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Proposal Title:  
Physics-Based Probabilistic Model of the Effects of Ionizing Radiation on Polymeric Insulators of Electric 
Cables used in Nuclear Power Plants 

Final Technical Workscope Identification: RC-4 
 
Proposed Scope Description: 
 
The goal of the proposed project is to develop a probabilistic prediction model of time-to-failure of cable 
jackets subject to radiation caused polymer degradation manifested in change is tensile strength and 
resistivity.  The main deliverable of the purposed program will be a C++ based simulation code for the 
probabilistic prediction of the degradation of polymeric insulators of electric cables due to ionizing 
radiation. The code will be readily compatible with the MOOSE/Grizzly [1] framework developed at the 
Idaho National Laboratory (INL) for multi-physics simulations. The proposed project will combine 
theoretical and experimental findings during the course of the research to build radiation caused degradation 
models for environments consisting of air at different levels of relative humidity, various temperatures, as 
well as liquid water. Acknowledging the complexities and limitations of fully physics based models, the 
proposed approach will take two promising technical steps. First, based on more fundamental understanding 
at molecular levels, we will introduce the notion of “damage precursor” as a key element in developing 
functional relation between dose levels and mechanical and electrical failure criteria. A damage precursor 
can be defined as any deviation from normal characteristics of micro-structural properties or any 
recognizable physical trend towards a failure-inducing threshold. Second, we use a hybrid modeling 
approach that fuses physics-based and data-driven approaches to produce better predictive power with 
reduced uncertainty.  
 
Cable jackets are made from polymeric materials such as ethylene propylene rubber (EPR) and cross-linked 
polyethylene (XLPE). The interactions of ionizing irradiation such as gamma rays and high-energy electrons 
with polymers induce the formation of anions, cations and free radicals.  Usually, the ionization takes about 
10-12 – 10-6 s.  The early events in the interaction of ionizing radiation with polymers include the production 
of ionized and excited polymer molecules. These ions and excited polymers undergo various reactions to 
produce free radicals, other ions, and H-atoms. The interactions of ionizing radiation with the cable jackets 
lead to the following chemical changes: 

•   Crosslinking: formation of chemical links (covalent bonds) between the polymer chains  
•   Scission through the breakage of the backbone of the polymer molecules 
•   Changes in the concentration and the nature of the double bonds 
•   Oxidative and degradation reactions (in the presence of oxygen and water) 
•   Evolution of gases such as H2 and CH4 

 
The predominance of these processes depends on the chemical structure of the polymers, the irradiation 
dose, dose rate, the linear energy transfer (LET) of the radiation, and the presence of oxygen and 
antioxidants. The presence of oxygen enhances the degradation effects of ionizing radiation on cable jackets. 
The presence of oxygen plays a major role in the degradation of polymers through peroxidation reactions. 
The vast majority of the radiolytically- produced-polymeric free radicals, namely the C-centered free 
radicals (●RH), react with oxygen to produce the corresponding peroxyl radicals (HRO2

●). The presence of 
oxygen tremendously impedes crosslinking reactions since oxygen reacts very rapidly with the C-centered 
radicals: 

●RH + O2 
!"

 RHO2
●    Peroxidation  

2●RH 
!#

 HR-RH   Crosslinking 
As the concentration of oxygen increases, the peroxidation reaction will begin to dominate. The 
peroxidation of the free radical will eventually lead to the degradation of the polymer molecules. HRO2

● can 
also initiate a chain reaction by abstracting H-atoms from neighboring molecules, producing another free 
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radical and organic peroxide:  
HRO2

● + RH → RO2H + ●R 
Another important reaction of the peroxyl radicals is the formation of an intermediate called tetraoxide: 

HRO2
● + HRO2

● → HROOOORH 
The tetraoxide will then decompose to aldehyde and alcohol.  

ROOOOR → R’OH + R’’OH+ O2 
  
We plan to use these fundamentals as a basis for conducting experiments and model building to establish 
relation between radiation-induced changes in the molecular structures and the tensile strength at break and 
the electric resistance of the XLPE and EPR. 
  
