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EXECUTIVE SUMMARY

The purposef the researclpresenteds to provide the benefit of the full performance
based probabilistic earthquake hazard analysisg Cone Penetration Test (CPT) datthout
requiring special software, training, and experience. To do this, simplified modiejseféction
triggering postliquefaction settlementand lateral spread displacements that approximate the
results of the full probabilistic analysis were develop@tiese simplified methods are designed
to require only a fewimple equations aralliquefaction parameter maphis final reportvolume
for Phase 2 of this researplovides the derivation and validation of these simplified motieds,
development of the liquefaction reference parameter maps, and a comparison of the simplified,
pseudeprobailistic (i.e. conventional), and deterministic procedures to the full performance
based procedureddressing Tasks through 10 othe pooled fund studyfPF5(338) research
contract.The Phase 1 final report volume was published separately and addrasked through
4 of the study, includinglevelopment of a performanbased earthquake engineering (PBEE)
liquefaction hazard analysis procedure for the CPT and of an analysisC®bLiquefY to

simplify extensive probabilistic calculations

In Phase 2f the study, thesimplified procedure using the Boulanger and Idriss 4201
probabilistic liquefaction triggering model is derived based on principles from the Mayfield et al.
(2010) derivation of the simplified procedure for the Cetin et al. (2004) pilcdtia liquefaction
triggering model.The simplified Ku et al. (2012) procedure asprobabilistic version othe
Robertson and Wr&l(2009) empirical liquefaction triggering modehe simplified procedure for
predicting postiquefaction settlemenis derived based on th&uang et al. (2013nodel. The
simplified procedure for predicting lateral spread displacements is derived basedZbarigeet

al. (2004)model Theprocedurs arebased on retrieving a referengarametevalue[i.e. CSR®f

(%), g5 E’Vref (%), and g (%)] from a hazardargeted liquefaction parameter map, and

req
calculating sitespecific correction factors to adjust the reference value to represent the site
specific conditiors. The simplified procedures were validated by comparing the results of the
simplified analysis with a full performandmmsed analysis fdr7 cities of varying seismicity using

20 different soil profiles.



A major component of the simplified proceduretli® use of liquefaction reference
parameter maps. A grid spacing stuslgs conducted to understand how the spacing of points
could potentially bias the predicted results from the procedure. Once the optimum grid spacing
wasidentified, CPTLiquefYwas usedo perform fultprobabilistic calculations for a reference soil
profile at each grid point.The mapsaredeveloped in ArcMap. Using the completed reference
maps, a comparison study between the simplified procedure, conventional-psetalilistic
procealure, and deterministic procedwvasconducted for points throughout Utah, South Carolina,

Connecticut, and Oregon.

To assist in implementing the simplified procedures, a tool was created to perform the
simplified calculations, calle@PTLig. CPTLigs available in spreadsheet foatand provides an
easily implemented proceduestepby-st ep process is provided in &
this report, and will assist in the use of ETLIiq tool in those states for which liquefaction

parameter nas have been developed.



1.0 INTRODUCTION

1.1 Problem Statement

The purpose of the research presented is to provide the benefit of the full perfermance
based probabilistic earthquake hazard analysis using Cone Penetration Test (CPT) data, without
requiring sgcial software, training, and experienthis research is comprised of two phases,
with the results of Phase 2 being presented in this final report volume and Phase 1 being
presented in a separate final report volume. The purpose of Phase 2 (I183kbEthis project is
to develop a simplified performantased method that closely approximates futibabilistic
analysis results for liquefaction triggering, pbquefaction freefield settlement, and lateral
spread. To do so, a simplified procedure degeloped. A validation study was conducted to
ensure the simplified models provide results that adequately approximate the results from full
performancebased model at a given return period. Liquefaction reference parameter maps were
also created for st$ involved in this study. The simplified performatesed procedures were
also evaluated against conventional (i.e., psgudbabilistic, deterministic) and full
performancebased procedures. Lastly, a tddRTLig was created to incorporate the sirhipd
procedures.

It is noted that a related study was performed previously for Standard Penetration Test
(SPT) data by some of the same authors of this study. More information on thmS#iTstudy
is available under the TP3{296) pooled fund study ohé pooledfund.org website, from the
Utah Department of Transportation Research & Innovation Division, or from the current study

authors.

1.2 Obijectives

The objective of this report is to detail tHevelopment of thesimplified performance
based methgdhe liquefaction parameter maps, and tBBTLiqgtool. The main research steps

addressed in this report include:



1 Introduce the original models used to determine liquefaction hazards (i.e. liquefaction
triggering, lateral spread displacement, and-fiqeefacion settlement) and provide

derivations and development of the simplified methods

1 Validate the simplified models by performing a speecific analysis for several

different sites using the simplified and full models
1 Describe the development of the refece parameter maps.

1 Compare the simplified procedure, the psepdubabilistic procedure, and the

deterministic procedure to the full performati@sed procedure.

1 Provide a recommended methodology for implementing the simplified procedure in

practice
These steps specifically adels Tasks Bhrough 10of thepooled fund studyPF5(338)
research contract.
1.3 Scope

This report is organized to include the followiagics

O«

Background of Seismic Hazard Analysis

Development of th&mplified Method for Liquefation Triggering
Development of th&mplified Method forPostLiquefactionSettlement
Development of th&mplified Method for Lateral Spreddisplacement
Development of Reference Parameter Maps

Validation Results for Liquefaction Triggering

Validation Results forPostLiquefactionSettlement

Validation Results for Lateral Spreddisplacement

Comparison of Simplified Procedure, Psedrtobabilistic Procedure, and
Deterministic Procedure

Conclusions

References

Appendk A: LiquefactionReferencd’arameteMaps

O¢ O¢ O« O« O« O« O« O« O« O¢ O«



2.0 BACKGROUND OF SEISMIC HAZARD ANALYSIS

The purpose of this section is to provide a brief background of different type of seismic
hazard analysis that will be referred to throughout the report. Through the history of earthquake
design, several typesf analysis have been created to help engineers choose a representative
earthquake to incorporate into design projects. This is important because this information dictates
how infrastructures are designed to resist earthquakesfollowing sections wiltlescribe how
different seismic hazard analyses are used and referred to in this report.

2.1 Deterministic Approach

A deterministic seismic hazard analysis designs for the earthquake that generates the
largest andnost significant ground motiothat may ocar at the site. The corresponding ground

motion (i.e.,a__ ) and the moment magnitude (i.&, ) from this earthquake are used to calculate
the factor of safety against liquefactiong , using either the Robertson and Wride (2009) model
or the Boulanger and Idriss (2014) model. Then thés is appliedto a deterministic calculation

of earthquake effects

2.2 PseudoeProbabilistic Approach

The pseudgrobabilistic seisie hazard analysis involves usiagprobabilistic seismic
hazard analysis (PSHAY decide the ground motion and moment magnitude. The selection of
ground motion is usually done by the USGS deaggregation Tdw. moment magnitude can be
either the meali.e., averagejnagnitude or the modal (i.e., most occurring) magnitu@leen
these values are applied to either the Robertson and Wride (2009) model or the Boulanger and

Idriss (2014) model to calculates in a deterministic manneithis Fs is also applied to a

deterministic calculation of earthquake effects. The ps@udbabilistic approach accounts for
some uncertainty in ground motions, but ignores the inherent uncertainty within the triggering of

liquefacion and the calculation of its effects.



2.3 Performance-Based Approach

The performancéased approach is a fulprobabilistic seismic analysis developed by the
Pacific Earthquake Engineering Research (PEER) Center. To apply the PEER framework to
liquefactiontriggering, FS, hazard curves are developed usingKramer and Mayfield (2007)

performancebased earthquake engineering (PBEE) approach. A detailed description of the
performancebased liquefaction triggering procedure is describe the Section 3.2.2 of this

report. The developeBS hazard curves will then be applied to a PBEE-igsefaction analysis

to obtain postiquefaction settlement and lateral spread displacement.

2.4 SemiProbabilistic Approach

The semiprobabilistic approach calculatdsS usinga performancebased liquefaction
triggering procedure and then ajgglthis FS to deterministic settlement and lateral spread

calculation. This method accourits the inherent uncertainty in predicting liquefaction triggering
but fails to account for the uncertainty in calculating fiogtefaction settlement and lateral

spread.



3.0DERIVATION OF THE SIMPLIFIED MODELS

3.1 Overview

This section provides theedvation of the simplified liquefaction triggering, post
liquefaction settlement, and lateral spread displacement models. The original models will be

discussed and the derivation process for the simplified models will be presented in detail

3.2 Performance-based Liquefaction Triggering Evaluation

This section will provide the necessary background to understand the simplified
performancebased liquefaction triggering procedure. The Boulanger and Idriss (2014) and Ku et
al. (2012), (probabilistic version ofdRertson and Wride [2009]) models will be introduced,

followed by the derivation and validation of these models

3.2.1 Empirical Liquefaction Triggering Models

In engineering practices today, the most commonly used approach to evaluate liquefaction
triggeringpotential was first introduced by Seed and Idr&sed and Idriss 1971; Seed 1979; Seed
and Idriss 1982; and Seed et al. 198Hh)s simplified empirical method compares the cyclic stress
ratio (CSR) to the cyclic resistance ratio (CRR). The CSR repeetenseismic demand or loading
of a soil and the CRR r epr es e mhesnethotd mopssediby 0 s
Seed and Idriss to compute the cyclic stress ratio (CSR) can be expressed as:

1

CSR=0.650max %y ¢ L)
g s, MSF

wheres i is the effective vertical stress in the s&ik 9 is the peak ground surface acceleration

as a fradbn of gravity, S, is the total vertical stress in the sai, is a shear stress reduction

coefficient and where MSF is the magnitude scaling factor

The cyclic resistance ratio (CRR), or the cyclic stresglired to initiate liquefaction, is

more difficult to computehut is typically interpreted fronm-situ tests (i.e., SPT penetration tests,

7



CPT penetration tests, shear wave velocity, etc.). These results are then compared to databases and
liquefactonc ase hi stories. Graphically, CRR is the ¢
|l iquefactiono cases. 't al so r sijysod®stvaluesata ¢ om

which liquefaction triggers

Engineers and geologists commonly difginliquefaction triggering using a factor of

safety against liquefaction triggering$y . This parameter is calculated as:

FS = ReS|st.ance_CRR )
Loading CSR

Kramer and Mayfield (2007) and Mayfield et al. (2010) introduced an alternative method
to quantify liquefaction triggering. CRR is to be a function of soil resistance measured using in
situ test values. In this reppwhere the cone penetration test is used, CRR can be expressed as a
function of gines Which is the cleassand equivalent, corrected CRp resistance for the soil

layer. From the CRR function, the CPT resistance required to resist or prevent liQunefagti
can be obtained for a given seismic loading, CSR). This results iR to be computed as:

_CRR CRR gy
CSR CRR g)

FS. 3

where CRR gdenotes thaCRRis a function ofgiven value of @T tip resistance.

Mayfield et al. (2010) defined the relationship betw#ee actual SPT resistance for the given
|ayel’, Nsite, andNreq .

