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Stress vs Strength

▪ The stress applied to a system leads to a progressive depletion of 

its properties (decreasing system strength).

▪ The harsher the applied stress, the faster the depletion of the 

considered property (reduction of system strength).

▪ Once the system reaches its failure → time-to-failure (lifetime)

▪ The lifecurve relates the times-to-failure corresponding at the 

different applied stresses.

▪ The lifecurve slope is linked to the system endurance. The higher 

the endurance, the longer the times-to-failure of the considered 

system (lower lifecurve slopes).
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How to monitor the system strength?

▪ Condition monitoring can be described as “assessing 
the current state and estimating the future state of a 
system by means of measurements and calculations”.

▪ The results of condition monitoring can be used to 
take corrective actions, to plan the availability and 
maintenance, and to optimize the plant’s performance.

▪ The main reasons to apply condition monitoring are:

▪ Prevention of damage.

▪ Increasing availability.

▪ Increasing reliability.

▪ Changing from periodic maintenance to condition dependent 
maintenance.

▪ Reduction of production loss.

▪ Better operator process knowledge through more information 
and insight.

[1] T. Álvarez Tejedor, et al. “Modern Gas Turbine Systems”, 2013
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How to monitor the system strength?

▪ Condition monitoring can be described as “assessing 
the current state and estimating the future state of a 
system by means of measurements and calculations”.

▪ Desidered property characteristics.

▪ Property must be related to system aging.

▪ Monotonic variation of the property with time

▪ Avoid abrupt variation of the property with time

Ideal Condition 
monitoring 

technique for 
Low voltage 
cables inside 

NPPs

Non 
destructiveness

Easily 
replicable 
Low error 
dispersion

Referred to 
the bulk of 

the 
insulation

Performed 
in situ

Universal 
acceptance 
criterion for 
maintenance

[2] S. W. Glass, L. S. Fifield, G. Dib, J. R. Tedeschi, A. M. Jones, and T. S. Hartman, “State of the Art Assessment of NDE Techniques for Aging Cable Management in Nuclear Power Plants FY2015,” PNNL--24649, M2LW--15OR0404024, 1242348, Sep. 2015. 
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Basic glossary

• Aging – is the irreversible degradation of material properties 
caused by applied stresses and at some time may lead to system 
failure.

• Stress – factor which applies to materials or system and can 
cause aging.

• Failure – It is reached when the system cannot fulfil its role.

• If the applied stress is destructive, the system strength becomes 0.

• If the applied stress is an aging parameter, failure implies that the 
system cannot meet its design requirements.

• Lifetime (or system life) – it is the time passing from the starting 
of operation and the failure of the system.

• Endurance - It is the ability of the system to withstand a 
constant stress.

• Lifecurve – Graph linking life durations with the respective stress 
levels. 
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Aging modeling

The general aging equation is defined as:

𝐀 𝐭 = 𝓯 𝐩 = න
𝟎

𝐭

𝐑 𝐒 𝐝𝐭

where A is defined as aging function,

S is a generic stress, t is the time 

p is a property correlated to the cable failure which 

linearly depends on time

R=dA/dt is the aging rate, which only depends on 

aging stress. 

When the system reaches the end-of-life criterion the property p reaches 

its maximum pL. Consequently, the time t becomes the lifetime L. Then, 

the general life model is:

𝐀𝐋 = 𝓯 𝐩𝐋 = න
𝟎

𝐋

𝐑 𝐒 𝐝𝐭
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AL limit value – Reaching of EoL criterion

Decreasing stress
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Aging modeling – Simplifying hypotheses

AL

▪ There is a unique aging stress

▪ The applied stress is constant

▪ Neglection of system training responses. (Particularly important if 

considering mechanical properties).

→ Aging function is a property function which linearly varies with aging 

time.