The experiments will aim to: 
•   Characterize the effects of total dose and dose rate at various temperatures, and water-immersed (wet) 

on the following types of commercially available low- and medium-voltage cable jackets: Cross-linked 
polyethylene (XLPE), and Ethylene propylene rubber (EPR). 

•   Measurements of radiation effects on these cable jackets by monitoring the changes in their chemical 
structure using electron paramagnetic resonance spectroscopy, and Fourier transform infrared 
spectrosecopy (FTIR). 

•   Measure the radiation-induced changes in the irradiated cable jackets, in terms of the tensile strength at 
break and the resistance of the insulators.  

•   Elucidate the radiation chemistry mechanisms of the XLPE and EPR in the presence of oxygen, at 
elevated temperatures, and in the presence of water. 

•   Understand the relationship between the radiation-induced changes in the molecular structures and the 
tensile at break and the electric resistance of the XLPE and EPR. 

 
On the data and scientific insights from these experiments, we plan to develop a hybrid probabilistic-physics 
and data-driven degradation model for polymeric insulators of electric cables model and implement it in a 
C++ code.  Indeed, considering that damage starts at material level, we propose a cable insulation aging and 
framework based on “damage precursors”, i.e., any deviation from normal characteristics of micro-structural 
properties or any recognizable physical trend towards failure inducing threshold [2]. Metrics of damage 
precursors can be viewed as failure indicators. Damage precursors may not directly lead to measureable 
damage, but can facilitates the progression of other changes that might lead to actual damage and failure. In 
the context of cable insulation degradation, oxidation index, which works as an indicator of chemical 
changes, is considered as a damage precursor.  
 
As shown in Figure 1, the modeling framework has two building blocks: the first one is built upon the 
oxidation index’s (damage precursor) evolution through time, and the second one focuses on actual damage 
propagation of cable insulation by taking into account the electrical resistance and tensile strength at break 
changes. As soon as chemical changes occur in the insulation, mechanical and electrical properties start to 
degrade as well. These damage processes are represented by the arrows connecting the states at time t to the 
states at next time step (t+1). In terms of mechanical and electrical properties, tensile strength at break and 
resistance, respectively, can be selected as measures of insulator remaining useful life.  

Given that anticipated high uncertainty surrounding damage modeling of aging cable insulators in the 
aforementioned test conditions, one should take advantage of all possible sources of information (from 
literature, and quantify and propagate associated uncertainty. Dynamic Bayesian Network (DBN) modeling 
approach is a very effective method for modeling complex systems with uncertain time-dependent random 
variables. Hence, DBN is selected as primary modeling technique for the proposed framework [4]. 
 

In the DBN of Figure 1, circular nodes represent the damage states (actual phenomena) and rectangular 
nodes indicate measurements or possible observations of the corresponding phenomena. To predict the 
evolution of the oxidation index as well as the damage characterized in terms of resistance and tensile 
strength (i.e., connecting time steps t and t+1 in Figure 1), a novel hybrid technique is proposed. Indeed, 
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given the complexity of cable insulation degradation, there is a risk that a physics-based model does not 
represent the complete picture of insulation degradation process. A complimentary method is the use of a 
data-driven approach. Data-driven models rely solely on experimental results or historical data to estimate 
and predict the insulator damage state evolution. Such models are capable of revealing the (possible 
nonlinear) relationship among influencing factors. In this research program Support Vector Regression 
(SVR) [5,6] is performed separately for each of the chemical, electrical and mechanical properties to 
develop models for Damage State Predictions (DSP). Although these data driven degradation predictions 
might be substitutions for physical model, it would be beneficial to take advantage of both the data-driven 
and physics-based models in form of a hybrid predictive approach model [3]. In this case, data-driven 
models need to be trained to predict the residuals not explained by the physics-based model. This class of 
hybrid approaches is termed parallel model, as opposed to series models in which data-driven models are 
used to estimate the parameters of the physics-based model.  