DNL :Nsite Nreq (4)
This relationship can be adapted for CPT resistance for the given layeand Gqas:

mL :qsite E]req (5)

The relationship betweddSR CRR Nsite, andNreq (OF Osite aNdQreq ) IS sShown graphically in
Figure3-1, after Mayfield et al. (2010).
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Figure 3-1: Schematic illustration of: (a) definitions B&_ a n d\|; ¢(p) relationship between
FS a n d\L (gfter Mayfield et al. 2010)

3.2.2 Performancéased_iquefaction Triggering Assessment

The simplified empirical liquefaction triggering modedgjuireengineers taelectseismic
loading parameters (i.e., peak ground surface accelematigand moment magnitudely) to
adequately represent an earthqudkes is a simple procedure when only a single seismic source
contributes to the loading. However, this presents a problem when multiple seismic sources are
present and contribute differently to the seismic hazard. In more complex cases, a probabilistic
sdasmic hazard analysis (PSHA) is performed. The PSHA calculates the seismic hazard associated
with a specified return period or likelihood of occurrence with the use of deaggregation tools. From
the deaggregation results, a single magnitude (mean or navdhpeak ground acceleration are
given for a targeted return period. Unfortunately, Kramer and Mayfield (2007) showed that these

methods of assessment introduced bias into hazard calculations

Potential biases introduced into the liquefaction triggerasgessment through the
improper and/or incomplete utilization of probabilistic ground motions and liquefaction triggering
models could be reduced through the implementation of a perforrbasee approach (Franke et
al. 2014a). Kramer and Mayfield (2007yepented such an approach, which utilized the
probabilistic framework for performandmsed earthquake engineering (PBEE) developed by the
Pacific Earthquake Engineering Research Center (Cornell and Krawinkler 2000; Krawinkler 2002;

Deierlein et al. 2003)This implementation of the PEER PBEE framework assigned the joint



occurrence ofM,, andamaxas an intensity measure, and eitiS, or Neq as the engineering

demand parameteilhe Kramer and Mayfield (2007pproach produces liguefaction hazard
curves for each layer in a soil profile while using ground motions in a probabilistic manner. This
section will present a basic background of the Kramer and Mayfield perforrhased approach,

but further informatiorcan be found in Kramer and Mayfield (2Q0Even though the approach

is SPFbased (i.eNreq (Nl)SO), the same principles and ideas follow for performavased

approaches for CRhased methods (i.ereg Qciney.
Kramer and Mayfield2007) demonstrated that a hazard curvedgr could be developed

using the following relationship:

Ls 8,5 87°PEFS FSla, mER,, ©)

where L s is the mean annual rate w6t exceeding some given value of factor of safé®yy

P[FS < FS| ., M is the conditional probability that the actual factor of safety is less than

"O"Ygiven peak ground surface acceleratian, , and moment magnituden; ; D/amax,m,- is the

incremental joint mean annual rate of exceedancefgrand m;; and N,, and N, are the

number of magnitude and peak ground acceleration increments into which the intensity measure
Ahazard spaceo is subdivided.

The conditional probability component of Equati@) can be solved with any selected
probabilistic liquefaction triggering relationship, but that relationship must be manipulated to
compute the desired probabylit

Similar to the relationship for computing a hazard curveR6&, Kramer and Mayfield

(2007) derived a relationship for computing a hazard curvblfgras:

Ny Namax

/N* :a aPSNreq >N:eq|%a>q’n’] H@m'”? (7)

R = R
whereanreq IS the mean annual rate of exceeding some given clearesaindhlent required SPT

resistanceN_ . , and P[N

req !

< N:eq| 8na.M] is the conditional probability that the actidleq is

req

*

greater thanN ., given peak ground surface acceleratapp and moment magnitude, .

req
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3.3 Simplified Liquefaction Triggering Model

The Kraner and Mayfield (2007) performanbased liquefaction triggering procedure
summarizedn Section3.2.2 is an effective solution to mitigating the deficiencies introduced by
the conventionaiduefaction triggering approachnlike conventional approaches where seismic
contributions are only considered at a given return period, this probabilistic perforbessck
approach considers seismic contributions fralinhazard levels andll earthquake magnitudes
(Kramer and Mayfiel®2007). However, the Kramer and Mayfield (2007) performeased
procedure considel the seismic loading contributions froatl return periods, not just return
periods given by designUnfortunately, the Kramer and Mayfield procedure is relatively
sophisticated and difficult for many engineers and geologists to apply in a practical manner.
Specialized computationaldts such asVvSliqg(Kramer 2008) PBliquefY(Franke et al. 2014c)
and CPTLiquéY (Franke et al. 208 have been developed to assist thpsefessionals in
implementing the performandesed procedure. However, even the availability of computational
tools is not sufficient for many professionals, who routinely need to perform and/or validate

liquefaction triggering hazard calculations ine@id and efficient manner.

An ideal solution to this dilemma would be the introduction of a new liquefaction analysis
procedure that combined the simplicity and tfsiendliness of traditional liquefaction hazard
maps with the flexibility and power of d@esspecific performanceased liquefaction triggering
analysis. Mayfield et al. (2010) introduced such a procedure, which was patterned after-the map
based procedure used in most seismic codes and provisions for developing probabilistic ground
motions forengineering design. Franke et al. (2014d) later refined the Mayfield €04I0)

simplified procedure for easier implementation in seismic codes and provisions

Mayfield et al. (2010) demonstrated with the Cetin et al. (2004) liqguefaction model that
probabilistic estimates of liquefaction resistance [y Or greq) Can be computed for a reference
soil profile across a grid of locations to develop contour plots called liquefaction parameter maps.
A liguefaction parameter map incorporatidgq or greq Can be a useful tool to evaluate the seismic
demand for liquefaction at a given return period becBldg®r greq is directly related t€€SR(i.e.
Figure 3-1). Mayfield et al.(2010)demonstrated how these magdper e f e vakiesaf &l

could be adjusted for skgpecific conditions and used to develop-specific uniform hazard

11



site
req

estimates oNreq (i.€.,N,; ) and/orFS. (i.e. st ) at the targeted return periodhazard level

The derivation of the simplified method for the Cetin et al. (2004) liquefaction triggering model
will not be included in thiseport butis presented in detail in Mayfield et al. (2010)

The most widely used CPased methods for liquefamt initiation evaluation are the
Boulanger and Idriss (2014) model and Bebertson and Wride (2009) model. TiKe et al.
(2012) probabilistic version of the Robertson and Wride (2009) liquefaction triggering witidel
also be used in this stud¥his report will show thederivation of thesimplified probabilistic
method incorporating these models by using the framework introduced by Mayfield et al. (2010)

3.3.1 Liguefaction Parameter Maps & Reference Profile

As previously discussed, liquefaction loadinga®are an important part to the simplified
method as it provides the benefits of sipecific performancbased analysis while being user
friendly. While liquefaction parameter maps will 8iscussed laten this report, the purpose of
this section is t@ive a brief introduction to what role these maps play in the simplified method
and briefly discuss the use of the reference proffilgure 3-2 presents a generic soil profile
representinga reference site thatas applied in this studyThis profile is similar to the one
originally introduced by Mayfield et al. (2010) and used for the simplified Cetin et al. (2004)
procedure and simplified Boulanger and Idriss (2012) procedure derived by Ulmer (2015). This
referance soil profileis usedo find reference valuest a depth of 6 meters for the targeted return
period {Tr) or hazard levetor all the models (triggering, settlement, and lateral spread) in this
report The goal of the liquefaction loading maps is t@wllusers to easily interpret reference
values from the liquefaction loading maps to be used in simplified method calculations. For the
simplified Boulanger and Idriss (2014) and simplified Ku et al (2Gfigyering procedures,
reference values fajeq and CSR will be mappedespectivelyFor the simplified settlement and

lateral spread proceduresference values fog, (%) and g, (%) will be mappedseparately

Becausdhese valuesissociated with the referencealqwofile do not represent any actual soil

profile, reference values are distinguished using the teffhsCSR' , g, (%) , and g, (%) . By

computingthesehazardtargeted vales at different locations across a geographic area, contoured

maps can be created. Detailed steps on how these values are used in the simplifiesiwilethod

12



be discussed irach corresponding sectioBecauseCSR ¢,(%) and g,,,(%) are often a

decimal mapping thee values irpercent allows for more precise contour mapping, as well as
easier interpretation and interpolation for design engin@éssliquefaction reference parameter
maps from this current study areopided in the Appendix of this final repoHowever Figure

3-3 showsan example o4 liquefaction loading map aESFE' (%) at a return period of 1,033 years
for a portion of the Salt Lake Maly in Utah from a previous studyhe development of these

maps will be presented in a later section.

6 m (19.7 ft) Saturated Sand
7 =17.12 kN/m° (109 pef)

qe= 6,800 kPa
f.=19.15 kPa

V12 =175 m/s (574.15 ft/s)

Figure 3-2. Reference soil profile used to develop liquefaction loading maps in the proposed

simplified uniform hazard liquefaction procedure

13
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To accomt for sitespecific conditions,the equations developed in the simplified
procedurswill correct the mapped liqguefaction loading values tespteific liquefaction loading
values. These can then be used to computespgdeific performancbased estintas of
liquefactiontriggering, settlement, and lateral spredcd targeted return period. The following
sections will show the simplified method derivations for the Boulanger and Idriss (2014)
liquefaction triggering model and the Ku et al. (2012) mogbkebbabilistic version of the
Robertson and Wride (2009) modenhe derivations for the simplified settlement and lateral

spread procedures will follow.
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3.3.2Simplified Procedure Using the Boulanger and Idriss (2014) Probabilistic Liquefaction

Triggering Malel

According to the probabilistic liquefaction triggering relationship developed by Boulanger
and Idriss (2012), the probability of liquefactiBnis given as:

e In(CRR _..,,)- In(CS
P = Fe (CRR, _505) - IN( CSIR @®
e St

where A represents the standard normal cumulative distribution function,is the total
uncertaintyof the liquefaction modehnd crR, _,,, is the cyclic resistance ratio corresponding

to a probability of liquefactionf 50% (i.e. media€RR), which is computed as:

unes Alanes 0 Udpes O0zsd . B
CRRLzso%:eXpé icCLNcs d Ncs O Ncs n] 26@ (9)
$113 F1000 2 " @0 TisF P

Unlike the Mayfield et al. (2010) simplified liquefaction pealure, which incorporates the
Cetin et al. (2004) liquefaction model, the simplified uniform hazard liquefaction proctedure

site
req

the Boulanger and Idriss (201#quefaction model canndie derived to solve foq in a
convenient maner because of theé"arder polynomial equation i€RR (i.e. Equation(9)).
Fortunately, this simplified procedure can be modified to incorp@BandCR instead 0fjreq,
which greatly simplifies thelerivation ofthe new procedure and makes it somewhat more
intuitive.

ref
req

By substitutingq,., into Equation(9), themedianCSRassociated with the reference site

(i.e. CSF¥'") at the targetedeturn period can be comput&@EFR represents a uniform hazard
estimate of the seismic loading that must beraame to prevent liquefaction triggering if the

reference solil profile existed at the site of interest.

3.3.2.1Site Specific Correction for CSR

Because€ SR was developed using the reference soil profile, it must be corrected for site
specific soil condittns and depths to be used in computingsecific uniform hazard values of
15



FS., P, andgreq If CSR™ represents the sigpecific uniform hazard value GfSR thenCSRef

andCSR' can be related as:
IN(CSR™) =In( CSK") + BCS (10)

w h e rCSRisga sitespecific correctionfactor. By rearranging Equatio(iL0), we can solve for

qCSRas:

é,C S F\;ite

n eeCSRef (11)

DCSR 2n( CSK®) In( CSR) |

Similar to Equatior{1), the magnitudeand stresgorrectedCSRfor level or neailevel

groundaccording to Boulanger and Idriss (20igltomputed as:

F..>PG
CSR oo 2 =0 65—amax’ (U#i =0.65—‘,$( pga Aosd 1 1 (12)
o g s, (MSF) K S\ g MSF K,

whereFpgais the soil amplification factor corresponding to the peak ground accelerBi@d (
andPGAck is thePGA corresponding to bedrock (i ¥s=760 m/s). Equations fas, MSF, and
Ka areprovided in later sections of this repdftEquation(12)is substituted into Equatiqid 1)

then Equatior{11) canbe rewritten as:

é as snﬁéaneCPG site 6 _ 8 l 8
é0.6 £u site %7 O
é 5£57 0 g .d Q SFSIte 9 e

DCSR dng 9 v '9 =

aF““;CPG o 0 a1l G
eo 6569 0 - ‘ d f o O
e - g g = (; SFr -

(13

Because thre should be no difference in the ground motions between the reference soll

profile and the actual soil profil?GA™ = PGA® . Therefore, Equatiofl3) can be simplified

as:

16



4as, G g
E%' 0] 2rsite & o i ~ ) i ~ i
S e o) aF 0 arsne 0 aMSFS|te 0 K ite
DCSRanZZ v = QP2 aned  4in 51
x ref O ref ref ref O f
&5 80 T O Qi 2 GMSF 2
ey 0]
(;st - =
= BSR +@BR~ €ER  GRR GSRD (14

whereqCSR, C8Rpga C8HRi, C8HRusk a 63K saye sitespecific correction factors for
stress, soil amplification, shear stress reduction, earthquake magnitude, and overburden pressure,

respectively.

