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Development of a Probabilistic Model for Dry Storage Canister Life Prediction: 
An Update 


R. G. Ballinger*, S. E. Ferry*, S. Teysseyre** 


Abstract 


The purpose of this project is the development of a probabilistic model for the prediction of 
failure of spent fuel storage canisters by stress corrosion cracking for periods up to and 
exceeding 100 years when exposed to salt-containing environments in the temperature range 30-
70°C. The nature of the multi-mode degradation process, which involves pitting and crack 
initiation under variable and uncertain environmental conditions dictates a probabilistic approach 
to the extrapolation of data.  The project team consists of MIT and Idaho National Laboratory. 


The objectives of this project are as follows: 


• The development of a complete data set of existing data for the materials and conditions 
that are appropriate for the used fuel canister 


• As accurate as possible characterization of the environment, and its history. 


• As accurate as possible characterization of the material conditions for existing canisters. 


• The development of a probabilistic model for life prediction. 


• The evaluation of the uncertainty in the model. 


• The use of the uncertainty analysis to identify and obtain specific, well characterized 
data, to augment the existing data set that reduces uncertainty. 


The current emphasis of the project is the determination of residual stresses in the canister welds 
through procurement of prototypic canister welds and the use of neutron diffraction and contour 
measurement techniques. 
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Motivation: colloid facilitated transport


Radionuclide, although has low solubility in water, can travel 


over a long distance. 
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Kersting, Inorganic Chemistry 52 (2013) 3533-3546; Keller & Auset, Advances in Water Resources 30 


(2007) 1392–1407; Metal Retention and Transport on Colloidal Particles in the Environment, Ruben 


Kretzschmar and Thorsten Schäfer







Key question


How does the heterogeneity in porous media and 


colloids influence the adsorption, transport, and 


retention of radionuclide in ground water flow?


Goal
Established both experimental and computational 


models of near-field environments that couple pore-
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• Understand and predict the fate of radionuclide under 


natural underground conditions, once leakage occurs.  


• Assess a deep geological repository for radioactive 


waste


models of near-field environments that couple pore-


scale geometric and interfacial structures


Impacts







Motivation: Heterogeneity in porous media


Physical : grain size, pore space geometry, packing, etc


444


Chemical: hydrophobicity, surface charge, etc







Motivation: Heterogeneity in colloidal vehicles


surface charge, aspect ratio


bentonite
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hydrophobicity, particle shape, chemical composition


polystyrene/silica







Research Plan - overview


1. Build and characterize microfluidic bead-based sediment 


analogs with precisely tunable physical and chemical 


heterogeneities


Microfluidic porous medium


66







2. Identify the impacts of physical and chemical heterogeneities on 


radionuclide-bearing colloidal transport based on experiments in 


both microscopic sediment analogs and macroscopic columns; 


Research Plan - overview


(a)
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(b) (c)


Attenuation Coefficient


X-ray microtomography of column packed with Hanford coarse sand







Research Plan - overview


3. Develop an accurate pore-scale numerical model that captures the 


main transport mechanisms identified in the microfluidic sediment 


analog experiments. 


4. Build a continuum transport simulator with realistic statistical 


descriptions of the column-scale heterogeneities and upscale the 


microscopic colloidal transport to the macroscopic columns. 
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Simulated colloidal particles 


distribution and flow in a 


digitalized random porous 


media model


retention, filtration, kinetic adsorption, flow condition, 


water chemistry







Research Plan - overview
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Preliminary Results: microfluidic porous medium analog


Beads flow in


Solvent flow out


Solvent flow out


Top view


Solvent flow out


Side view
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Preliminary Results: fill in the trap with beads
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Preliminary Results: Geometric parameters
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Total beads captured Missing beads Miss (%)


4071 3 0.07


Pixel s1 pixel=0.2 um)


Bead center accuracy: ~ 0.5 micron


Bead diameter: 15 micron







Single-phase LBM for fluid flow
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Lattice Boltzmann methods for fluid flow and colloidal 


advection


Brownian motion for colloidal diffusion
– Tracer positions are updated by the fluid velocity field


– At the same time, they undergo a Brownian motion to simulate 


diffusion


– In porous media, a particle collides and reflects on solid surface


Preliminary Results: Simulation Method


– In porous media, a particle collides and reflects on solid surface


Black Arrow: particle movement 


prescribed by local fluid velocity


Purple Arrow: random particle 


movement determined by 


diffusivity


Fluid 


Velocity


If a particle collides with 


solids, it is reflected from 


the surface


( ) ( ) 6


: Local velocity (from LB)


: Random unit vector


t t t t D t+∆ − = ∆ + ∆r r u ξ


u


ξ


Displacement Adv./dif.
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Preliminary Results: Simulation
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Validation with literature







Timeline


Task 1: Build and characterize the microfluidic sediment analog
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Task 2: Measure colloidal transport in microscopic sediment analogs and 


macroscopic columns 


Task 3: Develop a lattice Boltzmann pore-scale simulator 


Task 4: Build a continuum-scale simulator to examine the effect of scale  
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• Introduction 
• Variable temperature and ionic strength actinide sorption to 


hematite 
– Batch sorption, XAS, quantum mechanical modeling, and isothermal 


titration calorimetry 


• Variable temperature and ionic strength actinide sorption to 
montmorillonite 
– Batch sorption and XAS results 


• Future work 
– Variable temp solubility experiments with ThO2 and PuO2 to determine 


hydrolysis stability constants 
– Diffusions studies through clay barrier materials at variable 


temperatures and ionic strengths 
 


Outline 
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Needs for understanding influence of  temperature 
on sorption reactions 


Temperature profile of a random location in the 
desert storing used nuclear fuel 


Rao, Chem. Soc. Rev., 2007, 36, 881-892 
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Influence of  temperature on uranium hydrolysis 
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Overarching Hypothesis: Strong 
actinide interactions with metal oxide 
surfaces are driven by positive 
entropies which are mechanistically 
due to displacement of solvating 
water molecules from the actinide 
ion and the mineral surface during 
sorption 


An(IV),  NH2O = 8 An(VI),  NH2O = 5 
Vallet et al., 2001 


 Strong ion-dipole interactions create 
a primary hydration sphere 


 Additional hydration layers created 
from additional dipole-dipole 
interactions 
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Potentiometric and Calorimetric titrations of  hematite       
(α-Fe2O3) protonation/deprotonation 


• ≡FeOH + H+  ≡ FeOH2+ log K = 6.19 
• ≡FeOH   ≡ FeO-  + H+ log K = -8.11 
• ≡FeOH + Mx+  ≡ FeOM1-x  + H+ 


 


• Potentiometric and ∆T Hematite Titrations 
 ∆adsHH+ = -32.2 ± 0.9 kJ∙mol-1 
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Eu(III) sorption increased with increasing temperature 
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Estes et al., Geochim. Cosmochim. Acta, 2013, 122, 430-447 


• EXAFS data and computational 
modeling were consistent with SCM 
 


• ∆H is constant over studied temperature 
range; ∆Cp is negligible 


• Eu sorption onto hematite is 
endothermic 


• Eu sorption is entropically driven 
• Data suggest ~5 H2O molecules are lost 


from Eu(III) primary hydration sphere 
during sorption 
 


• ∆rH° = 131 kJ mol-1 


• ∆rS° = 440 J mol-1 K-1 
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Results from isothermal titration calorimetry are consistent 
with Eu(III) batch sorption 
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• Base titrations of [hematite + Eu(III)] 
are reproducible 
 
 
 


• Using above SCM, cumulative heat was 
fit as a function of the Eu-hematite 
surface complex (4 titrations 
simultaneously) 


• Enthalpy agrees with van’t Hoff data 
 


• ∆rH° = 122 ± 3 kJ mol-1 


15, 25, 
35, 50 °C 


2≡FeOH + Eu3+  (≡FeO)2Eu+ + H+ 
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U(VI) sorption increased with increasing temperature 
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• Literature EXAFS data suggests a 
loss of ~2 H2O molecules from the 
U primary hydration sphere 


• ∆Cp ≠ 0, ∆H was calculated with 
extended van’t Hoff plot 


• U sorption onto hematite is 
entropically driven 
 


• ∆rH° = 36 kJ mol-1 


• ∆rS° = 368 J mol-1 K-1 
 


• ITC is ongoing 
3.2x10-3 3.4x10-3


-0.4


-0.2


0.0


0.2


0.4


lo
g 


K
 - 


lo
g 


K
0


T -1 (K-1)


 







 
 
 
 
 


 
 
 
 
 


DOE NE UFD Campaign Working Group; Las Vegas, NM; June 4-6, 2014 


15, 25 °C ≡FeOH + NpO2
+  ≡FeONpO2 + H+ 


35, 50 °C ≡FeOH + NpO2
+  ≡FeOHNpO2


+ 


Np(V) and Th(IV) sorption did not significantly increase 
with temperature 
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• Loss of fewer water molecules? 
• Outer-sphere complex? 
• Carbonate surface complex? 
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U(VI) adsorption to hematite in 0.01 and 1.0 M NaCl 
solutions at pH 5, Temperature range: 25 - 80 oC 
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U(VI) adsorption to hematite in 0.01 and 1.0 M NaCl 
solutions at pH 5, Temperature range: 25 - 80 oC 
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Np(V) adsorption to hematite in 0.01 and 1.0 M NaCl 
solutions at pH 7, Temperature range: 25 - 80 oC 
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Np(V) adsorption to hematite in 0.01 and 1.0 M NaCl 
solutions at pH 7, Temperature range: 25 - 80 oC 
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X-ray Absorption Spectroscopy 
(XAS) of  Np(V)-hematite system 