 

Figure 2 shows the approach for the combination of the outputs of multiple data driven models and the 
corresponding physics-based models. Thus, for each chemical, mechanical and electrical property evolution, 
DSP1 prediction from a physics-based model is fused with the corresponding DSP2 that is provided by a 
data driven model. Bayesian model fusion [7,8] will be explored to improve the prediction accuracy and 
narrow the uncertainty bounds [3]. In Figure 2, temperature (T) and activation energy (Ea) are inputs to the 
physics-based model. On the other hand, experimental measurements of oxidation index (OI), electrical 
resistivity (ER), and tensile strength (TS) along with external factors such as temperature, radiation rate (R) 
and humidity (H) are introduced to the Support Vector Regression technique in order to provide multiple 
data-driven degradation models [5, 6]. Since damage propagation is a time-dependent process, “time” (t) is 
also considered as one of the regressors.  

 

 
	  

Figure 1 Dynamic Bayesian Network of Proposed Damage Precursor Based framework 
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Moreover, it is important to note that variations in electrical resistivity and tensile strength at break are also 
related to the changes in oxidation index as damage precursor. Final damage state prediction, obtained by 
fusing the results of the two approaches (DSP1 and DSP2), is introduced into the DBN model at a given 
time step t (see Figure 1) to model the interplay among the degradation processes of the critically important 
parameters namely the oxidation index, electrical resistance, and tensile strength. The insulator damage 
diagnostics and predictions of remaining useful life are then obtained the DBN based model shown in Figure 
1.  
 
The form of the output form the hybrid model would be a probability distribution of “time to failure” 
reflecting aleatory and epistemic uncertainties of the modeling process, input parameters and environmental 
stressors. The assessment and propagation of uncertainties through the predictive model will be primarily 
based on Bayesian methodologies widely used in nuclear and non-nuclear applications [7, 8]. 
 
 
The model building effort will aim to: 
 
•   Develop physics of based damage 

precursor model and data-driven model for 
oxidation index for Cross-linked 
polyethylene (XLPE) and Ethylene 
propylene rubber (EPR) cable jackets 

•   Develop physics based and data-driven 
damage evolution models for tensile 
strength and resistance in XLPE and EPR 
cable jackets 

•   Develop hybrid damage precursor based 
framework based of these physics and data-driven 
models for damage diagnostics and prognostics for 
XLPE and EPR cable jackets 

•   Develop estimates and corresponding uncertainty quantification of remaining service life of the XLPE 
and the EPR via the damage precursor based framework. 

•   Validation of the damage precursor based framework utilizing experimental data not previously 
incorporated into the body of knowledge used to develop the abovementioned damage models. 

•   Develop a fully implemented C++ code for use in MOOSE/Grizzly platform framework. The Grizzly 
software [1] is being developed under the LWRS program to provide a tool for predictive assessment of 
aging and material degradation mechanisms that may limit the lifetime of current LWRs. It is developed 
under the INL’s MOOSE multi-physics simulation environment  

 

Major Deliverables & Outcomes:   

The expected outcomes of the proposed study and deliverables are summarized as follows: 

(1)   Experimental and theoretical understanding of the causes and modes of degradation of polymeric 
insulators of electric cables used in nuclear power plants due to the effects of ionizing radiation. 

(2)  Development of a hybrid physics-based and data-driven model for insulator degradation and 
probabilistic prediction of expected life under normal and extreme conditions. The methodology and 
computational procedures will include a compressive treatment of modeling and parametric 
uncertainties via advanced Bayesian methods.  

(3)  A fully implemented C++ code for use as a Grizzly software module  
 
 

Logical Path to Accomplishing Scope:  

Figure 2 Fusion based model for damage state prediction 
(DSP) based on physics of failure and data-driven models. 
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The goals of this project will be achieved by performing the following tasks: 

 Experimental Tasks   

Task I: Irradiation cells and dosimetry: This task will focus on building and setting up several cells. 
These cells will be used to irradiate the cables at various levels of dose rate, total dose, temperature, and 
humidity.  They will be designed so as to hold the samples at pre-selected temperature and moisture content 
under exposure to the cobalt-60 sources of the radiation facility at the National Institute of Standards and 
Technology (NIST). The dosimetry and dose mapping will be conducted using alanine films and 
radiochromic (FWT-60) films, both traceable to NIST, to verify the use of the desired dose rates in the 
experiments. 