3.3.2.2Correction for Vertical StresspC $ R

The relationshipdr the stress correction factogCSR is defined as:

Ao site
cds, 0
Coe O
\J -
DCSR 4n g - (15
gas, 0
e 0
¢S v

&

F‘

D

If the liquefaction parameter map fGSRe' (%) was @veloped using the reference soil profile

shown inFigure3-2, then Equatiorfl5) can be simplified as:

DCSR £S5y = (16)

3.3.2.3Correction for Soil AmplificationgiCSRpga

The relationship for the soil amplification factoi SRpgais defined as:
DCSR :lnéF;éf 17)
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ref

If the value of F .

for the reference soil profile is fixed at 1, then the correction factor for

soil amplification can be written as:

site

4Ese
DCSR :Ingﬂ gm( Rl (18)

Thus, the only parameter required to calculate the soil amplification factorﬁgijﬁealue

from AASHTO 2012 Table 3.10.3.2 corresponding to the site of intereBhe PGAvalue used

to determine F>° from the table shouldbe calculated from the USGS 20ldteractive

deaggregation website for theturn period of interest (e.®2% probability of exceedance in 21
years,Tr = 1039).

3.3.2.4Correction for Shear Stress Reductign; SRy

The shear stress reduction factarwas defined by Boulanger and Idriss (2012, 2014) as:

ry =expla +o6M)]

(19

a= 1.012 1.1265i%1i73 5.13° (20)
(; .

b:o.106-o.1185i%1i28 45,14 1)
g .

wherez represents sample depth in meters Bhdis the mean moment magnitude. Thtre
equation folgCSRy becomes:

arsne 0 aexp(aSIte+ ﬁlte . sne)
DCSR 4n ae— hee
R 9 ref 9 éaexp(aref + bef £ ref)

(22)

Both the site soil profile and the reference soil profile experience the same ground

site —

motions, soM 3 =M . Therefore, Equatio(22) can be written as:

18



mSRd :(asite _def) M\,Site( Bte r_ia (23)

For the reference soil profile used in this stuiiggre3-2), h® = -0.3408 andy/®' =
0.0385. ThusEquation(23) becomes:

DCSR H 4° 0.34) M*(v*° 0.038% (24)

Equation(24) can also be written in terms of depththe sitespecific soil layer (in
meters) from the ground surfac&'® as:
DCSR 206712 1126502 51349
C e ' gﬁ 1.73 00
(25)

2 site

+M 3*(0.0675 +0.118si +5.14:
w ¢ gﬁ 1.28

3.3.2.5Correction for Magnitude Sd¢iag Factor, qCSRusr

Boulanger and Idriss have introduced two methods to calculate the Magnitude Scaling
Factor, MSF (Boulanger and Idriss models (2012 and 2014)). Instead of using the 2014 MSF for
this simplified procedure, the 2012 MS¥as used. The exghation for this decision will be
discussed later.

Similar to previous sections, we compute the-sjtecific correction for the magnitude
scaling factorpp C Svi, as:

eMSF"
DCSRsr = In EMSFT

(26)
Sincethe 2012 MSF is a function of magnitudéSF" = MSF®' because there should be
no difference in the earthquake magnitude between the reference soil profile and the actual soll

profile. Thereforegp C Svg:-= 0 and can be excluded from Equat{@n).

During this research process, we observed that the 2014 MSF produced inconsistent results
and biased trafs in the simplified procedure that could not be resolved with a calibration or

correction equation. Because the 2012 MSF produced more consistent results, we chose to
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implement the 2012 MSF in the simplified procedure. At the time oféipisr{ ongoingresearch
by others is underway that will highlightiditionalproblemgconcernsnvolving the 2014 MSF.

3.3.2.6Correction for Overburden PressurgCSRe

Both the 2010 and 2014 versions of the Boulanger and Idriss model use the same

overburden correction factdf:

K. =1 C_Ing gLl 27)
¢ch =
= L ©.3 29)
T 373 82(qu)

wherePa is 1 atmosphere of pressure (i.e. 1 atm, 101.3 kPa, 0.2116\usé that the valugeines
must be computed using the equations found in Idriss and Boulanger (2008, R{rig3).and
Boulanger(2010) commented that th& limit of 1.1 has a somewhat negligible effect. Therefore,
the simplified method derived here will not use the restrictiodksorHowever, the limit of 0.3 for

values ofC; will be incorporated. Now the correction tegl@ SR can be written as:

site ~
OK.t . é— CSIIel a(S) 8
a sSite 0 -
DCSR, = gy 6 :E c P 29
® oK 2 o A5 G =9
é C |n o)

9

If the liquefaction parameter map fGSR®' (%) was developed using the reference soil

profile shown inFigure3-2, thend =0.108,0 = 1.0, and Equatiorf29) would become:

é 903 96 é( ')site 0
l 1. Q.d(S
- MIN 1 UdDge—2—
%ﬂ 'i‘ 37.3- 8 qu )0.264 ]l‘:léh(; Pa 9
DCSR, = &t == (30

5
OBBB BB B BB
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3.3.2.7Equations for CS#, ¢°*°, FS, and R

req

The following section will summarize the equations we derived for the simplified

Boulanger and Idriss (2014) liquefaction tregong model and how to use them.

3.3.2.8 Simplified CSR, CSR

Once theCSR' (%)is obtained from the appropriate (i.e. haztaeted) map and the
appropriate correctiofactors are computed using Equati@hé), (18),(25),and(30) the site
specific hazardargetedCSR"™ can be computed for sipecific soil layei using the following

equation (from Equatio(lL0)):

(csw“)sexpgmgé’s%}’/"’ of OSR, (+@mr) (+csk ( es® (R @D

During the resarch process, we observed that a calibration equation was needed to correct
a nonlinear bias based oRGA. The corrected (calibrated) simplifi€dSR CSR': . can be

calculated as:

PGA ¢ 0.05g MAXF",O
33661 -

aa(CR" - 213620 0
(0]

CRY: =i 05>PGA<02g wmax a—
PGA > Ozg Cs%gte(no correction needed)

> = —> D:

o
o
R

(32

& =) =) = i) =) =

—) —) —) —)

3.3.2.9Simplified Factor of Safety Against Liquefaction, FS

To calculatethe simplifiedFS. for site-specific soil layei, the Boulanger and Idriss

(2014) equatio for FS is slightly modified byinserting CSR: . into the following

eqguation:
g(quNCS)i + %(quNcs)i (?2 _ %(qclNcs)i ?3 + %(qclNcs)i (?4 ) 603
(crr*) ¢ 113 1000 2 & 140 2 T 137 2 0
— i — e G
(F%)| (CS?Ste) (CSQSIE ) (33)
i calibrated /;
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where (., IS theclean sand corrected CPT resistance computed using the Boulanger and Idriss

method ancCSR:atleb 1oqiS the value computed in equati(82).

3.3.2.10Simplifed Probability of Liquefaction, P
To solve for the uniform hazd P_ for the soil layeri, insert CSR.: ., into the

following Boulanger and Idriss relationship:

|ngc:SR5'te )

calibrated

2 (qclNcs)| +é(qclNcs) ?2_ %(qclNcs)i (?3 é'(qclNcs)
5 113 910009 & 140 2

IOOl
C
) Qm

(DD~ D+ D~ P~ D
n
@
[@ ool enl en entl ent ) end
~
w
E

where 0.\ IS theclean sand corrected CPT resistance computed using the Boulanger and Idriss
method and CSR: ., is the value computed in equati¢®2), s, is 0.276if parametric
uncertainty (i.e., uncertainty in measuring,. and estimating seismic loading) is neglected, and

s, i1s 0.506if parametric uncertainty is considered.

3.3.2.11Simplified g3

req

To computepq (or the difference between the soil resistance of the site and the

resistance required to resist liquefaction) for soil sublayee adapted the Mayfield et al (2010)

equation for CPT methods. The resulting equation to comipyites:

mL =Eq:lNcs]i (_ rzg)i (35)

where (., iS theclean sand corrected CPT resistanaamated using the Boulanger and Idriss

method anc(qfeif)_ can be closely approximated as:
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qs‘te =-0. 4021C3613n§—ySte oo - 3.367 @ng—”
S:ecallbralted 920 Cs?callbrated ( 3 6)
-8, 761C3¢n @—yw 00 - 21, 38ca¢n a—yt oo +186.3
SQcal ibrated 20 S?cal ibrated

where CSR. ., is the value computed in equati(82). We derivedequation(36) plotting the

Boulanger and IdrisSRRcurve (equatioif9) for different values of resistanageq. Recalling tle
relationship betwee@RR CSR andqrq (equation(3)), plotting CRRgreq) iS also equivalent to
CSR Once plotted, we fia polynomial equation to the cuewvith greq as the deperatt variable

andCSRas the independent variable.

3.3.3Simplified Procedure Using the Ku et al. (2012) model [Probabilistic version of Robertson
and Wride (2009)]

The deterministic Robertson and Wride (2009) madebne of the mostidely-used
method for CPT-based liquefaction triggering evaluatiowith the increasing popularity of
performancebased procedures, Ku et al. (2012) developed a probabilistic version of the Robertson
and Wride (2009) moddFrom this point on in the repothe simplified procedureill berefered
to asthe simplified Ku et al. (2012) ethod

The simplified procedure follows a similar setup (Equat{@f)) for the simplified
Boulanger and Idriss (2014) method. Unlike the Boulanger and Idriss method, it is easier to isolate
Oreqin the Robertson and Wride (2009) equations. Thus, the framework of the simplified procedure

can be expressed as:
site — ~ref
qreq qreq cEl)eq (37)

ref

is the simplified method approximation af.,, J., is the reference value provided

site
req

where(
by the liquefaction parameter maps, dgj,, is the sitespecific correction factorDg,., is

expressed as:

mreq :gqug [Eeudo q% pset& (38)
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where glrse'tqe [Eeudc is theq ., computed for the site using information from a pseudo analysis, and

&0e, .S the Oreq COMputed for the reference soil profile using information from a pseudo

probabilisticanalysis.This simplified procedure only requires the engineer to comput®dhge

factor. The remaining section will derive tequations needed to compubdq

req *

First, the Ku et al. (201@robability of liquefactionPy is expressed as:

p=1- g.lO? FS (39

wheren represents the standard normal cumulative distribution functie®, is the factor of

safety against liquefaction computed using the Robertson and Wride (2009) methasl,isand
equal to 0.276 for model umtainty or 03537 total uncertainty.
Recalling thaFS =CRRCSR Equation(39) becomes

%o.102+ INCRR -In( CSR

PL =1 - (40)
8 S
whereCSRandCRRare expressed as:
ds 0da 0
CR=0.655"g5 50 (41)
5,2 g 2
?93é q:eq b 0.08 for 500 <]1¢
: : or
T g000 §
CRR=j ) (42
108332qﬂ 3005 fog,, < 50
( 6l000 § d

where q*eq is the g, that corresponds toR=50% (the CRR curve is the dividing line between

liquefiable and notiquefiable soilswvhich is equivalent to a probability of liquefactidth=50%)

Equation(40)is thenre-arranged tsolve forCRRas

IN(CRR=In(CSR + O[E RB- 0.162 (43)
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CRR=expgCSR+ CGR H 0.102 (44)

For aCRRcorresponding to a probability of liquefaction of 5a%e standard normal
cumulative distribution functiom , is equal to 0. By setting Equati¢42) equal to Equation

(44), q:eq can be isolated and expressed as

. _eexp[InCSR- 0.102] -0.05;? .

Forg_ < 50, @O 4
q'eq req 8 0.833 H (5)

1
\ . €expaln(CSR- 0.102 g 0.083s
For50¢q,, <5, Q. €& PgIn(CSH | u

10¢ (46)
6 93 o

0.2524

For gy, > 165, Gog = -91.6BSH +27: (47)

For Robertson and Wride (20099, values greater thafts are not defined by an

equation and afsaiscepsti ke é (pasdnaldcomqnunedtiencP.i o n
Robertson, 2017However, in a probabilistic analysis, @agsibility of liquefaction triggering must
be defined and quantified for all soil penetration resistances. Therefotieisfstudy, Boulanger

and Idriss (2014jriggeringrelationshipsvereassumedor q,,>165. An equaion was fitto the
Boulanger and Idriss (2014RRcurve for q., values greater than &@nd solved forg,,.
Thereforeq:eq>165 is expressedsashown in Equatio(¥7).

To computeq:eq, Equationg45), (46), and(47) are used iteratively. Give@SR the user
enters Equatioi45) and computesy,, . If the resulting,, is less than 50, the,, for that soil
layer is computed using Equati(45). If the resultingq:eq is not less than 50, the user continues
to Equation(46) and computeq:eq. If the resultingqfeq falls within the rangef 50 and 16, q:eq

is computed using Equati@na6). If the resultingq:eq doesnot fall within the rangeq:eg| for that

soil layer is computed using Equati@v).
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3.3.3.1Equations forgy:, FS, Pi, Dg,,and CSR™

e

Once theqs has been computedther liquefactn hazard parameters (iES., P, Dq, .

q
andCSR can be quickly calculated using the equations in the following sections. This section
summarizes the derived equations and the procedure for the simplified Ku et al. (2012) Imuefacti

triggering model.