• No strong 
scattering outside 
of first shell 


• No changes seen 
with ionic 
strength 


Sample Equatorial oxygen 
shell amplitude 


1 M 5.7 ± 0.4 
0.1 M 5.4 ± 0.3 
0.01 M 5.2 ± 0.3 
0.001 M 5.5 ± 0.4 
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Influence of  ionic strength and temperature on Np(V) 
sorption to montmorillonite 


• Influence of temperature increases 
with increasing ionic strength 


• Mechanism is under examination 
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X-ray Absorption Spectroscopy (XAS) of  Np(V)-
montmorillonite system 


EXAFS signal and 
Fourier-transform 


Axial and equatorial 
oxygen shells have the 
same amplitude within 
error-bars 


Ongoing fitting to 
identify 4 Å feature 


TEM studies to 
monitor for possible 
precipitates 
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X-ray Absorption Spectroscopy (XAS) of  Np(V)-
montmorillonite system 


 
• Cauchy Wavelet 


Transform 
• First oxygen shell 


at low k 
• Other scattering 


peak has high k 
contribution 
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Summary 
• Quantitative prediction of sorption using robust sorption 


models which are subject to the same scrutiny as aqueous 
complexation models 


• Characterization of sorbed speciation with a variety of 
techniques 
– X-ray absorption spectroscopy 
– High resolution transmission electron microscopy 
– FTIR-ATR spectroscopy (ongoing) 


• Overarching hypothesis appears to be correct  
– Formation and removal of the hydrating waters may be the driving 


force behind sorption/desorption reactions 


• Final deliverable will be a thermochemically based sorption 
model for actinide sorption that can account for changes in 
ionic strength and temperature 
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the DOE Office of Nuclear Energy's Nuclear Energy 
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• Project #3180: Quantification of Cation Sorption to 
Engineered Barrier Materials Under Extreme Conditions 
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   CONCRETE:  A composite construction material made of  
                         Portland cement + aggregates + water 


CEMENT:  Composed of two most important oxides:  CaO and SiO2, which react with 
                  water - a hydration reaction  


HYDRATION REACTION is abbreviated with C-S-H: C  -  S  - H 
CaO SiO2 H2O 


Concrete used for millennia.  However its properties and hydration mechanisms  studies  
emerged only in the last several decades.  


Back to the project 
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All properties of concrete depend on microstructure  


Microstructure defines the transport (moisture and heat) properties 


                                     Heat 
 Thermal cracking due to high internal 
      temperature gradient 


                          Moisture   


 Dry shrinkage cracking 
      (due to moisture gradient) 
 
  Freeze/thaw cracking of importance  
       in cold regions 


 
  Corrosion of reinforcement bars 
       (H2O, Cl-, O2, CO2: pitting, general and 
       carbonation corrosion) 


Fundamental issues 
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Reduction of pore 
solution transport 


Pore volume 
 reduction 


MOISTURE TRANSPORT REDUCTION 
by 
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Nanoscale SiO2 filler 
(nano-pozzolanic promoter in 
C-S-H gel) 


Nanoviscosity modifier 


(effect on solution conductivity: 


D/Do = ηo/η) 


THE APPROACH 


Problem solving methodology   
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*** What to study … *** 


Permeability of concrete will be the main property to study. 


Permeability to be studied as a function of: 
a) Nanoviscosity modifiers (pore solution transport reduction) 
b) Nanosilica filler (pore volume reduction) 


Concrete permeability evaluation: done mostly by electrochemical techniques, 
                                                              such  as corrosion of reinforcement steel 


In this approach, the benefits are two fold because in addition to the  
main objective (permeability) we also obtain the information on corrosion 
of the reinforcing steel.  


Remember!:  Corrosion of reinforcement steel is the main cause for  
                        collapse of concrete structures. 







*** … and how to study *** 


Rebar sample cutting 


Cylindrical rebar samples machined,  
 polished and lead wire welded 


Flat rebar samples 
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Concrete 
cylinder 


Disk electrode 


*** … and how to study *** 
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*** … and how to study *** 


Permeability testing by scanning 
Electrochemical microscopy 
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Chemical admixtures 


Source:  Wikipedia 


Propylene glycol 
(double alcohol) 


Citrate 
(carboxylate) 


Sugar alcohol 


Lazaro, A.; Quercia, G.; Brouwers, H.J.H. 
Production and application of a new type of nano-silica in concrete 


Nanosilica: Pore volume reducer 


Nanoviscosity modifiers: proposed  
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• Task C. Equivalent Circuit Models for AC Electrochemical 
Impedance Spectroscopy of Concrete (in collaboration 
with Dr. Song, ORNL) 


• Task D.  Nondestructive Polarization Testing Methods of 
Concrete (in collaboration with Dr. Pesic, UI) 







Non-destructive AC Electrochemical 
Impedance Spectroscopy Evaluation of 


Permeability of Concrete  
  


PI4: Guang-Ling Song 
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Materials Science and Technology Division,  


Oak Ridge National Lab 
 


Research Interest:  


Corrosion and Prevention of Metals in 
various environments  


(including reinforced  concrete) 







BACKGROUND 


• Permeability/transport properties critically 
determine the service life of concrete.  


• AC electrochemical impedance spectroscopy (EIS) is 
a technique that can non-destructively evaluate the 
permeability/transport performance of concrete.   


• EIS also directly measures the ion mobility in 
concrete that is responsible for the initiation of 
concrete degradation caused by the ingress of 
environmental aggressive species. 


 







EIS Model for Concrete Microstructure 
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 RCCP 


RCP 


CDP 


Cmat 


Rmat 


Schematic representation of microstructure of 
concrete  


Simplified microstructure 
of concrete  


Detailed equivalent circuit for 
microstructure of concrete  


Theoretical Nyquist EIS spectrum based on the equivalent circuit model  


Rcp=(R0+R1)R0/R1       (porosity) 


Rccp=R0+R1             (permeability) 







Simulated 
environmental 


solution or pore 
solution 


concrete 


steel 


PVC tube 


Heavy duty 
sealant/glue 


Metallic mesh 
counter electrode 


Reference 
electrode 


Potentiostat/AC EIS 
analyzer 


Concrete specimen for EIS measurement 


Experiment Set-up 







Similarity in Dry Casks and 
Containment Structures  


Concrete cylindrical structure 


Delamination cracking occurred in containment 
structures in the U.S. and in many large concrete water 
tanks in Canada.  This type of damage in concrete 
cylindrical structure has not been studied well.  


Delamination 
cracking in 
the wall 


Task B. Effect of Temperature Differential Studies 
University of Colorado at Boulder 
Prof. Yunping Xi  







Constant temp.  
≈ 100 ˚F 


The Problem 
During a severe winter, the temperature of concrete in 
the outer layer of a cylindrical wall is lower than that of 
the inner layer. Therefore, ice may form in the outer layer 
of the wall, resulting in an expansion, and ice may not 
form in the inner layer of the wall, leading to continuous 
contraction. This outer-expansion and inner-contraction 
deformation pattern in a concrete wall can result in 
tensile stress in the radial direction of the wall.  


Cold winter temp. 


Dilation of wet concrete during cooling due to ice formation in pores 


Tensile stress 
in the radial 
direction 


Outer layer 
expansion 


Inner layer 
contraction 


Delamination 
cracking in 
the wall The Solution 


Depending on the concrete mix design and the dosage of 
additives, the strain-temperature relationship could be 
significantly different. The ideal curve is that the concrete 
contracts monotonically without expansion under 
continuous cooling. In this task, 
 
- The concrete mix design and dosage of additives will be 


optimized such that the expansion (dilation) part of the 
strain-temperature curve does not appear. So, the 
damage of concrete structure in cold climate regions can 
be avoided. 


- The effect of internal moisture content has a significant 
effect on the dilation, which will be studied 
systematically. 


- The microstructure of concrete (the pore structure) and 
will be characterized so that the dilation of concrete with 
high moisture content will be understood. 


Dilation 







The Problem 
The damage mechanism of wind-
driven rain (WDR) on concrete 
structures has not been studied well. 
WDR can significantly increase the 
moisture content in concrete due to 
the high pressure of wind on the 
concrete surface. A freezing 
temperature after a WDR can turn 
the moisture into ice and thus 
damage the concrete  


Task E. NDT Methods of Permeability of Concrete  
University of Colorado at Boulder 
Prof. Yunping Xi  
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Liquid water 
penetration 


Water vapor 
diffusion 


Water pressure Vapor pressure 


Concrete Wall 


100% relative humidity 


The allowable relative humidity, 
below which there is no frost 
damage 


Lw Lv 


The interface between liquid 
pore water and water vapor 


Water pressure equivalent 
to 98.1 mph wind (Category 
2 hurricane)  


Lm = Lw + Lv  
 
Lw = The depth of water region 
Lv = The depth of high vapor region 
Lm = The depth of high moisture region 
 
The concrete in Lm region could be damaged by a 
WDR followed by a low temperature period. 







The Solution 
The resistance of concrete to WDR will be evaluated by a new 
nondestructive method that is based on the RILEM tube method, 
originally developed for masonry structures. The goal of this task is 
to integrate the RILEM tube method with nonlinear 
water/moisture transport theory and microstructure configuration 
of concrete to evaluate the moisture diffusivity of concrete. 
 
- A bent glass tube filled with water is attached to a concrete wall. 


When the water level in the tube is 12 cm, the corresponding 
wind speed is about 98.1 mph, which is a high Category 2 
hurricane. When the water penetrates into the concrete, the 
water level in the tube drops, which is an indicator of the 
resistance of concrete to WDR. 