The general aging equation becomes:

𝐀 𝐭 = 𝓯 𝐩 = න
𝟎

𝐭

𝐑 𝐒 𝐝𝐭 =𝐑 𝐒 𝐭

Then, the general life model becomes:

𝐀𝐋 = 𝓯 𝐩𝐋 = න
𝟎

𝐋

𝐑 𝐒 𝐝𝐭 = 𝐑 𝐒 𝐋

Hence, the aging function can be written as:

𝐀(𝐭) = 𝐀𝐋 ൗ𝐭 𝐋
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Aging modeling – Simplifying hypotheses

AL

▪ There is a unique aging stress

▪ The applied stress is constant

▪ Neglection of system training responses. (Particularly important if 

considering mechanical properties).

→ Aging function is a property function which linearly varies with aging 

time.

The general aging equation becomes:

𝐀 𝐭 = 𝓯 𝐩 = න
𝟎

𝐭

𝐑 𝐒 𝐝𝐭 =𝐑 𝐒 𝐭

Then, the general life model becomes:

𝐀𝐋 = 𝓯 𝐩𝐋 = න
𝟎

𝐋

𝐑 𝐒 𝐝𝐭 = 𝐑 𝐒 𝐋

Hence, the aging function can be written as:

𝐀(𝐭) = 𝐀𝐋 ൗ𝐭 𝐋
𝐋 =

𝐀𝐋

𝐀(𝐭)
∙ 𝐭 = 𝐀𝐋 ∙ 𝐑 𝐒 −𝟏 (𝐡) Lifetime

Lifetime (h)
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Life modeling

▪ How to build the life model

▪ Apply external stresses (with different levels – at least 3 -) to the 
system.

▪ Measure the system considered property until the reaching of 
the system failure or chosen end-of-life criterion.

▪ Derive the lifetime values per each applied stress level

▪ Find the mathematical law which best relates the applied 
stresses and the obtained lifetimes

In the field of electrical endurance, the Inverse Power Model 
(IPM) is the most used, representing a line in a log/log plot.

𝐋 = 𝐂 ∙ 𝐒−𝐧

where L is the lifetime

S is the considered stress

C and n are material-related constants

A
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Life modeling

▪ How to build the life model

▪ Apply external stresses (with different levels – at least 3 -) to the 
system.

▪ Measure the system considered property until the reaching of 
the system failure or chosen end-of-life criterion.

▪ Derive the lifetime values per each applied stress level

▪ Find the mathematical law which best relates the applied 
stresses and the obtained life

▪ In the case of LV cables inside NPPs the common end-of-life criterion

is set at 50% absolute EaB. (EPRI, 2005)

▪ IEC 60216-2 suggests a more conservative criterion - 50% of the 

relative EaB – which:

▪ errs on the side of safety

▪ considers the initial properties of the materials e.g., rubbers and PVC.

[3] “Initial Acceptance Criteria Concepts and Data for Assessing Longevity of Low-Voltage Cable Insulations and Jackets,” EPRI 2005

A
g
in

g
 s

tr
e
ss

System lifetime (years)



Winter School on “Advances in characterisation and modelling of polymer ageing applied to electrical cables” – 15th-18th November 2021 15

Table of contents

Modeling 
(Theory)

• Aging modeling
• Life modeling

Introduction

• Stress vs Strength
• Condition monitoring
• Glossary

Application to 
coaxial cables

• Phenomenological 
modeling
• Electrical
• Mechanical

• Life modeling

Aging modeling
Case studies

• Operation conditions
• Severe accident 1
• Severe accident 2

Phenomenological 
modeling

• Modeling of mechanical 
properties

• Modeling of electrical 
properties



Winter School on “Advances in characterisation and modelling of polymer ageing applied to electrical cables” – 15th-18th November 2021 17

Modeling of mechanical properties

Relative 
elongation 

EaB/EaB0 plotted 
against absorbed 

dose

Typical EoL
criterion is 
50%*EaB0

The dose at 
which the EoL is 

reached is 
defined as

DOSE TO 
EQUIVALENT 

DAMAGE

DED1DED2DED3

DED1
DED2DED3

R
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[5] International Atomic Energy Agency, Assessment and management of ageing of major nuclear power plant components important to safety - Volume 1, 2000th
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Modeling of mechanical properties
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[5] International Atomic Energy Agency, Assessment and management of ageing of major nuclear power plant components important to safety - Volume 1, 2000th

