 1. 

/CR CI RI=                                                                                                                     (3) 
The CI value is calculated by using the formula: 
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maxλ : The maximum eigenvalue of the pairwise comparison matrices A . 

The RI is the average value of CI for randomly chosen entries in A . 
 
Table1: Random index proposed by Saaty. 

n   1 2 3 4 5 6 7 8 9 10 

RI  0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.49 1.51 

 

The random index proposed in Table 1 for different values of n allows defining the RC 

obtained as the probability that the user has completed the matrices of judgement in a 
manner completely random. 
The threshold proposed by Saaty is 0.10 (10%) below which must be the ratio to consider 
that the matrix of judgment is consistent. 
 

3. Selection criteria 
 
To facilitate any problem of the distribution network’s optimization, it is better to divide it 
into functional elements (Feeder) and to work on each functional element independently. 
The interactions between the functional elements of the system are well materialized and 
mastered by the normally open switches. 
In the classic approach, the load is the only criterion taken into account, while the choice of 
the principal points of the network must take into consideration other criteria namely: 
Failure rate: the failure rate give an idea about the reliability of the electrical distribution 
network, it enters into the calculus of the reliability indices. A high failure rate implies a 
high use of RTUs wish minimizes the unserved energy. Normally, a section with a high 
failure rate must be renewed, since RTUs only affect the system average interruption 
duration index (SAIDI). 
Grid topology: An electrical network topology corresponds to the (physical) architecture of 
the network, defining the links between the stations of the network. In practice, this is what 
is meant by a single substation (one input-one output), and by a substation multi-inputs 
outputs. The treatment of these substations should not be the same because a substation 
with multiple inputs outputs offers more possibility during the fault location operation. 
Load*Type of load: This criterion includes the capacity and the type of load. The load type 
is critical because a substation can power sensitive customers who have a socio-economic 
impact more than others. 
Distance: The distance of each section refers to the distance traveled by the operator to find 
and to isolate the faulty section. 
Accessibility: this criterion plays a significant role in the operation of restoring consumers 
upstream of the fault; when a substation is difficult to access, the interruption time 
increased; consequently the unserved energy too. 
 

4. Multicriteria flow 
 
The criteria constituted the flow are only the criteria that depend on the substation, i.e. the 
distance, accessibility and type of load * load. 

/1k CRn k CRnn
P P P

=
= ×∑                                                                                                    (5) 
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kP : The weight of the substation k according to all the criteria. 

CRnP : The weight of criteria n 

/k CRnP : The weight of k-th candidate according to the criteria n. 

 

 

 

 

 

 
 
 
 
 
 
                                                                                                                
                                                                                                                                 
 
                                                                                                                
 
                                                                                                                                            
                                                                       
 
 
 
 
 
 
 

Figure1: Hierarchical structure of criteria and alternatives in the AHP. 
 
 
  
                                                     
 

Designer’s preferences 
Figure 2: Input-output in the AHP process. 

 
 

Utility criteria (topology and failure rate) do not fit into the constitution of the flow; they 
will be used with the flow in the determination of each substation’s utility to determine the 
principal points to be remotely controlled. 
 
Weight associated with type of load* load criterion (CR1): three type of load are described: 
residential; services and particular load. 
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The particular loads feed clients who cannot tolerate a long power cut because of their 
sensitive nature such as: public lighting, hospitals, military, industry... 
Services load: are consumers who provide a service such as banks, commercials, small 
industry… 
 

/ 1k CR RL RL SL SL PL PLP P S P S P S= × + × + ×                                                                     (6) 

TLP And TLS are respectively representatives’ weight of each load type, and a load of each 

type. 
Weight associated with accessibility levels (CR2): levels of Accessibility depend on the 
designer's preferences: normal, difficult, very difficult and extremely difficult accessibility. 
 
Weight associated with distance criterion (CR3): 

/ 3
k

k CR

i

i

L
P

L
=
∑

                                                                                                                   (7) 

kL  is distance bithwen substation number k  and number 1k − . 

 

The flow is defined as : 
i

i k

k

F P=∑                                                                                                                           (8) 

The criteria of the network topology and the probability of failure will be taken into 
consideration as follows: 
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The number of cases for gaining 
i

a is
i

p  [17]. 