- Moisture sensors will be installed in concrete sample at 
different depths. The measured moisture profile depends on the 
microstructural feature of concrete. 


- The moisture profile can be predicted by a nonlinear transport 
equation for the moisture penetration, in which the moisture 
diffusivity of the concrete is the control parameter   


            


The RILEM tube method 


W = water content in concrete; t = time; x = the depth into the 
concrete wall; ∂W/∂P = moisture capacity, and Kp = hydraulic 
conductivity. The moisture capacity and hydraulic conductivity 
are often combined into one parameter, moisture diffusivity  
Kw = Kp/(∂W/∂P). 
Kw will be obtained by using the equation and the measured 
moisture profiles, and correlated to the RILEM tube test data.  


Moisture and temp. sensor 


Sensors package installed at different depths 


The sensors with the RILEM tube 







Conclusions 


  Official contract between DOE and University of Idaho was signed 
       on February 13, 2014.  This was done after three contract modifications.  


  This contract has two subcontracts, one directly to ORNL and the other with 
       Colorado University. 


  The subcontract between NEUP (INL) and ORNL was also delayed and  
       finalized on March 11, 2014 


  The subcontract to Colorado University signed on May 14, 2014  


  I was scheduled to take PICS training last week, May 29, 2014, 
       which I completed. 


University of Idaho- Chemical and Materials Engineering Department (Prof. B. Pesic) 


  The annual reports are coming due (September 30th, fiscal year end). 
       My concern is that I as the PI would be viewed as not moving the project 
       fast enough? 







The University of Idaho 


Thank you! 
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Seismic Performance of Dry Casks Storage 


for Long-Term Exposure 


Freestanding dry storage casks on a 


Concrete Pad (Tripathi and Hall 2007). 







Objectives 
 


 Evaluate the long-term seismic performance of 
freestanding and anchored dry storage casks (DSCs).  


 


 Tasks 


 Numerical evaluations of cask-pad-soil system to 
assess structural instability of casks due to sliding 
and/or tip-over. 


 Effect of cask-to-cask and cask-to-concrete impacts 
including mechanical deterioration  


 Quasi-static tests of anchors 


 Experimental tests on a shaking table of free-standing 
and anchored casks 


 







Introduction 
 DSCs are a temporary storage solution (licensed for 20 


years, can be relicensed up to 60 years). DSCs are being 
reevaluated as potential mid-term solution (100-300 years). 


 


 Longer-term operating periods result in: 


 Very large horizontal accelerations 


 Destabilizing effects of vertical acceleration 


 Aging material deterioration. 


 


 Seismic events may lead to cask structural instability. Tip 
over, for instance, can damage the fuel rods and interrupt 
air circulation 







System Characteristics 
 


Most significant DSC feature is radius-to-height of center of 
gravity ratio (r/hcg). Cask simulations for r/hcg = 0.44 and 
0.57. NRC’s list ranges from 0.43-0.68 (USNRC 2013) 


 


 For a longer compliance period (300 years), the return 
period to keep the same probability of failure currently used 
for 20 years is T ≥ 29,850 years (or u ≤ 3.3 x 10-5/year) 


 


 Seismic hazard curves were obtained from NUREG 6728 
(McGuire et al. 2001) for 1,000- and 10,000-year return 
periods for Western U.S. and Central and Eastern U. S. 


 


 







Numerical Modeling (ABAQUS) 
Linear-Explicit 


Hexahedral (C3D8R)   


Linear-Explicit 


Hexahedral (SC8R)   


r = 657 mm 


h = 1921 mm 


r/hcg = 0.68 


μ = 0.7 


JMA Kobe, Hyogo-ken Nanbu 


Earthquake, 1995 


PGAs: Horizontal 0.84 g, Vertical 0.34 g 







Numerical Modeling (ABAQUS) 







Numerical Modeling (LS-DYNA) 
r = 657 mm 


h = 1921 mm 


r/hcg = 0.68 


μ = 0.7 


Solid 8-node 


Hexahedral   


Thick shell 8-node 


Hexahedral element 







Experimental Tests (Anchoring) 
 


 Anchors are being tested under shear and tension stresses 
at the U of U 


 The most slender of the two free-standing casks will be 
anchored to the foundation using a steel clamp. 


 


 


Clamp to anchor cask 


Anchored cask 







Experimental Tests (Anchoring) 
 


 Anchors are being tested 
under shear and tension 
stresses at the U of U 


 Conventional and stretch leg 
anchors will be tested. 


 


 


(a) Standard Anchor Bolt,  


(b) Anchor Bolt with Stretch Length  


Top PLateTop PLate


Ring


Vertical Plate


Bottom Plate


Headed Anchor Bolt


Bottom PLate


Ring


Headed Anchor Bolt


Vertical Plate


(a) (b)







Experimental Tests (Shake Table) 
 


 Two 1/3 scaled casks will be tested under simultaneous 
horizontal and vertical accelerations at UNR six-degree-of-
freedom shaking table 


 Free-standing and anchor casks will be tested 


Six Degree-of-Freedom Shaking Table at the University of Nevada, Reno 







Experimental Tests (Shake Table) 
 


 Scaled casks will be filled with lead and 
sand to compensate the mass to 
develop equivalent inertial forces 


Cases to be tested at UNR & Scaled Overpack 


Case Cask 


Type 


Cask 


Configuratio


n 


Concret


e Pad 


GM Components * Expected 


Behavior 


1 Cask I 


Freestanding 


Smooth 


xy and xyz / FF and 


NFGM 
Sliding 


2 Cask II 
xy and xyz / FF and 


NFGM 


3 Cask I 


Rough 


xy and xyz / FF and 


NFGM Rocking/Tip 


over 
4 Cask II 


xy and xyz / FF and 


NFGM 


5 Cask II 
Conventional 


Anchors Standar


d 


xy and xyz / FF and 


NFGM 


  


6 Cask II 
Stretch 


Anchors 


xy and xyz / FF and 


NFGM 


  


(*) “xy” represents two horizontal acceleration components. “xyz” 


represents acceleration in three orthogonal directions. 







Evaluation of Radiation Dose 
 


 The DSC is modeled in MCNPX to 
assess the radiation dose 


 Conventional and stretch leg anchors 
will be tested. 


 


 


Model of MPC-24 


canister 


Surface dose level distribution for (a) a full cask (left), 


and (b) a 1-cm punctured cask (right) 







Comments 
 


 This study evaluates the dynamic stability of DSCs 
subjected to very strong horizontal and vertical seismic 
accelerations under long-term compliance periods 


 The cask lifts and separates from the pad (maximum 
separation in current models is 4-5 in. for input PGAs > 1g) 


 FE models in ABAQUS and LS-DYNA can reproduce the 
cask-slab interaction and predict global instability 


 The results of the simulation will be compared with 
experimental tests on a shake table with six-degrees-of-
freedom, at UNR. 







Risk Assessment of Structural Integrity of 


Transportation Casks after Extended Storage 


 


- Aging Effect on the Cask Components 


Mechanical Performance- 


Transportation Casks (NRC 2003) 







Objectives 
 


 Demonstrate fuel rod and canister integrity with an 
acceptably low risk of failure during cask transportation 
after extended storage. 


 


 Numerical simulation of fuel rods, fuel assemblies, and 
casks during transportation after long term storage 


 Experimental structural evaluation of degraded fuel 
rods. 


 Validate numerical analysis using experimental tests 


 Determine the effect of degradation of cladding and 
canister components on structural dynamic 
performance during transportation  


 A risk assessment methodology of the structural 
integrity of transportation of casks.  


 


 







Project Flow Chart 


GOAL:  Demonstrate fuel rod and 


canister integrity with an acceptably 


low risk of failure during transportation 


after extended storage 


Numerical 


Modeling 


Experimental Testing Input 


Parameters 


Scale 


Demonstration 


Modeling 


thermomechanical 


fuel behavior 


(MOOSE/Bison) 


Uncertainty 


Quantification of 


Input Parameters 


Structural Dynamics 


(PPC, fuel pellet 


constitutive model; 


and canister) 


(ABAQUS) 


Existing 


Capability 


Outside 


Scope of 


NEUP 


Scope of 


NEUP 


Validation 


Probabilistic 


Risk 


Assessment 


(Future BISON) 







          Fuel Performance Code 
 


 BISON predicts the thermomechanical performance of 
various fuel types for steady and transient conditions 


 







Fuel rod testing  


 Evaluate the mechanical properties of a fuel rod, including 
expected mechanical degradation, using quasi-static and 
vibration tests. 


~2” ~2” 21” 21” 21” 


1. DNBN (Degradation-No; Bonding-No) 


2. DNBY (Degradation-No; Bonding-Yes) 


3. DYBY  (Degradation-Yes; Bonding-Yes) 


4. DNBN (Degradation-No; Bonding-No)  


5. DYBY (Degradation-Yes; Bonding-Yes)  


Fuel Cladding (Zircaloy-4) + Steel Pellets 







Fuel rod analysis  


 Calibration/validation of numerical models. 


 


 21-inch long samples used to quantify 
moment-curvature, stress-strain, load-
deflection, number of cycles until failure, 
and ultimately flexural stiffness. 


 


 2-inch long samples used to quantify, 
stress-strain, load-deflection, and 
ultimately axial strength and stiffness.. 


 


 


14 mm 


0.6 mm 


4.67 mm 


Zr-4 clad 


UO2 Pellet 


80 µm gap 







Next Tasks 
 


 Accelerated deterioration of fuel rods (e.g., hydride 
embrittlement).  


