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1. Percent Finer than 0.005mm < 15%

3. Liquid Limit {LL) < 35y,
3. Water Content (W) 209 xLL
100

o

NATURALWATER CONTENT, W (%)

AVAILABLE

SUSCEPTIBILITY
ASSESSMENTS

LIQUID LIMIT, LL, (%)
o in
(M (-

‘Chinese EQ field performance data

Clay < 5 microns

LL by fall cone as opposed to Casagrande percussion method Chinese Criteria, Wang (1979)
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s a af ar

Liquid Limit < 32 (1) Liquid Limit = 32
Clay Content < 10% (2) Susceptible Further Studies Required

(Considering plastic non-clay
sized grains - such as Mica)

Clay Content = 10% Further Studies Required Not Susceptible

(Considering non-plastic clay sized

iﬁ; ; such as mine and quarry AVAI L AB L E
e SUSCEPTIBILITY
1. Liquid Limit determined by Casagrande-type percussion apparatus A S S E S S M E N T S

2. Clay defined as grains finer than 0.00Z2mm

‘Standard definitions and procedures’
Modified Chinese Criteria

wc/LL > 0.9 eliminated

Andrews and Martin (2000)
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o' Kaolinite
a:Loam
v Tailings

o} =50 KPa
e = 0.53-1.60

Cyclic stress ratio causing 5%
D.A. strain in 20 cycles, a4,/ (207)

o Undisturbed

tailings

Plasticity index, b
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Cyclic Triaxial Tests,

5 % Double Amplitude Axial Strain in 20 cycles
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Ishihara (1996)
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Adapazari silty-clayey sands, 1999 Kocaeli Earthquake,

Cyclic Triaxial Tests,
CSR=0.3,04,0.5
3 % Single Amplitude Axial Strain
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Seed et al. (2003)
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Plasticity Index, Pl
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Adapazari silty-clayey sands, 1999 Kocaeli Earthquake,
Cyclic Triaxial Tests,
CSR=0.3,0.4,0.5
3 % Single Amplitude Axial Strain

Bray and Sancio (2006)




CRR 40,140

AVAILABLE

CRR 5

SUSCEPTIBILITY
ASSESSMENTS

0 2 4 8 8 10
Plasticity Index, Pl

Sand-like vs. Clay-like

Sand-like soils can be assessed with simplified liquefaction triggering

assessment methods Boulanger and Idriss (2006)
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Cetin and Bilge (2014)
a probability-based susceptibility

Jaot Grain size distribution
criterion

LI —0.578 - In(PI) + 0.940
0.101

Cetin and Bilge (2014)

P[Liq — susceptibility] = ®




Shear Stress (kPa)
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Cetin and Bilge (2014)
a probability-based susceptibility
criterion
LI —0.578 - In(PI) + 0.940 Cetin and Bilge (2014)
0.101

P[Liq — susceptibility] = ®




Ideal liquefaction susceptibility
assessment framework

1) depends on intrinsic characteristics of soils (grain
size, shape, grading, consistency, etc.)

1) independent of liquefaction triggering parameters REL'AB'L'TY‘

(i.e.: independent of intensity of shaking, duration,
relative density state, etc.), BASED

SUSCEPTIBILITY

1) address the uncertain nature of susceptibility MODELS
assessments (i.e.: probability-based),

Iv) benefit from both laboratory and field case history
data (i.e.: a verified and calibrated model).

With the aim of fulfilling these requirements, SPT and CPT-based
liguefaction triggering case histories, documented as part of Next
Generation Liquefaction database (https://nextgenerationliquefaction.org/)
were studied.



https://nextgenerationliquefaction.org/

SPT-based liquefaction triggering case histories
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Figure 2. a) Grain size distribution curves of
susceptible, coarse-grained soils from SPT database




SPT-based liquefaction triggering case histories

Silt Sand Gravel
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Figure 2. b) the proposed probabilistic boundaries for
susceptibility assessments.




CPT-based liquefaction triggering case histories

100000 1
- » The median soil behavior

index I, along with its
standard deviation were
probabilistically assessed
benefitting from the
maximum likelihood

framework RELIABILITY-
» The resulting database and BAS E D
he I. boundari
f:oi:;spoounr:jiﬁglics) different S U SC E PT I B I L I TY
fid level I

comparatively shown with MODELS
CPT-based soil
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Figure 3. CPT-soil classification-based liquefaction
susceptibility boundary curves.




CPT-based liquefaction triggering case histories
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Figure 3. CPT-soil classification-based liquefaction
susceptibility boundary curves.




» Currently available liguefaction susceptibility boundaries
were subjectively and deterministically defined, with
limited to no reference to confidence levels of the proposed

boundaries.

» Also, some of them refer to triggering parameters (e.g.
CRR); hence, better to be called as screening criteria, which
combine both susceptibility and triggering assessments.

CONCLUDING

REMARKS AND
RECOMMENDATIONS




» A set of probability-based screening boundaries were
recommended for coarse- and fine-grained soils.

» The recommended probabilistic boundaries were expressed as
probabilistic confidence intervals

d % fines by mass vs. particle size (D), and CPT q vs R;
domains.

» Fine grained soils with 1>2.6 are concluded to be not
susceptible to soil liguefaction with more than 99 %
confidence.

» Fine grained soils with PI > 12% were judged to be again
not susceptible to liquefaction with confidence levels of 99
%.

CONCLUDING

REMARKS AND
RECOMMENDATIONS
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Evaluating Liqguefaction
Susceptibility for Nuclear Power
Plant Sites

Thomas Weaver, PhD, PE

2 USNRC

United States Nuclear Regulatory Commiss

Protecting People and the Environment
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U.S. NUCLEAR REGULATORY COMMISSION November 2003

REGULATORY GUIDE

OFFICE OF NUCLEAR REGULATORY RESEARCH
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Soils with FC > 30% and fines either:
1. Classified as clay, or
2. P> 30

Susceptibility Criteria

Regulatory Guide 1.198 Clay content > 15%, and
LL > 35, and

W, < 90%

Coarse grained soils with dual

classification (e.g. SM-SC)




Pl (Plasticity Index)

Criteria for Fine-Grained Soills

Seed et al. (2003)
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Research Grants

* University Nuclear Leadership Program in October 2022
* Scholarship and Fellowship Grant

* Grants.gov in February 2023
* Award ceiling of $500,000 and 3 year period of performance
* U.S. public or private higher education institutions
 Must meet U.S. citizenship requirements






-m.‘l | d_'mulllu- :: -:-I 2 .. .;

.4 =y
>4

Challenges in Assessing Liquefaction Susceptibility at
California’s Dams

Erik Malvick, Ph.D., PE., G.E.

Design Engineering Branch Manager

R
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W& DIVISION OF SAFETY OF DAMS September 2022



CA Dam Safety Program (DSOD) Jurisdiction

M Low B Significant High B Extremely High
HAZARD CLASSIFICATIONS
m 203 Extremely High Hz Dams Water Agencies II I 39
438 High Hz Dams 10 owners (2%)
m 267 Significant Hz Dams State
™ 335 Low Hz Dams 11 owners (2%) II I 8
Trusts I| 14
8 owners (1%)

vos oumers v N R L
193 owners (31%)
Districts .. - 247
110 owners (18%)
Individual Citizens -- ‘
168
153 owners (25%)
Counties II -
169
L 36 owners (6%)
oo
149
63 owners (10%)

Associations II | 39
38 owners (6%)
0

622 Dam Owners 50 100 150 200 250 300 350 400

Number of Dams

CALIFORNIA DEPARTMENT OF WATER RESOURCES

DIVISION OF SAFETY OF DAMS



CA Dam Safety Program
/g

Design Review & Re-evaluations
Construction
. Supervisiol

ELEV 507

nnnnnnnnnnnn

Emergency
Response

Incident Command Center

Surveillance
Monitoring

Bolsteed Maintenance

Insections

CALIFORNIA DEPARTMENT OF WATER RESOURCES

} DIVISION OF SAFETY OF DAMS




DSOD Review of Susceptibility

 Transition Region
» Cyclic Testing?
* YES: use results

 NO: assume susceptible to
liguefaction

« Challenges
« Sample availability / quality

Plasticity index, Pl
W
L |

« Gravels 20
* Recovery
 Site accessibility 10
« Costs / owner resources
0
B\ aLIORNLA DEPARTMENT GF WATER RESGURGES O 10 20 30 40 50 60 70 80 90 100

L&Y DIVISION OF SAFETY OF DAMS .
Fines content, FC 4



Example Dam 1 (coast)

Sieve Anaysis  Gravels =51t040%
Size of Openings (inch) No. of Openings per Inch .
3" 2" 15" 3/4" 1/2" No. 4 10 20 40 60 100 140200 ¢ FlneS — 10 tO 300/0

100

90 « Sand =50 to 65%

£ » C, => 10 (about 80 for
s greatest)
-g 50
g » Most samples with F > 50%
& were CL but not measurable
10 for gravel samples
0
100 10 1 0.1 0.01
Grain Size (mm)
Gravel Sand
Coarse Fine Coarse Medium Fine

<o
2 CALIFORNIA DEPARTMENT OF WATER RESOURCES

DIVISION OF SAFETY OF DAMS



Example Dam 2 (Sierras)

100
90
80
70
60
50
40
30

Percent Passing by Weight

20

10

Sieve Anaysis

Size of Openings (inch)

No. of Openings per Inch

Alluvium

3" 2" 1.5"  3/4" 1/2" No. 4 10 20 40 60 100 140200
NN
N AN .
ng N\
N RN ?‘ : N \
N Iy N\ \\
\ N N
\ \\\ \\ N ‘
i, \\\\ \\““E*\.
A
10 1 0.1
Grain Size (mm)
Gravel Sand
Coarse Fine Coarse Medium Fine

0.01

Glacial Deposit
Gravel everywhere

Most samples scalped with low
recovery

Larger equipment inaccessible

Gravel = 5to 80%

Fines = 3 to 40% (one outlier)
C, = 3 to 100 (median about 10)
No Pl data



Challenges with Gravel

« Sampling
 Limited recovery
« Site accessibility
« Sample Quality

» Susceptibility and Gravel
 What materials control behavior
« Gravels vs. Sands
» Other: C,, permeability, geology

5
m% CALIFORNIA DEPARTMENT OF WATE ESOURCES

§)) DIVISION OF SAFETY OF DAMS 7



Other Challenges and Observation

» Expertise: Retirees, high demand, knowledge transfer need

* 95% of dam owners lack resources
« Budgets and rules often limit them to lower quality consultants
« Cost of exploration becomes prohibitive
 Cyclic testing has limited commercial feasibility, especially with gravels

* Trends towards statistical models

 Tied into the above issues, it is easy to get “lots” of data and use
statistics without considering data quality, or material origin (geology,
engineered fills, etc.)

* Result = Assumption that most materials of questionable
susceptibility are susceptible

““’ DIVISION OF SAFETY OF DAMS



DSOD challenges and goal

« Heightened public focus, extreme consequences,

« Real materials rarely fall into bins currently shown in literature (nor do they
have clear cut boundaries)

« Conservatism on transitional materials or gravels

» Resources

« Broad expectation comprehensive evaluation of all 700 high hazard dams on
a 10-year cycle

* Most projects lack data beyond basic gradation and maybe plasticity

« Goals

» Clearer guidelines on susceptibility including materials that can be clearly
excluded will help everyone

« Need clear consensus as state-of-the-art develops to implement




Thank You

erik.malvick@water.ca.gov
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Age of Dams by Hazard Potential

500

400

300

200

Number of Dams

100

§§§
/e \\ CALIFORNIA DEPARTME
- o

DIVISION OF SAFETY OF DAMS

Bl Extremely High
[ High

Bl Significant

BN Low

0-25 25 - 50

EEEEEEEEEEEEEEEEEE

- Average = 70 Yrs

50 - 75 75-100 100- 125  Over 125
Age of Dam
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General Program Features

* Design Review
* Independent evaluation and analyses
« Plan and specification review

* Reevaluations
* Focused or comprehensive analyses

* Field Review
« Annual inspections of all dams
« Surveillance and monitoring
« Construction inspections

* Geology Review
 Site investigation
* Geologic hazards assessment
« Ground motion hazard development

* Emergency Response

R
3
d‘% C N DEPARTMENT OF WATER RESOURCES

= o \R

NS )] DIVISION OF SAFETY OF DAMS
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Dam Safety Program (Design and Reevaluations)

* Owners and consultants analyze their dams

« DSOD conducts independent evaluations
* Provide feedback on site investigations
» Geologic review of dam sites, seismicity
 Site characterization
 Liguefaction evaluation
* Develop analytical model

» Use standard of practice methods with lean towards state-of-
the-art techniques that are headed towards adoption

WQ’ DIVISION OF SAFETY OF DAMS



(1E-02) f
Very High \

(1E-03) N
High \

(1E-04) S

Moderate \

(1E-05) —1—

Low \

(1E-06) H—

Remote

Likelihood of Failure

(1E-07)
(0.1) (1) (10) (100) (1,000) (10,000)
Level 1 Level2 Level3 Leveld4d LevelbS

. Consequences
From USBR best practices

CALIFORNIA DEPARTMENT OF WATER RESOURCES
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Liquefaction at California Dams

=

Sheffield Dam (1925)

CALIFORNIA DEPARTMENT OF WATER RESOURCES

DIVISION OF SAFETY OF DAMS 15







Dynamic Behavior of
The Treasure Island Natural Shoals

Uri Eliahu, GE
Pedro Espinosa, GE

Expect Excellence
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OUTLINE

* Treasure Island Original Condition, Construction, and
Development Plan

* Geotechnical Hazards, Mitigation Plan, Field Densification Test,
and Study Motivation

* Comprehensive Field Study
« Detailed Subsurface Geology Characterization
« Laboratory Testing including Multiple Cyclic Simple Shears
* Numerical Analysis (Plaxis and Flac)
« Validation

Conclusion

GEO

www.engeo.com




= PROJECT LOCATION

* Treasure Island is located within the
San Francisco Bay in California in a

UNITEDISTTATES . : :
seismically active region

e San Andreas fault is 17 km to the
west

* Hayward fault is 11 km to the east of
the island

www.engeo.com



PRE-EXISTING CONDITION, CONSTRUCTION, AND
REDEVELOPMENT PROGRAM

P o LEOCHA
Pl —  [FMESCAL CREER) i
1

TREASURE [SLAND

_———— SAMD AREA ——
- {SHOALING)

EXPLANATION

% e AFPROXIMATE LOCATION OF ORIGINAL SEA BOTTOM
N CONTOUR - ELEVATICH IN FEET HAVE §8 {APPRONIMATE)

— TN APPRONIMATE LIMITS OF PALECO-CHANNEL

 Low-rise, Mid-rise, and High-rise i g
Buildings — 8,000 units eath, X
 Hotel, Commercial, and Retail Uses gw R AT, %
« 300 acres Open Space g S\ SN Il w3
* New Infrastructure and Transit Systems B3 | et N e
N ~ = \.sg 1= v m h\i ALIE o !r{:&" v
s a0 TN S Q“; = !

www.engeo.com



GEOTECHNICAL HAZARDS

* Ground Shaking

* | Liquefaction-Induced Settlement and Lateral Spreading Potential

1 [Shoreline and Causeway Seismic Slope Stability }
» Consolidation Settlement of Young Bay Mud (YBM)

* Sea Level Rise
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MITIGATION PLAN

Densification & Surcharge
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FULL-SCALE VIBRO-COMPACTION USING DPC
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MOTIVATION: TEST PROGRAM CPT RESULTS
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SUBSURFACE GEOLOGY
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LABORATORY TESTING - Cyclic Simple Shear
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LABORATORY TESTING - Post-Cyclic Shear
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NUMERICAL ANALYSIS

* Ground Response

* PLAXIS 2D/Flac 2D

ENGEO

Expect Excellence

www.engeo.com




Spectral Acceleration (g)

Spectral Acceleration (g)

NUMERICAL ANALYSIS
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NUMERICAL ANALYSIS
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UBC SAND MODEL CALIBRATION
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Lateral Deformation (ft)

Vertical Deformation (ft)

ANALYSIS RESULTS
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ANALYSIS RESULTS VALIDATION
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ON-GOING WORK

Cyclic Simple Shear
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S
CONCLUSION

* The shoal deposit is very heterogeneous, consisting of sand,
non-plastic silt, and high-plasticity fat clay.

* Full-scale DPC test results indicated that no appreciable
densification can be obtained within the shoal deposits.

* Rigorous evaluation of the dynamic properties of Shoal with
discrete geological logging, cyclic laboratory analysis and
index testing

* Using non-linear dynamic analysis the team determined that
lateral deformation is insignificant beyond a distance of 250
feet from the shoreline.

* Simplified liquefaction assessments are not able to provide the
full picture of dynamic behavior of the native Shoal. GEO

www.engeo.com
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Liquefaction Susceptibility of a Low Plasticity Silty
Soil Utilizing Cyclic Direct Simple Shear Testing

Sam Sideras
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Liquefaction Susceptibility Characterization

« In-situ and soil index testing summary
« Cyclic and post-cyclic testing summary

e Conclusions
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In-situ and soil index tests
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In-situ and soil index tests
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In-situ and soil index tests
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Cyclic and post-cyclic testing: sample summary
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Cyclic testing

Cyclic Stress Ratio
Cyclic Stress Ratio
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Kwan (2015): Nevada Sand (SP) FC = 78%; PI =9
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Cyclic testing
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Cyclic testing

Cyclic Stress Ratio

Cyclic Stress Ratio
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Post-cyclic testing
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Conclusions

« Local fines-content based evaluation of susceptibility
« General criteria of ®40% fines with consideration for continuity

« Engineering evaluations include sensitivity studies
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SR 520 Casting Basin Site
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Approach to Silt Liquefaction Susceptibility

* |dentify Sand-like vs Clay-like with CPT (SBT)
* Further evaluate silt susceptibility & consequences with physical
samples

« USCS Classification
 Atterberg Testing

« CDSS Testing

» Post-Cyclic Residual Strength
» Post-Cyclic Consolidation

» Estimate cyclic soil behavior based on CDSS tests

ClE
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Subsurface Exploration Map

Explorations

« 32 Borings, 26 CPTs
« 27 Pairings

Vs testing

* Vane Shear

* Pressure Meter
Laboratory

« CDSS
 Atterberg

* Grainsize

* Triaxial Tests

* 1D Consolidation
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Subsurface Characterization
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Ic Contours

Upper Silt (0 to 17m) Properties

* OCR:1to3, median™~1.5

e Su: 25to 50 kPa

* Pl: 3 to 50, some values up to 93
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Screening with Susceptibility Criteria

Boulanger & Idriss (2006): Most samples
exhibit clay-like behavior
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Bray & Sancio (2006)
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CDSS Test Results

CSR=0.2

0.4
PI=11
03]~ CSR=0.2
PI=23
— CSR=0.2
0.2
]
& o1
7]
(7,
£ o0
w
9
3 -0.1
3
-0.2
-0.3
-0.4
=10 -8 -6 -4 -2 0 2 4 6 8 10
Shear Strain (%)
0.4
— PI=11
0.3} — PI=23
0.2
2
& o1
w
(]
L o0
(7]
L
G -0.1
3
| B 0.6 0.4 0.2 0.0

Pore Pressure Ratio

Clarity Engineering LLC

Cyclic Stress Ratio

Cyclic Stress Ratio

CSR=0.25

(All Cycles up to 10(%

0.4
PI=11
0.3 CSR=0.24
PI=14
CSR=0.25
0.2 PI=17
CSR=0.25
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-10 -8 -6 -4 -2 0 2 4 6 10
Shear Strain (%)
0.4
— PI=11
0.3 PI=14
— PI=17
0.2 2
7
0.1 y
vl
0.0 i
-0.1 \ \
\
-0.2 \ ‘\
-0.3
-0.4
1.0 0.8 0.6 0.4 0.2

Pore Pressure Ratio

Cyclic Stress Ratio

Cyclic Stress Ratio

CSR=0.3

0.4
PI=14
0.3 CSR=0.29
PI=17
CSR=0.3
0.2 PI=23
CSR=0.3
0.1 PI=94
CSR=0.29
0.0
-0.1
-0.2
-0.3
-0.4
-10 -8 -6 -4 -2 0 2 4 6 8 10
Shear Strain (%)
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
1.0 0.8 0.6 0.4 0.2 0.0

Pore Pressure Ratio

Cyclic Stress Ratio

Cyclic Stress Ratio

0.4

0.3

0.2

0.1

PI=14
CSR=0.34
PI=17
CSR=0.34
PI=23
CSR=0.33
PI=94
CSR=0.34

-4 =2 0 2 4 6

0.4
Pore Pressure Ratio

0.8 0.6



Cyclic Stress Ratio

Cyclic Stress Ratio

CDSS Test Results
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CDSS Test Result_s_
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Conclusions

« CPT (SBT via Ic) did not distinguish well MH, ML or borderline SM/ML.