The gain is the flow that can be restored at the time when a fault occurs. 
The probability of the gain is the probability of the occurrence of failure that can be 
modelled according to the Poisson process [18, 19, 20, 21]. 
The probability density function of interruption X times per year P is given as follows: 
 

( )
!

k

P X K e
k

λ λ−= = ⋅                                                                                                     (10) 

λ: failure rate 
Hence, the probability of interruption at least once per year is given by: 
 

( 1) 1 ( 0) 1P K P k e
λ−≥ = − = = −                                                                                (11) 
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5. Selection of alternatives 

 
The optimization study of the choice of the points to be remote controlled presupposes that 
the normally open (NO) points are well determined by respecting the constraints of Feeder 
capacity, voltage drop, and topology. 
N: The optimal number of RTU to be installed in the feeder. 
The complexity of the candidate selection lies in the fact that after each increment for N to 
N = N + 1, the selected alternatives will no longer be valid, i.e. the addition of an RTU may 
imply the modification of the locations of the existing RTUs. 
In the case of a Feeder which presents only substations with one input-output, i.e. a simple 
topology which does not favor any substation, the key points to be remotely controlled can 
be determined by dividing the flow by the number of RTUs that meets the economic criteria 
(Figure 4). The flow, in this case, must include the criterion of the probability of failure. 
In the case of a Feeder with a very complex topology (Figure 7 and Figure 8), we will 
proceed by the utility’s calculation with the expected value of each substation’s use. For 
this we will consider the integration of RTUs as a lottery game: 
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ia The gains associated with probabilities
ip . R the number of possibilities; it depends on 

the topology of the electrical network. 
 
The optimal locations are obtained by determining the most advantageous lottery, which 
can be measured using the expectation operator. For example: 

If 1k is a substation with one input-output: 

( )
1 1 1 11 1 ,( 1) 1, 1,k k n n kkPkE P F F− − += +                                                                                  (13) 

And if 1k is a substation with several input-output: 
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With: 
y

x y i

i x

p p−

=

=∑                                                                                                             (16)  

x yp −  : The Normalized probability of failure of the x-y section  

x y
F −  : The flow.                                 

1 2,( )) ( , , ,
N

k kE Y kE= : The expected value to integrate N-RTUs in the substations 

number 1 2, , , , Nk k k .   

 

6. Cost/Worth analysis 

 

The purpose of this study is to find the optimum balance between reliability and economic 
requirements, that imply find the optimum number of RTUs. 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

 

Figure 3: Flowchart of the proposed methodology. 
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Figure 4: % Flow/ N-RTU in classical approach. 

 
 

Figure 5: Function Total cost of system reliability 

The function FTCSR to be minimized is defined as: 
1
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CIV: the cost investment is a linear function of the RTUs’s number, is given by: 

RTU RTUCIV N C= ⋅                                                                                                         (18) 

RTUC And 
RTUN are respectively the unit cost of each RTU and the number of RTUs. 

NCUEN : The cost of unserved energy associated to N-RTU. 

The interruption cost is given by: 

NINTC CUEN=                                                                                                            (19) 

The unserved energy is defined as: 

i i ki i

i i k

UEN S D S D= =∑ ∑∑                                                                                     (20) 

i i

i

i

i

S D

SAIDI
S

=
∑

∑
                                                                                                          (21) 

SAIDI is used to measure the average total duration of interruptions. 

i: interruption number  
k: load type  
S:  power in the time of failure 
D : interruption duration 
t: discount rate 
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m: life time of RTU 
To calculate the unserved energy, the first manual maneuver’s time is in the order of 1/2h, 
and 1/4 h for each other maneuvers, 
The lifetime is in the order of 15 years, and the discount rate is 8%. 
 
7. Case study  

 

In this part, we put all the preceding in execution for the two real Feeders presented in 
Figure 7 and Figure 8, to demonstrate our approach and to make an objective comparison. 
 

Table 2: Weights of the selection criteria 
Criteria CR1 CR2 CR3 

CR1 1 1/3 3 
CR2 3 1 9 
CR3 1/3 1/9 1 

Weight 0.23 0.69 0.08 

λ  
3 

CR 0 

 
As shown in Table 2, the criteria presented in section 4 are all compared against each other 
in the AHP manner using the Appendix A by the designer of the electrical distribution 
network, we notice that the accessibility criterion (CR2) is weakly more important than 
load type*load criterion (CR1), and is absolutely more important than the distance criterion 
(CR3).  
The CR ratio is calculated, to check the consistency of the designer's judgments, and lower 
than 0.10 and is considered acceptable.  
We notice that the weight of the accessibility criterion is the highest, hence the importance 
of our approach. 