 


 Fuel assembly testing under vibration loads 


 


 Numerical models will be developed in ABAQUS and 
BISON. 


 


 PRA of transportation casks after long-term storage 
conditions 


 







Challenges identified 
 


 Only one fuel rod is currently available for testing.  


 Fuel rods boundary conditions representation 


 Ability to induce hydride embrittlement for high burnup and 
low burnup conditions 


 Appropriate modeling of pellet-cladding interaction.  


 


 


 


 


 


 Availability of transportation PRAs considering a 20-year of 
storage period. 


 


Sanders et. al  (1992) 
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BACK UP SLIDES 







Previous Studies 
 


 Luk et. al. (2005) assessed the performance of casks 
considering the cask-pad-soil system and found that tip 
over is influenced by the frequency content of the record, 
cask geometry and friction between steel and concrete 


 They recorded tip over cases for horizontal peak ground 
accelerations (PGAs) as low as 0.6 g. 


 Ko et. al. performed a more limited study of Taiwanese 
storage casks including SSI effects. No tip over reported 
even for horizontal PGA of about 1.3 g. 


 This shows that dynamic response of the cask-pad system 
is highly nonlinear. 


 







Proof-of-concept shake table 


tests  


 


 


 


 


 


 


 


 


 


 
Proof-of-concept casks on grout pad (a) Reference 


small cask (left), (b) Half-scale cask (right) 







MPC Construction Drawings 







Overpack Construction Drawings 
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Used Nuclear Fuel Assemblies 


• Consist primarily of square arrays of zircaloy cladding 
tubes containing highly-radioactive, heat-generating 
UO2 pellets and fission-product gases  


• The cladding is the primary confinement component 
– Its ductility must be preserved so the assembly can be safely 


transported and processed, even after long-term storage.   
– If its post-reactor temperature exceeds ~400°C, then Radial 


Hydrides may develop, which radically reduce its ductility  


Cladding 


Fuel Rod 


PWR 







Used Fuel Transfer/Drying Operations 


• After removal from a reactor, used fuel is stored underwater 
while it radioactivity and heat generation rates decrease 


• After sufficient time, a canister, containing a support basket, is 
placed in a transfer-cask, lowered into the pool, loaded with 
fuel, covered, lifted out, and drained while helium (He) gas is 
pumped in. 


• Before the canister is sealed, the remaining moisture must be 
removed to reduced the risk of corrosion or formation of 
combustible hydrogen/oxygen mixtures. 







Vacuum Drying 
• During the drying operation, water is 


circulated within a gap between the 
canister and cask to cool the canister 


• He gas is evacuated from the canister 
(using the shown pumps) in stages, to 
pressures as low as 0.7 Torr (100 Pa) to 
vaporize and remove remaining water.  


• The process continues until the canister 
can meet the technical specification 
– Hold a 5-torr vacuum for 30 minutes  
– Indicates very little water is vaporizing 


• Vacuum drying “usually” takes 
– 12 to 24 hours for metal matrix baskets 
– 80 to 100 hours if Boral is used 


• This process is simple, but removing 
high-conductivity helium may raise 
cladding temperatures 







Cladding Temperature During Drying 
• The cladding may experience its highest 


temperature during the drying process 
– This is the first operation when the fuel is removed from 


a water-cooled environment, and its heat generation 
rate is still relatively high 


– Increasing the time the fuel spends underwater 
decreases the heat generation rate and cladding 
temperature during the drying process 


• We wish to determine how long the fuel must 
spend in the pool so that the cladding will not 
exceed it temperature limit during drying 
– Accurate methods must be developed for predicting 


cladding temperature during low-pressure drying 
operations for a range of fuel heat generation rates.   







Predicting Clad Temp. During Drying 


• 24-PWR Transfer Cask thermal model (ANSYS/Fluent) 
– Two-dimensional, 1/8th cross section with symmetry boundary conditions 
– Outer surface at 101.7°C (conservatively simulates boiling water gap) 


• Geometrically-accurate fuel regions and gap between basket 
and shell  


• Heat Generation within the UO2  
• Conduction within all solid and He-filled regions 
• Surface-to-surface radiation across He-filled regions 


Helium 


Geometrically-Accurate 
UO2, Zircaloy, He 


Aluminum 
He 


Gaps 


Stainless 
Steel 







Atmospheric-Pressure Results 


• Peak clad temperature TPC   
– Located near the center of the innermost 


assemblies 
– Increases with fuel heat generation rate, Q 
– Reaches TRH = 400°C at QL ~ 2800 W/assembly 


• This analysis is similar to that performed for 
pressurized storage and transport systems 
but neglects natural convection 
 


r 


2600 W/assembly 
TPC = 350°C 







Low Pressure Effects 
• Natural Convection 


– Gas motion is driven by the ratio of buoyancy to viscous 
forces, which is characterized by the Grashof number  


• Gr = g∆TL3ρ2/µ2TMean 
– Decreases significantly as ρ decreases 
– Neglecting natural convection is justified 


• Gas Conduction 
– Reducing gas pressure from 1 ATM (105 Pa) to 100 Pa 


reduces thermal conductivity by no more that 1%  
– Neglecting conductivity change is justified 


• Possible Gas Rarefication (non-continuum) 
– Package vendors currently do not include this 







Gas Rarefication  
• In a low pressure and density gas, individual 


molecules travel “considerable” distances 
before encountering other molecules  
– A molecule’s speed may therefore be 


significantly different from those surrounding it 
– The gas may not act as a continuum 


• The validity of the Navier-Stokes equations used in 
CFD calculations is challenged at low pressures 
because they assume the fluid acts as a 
continuum.  That is, the fluid speed and 
temperature must 
– Vary continuously within the fluid volume  


• no abrupt changes 
– Be the same as solid surfaces they encounter 
 


 







Surface Thermal Accommodation 


• As the pressure decreases molecular collisions with the 
wall become relatively more important compared with 
those with each other 


• The Thermal Accommodation Coefficient α 
characterizes how much a molecule’s energy is affected 
by interacting with a wall 
– Not important when the gas acts as a continuum 


• Usually found from measurements 
– For “engineering” surfaces α primarily depends on gas 


composition and temperature  
• not wall composition or surface finish 


– For dry helium with TWALL = 25 to 400°C 
•  α ~ 0.4 to 0.25 


 
 


EIn 


EWall 


EReflect 
𝛼 =


𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐸𝐼𝐼
𝐸𝑊𝑊𝑊𝑊 − 𝐸𝐼𝐼


 







Non-Continuum Behaviors 
• As the pressure decreases, the continuum 


approximation breaks down 
– At moderately low pressures, it breaks down 


near interfaces with walls  
• The gas temperature and velocity are not the same as the 


surface’s (velocity slip, temperature jump) 
• May be modeled using Navier-Stokes questions with 


special temperature and velocity boundary conditions at 
the walls 


– At much lower pressures, it breaks down 
within the gas volume 


• Must be modeled using the Boltzmann Equation  
– Use the Discrete Velocity (DE) method in simple geometries or 


Direct Simulation Monte Carlo methods (DSMC) in complex ones 
• Computationally intensive 







Moderately-Rarified-Gas Temperature-Jump 


• The temperature-jump (TJ) at the interface 
between the solid and gas increases with heat 
transfer rate Q 


• Acts like a thermal resistance 
 
 TJGASWALL QRTT =−


Heat  
Transfer, Q 


Solid Gas 


TWALL 


TGAS 


Not 
Rarified 


Rarified 


T 


x 







Temp Jump Thermal Resistance 


• Increases as gas pressure P decrease and wall 
temperature, TWALL increases 


• kB  = Boltzmann Constant 
• Gas properties  


–  κ   = conductivity  
–  d   =  effective molecular diameter 


•  d = 2.33 or 2.175 Å for He from different models 
•  ζT  = Temperature Jump Coefficient 


– Fluent has a built in utility that uses 𝜁𝑇 = 2 2−𝛼
𝛼


 
• Increases as α decreases (less thermal accommodation) 


– This dependence is the topic of ongoing research 
• There are more reliable ones in the literature 


• Use Fluent’s rarefied gas model to predict clad 
temperatures 


𝑅𝑇𝑇 = 𝜁𝑇
𝑘𝐵𝑇𝑊𝑊𝑊𝑊


2𝜋𝜋𝑑2
1


𝜅𝐴𝑊𝑊𝑊𝑊
 







Fluent Rarefied-Gas Simulation 


• For Fluent’s model with α = 0.4 and d = 1.90 Å 
– The rarefied gas cladding temperatures are 20°C hotter than 


the continuum-model values 
• This difference depends on α, d and temperature jump model 


– The heat generation rate that brings the cladding to 400°C is 
~10% lower than that from the continuum model 


• Are these results accurate?  
– Compare to Boltzmann simulations and experiments 


2600 W/assembly 







Simple Model Problem Comparison 


• Concentric Cylinders : RI = 0.5 cm, TI = 330K, RO = 1.0 cm, T0 = 300K, α = 1 
• Solve the Boltzmann Equation using the Discrete Velocity Method  


• Red dots (Professors Pantazis, Valougeorgis, Graur) 
• Fluent Simulations with the Willis Temperature Jump-Coefficient  


– 𝜁𝑇= 𝜋𝛾
𝛾+1 𝑃𝑃


2−𝛼
𝛼


+ 0.17  
• Gas Prandtl Number: 𝑃𝑃 = 𝜇𝑐𝑝 𝑘⁄  
• Gas ratio of specific heats 𝛾 = 𝑐𝑝 𝑐𝑣⁄  
• Green line 


• Willis model fits the Boltzmann equation solution to surprisingly low 
pressures 
– more accurately than the Fluent Model (not shown) 


RO, TO  


RI, TI  


Q 


P 







Concentric Cylinder Experiment 


• Perform experiments with constant outer surface 
temperature, TO and rod heat generation rate Q 


• Measure increase of inner cylinder temperature TI as 
the helium gas pressure P decreases. 
– And temperature jump thermal resistance increases   


Aluminum 


Heater Rod 
Including Element 


and TCs 


Stainless Steel Surfaces 
Helium Gap 


Insulation 
Water Jacket 


Thermocouple (TC) Locations 







Expected Results 


• The temperature difference between the inner and outer walls 
were calculated using the Willis temperature jump model, with 
the outer wall at 300°C, Q = 50 W, and α = 0.4 and 1 
– These differences are “measurable”  


• Measurements under the same (and other) conditions will be 
acquire during the next several months. 