DED1
DED2DED3

DED = k ∙ DRn

Relative 
elongation 
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against absorbed 

dose
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which the EoL is 
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Modeling of mechanical properties

DED1DED2DED3
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50%EaB0

Thermal Domain

[5] International Atomic Energy Agency, Assessment and management of ageing of major nuclear power plant components important to safety - Volume 1, 2000th

Radio-chemical aging 

domain

Relative 
elongation 

EaB/EaB0 plotted 
against absorbed 

dose

Typical EoL
criterion is 
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defined as
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EQUIVALENT 

DAMAGE
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Modeling of electrical properties

Get the limit value of 
tanδ, referred to the 
considered dose rate.

Find the intersection point 
corresponding to the 
considered dose rate

Obtain the DED value 
for the considered DR

DED2

tanδDED2

DR1 > DR2 > DR3
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Modeling of electrical properties

DED2

tanδDED2

tanδDED2

tanδDED1tanδDED3

DR1 > DR2 > DR3
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Modeling of electrical properties

DED2

tanδDED2

tanδDED2

tanδDED1tanδDED3

tanδ𝐷𝐸𝐷 = c ∙ DRs

DR1 > DR2 > DR3
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Elongation-at-break results
 

 
 
 
 
 
 
 
 

 

   

   

   

   

 

   

          
             

             
        

                   
       
                   
       
                   
       
                   
       
                   
       

          
          

                      
     

          
                      
     
                      
     

          
                      
     

                           

 

 
 
 
 
 
 
 
 

 

   

   

   

   

 

   

          
                         

                
        
           

                       

       
           

                       

       
           

                       

       

                              

 

 
 
 
 
 
 
 
 

 

   

   

   

   

 

   

          
             

                            

50%EaB0
50%EaB0 50%EaB0

Coaxial Cable

Regression DED 

(kGy)

Upper limit 

(kGy)

Lower limit 

(kGy)

Low 193 208 171

Medium 422 565 287

High 472 585 377

▪ Chosen limit for EaB is 50% relative 

▪ It errs on the side of safety

▪ More consistent with available data

▪ The error displacement is considered through the drawing of two extra lines

corresponding to the upper and lower limits of the highest and lowest EaB/EaB0 

values obtained, respectively. 

→ Each experimental value is placed inside the defined zone.

Coaxial cable
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Results of mechanical modeling

Coaxial cable
 

  
 
  
 
 

   

   

   

   

   

   

   

      
     

         
                     
                     

Coaxial Cable

K n

159 0.19

DED = k ∙ DRn = 159 ∙ DR0.19

Coaxial Cable

Regression DED 

(kGy)

Upper limit 

(kGy)

Lower limit 

(kGy)

Low 193 208 171

Medium 422 565 287

High 472 585 377

Data analysis

Power law
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Results of electrical modeling

Coaxial Cable

tanδ at DED Upper limit Lower limit

Low 0.0023 0.0024 0.0022

Medium 0.0032 0.0039 0.0026

High 0.0026 0.003 0.0023

Coaxial cable
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Coaxial cable

Data analysis

Power law
tanδ𝐷𝐸𝐷 = c ∙ DRs = 2.4 ∙ 10−3 ∙ DR−0.03
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Results of electrical modeling

Coaxial Cable

tanδ at DED Upper limit Lower limit

Low 0.0023 0.0024 0.0022

Medium 0.0032 0.0039 0.0026

High 0.0026 0.003 0.0023

Coaxial cable

 

 
  
 
  
 
 
 
  
  
 
 
 
 

   

   

   

   

   

   

   

      
     

                 
                             
                             

tanδ𝐷𝐸𝐷 = c ∙ DRs = 2.4 ∙ 10−3 ∙ DR−0.03

▪ The regression line describes the end-of-life points in terms of dielectric 

properties of the analyzed system

▪ If cable tanδ < tanδDED → cable EaB > 50%rel is verified 

→ Cable does not need replacement according to the chosen cable health 
assessment criterion

▪ The variation with dose rate of the limit tanδ value is quite small (s ~ 0)

→ The limit value of the electrical property (tanδDED) is not dependent on 
the aging stress (dose rate) but it is mainly related to the insulation 
properties e.g., the type of polymeric compound (as for EaB = 50%).