3.3.3.2Simplified g

req

The following steps are used to compute the simpliﬂé@:

1. ComputeDg,, as:

queq :gqug ;Eeudo -q:% pSELE (48)

1 gqfe';e [Seu olcis computed using the steps outlined abfiterative process using

equationg45) through(47)] by usingsite-specificinformation at the location of
interest obtained from a pseugdoobabilistic analysis (., CSRis computed using

a pseudeprobabilistic analysis given the sigpecific information).

S\

1 gqref a2 is also computed using equations as outlined above by refergnce
re0 Upsaudo

profile information at the location of interest obtained frampseudeprobabilistic

as 0
analysis. If the reference profile previously introduced is being nge*q, =2.34

(o
andr, =0.892.
2. Obtain qr’s; from liquefaction parameter maps
3. Computey as:
Oheg = Gheq + B (49)
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Similar to the simplified Boulanger and Idriss (2014) procedure, we apptatibaation

site

equation to correct@GAbias. The corrected,,, is distinguished aqf;;‘fca“brated and is computed

as follows:
e site a
1 PGA£ 0.05g wax (e - 45.0) i
e D 05> PoA<02g et 200 O 1
_ = . . MAX 508 U
qreq,callbraled j{ g @ 0,579 Q Q :I\l\'l (50)
,;: PGA> 029 q?;e (o correction needed ) fl{]
3.3.3.3Simplified Fg
Once qfe”qe or qf;;'fca"brated Is computedFS. can be obtained for the soil laygeusing the
following relationship:
s - (O _o(a,) _(cw(e.) -
(o) o) fom(a)

whereg.,; can be the calibratet .aeq (if the correction is applied) an@,, is the

req

corrected cone tip resistance calculated using the Robertson and Wride (2009) procedure.

3.3.3.4Simplified R

To solve for the uniform hazard probability of liquefactiBn, for the soil layer, insert

thesimplified FS_ into the following equatin (from Ku et al. (2012):

€0.102+ In( FS), )
€
S

(52)

(PL)i =1-

D

e

wheren represents the standard normal cumulative distribution functiorfansl the standard

deviation for model §, = 0.276) or total §.= 0.3537) uncertainty. The standard normal

27



cumulative distribution function can be evaluated using the -touilExcel function
NORM.S.DISTY().

3.3.3.5Simplified Dg,
After the Mayfield et al. (2010) procedur&q, for soil sublayen is computed as the

difference between the s@lability to resist liquefactior@ncs and the required restance to resist

site site

l qu efaction (qreq or qreq, calibrated

). This is expresseds
D(qL)i :[qthcs]i 8 rietz 1 (53

3.3.3.6Simplified CSR"

To develop an equation to compu@SR we rearranged the probability of liquefaction

equationP. (Equation §2)), and solved fo€SR Therefore, the simplified Ku et al. (2012) cyclic

stress ratioCSK.*, (Ku subscript added to distinguish from the Boulanger and I&S§"e) is

u

computed as:
CSR(%)= exp{ 0.102+1f CRR(" )] *10 (54)

Recalling from the previous section, for valuesf, >165, the Boulanger and Idriss

(2014) elationshiptakes over. When computind£SR'™, the q°° that is to bausedneeds @ be

u req

checked. For values otqf‘e't; >165, the CSR™ procedure uses theSR™from the simplified

Boulanger and Idriss (2014) methagk( Equation(31)). For gj.c <165, values,CSR;’ can be

computed following Equatiofb4) using the Robertson and Wride (2009) CRR equations.
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3.4Performance-Based Postiquefaction Freefield Settlement Models

This section will provide a brief overview of the Ishihara and Yoshimine (1992) and
Juanget al.(2013) postiquefaction freefield settlement models and halae Juanget al.(2013)
model fitsinto the performanebased settlement calculation.

3.4.1Ishihara and Yoshimine (1992) Settlement Method

Ishihara and Yoshimine (1992) produced a deterministic procedure to calculate post
liquefaction ground settlement based on volumetric strains in liquefiable soils. This volumetric

strain is a function of the factor of safety against liquefactiég,. Ishihara and Yoshimine
summarized the relationship betwee§ , g, , and D, using the curves presentedfigure

3-4. In this Figure, volumetric strain is referred to @s, . For the rest fothe report, volumetric
strain will be denoted as,, to be distinguished from the horizontal strain in the lateral spread

section.

Clean sands B

Ymax = 1.5 Emax

Factor of safety for liquefaction ,

0.8 ?f:‘so ?,"33° 4
6 W =50 = = ]
2 (Rr ?2 {%L:_Z% {qc«u.s] [qc.=33]
06”. \Gai=80, 5
+ 70
0.4k (N|=20.Qc| 10) i
Dr=80
Yoax=10%] (Ni=25,8ci=147)
0.2 Df_90/ i
| (qc. =200 Kgf/tmz)
i 1 1 J ik 1 1
0 1.0 2.0 30 40 50

Post-liquefaction volumetric strain , Ev (%)

Figure 3-4. The relationship betweeRS , g,..,and Dy (after Ishihara & Yoshimine, 1992)
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The procedure for applying the Ishihara and Yoshimine (1992) method is given as

follows: first, FS for each layer of t& soil profile is calculated using a liquefaction triggering

procedure (e.g., Robertson and Wride, 2009; Boulanger aisd, [8614) Seconda relative
density is obtained for each layer using Teksuet al. (1990):

O  Yu x@iR (55)
)

where @is the cone tip resistance andes the vertical effective stresghird, volumetric strain

U, is obtained usg the FS , and D, calculated previously for each layer from the Ishihara and

Yoshimine strain curved-{gure 3-4). Fourth,the settlement of each layer is the prddafceach
| ayer6s strain and thickness. Fi n§g)lislcomputedh e

by suimmatingeach | ayer 6s settl ement as:

S,=de ¥ (56)

i=1

wh e ry is volimetric strain for thé" layer,N is number of layers, anDz, isthei"l ayer 6s

thickness.

3.4.2Juang et al. (2013) Procedure

Juang et al. (2013) calculated pbgtiefacion settlements by applying thehihara and
Yoshimine (1992) method probabilistically for t6®T. The methoddds probabilistic parameters
to equation(56) to account for the probability of liquefaction triggeribyg using the following

equation:

S,= M3 e, Z IND (57)

i=1

wherel} is volumetric strain for thé" layer, N is number of layersM represents a modal bias

correction factor equal to 1.045IND, represents the probability of liquefaction occurring

which is defined in equatiofs8), andDZ, isthei™l ayer 6 s t hi ckness.
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The model bias correction facttd was calculated by Juang et @013)by calibrating

their modelagainst settlememiase historiefom the field Juang et al. (2013) present tinD,

as probability of liqguefactionk ), which is calculatedsa

IND, =p 4 - [P:1020In€S )| (58)
i Sins) i

where 0 represents the standard ,norepreaednts cumul a

the model uncertainty and is 0.276.

One significant disadvantage associated with the Juang et al. (2013) model is that the model
was based on the binomial assumption that both liquefied andiquafied soils can cause
liquefaction settlementdatch (2017 re-solved the maximum likelihood equation developed by
Juang et al. (2013) to neglect the possibility of -iquefied layers contributing to post
liguefaction settlement. The resulting valuesMfa n dys) are 1.014 and 0.3313, respectively.

Any potential error introduced by this simplification is accounted for in the larger value of model
uncer tpa)iTheseyesolveld values are used in the computational @RTLiqueY.

FortheJuanget| . ( 2 0 1 3 )is qalculatedebyl usingea,curfiited equation
based on the Ishihara and Yoshimine (1992) cuvesife 3-4), given as:

e R
} 0 for SR 2 }
% ? a, *&lin(q) Tu %
A h\ 1 h\ A
TP R S PR ) 1
e (%) =] min j,_ e aln(d) gyfor 2— = &5 2 (59)
P 2 FS) 1 8, +a;In(q) 7
N N s a N
% i' b+hin(q) HIn(q %
i 2 1 i
T +hin(q In for FS¢C2——— =
wherea, = 0.3773g = -0.033%, =1.5674, =0.1833, 848 K 9.332b 0.797%dng Q.
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3.5 Simplified Postliquefaction Free-field Settlement Models

The performancéased method of calculating pdisfuefaction settlement iSection3.4
is an effective solution to mitigate the def.i
probabilistico) met h ebdsedappooach s @mplex and difficgptéorudeo r ma |
Performing a performandeased analysis may nhbe practical for professionals who need to
routinely perform settlement calculations in a rapid and efficient manner.

An ideal solution to this dilemma the introduction of a new procedure that combines the
simplicity of traditional liquefaction hazardaps with the accuracy of a sggpecific performance
based liquefaction hazard analySection3.3 of this report presents such a simplified procedure
that has been developed for calculating liquefaction triggering.

In amanner similar to that developed famplified liquefaction triggering, vertical strains
for a reference profile evref, can be probabilistically computed acrassgrid of geographic

locations.These results can be used to developawstfor the vertical strairthat correspond to

ref

variousreturn periods. These maps are called/tiiemetric straimeference parameter maps.

is a proxy for the seismic loading that impacts gmgiefaction settlementandit needsto be
adjusted for sitespecific conditions. A detailed derivation for the correction equations, using both
the Boulanger and Idriss (2014) akde Ku et al. (2012probabilistic liquefaction triggering
modek will be given. For consistency, all vertit strains will be in percent in the simplified

performancebased method.

3.5.1 Site-Specific Correction for Reference Strain using Boulanger and Idriss (2014)

Probabilistic Liguefaction Triggering Model

Becauseé’vref was calculated usinilpe reference soil profile, it must be corrected for-site
specific soil conditions and depths before obtain&jbe. A variety of relationships have been

ref site

tested to relat®,” and &, . These relationships include:

e= ¢ - C (60)
In(osf“‘5+a)b :tn( E at)b + (61)
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b

nE“+a)" 4n( g & ( (62)

where a and b are constants ranging f(b@®1 to 1000. A constant a was added to t&fitﬁ and

f . .
e’ to prevent a value of zero from occurring in the natural log operators.

After performing preliminary assessmeiiquation (63) is found to best predict ¢h

volumetric straircalculated by the performanbased method.
1
in(&'+1000 {In( § 200Q)° ¢ (63)

whereDe is a sitespecificcorrection factor. Rearrangingjiation(63), wecan solve for the

correction factorDe as:

_ In(&™ +1000)
(In(e*" +1000)y*

(64)

site

€, in Equation (6) represents the probabilistic strain in the sublayer of interest and is

site

and €,

ref

unknown. To simplify the analysiboth €, can be approximated using the pseudo

probabilistic approachrhis is an appropriatsimplification because th&ameerrors introduced

ref site

by using the pseudprobabilisticmethod should occur in botl,” and &, ". These errors are
minimized when performing the division Equation(64). Thus, the equation for the correction
factor maybe approximateds:

eme +100q

v, pseudo

In(
De @
(In(e"sf

v, pseudo

(65)

=

+1ooo))é

site

where & and € are volumetricstrains calculated using pseupimbabilistic methoavith

FS. computed using the mean magnitude from the deaggregatR@Méatthe return period of

interest.

Once the correction factor for a given soil sublayer is compateskpecific strains are

computed as:
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& 15
&' =expedn( £ +000° © § 100 (66)
(; -

ref

where €,

Preliminary assessments shemlthat different sets of correction equations are needed for sites
with PGAlower than 0.2g and sites witdlGAlargerthanor equal to 0.2gA calibration equation
was developed to corretttis nortlinear bias.The following equations are used to caéte the

simplified site strain based on seismicity levats

ForPGA< 0.2g

€ 0 fore®¢0 |
e\iii?:llibrated(%) :\: 07 ('?\e for O §IE’ 1]: : (67)
(e +1.70° for @ > 1.7,
For PGA2 0.2g:
é |‘
I 1
I _ i
1 0 forg“¢ 0 ]
e\iiI:ZIibrated (%) = i OOKEe r'fOO %Ig 1.¢ ,: (68)
' N |
I Ao Ye) 2 | ’|
10.9750]| 2.59 1:5U fore’™® =7
1 € 3.25 u i
| e a |
where evs“e IS the site strain as calculatedsquation(66). Onceej“&ibrated has been computed, the

following equation may be applied to obtain gmmplified performancdasedsettlement for the

entire profile.