• Comparison of measured temperature differences with these 
simulations will determine an appropriate thermal 
accommodation coefficient α. 







Experiment Construction 


• The containment vessel, including seals and 
feedthroughs for heater power and 
thermocouples, has been constructed 


• A double helix coolant jacket will be added 
• The inner heated aluminum cylinder is being 


constructed 







Heated Rod Array Experiment 


• Similar to one that was constructed for earlier DOE-funded 
research (shown) 
– Enclosed in a temperature-controlled stainless steel pressure 


vessel 
– Similar to a BWR fuel assembly  


• Boltzmann Equations simulations of this complex-
geometry will employ  
– The Direct Simulation Monte Carlo (DSMC) method (Professor 


Stefanov) 
– The thermal accommodation coefficient measured in the 


concentric cylinder experiment 







Summary 
• Computational methods to predict used fuel 


cladding temperatures under vacuum drying 
conditions are being developed and 
experimentally verified in simple and complex 
geometries. 


• The simulation methods include: 
– CFD simulations with special boundary conditions 
– Boltzmann Equation solutions using the Discrete 


Velocity and the Direct Simulation Monte Carlo 
Methods 


• The benchmark geometries include: 
– Gap between concentric cylinders 
– Array of heated rods within a square enclosure 







Questions 


• Miles Greiner 
– greiner@unr.edu 
– (775) 784-4873 



mailto:greiner@unr.edu
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Concrete in SNF Storage Systems 


q  Concrete provides radiation shielding in SNF storage systems 
q  Extended storage of SNF is limited by: 


v  Concrete material durability and safety issues 
v  Current structural health monitoring methods 


 


Steel-Lined Concrete SNF Pools Concrete Dry Storage Casks  
& Foundation Pads 
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SNF Concrete Durability Concerns 
q  SNF concrete is constantly subjected to aging and deterioration 


v  Combined thermo-chemo-hygro-mechanical effects  
v  Brittle nature of concrete materials 


 


Concrete Cracking Outside 
Containment Wall 


Corrosion of 
Grease Cap 


Cracking due to Alkali Silica 
Reaction 


Spent Fuel Pool Leakage Concrete Wall Water Infiltration  


Chloride Ingress 


Figures courtesy of Dr. Dan Naus, ORNL 
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SNF Concrete Safety Concerns 
q  SNF concrete is susceptible to catastrophic fracture failure: 


v  Impact, earthquake, tsunami, elevated temperature, fire 
v  Brittle nature of concrete materials 


 


Concrete Fragmentation under 
Impact Load 


Concrete Spalling under Elevated 
Temperature [Arioz 2007] 


Earthquake caused Tsunami (14 m) 
disabled  emergency generators, 


causing fire and explosion 







q  Ultra-high damage tolerance: 
v  Eliminate concrete “brittleness” to achieve high fracture energy 
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Quasi-Brittleness of Concrete Materials Fracture!Toughness!of!
Engineering!Materials!


Concrete 


  Fiber 
reinforced 
concrete 


Goal: Ductile 
Strain-Hardening 
concrete 







Current SHM Approach 


q  The current sensor paradigm is based on point sensors: 
v  Requires dependence on physics-based models to infer damage 


q  SHM field began moving 5 years ago to distributed sensors: 
v  Active guided wave sensing most popular and closest to deployment 


q  Self-sensing multifunctional materials for direct distributed sensing 


Point-based sensors 
(e.g. strain gages) not 


collocated with damage


Strain 
Gages


Current Approach
•  Indirect point sensing 
•  Insensitivity away from 


damage 
•  Density can be expensive 


Passive acoustic 
sensing of cracking 


damage


PZT 
Patch


Active acoustic 
pulsing to detect 


damage


Pulse


Passive and Active SHM Strategy


PZT 
Patch


•  Passive AE requires interpretation 
•  Active sensing requires multiple high 


power transducers for spatial mapping 


Multi-functional material 
approach with 


distributed sensing


Proposed Approach


•  True distributed 
mapping 


5 







q  Serve as a major material component for SNF storage systems: 
v  Greatly improved resistance to cracking, reinforcement corrosion, leakage, 


spalling under service conditions 
v  Prevents fracture failure under extreme events  
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Self-Sensing MSC 
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MSC microcracking 
damage pattern 


More than 33,000 Fiber/matrix 
interfaces are dissipating energy 


Establish the changes in electrical 
properties due to mechanical and 


electrochemical stimuli 


q  Offer the capability of direct distributed sensing of strain and damage 
wherever the material is located. 







Characterization 


Development 


Modeling & 
Assessment 


Life-Cycle Environmental 
Assessment & Cost Analysis            


Task 6 


Structural Component 
Testing  


Task 5 


Mathematical Modeling & 
Computational Modeling 


Task 4 


Material Characterization (Mech., 
Elec., Transport, Durability) 


Task 3 


Piezoresistivity Tailoring & 
Elec. Impedance Tomography 


Task 2 


Development of Robust 
SHC Materials 


Task 1 


	
  	
   Normal Workflow                    Optimization & Validation 


Project Outline 
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Ductile Strain Hardening Behavior like Metal 
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20
 m


m
!


Real Crack 20
 m


m
!


Damage 


Localized Fracture vs. Distributed Damage 


FRC! SHC!


SHC self-controlled crack width is smaller than 30 micron, and is 
independent of loading, structural size and geometry, and reinforcement 
type and amount.  







Fast play 50X 


SHC Ductile Behavior under Bending 


 2 


 16 
                     (a) Four-point bending test and specimen geometry 17 


 18 
(b) Load-diplacement relation (Displacement was measured as the movement of the top roller) 19 


Fig. 2. Four-point bending test setup and result 20 
 21 
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R/SHC after 10th blow 
 


No fragmentation or bond splitting, 
Only microcracking on the tensile side 


R/C after 3rd blow 
 


Severe fragmentation and bond 
splitting on the tensile side 


SHC Impact Resistance 







Piezoresistivity Investigation of MSC 
q  Employ 4-point probe technique using AC current to yield accurate 


measurement of MSC resistivity: 
v  Correlate changes in resistivity to strain and cracking 
v  Monotonic and cyclic tension loaded plate specimens 
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Piezoresistive effect describes change in the electrical resistivity of a 
semiconductor when mechanical stress is applied.  
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Age
 28 days MSC 1 year MSC 
Commercial 
Strain Gages 


Elastic Gage FactorE 44.4 134.6 2 


Inelastic (Strain 
Hardening) Gage Factor P 


376.5 672.6 - 


Age: 28 days 


Piezoresistivity for Strain Sensing 


Age: 1 year 
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Gage Factor: relative change in electrical resistance to the mechanical strain ε 







Electrical Impedance Tomography 


q  Characterization of conductivity over spatial areas: 
v  Boundary measurements of electric potential to injected currents 
v  2-D Laplace equation solves forward problem assuming conductivity: 


v  FEM formulation of the forward problem: 
v  Estimate voltage using known conductivity 


v  Inverse problem finds conductivity that best fits experimental data: 


( ) 0=φ∇σ⋅∇


EIT measurement approach 


Initial Conductivity 
Distribution


Solve for Boundary 
Potential Values 


Compare with 
Measured Values


Update 
Conductivity 
Distribution


Image 
Reconstruction


Converge?


YES


NO


Inverse solution to EIT problem Finite element formulation 


( ) ( ) h
2
1


meaexp
T


meaexp <φ−φ⋅φ−φ


I


V4 V3


V2


V1
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Summary 


q  Novel multifunctional strain-hardening cementitious materials are 
being developed at UH for very long-term SNF storage. 


q  Modeling efforts focus on the development of a comprehensive 
mathematical model and stable/accurate computational framework, 
which uniquely capture fully coupled deterioration processes. 
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Concrete in SNF Storage Systems 


q  Concrete provides radiation shielding in SNF storage systems 
q  Extended storage of SNF is limited by: 


v  Concrete material durability and safety issues 
v  Current structural health monitoring methods 


 


Steel-Lined Concrete SNF Pools Concrete Dry Storage Casks  
& Foundation Pads 
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SNF Concrete Durability Concerns 
q  SNF concrete is constantly subjected to aging and deterioration 


v  Combined thermo-chemo-hygro-mechanical effects  
v  Brittle nature of concrete materials 


 


Concrete Cracking Outside 
Containment Wall 


Corrosion of 
Grease Cap 


Cracking due to Alkali Silica 
Reaction 


Spent Fuel Pool Leakage Concrete Wall Water Infiltration  


Chloride Ingress 


Figures courtesy of Dr. Dan Naus, ORNL 
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SNF Concrete Safety Concerns 
q  SNF concrete is susceptible to catastrophic fracture failure: 


v  Impact, earthquake, tsunami, elevated temperature, fire 
v  Brittle nature of concrete materials 


 


Concrete Fragmentation under 
Impact Load 


Concrete Spalling under Elevated 
Temperature [Arioz 2007] 


Earthquake caused Tsunami (14 m) 
disabled  emergency generators, 


causing fire and explosion 







q  Ultra-high damage tolerance: 
v  Eliminate concrete “brittleness” to achieve high fracture energy 
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Quasi-Brittleness of Concrete Materials Fracture!Toughness!of!
Engineering!Materials!


