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TI Team Questions

1. Discuss approaches for differentiating epistemic uncertainty 
and aleatory variability in the inputs to site response 
analyses. 
 The SPID recommends to treat spatial variability over the typical 

scale of nuclear facilities (~100 to 200m) as aleatory variability. 
Please comment on the validity of this recommendation.

 Address the differentiation of epistemic uncertainty and aleatory 
variability in consideration of different elements of site response, 
including shear-wave velocity profiles, shear modulus reduction 
and damping curves

2. Discuss the choice of reference horizon and the resulting 
uncertainty related to uncertainty in the reference horizon



Statement of the Problem

Reference Rock Horizon:
• Ground motion (from rock GMPE): 𝑆𝑆𝑎𝑎,𝑟𝑟 𝑓𝑓 ,𝜎𝜎𝑠𝑠𝑠𝑠,𝑟𝑟[𝜖𝜖𝑟𝑟] and their 

epistemic uncertainty
• Properties: Vs, damping, density (treated as a half-space, no 

uncertainty in properties)

Surface (or control) Motions: need
𝑆𝑆𝑎𝑎,𝑠𝑠 𝑓𝑓 ,𝜎𝜎𝑠𝑠𝑠𝑠,𝑠𝑠[𝜖𝜖𝑠𝑠] and their epistemic 
uncertainty

Soil profile:
• Properties (all uncertain): 

• Vs(z), G/Gmax & damping curves
Effects of soil on Ground Motions:
• Median amplification factor 𝐴𝐴𝐴𝐴(𝑓𝑓)
• Uncertainty in AF(f) (both epistemic and aleatory)

• Due to uncertainty in soil properties
• Due to model limitations (uncertainty)



Approach (e.g., Reg. Guide 1.208)

Generate multiple synthetic profiles and perform site 
response  analysis with each profile, and calculate 
summary statistics:
• Median site effect AF(f)  
• Uncertainty in AF due to profile uncertainty (both 

epistemic and aleatory) on AF(f)
Note: These calculations do not take into account 
model bias (if any) or model uncertainty



Example of Vs Randomization: 
artificial profiles & summary results



Example Calculations

S.E. U.S. Site - 1E-4 HF Rock Input 
Sa amplification factor at depth(ft)=   0.0 - outcrop
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Additional Motivation Sometimes Used 
for Inflating Uncertainty in Vs

Sometimes, uncertainty in Vs is increased to 
compensate for limitations of site response 
methodology
• Horizontal layers, SH waves only, etc.
• Sharp peaks in spectrum

(process has been subjective: no specific guidance on 
how much uncertainty to add, if any)



For Confidence in Risk Analysis, Probabilistic
Seismic Hazard Assessment Must Account For All

UNCERTAINTIES

ALEATORY
Random (irreducible) variability
Characterized by continuous distributions
Integrated in PSHA

EPISTEMIC
Lack of knowledge, can 
be reduced
(e.g., limited data, alternative 
models, systematic 
measurement errors)

Usually characterized by logic-trees
Modified from Bommer, 2012

Traditional Taxonomy of Uncertainty in PSHA 
(information-centric perspective)

(from alea, Latin for “dice”)



Another Taxonomy of Uncertainty (Model-
Centric Perspective)

“Uncertainty that is explicitly recognized by a 
stochastic model is aleatory. Uncertainty on the model 
itself and its parameters is epistemic. Hence the 
aleatory/epistemic split of the total uncertainty is 
model-dependent.” 

Veneziano (2003)



ALEATORY
Variation in stratigraphy and Vs of layers 
within site footprint (a few 100’s of m)
Variation in degradation curves within a 
“family” of curves (e.g., EPRI, 1993)
Characterized by generating multiple (30-60) 
synthetic profiles & running site response on
them

EPISTEMIC
Lack of knowledge
e.g., uncertain depth to 
reference rock, 𝝈𝝈

𝒏𝒏
uncertainty 

from a few measured profiles,
method to method ∆,
analyst-to-analyst ∆, less or no 
data for deep portion of profile

Usually characterized by 
alternative “aleatory” models 
and multiple randomizations

SPID Appendix B Taxonomy of Uncertainty in 
Soil Profiles



Assessment of SPID Distinction Between 
Epistemic and Aleatory Uncertainties 
(largely a personal view)
• Does not conform to information-centric perspective 

(can always do more drilling or collect more surface-
wave data, tomography, etc.)