« Borings and samples were necessary for proper engineering material
characterization.

« Combining simplified methods can identify potentially susceptible soils to
liguefaction or cyclic mobility.

« Arobust cyclic test program showed range of potential soil behavior so
performance can be assessed, and analyses set.

« Severity of cyclic silt behavior (strain and pore pressure) is a function of PI,
Cycles, and CSR.

* This program was expensive. Small to medium projects generally will not
pay for it.
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Suggestions to Improve Standard of Practice

* Do not use the term “clay-like” for silts, many think no problems in the
context of “liquefaction”.

* Reserve the term liquefaction for sands. For silts, perhaps use “silt-like”.
« Susceptibility for silts must go beyond Yes/No.

* Develop relationships for silts to estimate shear strains and pore pressure
given certain EQ loading (Cycles & CSR), PI, etc...

 Amend codes to check for:
« Sand liquefaction
 Silt-like behavior
» Clay-like behavior

ClE
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Impacts of Analyzing Deep Sand and
Transitional Soil Profiles with State of
the Practice Methods

Brice Exley




Current State-of-Practice Methods

* Not the impacts or limitations | was expecting...
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Current State-of-Practice Methods

e Primarily stress based simplified in situ methods for sands using SPT and CPT.

— Select your variation of choice

» Clay like behavior consideration varies widely, but often a combination of Bray and Sancio for screening
with Idriss and Boulanger to estimate CRR.

— Need accurate undrained shear strengths
— OCR estimates
— Undrained shear strength ratios

— What happens when CRR is exceeded?
e Screening by I, = 2.6 for transition between sand-like and clay-like behavior.
e Residual Shear strengths of sands via residual shear strength curve of choice.

e Deterministic CRR curves with associated with approximately 16" percentile combined with 2,475-year
event, despite structural design based on 2/3 of 2,475-year event for IBC (layers of factors of safety...)

"AtBkicH

Assume water table means fully saturated



Site A: B&I 2014, Clay-Like Behavior Clig
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Site A: B&Il 2014, Default Clay Site A: B&l 2014

e 9 of 22 samples from 5 to 55 feet below ground surface susceptible or moderately susceptible to
liquefaction using Bray and Sancio (2006).

* Ic typically 2.3 to0 2.6

e Residual shear strength ratios of ~0.1 for transitional soils as they’re treated as “sand-like” typically
applied nearly continuously to depth of approximately 100 feet, resulting in flow failure and lateral
spreading indicated

e 5to 10 inches of free field settlement.

* |IBC classifies piles through “fluid soils” as columns. Unbraced for more than 60 feet?

1810.1.3 Deep foundation elements classified as columns.
Deep foundation elements standing unbraced in air, water or fluid soils shall be classified as columns and designed as such in accordance with the provisions of this code from their top down to the point
where adequate lateral support is provided in accordance with Section 1810.2.1.
1810.2.1 Lateral support.
Any soil other than fluid soil shall be deemed to afford sufficient lateral support to prevent buckling of deep foundation elements and to permit the design of the elements in accordance with accepted
engineering practice and the applicable provisions of this code.

Where deep foundation elements stand unbraced in air, water or fluid soils, it shall be permitted to consider them laterally supported at a point 5 feet (1524 mm) into stiff soil or 10 feet (3048 mm) into
soft soil unless otherwise approved by the building official on the basis of a geotechnical investigation by a registered design professional.



Site A: OCR Profiling X T

* Agaiby & Mayne I, index dependent m’ performed poorly [ ' s
compared to consolidation tests. L R — ——
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Site A: DSS Testing Sample B5-S6

Normalized Shear Stress (t/o'vc)

5 10 15 20 25 30 35 40 45 50
Shear Strain (%)
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Site A: DSS SHANSEP Based Strength Normalization

e DSS SHANSEP Strength Normalization
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CDSS Results B5-S6
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CDSS Results B5-S6

Site A
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CDSS Post-Cyclic Shear B5-S6
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CDSS Results B8-S9

Site A
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Site A: Cyclic Shear Strength Accumulation

e Stress history normalized power law

0.30

* CSR estimate below 80% of undrained shear
strength ratio typically assumed for clay-like °* g
material at approximately 50% of undrained
shear strength ratio.

0.20

0.15

CSR/YSR"0.7

0.10
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0.00
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Number of Uniform Cycles, N

@® Cyclesto3% === Power Law fit, a = 0.22, b =-0.15
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Site A: Post Cyclic Strength and Ru Generation

 When CRR exceeded and Ru was greater -
than about 080, the pOSt CyC“C shear 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
. 1.00
strength was reduced by approximately 50%. o oy Pl groseol
. i DED o s kG593 @@ KGI-59-1
* For most OCRs, significantly more post-cyclic, KG1-55-2
strength than predicted using sand curves. & o
3 040
x 020 | KGJ-S5-3 0/
& b ® B7-56-2
0.00 f
-0.20
@ Peak Ruor Ruat 35 Cycles ——Ru Generation Model e Sample Reached 35 Cycles
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Site B: 250ft+ Sand Profile, simplified methods

e Simplified methods predict mostly continuous liguefaction to more than 150 feet deep even with site
response analysis derived PGA, which is a reduction from code derived PGA.

 Significant impacts on foundation recommendations and project feasibility.

Factor of Safety B&I 2014
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Site B: 250ft+ Sand Profile, Advanced SRA

e Intermittent liquefaction with PM4 based site response analysis.

Maximum Shear Strain(%) Maximum Pore Pressure Ratio Maximum Shear Strain{%) Maximum Pore Pressure Ratio
Equivalent Cyclic Stress Ratio 0 10 20 30 00 02 04 06 08 10 0 2 4 6 8 10 00 02 04 06 08 10
0.2 0.3 04 05 " n 1 N n n N n N } 1 " L " " i .

60




Site C: Partial Saturation

 State of practice assumes once a water table is encountered, full saturation occurs.

— Pore pressure dissipation test derived water table 2 to 3.5 feet deep. Generally consistent with
adjacent lake level.

— Full Saturation more than 25 feet deep based on compression wave velocity tests.

* Presence of reliably crust may significantly impact engineering recommendations

| SCPTu COMPRESSION WAVE VELOCITY TEST RESULTS - Vp I

I SCPTu COMPRESSION WAVE VELOCITY TEST RESULTS - Vp I

Tip Geophone Ray Ray Path Travel Time Interval
Depth Depth Path Difference Interval Velocity
(ft) (ft) (ft) (ft) (ms) (ft/s)

3.12 2.46 5.80

6.56 5.91 7.90 2.10 2.31 909
9.84 9.19 10.58 2.68 2.20 1216
13.12 12.47 13.53 295 1.21 2431
16.40 15.75 16.60 3.07 1.32 2324
19.69 19.03 19.74 3.14 0.77 4070
22.97 22.31 22.92 3.18 0.77 4122
26.25 25.59 26.12 3.21 0.60 5332
29.53 28.87 29.34 3.22 0.61 5271
32.87 32.22 32.64 3.30 0.62 5308
36.09 35.43 35.82 3.18 0.60 5287
39.30 38.65 39.00 3.18 0.60 5297
42.59 41.93 42.26 3.25 0.56 5797
45,93 45.28 45,58 3.32 0.61 5437
49.15 48.49 48.77 3.19 0.56 5693

Tip Geophone Ray Ray Path Travel Time Interval
Depth Depth Path Difference Interval Velocity
(ft) (ft) (ft) (ft) (ms) (ft/s)

3.61 2.95 6.16

7.05 6.40 8.38 2.22 3.09 718
10.17 9.51 10.95 2.57 2.98 863
13.45 12.80 13.89 2.95 3.19 925
16.73 16.08 16.96 3.07 3.32 926
20.01 19.36 20.10 3.14 3.42 918
23.36 22.70 23.34 3.24 1.98 1634
26.58 25.92 26.48 3.14 0.94 3328
29.92 29.27 29.76 3.28 0.79 4177
33.20 32.55 32.99 3.23 0.66 4931
36.48 35.83 36.23 3.24 0.64 5057
43.04 42.39 42.73 6.50 1.27 5108
46.33 45.67 45.99 3.26 0.62 5241
49.48 48.82 49.12 3.13 0.58 5390
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Incorporating the spectrum of soil behaviors
directly into systems level triggering and
consequence models

Shideh Dashti & Caroline Bessette

Associate Professor & PhD Student
College of Engineering and Applied Sciences

shideh.dashti@colorado.edu & caroline.bessette@colorado.edu

@J University of Colorado Boulder



Current practice in liguefaction assessment relies on a binary
“susceptibility” check before evaluating triggering, consequence, and
mitigation

« [NEal ? © Liguefaction
— ! “susceptibility” check
BT, [em————— |
NP <:> L
| Liquefaction “triggering”
o free-field & near-field
£ cs 3
- — Permanent deformations
_—— - } (vertical and lateral) away
,‘ i | 4 from & near structures
] L L
. | Mitigation to achieve
I!l Simpiifed profie

acceptable performance

Bray et al. (2004) ~ Cubrinovski et al. (2019)



Current procedures for assessing soil susceptibility distinguish sand-
like from clay-like behavior in a binary manner

e Based on plasticity index and water
content

e Laboratory tests and observations of
surface manifestation (e.g., sand boils or
ejecta) from prior case histories

e Current evaluation methods range from
in-situ test indices (Ic from CPT) to
geotechnical laboratory testing

* Engineering judgment & additional
laboratory testing required for
intermediate soils near the boundaries

50 .
s This Study
& 40k A o Susceptible
g L A a o Moderately Susceptible
= a0 L a | aNot Susceptible
= - M & A
2 20t
& . Not Susceptible
. 191 (a) °I & "Ra8 dSusceptible
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Recommended guideline in
absence of detailed laboratory testing
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Plasticity Index, Pl

Bray and Sancio (2006)

Boulanger and Idriss (20006)



Triggering and settlement models tend to ignore the presence of
“unsusceptible” clay-like soils prone to cyclic softening

* Triggering & consequence models focus on
individual and independent soil layers
without cross-layer interactions

* Traditional triggering evaluation relies on
selection of critical layers

* Models are conditioned on empirical
observations of surface manifestation,
hence affected by overall response of a soil
deposit

* The distinction among susceptibility,
triggering, manifestation, consequence, &
damage is blurry

PL silt

NP
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Cubrinovski et al. (2019)



The entire spectrum of soil behaviors contributes to triggering and
consequence at a systems level

* Not all sands with fines < 5% act the (@) Site 33 - Cashmere ) Sle£4.= Bariion
same (pore pressure or strain) - -

* Clay-like soils may still experience cyclic
softening and excessive deformations
(lateral and vertical)

* Low-permeability layers affect EPWP
development & redistribution and very fin send whh
dynamic response of susceptible layers

* Fines content correction not defined in
consequence procedures

silt parting

* These gaps/shortcomings affect
reliability of procedures

\74




Effective mitigation requires improved models of susceptibility,

triggering and performance, directly accounting for the spectrum of
soil behaviors and interlayering

Liquefaction
“susceptibility” check

Liquefaction “triggering”
free-field & near-field

Permanent deformations
(vertical and lateral) away
from & near structures

A 4

Mitigation to achieve
acceptable performance

Bray et al. (2004)




Case history, centrifuge, and numerical database for unified predictive
models of triggering, consequence, and mitigation

- Non-susceptible soil Loose-to-medium - Dense sand layer

dense susceptible sand _ _
(¢) MDOF inelastic structure on

mitigated ground

(a) 1D site response (b) SDOF structure on potentially
liquefiable soil deposit
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CAV. used to define soil resistance to liquefaction
triggering at different r, thresholds and depths

Surface
b acceleration history
Soil profile Mkl .

Non-susceptible %//%

% soil

|
_ ‘ Pore pressure history at depth z
Loose-to-medium |

— dense susceptible

Excess pore

sand 10 ; R R —— :
n @ 3 pressure ratio
Dense sand - 5 S g threshold, r,
N interlayer g X ;‘- g

. 0 —
Considered pr g
depths, z o

_ A Outcropping rock cumulative absolute velocity
Outcropping rock

acceleration history

velocity

Capacity cumulative
“““““““““““““““““ * absolute velocity, CAV,

at depth z

Cumulative
absolute

TR I S S =

Bullock et al. (2021,2022)
ASCE JGGE & Geotechnique



Depth, z (m)

Our CAV. model accounts for cross layer interactions but does not

consider cyclic softening in clay-like soils or spectrum of soil behavior
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Our probabilistic models for predicting settlement & tilt of
shallow founded structures with and without mitigation account
for interlayering, but not deformations in clay-like soils
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Common-origin approach to assess level-ground
liquefaction susceptibility and triggering in CPT-
compatible soils using A-Q (Saye et al. 2021)

 A-Q:aunified method to assess
susceptibility & triggering for a
spectrum of soil behaviors

 (Case histories including low
plasticity, fine-grained soils,
unifying evaluation of
susceptibility & triggering

* No need to estimate equivalent
clean sand tip resistance.

Depth (m)

10

12

14 W

0.1

ot
o
.

log(CSR75) + 1.34
Ge1/ Pa

o
3
3
0.001 .
' - _ 10 100
Soil Classification Index AQ
Qc/Pa fs/Pa Aq FC (%) Sail
0 50 100 1500 1 210 60 110 O 50 100 Log
NP e e = 7 N P S O PO k1 T - LR T R N T D Sndy
1silt-silty
L | 4 L 4 L | _gand
________ R I — | ______GWT@
1 N 1AL | 25m |
Critical layer . ®
L : N Critical layer 4 L _
this stud
( T (B-1 2016) ® facd
B | |} Sedimentunit| || 1 L i v;ﬁp
(this study) O
_________ Iy LY s ____1 —
C - | "L I -1 7@ - - - - — QY
o
Sand S
Clay .
i - | I 1 1® 1 |Sand|] ®
L -—
o
1 L i 4l @ ® g
Elastid
sit | &3
lll]llllllllll l I lll l}l I



Common-origin approach to assess level-ground
liquefaction susceptibility and triggering in CPT-
compatible soils using A-Q (Saye et al. 2021)

* The procedures rely directly on
compressibility, so factors that
affect penetration resistance
(e.g., mineralogy, grain shape,
density, over-consolidation) are
incorporated

 Triggering calculation still
requires estimation of critical
layers & no consideration of
interlayering.
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How can we move toward a unified method for assessing seismic
strength loss, shear, and volumetric strains for the spectrum of CPT-
compatible soils (non-sensitive clays 2 clean sands)?

Need to separate performance (pore
pressures & deformations) within the profile [3
from surface manifestation (ejecta?) inour = R :

procedures

“Susceptible”
Layers
.<2.6

Additional data needed from case histories

(with reliable CPT recordings, sampling, lab —————
testing & instrumentation), centrifuge
experiments, & numerical simulations B> 20—

Depth (m)
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14+

Coordinated effort among researchers y

Quality-controlled data sharing and curation 00 150 200
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LIQUEFACTION OF SILTY SOIL
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Effects of Liquefaction-Cyclic Softening in Adapazari, 1999 Kocaeli EQ
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Effects of Liquefaction-Cyclic Softening of Shallow Low Plasticity Silt

“Ground Failure” “No Ground Failure”
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Effect of Solil Plasticity on Liquefaction Susceptibility

cycle 11 cycle 13

Deviator Stress, g (kPa)

Deviator Stress, g (kPa)

3210123 4554-3-2-10123 425
Axial Strain, g (%) Axial Strain, g5 (%)




Cyclic Response of Low-Plasticity Clayey Silt

Shear Stress (1)

Shear Stress (1)
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CSS Testing:

Soil G has PI =10

Donahue et al. 2007



Liquefaction Susceptibility Criteria

(Bray and Sancio 2006)

Susceptible Soil: PI=12 & w_/LL 2 0.85
Moderate Susceptibility: w/LL =2 0.8 & 12 < PI <20

Plasticity Index
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B Moderate Susceptibility
A Not Susceptible

A Not Susceptibje
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SILT LIQUEFACTION - 1999 Kocaeli & Chi-Chi EQs

qi(Mpa)

012345678910 0 5 ! 4 04 06 08 10 12

Silt can liquefy (even if I, > 2.6)

Perform cyclic testing on high FC soil to
assess their seismic response characteristics
(they can be sampled effectively)

Bray & Sancio 2006 Samlig Testing



Extreme-to-No Manifestations of Liquefaction - Christchurch, NZ

Photograph by R. Wentz



Grain-Size of Christchurch Soil

Silty Sand
SP-2-88
SM-44-80
ML-62-82
#200 sieve

o
32
S
—
",
D

O
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>
i
-
O
=
y—
et
e
)
O
—
QO
L.

Particle diameter (mm

Does soil ‘know’ the #200 sieve exists?

Beyzaei et al. (2018)



Cyclic Simple Shear Tests of “Undisturbed” Nonplastic Christchurch Soil

SP

FC = 2%, Dr =88%

SM

FC = 44%, D, = 80%

02 04 06 038

ML

FC =64%, D, =82%

08 10-15 -10 -5

Mijic et al. (2021)



Cyclic Triaxial Tests & Post-Liquefaction Reconsolidation

0.6

(c) 3% SA ' (d) 5% DA m— EQC4-DM1B-6U-A
| Sand (S P) e EQC4-DM1B-6U-B

EQC4-DM1B-7U-A
m— EQC4-DM2-3U-A

EQC4-DM2-3U-B

EQC4-DM2-4U-A

Sand

0.4 4

0.2 1

Silt (P!