N .
S,= M3 € Z (69

v, calibrated i
i=1

whereM represents the 1golved modal bias correction factor equal to 1.oa:4;,ibrated is the

simplified site strain calculated frong&atiors (67) or (68) andDZ, isthei™l ayer 6 s t hi

34

is the volumetric strain obtained from the reference volumetric strain parameter map.
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3.5.2Site-SpecificCorrection for Referencstrain using th&u et al. (2012) model

The framework presented in Sect®b.1can also be applied to tha et al. (2012) model
ref site

A preliminary assessment was apsformed to relat€,” and &, . Equation(70)was found to

minimize the difference between the fpkrformance based method and the simplified method.
1
I (£%,000+100) Fin( &, 309 ¢ (70)

As explainel in Section3.5.1, t he corr ect iappmoxihaedsingr , U,

site

pseudeprobabilisticestimates of&'V’Ef and &,. De for a given soil sublayer using the Ku et al.

(2012) model can then be estimaged

I (€ ee+100)

v, pseudo

De @ T (71
(ln (ar/',erfaseudo+ 100))5
where e\:‘” and e\f“eare volumetric strains calculated uspgpudo probabilistic method.
The sitespecific strain for the soil sublayer can be computed as:
. a 1.0
&' = expn( B 400° O 1 10¢ (72

¢

ref

where €, is the volumetric strain obtained from tfederence volumetric strain parametesp.

Again, due to the nolinearity of the model, a calibration equation wigavelogdto

obtain the final sitespecific straindor different seismicit levelsas
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For PGA<0.2g:

&
{\ 0 ejite ¢ O ‘
:I::ZIlbrated(/o) !| 08 Cg’te 0<5i§ ¢2 | (73)
:I: site |
i e -0.86 evs“e 2
| 0.38
For PGA? 0.2¢:
e Q
i . 7
’I‘ O eSIte ¢ O T
€ e %) =1 0.322°%° 0< B 108y (74)
T : 7
T ~ é 3 5|te)2 @ site T
i 0.80 8 é% l'U e” >1.8 K
| e u y

e 4 can then be applied tequation(69) to obtain the total settlemeunsing the Ku

v, calibrate

et al. (2012) model foFS .

3.5.3Summary

The simplified method for calculating sigpecific settlement consists of the following
steps:

1. Obtaina referencetgain, €, from a liquefaction parameter map. These values are
calculated using the full performanbased method.

2. Calculatethe correction factop with € sqq and € .

3. Computesite-specific Strains, & e aed-

4. Computetotal settlement for the whole solil profile.
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3.6 Empirical Lateral Spread Displacement Mocel

Empirical methods use large databases of earthquake case histories to create a predictive
relationship. These raionships are developed using a statistical procedure known as a multilinear
regressionThey should be used only within the recommended range because extrapolation of an
empirical model can lead to large amounts of error.

Empirical modeldor predictinglateral spread displacememi® widely usetbecause they
are reliable, easy to understand, and easy to incorporate into engineering software. Multiple
empirical predictive relationships have been created over the years; some common relationships
recognizé in industry today are Youd et al. (200&)d Zhang et al. (2004T.he simplified
performancebased methodeveloped in this studyill be usingthe Zhang et al. (2004) procedure,

as it is the most common procedure for predicting lateral spread dispf#sammg the CPT.

3.6.1Zhang et al. (2004) Procedure

The predictive relationships for lateral spread displacements as laid out by Zhang et al.
(2004) are the first that incorporate both SPT and CPT case histatie$50 SPT results and 41
CPT results. Wh far fewer case histories for the CPT, caution must be taken to not extrapolate
outside the bounds of the dafa estimate of lateral spread displacement can be made with a CPT

sounding of tigresistance, sleeve friction and pore pressure with depth

Thefollowing are the steps for the Zhang et al. (2004) procedure. To begin the calculation,

anestimate ofD, must be made for every sdalyer as shown, usiriBatsuoka et al. (1990)

0 Pu X @ ém (75)

where q,,,, is the corrected cone tip resistance. In the Robertson and Wride (1998) liquefaction
triggering procedure, this vauis referred to a®),,, while in the Boulanger and Idriss (2016)

liquefaction triggering procedure this value is simply, .

The maxi mum cy cihad can tieeh ke aatermsneding thenknofvio value of

D, and theFS from the liquefaction triggering proceduf@gure3-5 represents the relationship

37



between maximum cyclic shear strain and factor of safety for different relative derdigss.

curves are based on data from Ishihara and Yoshimine (1992) and Seed (1979).

60_""l""l""l""-
g _ [ Deoow :
z 30F \ ;
- [ \ i
'g 40 | .
17 [ 50% \
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2 30f
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2 L
O L
S 20F
£ L
g 5
% 10F
CU 3
= :
D [ 3 2 L 1 2 3 2 1 1
0.0 0.5 1.0 1.5 2.0

Factor of safety, FS

Figure 3-5. The relationship ldeveen maximum cyclic shear strain and factor of safety for

different relative densities (after Zhang et al. (2004)).

With values ofg,., known for each soil layer, the lateral displacement inde®I() can

be cdculatedby integratingg,,., with depth, as presentedEguation(76).

LDI = @Z“ g.dz (76)

whereZ__ is the maximum depth below all the potential liquefiable layers withSatess than

2.0.

The actual value of the lateral displacemehD() is a function of LDI and the site

geometry. There are three types of site geometries considered: (1) gently sloping ground, (2) level

38



ground near a free face, and (3) gently sloping ground near a freedas#es with gently sloping

ground, LD is calculated usingquation(77).

LD=(S ©.2) LOI for0.2% S< 3.5 (77)

where S is the ground slope measured in percent.

For sites with level ground near a free fat® is calculated usingquation(78).

o

L & L
LD:6§I 2 LM  for4 <A (79)
g -

where L is the distance to the free face addis the height of the free face. The same units must
be used forL. and H . For sites with gently sloping ground near a free fageiation(78)is also
used because the data points for gently sloping ground with a free face lie generally within the

scatter of the results for nearly leggbund with a free face (Zhang et al, 2004).

3.7 Simplified Performance-based Lateral Spread Model

Similar to the simplified posiquefaction settlement method, a generic reference site is
used to compute lateral spread. A series of perforrabased laterakpread analyses are
performed across a grid to develop contour maps of horizontal strains corresponding to return
periods of interest. These maps are called reference horizontal strain maps.

The simplifiedperformancebased posliquefaction lateral speal procedure builds upon
the recently developed simplified performas@sed liquefaction triggering models, the
Boulanger and Idriss (2014) probabilistic liquefaction triggering modellamdu et al. (2012)
model.The procedureequresFS_ calculated fom one ofthese two triggering models. A detailed
derivation of the correction equations using both of these triggering models will be lgoren.
consistency, all horizontal strains will be in percent in the simplified perforrizasmsd method.
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3.7.1Site-Speific Correction for Reference Strain using Boulanger and Idriss (2014)

Probabilistic Liguefaction Triggering Model

The framework in 8ction3.5may also be applied to develop the simplified lateral spread

method. A preliminarnassessmemnwas performed to find the befit relationship betweerg

max

and go . Some of the tested relationships include:

O = G O (79)
In(goe +a)® 4n( G, a° + (80
In(gs*e +a)® In( g, a° ¢ (81)

where a and b are constants ranging from 0.001 to 1000. A constant a was addeddtweaeth
e and oo to prevent a value of zero from occurring in the natural log operators.

For the Boulanger and Idriss (2014) triggering model, the correction factor is calculated

as.
Dg.. @ In (grsni;i,pseudo-F 1000() l
(In (G2 pseuct 20000))°

max,pseudo

(82)

where g and g« are horizontalstrains calculated using pseudo probabilistic mettiyd.

rearranging Equatio(82), the simplified horizontal strain may be estimated as:

o

1000 (83

2 1
2 = expan( [, oo H000)8 O
®

For the simplified methodyoth g and g° are computed using semiprobabilistic
method. Tle semiprobabilistic method is applied as follewfirst, obtain D, for the reference
profile using theq,, value from the liquefaction triggering sectidecondwith D, and FS

calculated from the simplified trigging modelg,,, is found usingFigure3-5. This is called the
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semtprobabilistic method becauseS is obtained using the simplified performarizased

method and then applied fagure3-5in a deterministic manmén the semiprobabilistic method

As withthe triggering and settlememtoceduresa correction based on different seismicity
levels is needed:

For PGA<0.2g

o £0.2* e for ¢ < 10f
m;xpalibrated (%) =] ite o | (84)
[L10%g2  for #2 10
For PGA? 0.2g
o £0.1*goe for g < 10f
m;x,calibrated (%) = |P ite o ( (85)
10.9* for g2 10 i

max

where gl is the calculated site horizontal strain agfé@m"brated is between 0% and 51.2%. Once
gsnj;im"bmted has been computed, the simplified performapasedateral displacemenhay be

calcuated for the entire profile. Sometimggs. may resultin values thatare negative or larger

than 51.2. The following conditions are applied to obtain the final simplified performbaased
horizontal strais:

€0 fogfe ¢ 0

. T _

n:;isimp(%):]\ i for 0< 7 <51.2 (86)
I ite
51.2 fog?te 2 51'2f

Once rf;x,simp has been computeHguatians (76) thru (78) from Section3.6.1 may be

applied to obtain the overall lateral displacement for the estit@rofile.

3.7.2Site-Speific Correction for Reference Strain using the Ku et al. (2012) model

The procedure presented 8ection3.7.1 can also be applied tihe Ku et al. (2012)
triggering model. For different seismicity levelstheseequatios can be used to define the
horizontal correction factod/ .
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For PGA<0.2g,

ngax @ ln (gr?:;i,pseudo-i- 1000) : (87)
(ln ( n?af\x,pseudo-i- 1000))3
For PGA2 0.2g,
ngax @ In ( mil:(,pseudo-'- 01) . (88)
(In ( n?aflx,pseudo-i_ O:I'))5

For the Ku et al. (2012) triggering mode€),, is used to obtairD, as shown irEquation
(75). Then FS needs to be obtained from the simplified triggering model. Vilith FS and

Figure3-5, the approximated horizontstrains are computed as:

For PGA<0.2g,

o } . ~
G5, = expein( Bypuec 90000 O 1§ 100 (89
o -
For PGA2 0.2g,
ite é s : . O .
grsn;x :expén( gfaxpseudo +OJ)3 O @ O (90)
C =
Finally, the final calibrated simplégd performancéased horizontal strain is computed
as:
A ~Site |
e 7o forPGA< 0.3 -
Graxgaiivratea(%0) =i 1.4 | (91
bgoe forPGAZ 0.2y
where gi'° is the site hdrontal strain, and r;;im“brated is between 0% and 51.2%. Once
r;;ipa“brated has been computed, the simplified performabbased settlement may be calculated

for the entire profile.

Conditions are also applied to obtain the lfgsienplified performancdased horizontal

strairs;
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7 (%)=1|§ P for < 51.2}1
e {512  forgyn? 52§

max

(92

of can then be applied tequatians (76) thru (78) to obtain the overall lateral spread fbet

maxsimp

site-specific soil profile.

3.7.3Simplified Strain Summary

The simplified method for calculating sispecific lateral spread consists of the following
steps:
1. Obtain a reference horizontal straigie’ , from a liquefaction parameter ma

These values are calculated using the full perforntaased method.

2. Calculate the correction factdbg, With Gh,, ew N0 G pseuds

ef

3. Compute sitespecific strainS g, simp-

4. Compute total lateral spread for the whole solil profile.
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4.0DEVELOPMENT OF LIQUEFACTION PARAMETER MAPS

The purpose of this Section is to detail the steps to develop the reference parameter maps.
These maps provide values for a referenclepsofile at a set of grid points for a return period of

interest.