Task II:  Irradiation experiments: We plan to use the following test parameters in the proposed research 
project: 

A. Selection of dose rate and total dose: We will use a dose rate of 40 Gy per hour and a total dose of 500 
kGy (50 Mrad). Selection of exposure environments is based on normal plant conditions, under which cable 
jackets are subject to operational ageing due to being exposed to a total radiation dose of up to 500 kGy, 
based on the previous literature, in particular EPRI reports 1020804 and1020805 [10, 11].  (Total radiation 
doses of at least 50 kGy are necessary for effects on physical properties to become observable.) In parallel 
with the experiments in radiation fields, we shall expose samples of the tested materials for the same periods 
of time to the same conditions of temperature and humidity of water immersion outside the irradiation 
chamber in order to ensure that effects observed in the irradiated samples result from the exposure to 
radiation rather than thermal and hydrolytic exposure. 

B. Selection of temperature: Most cables used in nuclear power plants are expected to have long thermal 
life in a 40 - 50 ⁰C environment.  Normal operating temperature is considered below 50 ⁰C.  This restriction 
is based on the observation that cables simultaneously exposed to high temperature (higher than 50⁰C) and 
high total dose exhibit ageing effects. As recommended by the abovementioned EPRI reports, we shall 
irradiate the cable jackets within the temperature range of 27 - 55 ⁰C.  It is very well know that while high 
dose rate enhances the cross-linking reactions in the polymers, the low dose rate in the presence of oxygen 
enhances the oxidation reactions and ultimately the degradation [12, 13,14] Therefore we will use relatively 
low dose rate, except for the experiments that simulate the severe accident. 
 
C.  Selection of humidity: The selection of exposure environments is based on normal plant conditions, 
under which the relative humidity (RH) ranges from about 20 % RH to about 80 % RH as specified in the 
EPRI reports [10,11]. Irradiation experiments involving immersion in water will be conducted at ambient 
temperature (27°C). 
 

D. Testing under simulated accident conditions: These tests will explore the degradation of cable jacket 
materials over short durations under aggressive conditions.  The dose rates employed in these simulated 
accident conditions coincides with the higher limit to be used in accelerated tests according to Section IIIA, 
thus cutting down on the total number of tests that will have to be performed.  Even higher dose rates (up to 
1000 Gy/hr) will be used in the accident-simulating tests for short periods of time.  Thus, exposure at 1000 
Gy/hr over a period as short as 50 hours will result in an accumulated dose of 50 kGy, which, as detailed 
above, is known to produce observable radiation effects.  Within 500 hours (21 days) at this dose rate, the 
total accumulated dose will reach 500 kGy, where considerable degradation may take place.  Because of the 
short duration of the tests under accident-simulating conditions, the interference with the long-term service-
condition tests will be minimal. 

Testing relevant to accident scenarios should allow evaluating the behavior of components at temperatures 
that are significantly higher than those encountered during normal operation.  According to the IEEE 323 
and IEEE 383 standards [13,14], temperatures as high as 171 – 196 oC should be included in the test design.  
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Some of the polymeric jacket materials have better temperature stability than others. As proposed above for 
the normal ageing tests, tests will be carried out both in the radiation environments specified in the previous 
paragraph and outside the irradiation chamber.  In the cases of the less thermally stable materials, the effects 
of the exposure to temperatures around 180 oC will probably be large enough to preclude observation of 
differences between the irradiated and non-radiated samples, but this will need to be ascertained for each of 
the cable materials listed above.  At an intermediate temperature of 130 oC more of the polymeric materials 
are expected to resist the thermal loading to an extent allowing observation of radiation effects.  
Accordingly, it is proposed to perform the accident simulating tests at temperatures of 180 oC and 130 oC. 