→ tanδDED is a suitable End-of-Life criterion

tanδDED = 2.7 · 10-3 (Coaxial cable)
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Life modelling of coaxial cable

Hypotheses 
▪ There is a unique aging stress

→ We consider only the dose rate effects

▪ The applied stress is constant

→ The dose rate does not vary with time

▪ Neglection of system training responses. 

→ We do not take into account the abrupt drop of the electrical property 
between the neat and early aged cable. 

→ We define A(t) as the variation of the property (tanδ) with respect 
to the value corresponding to the first aging period (tanδ1) → A(t) 
linearly varies with time

AL

)𝐀𝐋 = 𝐭𝐚𝐧𝛅𝐃𝐄𝐃 − 𝐭𝐚𝐧𝛅1 = 𝐑(𝐒) ∙ (𝐋 − 𝐭1

𝐀 𝐭 = 𝐭𝐚𝐧𝛅 − 𝐭𝐚𝐧𝛅𝟏 = 𝐑(𝐒) ∙ (𝐭 − 𝐭𝟏) with 𝐭 ≥ 𝐭𝟏 Aging function

Aging function (limit value)
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Building of the life curve

Obtain the aging rate R(S)

Plot of the experimental data as a function of the 
aging function

Definition of the ultimate value of the aging 
function AL

Reduced Tanδ at DED

Definition of an aging function A

Reduced Tanδ

Definition of a limit value

Tanδ at DED given by the predictive modelling
tanδDED = 2.7 · 10-3 (Coaxial cable)

Life modelling of coaxial cable
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𝐀 𝐭 = 𝐭𝐚𝐧𝛅 − 𝐭𝐚𝐧𝛅𝟏

Building of the life curve

Obtain the aging rate R(S)

Plot of the experimental data as a function of the 
aging function

Definition of the ultimate value of the aging 
function AL

Reduced Tanδ at DED

Definition of an aging function A

Reduced Tanδ

Definition of a limit value

Tanδ at DED given by the predictive modelling
tanδDED = 2.7 · 10-3 (Coaxial cable)

Life modelling of coaxial cable
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𝐀 𝐋 = 𝐀𝐋 = 𝐭𝐚𝐧𝛅𝐃𝐄𝐃 − 𝐭𝐚𝐧𝛅𝟏 = 𝟏. 𝟓 ∙ 𝟏𝟎−𝟑

𝐀 𝐭 = 𝐭𝐚𝐧𝛅 − 𝐭𝐚𝐧𝛅𝟏

Building of the life curve

Obtain the aging rate R(S)

Plot of the experimental data as a function of the 
aging function

Definition of the ultimate value of the aging 
function AL

Reduced Tanδ at DED

Definition of an aging function A

Reduced Tanδ

Definition of a limit value

Tanδ at DED given by the predictive modelling
tanδDED = 2.7 · 10-3 (Coaxial cable)

Life modelling of coaxial cable
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Building of the life curve

Obtain the aging rate R(S)

Plot of the experimental data as a function of the 
aging function

Definition of the ultimate value of the aging 
function AL

Reduced Tanδ at DED

Definition of an aging function A

Reduced Tanδ

Definition of a limit value

Tanδ at DED given by the predictive modelling

Life modelling of coaxial cable
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In real conditions, dose rates are not constant throughout the cable service life

→ Need of rescaling the life modelling based on experimental data

Building of the life curve

Obtain the aging rate R(S)

Plot of the experimental data as a function of the 
aging function

Definition of the ultimate value of the aging 
function AL

Reduced Tanδ at DED

Definition of an aging function A

Reduced Tanδ

Definition of a limit value

Tanδ at DED given by the predictive modelling

Life modelling of coaxial cable
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𝐑 𝐒 = 𝐑 𝐃𝐑 = 𝐑0 ∙
𝐃𝐑

𝐃𝐑0

𝐤

= 𝟏. 𝟐 ∙ 𝟏𝟎−𝟖 ∙
𝐃𝐑

𝐃𝐑0

𝟎.𝟕𝟔𝟔

where R0 and k are exponential factors,

DR0 is the reference dose rate fixed to 1 Gy/h. 