Table 3: Pairwise comparisons of accessibility levels 
 VDA DA NA 

VDA 1 2 9 
DA 1/2 1 5 
NA 1/9 1/5 1 

Weight 0.62 0.32 0.07 

λ  
3.0031 

CR 0.0026 

 
As have demonstrated in Table 3, the levels of accessibility criterion defined in section 4: 
very difficult accessibility, difficult accessibility, and normal accessibility are all compared 
in AHP manner using the Appendix A; we notice that the scale given, at the very difficult 
accessibility level (VDA) absolutely more important than normal accessibility level (NA), 
and is equally to moderately preferred than difficult accessibility level (DA). 
Also, the consistency of judgment is verified and the CR ratio is 0.26%, which is lower than 
10%, therefore, the matrix is perfectly consistent.    
 

  Table 4: Pairwise comparisons of load type 
 RL SL PL 

RL 1 1/3 1/9 
SL 3 1 1/7 
PL 9 7 1 

Weight 0.07 0.16 0.78 

λ  
3.084 

CR 0.072 
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In the same way shown in Table 4, all types of load: Residential load (RL), particular 
load(PL) and special load(SL) are compared in the AHP manner according to the designer's 
preferences, we notice that the Particular Load type (PL) is absolutely more important than 
residential load (RL) , and is  very strongly more important than special load (SL). 
The consistency ratio is lower than 10% and it is considered acceptable. 
 
The steps of the algorithm presented in Figure 6 are explained as follows: 
 
Step 1: firstly we calculate Function Total cost of system reliability (FTCSR) for the base 
case feeder with zero RTU (N=0).  
Step 2: we Start the iterative process with one RTU N=N+1. 

Step 3: then we Research 
1..

1.. 1 2( , , , , )
i

i n

k n NMax E k k k
=

=  with 
ik the substation number and 

“n” the number of feeder substations, the importance of this step lies in taking into account 
the utility of each addition of an RTU. 

Step 4: and we calculate 
NFTCSR   corresponding to placements 1 2, , , , Nk k k . 

Step 5: Check if the
NFTCSR  is less than 1NFTCSR −  

Step 6: If the condition is TRUE, go back to Step 2. 
Step 7: finally if the condition is FALSE, then the iterative process has identified the 
optimal number and placement of RTUs. The optimal number of RTU is “N-1”. The 

optimal placements are the placements related to  1.. 1i Nk = −  

The value of the proposed methodology lies in combining cost/worth analysis with the 
utility of RTUs. 
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Figure 6: The iterative algorithm to find the optimal solution. 
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Figure 7: A Real Feeder in North of Morocco power distribution network(Feeder1) 

 
 
 
 
 
 
 
 
 
 
 

Figure 8: A Real Feeder presented in [11] (Feeder2) 

7.1 Optimal substations to be automated 
The proposed methodology has been applied to a case study of Two real Feeder presented 
in Figure 8 and Figure 9  in order to verify its suitability, and the results obtained are shown 
in Tables 5 and 6. 
 
     Table 5: Comparative table between our approach and the approach presented in [11] applied to   
                   our studied Feeder 

Number of 
RTU 

Our approach Approach in [11] 

Optimized substations Expected value Optimized substations Expected value 

1 S23 0,6546 S22 0,5065 

2 S23-14 0,7673 S18-23 0,7661 

3 S23-14-32 0,8173 S17-22-24 0,7631 

4 S9-18-23-32 0,8680 S14-20-23-27 0,8228 

5 S9-18-23-27_32 0,8848 S11-18-22-23-27 0,8538 

 
Comparing the results of our approach and the one adopted by [11] applied on Feeder1: 
with 1 RTU we can restore in average 65.46% versus 50.65%. We also found 
approximately the same results when using 2 RTUs applying our approach and 3RTUs with 
approach [11],  
We interpret this to indicate that the network's topology criterion should not be included in 
the AHP\FAHP process to establish the Flow, as does not reflect the great importance of 
the network topology, which impacts the probability of restoring a significant percentage of 
the Flow. 
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     Table 6: Comparative table between our approach and the approach presented in [11] applied to         
                   Feeder2 

Number of 
RTU 

Our approach Approach in [11] 