0.0 1

Silt (P
R EEEER ° 2501z 34 s Silt (P
st ] Sand: k=102 cm/s

100 1000 10000

-0.6

VOLUMETRIC STRAIN (%)

(sec)

o) Silty Sand: k =10 cm/s

S$23-DM1-3U-A
§23-DM1-3U-B
= 523-DM1-4U-B
S§23-DM1-5U-A
m— 523-DM1-7U-A
m— 523-DM1-7U-B
$23-DM1-8Ub-A

Silt

VOLUMETRIC STRAIN (%)

VOLUMETRIC STRAIN (%)

Silt: k= 104 - 10-° cn\/s
Clayey Silt: k < 10-° cm/s

100 1000 10000

Clean Sand PI=0 Silt Pl=10 Silt B TIME (sec)
(EQC3-DM1-5U-A) (S33-DM1-6U-B) (S33-DM1-8U-A) Beyzaei et al. (2018)




Christchurch
CPT Profiles

Increasing PGA

Increasing
Manifestations

Beyzaei et al. 2018

PGA <0.2g

PGA=0.2 —0.3g

PGA=0.3 —0.4g

PGA > 0.4g

CPT TIP RESISTANCE q, (MPa)

DEPTH BELOW GROUND SURFACE (m, BGS)

CPT TIP RESISTANCE g, (MPa)

°mf;7 :

CPT TIP RESISTANCE g, (MPa)

‘B 777;‘ 2

CPT TIP RESISTANCE q.(MPa)

¥

DEPTH BELOW GROUND SURFACE (m, BGS)

LEGEND
No Ejecta Observed

Minor Ejecta Observed

Minor to Severe Ejecta Observed




FOCUS ON LIQUEFACTION EFFECTS

1964 Niigata, Japan EQ (from H.B. Seed)



Volumetric Strain (g,,) Trends Observed in Terms of D,

» ¢,depends primarily on the induced y, _and not the type of loading or o', = 40 — 400 kPa

Clean Sand Nonplastic Silty Sand Nonplastic Silts

Bl Beyzaei 2017 (Dr=60.7-67.2%)
Tatsuoka et al. 1984 (Dr=66-69%)
Chin 1987 (Dr=60%)

Wu 2002 (Dr=60-66%)
Tsukamoto et al. 2004 (Dr=60%)
Cetin et al. 2009 (Dr=62-69%)
Thevanayagam & Shenthan 2010 (Dr=64%)
Markham 2015 (Dr=67%)
Parra 2016 (Dr=67%)
1Y92-Curve, Dr = 60%
=== 1Y92-Curve, Dr=70%

Tatsuoka et al. 1984 (Dr=70'730/0) Toriihara et al. 2000 (DF:72°/0)
Ishihara & Yoshimine 1992 (Dr=73%) @ Markham 2015 (Dr=72-79%)
Wu 2002 (Dr=78% ) B Beyzaei 2017 (Dr=71%)
Tsukamoto et al. 2004 (Dr=70%) Tatsuoka et al. 1984 (Dr=70-73%)
Porcino & Caridi 2007 (Dr=75%) Ishihara & Yoshimine 1992 (Dr=73%)
Cetin et al. 2009 (Dr=71%, 75%) Wu 2002 (Dr=78%)
Markham 2015 (Dr=72-79%) Tsukamoto et al. 2004 (Dr=70%)
IY92-Curve, Dr = 70% Porcino & Caridi 2007 (Dr=75%)
=== |Y92-Curve, Dr = 80% Cetin et al. 2009 (Dr=71%, 75%)
1Y92-Curve, Dr = 70%
=== 1Y92-Curve, Dr = 80%
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D,=70% - 80%

10 15 20 25 30 35
Maximum shear strain, quax(%)

D,=60% - 70%

10 15 20 25 30 35
Maximum shear strain, 7max(%)

15 20 25 30
Maximum shear strain (%)

Soil gradations vary but all are uniform with C, < 4, except Toriihara et al. 2000 sand,
which has C, = 18 and has compressible / crushable fine soil matrix that governs response



D.-Based Model for ¢, Potential

Clean Sand & Nonplastic Silty Sand & Nonplastic Silts

Olaya & Bray (2022)

® Non-plastic sand - Data class: A

O Non-plastic sand - Data class: B Dr = 30% = Proposed model
B Non-plastic silt - Data class: A \ I'Y92-Curves

Model £ 1o range

—— ¢, = 1.14%exp(-2.0(Dr=75%))- min( Dr = 40%

"max’

Dr=50%
Dr = 60%
Dr=70%

—Dr=80%
Dr =90%
10 15
(0]

max

g, = 1.14 exp(—2.0 D,) - min( ¥p,q,, 8%) - €° o =0.62]

« Scatter in the data due to soil response variability, test variations, and different datasets



CONCLUSIONS

Focus on the effects of liquefaction

Test soil that can be sampled effectively

Use D, to examine cyclic response of nonplastic silty soil
Low-plasticity clayey silty soil responds like nonplastic silty soil

Consider depositional environment and soil system response






Particle Fabric Imaging for
Understanding
Shear Response of Silts

PEER Liquefaction Susceptibility Workshop

Oregon State University
Corvallis, Oregon

September 08-09, 2022

Dharma Wijewickreme
University of British Columbia
Vancouver, BC

Canada

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022




Impetus

 Significant effect of fabric on the soil behaviour that
cannot necessarily be expressed based on e - ¢’ in a
continuum framework.

* Further knowledge on the particulate arrangement
should support the understanding of silt behaviour.

« Potential of 3D imaging to study fabric — already
demonstrated through coarse-grained soils.

« Due to technology advancements in micro-CT imaging,
now possible to examine silt fabric.

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022




Typical Cyclic Response of Silt
Relatively Undisturbed Natural Fraser River Silt (Pl =4)

No static shear stress bias With static shear stress bias
_ 25.0
e.=0.884 20 €.~ 0977
- 200
_ | Ow=97.2kPa = G'yo= 1024 kPa
£ | CsrR=021 = 15.0 1
=3 A R
o - & To/0w™ 014 109
"3 @
g 4 &= 005 b0
B 15 %
5 P e
s : ™ -5.0
w
@ Point ofy=3.75%
(assumed triggering point 1500
of liquefaction) )
Shear Strain, vy (%) Shear strain, y (%)
30 30.0
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' CSR=0.21
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Shear sfress, ¢, (kPa)
o =] o
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Vertical effective stress, o'(kPa)

aﬁ Vertical Effective Stress, ¢y (kPa) -
e
° All cyclic mobility— No abrupt degradation of stiffness
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Shear Stress, t (kPa)

Undisturbed vs. Reconstituted

Monotonic Loading — Fraser River Silt - Pl = 4%

1.2

120 -

90 A

60 A

(1]

— Undisturbed
Reconstituted

¢'.. =400 kPa

— —
T e — — ——

- e. =0.98

— — — -
— — — — — — —

¢'..= 100 kPa R e.=0.85

— — — — — ————

1.1

Void Ratio, ¢
o o o
~J (v} O

o
o

5 10 15
Shear Strain, y (%)

20 0.5

0.4

i 1] Undisturbed
] ~
) Reconstituted ™\
o Aa
i ~ Q \\’
<.

# Initial consolidation (prior to shearing)
] < At shear strain = 15%

A Initial consolidation (prior to shearing)

A At shear strain = 15%
10 100

Vertical Effective Stress, ¢', (kPa)

(Wijewickreme & Sanin 2008 and Sanin 2010)

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022

1000




Undisturbed vs. Reconstituted
Cyclic Loading Response

5 04
~ o'._= 100 kPa, CSR = 0.14 A Undisturbed : 14 . — A0
g | (1) ndisturbe Fraser River Silt: Pl = 4%
- 227 i ; » OReconstituted . . . .
A Undisube ; (Wijewickreme & Sanin 2008 and Sanin 2010)
£ R 1
] H .
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= & i
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Beyond Element
Testing...

Need for a
quantifying
“Fabric Index”
() ..?

14

Void Ratio (e)
o
2]

o
o

Strain=0% - NC
Strain=15% - NC
Strain=0% - Reconstituted
Strain=15% - Reconstituted

ol »

10
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Obtain
Images using
X-ray micro-

CT
technology

[ )]

[ -

Zeiss (2017)

X-ray u-CT Scanning Process

Rotating

stage

Stationary
detector

Source distance (mm)

Detector distance (mm)

Assess
Quality

( )
N\ 4 ~\
: Analysis of digital
Perform image ) fy raig
filtering and information on
g - g particles
particle
segmentation e.g., Avizo software
J \ J \. J

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022
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Possible outcomes:
Grain size distribution
Void ratio

Particle contacts and
orientations
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Preparation of Specimens

Wall effects

* Sub-samples obtained from usual
size (~ 71 mm) tube samples.
* Plastic tubes for sub-sampling
o Wall Thickness (t): 0.14 mm
o Tube Diameter (D): 5 mm
* D/t:36 ; D/D.,> 65 for silts

e Soil disturbance ~ 1 mm zone from the wall
e Use of the inner core of 1 mm diameter for imaging

considered reasonable

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022



Method Development / Validation
Using Standard Particles

Material Size Checks

Standard-sized silica particles
from SiliCycle, Quebec,
Canada. Sizes range in the
ranges of: 5 - 20 um, 20 - 45
um; and 40 — 63 um

Layering Checks

Grain Size (um)

0 Method successful for images containing particles greater than 20 um. The
0‘ methodology was expanded to include natural silty material.
g

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022




Extension to Imaging of Natural Silts

Representative raw and processed
images for the sub-samples of FR

7.5cm

silt.
Consolidation test
specimen
Sub-sampling
Plastic tubes
Subsampling of FR silt reconstituted
consolidated specimen
Principal Axis Orientation Diagram (") for Side 1 Principal Axis Orientation Diagram (¢°) for Side 2
§ ' e
E ,A LEGEND
E . b :
E 40 .f"‘ Principal Axis Orientation Diagram (¢°) for Middle
2 i
E 30 =j.
3
/s
P I <
0.001 0. ’!‘1—‘ 01 1 1 100 f-'/\\ \
Diameter (mm) . [/
aﬁ‘ Digital GSD for FR silt
' * X
1860 Rose diagrams of particle principal axis
E’IE] orientation for reconstituted specimens.
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want to be in 5 to 10 years!

(a) Loose Sand, o; = 5 kg/cm?

2.5
o | Test No.209 Test No.209 Test No.209
- .
15 | e=0.87 / Cycle 8 &9 4 Cyele 10
1 4 Dr = 38% I /
Y g——
05 4 Cycle 1 = Fa
0
0.5
a
g a
5 V
_a: 2 Sample liquefaction on cycle 9
f =5kg
@ Test No.206 Test No.206
8 Cycle 840 Cycle 867
1
a]
Sample liquefaction on cycle 866
02 -0l 0 01 02-06 -04 -0.2 0 02-16 -14 -12 -0 8 -6 -4 -2 0 2 4 6

Axial Strain (%)

Hysteresis curves (Seed & Lee, 1966)

Stress-strain loop with
a kink

Stress-strain loop
without a kink

0ﬁ‘: Stress-strain Loop Patterns
'.6 Wijewickreme and Soysa (2016)
EE

“Fabric Index” (#) - where we

1.40
5 1.20
o
© 1.00
18
o 0.80
£
8 0.60
0.40
o
X 0.20

0.00

(D)%) - sino
Ronc T (1 — S “ba‘)

Pluviated / Tamped
Vibrated

Effect of Fabric on K, - Northcutt and
Wijewickreme (2013)

Pluviated

Drawing from p-CT images:

* void ratio

« Particle dimensions, shapes, grain

orientation

« coordination number, etc.
& correlating those with cyclic loading
response features such as:

* Cyclic hysteresis

* pwp generation

« Stiffness degaradation

Great opportunity to establish and
quantify a Fabric Index” (»#) - Scalar

or Tensor! 12
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=< Summary

 Knowledge on the particulate fabric needed to understand
complex silt behaviour. Due to technology advancements in
micro-CT imaging, it is now possible to examine silt fabric.

« Excellent capability of X-ray y-CT to obtain 3D images for silt
sizes > 20 um is demonstrated.

« X-ray U-CT images would allow obtaining: void ratio, particle
dimensions/shapes, grain orientation, coordination number, etc.

« Correlating with the cyclic loading observations such as

hysteresis, pwp generation, stiffness degaradation, a great
opportunity exists to establish and quantify a Fabric Index” (#) -

scalar or tensor

. Future study:
Particle arrangement under different shear loading.
« Effects of density, method of soil specimen reconstitution, etc., on the
particle fabric.
" » Develop fabric factor to express macroscopic mechanical behavior of silts.

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022



UBC
Acknowledgements

 Natural Sciencesand Engineering Research Council of
Canada (NSERC) -

« B Mark Martinez, UBC Pulp and Pa@er Centéer and the
UBCO Composites Research Network for micro-CT
equip;ment and imaging

* ¥Ana Vgﬁ/*e, PhD Candidate, UBG *
. . »

- Initial starttup work from previeus graduate students

Thank You! ° %

- Photo extracted from: https://www.nasa.gov/
,

L

PEER Liquefaction Susceptibility Workshop — Corvallis, Oregon, USA, September 2022







PEER Workshop on Liquefaction Susceptibility
Thursday, September 8, 2022

GEOSPATIAL MODELS FOR LIQUEFACTION

SUSCEPTIBILITY
SESSION 2: WHERE DO WE WANT TO BE IN 5-10 YEARS?
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GLOBAL GEOSPATIAL LIQUEFACTION MODELS
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REGIONAL LIQUEFACTION SUSCEPTIBILITY MAPS

a b
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Lenz and Baise (2007). Spatial Variability of liquefaction potential in regional mapping using CPT and SPT data. SDEE. 690-702.



REGIONAL LIQUEFACTION SUSCEPTIBILITY MAPS

Youd and Perkins (1978)

= GEOLOGIC APPROACH

= RELY ON DETAILED QUATERNARY SURFICIAL GEOLOGY
MAPS

= GENERALLY QUALITATIVE

= SUSCEPTIBILITY MAP

o |

Bl Very High ¥ N\ %
| High S T
Moderate N
| Low K,
% |

Susceptibility

l [ Very low W
P it [JLow J N
” 2 A\ A R
A% o JENS L :{ |4 [ IModerate ; o Y
USGS Open File Report 08-1037 | & =h < [JHigh R ¢ i
e T T T [ Very high -
__'A -
UNIVERSITY

Likelihood that Cohesionless Sediments,
When Saturated, Would Be Susceptible

General dis- : : :
wibution of _to Liquefaction (by Age of DE.F&
cohesionless Pre-
Type of sediments Pleis- pleis-
deposit in deposits <500 yr Holocene tocene tocene
B (2) (3) {4) (5) ()
(a) Continental Deposits
River channel Locally variable | Very high | High Low Very low
Flood plain Locally variable | High Moderate | Low Very low
Alluvial fan and
plain Widespread Moderate Low Low Very low
Marine terraces
and plains Widespread -— Low Very low | Very low
Delta and fan-
delta Widespread High Moderate | Low Very low
Lacustrine and
playa Variable High Moderate | Low Very low
Colluvium Variable High Moderate | Low Very low
Talus Widespread Low Low Very low | Very low
Dunes Widespread High Moderate | Low Very low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very low | Very low
Tuff Rare Low Low Very low | Very low
Tephra Widespread High High ? 7
Residual soils Rare Low Low Very low | Very low
Sebka Locally variable | High Moderate | Low Very low
() Coastal Zone
Delta Widespread Very high | High Low Very low
Esturine Locally variable | High Moderate | Low Very low
Beach
High wave
energy Widespread Meslerate Low Very low Very low
Low wave '
energy Widespread High Moderate | Low Very low
Lagoonal Locally variable | High Moderate | Low Very low
Fore shore Locally variable | High Moderate | Low Very low

SCHOOL OF ENGINEERING

Civil and Environmental Engineering




REGIONAL LIQUEFACTION SUSCEPTIBILITY |V|APS

= GEOTECHNICAL APPROACH
= RELY ON GEOTECHNICAL DATA-WHICH MAY BE
SPARSE
= CAN BE QUANTITATIVE BUT ARE OFTEN SPATIALLY

INCOMPLETE
= OFTEN USE PROBABILITY OR GEOSTATISTICS TO DEAL

Legend
Natural Deposits - Low and
Moderate Susceptibility
D Fill - Moderate Susceptibility
(<20% of borings susceptible)

Fill - High Susceptibility
Dorchester - (>20% of borings susceptible)

Bay ]:l Fill - Unassigned
0 i 2
é ] Kiometers

WITH VARIABILITY
= SUSCEPTIBILITY MAP OR HAZARD MAP

Misc.Fill j:, :
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Deposits 1 -
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>
m
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o
|
I
1

I L
L]
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- | Marine Clay Liquefaction
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Baise, L.G., Higgins, R.B., and Brankman, C.M. (2006). Liquefaction Hazard Mapping

— statistical and spatial characterization of susceptible units, JGGE, 132:6, 705-715. KD 8 'o&%?o 5 " [iquefaction Probability
Brankman, C. M. and Baise, L. G. (2008). Liquefaction Susceptibility Mappin S A .t ° <035
Boston, Massachusettts, Engineering and Environmental Geoscience, XIV (ﬁEﬁlf’t‘ eI | ’ °§;”'55

16.

N eeee— Veters
0 1375 275 550 825 1,100



GEOSPATIAL REGIONAL LIQUEFACTION ASSESSMENT

= GEOSPATIAL APPROACH

= GLOBAL IMPLEMENTATION

= WIDELY AVAILABLE GEOSPATIAL
PARAMETERS AS PROXIES FOR

IMPORTANT SOIL PROPERTIES
= SLOPE-DERIVED V3o -> SOIL DENSITY
= DISTANCE TO WATER -> SOIL
SATURATION

" [NCLUDE SHAKING INTENSITY
= PGA AND PGV FROM SHAKEMAP FOR
RAPID IMPLEMENTATION

= QUANTITATIVE ASSESSMENT
"= LOGISTIC REGRESSION — PROBABILITY
= SPATIAL EXTENT
= CAN LINK TO LOSS ESTIMATION

Zhu, J., Baise, L.G., and Thompson, E.M. (2017). An Updated Geospatial quﬁegfg“‘g%%r\hﬁ

Model for Global Application, Bull. Seism. Soc. Am. 107 (3).
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GEOSPATIAL REGIONAL LIQUEFACTION ASSESSMENT

Likelihood that Cnhesionle-ss Sedi-mems.

< When Saturated, Would Be S tibl
= WHY IT WORKS General dis- sl g e

tribution of .
cohesionlass Pre-
Type of sediments Pleis- plais-

deposit in deposits =500 yr Holocene tocene tocene

= YOUD AND PERKINS (1978) AND KNUDSEN o | @) (@ G | ©
AND BoOTT (2011) =

River channel Locally variable | Very high | High Low Very low

u I- IQUEFACTION OCCURS IN YOUNG Klltl]::i::jll?‘;i s Locally variable | High Moderate | Low Very low
SEDIMENTS, NEAR WATER BODIES, AND ON i | o | Moteme [row v | vewion
L O W FLAT G R O UND D:]]:;al::':zl?:n- Widespread — Low Very low | Very low

delta Widespread i oderate oW ey low
. WALD AND ALLEN (2007) Lacustrine and k 8 Mo - Very |

o

Continental Deposits

playa Variable High Moderate | Low Very low
n T OPOGRAPHIC SLOPE IS RELATED TO SOIL Colluvium Variable High Moderate | Low Very low
Talus Widespread Low Low Very low | Very low
Dunes Widespread High Moderate | Low Very low
D E N S l T Y Loess Variable High High High Unknown
Glacial till Variable Low Low Very low | Very low
u TOPOGRAPHY“BASED ASS ESSMENT OF Tuff Rare Low Low Veri‘low ‘v'::r;low
Tephra Widespread High High ? ?
H Y D R O L O G Y ( B A S E D O N D E M ) Residual soils Rare Low Low Very low | Yery low
Sebka Locally variable | High Moderate | Low Very low
(b) Coastal Zone
Delta Widespread Very high | High Low Very low
Esturine Locally variable | High Moderate | Low Very low
Beach
High wave
energy Widespread Meilerate Low Very low Very low
Low wave
energy Widespread High Moderate | Low Very low
Lagoonal Locally variable | High Moderate | Low Very low
Fore shore Locally variable | High Moderate | Low Very low
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GEOSPATIAL REGIONAL LIQUEFACTION ASSESSMENT

Wald and Allen 2007

0 R g
 F s ¥

= WHY IT WORKS

= YOUD AND PERKINS (1978) AND KNUDSEN
AND BOTT (2011)
* LIQUEFACTION OCCURS IN YOUNG
SEDIMENTS, NEAR WATER BODIES, AND ON
LOW FLAT GROUND

= WALD AND ALLEN (2007) 237
= TOPOGRAPHIC SLOPE IS RELATED TO SOIL
DENSITY
Elevation in Meters ¢ »
= TOPOGRAPHY-BASED ASSESSMENT OF W W s
HYDROLOGY (BASED ON DEM) V0 (mised g0
:ﬁm 1° 250-400
m --: 400-650
300-360
240-300 D B50-800
180-240 _
< 180 JE B00-1000
= 1000
:‘I;.,l\':l;f;ll:g Civil and Environmental Engineering




GEOSPATIAL REGIONAL LIQUEFACTION ASSESSMENT

- | 1
i BT AT
PO . !