Factors R0 and k are only function of the considered cable properties

e.g. chemical compound, geometry, and additives. 

Building of the life curve

Obtain the aging rate R(S)

Plot of the experimental data as a function of the 
aging function

Definition of the ultimate value of the aging 
function AL

Reduced Tanδ at DED

Definition of an aging function A

Reduced Tanδ

Definition of a limit value

Tanδ at DED given by the predictive modelling

Life modelling of coaxial cable



Winter School on “Advances in characterisation and modelling of polymer ageing applied to electrical cables” – 15th-18th November 2021 36

Life modeling of coaxial cable

The aging function at the cable EoL is given by:

𝑨𝐋 = 𝐑 𝐒 ∙ (𝐋 − 𝐭𝟏)

From the inverse formula of the aging function, the lifetime can be 

derived as:

𝐋′ = 𝐋 − 𝐭𝟏 = 𝐀𝐋 ∙ 𝐑 𝐒 −𝟏=𝐀𝐋 ∙ 𝐑𝟎
−𝟏 ∙

𝐃𝐑

𝐃𝐑𝟎

−𝐤
=

=𝟏. 𝟐𝟓 ∙ 𝟏𝟎𝟓 ∙
𝐃𝐑

𝐃𝐑𝟎

−𝟎.𝟕𝟔𝟔 
 
 
 
 
 
 
  
  
 
  
 
 
  
 
 

   

   

   

   

                         

               

                

L-t1 (h) L (h)

Low 27,090 29,970

Medium 4,830 5,700

High 1,230 1,400
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Case-studies

Coaxial cable

• Service conditions

• Dose rate: 0.1 Gy/h

• Duration: 20 years

• Accidental condition 1
• Dose rate: 3kGy/h

• Duration: 200h

• Accidental condition 2
• Dose rate: 1kGy/h

• Duration: 600h

Aging function limit value
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Case-studies – Service conditions

• Service conditions

• Dose rate: 0.1 Gy/h

• Duration: 20 years

Aging rate R(S)

𝐑 𝟎. 𝟏 = 𝟏. 𝟐 ∙ 𝟏𝟎−𝟖 ∙ 𝟎. 𝟏𝟎.𝟕𝟔𝟔 = 𝟐. 𝟎𝟓𝟔 ∙ 𝟏𝟎−𝟗 ൗ𝟏 𝐡

Aging function A(t)
𝐀 𝟐𝟎𝒚 = 𝟐. 𝟎𝟓𝟔 ∙ 𝟏𝟎−𝟗 ∙ 𝟏𝟕𝟐, 𝟖𝟎𝟎 = 𝟑. 𝟓𝟓 ∙ 𝟏𝟎−𝟒

with 𝐭 = 𝟐𝟎 𝐲𝐞𝐚𝐫𝐬 = 𝟏𝟕𝟐, 𝟖𝟎𝟎𝐡

Lifetime

𝐋 =
𝐀𝐋

𝐑 𝐒
=

𝟏. 𝟓 ∙ 𝟏𝟎−𝟑

𝟐. 𝟎𝟓𝟔 ∙ 𝟏𝟎−𝟗
= 𝟕𝟐𝟑, 𝟓𝟕𝟐 𝐡 ~𝟖𝟑 𝐲𝐞𝐚𝐫𝐬
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Case-studies – Accidental condition 1

• Accidental condition 1

• Dose rate: 3kGy/h

• Duration: 200h

Aging rate R(S)

R 𝟑𝟎𝟎𝟎 = 𝟏. 𝟐 ∙ 𝟏𝟎−𝟖 ∙ 𝟑𝟎𝟎𝟎𝟎.𝟕𝟔𝟔 = 𝟓. 𝟓𝟑 ∙ 𝟏𝟎−𝟔 Τ𝟏 𝐡

Aging function A(t)

