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Liguefaction Hazard
_

A Liquefaction can result in
significant damage to e =
Infrastructure during
earthguakes

Image: Karl VSteinbruggeCollection, EERGjiv

i Liguefaction hazard Is of Calfornia, Berkeley
generally correlated with
seismic hazard

i Some areas of low to
moderate seismicity have
significant liquefaction
hazard, however




Overview of Simplified Empirical

Method
]

i Liquefaction is usually evaluated with a factor of safe
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Nieg- AN Alternative to CSR and C

CSRee

CRR

(N1)60,cs
(after Mayfield et al. (2010) )

Ngie = (N1)so cs,;= the actual N value for the soil layer of interest

N,q = the SPT resistance required to resist liquefaction at a given CSR



Various Approaches for Liguefaction

Hazard Analxsis
]

A Deterministic Approach

A Considersan individual seismic souncé corresponding ground
motions individually
A Usually assumes mean values for the inputs and models

i PseuddProbabilistic Approach

A Considersprobabilistic ground motform a single return period
A Usually assumes mean values for the inputs and models

A Probabilistic (or Performané&ased) Approach
A Considersprobabilistic ground motions from ALL return periods
A Accounts for parametric and model uncertainties
A Results depend on desired hazard level or return period




PseudeProbabilistic Approach: How do

we geta,,., and M, ?
-—

i DeaggregationAnalysis
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Conventionapr obalkl | |
Liguefaction Triggering Procedure

Perform PSHA with PGA andleaggregationanalysis at the
specified return period of PGA (e.g., 24yBar for the MCE)

Obtain either the mean or modal,Ntom thedeaggregation
analysis

Correct the PGA value for site response using site amplifice
factors or a site response analysis to comayte

Couplea,,,, with the mean or modal Mo perform ascenario
liguefaction triggering analysis

Typically define liquefaction triggering 801 5 % RGO # .



PseudeP r obabi | 1 st «

S =
Consider the following site in Cincinnati, Ohio:

Clean Sand-Equivalent SPT

Soil Resistance, (Nl)
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PseuddP r obabi | 1 st

% Contribution to Hazard

2
:

Here is the corresponding 2,44 deaggregation
from the USGS:

PSH Deaggregation on NEHRP BC rock PGA — O 067 g

Hypothetical_Ci 84.511"W, 39.096 N.
Peak Horiz. Ground Accel.>=0.06676 g
Ann. Exceedance Rate 404E-03. Mean Return Time 2475 years
Mean (R.M.g.) 175.3 km, 6.30. 0.50 New Madrid Seismic Zone
Modal (RM g = 4539 km, 7.70, 1.46 (from peak E,M bin)
Maodal (RM.£*) =453.7 km, 7.70, 1 to 2 sigma (from peak R.M.g bin) M, =7.5t0 8.0
R =454 km

Binning: DeltaR 25, km, deltaM=0.2, Deliag=1.0
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PseuddPr obabi | 1 st

Consider the liguefaction triggering and settlement
results for a site in Cincinnati, Ohio:

Conventional ApproachMCE with Modal Magnitude

Factor of Safety, Settlement (cm)
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Does this make sense? How likely is it that an M7.5 EQ over 450
km away produces PGA = 0.06797<1% according to Toro et al. (1997)

<2% according to Atkinson andBoore(2006)

(



Challenges with the Pseudo
probabilistic Approach
_

i1t can be easy t oampak ealr,
especially if using the modal M

i PGA and N| typically are taken from a single return
period, but other return periods are ignored

i Does not rigorously account for uncertainty in the
liguefaction triggering model or the site response

4 Contributes to inaccurate interpretations of liquefacti
hazard(e.g.,0 | u s e d-ydahP&SA I8 myaiabysi:
so my liguefaction results correspond to the 2yeés
return period. 0)



A Probabillistic Liquefaction Hazard
Analysis (PLHA) Approach
_

4 Kramer and Mayfield (2007) | = -3 "Srers €31 a.. m g o,
iIntroduced a PLHA approach =i

Uses probabilistic ground N
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Back
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with the Boulanger anddriss(2012) triggering model.
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Only difference:how we considered our seismic loading and

uncertainties!




What About Other Cities?
T e
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(after Franke et al., 2017 [under review] )



What About Other Cities?