4.1 Reference Profile

Liquefactionparametemaps are an important part the simplified procedure because
they provide the same benefits of a sipecific, full performancebased analysisbut do not
require the user to perform the associated probabilistic calculafibesmaps are based on a
reference soil profile that igresented ifrigure4-1. Thissoil profile was used for the simplified
proceadure ands similar to the one originally introduced by Mayfield et al. (2010). The goal of the
liquefaction parametermaps is to allow users to interpolate reference values forirusiee
simplified performancdased procedures developed through thisarekeFor the simplified
liquefaction triggering procedures usigpulanger and Idrs (2014) and Ku et al (2012)
respectiveeference values fareqand CSR arenappedn this study For the simplified settlement

and lateral spread procedumngsing Juag et al. (2013) and Zhang et al. (2004), respectjvely

respective reference values gf(%) and g, (%) are mapped in this study. These computed

referenceparametervalues are distinguished using the terg§,, CSR', € (%), and

G (%)
S
6 m (19.7 ft) Saturated Sand
7 =17.12 kN/m? (109 pef)

q.= 6,800 kPa
f.=19.15 kPa

V12 =175 m/s (574.15 ft/s)

Figure 4-1. Reference Soil Profile
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4.2 Development of Reference Parameter Maps

The reference panaeter maps are created following these steps:
1. Performagrid spacing study
2. Create a list of grid points
3. Runafull performancebased analysis on grid points us@BTLiquefY
4. Create contours based on interpolated values
Steps 2 and 4 are accomplished usiofjware developed by ESRI, ArcMap. The
following Sections will describe each stdjne liquefaction reference parameter maps from this

current study are provided in the Appendix of this final report.

4.3 Grid Spacing Study

The distance between grid pointsigortant in determining the accuracy of the parameter
maps. From the grid points, contours are developed by interpolating the values between grid points.
If the grid points are too far apart, the maps may not be able to capture potential seismitsgradien
over areas with complex seismic sources. If the grid points are too close, the maps become
computationally expensive to develop. Therefore, a study to optimize the grid spacing to an
acceptable maximum interpolative error through correlation with mappszhbilistic seismic
hazard (i.e., ground motions) is warranted.

Based on previous research involving simplified procedures for the(QlR¥er, 2015;
Ekstrom, 2015; Error2017), researchers observed that areas of high m&jpadazardwould
require smaller grid spacing, and areas of low mapp&@A hazard would allow larger grid
spacing. We also evaluated if this observation was true for the CPT. The USGS@Ah4zard
map Figure4-2) is chosen for this study. The map divides United States into areas of different
PGAranges that are represented by different color bins. Fsiktgities representing different
PGAranges are chosen from various locations across the United States as part of the study and are
presented irrigure4-3 with their correspondin@GA valuescorresponding to a return period of
2475 years. The goal of the grid spacing study is to find an optimal grid spacing fd?@Ach
color bin on the map.
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for a changing world

Figure 4-2. PGAHazard Map (k=2475 years) after USGS 2014
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Figure 4-3. Range oPGAValues for Cities Included in Grid Spacing Study
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Following the framework and methodology describedJbyer (2015), the grid spacing
study is erformed using square grids with the site of interest as the anchor (or center) point in the
center, as shown frigure4-4. To determine the maximum grid spacing, corner points are created
with spacings of 1, 2 ,4, 8, 16, 25, and 50 km.

Full performancébased analyses are performed at the center point and four corner points
using CPTLiquefY The average of the four corner points are then compared to the center point.
An error is then caldated as the absolute difference between the interpolated and the anchor value.
For this study, the optimum grid spacing is defined as the smallest grid spacing that yields a

selected maximum percent error. The maximum percent error is selected as &6Rfdand

Oreg) and 0.1% (fore, andgmay) based on engineering judgment.

Grid Point © o

L J Grid Spacing
Anchor Point

o o
—
Grid Spacing

Figure4-4.Layout of Grid Points Centered on a Ci

The resulting correlatianbetween optimum grid spacing aRGA for all the evaluated
cities are shown for the Boulanger and Idriss (2014) and Ku et al. (2012) triggering models in
Figure4-5 throughFigure4-8. The vertical dashelines indicate differenPGAranges (or color
bins) from the USGS 201RGA hazard map. The horizontal blue lines are chosen to define the

apparent lower bound of the grid spacing for each rahgele 4-1a, b, and ¢ summarize the

optimum grid spacing of ead?GArange folCSR%, gq, €,, andgnax respectively
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Table 4-1. Proposed Optimum Grid Spacings withif@ARange for alCSR%)) greq, and ¢)

v andgmax
a) CSR% b) g e
Spacing Spacing Spacing Spacing

PGA Color (km) (mi) PGA Color (km) (mi)

0-0.04 Gray 50 31.1 0-0.04 Gray 50 31
0.04-0.08 = Blue 50 311 0.04-0.08  Blue 50 31.1
0.06-0.16 | Green | 40 24.9 0.06-0.16|  Greem | 30 18.6
0.16-0.32  Yellow 30 18.6 0.16-0.32  Yellow 20 12.4
0.32-0.48 20 12.4 0.32-0.48 15 9.3
0.48-0.64 10 6.2 0.48-0.64 10 6.2

0.64+ 4 2.5 0.64+ 8 5.0

c) Evand ¥ ax

PGA Color Spacing Spacing

(km) (mi)
0-0.04  Gray 50 31.1
0.04-0.08  Blue 50 31.1
0.06-0.16/ Green | 33 20.5
0.16-0.32 Yellow 15 9.3
0.32-0.48 10 6.2
0.48-0.64 8 5
0.64+ 4 2.5

4 4 Create a List of Grid Points

In ArcMap, polygons are created to represent é¥6A range or color bin presented in
Figure4-2. Within each polygon, th&ishnettool is used to create the grid points based on the
determined grid spacing. The latitude and longitude of each of these grid points are combined into
one text file to be analyze#igure4-9 showsan exanple of Oregon with optimally spaced grid
points and the corresponding USBGA color zones.
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Figure 4-9. Location of Grid Points for Oregon with PGA Color Zones in Background

4.5 Perform Full Performance-Basal Analysis at the Grid Points

Using CPTLiquefY (Franke et al., 2017), full performanbased liquefaction hazard
analysis calculations are performed at each of the mapped grid points using the reference soil
profile presented ifrigure4-1. These analyses are performed at return periods of 475, 1039, and
2475 years for both the Boulanger and Idriss (2014) and Ku et al. (2012) triggering models.
Resulting liquefaction hazard curves computed at the grid points are then compiledvaattetb

in preparation for map creation.

4.6 Create Contours Based on Interpolated Values

Before creating the contours, the values from Seetibmust be interpolated. Using the
Kriging tool in ArcMap, values between the grid points are interpolated tergina raster that
can be used to create contours. An example of a raster for Oregon isisitogure4-10 where
varying shades of grey represent higher or lower values. Darker shades represent lower relative
reference parametealues.

51



Figure 4-10. Sample Kriging Raster for Oregon

Once the raster is created, thentourtool is used to create contour lines at any specified
interval. For higher seismicity areas, smaller contmtervals are used to show the detailed
changes, while lower seismicity areas used larger contour intdfigse4-11 shows an example
contour map for Oregon.

PN

Figure 4-11. Example contour map of Oregon
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4.7 Summary

This section outlined the steps to developriéference parameter mafs Utah, South
Carolina, Oregon, and Connecticut for the return periods of 475, 1039, and 2475 years. These maps
are a crucial partfahe simplified liquefaction hazard analysis procedure for the CPT because they
provide a usefriendly process to quantify seismic loading at a targeted return period and they
allow for the close approximation of values computed using the sophisticditpeérformance

based liquefaction hazard analysis.
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5.0 VALIDATION OF THE SIMPLIFIED MODELS

5.1 Overview

The effectiveness of the simplified performaiti@sed procedure introduced in this report
depends on how closely they approximate rimgults of a complete sispecific probabilistic
seismic hazard analysig.o evaluate the accuracy of the derived simplified procedure, we
conducted a validation study that compared the results of the simplified method to the full
performancebased methadVe performed the validation study at 17 sites throughout the United
States of varying soil profiles and seismicity for the 475, 1033, and 2475 return periods. The
following sections will show the plotted results with the full performaased results ptted on
the xaxis and the simplified procedure results plotted on theiy. The analysis of the validation
results is based on two main criteria: the slopes of the trend line andhki&s. The data with
a trend line slope closer to 1.0 is consadeto better approximate the fplérformance based

procedure on average, and the data with the largeslRe is more consistent in its predictions.

5.1.1Sites used in the Analysis

For this study, we chose selected sites based on their seismicity anditistrézross the
United StatesTable5-1 lists the location of these sites as well as their latitudes, longitudes, and
PGA (at the return period of 2475 years). ThB&&2Avalues were retrieved from the 2014 USGS
interactive deag@gation tool.To represent a variety of soil types and stiffnesses, this validation

study used 20 CPT soundings obtained from the USGS CPT data database. The corrected cone tip
resistance(Q.,,.) With depth for each CPT sounding is péattin Figure5-1. For all analyses, the

ground water table was assumed at the ground surface.
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Table 5-1. Locations of cities used in validatiovith correspondig PGA(g) values

Site Latitude | Longitude | PGA (g)
Charleston, SC 32.726 79.931 0.73
Eureka, CA 40.802 -124.162 1.462
Memphis, TN 35.149 -90.048 0.609
Portland, OR 45.523 -122.675 0415
Salt Lake City, UT 40.755 -111.898 0.726
San Francisco, CA 37.775 -122.418 0.757
San Jose, CA 37.339 -121.893 0.845
Santa Monica, CA 34015 -118.492 0.838
Seattle, WA 47.53 -122.3 0.689
Louisville, KY 38.367 -83.828 0.099
Battleground, AL 34316 -87.051 0.135
Leland, IL 41.577 -88.791 0.076
Quality, KY 37.115 -86.861 0.153
Boeli Landing, AZ 35.995 -114.569 0.179
Grand View, ID 42 695 -116.171 0.112
Spokane, WA 47.768 -117.652 0.136
Butte, MT 46.003 -112.533 0.193
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Figure 5-1. Site-specific soil profile used to validate the simplified performanased model.

5.2 Simplified Boulanger and Idriss (2014)Liquefaction Triggering Model Validation

Figure 5-2 (a) through (e) show the validation scatter plot results of the simplified
performancebased procedure using the Boulanger and Idriss (2014) triggering model for
parameterga) CSR"™(%), (b) FS., (c) P, (d)ng , and (€)areq. From a visual standpoint, the results



of the simplified procedure fall on or near the 1:1 line, meaning the simplified procedure closely
approximates the full performanbased results.

In addition, all the triggering parametdraveR? values higher than 0.980 and trendlines
with slopes between 0.9931 and 1.0139, indicating the simplified procedure is consistent in
estimating the full performandeased procedure.

These results demonstrate that the Boulanger and Idriss (20glifistinperformance

based procedure is able to closely approximate full performiaased results.

5.3Simplified Ku et al. (2012) Liquefaction Triggering Model Validation

Figure5-3 (a) through (e) show the validation scatter pldishe simplified performance
based procedure using the Ku et al. (2012) triggering modpafameter$a) greq, (b) FS., (C) P,
(d)pg,, and (e)CSR™(%). All of the triggering parameters haw? values higher than 0.984,

meaninghe simplified Ku et al. (2012) procedure consistently approximates the full performance
based procedure. The slope of the trendlines range between 0.943 and 1.009, indicating that the
simplified method accurately estimates the full performeraseed methd. These results suggest
that the Ku et al. (2012) simplified performanz@sed procedure is able to closely approximate
full performancebased results.

When compared to the Boulanger and Idriss (2014) simplified method, the Ku et al. (2012)

method appea to have more spread in the data, especialllpfand oy . We observed that some

of this scatter occurred for areas of very IBGA (less than 0.2g). Despite this observation, the

Ku et al. (2012) method still closely approxinstbe full performancéased method.
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(d) Dq, , () geqfor the Boulanger and Idriss(2014) model using the 2012 MSF.
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5.4 Simplified Postliquefaction Free-field Settlement Model Validation

Figure 5-4 and Figure 5-5 show tle validations of the sintified performancebased
procedure using the Boulanger and Idriss (2014) triggering niedeities withPGAlower and
greater than 0.2g.

Overall, the simplified performandeased procedure is able to closely estimate the
settlanents calculated using the full performat@sed procedure, but involves more scatter for
cities with lowerPGA As shown inFigure5-4, the trend lines have slopes between 0.9292 and
1.19 and Rvalues higher thaf.891.In Figure5-5, thetrend lines have slopes between 0.9755
and 1.0162 and$higher than 0.9873. The higlf Ralues indicates a strong relationship between

the simplified and full performandeased results.
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The validation plots fotheKu et. al (2012) triggering model are shoimrFigure5-6 and

Figure5-7, which present data from sites that h&@A<0.2g and PGA>0.2g, repectively.