Concrete 


  Fiber 
reinforced 
concrete 


Goal: Ductile 
Strain-Hardening 
concrete 







Current SHM Approach 


q  The current sensor paradigm is based on point sensors: 
v  Requires dependence on physics-based models to infer damage 


q  SHM field began moving 5 years ago to distributed sensors: 
v  Active guided wave sensing most popular and closest to deployment 


q  Self-sensing multifunctional materials for direct distributed sensing 


Point-based sensors 
(e.g. strain gages) not 


collocated with damage


Strain 
Gages


Current Approach
•  Indirect point sensing 
•  Insensitivity away from 


damage 
•  Density can be expensive 


Passive acoustic 
sensing of cracking 


damage


PZT 
Patch


Active acoustic 
pulsing to detect 


damage


Pulse


Passive and Active SHM Strategy


PZT 
Patch


•  Passive AE requires interpretation 
•  Active sensing requires multiple high 


power transducers for spatial mapping 


Multi-functional material 
approach with 


distributed sensing


Proposed Approach


•  True distributed 
mapping 


5 







q  Serve as a major material component for SNF storage systems: 
v  Greatly improved resistance to cracking, reinforcement corrosion, leakage, 


spalling under service conditions 
v  Prevents fracture failure under extreme events  
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Self-Sensing MSC 


!


!"#$#%&'()*$+,%%,*-.($
!


! ! !!!!!


! "#$%!&!


'"#(! )*+,! -./01%22*3%! 2+1%4$+,2! .4!
+,%! 2#/%! .15%1! #2! ,*$,! 2+1%4$+,!
-.4-1%+%6!!789:!/#+%1*#9!01.0%1+*%2!-#4!
;%! +#*9.1%5! +,1.8$,! <85*-*.82! 2%9%-+*.4!
.=! +,%! =*;%1>2! 5*/%42*.42(! /#+%1*#9?
+@0%(! #45! *4+%1=#-%! #45! /#+1*A!
01.0%1+*%26! ! B.1! %A#/09%(! +,%! =*;%1?
/#+1*A!*4+%1=#-%!*2!%4$*4%%1%5!+.!#99.)!
CDD! +.! 5*22*0#+%! %4%1$@! 3*#!
/*-1.-1#-:*4$! )*+,! -1#-:! )*5+,2! 9%22!
+,#4! EFF! !/! GB*$6! H;I! 9%#5*4$! +.!
5%9#@%5! =1#-+81%! 9.-#9*J#+*.46! ! K4! +,*2!
%==.1+(! *+! *2! +,%! %9%-+1./%-,#4*-#9!
01.0%1+*%2!.=!CDD!+,#+!#1%!.=!*4+%1%2+6!!!
L,%! %9%-+1*-#9! 01.0%1+*%2! .=! -%/%4+?;#2%5! /#+%1*#92! -#4! ;%! #--81#+%9@! -.11%9#+%5! +.! +,%*1!


/%-,#4*-#9!;%,#3*.16!!K4!+,*2!01.<%-+(!+,%!%9%-+1*-#9!-.458-+*3*+@!01.0%1+*%2!.=!CDD!#1%!01.0.2%5!
#2!4%)!/%#281%2! =1./!),*-,!2+18-+81#9!0%1=.1/#4-%!G2+1#*4I!#45!,%#9+,! G=1#-+81%!-1#-:*4$I!-#4!
;%! #--81#+%9@! #45! -.2+?%==%-+*3%9@! #22%22%56! ! ! B.1! %A#/09%(! 01*.1! +.! -1#-:*4$(! -,#4$%! *4! CDD!
-.458-+*3*+@!.--812! 9*4%#19@!)*+,!2+1#*4! *4!;.+,! +%42*.4!#45!-./01%22*.46!M2!2,.)4!*4!B*$6!N#(!
+,%! 1%2*2+*3*+@! G*43%12%! .=! -.458-+*3*+@I! .=! #4! CDD! 09#+%! )*+,! 0.9@/%1*-! #45! 2+%%9! =*;%12! *2!
/%#281%5!82*4$!#!5*$*+#9!/89+*/%+%1!#2! +%42*9%! 9.#5!*2!#009*%56! !O+1%22?2+1#*4!-813%2!=.1! +,%! +).!
CDD! 09#+%2! 1%3%#9! 58-+*9%! 2+1#*4?,#15%4*4$! ),*9%! +,%! 1%2*2+*3*+@! -813%2! GB*$6! N;I! 1%3%#9! 9*4%#1!
+1%452! 3%1282! 2+1#*46! ! L,%! 2+1#*4?,#15%4*4$! 1%20.42%! .=! CDD! #99.)2! 5%+%-+*.4! .=! /*-1.-1#-:!
5#/#$%!9.4$!;%=.1%!842+#;9%!9.-#9*J%5!=1#-+81%!.--812(!2.!+,#+!%#19@!)#14*4$!*2!0.22*;9%6!
P*+,!+,%!0*%J.1%2*2+*3%!;%,#3*.1!.=!CDD!%2+#;9*2,%5(!+,%!.;<%-+*3%!.=!+,*2!1%2%#1-,!+#2:!*2!+.!


1%9*#;9@! -.11%9#+%! +,%! -.458-+*3*+@! 01.0%1+*%2! .=! CDD! /#+%1*#92! +.! +,%*1! /%-,#4*-#9! ;%,#3*.1(!
20%-*=*-#99@!+,%!=.1/#+*.4!.=!-1#-:!5#/#$%6!!B*12+(!#!2%1*%2!.=!9#;.1#+.1@!+%2+2!)*99!;%!-.458-+%5!
.4! -%/%4+*+*.82! 20%-*/%42! +.! -.99%-+! 28==*-*%4+! %/0*1*-#9! %3*5%4-%! =.1! -,#1#-+%1*J#+*.4! .=!
%9%-+1./%-,#4*-#9! 01.0%1+*%2! G!"#"$! $#$%! =#-+.1I6! ! L.! 845%12+#45! -#82%?#45?%==%-+! 1%9#+*.42,*02!
;%+)%%4! /%-,#4*-#9! ;%,#3*.1! #45! -.458-+*3*+@! 01.0%1+*%2(! +,%! 1%2%#1-,! )*99! 2%%:! +.! %2+#;9*2,!
-811%4+!=9.)!/#02!)*+,*4!-%/%4+*+*.82!%9%/%4+2Q!28-,!/#02!)*99!01.3*5%!5*1%-+! *42*$,+!.4!,.)!
%9%-+1*-*+@!+1#3%92!*4!-%/%4+*+*.82!/#+%1*#926!!B81+,%1/.1%(!-,#4$%2!*4!=9.)!/#02!1%289+*4$!=1./!
-1#-:*4$! *4! +,%! %9%/%4+!)*99! ;%! 2+85*%5! *4! 5%+#*96! ! B.1! %A#/09%(! B*$6! R! 2,.)2! #! -,#4$%! *4! +,%!
-811%4+!=9.)!/#0!*4!+,%!2+18-+81#9!%9%/%4+!#2!#!1%289+!.=!-1#-:*4$6!!L,%!1%2%#1-,!+#2:!)*99!-.458-+!
5%+#*9%5!0#1#/%+1*-!2+85@!+.!845%12+#45!,.)!0#1#/%+%12!28-,!#2!+,%!-%/%4+!/#+1*A!-./0.2*+*.4(!


=*;%1! +@0%(! 20%-*/%4! $%./%+1@(! #45! #/;*%4+! %43*1.4/%4+#9! -.45*+*.42!
*/0#-+! +,%! 2%9=?2%42*4$! 01.0%1+*%2! .=! CDD! 20%-*/%426! ! C#-,! 0,#2%! #45!
*4+%1=#-%! )*+,*4! #! ,%+%1.$%4%.82! -%/%4+*+*.82! /#+%1*#9! %A,*;*+2! 84*S8%!
%9%-+1*-#9! 1%20.42%! =%#+81%2! +,#+! #1%!5%0%45%4+!.4! +,%!01.;%T2! =1%S8%4-@6!!
L,%1%=.1%(! +,%! 01.;*4$! 2*$4#9! *2! .=! 0#1+*-89#1! *4+%1%2+! #45! )*99! ;%!
+,.1.8$,9@!2+85*%5!*4!+,*2!1%2%#1-,!09#46!!!
! L.! 1%45%1! +,%! %9%-+1./%-,#4*-#9! 2%42*4$! /%+,.5! 01.0.2%5! ,%1%*4!
#++1#-+*3%!=.1!*4582+1*#9!#5.0+*.4(!#9$.1*+,/2!#1%!4%%5%5!+.!#8+.4./.829@!
/%#281%! 2+1#*4! #45! *5%4+*=@! 5#/#$%! ;#2%5! .4! #4! #4#9@2*2! .=! +,%! *408+?
.8+08+! 3.9+#$%2! +#:%4! =1./! CDD! %9%/%4+2! 2+*/89#+%5! %9%-+1*-#99@6!!
K/#$*4$!+%-,4*S8%2!-.//.409#-%!*4!+,%!;*./%5*-#9!#45!$%.0,@2*-2!=*%952!
URFV! )*99! ;%! #5.0+%5! +.! #22*2+! *4! 0%1=.1/*4$! %9%-+1*-#9! */0%5#4-%!
+./.$1#0,@! GCKLI! .4! CDD! 20%-*/%42! /.4*+.1%56! ! L,%! $.#9! *2! +,%!