Task III: Identification and measurements of the radiolytically produced free radicals: We shall use 
electron paramagnetic resonance spectroscopy to identify the radiolytically produced free radicals in the 
polymers and measure their concentrations.  The EPR will also be used to determine the kinetics of the 
decay of these free radicals and of their reactions with molecular oxygen. 

Task IV: Oxidation measurements: The extent of radiation-induced oxidation, oxidation index at various 
levels of radiation dose, temperatures, and water content will be measured using Fourier transform infrared 
spectroscopy (FTIR) and Raman spectroscopy. The oxidation products will be monitored at wavelengths 
around 1730 cm-1. The measurements will be conducted as a function of irradiation time with dose rate of 
about 40 Gy per hour.  

Task V: Tensile Strength at Break: Tensile strength at break as a function of radiation dose will be 
conducted. The tensile strength at break measurements are recommended by Electric Power Research 
Institute (EPRI).   

  
Task VI: Insulators electric resistance (IR):  Electric resistance measurements on the EPR and XLPE 
insulators will be conducted using a1000 dc V tester, both before and after irradiation of the cables at room 
temperature as well as at high temperatures  
 

Model Building and Validation Tasks   

Task I: Preliminary Identification of Predictive Model Elements and Parameters: Early in the project 
and while the experimental facilities and equipment are being set up, a preliminary framework for cable 
insulators damage diagnostic and prognostic will be developed based on generic but relevant sources of data 
and literature on existing models. The goal is to incorporate the best available fundamental understanding 
and data on degradation mechanisms and impact on cable insulation life under the conditions specified in 
the project scope.  

Task II: Damage prognosis and estimation of remaining useful life: The proposed framework and 
corresponding models is then developed, through the following steps: 

A.   Building on Task I above, and with data steaming from experiments as they are conducted, we construct 
a DBN cause – effect relationship model for cable insulator degradation process. Experimental data and 
other sources of information from literature will be use to “learn the structure” and also the value of 
some of the parameters of the DBN. 

B.   Identification and characterization of sources of model and parameter uncertainties including 
measurement uncertainty and probability of detection.  

C.   State process model development: in a dynamic system, process model is required in order to capture 
the evolution of the health state of the system through time. Ideally the state process model is 
constructed based on physics of failure. Therefore, an effort will be made in order to predict the time to 
the break down of the insulators through the use of an Arrhenius plot to determine the activation energy 
of the breakdown in the insulation resistance through dependence of the degradation rate on temperature 
at various radiation dose levels. It has been widely reported that electric resistance less than 100 MΩ of 
the insulators is considered to be an indication of severe aging. So, establishing an Arrhenius plot for a 
given dose will allow estimating the time to breakdown as a function of temperature. This task will be 



 

7	  

	  

	  

carried out by measuring the insulation resistance as a function of temperature at constant radiation dose 
and humidity. However, the interplay among the several influencing factors on the insulators damage is 
still subject of high uncertainty and, as a result, additional research is required to appropriately model 
the complex relationships among oxidation index, tensile strength and resistance. This, therefore, 
surrenders a simple approach based on Arrhenius type of formulation which is limited and only, at best, 
capable of predicting damage in a limited area of the solution space. Thus, we also look for alternative 
modeling approaches such as data-driven techniques. Therefore, two subtasks should be performed as 
follows: (i) develop the best possible physics of failure model for dominant failure mechanism(s) from 
first principles; (ii) develop a robust data-driven model (most likely Support Vector Machine approach) 
based on collected data in the experimental tasks. 

D.   Measurement model: having known the state process model as a base degradation trend through time, 
evidence in form of real time measurements (experimental tasks) will be incorporated to update the 
estimation of state process model. Therefore, a measurement model is required which shows how the 
evidences are related to actual state of the health. This is where the damage precursor concept will be 
applied in the modeling process. 

E.   Inference: after constructing the model, we should be able to effectively compute the probability of each 
state of a variable in a Bayesian network when other (or some of the) variables are known.  A key 
activity in this task is the building of the hybrid prediction model by fusion of the physics of failure 
model and the data driven approach into a single inference model.  