6 representative soil prof il
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(after Franke et al., 2017 [under review] )



What About Other Cities?

_
Results 1 f assuming a Site C
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What About Other Cities?

_
Results 1 f assuming a Site C
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Existing Tools for PLHA Approach In
Practice

WSLighttp:// faculty.washington.edu/kramer/WSlig/WSlig.htm
Developed by the U. of Washington in 2008 us#igjNet

Accounts for multiple liguefaction hazards (triggering, lateral spread, settlen
and residual strength)

Developed only for use in Washington State with 2002 USGS ground motio

data, but you can otrickod the pro
Limited control over the analysis uncertainty options and models
PBLiquef\2.0

V1.0 developed by BYU in 2013 using Microsoft Excel and VBA
Liquefaction triggering, settlement, aelwmarkslope displacement
Compatible with USGS 1996, 2002, 2008, or 2014 ground motions.
Can be used for any site in the U.S.

Multiple model options

Offers lots of control over the analysis uncertainties, including site amplifica
factors

Neither of these tools has been used widely in design!



Simplified Probabillistic Liquefaction

Triggering Procedure
_

Many of us understand how the USGS NSHMP uses PSHA to
devel op the National Sei smic

Map
Gridded Ground
PSHA for Motions at

Correct for Site
Effects Through
Amplification
Factors or Site
Response Analys

Generic Targeted
Rock Return
Periods




Simplified Probabillistic Liquefaction

Triggering Procedure
_

Mayfield et al. (2010) presented a similar idea for liquefaction
triggeringe.

Gridded Map Liq Qorrect f_o_r
: Hazard at Site Specific
PB Analysis :
: Targeted Soll
for Generic -
Soil Layer Return Conditions
Periods and Stresses
ot S Liquefaction Depth Reduction
6 met
MEE kcesw Parameter Map _
B {Nl}si:iss DIFEFERENT Soil Stresses
t=19.62 kKN/m
175 i FROM a Site Amplification

Liquefaction
Hazard Map




Simplified Probabilistic Procedures for

Other Liguefaction Effects

_
In 2014, a major muistate, mukagency research effort was
Initiated to develop majbased uniform hazard analysis
procedures for various liquefaction effesistilement, lateral
spread, and\Newmarkslope displacement
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poulanger anadriss(2012, 2014)
Simplified PB Liquefaction Mode

Research was performed at BYU to develop a simplified
procedure for the Boulanger amdriss(2012, 2014) probabilistic
triggering model. Similar to the approach introduced by Mayfield
et al. (2010), but we incorporated a few changes:

The quadratic equation format of the Boulanger ks
model requires a different and more complex approach

Many engineers are still uncomfortable with the ¢dncept
Incorporation of the ()}, .sdependent MSF



poulanger anadriss(2012, 2014)
Simplified PB Liquefaction Mode
]

If given a liquefaction triggering model for which CRR is defined
as a function of SPT resistahteve can see that | Is just a
proxy for the seismic loading (i.e., CSR):

CSR= CRR N,)
From Boulanger andriss(2012, 2014):

é’31( N3

CRR= exp %@— _ 2?‘%5 W( I?)gocz 2.67 g +1[ B F

BNy 0 (B) e~ ANJE, " (M), 8
141 8% 0 25 8548 2

= ¢

CRR, 500 = CRR=XPE




poulanger anadriss(2012, 2014)
Simplified PB Liquefaction Mode

By combining equations we obtain:

CSR oo = CSRexpeaelf—eql f% 8_369 ?EE4 ae267

So instead of developing liguefaction parameter maps
for a reference N, we can develop reference maps for
the median CSR to characterize seismic loading.
Engineers seem much more comfortable characterizing
seismic loading with CSR than they do with N

We have called these new mabgjuefaction Loading
Parameter Maps




Boulanger anddriss(2012, 2014)
_Simplified PB Liquefaction Mode

BYU has recently developed the following simplified procedure fo
the Boulanger and Idriss (2014) model (Ulmer and Franke 2016):

Step 1: Obtain the reference CSR(%) from the appropriate liquefaction loading n

A&y j> CSR' = CSK (%) ™0




poulanger anadriss(2012, 2014)
_Simplified PB Liquefaction Mode

BYU has recently developed the following simplified procedure fo
the Boulanger anttriss(2014) model (Ulmer and Franke 2016):