!!!!
03 0 0.01 0.02 0.03


1.5


2


2.5


3


3.5


4


4.5


5
x 10


6


R
e


s
is


ti
v
it
y
 (


O
h


m
!


c
m


)


Strain


Polymer


Steel


!
!


!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$! ! !!!!!!!!!!!!!!!!!!!!!!!"%$! !!!
!


/-01%($23$!"#$!&''!()#*+!+)+,+-*!).#/+/!0-!,.-.*.-01!#20#)!*+-30.-!
#3!4+303*050*6!03!,+#374+/!%6!*8.9(.0-*!(4.%0-:!!#-/!"%$!4+303*050*6!


5+4373!3*4#0-!().*3;


<-(7*


=0:-#)


>-/#,#:+/ '4#1?+/


&@70(.*+-*0#)


374A#1+


$
/-01%($43!!'B#-:+!0-!
1744+-*!A).8!,#(!#3!#!
4+37)*!.A!14#1?!/#,#:+;!


MSC microcracking 
damage pattern 


More than 33,000 Fiber/matrix 
interfaces are dissipating energy 


Establish the changes in electrical 
properties due to mechanical and 


electrochemical stimuli 


q  Offer the capability of direct distributed sensing of strain and damage 
wherever the material is located. 







Characterization 


Development 


Modeling & 
Assessment 


Life-Cycle Environmental 
Assessment & Cost Analysis            


Task 6 


Structural Component 
Testing  


Task 5 


Mathematical Modeling & 
Computational Modeling 


Task 4 


Material Characterization (Mech., 
Elec., Transport, Durability) 


Task 3 


Piezoresistivity Tailoring & 
Elec. Impedance Tomography 


Task 2 


Development of Robust 
SHC Materials 


Task 1 


	
  	
   Normal Workflow                    Optimization & Validation 


Project Outline 
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Ductile Strain Hardening Behavior like Metal 
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20
 m


m
!


Real Crack 20
 m


m
!


Damage 


Localized Fracture vs. Distributed Damage 


FRC! SHC!


SHC self-controlled crack width is smaller than 30 micron, and is 
independent of loading, structural size and geometry, and reinforcement 
type and amount.  







Fast play 50X 


SHC Ductile Behavior under Bending 


 2 


 16 
                     (a) Four-point bending test and specimen geometry 17 


 18 
(b) Load-diplacement relation (Displacement was measured as the movement of the top roller) 19 


Fig. 2. Four-point bending test setup and result 20 
 21 
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R/SHC after 10th blow 
 


No fragmentation or bond splitting, 
Only microcracking on the tensile side 


R/C after 3rd blow 
 


Severe fragmentation and bond 
splitting on the tensile side 


SHC Impact Resistance 







Piezoresistivity Investigation of MSC 
q  Employ 4-point probe technique using AC current to yield accurate 


measurement of MSC resistivity: 
v  Correlate changes in resistivity to strain and cracking 
v  Monotonic and cyclic tension loaded plate specimens 
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Piezoresistive effect describes change in the electrical resistivity of a 
semiconductor when mechanical stress is applied.  
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Age
 28 days MSC 1 year MSC 
Commercial 
Strain Gages 


Elastic Gage FactorE 44.4 134.6 2 


Inelastic (Strain 
Hardening) Gage Factor P 


376.5 672.6 - 


Age: 28 days 


Piezoresistivity for Strain Sensing 


Age: 1 year 
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Gage Factor: relative change in electrical resistance to the mechanical strain ε 







Electrical Impedance Tomography 


q  Characterization of conductivity over spatial areas: 
v  Boundary measurements of electric potential to injected currents 
v  2-D Laplace equation solves forward problem assuming conductivity: 


v  FEM formulation of the forward problem: 
v  Estimate voltage using known conductivity 


v  Inverse problem finds conductivity that best fits experimental data: 


( ) 0=φ∇σ⋅∇


EIT measurement approach 


Initial Conductivity 
Distribution


Solve for Boundary 
Potential Values 


Compare with 
Measured Values


Update 
Conductivity 
Distribution


Image 
Reconstruction


Converge?


YES


NO


Inverse solution to EIT problem Finite element formulation 


( ) ( ) h
2
1


meaexp
T


meaexp <φ−φ⋅φ−φ


I


V4 V3


V2


V1
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Summary 


q  Novel multifunctional strain-hardening cementitious materials are 
being developed at UH for very long-term SNF storage. 


q  Modeling efforts focus on the development of a comprehensive 
mathematical model and stable/accurate computational framework, 
which uniquely capture fully coupled deterioration processes. 
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Salt consolidation is key element in long-term 
isolation strategy  


 


2 
Source: Klein (left) and Hansen (right) in Proceedings of 3rd US/German Workshop on 
Salt Repository Research, Design and Operation,  Feb. 14, 2013.  


Drift seals 


Shaft seals 







Coupled nature of consolidation  
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Mechanical  


Thermal Hydrologic 







State of predictive ability   
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Source: Hansen et al., 2012, Coupled Thermal-Hydrological-Mechanical Processes in Salt 
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1. Measure consolidation and corresponding changes in 
hydrologic and thermal properties at high fractional 
densities. 


2. Interpret deformation mechanisms as a function of 
moisture, temperature and stress conditions from 
microstructural observations on consolidated samples.   


3. Extend an existing constitutive model to include 
coupled thermal-mechanical-hydrologic behavior so that it 
can be incorporated into numerical models for predicting 
repository performance.  


 


 


Objectives 







Constitutive modeling 


Mechanisms of consolidation in existing constitutive model 
 


• Pressure solution  
• moisture and temperature dependent 


• Dislocation creep 
• 3 distinct mechanisms each with their own 


temperature dependence 
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The importance of moisture 


7 
Source: Callahan in Proceedings of 3rd US/German Workshop on 
Salt Repository Research, Design and Operation,  Feb. 14, 2013.  
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Consolidation measurements 


Extend test methods 
developed by Sandia 
National Laboratories to 
include additional  
stress states and 
coincident permeability 
measurements. 
 


Source: Broome et al., 2014,  Reconsolidation of Crushed Salt to 250 C 
Under Hydrostatic and Shear Stress Conditions,  ARMA 14-6959. 







Consolidation measurements 


9 
Source: Broome et al., 2014,  Reconsolidation of Crushed Salt to 250 C Under 
Hydrostatic and Shear Stress Conditions,  ARMA 14-6959. 







Consolidation measurements 
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Phase 1 
Role of moisture 


Phase 2 
Preconsolidation 


Phase 3 
High fractional 
densities  


 
Micro- 
structural 
observations 
 


 
 
Constitutive  
model  
Development 
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Microstructural observations on 
consolidated samples 


Optical microscopy 
 Thick thin sections 
 Etched cleavage chips 
 
SEM microscopy 
 Broken surfaces 
 Coated thin sections 


Source: Hansen et al., 2012, Coupled Thermal-Hydrological-Mechanical Processes in Salt 







Microstructural observations 
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Evidence of pressure 
solution 


Evidence of thermally 
activated climb  







Constitutive modeling 


Use consolidation testing to evaluate constitutive model 
at high fractional densities, variable moisture contents 
and temperatures.  
 
Modify constitutive model to include explicit coupling to 
permeability and thermal properties.    
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Status 
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Improving the understanding of the coupled thermal-mechanical-hydrologic behavior of 
consolidating granular salt  


John Stormont, University of New Mexico 
 


This project is directed toward an improved understanding of coupled thermal-mechanical-hydrologic 
behavior of consolidating granular salt in the near-field environment and as a barrier for a mined 
repository in salt, and will produce an improved model for this behavior.  This project focuses on salt 
consolidation as a function of temperature and moisture at high fractional densities and corresponding 
permeability decreases.    








Development of a Probabilistic Model for 


Dry Storage Canister Life Prediction: An 


Update: Weld (Residual Stress) Issues


NEUP Project: DE-AC07-051D14517


B. P. Black*, R. G. Ballinger*, S. E. Ferry*, 


D. Solis*, I. Crystal*, S. Teysseyre**


*Department of Nuclear Science & Engineering, Massachusetts Institute of 


Technology


** Idaho National Laboratory, Idaho Falls, Idaho


Used Fuel Disposition Working Group 
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Las Vegas, Nevada


June 4-6, 2014







Project Purpose/Characteristics


 Develop Probabilistic Model/Framework for Prediction of 


Canister Failure by Pitting/SCC for Periods Exceeding 100 


Years


 Pitting-Initiation


 Cl-SCC-Propagation


 Stress Assisted Localized Corrosion?


 To Include an Uncertainty Estimate


 Combination of Engineering & Science


 Combination of Experiments & Modeling/Simulation







General Methodology: Remaining Life 


Assessment


 Assessment of Degree of Material Aging


 Evaluation of Previous Degradation


 Incorporation of Historical Data


 Establish Initial Component Configuration


 Initial Conditions (Microstructure, Temperature, Stress, Radiation 


Effects?, etc.)


 Quantify System Evolution (Microstructure, Temperature, 


Stress, etc.)


 Determine Damage Accumulation Going Forward


 Pit Initiation, SCC Crack Initiation, Stress Assisted Corrosion


 Estimate Remaining Useful Life


 Estimate Uncertainty in Remaining Useful Life.