= WHY IT WORKS TR

-43.4

= YOUD AND PERKINS (1978) AND KNUDSEN
AND BOTT (2011)
* LIQUEFACTION OCCURS IN YOUNG
SEDIMENTS, NEAR WATER BODIES, AND ON
LOW FLAT GROUND
= WALD AND ALLEN (2007)
» TOPOGRAPHIC SLOPE IS RELATED TO SOIL
DENSITY

" TOPOGRAPHY-BASED ASSESSMENT OF
HYDROLOGY (BASED ON DEM)
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GLOBAL/GEOSPATIAL LIQUEFACTION ASSESSMENT

2011 Mineral Earthquake

= METHODOLOGY

Soil Density

= GEOSPATIAL PARAMETERS/PROXIES

Shear-wave velocity over the first 30 m
Elevation

Topographic slope

Soil and sedimentary deposit thickness
Uplands vs. Lowlands

Topographic Position Index

Terrain Roughness Index

Distance to the nearest coast

», c = U = Cal E VE
EWE Distance to the nearest water body
[ETI Compound topographic index
R Global water table depth
ZWE Elevation above the nearest water body
PGB Mean annual precipitation
AN Aridity index
EERESEI Peak ground acceleration
EEVESEI Peak ground velocity
N iagnitude

Vvs30 (mis) () 250 - 350 () 500 - 620

() 180 - 250 () 350 - 500 () 620 - 760

Water Table Depth (m) () 2-5 ((_)10-20
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£ ARBENT
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"o 200
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* Earthquake Epicenter
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GLOBAL/GEOSPATIAL LIQUEFACTION ASSESSMENT

2011 Mineral Earthquake

= METHODOLOGY

Soil Saturation

= GEOSPATIAL PARAMETERS/PROXIES

NS shear-wave velocity over the first 30 m
IEIEVIEST NN Elevation

[SIGPEN Topographic slope
SGilltRickReSSI soil and sedimentary deposit thickness
liplandliewland™ Uplands vs. Lowlands
TP Topographic Position Index
TRV Terrain Roughness Index

Distance to the nearest river

Distance to the nearest water body
Compound topographic index

Global water table depth

Elevation above the nearest water body
Mean annual precipitation

EERESEI Peak ground acceleration
IECUNESIIN Peak ground velocity
I agnitude

Vvs30 (mis) () 250 - 350 () 500 - 620

() 180 - 250 () 350 - 500 () 620 - 760

s Bk

Water Table Depth m()z2-5 (J10-20

_.o =2 ;]5 10D>zo

Distance to River {(km) G 2-5 D 10-15

@o-2 Os-10)15<

TS T
Distance to Coast (km) [_) 5-10 () 20-50

@o-s5 CJ)10-20 ) >50

o 200
B Kilometers

* Earthquake Epicenter
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GLOBAL/GEOSPATIAL LIQUEFACTION ASSESSMENT

2011 Mineral Earthquake

= METHODOLOGY

Earthquake Loading

= GEOSPATIAL PARAMETERS/PROXIES

NS shear-wave velocity over the first 30 m
IEIEVIEST NN Elevation

[SIGPEN Topographic slope
SGilltRickReSSI soil and sedimentary deposit thickness
liplandliewland™ Uplands vs. Lowlands
TP Topographic Position Index
TRV Terrain Roughness Index
S Distance to the nearest coast
A Distance to the nearest river
EWE Distance to the nearest water body
[ETI Compound topographic index
R Global water table depth
ZWE Elevation above the nearest water body
PGB Mean annual precipitation

Vvs30 (mis) () 250 - 350 () 500 - 620

() 180 - 250 () 350 - 500 () 620 - 760

s Bk

Water Table Depth m()z2-5 (J10-20

_.o =2 ;]5 10D>zo

7.8
EERESEI Peak ground acceleration
IECUNESIIN Peak ground velocity
I agnitude

Distance to River {(km) G 2-5 D 10-15

@o-2 Os-10)15<

TS T
Distance to Coast (km) [_) 5-10 () 20-50

@o-s5 CJ)10-20 ) >50

o 200
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GLOBAL GEOSPATIAL LIQUEFACTION ASSESSMENT

* DATABASE DEVELOPMENT

= Build a representative database — Proof of

Concept
= 2 Earthquakes in Christchurch, NZ and 2
Earthquakes in Kobe, Japan (Zhu et al. 2015)

= Expand Database to include more Regions

= 27 Earthquakes across 6 countries (Zhu et al.
2017)

= Continue to update and validate

= 51Earthquakes (Rashidian and Baise, 2020; Baise
and Rashidian, 2020; Baise et al., 2021)

:—LTL 5?,].5 I—?‘: = Jﬁcﬁ;
LL‘ 0 il ujt:;":ﬁ
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MODEL DEVELOPMENT — SIMPLE MODELS

» Logistic Regression P(X) =
1+e %
« /hu et al. (20195)

— Regional model
X = Bo + 1 In(PGAy) + B2 CTl30c + B3 ND3c + B4 In(Vg3)

— Global model
X =P8y+ B In(PGAy) + B, CTI3o, + LB41n(Vs30)

« /hu et al. (2017) — Global model

X =By + B In(PGV) + B, In(Vy30) + B3precip + B,dw + B=wtd
(Current work expands database anqtlls:&ocused on model development)

OOOOOOOOOOOOOOOOOOO

C1V11 and Environmental Engineering



PRODUCT — LIQUEFACTION SPATIAL EXTENT MAPS

13|6° 140° 142° 14.40
-135° -130° -125° -120° -115° -110° 1964 Nigata ;ﬂ g~ | [' 1978 Miyagi
O 1949 Puget Sound : e Fe W% e
I ; T L h e il
. - i ’”' 40° ,5 L R R
';;".‘, ~ : = .-.f(" . = f’: 4 N
g - 4 4 Pl
:}; 38° 4';.’) ‘?
) . -t --
s 45 LA )
i . : 4 2011 Tohoku - Tone River
Y | { L L. Ta
. %&\’“ .o (/: o n .::E-_ l:\
N8 ! 4
1989 'l:oma Prieta -
40° San Francisco Bay
1989 Loma Prieta - ai\
Monterey Bay *\% : ;
TR z A
\\ . ..I‘ . . - . < &
\\ ’ " g "o @ \ ":{k\‘ p
351 Monterey§z=* : 35
Bay )
A - g}v
f?”?&ff , : . : :
- ‘/' . .\ 136° 138° 140° 142° 144°
Yt -
- . Probability| | 0-02 [ 102-03 [ ]03-05 M >0.5 * Ligpoint Il Lig polygon
135° -130° -125° -120° -115° -110°

Probability [ | 0-02 [ [02-03 [ 103-05

B > 0.5 - Lig point [l Lig polygon

(QZHU ET AL. 2017)

40°

-38°

-36°

34°

NIVERSITY

SCHOOL OF ENGINEERING

Civil and Environmental Engineering



LESSONS LEARNED FROM REGIONAL LIQUEFACTION MAPPING

e (GEOLOGY - DERIVED MAPS

— LABOR INTENSIVE TO DEVELOP; SIGNIFICANT INTERPRETATION; THEREFORE, NOT AVAILABLE FOR
ALL LOCATIONS

— GEOLOGIC UNITS CAN BE HIGHLY VARIABLE IN TERMS OF SOIL DENSITY AND WATER TABLE DEPTH
FOR SIMILAR DEPOSITIONAL ENVIRONMENTS

— LIQUEFACTION OCCURS IN ARTIFICIAL FILL AND GEOLOGICALLY YOUNG, SATURATED AND LOOSE
SANDS.

* (GEOTECHNICAL - DERIVED MAPS

— DATA INTENSIVE TO DEVELOP, THEREFORE, NOT AVAILABLE FOR ALL LOCATIONS

— GEOTECHNICAL LIQUEFACTION POTENTIAL CAN HAVE SIGNIFICANT VARIABILITY REGIONALLY,
LIMITED SPATIAL CORRELATION

e (GEOSPATIAL — DERIVED MAPS

SCHOOL OF ENGINEERING

— SIMPLE LOW-COST MAPS THAT CAPTURE DEPOSHHONALANDSATURAT BRoTRENRSntal Engincering




Latitucle

1989 LoMA PRIETA EARTHQUAKE - VALIDATION

Fi il War Bre . ond
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i *_;.' Doas e COMPARISON - SIMPLIFIED METHOD VS. GEOSPATIAL
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Geyin et al., 2019 show comparable results



GEOSPATIAL LIQUEFACTION SUSCEPTIBILITY MAPS

P(X)= : X = Bo + L1 1InQRGV) + B, In(Vs30) + B3precip + fodw + Bswtd

l+e*
Model 2, Zhu et al., 2017

!

Without the earthquake loading parameters, you have the
geospatial equivalent of a liquefaction susceptibility map

'quts ‘ OOOOOOOOOOOOOOOOOOO
UNIVERSITY

Civil and Environmental Engineering



LIQUEFACTION SUSCEPTIBILITY MAP FOR GREATER SAN FRANCISCO BAY

Using a geology-based
liquefaction map as a guide,
we converted the geospatial
liquefaction model (Zhu et
al. 2017: Model 1) to a
liquefaction susceptibility
map for the San Francisco
Bay area.

Comparison is Witter et al,,

2006
(Zhu et al. 2017)

Geospatial Susceptibility

1 1 1 1
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LIQUEFACTION SUSCEPTIBILITY MAP FOR GREATER SEATTLE/TACOMA

Geospatial Susceptibility Geologic Susceptibility Map
Using the same scale for (@) Emn . Ot WERE (b). L
susceptibility as in San S e 5
Francisco and the geospatial P ,, L ._ %
Everett Everett S0
liquefaction model (Zhu et al. 2
-~ Seattle o Seattle |
2017: Model 1) -, ki N Ny
Geospatial liquefaction model T gl ; o Teoomg
47°4 e AR . .

Comparison is Palmer et al., | Lo
2004 r | Su&r:emihiliw..- . &

| [IBedrock § - 1 . R
(Zhu et al. 2017) iy B ] el
D_aai " _\320‘% ) . B\l"ery lowy to low ."‘
46"J-3.20-a.15 L ] dLow =
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Bl Portland 1 High SR Fortland ™ B
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ON-GOING WORK: CAN WE COMBINE SIMPLICITY OF GEOSPATIAL
METHODS WITH LOCAL GEOLOGIC/GEOTECHNICAL INFORMATION?

Update spatial extent and susceptibility maps

Sequential Learning

Updating
Earthquake GLM
Occurrence Liquefaction New liquefaction
Spatial Extent :> observations :>
Map/USGS Uncertainty

Product

quantification

Geospatial
Liquefaction

W

Model Bayesian Updating
Liquefaction L?CG/ 7”d
Susceptibility Regional Data
M :> (soil density,
ap o, 0
depositional

environment, soil

T type, water table |rencineerine
' depth) and Environmental Engineering




NEXT STEPS: HOW DO WE BETTER INCORPORATE REGIONAL
SUSCEPTIBILITY INTO LOCAL LIQUEFACTION ASSESSMENT?

Regional Information

Prior Local Information
Bayesian Updating

Geology/
Geotechnical

Regi | Posterior
Egcl)or?: Liquefa.ct?c.)n Local Data (soil
Susceptll?lllty density, soil type, | Local.
Map with fines, age, water |:> Liquefaction

uncertainty table) Potential

Geospatial e
guantification

Liquefaction

Model

q ‘HOOL OF ENGINEERING
ivil and Environmental Engineering




THANK YOU

Publications:

Akhlaghi, Mehdi M., Chansky, A., Baise, L., Moaveni, B., and M. Meyer (2021). An Update to the Global Geospatial Liquefaction
Model. 2021 Poster at the SSA Annual Meeting.

Baise, L.G. Akhlaghi, A., Chansky, A., Meyer, M. and Moaveni, B. (2021). Updating the Geospatial Liquefactoin Database and
Model. Final Technical Report. USGS Award #G20AP00029.

Baise, L.G., Rashidian, V. (2018). Validation of a Geospatial Liquefaction Model for Noncoastal Regions Including Nepal. Final
Technical Report to the USGS National Earthquake Hazard Reduction Program Award No. G16AP00014.

Moss, R.E.S., Baise, L.G., Zhu, J., and Kadkha, D. (2017). Examining the Discrepancy between Forecast and Observed Liquefaction
from the 2015 Nepal Earthquakes. Earthquake Spectra. 33 (1). https://doi.org/10.1193/120316eqs220m

Rashidian, V. and Baise, L.G. (2020). Regional efficacy of a global geospatial liquefaction model. Engineering Geology. 272,
105644. nttps://doi.org/10.1016/j.engge0.2020.105644.

Zhu, J., Baise, L.G., and Thompson, E.M. (2017). An Updated Geospatial Liquefaction Model for Global Application, Bull. Seism.
Soc. Am. 107 (3).

Zhu, J., Daley, D., Baise, L.G., Thompson, E.M., Wald, D.J., Knudsen, K.L. A (2015). A Geospatial Liquefaction Model for Rapid
Response and Loss Estimation. Earthquake Spectra, 31 (3), 1813-1837.
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GEOSPATIAL LIQUEFACTION MODEL UPDATES

Future model updates

] : New features
. Raw . Standardize Geospatial | > Updating
L|quefact.|on | > Data for GGLM
observation Automate GGLM Featur_e
f selection
Bayesian

New georeferenced
liquefaction observations
(reports, inventories,
image-based maps, elc.)

inference

Machine
learning
methods

Uncertainty
guantification

D € N

Sequential learning
. Regional differences
Computer vision

. . Model uncertainty
Regional differences .
T'l..'l. Parameter uncertainty

UNIVER ln

AR J

Data fusion




SAMPLED LIQUEFACTION DATABASE WITH GEOSPATIAL
PARAMETERS

Standardize the data processing and map generation:

» Use python functions instead of many scripts for different tasks (only requires PGV&PGA downloaded
and an event table);

Fill missing values using geospatially-nearest 3 points.

‘ Probability 0-02 02-03 0.3-05 [ >05 * Liqpoint I Liq polygon‘

2011 Tohoku - Tone River

‘|.. ’-. -

-----------

- ‘.h-'

=

- o o e
- o o o we o - P

-----------

Raw liquefaction OpenlLIQ Real-time geospatial
observations GIS tool database liquefaction hazard assessment
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Regional Liquefaction Susceptibility
Assessment: Data Collection Needs and
a Focus on the CEUS

Christine Z. Beyzaei, Ph.D., P.E.
Earthquake Engineering Group
National Institute,of Standards and Technology
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Current State-of-the-Practice and Limitations

Site-Specific Assessment
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Current State-of-the-Practice and Limitations

Arkanzas Geclogioal survey
Bekici White, Director and State Geologist

Liquefaction Susceptibility Map of Arkansas

2 Vi s % L
L4 \ LIQUEFACTION SUSCEPTIBILITY
Re I O n a . CLASSIFICATION
\ HAZUS 7 ioe Unit On |t
Susceptibility
| Number Map

Assessment

Hazus Analysis
Levels

detailed

(‘,'9 engineering data
s

)
@ Combinations of local and
baseline hazard, inventory,
and damage information

Baseline hazard, inventory, and
damage information

Source: FEMA — Hazus

TV
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Very High

Yes

High

Yes

Moderate Yes
Low Yes
Very Low Yes

Stone Independence
!
@

None

Water

M QE%A-/" Cleburne

||

S5

s

Likelihood that Cohesionless Sediments,
When Saturated, Would Be Susceptible

(‘;:::triﬂnd; to Liquefaction (by Age of Deposit)
cohesionless Pre-
Type of sediments Pleis- pleis-
deposit in deposits <500 yr | Holocene tocene tocene
(1) (2) (3) 4) (5) (6)
(a) Continental Deposits
River channel Locally variable | Very high | High Low Very low
Flood plain Locally variable | High Moderate | Low Very low
Alluvial fan and
plain Widespread Moderate Low Low Very low
Marine terraces |’
and plains Widespread — Low Very low | Very low
Delta and fan-
delta Widespread High Moderate | Low Very low
Lacustrine and
playa Variable High Moderate | Low Very low
Colluvium Variable High Moderate | Low Very low
Talus Widespread Low Low Very low | Very low
Dunes Widespread High Moderate | Low Very low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very low | Very low
Tuff Rare Low Low Very low | Very low
Tephra Widespread High High 4 2
Residual soils Rare Low Low Very low | Very low
Sebka Locally variable | High Moderate | Low Very low
(b) Coastal Zone
Delta Widespread Very high | High Low Very low
Esturine Locally variable [ High Moderate | Low Very low
Beach
High wave
energy Widespread Moderate | Low Very low | Very low
Low wave
. energy Widespread High Moderate | Low Very low
Lagoonal Locally variable | High Moderate | Low Very low
" Fore shore Locally variable | High Moderate | Low Very low
(c) Artificial
Uncompacted fill | Variable Very high — — —
== Compacted fill | Variable Low — — —

Source: Youd and Perkins (1978)

- Source: Arkansas Geological Survey (2010)



Data Collection Needs

Liquefaction susceptibility assessment methods are
derived primarily from:

Advancing current methods will
1) Post-earthquake field case histories require regional data collection and
selection of meaningful case history
2) Laboratory testing sites for detailed investigations.

Case histories require an observation, ground motion recording or estimate, and geotechnical data.

Immediately after an earthquake it is not feasible to visit and :> Extensive high-resolution
photograph the entire affected area in person, due to time and aerial photography
safety constraints.



Aerial Photography: Regional Coverage

2010 — 2011 Canterbury Earthquake Sequence
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Aerial Photography:

Data Collection, Dissemination, and Maintenance
2010 — 2011 Canterbury Earthquake Sequence

e Aerial imagery commissioned by the New Zealand
Ministry of Civil Defence and Emergency Management
e Data collected within 2 days after major earthquake
events
* 4 Sept 2010 Darfield Earthquake - imagery
acquired on 5 Sept 2010
e 22 Feb 2011 Christchurch Earthquake - imagery
acquired on 24 Feb 2011
* Imagery was made publicly available, easily accessible
via Google Earth, and has been maintained for over a
decade following the events

Source: New Zealand Geotechnical Database

Extensive regional coverage with high-resolution aerial imagery has enabled research (www.nzgc.org.ne)
investigations of CES post-earthquake observations to continue to this day.



o
Selection of Impactful Case History Sites NIST

Extensive aerial imagery allows
researchers to “revisit” sites years
later and select critical, impactful
case history sites for further
investigation and collection of
guantitative geotechnical data.

This is especially important for
selecting sites that performed well.

For investigating “no liquefaction”
sites following the 2010-2011 CES,
over 30 candidate sites were
narrowed down to 8 sites for
detailed investigations.

Image 22022, CNES /Airbus

Image ©2022 TerraMetrics - - ¥ Google Eal’th
-« :

Image @ 2022 Maxar Technologies

lat -43.499468° lon 172.680532° "éle‘.f 3m eyealt 18.62 km




Challenges with Current Methods

* Existing methods and proposed frameworks are typically based on
examples from the Western U.S. and other areas of high seismic hazard.