Step 2: For every sosdublayerin your profile, compute the appropriate CSR

correction factorsPCSR
Mean magnitude from PGA

Site Amplification: DCSRpga :|n( Fpga) deaggregationat target return
period
. & ] 4 z (0 2 -4
Depth Reduction: bcsr —?0.6712 1.126s,|(%T73 5+13§§@+ %0675 0.111891%58 5.44
\ e (z In meters)
a,
:;TI.'JJ

Soil Stress: ACSR, =In| -

| R




poulanger anadriss(2012, 2014)
_Simplified PB Liquefaction Mode

BYU has recently developed the following simplified procedure fo
the Boulanger anttriss(2014) model (Ulmer and Franke 2016):

Step 2: For every sosublayerin your profile, compute the appropriate CSR
correction factorsPCSR

(MSFS“e -1)él 64exé"v'w 9-1 325§
e éﬁ ke, " 01925

a
| a+
: aMSF™ 8 |, e
Duration: DCSRys: = |ﬂaq@ 6 Nz 5 g YRl 5
¢ " @+(MSRY, )g8.64expe " 6 -1.325)
2 4 2 0
¢ ¢ ¢ - -
o 2,
MSFS =1.09 AN, 0 e.:
e = ? 315 O

MSES 109 2&237(' ncsre))" -4.01¢ f csR))’ 31;756@ b csr)”  54f3 fn-cSR) 33.6§ .
g k4

**NOTE: If you prefer MSF from Boulanger &hiss(2012), therDCSR,g= 0 ***



poulanger anadriss(2012, 2014)
_Simplified PB Liquefaction Mode

BYU has recently developed the following simplified procedure fo
the Boulanger anttriss(2014) model (Ulmer and Franke 2016):

Step 2: For every sosublayerin your profile, compute the appropriate CSR

correction factorsPCSR 3 (s )™ o
aa Csie g ) g
DCSR. = gk S % ¢ & ®
Overburden: % = Weer 0 A(s )" o
© g c Ineéi 0
0
g -
C 1 .3

s asguaf - fesw )| asfp fesn)) s o) sgo (nesf)  =f




poulanger anadriss(2012, 2014)
Simplified PB Liquefaction Mode
]

BYU has recently developed the following simplified procedure fo
the Boulanger anttriss(2014) model (Ulmer and Franke 2016):

Step 3: For every sosublayerin your profile, compute the sitspecific CSR
corresponding to the targeted return period

Total Correction for

layer i DCSR = BSR  +@BR;, €HR  GSR P

Site Specific CSR for .
layer i CSR:expgln( CSF?f) + OCSR



poulanger anadriss(2012, 2014)
Simplified PB Liquefaction Mode
]

BYU has recently developed the following simplified procedure fo
the Boulanger anttriss(2014) model (Ulmer and Franke 2016):

Step 4: For each sodublayerin your profile, characterize liquefaction triggering
hazard using whichever metric you prefer

R ) 2126 g EG 6 25
Factor of Safety: (FSL)i:( R . & - ¢ & ¢

lesq (st

6 naiorR 8

¢ THosd B o ()

Probability of Liquefaction:  (r) = K T =6

é 0.277 N é 0.277

¢ u

g H

*Note that these equations account for both parametric uncertainty (g¢g...jNind model
uncertainty, and are only to be used with the Boulangetdns(2014) procedure.



poulanger anadriss(2012, 2014)
_Simplified PB Liquefaction Mode

Does the simplified procedure actually work? Here are some
comparisons from 10 different cities, 5 different soil profiles, and
3 different return periods (Ulmer and Franke 2016):

100
y =0.9501x
|OTr=4T5y1s 22— 9772

O
(=]

*Tr=1033yrs ¥ = 0.9390x a8
80 T oRe-ooms sa R

| 5 v =0.9441x AR
70 ATr72,475yrs R2=0.9675 -‘."Q-.:-.'-f ,’ & ,:;
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= N
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C"Eﬁ'(%) from Simplified PB Procedure

0 10 20 30 40 50 60 70 80 90 100

Cﬁ(%) from Full PB Procedure
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Example Demonstratiorban