Optimized substations Expected value Optimized substations Expected value 

1 S7 0,6775 S8 0,4925 

2 S7-34 0,7973 S7-15 0,6986 

3 S7-13-43 0,8349 S7-8-34 0,7972 

4 S6-7-13-43 0,9193 S22-27-13-34 0,6183 

5 S3-6-7-13-43 0,9761 S5-7-8-15-37 0,8078 

 
Regarding Feeder 2, as expected our results (Table 6) were significantly higher than those 
using the approach presented in [11]. For one RTU (67.75% vs. 49.25%). We next notice 
that the percentage of flow restored with 2 RTUs was approximately the same with 3RTUs 
using the approach presented in [11]. 
It is important to note that we can only restore 61.83% by installing 4 RTUs in [11], while 
we can reach 69% and 79% respectively for 2 and 3 RTUs using our approach. 
We also mention that the difference is significant between the results obtained by applying 
the two approaches on the Feeder 2; this is because the topology of the Feeder 2 is very 
complex compared to the Feeder1. 
In conclusion, the substations obtained by integrating the network's topology and the failure 
rate criteria into the Flow constitution process do not yield results that reflect the 
importance of these two criteria, hence the value of our approach. 
  
7.2 Optimal number of RTU to be installed 
To control the investment of the RTUs, it is necessary to determine the real costs of 
interruptions: They are real costs which affect the operator, these costs are significant, 
especially on the networks that have a high failure rate. 
The interruption costs can be estimated by: 

• An internal cost of the operator: The unserved Energy (kWh) is valued from its selling 
price. But this valuation does not take into account the implicit cost of the 
interruption’s impact. In this case the optimal number is one RTU. 

 
Table 7: Optimal number of RTU using analyses cost/worth 

Price of KWH of UEN 0,1 $ 

N-RTU CUEN($) CIV($) FTCSR($) SAIDI (min) 

N=0 39592,70 0 39593 27,39 
N=1 14587,55 10000 24588 10,09 
N=2 10168,26 20000 30168 7,03 
N=3 7911,29 30000 37911 5,47 
N=4 5683,61 40000 45684 3,93 
N=5 5028,58 50000 55029 3,48 

 
As expected, compared with Feeder without any RTU, Feeder with one RTU has a 
Significate reduction of average interruption duration index (SAIDI) from 27.39 min/year 
to 10.09 min/year. 
In the case of installing 5 RTUs, the average interruption duration index can reach 
3min/year; expect that the investment cost is not justified. 
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And the equivalent graph to Table 7: 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.9. Variation of reliability indices in function of the number of RTU with CUEN 0.1 

USD/ KWh 

 

• An explicit cost: This cost reflects the actual cost of a power outage for the customer. A 
customer survey by market segment (industrial, business, domestic customers, etc.) 
makes it possible to determine a unit cost of UEN by market segment, then by 
aggregating a global unit cost. In this case the optimal number is two RTUs.  
 

Table 8: Optimal number of RTU using analyses cost/worth 
Price of KWH of UEN 0,3 $ 

N-RTU CUEN($) CIV($) FTCSR($) SAIDI (min) 

N=0 118778,09 0 118778 27,39 
N=1 43762,65 10000 53763 10,09 
N=2 30504,77 20000 50505 7,03 
N=3 23733,87 30000 53734 5,47 
N=4 17050,84 40000 57051 3,93 
N=5 15085,73 50000 65086 3,48 

     

 
And the equivalent graph to the table 8 is shown in the figure 10.: 
 

 

 

 

 

 

 

 

 

Figure.10. Variation of reliability indices in function of the number of RTU with CUEN 0.3 

USD/ KWh 
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In this case, with an interruption cost of 0.3 $ justifies the installation of 4 RTUs with a 
reduction of the average interruption duration (SAIDI) from 27.39min/year to 7.03 
min/year, with an investment of 20 K$. 
 

• A global economic cost: A method commonly adopted by the World Bank proposes that 
the cost of the kWh of UEN is equal to the ratio of the Gross Domestic Product by the 
energy consumed in the country or region. The cost is lower than this ratio because 
some of the added value is independent of energy. In addition, an interruption 
sometimes leads to a postponement of the activity initially planned without any overall 
loss for the economy [22, 23]. In this case, the optimal number is four RTUs. 

 
Table 9: Optimal number of RTU using analyses cost/worth 

                 Price of KWH of UEN 1 $   

N-RTU CUEN($) CIV($) FTCSR($) SAIDI (min) 

N=0 395926,98 0 395927 27,39 
N=1 145875,49 10000 155875 10,09 
N=2 101682,55 20000 121683 7,03 
N=3 79112,91 30000 109113 5,47 
N=4 56836,14 40000 96836 3,93 
N=5 50285,75 50000 100286 3,48 

 
And the equivalent graph to the table 9: 

 
 
 
 
 
 
 
 
 
 
 

Figure.11. Variation of reliability indices in function of the number of RTU with CUEN 1 

USD/ KWh 

In this case, the interruption cost justifies the installation of 4 RTUs with a reduction of the 
average interruption duration (SAIDI) from 27.39min/year to 3.93 min/year. 
 