* There are several challenges in applying existing assessment methods to
the CEUS or other areas of low to moderate seismic hazard:

1) Limited regional data availability (i.e., publicly available subsurface geotechnical and
groundwater data)

2) Practitioner and stakeholder liquefaction hazard awareness
3) Fewer earthquake events leading to the perception of liquefaction hazard not being
a “local” issue




Challenges with Current Methods

Example: South Carolina

GEOLOGIC HAZARDS
of the South Carolina Coastal Plain
2012

SC Department of Natural Resources, Geological Survey
and
SC Emergency Management Division, Office of the Adjutant General

ez
EMD

* High Potential for Liquefaction is mapped
along the entire coastline, extending
approximately 20 miles inland

e Potential for severe ground shaking from
Charleston and New Madrid Seismic Zones

* Geotechnical subsurface data is not
publicly available, or readily accessible

T N VO
E High Potential for Liquefaction

E Low Potential for Liquefaction

o Liquefaction features caused
by 1886 Charleston Earthquake

Prehistoric Liquefaction features
J \
\
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— e e e e
/
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I_._,_/Oa—" ° 5

20miles

0 10
SCALE 1 : 600,000

Source: South Carolina DNR, Geological Survey, and Emergency Management Division (2012)



Geotechnical Data Availability and Accessibili

South Carolina Department of Natural Resources
& SC Coastal Plain Well Inventory SCDNR Hydrology Section

SCDNR Well Inventory
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Climate Change Impacts Affecting Liquefaction Susceptibility

Sea Level Rise Projections for Charleston, SC
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For projected sea level rise induced
liquefaction vulnerability:

“results indicate significant changes in
vulnerability to liquefaction by the end of
century” (Ghanat 2020)



Conclusion

* Next generation liquefaction susceptibility models should bridge the gap between current state-of-practice
guantitative site-specific methods and qualitative regional methods

* Extensive aerial photography is key during post-earthquake reconnaissance and will allow for selection of
impactful case history sites in the years after an event

* Several challenges exist for the use of current methods, particularly in low-to-moderate seismicity areas

— Limited regional data availability
— Practitioner and stakeholder awareness

* Improving practitioner and stakeholder awareness of liquefaction hazards and existing liquefaction
susceptibility assessment methods should be a primary goal, alongside research, to advance technical
knowledge and assessment models.

* We need to consider the broader spectrum of users for liquefaction susceptibility models and maps
— Community resilience modelers and planners, structural engineers, transportation engineers...
* |deas for paths forward:

— Community consensus update of Youd & Perkins (1978) with new case histories added

— Easily accessible state susceptibility maps that align with Hazus categories or alternative methods
— More widely available interactive state soil boring and CPT maps

— OQutreach in underserved communities
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OVERVIEW

« Susceptibility and liquefaction hazard analysis
« Current state of practice
« Current state of the art — probabilistic liquefaction hazard analysis (PLHA)

 USGS Liquefaction Hazard Tool

« Current capabilities and broader objectives

 Modeling needs and looking ahead (i.e., “where do we want to
be in 5-10 years?”)
» Susceptibility, ground motion characterization, triggering, vulnerability,
consequences

« Susceptibility characterization and PLHA
« Compositional and saturation criteria

Not for Citation or Distribution. Oregon St. UnlverSIty

Preliminary Information-Subject to Revision, PEER Workshop: Liquefaction Susceptibility Modeling , 7"/{ USGS
September 8-9, 2022 science for a changing world



CURRENT STATE OF PRACTICE

Susceptibility

Ground Motions Triggering
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CURRENT STATE OF PRACTICE

Triggering Vulnerability and Effects

s Bl ! T Liquefaction
: vulnerability
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CURRENT STATE OF THE ART

Probabilistic Liquefaction Hazard Analysis

Likelihood of non-

Mean annual rate of .
exceedance of FS’, given

non-exceedance of

_ FS* PGA and M,
« Considers all ground L
shaking scenarios (i.e.
PGA-M, combinations)
Nm Npga
_ o Aps, (fs) = z z P|[FS, < fsy|susc, PGA;, M, ;] - Mpgaym,, ;
 Considers uncertainty in =1 i=1
estimating liquefaction Kramer & Mayfield (2007)
triggering
Joint exceedance rate of
« Can be further extended to PGA and M,,
evaluate consequences Sum over all
combinations of PGA and
MW
preliminary Information-Subiect o Revision PEER Workshop: Liquefaction Susceptibility Modeling . 7'4 USGS
Not for Citation or Distrbution ' Oregon St. University ~
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CURRENT STATE OF THE ART

Susceptibility
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Depth (m)

Preliminary Information-Subject to Revision.
Not for Citation or Distribution.

CURRENT STATE OF THE ART

Triggering
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USGS LIQUEFACTION HAZARD TOOL

« Goal - bring state of art and state of practice closer together
* Python library in USGS software review

« Current capabilities

 Hazard curves for triggering, vulnerability index, and surface manifestation
hazard curves

« User can define the models they want or model logic tree+weights

* Looking ahead
 USGS web tool/web-service
- Established, consistent set of assumptions, models, weights
« Consensus-driven approach
 Working groups, external panel review
 Researchers, practitioners, public agencies, building code committees
- Basis for improved liquefaction design guidelines
* Tool for regional-scale liquefaction hazard/risk assessment

PEER Workshop: Liquefaction Susceptibility M lin ./
Preliminary Information-Subject to Revision. P o 9 St. Uni . F tib ty ode g 8 f“é USGS
Not for Citation or Distribution. regon St. University ‘
September 8-9, 2022 science for a changing world



MODELING NEEDS & LOOKING AHEAD

General Liquefaction Hazard Assessment Needs

Susceptibility Ground Motions Triggering
« Improved probabilistic « Uncertaintiesin hazard - Expanded suite of
criteria (compositional, curves (i.e., fractiles) triggering models
saturation) - Hazard characterization for - Epistemic uncertainties
- Epistemic uncertainties new intensity measures
(e.g., CAV, 1)
First-Order Consequences Effects
- Hazard curves for vulnerability - Hazard curves for building settlements (e.g.
indices (e.g., LPI, LSN, LPl,,,) Bullock et al. 2019), lateral spreading, etc.
- Hazard curves for surface + Utilizing non-PGA IMs
manifestation (Geyin & Maurer * Not necessarily conditional on FS, profile(s)
2020) - Epistemic uncertainties!

Framework must be applicable and
consistent at any site across the U.S.

)
\

PEER Workshop: Liquefaction Susceptibility Modeling . % USGS

Preliminary Information-Subject to Revision. . .
Not for Citation or Distribution. Oregon St. University [~
September 8-9, 2022 science for a changing world



MODELING NEEDS & LOOKING AHEAD

Susceptibility-Specific Needs

Nm Npga

Afs, (fsL) = Z Z P|FS, < fsy|susc, PGA;, My, ;] - Mpgaym,, ;
j=1 i=1

Nm Npga
Aps, (fsy) = Z 2 PIFS, < fsi|susc, PGA;, My, ] @ Mypgaym,, ;
=1 i=1

J
Joint probability of:

) « Sand-like behavior (compositional)
State of practice and state of the art

« Saturation (groundwater)
 P[susc]=0or1

PEER Workshop: Li faction i —
Preliminary Information-Subject to Revision. orks OPO que asctt % .Susc?ftlblhty MOde"ng 10 f‘v/ ‘_4 USGS
Not for Citation or Distribution. regon St. University ‘
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MODELING NEEDS & LOOKING AHEAD

Compositional Susceptibility Criteria

* I.~-based Criteria, e.g.

Global Correlations

4
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| |depends on other factors such as plasticity,
mineralogy, sensitivity and stress history.
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MODELING NEEDS & LOOKING AHEAD

Saturation Susceptibility Criteria ,,

* Liquefaction hazard estimates are : : 5
extremely sensitive to GWT depth

 e.g., Chung & Rogers (2011), Maurer et al.
(2014), Greenfield & Grant (2020)

e Aim should be for reliable estimates of
mean and variation in GWT depth . . .

3
=)
=

Depth (m)

25 25 25

100 200 300 1 2 3 4 0 50 100 150 200
CPT Resistance (geixes) Soil Behavior Type Index, . Hydrostatic Pressure (kPa)

« Site-specific measurements
 Measurements at time of subsurface
investigation ‘

* Monitoring data

* Regional-scale

 Mean/standard deviation gwt elevations,
based on aggregated monitoring data (e.g.
van Ballegooy et al. 2014, Greenfield & Tl
Grant 2020) A =

0.01 (025 os N o.75 N 1

Preliminary ﬁ'gure from Tim Estep and Mike Greenﬁeld, not to Greenfield & Grant (2020)
be used outside of this presentation.
Breliminary Information-Sublect to Revisi PEER Workshop: Liquefaction Susceptibility Modeling > % USGS
reliminary Information-Subject to Revision. . . ~
Not for Citation or Distribution. Oregon St. University ‘
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SUMMARY & CONCLUDING REMARKS

Current state of practice
- Liquefaction FS,, conditional on uniform hazard ground shaking

 Doesn’t meet the goal of uniform performance objectives

Current state of the art
* Provides hazard curve estimates of triggering, vulnerability indices, surface manifestation
« Closer to uniform performance objectives — but it doesn’t get us all the way there yet

Research needs
 More and improved models of liquefaction consequences
- Better estimates of uncertainties at all stages — susceptibility, triggering, effects
« Susceptibility-specific
« Probabilistic characterization of compositional and saturation criteria
- Consistent framework for blending data and models at different scales

Reasons for optimism
« Significant expansion of data and computational tools, ongoing model development
« Lots of stakeholder involvement, potential for consensus-driven approach

PEER Workshop: Liquefaction Susceptibility Modelin w
Preliminary Information-Subject to Revision. P o rg on St. Universi F y g 13 f“é USGS
Not for Citation or Distribution. 8 : Y ‘

September 8-9, 2022 science for a changing world
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Scott Olson: Consequence-Based Susceptibility Incorporating Compressibility

Diane Moug: Relating Cyclic Behavior to CPT Data for Intermediate Fine-Grained Soils
Brett Maurer: CPT-Based Probabilistic Prediction of Liquefaction Susceptibility

Ross Boulanger: Susceptibility Criteria for Selecting Engineering Procedures

Scott Brandenberg: Cyclic Behavior of Low Plasticity Fine-Grained Soils of Varying
Salinity, and Cyclic Failure due to Dynamic Soil-Structure Interaction

Armin Stuedlein: Linking Hysteretic Behavior to Liquefaction Susceptibility







Consequence-based susceptibility
incorporating compressibility
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Development of consequence-based susceptibility relations

* Consequences of liquefaction depend on material behavior (stiffness and
strength), which in turn, depend on:
— Material characteristics reflected by A,
— Soil state reflected by e and o,
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Development of consequence-based susceptibility relations

* Critical state line represents state boundary between contractive soils
susceptible to flow liquefaction (“unlimited” deformation) and dilative soils
not susceptible to flow liquefaction
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Development of consequence-based susceptibility relations

* Critical state line represents state boundary between contractive soils
susceptible to flow liquefaction (“unlimited” deformation) and dilative soils
not susceptible to flow liquefaction
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Development of consequence-based susceptibility relations

* Based on field observations and laboratory testing, we know that denser
soils can experience lateral spreading (limited deformation)

| |
: Susceptible to
Contractive flow failure
\
-~ o N\
L <L N
2 CSL -3 R Susceptible o
S S o /
< < ~<L lateral spread
S Dilative RS, S
= =
Effective stress (o) Effective stress (c')
I © Scott M. Olson & Kevin W. Franke 2022 September 9, 2022 "||| g ™ Oregon State
ILLINOIS 4 University




Development of consequence-based susceptibility relations

e Similarly, even denser soils can experience liquefaction-induced settlement
(porewater pressure generation and reconsolidation)

| : Susceptible to
Contractive flow failure
\
) g N
% CSL '% \ \\ / Susceptible 0
< < \ S~<L lateral spread
S Dilative RS, N S
N N A - /4 Susceptible to lig-
= ~induced settlement
Effective stress (o) Effective stress (c')
I © Scott M. Olson & Kevin W. Franke 2022 September 9, 2022 ""l g 7 Oregon State
ILLINOIS 4 University




Development of consequence-based susceptibility relations

* Axes can be inverted to better utilize field case histories

Normalized penetration
rsely related P

Inve resistance (e.g., q.,/p,)
A * .
- Susceptible to =
ontractive ; <
flow failure ”
\ O
2 SRS 5
9 CSLS | ™ Susceptible o L
o S S / =
< < \ ~<L lateral spread O
2 Dilative 2 A Dt s
Q S A /4 Susceptible to lig- -
~ .
= ~induced settlement
Effective stress (o) Effective stress (c') !

¥ Oregon State
University

I © Scott M. Olson & Kevin W. Franke 2022 September 9, 2022 "|||||,,l"'

ILLINOIS PEER



Development of consequence-based susceptibility relations

» We then can define conceptual consequence-based susceptibility relations

Normalized penetration
rsely related P

Inve resistance (e.g., q.,/p,)
\ -
\
| | : \
: Susceptible to = \
Contractive flow failure = | Suscegtible to
N | o | flow failure
& LN 51 -
9 LS | S Susceptible to S \
S (@) \\ / —
S 2 \ ~<L lateral spread S 1
.‘9 Dilative 2 N T em—— L = |
S N A - /4 Susceptible to lig- W |
=~ 4n.dugeci settlement |
. - . |
Effective stress (o') Effective stress (o) f ;

M Oregon State
University
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Development of consequence-based susceptibility relations

» We then can define conceptual consequence-based susceptibility relations

Normalized penetration
rsely related P

Inve resistance (e.g., q../p,)
AN -
v N
| } : VN
: Susceptible to = \ \
Contractive low failure < | Susceptible¥o
o) R N
— —~ | \ O | flow failure
\QJ—- \QJ—— \\ .l;') - ‘\
2 CSL 3 | | \\ Susceptible to- 2 Susteptibld to
E _g \ ‘~~Z _/gteral spread E lateral spr e‘pd
3 Dilative 3 Mo It A = i
N ~ N /4 Susceptible to lig- I 1
~ .
= <induced settlement [ \
- - 1
_ . | |
Effective stress (a') Effective stress (o) ! ' :

¥ Oregon State
University
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Development of consequence-based susceptibility relations

» We then can define conceptual consequence-based susceptibility relations

Contractive

~

Inve

0 | ™
O O S
g CSL _lg \ \\\
< < \ S
S e RS N
S Dilative o N
> > N

rsely related

Susceptible to
flow failure

/ Susceptible To
~L Jateral spread

--
----__-

Susceptible to lig-
= <nduced settlement

_— e

Effective stress (o)

Effective stress (c')

Effective stress (o')

Normalized penetration
resistance (e.g., q../p,)

AN

v
Susceptible o
flow fajlure \‘

- \
Susteptibld to

latéval sprelad
P —

\

S"Jsceptidle to lik-

induced spttlemént
!

I
ILLINOIS

© Scott M. Olson & Kevin W. Franke 2022

September 9, 2022

¥ Oregon State
University

PEER



Development of consequence-based susceptibility relations

* We can go from concept to application using field case histories

~
o
(=]

150

200

250

Effective vertical stress, o', (kPa)

(98]
-
QS

350

I
ILLINOI 40

9.4/Pa 9.1/Pa 9./P,
50 100 150 200 O 50 100 150 200 O 50 100 150 200
| [ S | |
Not < \ Not Not
susceptible 0‘} x " susceptible susceptible
\
0 Q \
o ' \
& O ¢ \‘ \
4 \ \
A % © \ O
® \ m
' \
\ O
. ' |
Susceptible to Susceptible to
lig-induced lateral spread \
settlement |
m |
|
=
(a) (b) Susceptible to (c)
| flow failure

2gon State
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Development of consequence-based susceptibility relations

* We can go from concept to application using field case histories

~
o
(=]

150

200

250

Effective vertical stress, o', (kPa)

(98]
-
QS

350

I
ILLINOI

400

qc1/pa
50 100

P &

Susceptible to
lig-induced
settlement

7
" '
Limit for

qc1/ pa qcl/ p a
150 200 O 50 100 150 200 O 50 100 150 200
I So | |
Not < \ Not Not
susceptible 3} x " susceptible susceptible
\
0 Q \
o ‘ \
@ © “ \‘ ‘
® \
o ¢ ‘\ -
\ m |
o
! |
\ m
' |
r f Susceptible to
Sl’.l gce lateral spread \
ejecta? |
m |
|
=
(a) (b) Susceptible to (c)
| flow failure
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Development of consequence-based susceptibility relations

* These are limiting boundaries; how do we incorporate material characteristics?

~
o
(=]

150

200

250

Effective vertical stress, o', (kPa)

(98]
-
QS

350

I
ILLINOI 40

9./P, 9./P, 9./Pa
50 100 150 200 O 50 100 150 200 O 50 100 150 200
| [ S | |
Not o \ Not Not
susceptible 0‘} x " susceptible susceptible
\
0 Q \
o ' \
’ ¢ O \‘ \
@
® ) 4 \ \
& <o o \ I
’ \
’ o \ =
? .
/e \
. . \ m
Limit for ' \
Susceptible to Susceptible to
lig-induced SL.II‘f pee lateral spread \
settlement ejecta? |
m |
|
=
(a) (b) Susceptible to (c)
| flow failure

2gon State
Iversity



Common origin — A, method

* Common origin - A, method Saye et al. (2017)
1600“ [N L T T T [ T g T T [ T T T 1T

— Material characteristics
are a function of A, 1200 |
— A, = 20 corresponds to [
boundary of no surface
manifestation of G

liquefaction

= '\93

Increasing Ip A

Typical USCS
[1] SP, SW -
[2] SP-SM, SP-SC OF =’
[3] SM, SC, GM, GC - |

[4] ML, CL ol e e b e b
[5] MH, CH 0 5 10 15 20 25 30
[6] OL, OH, Pt fS/G'

¥ Oregon State
> University
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Common origin — A, method

* Common origin - A, method

Saye et al. (2021)

— Material characteristics 0.1
are a function of A,

— A, = 20 corresponds to
boundary of no surface
manifestation of
liquefaction

log(CSRy75) + 1.34
Qc1/ Pa
o
<

McsR

to

0.001
10

I
ILLINOIS

© Scott M. Olson & Kevin W. Franke 2022

September 9, 2022

"I||| W
P’

PEER
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What about cyclic softening?

Possible continuation of boundary for

e Some cases in the Saye et ,\\ surface manifestation of cyclic softening?
al. (2021) likely are surface 01 - Saye et all. (I2021)4

to

manifestations of cyclic
softening, not “sand-like”
liguefaction

e Could we develop a

log(CSRy75) + 1.34
Qc1/ Pa

“universal” susceptibility/ 0.01¢
triggering model for all A
. ey I
CPT-compliant soils if we x | %
. . 2 Ag=20 i tion©® ©
add more cyclic softening o a fquefaction o “o
manifestation case 0.001 1 e 1
L 10 100
histories? Ag
|LL|= oIS © Scott M. Olson & Kevin W. Franke 2022 September 9, 2022 *~IP||E||E,:"' P 8;?\%(;1811 ts;ate




Incorporating compressibility and susceptibility

 We can utilize common

origin - A, liquefaction 0.1 saye et al. (2021) 4

‘ T
o] ofe . . @
susceptibility/triggering 3
method to define a T
“compressibility”(A,) © &
] N
adjustment for q.,/p, 5%
G| & 001+
o3
o
I
g
0]
O
E .
0.001 x .
10 100
Ag
I © Scott M. Olson & Kevin W. Franke 2022 September 9, 2022 ~'|||| p S Oregon State
ILLINOIS ' ' g ' b4 University




Incorporating compressibility and susceptibility

* CSL slope (A,,) method to define compressibility adjustment

C. = dc,low compressibility
| y
Alaska qc

e

Approximate

upper bound
\’?’f

,’ Q - —]

g.(incompressible)/q,
w
[

Olson (2009)
1

0 0.05 0.1 0.15 0.2 0.25 0.3
Critical state line slope, A

(Work in progress)

M Oregon State
University
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Incorporating compressibility and susceptibility

* Adjusting limiting boundary yields compressibility-based boundaries

~
oS
(=)

150

200

250

Effective vertical stress, &’,, (kPa)

W
S
S

350

I
ILLINOI

400

150

200 O

Susceptible to
lig-induced
settlement

(a)

qcl/ p a

50

100

150

50

qcl/pa

100 150 200

Not

susceptible

(@] Aq>90

(@) 60>AQ>90 !
(@) 32>AQ>60 !