• Conforms to model-centric perspective (sort of) in the 
sense that flat-layered site response model has no way 
to handle footprint variabilitytreat effect as aleatory

• McGuire et al. (2005): Mean Hazard (which is by far the 
most important PSHA result) depends only on the total 
uncertainty, not on the epistemic/aleatory partition 
(invariance of mean hazard) Partition not crucial; 
SPID Taxonomy OK



Usefulness of Epistemic/Aleatory 
Distinction

• In general, Aleatory/Epistemic Partition is useful for 
at least three reasons
1. It forces analyst to consider all sources of uncertainty, 

facilitating a more realistic estimate of total uncertainty.
2. If epistemic uncertainty is truly reducible, partition 

(together with sensitivity analysis) may help prioritize 
data collection and model updating

3. More refined decision theories (but not classical 
decision theory) may include an additional penalty for 
epistemic uncertainty (McGuire et al., 2005)



Implications of Invariance

• Treatment of footprint variation as aleatory is OK 
(although it is somewhat arbitrary)
 Positive factor: In real life, variation within footprint will 

contribute to “spatial averaging” of the response, thereby 
removing unrealistic peaks from median results for each 
“case” considered in epistemic logic tree.

• More important issue: ensuring that all “aleatory” and 
epistemic uncertainties are characterized properly.
 Wide range of situations for epistemic uncertainty

• Existing plant (SPID-type analysis): old geophysical data
• New COLA or ESP: many boreholes within in site footprint, surface 

wave studies



Aleatory (footprint) Model & 
Profile Randomization

Elements of Model
1. Median profile (site-specific)
2. 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠 𝑜𝑜𝑜𝑜 𝐶𝐶𝑜𝑜𝑉𝑉𝑙𝑙𝑠𝑠 vs. depth
3. Depth-wise correlation structure of ln[Vs]

a. Randomization of stratigraphy (layer-thickness model)
b. Correlation of ln[Vs] between adjacent layers

4. Degradation curves (G/Gmax and Damping)
a. Base-case curve
b. Variability
c. Correlation with ln[Vs]



2. 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠 𝑜𝑜𝑜𝑜 𝐶𝐶𝑜𝑜𝑉𝑉𝑙𝑙𝑠𝑠 vs. depth
(results for footprint variation)   

• CoV greater near surface
• Broad range in site-to-site variation of CoV
• California highway projects (many near shore) show higher variability (can ignore)
• Consistent with SPID values: 0.25 at surface, 0.15 at z>15 m (SPID values based on SRL results)
• My recommendation: site-specific CoV’s (or some combination of site-specific and SPID) should be 

used when site-specific CoVs can be calculated
 Brady Cox: CoV << 0.1 for depth ranges that are well resolved by dispersion curves and away from sharp Vs 

contrasts (are these values associated with smaller footprints?)
 Impose a minimum value (to account for modeling uncertainty)? 

• CoVs from generic, category-based analyses are large (~0.35), but those values are not relevant 
to these “aleatory” or “footprint” situations because they imply higher epistemic uncertainty

Depth (m) Mean CoV 1σ Range Mean CoV 1σ Range Mean CoV 1σ Range Mean CoV 1σ Range
0-10 0.27 0.11-0.42 0.28 0.13-0.43 0.23 0.18-0.27 0.49 0.32-0.66

10-50 0.16 0.09-0.24 0.16 0.11-0.20 0.15 0.13-0.17 0.28 0.17-0.38
50-rock 0.10 0.04-0.16 0.09 0.07-0.10 - - 0.17 0.12-0.21

New Nuclear Plants 
(n=6)

Savannah River 1995-
1997 (n=8)

Savannah River 2005 
CPT Data (n=7)

California Highway 
Projects 1995 Study 

(n=6)



Other Parts of Randomization Model



3a. Depth-wise correlation structure of Vs: 
Layer thickness model
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𝜆𝜆 𝑧𝑧 :
• =rate of layer boundaries
• ~[mean layer thickness]-1

• Smooth 𝜆𝜆 model is only appropriate 
for smooth median profiles (most 
footprint profiles are not smooth)

Additional refinement: 
• Non-homogeneous renewal (with 

CoV=0.52) instead of non-
homogeneous Poisson (CoV=1) 
avoids very thin layers)



More realistic model for 𝝀𝝀(𝒉𝒉) for use 
in footprint randomization
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Examples of Inter-Layer Correlation 
(Toro, 1996)

Applicable to 
“generic” 
randomization, 
not to 
“footprint.” 
Footprint 𝜌𝜌’s are 
expected to be 
smaller

Toro (2005), 
associated with low 
CoV[Vs] (0.1 at most 
depths)



Example of Degradation Curve Randomization: 
EPRI (1993 curves for 200 ft depth)



Uncertainty in 
Degradation

x  SPID (0.30 @ 3E-2) 

x  SPID (0.15 @ 3E-2)
Costantino  (1996) & SPID

Darendeli (2001) G/Gmax and 
damping models include 
estimates of 𝜎𝜎. In my limited 
experience, his COV values are 
comparable to SPID values. 