F.   Uncertainty analysis: having identified the sources of uncertainty under Task II-B above, this task will 
incorporate and propagate the uncertainties through the hybrid model to produce the probability 
distribution of cable insulator time-to-failure (one for each of the two failure modes identified in the 
scope above). 

Task III: Software Implementation of the Predictive Hybrid Model. The main deliverable of the 
purposed program will be a C++ based simulation code for the probabilistic prediction of the degradation of 
polymeric insulators of electric cables due to ionizing radiation under additional stressors of ambient 
temperate and humidity. The code will be readily compatible with the Grizzly framework developed at the 
Idaho National Laboratory (INL) for multi-physics simulations.  
 

Task IV: Model Testing and Validation: A main task in the proposed research program is to use part of 
the data collected under ambient and harsh conditions as a basis for further model tuning, testing and 
validation.  Model performance will be assessed via comparison of time-to-failure uncertainty distribution 
predicted by the model, and the observed data. Due to anticipated limitation of the validation data (even 
under accelerated conditions) to offer direct observation on long term performance degradation, advanced 
techniques for data mapping and relevance assessment will be applied to reduce prediction uncertainties.  

Relevance and Outcomes/Impacts 
 
The proposed research directly addresses one of the priority items under the Light Water Reactor 
Sustainability (LWRS) Program’s Materials Aging and Degradation (MAaD) and Risk Informed Safety 
Margin Characterization (RISMC), pathways, to develop predictive models of cable insulation performance 
under relevant LWR operating conditions for operating periods to 60 years of service. This is critical to 
effective risk-informed plant aging management and sustainability. The key product of the research will be a 
module within the Grizzly family of computational tools for structures aging models. 
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Schedule  
The schedule for conducting the identified tasks is provided in the following table”  

 

Tasks 
Year 1 Year 2 Year 3 

1st 
Sem. 

2nd 
Sem. 

1st 
Sem. 

2nd 
Sem. 

1st 
Sem. 

2nd 
Sem. 

Experimental Tasks       
Task I: Design and Building Irradiation Cells and 
Dosimetry 

      

Task II:  Irradiation experiments under ambient 
conditions  

       

Testing under simulated accident conditions       
Task III: Identification and measurements of the 
radiolytically produced free radicals 

       

Task IV: Oxidation measurements (FTIR) 
measurements 

       

Task V: Tensile Strength at Break        
Task VI: Insulators electric resistance (IR)        
Model Building and Validation Tasks       
Task I: Preliminary Identification of Predictive 
Model Elements and Parameters 

       

Task II: Damage prognosis and estimation of 
remaining useful life 

       

A. Cause – effect relationship model       
B. Identification of sources of errors and 
uncertainties 

      

C. State process model       
D. Measurement model       
E. Inference       
F. Uncertainty analysis       

Task III: Software Implementation of the 
Predictive Hybrid Model 

      

Task IV: Model Testing and Validation       
 

Milestones and Deliverables 
•   Y e a r  1 :  Annual report  
•   Y e a r  2 :  Annual report 
•   Year 3: Final Report and Grizzly Software Module for probabilistic prediction of cable insulation 

remaining life  
In addition, reports requested by the DOE project management will be prepared as necessary. Presentations 
and research publications will be prepared to describe the progress of the project to the scientific community.  
 
Type/Description of Facilities 
 
Co-60 gamma sources at Organization C and University A will be used for the irradiation. University A 
facility features a Bruker X-Band Electron Paramagnetic Resonance Spectrometer, a Scanning Electron 
Microscope/Energy Dispersive X- ray machine, a Kratos Axis X-ray photoelectron spectrometer (XPS), a 
Thermo Nicolet FT-Raman Spectrometer, Perkin Elmer Plasma 400 Inductively Coupled a Perkin Elmer 
Fourier Transform Infrared Spectrometer, and a differential scanning calorimeter (DSC). For beta 
irradiation, we will be using 10-30 Mev electron beam accelerator at Organization C. 
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Roles and Responsibilities of Partnering Institutions 
 