O Ad,< 32

l

Aq=32(?) 50(?) 90(?) 250(?)

Susceptible to
lateral spread

Not
susceptible

(b)

Not
susceptible

Susceptible to
| flow failure

(¢)| egonState
iversity




Concluding remarks

e Susceptibility to consequences of liquefaction (i.e., behaviors related to stiffness
and strength) are functions of material characteristics and soil state

e Consequence-based susceptibility limiting boundaries for flow liquefaction, lateral
spreading, and liquefaction-induced settlement can be defined using case histories

* Material characteristics (compressibility) can be incorporated using A, or A4,

* Using compressibility-adjusted q_,/p,, we can define soil-specific, consequence-
based liquefaction susceptibility boundaries

e Future work

— With more cyclic softening case history data, possibly could develop a “universal”
model for predicting susceptibility/triggering of Liquefaction and Cyclic Softening

— Incorporating probability will allow method to be folded into PBE methods

M Oregon State
University
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Thanks for your attention!

Questions?

olsons@illinois.edu

kevin franke@byu.edu

| N
9.
© Scott M. Olson & Kevin W. Franke 2022 September 9, 2022 "l||||,.l"' Oregon State
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Aq approach for soil identification — site data

* Ay works for
coarse sands
through high-
plasticity clays
and peats

* Not affected
by OCR

3000
2500

2000

C

1000 -

500

.. 1500

¢ Alluvium, Omaha
@ Peorian Loess
O Platte River sand
\ " 710 Vancouver marine clay ‘ @) Q 600
(a) 7 | A Stillcreek Basin peat, Vancouver (b) 0
4 Platte River collapsible loess
> Whiskey Springs clay-silt-gravel & 8
< Windsor, Ontario low plasticity clay
\VA % Blessington sand \V4 A -1400
v - ile si Vi
[-15 7200S test pile site V/
o K > > -
2 e
- 4 20
>
;/*
‘ —
e 10
| ‘ | ‘ | | ‘ | | ‘ | | ‘ | | | ‘ | | | ‘ ‘
0 10 20 30 40 0 2 4 6
[ I

Saye et al. (2017)
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Aq approach for soil identification — site data

@® Omaha, NE alluvium
\S/till?reaek Ba:i:pZat, Saye etal. (201 7)
ancouver
d AQ WOrkS fOI’ 1000 E (a) \ T T ; :D' : ’: : \E \é}/:;?;ﬁyg?:\:ggs T ; :D' : ’: : (é)
coqarse Sands B : i : h : 1 ¢ _| % Blessington sand " I : h : My U
- ¥ : l»% | :: —~ € Holmen sand : l»% ' :: -
1 - - | S |J CH alluvium, LA 1 ¥ l N
through hlgh B ﬁ migi : : ::g V Peoria loess ﬁ wigi : : ::2
. . ( D% 1! ' 0o
plasticity clays o " ad ‘f g * s ‘? e
— > | — — > | -
and peats age7e_ oot VA RNN S L SR
=== 7 H R - S H Hs
oy s / s /

* Not affected G ag=48 _&@" PR /IR R N _&@" e
-==< e ! Z -==" o J 4

by OCR = accee==-- - Y RN L - !
/ 10 fa=34 TP S 14t TP 8o i
- Ag=28-=I77 - .D T ML agm23-==TT ~ .D DEEE v
- AQ=19”” B Ag=19="" N
n ' n LuE

_ Ag =15

1 L] A\Qw_?qlwu N \Q\\\!'\H
0.1 1 10 0.1 1 10
Fr (%) Fr (%)
I T @R
: in W. Wl ¥ Oregon State
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Aq approach for soil identification — summary

* Ay works for 1600 ——
coarse sands I
through high- 1200 -

1| Typical USCS

11 [1] SP, SW

11 [2] SP-SM, SP-SC
[3] SM, SC, GM, GC

plasticity clays olo] Eg} ML, CL
and peats _ 800 B || [6] OL, OH, Pt
O’ L

* Not fo@CtEd Origin Increasing lp Ao ~= 19, WL 511

[
— ‘ —
by OCR 400 - | / b —ic Soils |
Increasing OCR ~ 15, Highty ord 6]

I | Aq
O db= |
5 |
l | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | |
0 S 10 15 20 25 30
fo/ o'
S Vo Saye et al. (2017)
I © Scott M. Olson & Kevin W. Franke 2022 September 9, 2022 "||| I 4 o Or?gon.State
ILLINOIS 4 University
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CRR — gy Study -

1. Pacific Northwest (PNW) database of geotechnical project data
from fine-grained soil sites
= Evaluate CRR — q_4\ relationships and CPT-based
liquefaction susceptibility criteria from laboratory test and CPT
site data

2. Direct axisymmetric cone penetration model with non-plastic and
low-plasticity silt
= Examine how CPT data relate to soil properties, soil state,
and drainage conditions



1. Pacific Northwest Silt Database

» 37 sites in Oregon, Washington, Alaska and British Columbia
» 200+ cyclic shear tests on intact specimens (DSS and TX)

» Post-cyclic shear and compression testing

sVancouver, BC (46 tests)

Cyclic Shear Test Database

of Silty Soils
Total 344 CDSS and 113 CTX

sVictoria, BC (3 tests)
«Stanwood, WA (4 tests)

©
@
Alaska _ OD *Marysville, WA (24 tests)
!ﬁpchoragel, AK (102 tests) © wSeattle, WA (22 tests)
— E «Tacoma, WA (38 tests)
California @ WABNGTON
Q
Vacaville, CA (4 tests}; Warrenton, OR (9 te“i) Longview, WA (21 tests)
o 4500 10 /3m ) il
[
- Vancouver, WA (47 tests)
# Project Locations FOFBSI" Grove, OR (10 tests) Portland, OR (31 tests)
f;\:(eerss Yambhill, OR (5 tests)—* T OR (3 tests)
State Boundaries McMinnville, OR (4 te;tf)/* Lake Oswego, OR (11 tests)
o 1s 3 S ™ Newport, OR (6 tgsts)  Newberg, OR (16 tests)
1. PNW silt database

https://silt.cee.pdx.edu/

3



Pacific Northwest Silt Database

» Fines content ranges from 18% to 100%
» Pl values range from 0 to 35

» Deposition environments include fluvial, estuarine, coastal near-

shore, alluvial, and one gravel processing site
50

45

Transitional Cyclic softening
region evaluation

N
S

S O

Plastic Index, Pl
[ N DN WO W
S O

&)

-
S

A

i R ___pr L % i
5 |- Liquefaction ._ 2 @
0' .ev?lu?tlﬂn —/ gl R Y

0 10 20 30 40 50 60 70
Fines Content, FC (%) 1. PNW silt database *




PNW CRR — g4y Study Data -

» 11 sites in western Washington and Oregon with CPT and cyclic
test data

o Fluvial-deposited soils
o OCR values between 1 and 3; 70% had OCR =110 1.5
o Pleistocene to Holocene-aged

o Fines content and plasticity index were measured on lab-
tested specimens

o Evaluate sand-like, transitional, or clay-like behavior
qualitatively based on cyclic testing

1. PNW silt database °



CRR Values

» Obtained from stress-controlled cyclic DSS and TX tests on intact

Shelby-tube sampled specimens

0.35
3rd of 3-stage cyclic test
(excluded from the fit)
0.30 O
0.25 b A
® "--.A
0.20
>
(+)
S
L o015
n
x
0
Q
0.10
3% Single Amplitude Shear Strain
1., Increased 6% for equivalent 1Hz loading
0.05 CSR = aN*:
a=0.30, b=0.13, CRR,,.; s=0.21
0.00
1 10

No. of cycles

https.//silt.cee.pdx.edu/

100

© Tilikum Crossing (OCR 1, o'v 3760 psf, CSR 0.28)
OTilikum Crossing (OCR 1, o'v 4320 psf, CSR 0.25)
ATilikum Crossing (OCR 1, o'v 4740 psf, CSR 0.2)

@ Tilikum Crossing (OCR 1.3, o’v 4300 psf, CSR 0.2)

ATilikum Crossing (OCR 1, o'v 5340 psf, CSR 0.23)

1. PNW ssilt database °©



Representative CPT data

» ldentify the sampled soil unit in at least one CPT profile near the
sampling borehole

» Select a range of g4y and |, values from frequency distributions
of data within the sampled soil unit.

2 z2
Qc (tsf) = &2

o =1 o
[=1 el =]
~ o~ ®

o

Shelby tube
sampling interval

t t t
mmmmmmmm

Friction Ratio (%)

1. PNW silt database '’



CRR — g,y data —

O OCRIGb = OCR’n situ E OCRIGb > 0OCR

in situ
0.5 | | I | l F 1T 1T 1 l T 7T 1 1 l T 1T 171 l I 1 1 1
N Typical clay behavior -
0.4 (Idriss & Boulanger 2004) T TR ACSR
To) i (2014) FC > 70% -
~ 03 —
1 i Eﬂiﬂ | ]
P O 18—
X 0.2 =3 — | .
c [ R R _
O o1 i
O i | I I I | l | I I I | I | I I I | l | I I | I | I I I | ]
0 25 50 /5 100 125

Qin

1. PNW silt database °©



lI.and CRR — g,y

O. 6 i LI I rrria I LI ' L) r I LI i i LI L] I LB | l rTrrri I rri 7 I rrri i -l rri l rrri l Trrivi I LENLEL 7 I rTTrni i
0.5 Typical clay behavior  [lc < 2.6] _ 26<1.2295 o | 0CRIgp > OCRin sjty|lc = 2-95| =
| | (Idriss & Boulanger 2004) i - o
0 0.4« - - -
1] B 7 y 7
< 0.3F — - -
S o BE - - -
S 0.2 s R -
B - | 4 -
0.1 Boulanger & Ildriss— - - .
L (2014) FC > 70% 4 L 4 L i

L1l I L 11 | b 11 l | | I b1 L1 11 I L 11 I L 11 I L1 I Ll i1 Ll I L 11 I b 11 I b 11 | L1

0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Giin Qen iin

> |. < 2.6 may indicate a CRR-qy, relationship consistent with sands
> |. > 2.95 may indicate a CRR-qy, consistent with clays

> |, between 2.6 and 2.95 may represent transitional CRR-q;4
relationships

1. PNW silt database °



Sand-like

Project ID: W _09: Vancouver, NE 134 Street, Salmon Creek Interchange
|, approximated as 2.48

0.20 stress ratio (t,./ @) @ 0.5 Hz for 5 cycles

OC-U ﬂ D(? |
7 B [ 5 ‘4
(7p] 2 1 ] v
a o 8
b 3 B ] [ 2 + 2 : B § b '

m 2
8 7 [ - 15t Loop 8 *
c Main Loop < .
) ) I = Last Loop (Vp]

Shear strain (%) Vertical effective stress, o’ (kPa)

» Sand-like:

 Intervals of zero stiffness during cyclic loops
« (Generate excess porewater pressures

1. PNW silt database *°



Clay-like —

Project ID: W_02: Marysville, WR-529, Ebey Slough
|. approximated as 2.93

0.18 stress ratio (1.,.J ’,.) @ 1 Hz for 12 cycles

= A e L

% 4% = VTNV RN

7 TR/ AN

5 LA | % RO Y Y

J5 17 = | 8 ANV

(V] i} | =Last Loop v | | 1 L 1 1
Shear strain (%) Vertical effective stress, o’, (kPa)

» Clay-like:

» Strain-softening stress strain cyclic loops

1. PNW silt database '



Transitional —

Project ID: W_02: Marysville, WR-529, Ebey Slough
|, approximated as 2.93

0.18 stress ratio (t,,./ ¢',.) @ 1 Hz for 72 cycles

4
8

E W 71 é-f x i gl g A

; | i A

g : 4 /‘T / e g

- o N

g W =] 2, AL ]

n ! e 5 RO
Shear strain (%) nVert’incaI ed;‘fectiﬁ:/e st:ess, 1:5'\, (k;a)

1. PNW silt database **



|..and cyclic behavior

| | |
360F - - - - - - — — = = = — — —
A
o 4 A
~ 2.95--:%-___%____1__
260 - - - — = L - - - — — —
a A
| | |
' \ Nz
’\\\I\G o 0(\6 ,\\\k
Sa(\d ‘(6(\5\“ G\")‘\J

7 11

» Evaluated the laboratory test data as either “sand-like”, “transitional”
or “clay-like”

1. PNW silt database **



CRR — g,y data —

& Sand-like O Transitional @ Clay-like

O-5l lll lllll'llllllllll

N Typrcal clay behavior i
0.4 (Idriss & Boulanger 2004) Boulanger & ldriss
N —(Teye /sul15 cycles = 0.92, (2014) FC > 70%

P - Nt =15 .
V'z" Yl o / y
X 02 A @‘_' = I | | .
QC . W = T -
O o1 -
0 i | I | | | | I | | I | l | | ]

0 25 50 75 100 125

Q1w

1. PNW silt database *



2. g, in low-plasticity silt

Penetration Velocity

A A A A A A A A A A

——
9
S
N [0)
I~ N ] E
7 ]/ I I Q
7 7 I/ / ||l Ll.l
P ——F——] , >
Vi e e , S
B = — 3
AN = S
) —— @
Interface Elements §>O Eg
¢CPT =
= — @
w
E 2
é
—— T
—

g0 D

A A A A A A A A

x = 0, axis of symmetry

15

2. g, in low-plasticity silt



d. in low-plasticity silt

Penetration Velocity

> Numerical axisymmetric simulations of Y Y O
direct cone penetration ——
> User-defined arbitrary RS PR

Lagrangian Eulerian rezoning , ] H O
and remapping algorithm AN | 8
implemented in FLAC 8.0 (Moug l———— ) S
et al. 201 9) Interface dl::ﬁr:ents §>O N g
R e R
» MIT-S1 constitutive model (Pestana & £
Whittle 1999) calibrated for P1=0 silt < E
(Moug & Price 2023), and Pl = 6 silt 950 D
(Price 2018) TT1T 7111171111
y

x = 0, axis of symmetry

2. g, in low-plasticity silt *°



d., soil type, and drainage

» Significant decrease in g, across drainage conditions from
PI=0toPl=6

Centrifuge data from Price (2018) with simulated q,

centrifuge model simulated
A Pl=00,=100kPa @ Pl=60,=100kPa Y PI=0, 0, =100kPa

A PI=00,=8kPa (O Pl=60,=8kPa &= Pl=6, 0,=100kPa

100000 llll L] L] lllllll L) LI} llllll L) LI} llllll L) L | llllll I rrrrn

A AA A AA AR

40g centrifuge model with in-flight cone penetration
Soils were vacuum slurry-deposited

1000 @O .O

10000

I llllllul b iii

O 8 e

Cone tip resistance, q; (kPa)

100
1E-05 0.0001 0.001 0.01 0.1 1

Penetration velocity (m/s)

2. q,in low-plasticity silt '



g, _compressibility, and CSL

» Decrease in g, related to soil compressibility and critical
state line position

0.8 L} rrrrrn 1 | R 1 i 1 11111 1 | . | 0.8 1 T TTTTIT T T TTTTT ‘ T T TTTTT T 7
® Pl=01D-compression lab data \
® Pl =6 1D-compression lab data
0.7 § ittt : 0.7 ) :
” lab data from Price (2018) \
1)) @ \ () \
iy k @ ’. \ - \
Q06 FY T¢%0 ) g 2 7
-lc-E \ ® .. A = \
< M Me \ 0 \
S N Nl 4 \ e \
@] L 2 o
> 05 F N \ - > B \ -
N . \ W \
N e o
.y . . ’ N % \
Limiting compression curves N <N
$ ] N\
0.4 [l 1 1411l [ |||||'| [ ||M 1 [ | ; [ Ll L iill Ll L iill L L bill [ Ll

100 1000 10000 100000 100 1000 10000 100000
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2. g, in low-plasticity silt



Simulated g,, CSL, and initial state (g,

» During cone penetration loading, soil near the cone is loaded to
the CSL

» CPT data will relate to CSL position, ¢, drainage conditions, etc.

» Potential CSL basis for studying CPT - ¢, relationships across
fine-grained soils

\ N IILBLRLLLI ] LB LLL) I
0.65 N £ =0.05 |
» > cone tip
b 06 \\\ =
S 0.6 =-0.02
®
s 0.5
S 055 =-0.09 d
o
PI = 0, drained penetration Pl = 6, drained penetration
05 | . _____f N | 0'4 Ll L i iiill Ll praqaann - b
10 10> 10°  10° 10 107 10°

Mean effective stress, p' (kPa)
2. q, in low-plasticity silt *°



Conclusions & Ongoing work —

» Analysis of cyclic laboratory and CPT data for 11 PNW
fine-grained soil project sites

o |, values may indicate consistency with clay, sand or
transitional CRR — g4\ relationships

o Further investigation into laboratory response of clay-
like, sand-like or transitional behaviors

» Ongoing evaluation of the database with additional
projects and analysis

» Cone penetration model allows investigation into
relationships between CPT data, CRR, liquefaction
susceptibility, ¢,
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PROBABILISTIC PREDICTION OF
LIQUEFACTION SUSCEPTIBILITY
VIA CPT DATA: A LOCAL STUDY
WITH BROADER IMPORT

Brett Maurer ‘ University of Washington

MH Miﬂ P E E R Workshop on Liquefaction Susceptibility
Session 3: Opportunities for Synthesizing Laboratory and Field-based Observations




Synopsis

» Using data from the NZ Geotechnical Database,
Maurer et al. (2019) studied 2,620 split-spoon
samples from 825 SPTs driven parallel to CPTs.

» All samples had FC and w_ measurements; 57 4
had LL and Pl measurements.

» QI: What is the relationship between CPT soil
behavior type index (I_) and liquefaction
susceptibility?

» Q2: Can susceptibility be better predicted by
different/additional CPT measurements?@

Probability that soil is
Susceptible to Liquefaction

Probability Density
of I, Threshold

1

09 + —BI06
0.8 T —BS06
0.7 + Sea03
0.6 1 —P01
0.5 - WA\ T
04 +
0.3 T+ Range of
02 + common
0.1 4 deterministic >
' o | thresholds |
1.5 2 2.5 3 3.5 4
Soil Behavior Type Index, /,
2
18 4+ —BI06
1.6 + —BS06
1.4 + Sea03
1.2 + —PO01
1 4+
0.8 +
0.6 +
04 +
0.2 +
0 I T I l
1.5 2 2.5 3 3.5 4

Soil Behavior Type Index, /

c
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Susceptibility Criteria

» Four susceptibility criteria based on Atterberg limit data will be used:

= Polito (2001) [POT1] ] —rtr r 1 r 1 . 1
Transition from sand-like
[ Seed et OI. (2003) [56003] CRR to clay-like soil behavior

clay-like [ N W'
" Bray & Sancio (2006) [BS06] ,s\
= Boulanger & Idriss (2006) [BIO6] \
CRR \\\\\

sand-like

Recommended guideline in
absence of detailed laboratory testing

T " 1 " 1 " 1 " 1 " T

0 2 4 6 8 10
T Plasticity Index, Pl

= BI06 is sometimes favored as it was explicitly developed to choose the most appropriate

113

model for predicting cyclic behavior (i.e., “sand-like” vs “clay-like” response).