8. Conclusion 
 

The whole purpose of this paper is to determine an optimal RTUs investment cost, since 
searching for a perfect quality leads to a high number of remote terminal units, and the poor 
quality is also accompanied by high costs of unserved energy and the cost of unsatisfied 
customers. Our multi-criteria optimization method combining a probabilistic approach and 
the AHP has been successfully applied to a real distribution network in the north of 
Morocco to find the optimal location and number of RTUs. 
This method first determines the optimal placement of the RTUs using AHP to determine 
the weights of each criterion/alternative to determine the weight of each substation in order 
to construct the multi-criteria flow. Subsequently, a utility analysis of each substation based 
on expectation value is done to include the topology criterion of the electrical network, and 
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to give the most suitable candidates. In the second step, a reliability cost/worth analysis was 
employed to determine the optimal number of RTUs to be installed, which is highly 
dependent on the costs of the interruptions. This method was applied to two real 
distribution feeders in order for comparison and benchmarking purposes. 
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Appendix A:  Intensity scale of relative importance (Saaty 1980) 
Intensity of 
importance 

Value description 

1 Criterion i and criterion j are of equal importance 
3 Criterion i is moderately important than criterion j. 
5 Criterion i is strongly more important than criterion j. 
7 Criterion i is very strongly more important than criterion j. 
9 Criterion i is absolutely more important than criterion j. 

2,4,6,8 Intermediate values between the two adjacent values. 

 
Appendix B:  Data of real Feeder in north of morocco 

N° Section Capacity length(m) %RL %SL %PL λ   Accessibility 

1 0—1 630 6133 80% 0 20% 0,4 NA 

2 1—2 100 2215 95% 5% 0 0,2 NA 

3 2—3 630 3400 90% 0 10% 0,3 NA 

4 3—4 630 3400 100% 0 0 0,4 NA 

5 4—5 300 2000 70% 0 30% 0,7 NA 

6 5—6 100 4000 0% 0 100% 0,5 NA 

7 6—7 250 2078 0% 0 100% 0,5 NA 

8 7—8 160 103 95% 5% 0 0,5 NA 

9 7—9 630 2030 95% 5% 0 0,5 NA 

10 9—10 400 170 95% 5% 0 0,4 NA 

11 10—11 160 185 95% 5% 0 0,4 NA 

12 11—12 630 177 95% 5% 0 0,4 NA 

13 12—13 160 133 95% 5% 0 0,4 NA 

14 13—14 400 268 95% 5% 0 0,4 NA 

15 14—15 400 141 95% 5% 0 0,4 NA 

16 15—16 630 800 95% 5% 0 0,4 NA 

17 16—17 630 530 95% 5% 0 0,6 NA 

18 17—18 250 1050 0 0 100% 0,6 VD 

19 18—19 160 1050 0 0 100% 0,6 NA 

20 19—20 400 540 0 0 100% 0,6 NA 

21 20—21 630 735 0 0 100% 0,6 NA 

22 21—22 160 1215 20% 80% 0 0,2 NA 

23 22—23 400 531 50% 50% 0 0,2 DA 

24 23—24 630 937 10% 90% 0 0,2 DA 

25 24—25 630 468 70% 30% 0 0,5 NA 

26 25—26 250 193 75% 25% 0 0,5 NA 

27 26—27 160 166 90% 10% 0 0,5 NA 

28 27—28 250 161 95% 5% 0 0,5 NA 

29 28—29 630 186 95% 5% 0 0,5 NA 

30 29—30 400 242 95% 5% 0 0,5 NA 

31 30—31 160 486 95% 5% 0 0,3 NA 

32 31—32 400 356 95% 5% 0 0,3 VDA 

33 32—33 250 424 95% 5% 0 0,4 NA 

34 33—34 400 247 95% 5% 0 0,4 NA 

35 34—35 630 515 85% 15% 0 0,4 NA 

36 35--36(NO) 630 590 95% 5% 0 0,4 NA 

23,1 23--23.1 160 624 80% 20% 0 0,7 NA 

23,2 23.1--23.2 160 76 95% 5% 0 0,5 NA 

23,3 23.2--23.3 160 96 95% 5% 0 0,5 NA 

23,4 23.3--23.4 160 177 95% 5% 0 0,5 NA 

23,5 23.4--23.5 160 129 90% 10% 0 0,5 NA 

23,6 23.5--23.6 160 610 95% 5% 0 0,4 NA 

23,7 23.6--23.7 160 556 95% 5% 0 0,4 VDA 

23,8 23.7--23.8 160 1765 95% 5% 0 0,4 NA 

23,9 23.8--23.9 160 392 95% 5% 0 0,4 NA 
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Appendix C: The weight of each criterion, final normalized weight and probability of 
failure 