• Values OK for 
“footprint”/aleatory? 
Probably Yes  

• What about modeling 
Uncertainty?



Epistemic Model

Difficult to provide general recommendations: too case specific.
• For Vs vs. Depth
 Framework in SPID is flexible (make it more quantitative?)
 Recognize method to method and analyst-to analyst differences
 Recognize statistical uncertainty if number of boreholes is small
 Recognize uncertainty in old (1960’s-1970’s) measurements
 High Uncertainty for indirect approaches used for deep portion of 

profile
• Distant P-wave data
• Approaches based on Vs=f(geologic description)



Example of 
Epistemic Unc.

Top portion (andesite, 
basalt, flow-breccia, and tuff)
• Vs from suspension-log 

data (LCI-B-2 profile)
• Thickness (& uncertainty) 

from UFSAR boreholes 
(consistent with Warren, 
1966; used for earthquake 
location)
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Example of 
Epistemic Unc. (2)

Basement portion 
(granodiorite, metagranite)
• Vs and thickness from 

Warren, 1966)
• Used 10% uncertainty 

for thickness of top 
basement layer
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Epistemic Model (2)

• Implications of measurements with very low CoV’s
(e.g., Cox and Teague, 2016)
 Collapses aleatory CoV
 Collapses epistemic CoV due to statistical uncertainty 

(statistical uncertainty ~ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑙𝑙

will be small if 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠 is 
small, even if 𝑛𝑛 is also small)
 Will 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠 be controlled by a floor based on modeling 

uncertainty?



Epistemic Model (3)

• Degradation curves (not much to add)
 SPID: use EPRI (1993) and Peninsula Range; OK? 
 To what extent is the uncertainty in degradation curves 

trying to capture modeling uncertainty? (equiv. linear vs. 
nonlinear; higher modeling uncert. at high strains)
 Differences between laboratory and field behavior (e.g., 

low-strain damping)?
 How much does it matter? Sensitivities?
 Need for setting a lower bound (0.5) in AF?

• Any ill effects on spectral shape? 



Question 2: Reference Horizon

2. Discuss the choice of reference horizon and the 
resulting uncertainty related to uncertainty in the 
reference horizon



Choice of 
Reference Horizon

• Should be consistent with rock 
GMPE
 Consistent Vs (e.g, ~3000 m/s 

for NGA-East)
 No thick layers with Vs<Vs(reference) below reference horizon 

(inconsistent kappa effects)
 No sharp velocity contrasts in the vicinity of reference horizon 

(inconsistent spectral shape)
 Contrasts  spectral peaks and holes, which are 

inconsistent with the smooth spectrum predicted by GMPE
 Vs profile below Reference Horizon must be consistent with 

GMPE 
Note: it may be preferable to define a reference profile rather a 
reference horizon (same considerations apply).



Reference Horizon: resulting uncertainty

• Depends on Approach
a. Start at reference horizon
b. Start at source



Approach regarding uncertainty (approach 
a)

• Vs and damping of half-space have very little effect on 
calculated AF (because motion is specified at top of half-
space)

• Common Practice: It is implicitly assumed that 𝜎𝜎𝑠𝑠𝑠𝑠 and 
epistemic uncertainty in median motion account for variability 
in properties of reference rock
 How valid is this?  Probably valid, given the high 𝜎𝜎𝑠𝑠𝑠𝑠 and 

epistemic uncertainty in the rock motions
• At what point do you need to introduce a Vs-kappa correction 

(with its explicit consideration of uncertainty)
 Suggestion: use concept of GMPE consistency introduced earlier



Summary (and additional thoughts)

• SPID partition of aleatory and epistemic uncertainty, 
although somewhat arbitrary, is probably OK
 Most important thing: get the total uncertainty right

• Site-specific data on 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠 should be used if available 
for “aleatory” variability

• Modeling uncertainty should be treated explicitly, not 
using  the randomization as a proxy for it
 Quantify by taking advantage of KikNet and similar datasets 

obtained in sites with good geotechnical characterizations
 Do we need to smooth out peaks if we do this?

• If so, how do we do it?



Summary (and additional thoughts)(2)

• Randomization model has not kept up with new 
data and needs to be re-fitted and fine tuned for 
“footprint” applications (lots of new data)

• Reference Horizon (or reference profile) should be 
consistent with rock GMPE (consistent Vs at top is 
a necessary but not sufficient condition)

• Uncertainty in properties of reference horizon (if 
properly chosen) is already captured by uncertainty 
in rock GMPE (Tentative)
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