I. and other CPT indices

> In the absence of cyclic or lab index tests, susceptibility is most often inferred via I :

Figure 22 Normalized CPT Soil Behavior Type (SBTy) chart, Q- F

(Robertson, 1990, updated by Robertson, 2010). Zone Soil Behavior Type I,
1 Sensitive, fine grained N/A
1000 =———7"TTT77TTT NRRRE: 2 Organic soils — clay >3.6
- = 3 Clays — silty clay to clay 295-3.6
e — 4 Silt mixtures — clayey silt to silty clay 2.60—-295
B . /16" B 5 Sand mixtures — silty sand to sandy silt 205-2.6
£ :,__,_./ '21{.7 6 Sands — clean sand to silty sand 1.31-2.05
S 100k 7 Gravelly sand to dense sand =131
. — o 8 Very stiff sand to clayey sand* N/A
E - "4,’6 9 Very stiff, fine grained* N/A
2T %
= s ™ 2957
z "a * =
S Increasing density %\ #ﬁreasmg
O " w AT — .
& 10 X0 |, = 2.6 is the most common default
E ‘. ‘.‘Q L] L] L] L] L]
z T threshold for deterministically inferring
o NN
1] . 7 1] . L .
e e \ susceptible” and “non-susceptible” soils.
sensitivity
. RN L1111
0.1 1 10

NORMALIZED FRICTION RATIO, F,

» Of course, it's well known that the |_ = 2.6 threshold is uncertain...

»> QI: What is the relationship between I_ and lab-based susceptibility criteria?




I. and other CPT indices

» Other (or additional) CPT measurements have shown promise for classifying susceptibility
where |_fails. For example, the pore pressure ratio, B :

1GGG T T T T T T 1 L 1DGG i u u
= = = 2 — 0
| Bg=
d: — Oyo
100 |- 100
- ' . dt — Opo
Ot O[ Qt - O_I
VO
Increasing
OCR
10 10 . fs
E. = * 100%
- O
— increzsing e — Ovo
sansithaty
3
1 L bbbl i 1 ' | |
0.1 1 10 -0.4 0 0.4 0.8 1.2
Fr (%) B

» Q2: How do CPT metrics (I, R, B,) correlate to metrics of susceptibility (FC, Pl, LL)¢ Can
CPT-based predictions of lab-derived susceptibility be improved?
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Data and Methodology

» Data from Christchurch and Kaiapoi, New Zealand (NZ Geotechnical Database)

T 101 ' él;T ' Cone Resistance, Sleeve Friction, Pore pressure, Soil Behavior Fines Content,
|em<1s | g (MPa) f; (MPa) u; (MPa) Type Index, Z, FC (%)
|:|18--20 y 0 5 10 0 0.05 0.1 -0.1 0 0.1 1.4 2 2632 38 0 25 50 75 100
8-20 | 0

1
2
; [
[
=4
g
=5 ®
&
Ao o
7 [
8 ®
o [

—
=

" 2,620 split-spoon samples with FC and w_measurements; 574 with LL and PlI.
= Susceptibility classified using each of the four lab-based criteria.

=  SPT and CPT pairs typ. 1-2 m apart.
" CPT statistics (I, R, B,) sampled over the 300 mm depth interval of the physical sample.
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Results: Susceptibility Models

» Probability of susceptibility models were developed using a log-normal cumulative

distribution, as fit to the data classified by each of the lab criteria. In this context,

“susceptibility” is whatever definition the developers of the respective criteria used.

» For example, using the BIO6 criterion:

45 T T T T T T T T

B Susceptible

Em Not Susceptible

—Intermediate (Test)

Frequency

Soil Behavior Type Index, /

c

1.6 1.8 2 22 24 26 28 3 32 34 36

Probability that soil is
Susceptible to Liquefaction

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

[=

—BI06
e Bin Data

Range of

common

deterministic /. > $
thresholds

1.5 2 2.5 3 3.5
Soil Behavior Type Index, 7,

c

> For BIO6, the probability of susceptibility is 50% at I_= 2.5.



Results: Susceptibility Models

» Comparing these results to Moug et al. (2022) in Oregon/Washington:

CRRn=15

0.6

0.5

0.4
0.3
0.2
0.1

0

IIIIIIIIIllIIIIIIIFIIIII

Typical clay behavior
{ldriss & Boulanger 2004)
(Teyc /5ul15 cycles = 092,
Ngt =15

i Boulanger & Idriss |
- (2014) FC > 70% |
- | Y -

h_ median gy

i lower estimate

upper estimatea

llllllllllllllllllllll

0

25 50 75 100 125

Q1w

D.6
0.5
0.4
0.3
).2
0.1
0

LI I rrri I rFrri I rr 1 ' rFrri
i 2.6<1.<2.95 |
two data points, 1
one where OCR,,, > OCR;, 4ty m
ee/ ]
g I
/ | 1
Ll I Ll l L1 I L 1 I Ll
0 25 50 75 100
Qein

“Soils with |_ < 2.6 may be reasonably

characterized with CRR-q,, relationships
for sand-like soils with high FC”

Probability that soil is
Susceptible to Liquefaction

0.6
0.5
0.4
0.3
0.2

0.1

IIIIIIIIIIIIIIIIIIT'III

OCRjgp > OCRp sty

25 50 75 100
Gin

125

proba
suscep

|

———

30-100%

ility of
Fibility

2 2.5 3
Soil Behavior Type Index,

1.5
1

c

3.

5



Results: Susceptibility Models

» Comparing these results to findings from Moug et al. (2022) in Oregon/Washington:

O- 6 LI B B ) I rrnri I rrria I L I F I i O 6 L B O | I rrri I LI B | I rri 1 I L B B | O 6 LI B B I LI B B | I rrni I LI B T I rrri
i i i <24 ] ) 2.6<1.<295| | [ Io>2.95 ]
05k Typical clay behavior c | 0.5 c | b5 OCRgp > OCRip <it c -
|| (Idriss & Boulanger 2004) 4 il u i i
(Teve 75u)15 cvcles = 0.92, | two data points, |
ﬂ 0 4 N N.:fi 1: = - O 4 one where OCRqp > OCRjj, g1, m o 4 N
1 B T il "
Z 03H<— - 03 - b3 g
g ' i o Boulanger & Idijss | ’ @ 1 ' _

2014) FC = 70

& 02 — PTCI 02Hi8=8 % | 4 b2 =
- ra — | —

1 11,

0.1 _Mmem’an Grin _ 0.1

| lower estimate upper estimdte- N o B .
OJIIIlllllllllllllllllluh O llllllllllllllllllllll D IIIIIIIIIII.III.IIII.III.I
0 25 50 i 100 |125 0 25 50 Fi 100 125 0 25 50 75 100 125
Qv Qin 1 Qv

“Soils with 2.6 < |_< 2.95 appear
to transition between sand-like and

0.6 2-30%

clay-like CRR-q,, relationships” probabhility of

Probability that soil is
Susceptible to Liquefaction
S
()]

03 le==|———- usceqtibility
0.2
0.1
0 === —
15 2 25 3 35

Soil Behavior Type Index, 7,

c



Results: Susceptibility Models

» Comparing these results to findings from Moug et al. (2022) in Oregon/Washington:

0.6

0.5

0.4

0.3

CRRn=15

0.2

0.1

0

Fllll

Typical clay behavior

{ldriss & Boulanger 2004)
(Teyc /5ul15 cycles = 092,
Ngt =15

M_ median gy

i lower estimate

llllllllllllllllllllll

(2014) FC> 70% _|

i Boulanger & Idriss |
<
- | Y -

upper estimatea

0 25 50 75 100
Qiin

125

0.6

0.6

IllIIIIIlIIIIIIlII’IIIII

2.6<1.<2.95

two data points,

one where OCRy, > OCR;, civy

50
(0

“Soils with I_> 2.95 plot near and to
the right of the CRR-q,,, relationship

for clay-like soil.”

75

0.5

IIIIIIIIIIIIIIIIIITIIIII

OCRjgp > OCRp sty

IIIIIIIIIII.III.IIII.III.I

5 0.9
2%e 038
= &

e 07

H :
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- =

Py 0.5

=2

Z 2 0.4

28 03
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a2 g 02
=

«@ 0.1

0

25 50 75 100

0-2% pr
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Soil Behavior Type Index, 7,
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Results: Susceptibility Models

» Repeating for all criteria:

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Probability that soil is
Susceptible to Liquefaction

Range of

common

deterministic

I, thregholds
!

<+——>

—BI06

—BS06
Seal3

—PO01

1.5

2

2.5

3

3.5
Soil Behavior Type Index, /

c

Probability Density

of I, Threshold

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

—BI06

—BS06
Seal3

—PO01

1.5

2
Soil Behavior Type Index, /

2.5 3 3.5 4

c

» Model medians (I_ at 50% probability): 2.5 [BIO6], 2.55 [PO1], 2.6 [Sea03], 2.75 [BSO6]
» Models may be reconceptualized as the probability density of the I_ threshold.

» Common I_thresholds (e.g., 2.6) are reasonable medians, but what about uncertainty?
Using BI06, there is a 15% probability that soil with |_ = 2.3 is not susceptible, and
similarly, a 15% probability that soil with | = 2.7 5 is susceptible.



Results: Susceptibility Models

» I¥’s important to note that these models do not
explicitly quantify/consider:

"  Measurement uncertainty (in |, Pl, LL, w,)

= Spatial variability between SPT and CPT site
(typically 1-2 m apart)

= Finite-sample uncertainty

" The uncertainty of which functional form is used
for the | -susceptibility relationship

"  Uncertainty in the lab-based susceptibility
criteria themselves (none are probabilistic)

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Probability that soil is
Susceptible to Liquefaction

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Probability Density
of I, Threshold

1 —BI06
+ —BS06
T Sea03
1 —PO01
T Range of
+ common
| deterministic ¥ *
I, thresholds .
1.5 2 2.5 3 3.5 4
Soil Behavior Type Index, /,
€ —BI06
€ —BS06
-+ Sea03
T —PO01
1.5 2 2.5 3 3.5 4

Soil Behavior Type Index, /

c



Results: Other Correlations and Improving CPT Predictions of Susceptibility

» | -FC correlations:

Christchurch Correlation Global Correlation (Boulanger and Idriss 2014)
35 ! ! ! ! T ! ! ! '80"%0;'] 3.5 T T T - T L] T .-
28 ® § -

. e Christchurch Specific Model M o %%% k| © Suwzukiet al (1998) o
~ 30 % [ @c&%”g o 50l @ Liacase histories o
e B 2 oF s ,"(%‘0 — J _;
= ===-+/- 1 Standard Error I} 3 ‘?Q{‘é 3
2 6 258 1 S } L=(Fc+13mm0-C
: 2 9 1 & ::3(8“%%?3(’ 2K £
e 25 | 3 # S SRR L 25
= T 1l &7 T an e S

KR >
— | st E
S
= 2.0 s 2.0
: 3
==] .- % 0
= o 3
R 15— e el ] 3 15
¢ & 3&(‘0 p - l’“ {,‘V‘" § P )
5-.@-9%2 L YIS S .
Py o. - 0026 .
1.0 1 1 1 1 1 L1 1 1 1 1 1 L1 ‘;_G
1 10 100 7
Fines Content, FC (%) Fines content, FC (%)

» Boulanger and Idriss (2014) form fits Christchurch data well; uncertainty is appropriate.



Results: Other Correlations and Improving CPT Predictions of Susceptibility

» | -FC correlations:

Christchurch Correlation Global Correlation (Boulanger and Idriss 2014)

35 ! ! ! ! | ! ! ! '80"%0;'] 3.5 T T T - T L] T .-
. * i §
¢ Christchurch Data Py %‘5%% | © Suzukiet al (1998) o
o & £ : L
. AN
:L 30 L Boulanger & Idriss (2014) Model %  d wg;g e Lig case histories o)
. ¢ <><> SR . g -
@ & o
— 1 1 &
E Christchurch Specific Model <><><><z<>> &' K, L I.=(FC+137)/80 " C..
SRS =
% ¢ @ O@ '&:},(W? =
e 25 * hhd <><Z>Q><> @ ’: 4.0‘((‘(2'03"%‘ L 2.5
= + Sample ¢ vl %!t % Tl @ :«%‘.j’(‘&gg\ﬁ"’? £ N
O RS AR b
= 3 LRy o S
£ bop U BT I R o e SR 3
& BB SRS [ RORKIERTS RS SER53
520 g o8 et SRS R B0 UG 820
2 ® 0% .1 R Npioh ves s T T VAT SIS 69 - @
m & 9°¢ 94 vv&o“.&@&&gp’o& 7 e 3
— £50 ey «m@gg@: e %9@0 ¥ ¢ _ —
=) S R GOy T S
215 R Ned T te T » 15
@ DO 104 ° o il '
X 9ic3 I .
L 4 —
<><> o. - 002 6 .
1 -O 1 1 1 1 1 L1 1 1 1 1 1 L1 ‘;_ G
1
1 10 100
Fines Content, FC (%) Fines content, FC (%)

» Boulanger and Idriss (2014) form fits Christchurch data well; uncertainty is appropriate.



Results: Other Correlations and Improving CPT Predictions of Susceptibility

» FC correlations:

0.5 e

o5 ||+ Chrisichurch Data Spearman p

’ — Linear (Christchurch Data) i
04T ! e 0.7 49
Q04 r
g 03 0.561
né 0.3
2 02 0.675
£ 02
£ 0.1
[~
— 0.1

0.0

Fines Content, F'C (%)



Results: Other Correlations and Improving CPT Predictions of Susceptibility

> LL correlations:

Pore Pressure Ratio, |B, |
e e e e e N N
S = = NN W W R B~ N W

+ Sample ~\

L 4

¢ Christchurch Data

L 4
¢l ¢ e==[_0g. (Christchurch Data)

|<>| L L 1

60 80
Liquid Limit, LL (%)

100

120

Spearman p

[ - LL 0.655
R, - LL 0.297
B, |- LL 0.318




Results: Other Correlations and Improving CPT Predictions of Susceptibility

> Pl correlations:

0.5
0.5 F| ¢ Christchurch Data .
_ 0.4 || —Linear (Christchurch Data) L4 Spear man P
2 04 | 1
.§ . L 2 L 2 L 4 P I - PI 00772
= 03 + Sample c\, i c
P 0.3
Q .
z o R, - PI 0.654
2 0.2 f
5]
S
0.2
: 1B_|- PI 0.438
a 0.1 q
. : - 18| 0.702
0.0 - c q
1 100
Plasticity Index, PI (%) | - Rf 0715
C




Results: Other Correlations and Improving CPT Predictions of Susceptibility

» Algorithmic Learning to predict BS06 and Bl06 susceptibility classifications:
» Can combinations of I, R, B, and | B_ | predict susceptibility better than I_alone?

" Feature importance averaged across five popular feature selection algorithms (MRMR,

Chi2, ReliefF, ANOVA, Kruskal Wallis):

MRMR Algorithm Feature Importance: BI06 MRMR Algorithm Feature Importantéf BS06

3 97.09 .
X 100 4 S 100 ,
Qg 80 8 80 74.41
£ S
§_ 60 *g 60
£ £ 40
© 17.69
£ 20 2 20 7 30
S 0.94 1.91 0.06 kS 0.60
o 0 S 0

Ic Rf Bg |Bg/ Ic Rf Bq [Bq|



Results: Other Correlations and Improving CPT Predictions of Susceptibility

* Data randomly split into 85% training, 15% test

Various ML algorithms trained: decision trees and tree ensembles (i.e., bagging, boosting),
SV machines, KNN classifiers, GP models, stacked models...

Improvements on test set using best respective models:

Improvement in Classification Accuracy

15, using Ic, Rf, Bg, and [Bq| vs. Ic
S
s 10
\J)
&
N
g 5
£ 0.2 1.1

0

BIO6 BS06

» |_predictions of susceptibility cannot be readily improved with these added variables.
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Concluding Remarks

» The global applicability of the Canterbury susceptibility models cannot be known, and thus,
recommendations for or against the use of these models elsewhere cannot be made.

Nonetheless, several broader conclusions can be derived:

1) Criteria based on Atterberg limits may provide very different predictions of susceptibility.

= Should the definition of “susceptibility’”’ be the same (e.g., can’t ensemble models)?

2) The most common I_threshold of susceptibility (i.e., |. = 2.6) is a reasonable median, but the
relationship between |_and susceptibility is uncertain (more than appreciated?).

"  Should this be considered/accounted for? And, because lab-based susceptibility criteria are
not probabilistic, the actual uncertainty between susceptibility and I_is unclear.



Concluding Remarks and Recommendations

> Nonetheless, several broader conclusions can be derived:

3) The models developed in Canterbury provide a methodology that can be repeated at site,
regional, or global scale.

4) The uncertainty between I_and Atterberg limit-based susceptibility suggests that
other /additional variables could provide more efficient and/or sufficient predictions.

" Yet, given the data and CPT predictors readily available, improvements do not appear
trivial. This could be different in other soils, with other v, data, and/or with other predictors.

Questions?
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General objective: Estimating deformations

» Estimating deformations requires estimating strains (small to large) in a wide range of soils
across a range of states and loading intensities using a hierarchy of analysis procedures

e
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Bedrock

1D Site Response Analysis

----------------------------------

Surficial Mud
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General objective: Estimating deformations

» Estimating deformations requires estimating strains (small to large) in a wide range of soils
across a range of states and loading intensities using a hierarchy of analysis procedures

—

Embankment Dam

Shell

Foundation Soil 1
Foundation Soil 2

For each soil, we need to:
» Estimate values for the static strength, cyclic strength, post-earthquake strength,
moduli/damping, ... or more generally its stress-strain response characteristics
« Decide on the appropriate in-situ tests, laboratory tests, and/or engineering
correlations/relationships to use for estimating those properties



Estimating cyclic strengths

» Tool boxes are different for sand-like and clay-like soils
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| Model uncertainty alone 15%
- (excludes estimation P 50%

o5 | errors in CSR '. ° P, =85%

I and qc1nes) 00 ® ®

CSRM=7.5,(7',, = 1atm

All FC
@ Liquefaction
A Marginal

O No liquefaction |

qc1Ncs

Sand-like soils

200

250

Cyclic strength ratio, t,,/s, or q,,/2S,

N

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

S

Boston Blue clay (DSS) _]

Drammen clay (DSS)
St. Alban clay (DSS)

CWOC silt (DSS)
Cloverdale clay (TX)

& VDA

Itsukaichi clay (TX)

/

- \\A i
. \ -
|23
-3 \'\ -
— (@) )
lllll [l [ 2 0 A A0 [l [ 2 A A 000 [l [ 2 A 000
1 10 100 1000

Number of uniform cycles, N

Clay-like soils



Estimating cyclic strengths

» Tool boxes are different for sand-like and clay-like soils
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Cyclic strength evaluation criteria

» The Boulanger & Idriss (2006) figuefaction-suseceptibility cyclic strength evaluation criteria are
mapped to the recommended engineering procedures for estimating cyclic strengths
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Cyclic strength evaluation criteria

» The “transition” zone represents uncertainties in both the properties and the ability to manage
sample disturbance effects. The ability to manage disturbance effects depends on more than
just index properties and requires engineering effort to evaluate.
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Managing sample disturbance effects

» Ability to minimize/manage sample disturbance effects depends on the anticipated static and
seismic loading conditions

oA Virgin
compression
line

(a) Current condition

b} Tube
\\ o samplin_g\
i ‘% —— Field
E _; Laboratory (dash red)
(b) Future fill and preload 3 (solid blue)
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Improved terminology would improve communication

» Using the same name for criteria with different purposes has caused confusion

40 . . + " + 4 ; $ 40 ’ 4 $ $ $ )
€ ™) '
Criteria by Bray and Sancio (2006): h CH
& (1) Pi<12 & w,>0.85LL: susceptible to liquefaction. CH ® Clay-like behavior or —4
(2) 12<PI<18 & w_>0.8LL: moderately susceptible or O [ntermediate CL OH
i i OH
q 30 T fo liquefaction. E 30 = O Sand-like behavior or l
. . oL V
E Ho Soils reported by Bray et al. (2004a) tow é
S L have liquefied at Adapazari in 1999. J Ke| |
< c
< 20 = 20 Transition in o2 MH__§
'IE\ b o o o o o gl oo oo e ol oo oo peosspeas (—--.-.-- :0->.|\ behav’or OI’
S PI<18 CL or OL / MH S OH
b7 ' or
(5]
§ D..l.................o. .(D..I..I..-O’;’.. .g.
Q. 10 4— PI<12 Q. 70
o ML 7 ‘
CL-ML or y CL-MLS
o oL ML or OL
0 000000 0000000 0 Q T v T :
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Liquid Limit, LL Liquid Limit, LL

"Cyclic deformation susceptibility criteria” "Cyclic strength evaluation criteria”






OF THE
P ARTMENT OF The 7>
- o :t . MPC u m
B - &0“- 3 7P\ HOUNTAIN-PLAINS CONSORTIUM A feeping Utah Moving
2EAU 0 ReCLAMAT Gltrans:

Cyclic Behavior of Low
Plasticity Fine-Grained Soils
of Varying Salinity

SEPTEMBER 8, 2022
SCOTT J. BRANDENBERG AND JONATHAN P. STEWART




NGL

Motivation

* Cyclic failure of fine-grained soils often manifests in zones of high static shear
stress (e.g., beneath structures), but not in the free field.