For cities withPGAlower than 0.2g, the simplified procedure was able to approximate the

full performancebased procedure with less tharcm of difference for all return periods and

settlement ranges. For citisgth PGA higher than 0.2g, the simplified procedure estimated the

total ground surface settlements withiom of error when no more than 8tn of total settlement

was predicted. Larger errors (i.e., df) were observed in predicted total settlementeiaitan

30cm.
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5.5 Simplified Lateral Spread Displacement Model Validation

As with the settlement validatiom full performancebasedateral spreadnalysisand a
simplified performancéasedlateral spreadnalysis weregperformed forthe 20 differentsoll
profiles in 10 different cities across the United Staté® same reference profileasused. A

ground slop of 1% was used in the analysis.

500
= = y=18232x
E oRP=475 yrs o
2 asp R*=0.8747
1]
E ARP=1033yrs ¥ =1.3586x
g 400 R*=0.8627
=]
= ORP= 2475 yrs y=1.006x
5 350 R*=0.9665 0
=
o
=
E iy
£ 300 N
€ ad A o
S 250 oo o 0500
e LY
1= @ - 4
£ 200 aa L
o
= o e
150 o M "oo
&
E c‘? A
=100 &
(=1
[T
=
5 50
5

0

o 100 200 300 400 500

Lateral Spread Displacement fram Full PB Procedure (cm)
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Overall, the simplified performandeesed procedure is able éstimate thdateral spread

displacementsalculated using the full performanbased procedure, but involves more scatter

for cities with lower PGA As shown inFigure5-8 the trend lines have slopdetween 1.006 and
1.823and R values higher than 0.874In Figure5-9, the trendines have slopes between 0.9738
and 1.04%nd R higher than 0.9784
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Similar to the Idriss and Boulanger (2014) triggering procedure, the simplified
performancebased procedure is able to estimatddberal spread displacemeictculated using
the full performancdased procedure, but involves more scatter for cities with &M@k As
shown inFigure5-10, the trend lines have slopes between 0.9836 and 1.5115. For return period of
475 years, the Rralue is 0.7329, which indicates that the simplified performdased procedure
has lower precision and consistency in predicting the full perforriaa®ed proedure at this
return period. IrFigure5-11, the trend lines have slopes between 0.9999 and 1.047& aighBr
than 0.9609.
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6.0 COMPARISON STUDY

6.1 Overview

This section presents the comparison between the sindplierformancéased
liquefaction hazard analysis developed through this research, the deterministic, and conventional
pseudeprobabilistic liquefaction hazard analysis routinely applied in engineering practice and
currently prescribed by AASHTO code. Thamate goal of these comparisons is to demonstrate
that the simplified performandeased analysis is a much more reliable and accurate approximation
of the full performancéased analysis than the conventional deterministic and pseudo
probabilistic analyss. This section compares the accuracy between the simplified performance
based analysis results and the conventional pspradmabilistic analysis results.

6.2 Locations and Profiles

Twelve locations were chosen at random from among cities in the founipetitig states
(Utah, South Carolina, Connecticut, and Oregon), resulting in three selected sites in each state.
Out of the 12 sites, 8 sites havP@Aless than 0.2g, with the remaining sites haW@Avalues
greater than 0.2g.We have defined low m@isty areas as cities with RGA less than 0.2g and
areas of moderate to high seismicity as cities wRtGaA greater than or equal to 0.2§able6-1
presents a list of the 12 sites and their corresponding latitudes and lesgitG, and mean
magnitude at the 24#Agear return period (from the deaggregation results of the 2014 USGS
seismic hazard maps). For the simplified performdrased analyses in this study, the developed
reference parameter maps are used to interp@fdeence parameter values rather than calculate
them directly at each of the selected sites. Such interpolation allows for evaluation of the potential
bias that could be introduced through interpolation with the reference parameter maps.

67



Table 6-1. Sites Selected for Comparison Study

State City Latitude Longitude PGA Mw

Salt Lake City 40.755 -111.898  0.726 6.8

Utah Fillmore 38.964 -112.339  0.178 6.31

Moab 38.598 -109.547 0.1 5.74

Eugene 44 .075 -123.132  0.398 8.68

Oregon Bend 44.079 -121.306 0.175 7.13

Mt. Vernon 44 405 -119.113  0.139 6.24

Hartford 41.779 -72.666 0.099 5.64

Connecticut Stamford 41.077 -73.565 0.161 5.49

New Haven 41.317 -72.963 0.111 5.58

South Charleston 32.821 -79.943 0.945 6.77

. Columbia 34.037 -81.038 0.189 6.14
Carolina

Florence 34,222 -79.754 0.161 6.81

6.3 Comparison with the PseudeProbabilistic Procedure

This section will present the results of the comparison study for the Boulanger and Idriss
(2014) and Ku et al. (2012)adels. For each plot, computed results for the full performance
based procedure that we are attempting to approximate are plotted esxiseGomputed results
for the pseudgorobabilistic and simplified performantmsed procedures are plotted on the y
axis. The comparison between the simplified performdmased procedure and the pseudo
probabilistic procedure is based on two main criteria: the slopes of the trend line afdah®eR
The data with a trend line slope closer to 1.0 is considerecetter bapproximate the full
performance based procedure on average, and the data with the fargleleRs more consistent
in its predictions.Sectiors 6.4 through 6.%ill present thecomparisonplots for liquefaction

triggering, settlement, and latesgdread.
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6.4 Liquefaction Triggering Comparison

6.4.1Ku et al. (2012) Comparison Results

The comparison results for the Ku et al. (2012) triggering model are presefigdnet-1

using different representations ofdigfaction triggering hazardjeq (a), FS. (b), andCSR%(c).
Each plot contains the results of all three analyzed return periods. An initial observation of the
comparison plots shows that the psepdababilistic procedure exhibits much greater scattar th
the simplified procedure. For all three parameters shown, the simplified procedure achieved a
much higher Rvalue than the pseudwobabilistic procedure.

The average Rvalues are 0.7 (pseugwobabilistic) and 0.975 (simplified), suggesting
that, o average, the simplified performaroased procedure is a better overall approximation of
the full performancévased procedure. For the slope of the trend lines, the average slopes are 1.04
(pseudeprobabilistic) and 0.981 (simplified). This means, oerage, the pseudarobabilistic
procedure ovepredicts the full performaneeased procedure by 4% (with the exception of the
FS) and the simplified procedure is underpredicting by 1.9%. Based on the results, the proposed
simplified performancéased proedure incorporating the Ku et al (2012) triggering model
provides a more consistent and precise approximation of the full perforibased procedure

than the conventional pseugoobabilistic procedure.

6.4.2Boulanger and Idriss (2014) Comparison Results

The comparison results for the Boulanger and Idriss (2014) triggering model are presented
in Figure6-2 for CSR%(a), FS_ (b), andgreq (c), also showing all three return periods. Similar to
the Ku et al. (2012) comparison resutte pseudgrobabilistic procedure also visually exhibits
much greater scatter than the simplified procedure. By comparing avénaaads, the simplified
procedure had a higher averagev®ue (0.987) than the pseugmbabilistic procedure (0.921).
In the case offreq, the pseudgrobabilistic has a slightly greater’ Ralue (0.977) than the
simplified procedure (0.975), however such small differences are negligible. The average slopes
of the trendlines are 1.016 (pseyawbabilistic) and 0.996 (simfied), meaning the pseudo
probabilistic procedure overestimates the full performéased method by 1.62% and the
simplified procedure underpredicts by 0.42%. Overall, a similar conclusion can be made that the
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proposedsimplified performancebased procade incorporating the Boulanger and Idriss (2014)
triggering model also provides a more consistent and equally precise approximation of the full

performancebased procedure as the conventional psgudbabilistic procedure.
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6.5PostLiquefaction Settlement Comparison

6.5.1PostLiquefaction Settlement Comparison Results using Boulanger and Idriss (2014)

The comparison results of all three return periods for the Boulanger dssl (8014)
triggering model are shown Figure6-3 andFigure6-4. Figure6-3 contains sites witlPGAless
than 0.2g anérigure6-4 contains sites witlPGAhigher than 0.2g.

For all return periods and for both the simplified performamsed and the pseudo
probabilistic procedures, more scatter is observed for sitedP@dthless than 0.2gRgure 6-3).
At sites withPGA <0.3y, the slopes of the trend lines are 1.0545 and 1.2398 for the simplified
performancebased procedure and the psepdobabilistic procedure, respectively, meaning that
the simplified procedure overestimates the full performdrased procedure by 5.5% and the
pseudeprobabilistic procedure overestimates by 24% on average. As foP thalRs, both the
simplified performancéased procedure and the probabilistic procedure hawelRes near
0.925, suggesting comparable consistencies between the two procédursises withPGA 2
0.2g Figure6-4), the plot shows that the simplified performai@sed procedure underestimates
the full performancdrased procedure by 3.2% on average, and the pgealbabilistic procedure
overestimates théull performancebased procedure by 10.3% on average. Additionally, the
simplified performancdased procedure has a slightly higRéwalue of 0.9729, which is greater
than the value of the pseugoobabilistic procedure at?R 0.9515, though such srhdifferences
in R? are likely insignificant.

Overall, both the simplified performantased procedure and the psepdobabilistic

procedure overestimate the full performahesed procedure for sites wRGA< 0.2g (i.e., low
seismicity areas), and urmgstimate forPGA 2 0.2g (i.e., moderate to high seismicity areas).

However, the simplified performandmsed procedure more accurately approximates the full
performancebased procedure on average and is slightly more consistent and precise than the

pseudeprobabilistic procedure based on the comparisons performed in this study.
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6.5.2PostLiquefaction Settlement Compaan Results using Ku et al. (2012)

The comparison plots based on the Ku et al. (2012) triggering model are she\garin
6-5 and Figure6-6, with Figure6-5 containing sites witiPGA < 0.2g andrigure6-6 containing
sites withPGA00.2g.
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Figure 6-5. Settlement Comparison Results using the Ku et al. (2012) Triggering Model for Sites
with PGA <0.2 g(for All Return Periods)
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As observed with the Boulanger and Idriss (20fddel, the simplified performandmsed
procedure with the Ku et al (2012) model produced better approximations of the full perfarmance
based procedure and was slightly more consistent and precise than the-prebatidistic

procedure.

6.6Discussion

Froma visual observation of the comparison plots, the plots do not show an obvious visual
difference between the simplified procedure and the pspratmabilistic procedure. However, the

trend line slopes ar@?values presented suggest that the simplifiestbpmancebased procedure
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can consistently provide better approximations of the full performbased procedure than the
pseudeprobabilistic procedure.

The apparent similarities between the simplified performdmased and pseudo
probabilistic proced@s for postiquefaction settlement can be explained. Studies have shown that
the performancéased procedure generally deviates significantly from the pgaatabilistic
procedure in liquefaction triggering (Kramer and Mayfield, 2007; Franke et aB).28Gwever,
these significant differences in computed B&e not fully transferred to the resulting volumetric
strains, which are computed using the Ishihara and Yoshimine (1992) method.
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Figure 6-7. Ishihara and Yoshimine (1992) Method for Determining Volumetric Strain

Consider, for example, two different values of tF®.9 and ®) and the resulting
volumetric strains from Ishihara and Yoshimine (1992) presentBdyure6-7. Each of the FS
values, although significantly different, is predicted to result in approximately the same amount of
volumetric strain: 3.5%. As such, significant differences in the computedb&8veen the

simplified performancéased procedure and the psepdobabilistic procedure may not translate
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directly to significant differences in volumetric strain when using the Ishihara and Yoshimine
(1992) volumetric strain curves. Consequently, the resulting-lipostfaction settlents
computed using the two different procedures can appear quite similar.

Regardless, engineers in practice may question why the simplified procedure should be
used over the pseugwobabilistic procedure when no visually obvious improvements have been
achieved. In response to this question, the simplified performbased procedure clearly
demonstrates trend line slopes that are closer to 1.0 and l#rgafuBs than the conventional
pseudeprobabilistic approach. This indicates that the simplified @ggr is better at
approximating the full performandeased approach. However, engineers may choose if they
would like to benefit from the increased accuracy, consistency, and precision of the simplified
performancebased approach or continue using the epgn they are already familiar with.
Continued use of the pseugoobabilistic approach in computing pdisfjuefaction settlements
will not produce substantially inaccurate estimates of the full perforrzamed posliquefaction

settlements.