Requirements for Success
 Development of “COMPLETE” data Set


 “Accurate” Characterization of Material Conditions for 


Existing Canisters


 “Accurate” Characterization of Canister Environment and its 


Past History


 “Accurate” Estimate of Evolution of Canister Conditions


 Identification and Conduct of Select, Key Experiments


 Significant Amount of Well Characterized Data-Augmentation of 


Existing Data


 Significant Amount of Highly Characterized Data to Reduce 


Uncertainty


 Model Development that Incorporates All Relevant 


Phenomena


 Uncertainty Model Development







Requirements for Success (Cont.)


 Close Collaboration with Industry


 ESCP


 Canister Weld Mockups (if possible)


 Close Collaboration with IRP Project


 Common Material (Welds)


 Analytical Cross-Fertilization


 Experimental Cross-Fertilization







Model Development


 Must Include Initiation & Propagation


 Model Building & Model Verification


 Separate Data Subsets Randomly Selected


 Likely Highly Uncertain Data in Some Cases


 Formal Estimation of Uncertainty


 Experiments Designed to Drive Down Uncertainty







Canister SCC
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Why is Uncertainty So Important


Critical for Decision Makers


 Establishes Maintenance Interval


 Helps Establish Overall Path Forward for Storage


• We need to move some of these to a site where the environment is 


more benign!


• We don’t need to do anything!







Major Tasks
 Development of Data Set for Degradation of Canister 


Materials


 Determination of Most Probable Chemical Environments and 


their Evolution


 Model Development


 Radiation Effects?


 Determination of Mechanical Environment and its Evolution


 Stress


 Radiation Effects?


 Experimental Data Development


 Data Base


 High Resolution Testing & Characterization


 Model Building, Verification & Life Prediction







Why are ACTUAL Residual Stresses Important?


 Failure Modes


 Pitting followed by crack initiation followed by crack propagation


 Crack initiation from surface followed by crack propagation


 Crack Initiation and Propagation Driven by Residual Stresses


 Initiation time proportional to stress to the 4th power


 Propagation rate proportional to K to the 1.5-4th power


 Residual Stresses are NOT Uniform Through Wall


 Crack growth rates  (and initiation time from a pit) will thus NOT be 


uniform.


 Using U-Bends will not be informative for the actual application


 Residual stress distributions will exist and will be different for 


nominally the same (fully qualified) weld process.







Significant Technical Issues


 Cracks tend to initiate from pits


 How does this effect the process with a changing residual stress with 


depth?


 Cracks CAN initiate from the “side” of a pit.  This is not the point of 


“maximum” calculated stress intensity. (Do we have a continuum?)


 How would residual stress mitigation (LPB, Shot Peening, 


etc.) effect things?







Residual Hoop Stress for circumferential, single-V, TIG 


weld, 316 with Alloy 82. Thickness: 40mm, OD: 369mm


K. Ogawa, et al, “Measuring and Modeling of Residual Streses in Stainless Steel Girth Welds”,


PVP 2008 61542,  July 27-31, 2008, Chicago, IL.


FNC  →  Finite Element


DHD →  Deep Hole Drilling


UoB  →  Virtual DHD







K. Ogawa, et al, “Measuring and Modeling of Residual Streses in Stainless Steel Girth Welds”,


PVP 2008 61542,  July 27-31, 2008, Chicago, IL.


Residual Axial Stress for circumferential, single-V, TIG 


weld, 316 with Alloy 82. Thickness: 40mm, OD: 369mm


FNC  →  Finite Element


DHD →  Deep Hole Drilling


UoB  →  Virtual DHD







Residual Stress for circumferential, single-V, TIG weld, 


304 with Y308L. Thickness: 23mm, OD: 216.3mm


D. DENG, H. MURAKAWA, W. LIANG,. "Numerical and Experimental 


Investigations on Welding Residual Stress in Multi-pass Butt-welded Austenitic 


Stainless Steel Pipe," Computational Materials Science 42, 234-44 (2008) 


Axial Stress


Hoop Stress


Inner Surface Through-wall along weld 


centerline, inner to outer
Outer Surface







Residual Axial Stress for circumferential, double-V, SA weld, 


A285 with E6010. Thickness: 16mm, OD: 25.9m


P. DONG, J. ZHANG, and G. RAWLS, "Crack Growth Behavior in Residual 


Stress Field in Vessel Type Structures,” (2003) 







Residual Hoop Stress for circumferential, double-V, SA weld, 


A285 with E6010. Thickness: 16mm, OD: 25.9m


P. DONG, J. ZHANG, and G. RAWLS, "Crack Growth Behavior in Residual 


Stress Field in Vessel Type Structures,” (2003) 







Residual Axial Stress for circumferential, double-V, SA weld, 


A285 with E6010. Thickness: 16mm, OD: 25.9m


P. DONG, J. ZHANG, and G. RAWLS, "Crack Growth Behavior in Residual 


Stress Field in Vessel Type Structures,” (2003) 







Residual Hoop Stress for circumferential, double-V, SA weld, 


A285 with E6010. Thickness: 16mm, OD: 25.9m


P. DONG, J. ZHANG, and G. RAWLS, "Crack Growth Behavior in Residual 


Stress Field in Vessel Type Structures,” (2003) 







Recent Calculations-The Situation is Not so Simple


 Recent Finite Element Analysis Results for Typical Canister Welds


 Finite element analysis of residual welding stresses was performed for at 


least two of the 304 SS canisters where the welds were of a double V 


groove design, with the welding sequence root, fill inner, grind outside of 


root, fill outer.


 Longitudinal and circumferential welds were analyzed.


 At the outer surface of the weld, tensile stresses parallel to the weld joint 


were in the vicinity of yield.


 Stresses parallel to the joint remain tensile through the full thickness.


 These are equivalent to hoop stress in a circumferential weld, or axial 


stress in a longitudinal weld. The significance is that only cracks oriented 


perpendicular to the weld (with the length of the cracks limited to the 


width of the weld and the adjacent HAZ region) will have tensile stresses 


to propagate them through the full thickness.


 Potentially significant longer cracks oriented parallel to the weld could be 


arrested by compressive stresses before penetrating through the entire 


thickness of the weld.







Residual Stress for circumferential, single-V, TIG weld, 


304 with 308L. Thickness: 23mm, OD: 216.3mm


Axial Stress


Hoop Stress


D. DENG, H. MURAKAWA, W. LIANG,. "Numerical and Experimental 


Investigations on Welding Residual Stress in Multi-pass Butt-welded Austenitic 


Stainless Steel Pipe," Computational Materials Science 42, 234-44 (2008) 







Stress intensity factor, K, 
vs. crack depth for a 711 mm
(28 inch) diameter pipe.  


The inset diagram shows 
the weld residual stresses. 


Andresen, P. L., “Emerging issues and fundamental processes in environmental cracking in hot water”,
Corrosion 2007, March 11-15, 2007, Nashville, TN, Paper # 07RTS8 


Crack Propagation: Stress Intensity Effects (alloy 600, SS)







K. SHIRAI, J. TANI, H. TAKEDA, M. WATARU, T. SAEGUSA- “SCC 


Evaluation Test of Multi-Purpose Canister” (2011)


CRIEPI Crack Growth Test of 304 four-point bend 


specimen, constant load, constant temp & humidity







Current Status
 Welds


 Welds Procured


 Weld Type-Double V


 Welded Using Same Procedure as Canister Welds (including 


constraint)


 Weld Residual Stress Measurements


 Methods


• Contour


• Neutron Diffraction


 Probabilistic Model Development


 Model Universe Quantified


 Platform(s) Defined


• Goldsim-Main Platform


• xLPR (Extermly Low Probability of Rupture)


• SAPHIRE







2 x 6 foot weld


0.25” thick


Flat Plate Welds-As Received







Flat Plate Welds







Weld Microstructure







Path Forward-Next Steps Near Term


 Modeling


 Assemble “Best” Practice Probabilistic Model


• Goldsim-Major Platform


– Turnbull/Hernshaw Hybrid for Pit Initiation/Growth/Crack Initiation


– SAPHIRE (Event/Fault Trees)


– xLPR-Crack Growth


 Calibrate Against Data –From Materials Properties and Environment Data Base


 Experimental


 Define Selected Experiments to Reduce Uncertainties


• Pitting & Short Crack Initiation


 Design “Industrial” Experimental Package for Real-Time Measurements


 Residual Stress Measurements


 Neutron Diffraction Residual Stress Measurements-AECL


• September 2014


 Contour Measurements (Same Samples as Used for Neutron Diffraction)


• MIT


• UC-Davis (Mike Hill)







Measurement Technique Comparison


P. PAGLIARO “Mapping Multiple Residual Stress Components 


Using the Contour Method and Superposition” (2008)


P.J. WITHERS et al. “Recent Advances in Residual Stress 


Measurement” (2008)







Residual Stress Measurement Techniques
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Neutron Diffraction
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Stress Free Calibration Sample


(Typical)


Sample Layout







Use Weibull distribution to 
describe the initial distribution of 
pits on the surface


P
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Describe the probability the pit is 
within a certain depth range


Describe the pit’s depth as a 
function of time and the pit 
growth rate


Describe the crack’s initial 
growth and the depth at which 
the pit transitions into a crack. 
Can match fitting parameters to 
experimental results.. but is this 
accurate? 


x = pit depth
λ = avg pit 
diameter
Θ = location 
parameter, = 0
k characterizes 
spread of 
diameters


α, β are fit to 
experimental 
data
t= time
x= pit depth


p, q are fit to 
experimental 
data
C is randomly 
selected from 
normal 
distribution
σ is  applied 
stress


Example Probabilistic Approach







Thank You


Questions?