B R e e A %

https://apps.peer.berkeley.edu/publications/turkey/adapazari/p Chu, D.B., Stewart, J.P, Lee, S., Tsai, J.S., Lin, P.S., Chu, B.L., Seed, R.B., Hsu,
hasel/site_b/index.html S.C., Yu, M.S., and Wang, M.C.H. (2004). “Documentation of soil conditions at

liquefaction and non-liquefaction sites from 1999 Chi-Chi (Taiwan)
earthquake.” (2004). Soil Dyn. Eq. Eng. 24, 647-657




Motivation

* Cyclic failure of fine-grained soils often manifests in zones of high static shear
stress (e.g., beneath structures), but not in the free field.

* We performed a set of centrifuge model tests at UC Davis to study this
problem.
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Motivation

* Cyclic failure of fine-grained soils often manifests in zones of high static shear
stress (e.g., beneath structures), but not in the free field.

* We performed a set of centrifuge model tests at UC Davis to study this
problem.

* As part of the centrifuge test program, we performed cyclic direct simple shear

tests on low-plasticity fine-grained soils to evaluate their strength loss
potential.




Table 1. Properties of mixtures used in experimental program

ID % silt2 % Bentoniteb % Kaolinitec Pore-fluid Gs LL PL PI

SBFW 95 5 0 Fresh water 2.64 31.2 226 8.6
SBSW 90 10 0 Salinewater 2.67 319 23.1 8.8
SKFW 78 0 22 Freshwater 263 30 214 8.6
SKSW 78 0 22 Saline Water 2.63 294 20.8 8.6

aSil-co-sil #45 ground silica, Non-plastic
PLL =455.3, PL=39.6, Pl = 415.7
‘LL=66.1, PL=35.8, PI =30.3
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Strength Normalization
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Cyclic Strengths
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Cyclic Strengths
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Conclusions

* Three fine-grained soils with Pl between 8 and 9 different responses

* The bentonite/silt blends were more clay-like while the kaolinite blend was
more sand-like

* Observing the hysteretic behavior of the soil and buildup of strain with number
of cycles is the best method of ascertaining sand-like from clay-like behavior

* Evaluating whether NCL and CSL are straight and parallel provides another
indicator of clay-like vs. sand-like behavior




SMT Approach for Susceptibility Modelling

Probabilistic form of current, PI- 40 S
based models > bhmodls
aQ 30 © Sand-like behavior
* Expressed as a CDF with mean & o 3
£
* G increased to reflect measurement &
variability (Phoon & Kulhawy ’99) § ;
1
0

0 10 20 30 40 50 60
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Boulanger and Idriss, 2006 Huang, 2008




SMT Approach for Susceptibility Modelling

Probabilistic form of current, PI- e
based models : o |- - esos

| -based versions of current | I
Q i : 4
susceptibility models 305 L _
T : ]

* Maurer et al. 2017 : \

* Database of CPT data & co-located : R
samples with index test data ol v e e

 Range reflects aleatory variability I,

from respective datasets
Adapted from Maurer et al. 2017

NGL




SMT Approach for Susceptibility Modelling

Probabilistic form of current, PI- . ———
based models : oL |- - esos

| -based versions of current _
s |
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T |

Combined model includes
between-model uncertainty




SMT Approach for Susceptibility Modelling

Probabilistic form of current, Pl- .
based models
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Study Sites

Largely Focused on Silts (~2016)

Research Approach:
» Cyclic Direct Simple Shear Tests
« Controlled Blasting

*Vibroseis Truck, T-Rex

Each site includes: Samplmg + testmg, CPT, V,

Test Sites:

- Site A: Barlow Point, Longview, WA |gF e

Sites C and G not included in the dataset discussed today

e L.
8 Oregon State University
College of Engineering
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Plasticity Index, Pl

Oregon State University

College of Engineering

Materials Investigated

* The data presented today consists of natural, intact specimens consolidated
to o', with some artificially NC specimens, only

* Well-graded silty sands to sandy silts and clayey silts
* PlIs range from 0 to 39, LLs from 28 to 70
* OCRs range from 1 to 4.2

Suggested Regions for Evaluation of Cyclic

0 Resistance (Armstrong & Malvick 2015)
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Subduction Zone Earthquakes... -

o) i gSU Dat?set + Selected Literature
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Dadashiserej (2022)
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Linking Hysteretic Behavior

Liquefaction Susceptibility

* We can quantify certain hysteretic
metrics for an objective assessment

of behavior:

— Angle of %7, hysteresis prior to

— Cyclic shear stress difference

& following unloading

at

y=0,A7,,

— Minimum tangent shear
modulus, Gy, min

— Maximum excess pore pressure

« Can assess differences between

N

ge

y=3

nerated

I u,max

% and Nmax (7/max > 5%)

40
30

Cyclic Shear Stress, 7, (kPa)
)

Stuedlein et al. (2023), Dadashiserej (2022)
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Linking Hysteretic Behavior
Liquefaction Susceptibility

Example behaviors @ N,_;, and N,

: Vu,max .
Specimen Behavior (% ) Gtan,mm/ Tcyc,max ATcyc/ Tcyc,max
N}/=3% Nmax N;/:3% Nmax N;/:_g% Nmax N;/=3% Nmax
F-2-6  Interm. Sand | 93 99 | 10.12 0.00 | 0.60 0.47
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Linking Hysteretic Behavior

Stuedlein et al. (2023), Dadashiserej (2022)

| | | | | 40 E
L f t S t b I t © 1 F-2-5 Angle of the hysteresis prior to &,
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Stuedlein et al. (2023), Dadashiserej (2022)

Linking Hysteretic Behavior
Liquefaction Susceptibility

Example behaviors @ N,_;, and N,

F-2-5 Angle of the hysteresis prior to &,
30 + Iymax = 98% following shear stress reversal
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: Behavior
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g 1.5 g 197
@ ] A-BL-3, PI=11, OCR =4.2 @ | A-BL-5, PI = 19, OCR =4.2
% 101 Fymax = 100% % 1.0 1 rymax = 96%
= 1 N,-3y: Clay-Like Behavior s 1 N,-3y: Clay-Like Behavior
o 1 N,,... Sand-Like Behavior /7 o 1 N,...: Sand-Like Behavior
S X 0.5 ] g S X 0.5 max
“» g v g
L ¢ ] L ¢
S © 00 T+ S 00 T+
TS ] TR
Sk, s S}
g -0.5 + g -0.5 +
N ] N ]
e 107 e 1.0 7
§ ] (e) % :
e
2 .15 % % % —t— 2 .15 I ,{,,,,},,,,},,,,;,,,(,f)
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15

Shear Strain, y (%) Shear Strain, y(%)
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Observed Field Behavior

A CPT-3 Distance (m) CPT-1* CPT-2 A’
- ? 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0 4 e e
Field Response® I i bemsesiysana | e e ]t 4.,
& with Gravel fill s ® -
» Specimen from the OSU Blast A i ra
p M. Stiff sandy SILT (ML) grading to soft
. ] T clayey SILT to silty CLAY (ML to CL) 1 T
Array, Port of Longview, WA 1+ 13 ;
I A Very soft to soft, clayey SILT [ S A
|l GWT | to silty CLAY and CLAY GwT
(MH to CH)
¢ 15 27 i -
9 1 A-BL-3, PI=11, OCR = 4.2 B Y S N A ey ————
- 1 1, max = 100% = 1% m. stiff, clayey | ! A - Soft, "
» 1071 % 5 SILT (ML) w/ -~=~-——=- * o--—ty-e  Clayey |3
< 1 N, 3y: Clay-Like Behavior Sy _ interbeds of Element 1 VAR T SILT (ML) 12
() 1 N_..: Sand-Like Behavior / Q s sandysSiLT B il i i
S X 0.5 T max 3 + ___:;{ ________________ PR b SR ° 1
w £ - | ] |8 Element 2 ]
0 §: ] ! Very soft, clayey SILT (ML) grading b
o N 0.0 + | to clayey SILT (MH) 1 1
S o ] i
o .3 _
g W -0.5 E_ 4l ° e Clean to Silty Sand
N ] ] ° Silty Sand'to Sandy Silt \_ ¢ ., popavior
~ ] e Clayey Silt to Silty Clay
T 10] o e
.0 1 y
B ] (e) 1 A Pore Pressure Transducer (PPT) « CPT-1 octed
] . -1 projecte
2 -1,5 T T T T { T T T T { T T T T { T T T T { T T T T { T T T T 5 1 -~~~ Triaxial Geophone PaCkage (TGP) west 3 m
r L +rrrr e
-15 -10 -3 0 5 10 18 0 2 4 6 8 10 0 2 4 6 8 100 2 4 6 8 10
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Shear Strain, y(%) q, (MPa) q, (MPa) q, (MPa)



Observed Field Behavior

e o
A Oregon State University
College of Engineering

100 -
. o ] o Blast (Element 1)
Field Response? © 90 1 e Blast (Element 2)
« Specimen from the OSU Blast © 807
Array, Port of Longview, WA % 70 1
- Consider the in-situ performance of S 607 o
this material (controlled blasting; s 1 o
Jana et al. 2022) oS o
. M 40 o
» EXxcess pore pressures rise sharply § g °
with shear strain until drainage o 307
ey _ ® ]
initiates; and, s 207 o ®
» ) X
9] 10 + @
s . E_.Q_h.Q_QT’ .). a .{ana e;lr all.i (2022)
0.01 0.1 1

12

DSS-equivalent shear strain, )pss ., (%)




Observed Field Behavior

Field Response?

« Specimen from the OSU Blast
Array, Port of Longview, WA

» Consider the in-situ performance of

this material (controlled blasting;
Jana et al. 2022)

» EXxcess pore pressures rise sharply

with shear strain until drainage
initiates; and,

e o
A Oregon State University
College of Engineering

« Appears to track the response of

the Wildlife Array (silty sand)

13

100 -
) 1 ® Blast (Element 1)
IS 90 1 e Blast (Element 2) A
© 80 1 AWildlife Site, 1987 A
a 5,1 Superstition Hills Earthquake
g (Zeghal & Elgamal 1994)
Q 60 [ ot T O
(O I 80— o Z”"%Z men :3 .
1 °\° 1 &  [—Residual (Element 2) ]
O 1§ sof y
S N j A)
0 O 1 & 4of ' drai
g0, | i T\
s 301}° ul
TB ] '200””;””;o'”'1|§""2|o"”2|5””3|o””35
% 20 4 Time (s) ‘ .
Yy ] .’ . A
0 . >
) 10 T ]
x . é_\.._h‘g_.’ .)’ a A Jlana etl.‘ alwl.l (2023)
0.01 0.1 1

DS S-equivalent shear strain, s max (%)




Proposed Hysteretic Metrics for

Liquefaction Susceptibility

* No specimens exhibited Sand-Like behavior at N, s,

 Hysteretic behavior evolves following exceedance of
y= 3% for many specimens:

Maximum Excess Pore

clay-like and intermediate - sand-like
e
Clay-Like behavior suggested for: g;
ru,max <90 /0! Gtan,min chyc max =~ 2 Az-cyc cyc,max =~ = 0.55 S8
Intermediate behavior suggested for:

90 umax < 95%! Gtan,min/Tcyc max ~ 2 AT = 0.55

cyc max ~

Sand-Like behavior suggested for:

max > 99% and G, in/ <0.55

cyc max

< 2, AT

r z'cyc max ~

u,

14

Pressure Ratio, r, ., (%)

50

(a)

100 T

50 1

(b)

N7= 3%

Stuedlein et al. (2023), Dadashiserej (2022)

N

90 %
80 1
70 +

60 1

max
Generally Sand-Like A ‘A AA A, A‘ A Generally Sand-Like
€ Generally Intermedlate = A .r-‘ [ Generally Intermediate
%% Cenerally Int 4 02 o ®-0.8._ Gererally Intermediate
A4 PY [ J
° *°.° °
o [ ) .. [ J [ J [ ]
(Y [ ] e O . [ ]
[ ] .Generally Clay-Like Generally Clay-Like
° 1 (e Clay-Like Behavior
) (4 o, 50 @ 1 | #Intermediate Behavior
.‘ Py (typ see Table S5)
] N, s, A Sand-Like Behavior N
el 00 00000 00» 00— r| i e et

90 }
80 +
70 +

60

.3 04 05 06 07 08 09 10 11 1203 04 05 06 07 08 09 10 11 12
Normalized Cyclic Shear Stress Difference at y=0, (d) Normalized Cyclic Shear Stress Difference at y= 0,
A Tcyc /Tcyc, max A 7cyc /rcyc,max
Generally Sand-Like : A Generally Sand-Like
XY
LK 24 Generally Intermediate | 12 o 2 Y] Generally Intermediate
------ o - e A --b."-.l.)-------------.---------------
® Generally Clay-Like o o° oo
[ ) ° ° °® o
0% o PO ° °
® [J Generally Clay-Like
(] (]
o L) ’ °
<50% oo
f(typ see Table S5) = 3% Nmax
——— ———t———%0— -0 (®O0———01 +——— T+
0 5 10 15 20 25 30 0 2 4 6 8 10
Normalized Minimum Tangent Shear Modulus, (e)  Normalized Minimum Tangent Shear Modulus,
Gtan,min/ Tcyc,max Gtan,min/ Tcyc,max



Proposed Hysteretic Metrics for

Liquefaction Susceptibility

* What if you don’t have cyclic
test data?

* Modified Bray and Sancio (2006)
seemed to generally capture large-
strain cyclic behavior

Pl £12, w/LL £ 0.85: generally
exhlblts ultimate sand-like behavior

 What about CPT-based indications?

15

Maximum Excess Pore Maximum Excess Pore

Pressure Ratio, r,, ,,,, (%)

Plasticity Index, Pl

Pressure Ratio, r, ., (%)

N7= 3%

Stuedlein et al. (2023), Dadashiserej (2022)

N

w,/LL

w,/LL

max
100 + Ll +
] Generally Sand-Like Aﬂ N AA A Generally Sand-Like
I € Generall, Intermedlate A
9 1 A ynt 1 Aro -..(@-.. 3.-.995'9“;”.’!.’?!‘2’6’5‘95’51?.
] [ ] [ )
[ ] Y [ J
] () [ ] ® [ ]
80 1 o _ o © 9 T i ° °
] [ ] .Generally Clay-Like Generally Clay-Like
70 + 1
Py o Clay-Like Behavior
60 1 ® o ®, <50% ® 1 | #Intermediate Behavior
1 " ° (typ.; see Table S5) . .
] N % A Sand-Like Behavior N
50 Frrrtrrt @l 0D 00— 0)- 0D 80D O 0| LT e
03 04 05 06 07 08 09 10 11 1203 04 05 06 07 08 09 1.0 1 1 1.2
(a)  Normalized Cyclic Shear Stress Difference at y=0, (d) Normalized Cyclic Shear Stress Difference at y= 0,
ATcyc / Tcyc,max Arcyc / fcyc max
100 T Generally Sand-Like : A Generally Sand-Like
1 7 ‘A
] * O Generally Intermedlate A ° 'A_‘ Y] Generally Intermediate
90 1 |------ R G ® A "b.‘".l.)'""""“".- -------------
] ° ® Generally Clay-Like o ... o9 { ] ..,
80 T oce o PO ° ®
1 ® [J Generally Clay-Like
70 % d i
] ° d
[ L ] [
60 1 o <50% .’ o0
1 (typ see Table S5) Ny 3% Nmax
50 +— —@———————UO—®)- IO~ (@O——O- 1 —t————t————t——F
0 5 10 15 20 25 30 0 2 4 6 8 10
(b) Normalized Minimum Tangent Shear Modulus, (e)  Normalized Minimum Tangent Shear Modulus,
Gtan,min/ Tcyc,max Gtan,min/ Tcyc,max
30 - 7
”s N7’= 3% o® .. s o) 1 Nmax P .. 3 o)
] (] i (]
20 + Generally 1 A Generally
1 not Susceptible| s not Susceptible
151 2sp.@ (.. Ll P (] T 2sp.@®@ @O PO [ ]
1 o [ (J [ ]
1 ee ‘ ae A
10 + 2sp. @ . ‘. 1 2sp. @ AA AA
51 2 ® Generally T £ <P A Generally
] L L [ M A A A A M
] 6 NP Susceptible Susceptible
ol SN L )
06 07 08 09 10 11 12 13 14 1506 07 08 09 10 11 12 13 14 15
(c) Water Content-to-Liquid Limit Ratio, ) Water Content-to-Liquid Limit Ratio,



Comparison to Soil Behavior

Type Index

* CPTs generally located within 2 to 3 m
of borehole

» Geometric average of I, over sample
interval from which specimen derived

* For the solls in our database, /. does
not correlate to ultimate hysteretic
behavior at large strain (7> 5%)

 Transient liquefaction observed for as
large as [, = 2.95

16

CPT-Assessments from Ortiz (2022)

~

(N

y=3% Nmax
O @ Clay-Like Behavior

< @& Intermediate Behavior

30 -
1 nd-Like Behavior
25:_\A A Sand eeao)Oo
X 1 0
g ] o 6o 8
g 207 © 00 °© 50
S
S e
\: 15 + a o 9
S ] ®
g ] o
= 10 +
s & S g
O 51 ® °
i { ] ® )
1 A “ §e A S s°
o+—A& —+ A—+1 A————+—————
2.75 2.85 2.95 3.05 3.15
100 3% 7y y
O T a a AA
5 ] A ¢ 2
2 _ 90 + . @ 8o . )
OX o 8 i
a0l > ° °
=] i 8 0] o e
g ~ ] o) o)
Q g 70 1 S o
"n © | o
o o
O 607 © ©
X ] 3 o9
W 1 Fuymax < 50% (typ.) o
50 +——0—+——+—O— W
2.75 2.85 2.95 3.05 3.15

Soil Behavior Type Index, I,



gy College of Engineering

C o n CI u d i n g Re m a rks Oregon State University

 Ultimate hysteretic behavior may not be apparent for typical cyclic shear
strain failure criteria

 Particular concerning for silt deposits in the PacNW: mean and
maximum N, can be very large

» Objective hysteretic metrics can shed light on ultimate behavior = leads
to reliable susceptibility assessments

« Suggest parallel cyclic test programs:

—Design CSRs to large shear strain = identify susceptibility using hysteretic metrics
—Design CSRs and N, (crustal, subduction zone, etc.) > post-cyclic test program

» CPT-based Soil Behavior Type Index, [,

—Does not appear to correlate to ultimate hysteretic behavior (for the soils evaluated in this study)

. —Impact of partial drainage on q,, f; ?
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