University A: Coordinate the overall activities of the 4 collaborating teams. Develop the initial framework 
for combining experimental data and causal modeling to relate physical conditions to remaining life of cable 
insulators. Participate in the model development tasks in close coordination with Partner University B’s Co-
PI by providing specific methods for causal modeling (such as Dynamic BBN) and solution algorithms. 
Develop and implement the uncertainty assessment and propagations methods in the actual predictive hybrid 
model developed by University B. Implement the model in a C++ Grizzly computer module in collaboration 
with Institution D. Lead the report writing and delivery of the project products.  
  
University B: (Co-PI 1): Building and operating the radiation cells for irradiating the cables, conducting the 
radiation of the cables investigating the radiation chemistry mechanisms of the insulators, producing data on 
oxidation-index, mechanical properties, resistivity, and  free radical concentrations as a function of dose 
(The data will be delivered on a continuous basis to the modeling team at University A and B), determining 
the activation energy of the insulation resistance, through Arrhenius plot, of the EPR and the cross-linked 
PE. (Co-PI 2): Characterize and map the experimental data into the modeling framework developed by 
University A, collaborate with University A team in identifying most effective modeling strategy and 
specific building blocks, lead the development of  the hybrid predictive model of cable jacket life, lead the 
validation of the model, and collaborate with University A and Institution D in computer software 
implementation.  
 
Institution C: Assisting on administration of the gamma and electron beam irradiation, collaborating  on 
building the irradiation cells, collaborating on measuring the mechanical properties of the irradiated EPR 
and cross-linked PE, assisting on measuring the activation energy of the decrease in insulation resistance. 
 
Institution D: Provide specifications for proper software implementation of the predictive model for 
consistency with Grizzly concepts and computational platforms.  Review the final products and perform test 
for of the software module for compliance with the specified requirements.  
 

Unique challenges to accomplishing the work and innovations expected to mitigate such challenges 
 

Acknowledging the complexities and limitations of fully physics based models, the proposed approach will 
take two novel technical steps: (1) based on more fundamental understanding at molecular levels, we will 
introduce the notion of “damage precursor” as a key element in developing functional relation between dose 
levels failure criteria, and (2) use a hybrid modeling approach that fuses the physics-based and data-driven 
approaches producing better predictive power with reduced uncertainty [4, 5, 6, 7, 8]. This class of hybrid 
approaches is termed parallel model, as oppose to series models in which data-driven models are used to 
estimate the parameters of the physics-based model. Other available approaches to cable insulator damage 
prognosis (for RUL predictions) are overly simplified. For example, in [9] a methodology is proposed based 
on Arrhenius model to calculate remaining useful life. While useful as a starting point and as an element of a 
hybrid approach, and Arrhenius relation does not reflected a more fundamental understanding of the actual 
polymer degrading mechanism that can be leveraged to develop a more refined predictive model.  Our 
approach will also use advanced Bayesian methods for uncertainty characterization and quantification 
(including treatment of model uncertainty) as integral part of the predictive model and computer software 
implementation.  
	  
The experimental side of the proposed research not only provides the more fundamental understanding of 
the failure mechanisms needed for physic based model building, but also serves a source of data for the 
data-driven component of the hybrid model, and its validation.  The experiments will study the relationship 
between the changes on the molecular levels such as the oxidation products (oxidation index) and the 
changes in the physical properties such as tensile at break and the electric conductivity.  The experiments 
also pose challenges. Maintaining constant temperature and humidity during the irradiation for long time 
will be a major experimental challenge. Also, keeping high degree of dose uniformity of various samples 
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during the irradiation requires carful dosimetry measurements.  
 
Information, Data, Plans and Drawings 
All information, data, plans and drawings necessary for the proposed work are included in the above 
narrative  
 
Quality Assurance 
All proposed work will comply with the quality assurance requirements as described on the DOE website 
and with any additional requirements deemed necessary. 
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