6.7 Lateral Spread Comparison Results

6.7.1Lateral Spread Comparison Results using Zhang et al. (2004) with Boulanger and Idriss

(2004)

The comparison of predicted lateral spread displacements using Zhang et al. (2004) for all
three return periods using the Boulanger amd$d2014) triggering model are preseritedrigure
6-8 and Figure6-9, which contain sites witiPGA< 0.2gandPGAO 0. 2 g.
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For both the simplified performandsased procedure and the psepdobabilistic
procedure, more scattes observed for sites wWitRGA < 0.2g Figure6-8). At sites withPGA<
0.2g(Figure6-8), slopes of the trend lines are 1.0833 and 1.Z054he simplified procedure and
the pseudeprobabilistic procedurerespectiely, suggestinghat on average, hie simplified
performancebased procedure is ovpredicting the full pdormancebased procedure by 843
and the pseudprobabilistic methodsi overpredicting by 27.%. Considering th&k* values poth

the simplified performanebased procedure and the pseymfobabilistic method prodie R?
values around 0.9GBimilarly, results at sites witlPGA 2 0.2g Figure 6-9) show tha the
simplified procedure ovestinates the full pdormancebased procedure ®/3% and the pseudo
probabilistic underestimates 3y on averageThe simplified performancédased procedure
alsohas a slightly higheR? value(0.9812)than the pseudprobabilisticprocedurg0.9631).

Overall, the simplified procedure produces a slightly better approximation of the full
performancebased procedure. While a visual inspection of the comparisonnpégtsnake them
appear similar, the simplified procedure does indeex/ige more consistent and accurate
approximations of the full performantased procedure than the psepdobabilistic approach

on average.

6.7.2Lateral Spread Comparison Results using Zhang et al. (2004) with Ku et al. (2012)

The comparison of predictectéral spread displacements using Zhang et al. (2004)
procedure with th&u et al. (2012) triggering model are shownFigure 6-10 andFigure6-11
with Figure6-10 presenting theesults forsites withPGA< 0.2g andrigure6-11 presenting the
results forsites withPGAO0.2g.

For both the simplified performandeased procedure and the psepdobabilistic
procedure, more scattis observed for sites witRGA< 0.2g Figure6-10). At sites withPGA<
0.2g(Figure 610), slopes of the trend lies are 1.055 and 1.498% the simplified procedure and
the pseudeprobabilistic procedurerespectiely, suggestinghat on average, the simplified

performancebased procedure is ovpredicting the full pdormancebased procedure by B4

and the pseusprobabilistic methodsi overpredicting by 49.2%. Considering theR* values,

boththe simplified performanebased procedur@nd the pseudprobabilistic procedurprodice

an R? value around 0.94imilarly, results at sites witRGA ? 0.2g Figure6-11) show thathe
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simplified procedure ovestimates the full peormancebased procedure by 1%Zbard the
pseudeprobabilistic oveestimates by24.38%6. At appoximately 150 cm of lateral spread
displacement, the pseugoobabilistic procedure overestimates the full performdrased
procedure while the simplified procedure underestimates the full perforrhased procedure.
Thesimplified performancdased proedurealsohas a slightly higheR? value(0.9628)than the
pseudeprobabilistic procedurd.9396).

500

@ Simplified vs PB y = 1.055x
450 R? = 0.9464

400 | oPseudovsPB y=14923x
R? =0.9474

Procedure (cm)

Lateral Spread Displacement from Simplified PB/Pseudo

0 50 100 150 200 250 300 350 400
Lateral Spread Displacement from Full PB Procedure (cm)

Figure 6-10. Lateral Spread Comparison Results using the Ku et al. (20X)€Fimg Model for
Sites withPGA< 0.2g (for All Return Periods)
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A Simplified vs PB y=1.0125x
450 R?=0.9628

y =1.2438x%
R?=0.9396

400 | aPseudovsPB

Lateral Spread Displacement from Simplified PB/Pseudo
Procedure (cm)

0 100 200 300 400 500
Lateral Spread Displacement from Full PB Procedure (cm)

Figure 6-11. Lateral Sprea€Comparison Results using the Ku et al. (2012) Triggering Model for
Sites withPGA 2 0.2g (for All Return Periods)

The results of the simplified and psetgpimbabilistic lateral spread procedures using Ku
et al. (2012) are, fairly similar up to a displacement of 150 cm. However, based Rfvtiaes
and the trendlineshe simplified procedure produces an overall slightly better approximation of

the full performancdased procedure.

6.8 Comparison with the Deterministic Procedure

This section will present the results of the deterministic conpasitudy for the Boulanger
and Idriss (2014) and Ku et al. (2012) models. For each plot, computed results for the simplified
performancebased procedure are plotted on thexis and the deterministic procedure results are
plotted on the yaxis. Sections @ through 6.11will present thecomparisorplots for liquefaction

triggering, settlement, and lateral spread.
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6.8.1Locations and Profiles

Three locations were chosen across the United States: Butte, Salt Lake City, and San
Francisco. For the deterministicogedure, ground motions are obtained through a Deterministic
Seismic Hazard Analysis (DSHA). A DSHA involves deterministically assessing the seismic
sources in the nearby region of the site of interest and identifying the source which produces the
highesthazard in the area. The software-ERISK was used to identify the top five seismic
sources withirR00 km for San Francisco, Butte, and Salt Lake Citge 2008 USGS Seismic
Source Model within EARISK does not include some smaller faults in low seisegmons, such
as Butte. Thus, the governing fault for Butte (Rocker Fault) was identified using the USGS
guaternary fault database (USGS et al., 2006). In the case of Salt Lake City and San Francisco,
EZ-FRISK provided values diflw, PGA andR for both the 50" (i.e. median) and 8%(i.e. median
+ 0) per cent xtGensratianAitenugtiort (N&A) rmbeels for the Western United
States Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008; and Chiou and Youngs, 2008
and weighting schemes showriTiable 6-2. For Butte, the S0and 84" percentileM,, values were
estimated using a correlation with surface rupture length developed by Wells and Coppersmith
(1994), andPGA was calculated using the same three (NGA) models based on measured
dimensions and aamed characteristics of the Rocker Fault. Once the model inputs have been
determined through the DSHA they are entered into the respective empirical liquefaction hazard
models. A summary of the input variables utilized in the deterministic analysesoaigeprin
Table6-3. One singleCPT soil profile, shown irFigure6-12, was used in this comparison.
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Figure 6-12. Soil Profile used for the deterministomparison study.

Table 6-2. NGA model weights used in the deterministic procedure.

Attenuation Model Weight
Boore & Atkinson (2008) 0.333
Campbell & Bozorgnia (2008) 0.333
Chiou & Youngs (2008) 0.333

84



Table 6-3. Input variables used in the deterministic modaks,{(calculated usingpga from
AASHTO code).

] . ] ] Median (50%) Median +* (84%)
Location Latitude | Longitude | Distance [km] | Mean Mw
PGA Amax PGA Amax
Butte 46.003 | -112.533 4.92 6.97 0.539 0.539 | 0.9202 | 0.9202
Salt Lake City| 40.755 | -111.898 1.02 7.0 0.5911 | 0.5911 | 1.005 1.005
San Francisco| 37.775 | -122.418 12.4 8.05 0.3175 | 0.3754 | 0.5426 | 0.5426

6.9 Liquefaction Triggering Comparison

The comparison re#ts for the Robertson and Wride (2009) triggering model are presented
in Figure6-13, Figure6-14, andFigure6-15 for different representations of liquefaction triggering
hazardsgreq, FS, andCSR%/fespectively. Each figure shows plots for the 475, 103924ii8
year return period. A comparison of the plots show that the deterministic analyses frequently over
predicts the simplified performant®msed method fogreq and CSR% ash undefpredictsFS..
However, in the case of San Francisco, the deterministic analyses ofterpretiered the
simplified performancédased method fageqand CSR%. The comparison plots also highlights
the differences between thesénd 84 percenile ground motion results. For example, in the case
of San Francisco, the 84ercentile ground motions ovpredicted values dfrq While the 5¢'
percentile ground motions underedictedyeq However, in the case of Salt Lake Cily< 1039,
both he 50" and 84 percentile ground motions ovpredicted the simplified method. In addition,
the 50" percentile ground motions more closely approximated the simplified perforrbaseed
method than the 84percentile ground motion other cases, tH4" percentile ground motions
produced closer approximations of the simplified method than fhe&@entile ground motions.
These discrepancies and inconsistencies can be confusing for the engineer who has to decide which
ground motions appropriatelyaracterize the liquefaction hazard for the given site.

The comparison results for the Boulanger and Idriss (2014) triggering model are presented
in Figure6-16, Figure6-17, andFigure6-18 for greq, FS,, andCSR% respectively. Similar to the
Robertson and Wride results, these plots also show that the deterministic analyses frequently over
predicted the simplifiedbased method fayeqand CSR% and und@redicted thé&S.. Theseplots
also highlight the inconsistencies of thé"sthd 84" percentile ground motions.

85



G,y ( Deterministic)

200

180

160

140

120

100

FS, ( Deterministic)

6.9.1Robertson and Wrid€009)Comparison Results

200 200
Py A ° A ° A
- - / , / , [
&A ' 180 o ,A o 180 o ,’D
:.E.. 160 :E_ 160
73 |5
e 140 e 140
O Butte-50% g O Butte-50% S O Butte-50%
® Butte-84% ® Butte-84% ©® Butte-84%
ASLC-50% 120 ASLC-50% 120 ASLC-50%
ASLC-84% A SLC-84% ASLC-84%
OSF-50% O SF-50% OSF-50%
B SF-84% B SF-84% W SF-84%
100 100
100 120 140 160 180 200 100 120 140 160 180 200 100 120 140 160 180 200
4y, (Simplified PB, 7, =475 ) Greq (Simplified PB, 7,=1039) Gyeg (Simplified PB, 7, =2475)
Figure 6-13. Comparison of deterministic and simplified performabased values @eq.
2 2 2
O Butte-50% O Butte-50% O Butte-50%
® Butte-84% ® Butte-84% ® Butte-84%
ASLC-50% ASLC-50% ASLC-50%
15 1| ASLC-84% _15 1| ASLC-84% 1.5 | ASLC-84%
OSF-50% 2 OSF-50% % ||osFs0%
B SF-84% a W SF-84% 2 W SF-84%
g o ‘a u]
E o E 5
1 o 1T E 1 (u) A 8
o A % A
A o m = a] o s u "
A4 A ® = A o A
0.5 Ros + 2 A 5 A = & 0.5 DIA A © .A
g0 0 A A o® A A °
7 -
0A4 0 0
0 0.5 1 1.5 2 1.5 2 0 0.5 1 1.5 2
FS; (Simplified PB, 7, =475) FSL (Slmphﬁed PB, 7,=1039) FS; (Simplified PB, T, = 2475 )
Figure 6-14. Comparison of deterministic and simplified performabased values &S ..
160 160 200
[ ]
140 T- 140
L [ ]
0120 T 2120 I @so 1 .
k7 k7 £7)
B 80 3 = 2
53 r D 80 100
2 i / j Y | aws e 0 o
" N -, Y 4 f
& GButes0%|| & OButes0%|| & O Butte-50%
Qdor ® Butte-84%|| O 40 1 ® Butte-84%| &3 50 1 ®Butte-84%
ASLC-50% ASLC-50% ASLC-50%
20 + A SLC-84% 20 4 ASLC-84% ASLC-84%
O SF-50% OSF-50% OSF-50%
W SF-84% W SF-84% p W SF-84%
0 0
0 20 60 80 100 120 140 160 120 140 160 500 ) ) 100 150 200
CSR% (Simplified PB, T, =475) CSR% (Slmpllﬁed PB T =1039) CSR% (Simplified PB, 7, =2475)

Figure 6-15. Comparison of deterministic drsimplified performancéased values @8SR%.
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6.9.2Boulanger and Idriss (2014) Comparison Results
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Figure 6-16. Comparison of deterministic and simplified performabased values @feq.
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Figure 6-17. Comparison of deterministic and simplified performabased values ¢fS..
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Figure 6-18. Comparison of deterministic and simplified performabased values of CSR%
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6.10PostLiquefaction Settlement Comparison (Ishihara and Yoshimine (1992))

The comparison plots in this section show the results of the Ishihara and Yoshimine (1992)
deterministic analyses using the Robertson and Wride (260fr€ 6-19) and Boulanger and
Idriss (2014) Figure6-20) models. These comparison plots show that the deterministic analyses
often overpredicted simplified performandeased vertical strain®oif cities of low to medium
seismicity (Butte and Salt Lake City), and un@eedicted vertical strains for cities of medium to
high seismicity (San Francisco). In many cases, tH& &@l 84" percentile ground motions

produced similar results.
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Figure 6-19. Comparison of deterministic and simplified performahased vertical strains using the
Robertson and Wride (2009) model.

Figure 6-20. Comparison of determistic and performanekased vertical strains using the

Boulanger and Idriss (2014) model.
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