𝐀 𝑫𝑩𝑬𝟑𝒌𝑮𝒚/𝒉 = 𝟓. 𝟓𝟑 ∙ 𝟏𝟎−𝟔 ∙ 𝟐𝟎𝟎 = 𝟏. 𝟏 ∙ 𝟏𝟎−𝟑

Applying the cumulative damage theory

𝐀𝐭𝐨𝐭𝟏 = 𝐀 𝟐𝟎𝐲 + 𝐀 𝐃𝐁𝐄𝟑𝐤𝐆𝐲/𝐡 = 𝟏. 𝟒𝟔 ∙ 𝟏𝟎−𝟑 < 𝐀𝐋

Resulting lifetime L~2·105 h ~ 22.8 years 
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Case-studies – Accidental condition 2

• Accidental condition 2
• Dose rate: 1kGy/h

• Duration: 600h

Aging rate R(S)

𝐑 𝟏𝟎𝟎𝟎 = 𝟏. 𝟐 ∙ 𝟏𝟎−𝟖 ∙ 𝟐𝟎𝟎𝟎𝟎.𝟕𝟔𝟔 = 𝟐. 𝟑𝟖 ∙ 𝟏𝟎−𝟔 ൗ𝟏 𝐡

Aging function A(t)

𝐀 𝑫𝑩𝑬𝟏𝒌𝑮𝒚/𝒉 = 𝟐. 𝟑𝟖 ∙ 𝟏𝟎−𝟔 ∙ 𝟔𝟎𝟎 = 𝟏. 𝟒𝟑 ∙ 𝟏𝟎−𝟑

with 𝐭 = 𝟔𝟎𝟎𝐡

Applying the cumulative damage theory
𝐀𝒕𝒐𝒕𝟐 = 𝐀 𝟐𝟎𝒚 + 𝐀 𝑫𝑩𝑬𝟏𝒌𝑮𝒚/𝒉 = 𝟏. 𝟖 ∙ 𝟏𝟎−𝟑 > 𝐀𝐋

Resulting lifetime L~ 20 years 
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Conclusions 1

▪ Modelling of the mechanical and electrical response was presented and discussed for LV
cables used in nuclear environment.

▪ First focus has been paid on modelling of mechanical quantities, from which DED values has been obtained as
a function of dose rate.

▪ Modeling of electrical properties was developed considering the monotonic behavior of tanδ at 100 kHz with
aging. A limit value of tanδ calculated in correspondence of DED, namely tanδDED has been obtained.

▪ tanδDED does not depend on the dose rate, but it seems more related to insulating material
properties, at least for the dose rate intervals here considered.

→ Suitable end of life criterion

▪ tanδ tests performable on site

→ Better evaluation of the effective dose rate impacting the insulation (considering e.g.,
dose bursts or other accidental conditions)

→ Estimation of a more reliable residual life.
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Conclusions 2

▪ Aging model based on tanδ was developed. This could be able to evaluate the cumulative
damage caused by changes of the dose rate due to abnormal and/or accidental conditions
and estimate the residual life.

▪ The aging function highlighted a more significant contribution of aging time with respect to
the impacting dose rate.

▪ This aging modelling approach can be of great help in scheduling maintenance operations, in
particular following an event which could be associated with the exposure of cable insulation
to high dose rate of radiation.

▪ Case-studies.

▪ The aging level was calculated for a 20-year-old cable under service conditions.

▪ Two different accidental scenarios with different dose rates but same absorbed dose have been
discussed. It has been found that a lower dose rate applied for a longer period can bring to
bigger cable damages (early system failure).
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One more thing…
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What comes next?