Diego, CA
]
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(from Franke et al. 2016)



Example Demonstratiorban

Dle O C Groundwater at z = 2.0 meters  (Qu 7t ™A &
) Freeface case, W = 10%

(Nl)eo 1/60
Depth (blows/0.3 i Unit Weight (bIows/O 3
Soil Type Thickness (m

Hydraullc Fill 0.5

05 Hydraulic Fill 1.0

0.5
Poorly Graded Sand with Silt 28 11 18.85 33.6
1.0
Poorly Graded Sand with Silt 35 12 18.85 37.1
_ Silty Sand 15 36 15 19.55 39.3
15
Poorly Graded Sand with Silt 13 8 18.85 13.4
15
6.1 Poorly Graded Sand with Silt 14 6 18.85 14.0
Silty Sand 1.5 36 18 19.55 40.1
Silty Sand 15 43 20 19.55 475
Silty Sand 15 50+ 17 19.55 54+
Silty Sand 1.5 50+ 23 19.55 55+
Silty Sand 15 50+ 24 19.55 55+
Silty Sand 15 50+ 22 19.55 55+

1 Computed usingdrissand Boulange{2008, 2010]

(from Franke et al. 2016)



EXample bemonstratioroan
Diego, CA

Liquefaction Triggering Results (Ulmer and Franke 2016)

(N1)eoes DCSR DCSRP% mSFf\Z DCSR CSR Fs-iq

Depth, (blows/0.3 (Egn A3) (Egn A4) s (Egn Al) (Egn A7)
z(m) USCS meter) (Eqn A2) 475(2,475) 475(2,475) (EqnA5) 475 (2,475) CRR! 475 (2,475)
1.5 SRSM 33.6 -0.693 0.37 (0.07) 0.08 (0.07) -0.206 0.121 (0.203) >0.6 >2 (>2)
2.1 SPSM 37.1 -0.532 0.37 (0.07) 0.07 (0.06) -0.219 0.139 (0.233) >0.6 >2 (>2)

3 SM 39.3 -0.399 0.37 (0.07) 0.05(0.05) -0.164 0.166 (0.278) >0.6 >2 (>2)
4.6 SPSM 13.4 -0.262 0.37 (0.07) 0.03(0.03) 0.006 0.219 (0.368) 0.163 0.75(0.44)
6.1 SR SM 14.0 -0.196 0.37 (0.07) 0.00 (0.00) 0.026 0.232 (0.390) 0.168 0.73(0.43)
7.6 SM 40.1 -0.174 0.37 (0.07) -0.03 £0.03) 0.023 0.229 (0.386) >0.6 >2 (>2)
9.1 SM 47.5 -0.147 0.37 (0.07) -0.07 ¢€0.07) 0.068 0.238 (0.402) >0.6 >2 (>2)
10.7 SM 54 -0.125 0.37 (0.07) -0.11€0.10) 0.112 0.244 (0.413) >0.6 >2 (>2)
12.2 SM 54 -0.110 0.37 (0.07) -0.15¢0.14) 0.149 0.247 (0.420) >0.6 >2 (>2)
13.7 SM 54 -0.098 0.37 (0.07) -0.19 ¢0.18) 0.184 0.249 (0.423) >0.6 >2 (>2)
15.2 SM 54 -0.089 0.37 (0.07) -0.23 €0.22) 0.216 0.249 (0.425) >0.6 >2 (>2)

1

Computel with Boulanger and Idriss [58PL.=50%

2 Computedwith Kramer and Mayfield [5procedure using
the Boulanger and Idriss [58jodel

(from Franke et al. 2016)



Conclusions

A The conventional pseudmbabilistic approach caoverpredict
liguefaction hazard in areas of low to moderate seismicity

A Especially where the selecteg® 7.5 and is | oc
200 km away from the site

A Current seismic design provisions (e.g., IBC, ASCE, AASHTO)
serve to propagate theverpredictiorof liquefaction

A Probabilistic approaches can help solve the problem, but are
not easy to apply without special tools

A New simplified approximation methods can give you the
benefits of the probabilistic approach with the convenience of
the conventional approach

A Reference parameter maps and online tools to use them are
currently being developed for Utah, Idaho, Oregon, Montana,
Alaska, South Carolina, and Connecticut
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