N° Section Distance Accessibility type of load*load 
Normalized 

weight  

Probability 
normalized  of 

failure 

1 0—1 0,1451 0,0700 0,0490 0,0181 0,0208 

2 1—2 0,0524 0,0700 0,0027 0,0135 0,0114 

3 2—3 0,0804 0,0700 0,0326 0,0158 0,0163 

4 3—4 0,0804 0,0700 0,0162 0,0149 0,0208 

5 4—5 0,0473 0,0700 0,0311 0,0151 0,0317 

6 5—6 0,0946 0,0700 0,0286 0,0159 0,0248 

7 6—7 0,0491 0,0700 0,0715 0,0175 0,0248 

8 7—8 0,0024 0,0700 0,0044 0,0127 0,0248 

9 7—9 0,0480 0,0700 0,0172 0,0143 0,0248 

10 9—10 0,0040 0,0700 0,0109 0,0131 0,0208 

11 10—11 0,0044 0,0700 0,0044 0,0127 0,0208 

12 11—12 0,0042 0,0700 0,0172 0,0134 0,0208 

13 12—13 0,0031 0,0700 0,0044 0,0127 0,0208 

14 13—14 0,0063 0,0700 0,0109 0,0131 0,0208 

15 14—15 0,0033 0,0700 0,0109 0,0131 0,0208 

16 15—16 0,0189 0,0700 0,0172 0,0137 0,0208 

17 16—17 0,0125 0,0700 0,0172 0,0136 0,0284 

18 17—18 0,0248 0,6200 0,0715 0,1141 0,0284 

19 18—19 0,0248 0,0700 0,0457 0,0155 0,0284 

20 19—20 0,0128 0,0700 0,1144 0,0193 0,0284 

21 20—21 0,0174 0,0700 0,1801 0,0233 0,0284 

22 21—22 0,0287 0,0700 0,0083 0,0134 0,0114 

23 22—23 0,0126 0,3200 0,0169 0,0577 0,0114 

24 23—24 0,0222 0,3200 0,0349 0,0590 0,0114 

25 24—25 0,0111 0,0700 0,0224 0,0139 0,0248 

26 25—26 0,0046 0,0700 0,0085 0,0129 0,0248 

27 26—27 0,0039 0,0700 0,0046 0,0127 0,0248 

28 27—28 0,0038 0,0700 0,0068 0,0128 0,0248 

29 28—29 0,0044 0,0700 0,0172 0,0135 0,0248 

30 29—30 0,0057 0,0700 0,0109 0,0131 0,0248 

31 30—31 0,0115 0,0700 0,0044 0,0128 0,0163 

32 31—32 0,0084 0,6200 0,0109 0,1102 0,0163 

33 32—33 0,0100 0,0700 0,0068 0,0130 0,0208 

34 33—34 0,0058 0,0700 0,0109 0,0131 0,0208 

35 34—35 0,0122 0,0700 0,0193 0,0137 0,0208 

36 35--36(NO) 0,0140 0,0700 0,0172 0,0000 0,0208 

23,1 23--23.1 0,0148 0,0700 0,0052 0,0129 0,0317 

23,2 23.1--23.2 0,0018 0,0700 0,0044 0,0126 0,0248 

23,3 23.2--23.3 0,0023 0,0700 0,0044 0,0127 0,0248 

23,4 23.3--23.4 0,0042 0,0700 0,0044 0,0127 0,0248 

23,5 23.4--23.5 0,0031 0,0700 0,0046 0,0127 0,0248 

23,6 23.5--23.6 0,0144 0,0700 0,0044 0,0129 0,0208 

23,7 23.6--23.7 0,0132 0,6200 0,0044 0,1099 0,0208 

23,8 23.7--23.8 0,0417 0,0700 0,0044 0,0134 0,0208 

23,9 23.8--23.9 0,0093 0,0700 0,0044 0,0128 0,0208 

 