• Multiscale analysis of permittivity
• Simulation of molecular polarizability for base and 

degraded material

• Derive corresponding macroscale permittivity

• Combining the concentration of degradation 
species (kinetic model) with the evolution of 
electrical permittivity

Multiscale Multiphysics analysis
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Multiscale analysis of permittivity

where P is the 

polarization (induced 
dipole per unit volume)

Species Modified 

susceptibility (𝝌)

Modified 

permittivity (𝜺)

Real 

permittivity (𝜺)

Polyethylene 4.53 10-2 1.57 2.32

Hydroperoxide 7.4 10-2 1.93 14.35

Ketone 6.47 10-2 1.81 5.35

Carboxyl acid 7.26 10-2 1.91 11.4

Exp. 2.35
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Combination with kinetic model

Aging time (h)
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HDR model

LDR (100 kHz)

MDR (100kHz)

HDR (100kHz)

𝜀 = 𝒻(𝜒𝑖 , 𝜀𝑖 , 𝜂𝑖)

• 𝜒𝑖(t) molar fraction of species – kinetic model

• 𝜀𝑖 permittivity of different species

• 𝜂𝑖 dipolar enhancement factor
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Aging modelling of LV 

cables through 

nondestructive electrical 

techniques.

17th November 2021

Presenter: Simone Vincenzo Suraci
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Dielectric spectroscopy measurements
Device:

Novocontrol Alpha Dielectric Analyzer V2.2

Tests parameters:

▪ Vrms = 3 Volts

▪ Temperature: 50 °C

▪ Frequency range = 10-2-106 Hz

▪ Dipolar polarization

▪ Interfacial polarization

▪ Quasi-DC conduction

Complex permittivity Loss angle

ε(ω) = ε′(ω) - j ε′′(ω) δ= 90° - φ

Loss factor

tan(δ) =
Τ𝛾 𝜔+ε′′

ε′
𝛾 conductivity
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Conclusions 1

▪ Building of a predictive model of mechanical and electrical properties as a function of aging.

▪ The limit value of tanδ (tanδDED) is independent of aging conditions

→ Suitable end of life criterion

▪ From the aging function limit value, it is possible to derive the expected cable life when it is subjected to a constant stress →

Lifeline built from tanδ values (NDT)

▪ The aging function highlighted a more significant contribution of aging time with respect to the impacting dose rate.

▪ Proposed simulations verified the applicability of the cumulative damage theory on the aging functions

▪ tanδ tests performable on site

→ Better evaluation of the effective dose rate impacting the insulation (considering e.g., dose bursts or other accidental
conditions)

→ Estimation of a more reliable residual life.
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Dielectric spectroscopy measurements
High frequency (104-106 Hz)

▪ Dipolar polarization - Dipolar species e.g., antioxidant degradation products and oxidized polymer chains

Low frequency (10-2-104 Hz)

▪ MWS polarization - Interfaces between different materials and polymer matrix/additives

▪ Q-DC conduction – Radicals and/or free ions which can migrate under the electric field

Tests parameters:

▪ Vrms = 3 Volts

▪ Temperature: 50 °C

▪ Frequency range = 10-2-106 Hz

▪ Dipolar polarization

▪ Interfacial polarization

▪ Quasi-DC conduction
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Life modelling of coaxial cable

17/12/2020

Building of the life curve

Obtaining the aging time corresponding to AL

Plot of the experimental data as a function of the 
aging function

Definition of the ultimate value of the aging 
function AL

Reduced Tanδ at DED

Definition of an aging function A

Reduced Tanδ

Definition of a limit value

Tanδ at DED given by the predictive modelling

 
 
 
 
 
 
 
  
  
 
  
 
 
  
 
 

   

   

   

   

                         

               

                

𝐋′ = 𝐋 − 𝐭𝟏 = 𝐀𝐋 ∙ 𝐑 𝐒 −𝟏= 𝐋𝟎 ∙
𝐃𝐑

𝐃𝐑𝟎

−𝐤

= 𝟏. 𝟐𝟓 ∙ 𝟏𝟎𝟓 ∙
𝐃𝐑

𝐃𝐑𝟎

−𝟎.𝟕𝟔𝟔

where k is the same exponential factor as in R(S) 

L0 is defined as the cable lifetime, reduced by the duration of t1,

when the stress is equal to DR0 (1 Gy/h) and it is given by L0=AL·R0
-1
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As reported in literature, it is possible to assume that the 

aging rate R(S) follows a power law increment with dose 

rate.

𝐑 𝐒 = 𝐑 𝐃𝐑 = 𝐑0 ∙
𝐃𝐑

𝐃𝐑0

𝐤

= 𝟏. 𝟐 ∙ 𝟏𝟎−𝟖 ∙
𝐃𝐑

𝐃𝐑𝟎

𝟎.𝟕𝟔𝟔

where R0 and n are exponential factors which are 

function of the cable properties (e.g. chemical 

compound and geometry)

DR0 is a reference dose rate, set equal to 1Gy/h in 

order to obtain a dimensionless exponential 

argument.
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Ideal condition monitoring technique

Ideal 
Condition 
monitoring 

technique for 
Low voltage 
cables inside 

NPPs

Non 
destructiveness

Easily 
replicable 
Low error 
dispersion

Referred to 
the bulk of 

the insulation

Performed 
in situ

Universal 
acceptance 
criterion for 
maintenance. 
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Current condition monitoring techniques - EaB

▪ Up to know, no end-of-life (EoL) criterion is strictly defined

▪ Commonly accepted EoL criterion is based on mechanical tests (EaB > 50%)

▪ If the actual EaB is > 50%, the cable may:

▪ still fulfil its required function under normal operation

▪ withstand a LOCA without damage. (EPRI, 2005)

PROs CONs

Method used over many years Not representative of the entire cable 

insulation (little testing cable portion) 

and strictly related to local defects

Very good correlation with polymer 

degradation level

It can be affected by huge error 

displacements. 

It guarantees minimum mechanical 

bending properties 

It does not consider different and high-

performance polymeric materials

[1] “Initial Acceptance Criteria Concepts and Data for Assessing Longevity of Low-Voltage Cable Insulations and Jackets,” EPRI 2005

From basec.org.uk



Winter School on “Advances in characterisation and modelling of polymer ageing applied to electrical cables” – 15th-18th November 2021 57

Dielectric spectroscopy as a CMT

PROs CONs

Nondestructive technique Not able to localize aged spots

Very good correlation with 

polymer degradation level

No universal acceptance 

criterion yet defined

Easily replicable with low error 

dispersion

Referred to the bulk of the 

insulation

Performable in situ

Measure from cable 

terminations

Frequency (Hz) Frequency (Hz)

ε’ ε’’
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Dielectric spectroscopy results

 

 
 
 
 
 
  
 
  
  
 
 
 
  
 
 

 

     

     

     

     

     

     

              
               

             
                
              
              

 

 
 
 
 
 
  
 
  
  
 
 
 
  
 
 

 

     

     

     

     

     

     

          
                        

             
                
              
              

 

 
 
 
 
 
  
 
  
  
 
 
 
  
 
 

 

     

     

     

     

     

     

              
               

             
                
              
              

 

 
 
 
 
 
  
 
  
  
 
 
 
  
 
 

 

     

     

     

     

     

     

          
                        

             
                
              
              

Compound #1 (PE+AO)

With aging time

▪ Dielectric loss slope with aging time is different among 
different aging conditions

▪ Harsher the aging conditions, steeper the slope

▪ Combined aging follows the same slope as LDR, but 
dielectric losses are shifted upwards.

With absorbed dose

▪ Equal absorbed doses cause similar values of tanδ
→ Little effect of impacting dose rate

▪ (COAX) Dielectric losses of radio-only aged cables follow the 
same increasing slope over the different DRs. Exception given 
to last dose of HDR (thickness-related DLO?)
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Compound #1 (PE+AO)

With aging time

▪ Dielectric loss slope with aging time is different among 
different aging conditions

▪ Harsher the aging conditions, steeper the slope

▪ Combined aging follows the same slope as LDR, but 
dielectric losses are shifted upwards.

With absorbed dose

▪ Equal absorbed doses cause similar values of tanδ
→ Little effect of impacting dose rate

▪ (COAX) Dielectric losses of radio-only aged cables follow the 
same increasing slope over the different DRs. Exception given 
to last dose of HDR (thickness-related DLO?)
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