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EXECUTIVE SUMMARY

The purpose of the research presented is to provide the benefit of the full performance-
based probabilistic earthquake hazard analysis, without requiring special software, training, and
experience. To do this, simplified models of liquefaction triggering, post-liquefaction settlement,
and lateral spread displacements that approximate the results of the full probabilistic analysis
were developed. These simplified methods are designed to require only a few simple equations
and a liquefaction parameter map. This report provides the derivation and validation of these
simplified models, addressing Tasks 5, 6, and 7 of the TPF-5(338) research contract.

The simplified procedure using the Boulanger and Idriss (2014) 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) probabilistic liquefaction triggering model. The
simplified Ku et al. (2012) procedure is based on the Robertson and Wride (2009) empirical
liquefaction triggering model. The simplified procedure for predicting post-liquefaction
settlement is derived based on the Juang et al. (2013) model. The simplified procedure for

predicting lateral spread displacements is derived based on the Zhang et al. (2004) model. The

procedures are based on retrieving a reference parameter value (i.e. CSR™ (%), q" & (%), and

req

ref

Vm (%0) ) from a hazard-targeted liquefaction parameter map, and calculating site-specific

correction factors to adjust the reference value to represent the site-specific conditions. The
simplified procedures were validated by comparing the results of the simplified analysis with a
full performance-based analysis for 10 cities of varying seismicity using 20 different soil

profiles.
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1.0 INTRODUCTION

1.1 Problem Statement

The purpose of Task 5 through 7 of this project is to develop a simplified performance-
based method that closely approximates full-probabilistic analysis results for liquefaction
triggering, post-liquefaction free-field settlement, and lateral spread. A validation study will be
conducted to ensure the simplified models provide results that adequately approximate the results

from full performance-based model at a given return period.

1.2 Objectives

The objective of this report is to provide the derivation and validation of simplified
performance-based procedures which closely approximate the results of full probabilistic
analysis for liquefaction triggering, post-liquefaction free-field settlements, and lateral spread
displacement. The main objectives of this report include:

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

derivations and development of the simplified methods

e Validate the simplified models by performing a site-specific analysis for several

different sites using the simplified and full models

These objectives specifically address Tasks 5, 6, and 7 of the TPF-5(338) research

contract.

1.3 Scope

This phase of research focuses on the development and validation of the simplified
performance-based method for Liquefaction Triggering, Settlement, and Lateral Spread. The
validation study compared the results from the simplified performance-based methods to full-

performance based analyses at 10 different cities and 20 soil profiles.
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This report is organized to include the following sections:

Development of the simplified method for Liquefaction Triggering
Development of the simplified method for Post-Liquefaction Settlement
Development of the simplified method for Lateral Spread Displacement
Validation results for Liquefaction Triggering

Validation results for Post-Liquefaction Settlement

Validation results for Lateral Spread Displacement

Conclusions

Appendices
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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 types of 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 earthquakes. The following sections will

describe 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 and most significant ground motion that may occur at the site. The corresponding ground

motion (i.e., a,,) and the moment magnitude (i.e., M) from this earthquake are used to

max

calculate the factor of safety against liquefaction, FS,_, using either the Robertson and Wride
(2009) model or the Boulanger and Idriss (2014) model. Then this FS, is applied to a

deterministic calculation of earthquake effects.

2.2 Pseudo-Probabilistic Approach

The pseudo-probabilistic seismic hazard analysis involves using a probabilistic seismic
hazard analysis (PSHA) to decide the ground motion and moment magnitude. The selection of
ground motion is usually done by the USGS deaggregation tool. The moment magnitude can be
either the mean (i.e., average) magnitude or the modal (i.e., most occurring) magnitude. Then
these values are applied to either the Robertson and Wride (2009) model or the Boulanger and

Idriss (2014) model to calculate FS, in a deterministic manner. This FS, is also applied to a

deterministic calculation of earthquake effects. The pseudo-probabilistic approach accounts for
some uncertainty in ground motions, but ignores the inherent uncertainty within the triggering of

liquefaction and the calculation of its effects.
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2.3 Performance-Based Approach

The performance-based approach is a fully-probabilistic seismic analysis developed by
the Pacific Earthquake Engineering Research (PEER) Center. To apply the PEER framework to

liquefaction triggering, FS, hazard curves are developed using Kramer and Mayfield (2007)

performance-based earthquake engineering (PBEE) approach. A detailed description of the
performance-based liquefaction triggering procedure is described in the Section 3.2.2 of this

report. The developed FS, hazard curves will then be applied to a PBEE post-liquefaction

analysis to obtain post-liquefaction settlement and lateral spread displacement.

2.4 Semi-Probabilistic Approach

The semi-probabilistic approach calculates FS, using performance-based liquefaction
triggering procedure and then applies this FS, to deterministic settlement and lateral spread

calculation. This method accounts for the inherent uncertainty in predicting liquefaction
triggering but fails to account for the uncertainty in calculating post-liquefaction settlement and
lateral spread.

3.0 DERIVATION OF THE SIMPLIFIED MODELS

3.1 Overview

This section provides the derivation 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

performance-based liquefaction triggering procedure. The Boulanger and Idriss (2014) and Ku et

17



al. (2012), (probabilistic version of Robertson and Wride [2009]) models will be introduced,

followed by the derivation and validation of these models.

3.2.1 Empirical Liguefaction Triggering Models

In engineering practices today, the most commonly used approach to evaluate
liquefaction triggering potential was first introduced by Seed and Idriss (Seed and Idriss 1971,
Seed 1979; Seed and Idriss 1982; and Seed et al. 1985). This simplified empirical method
compares the cyclic stress ratio (CSR) to the cyclic resistance ratio (CRR). The CSR represents
the seismic demand or loading of a soil and the CRR represents the soil’s resistance to seismic
loading. The method proposed by Seed and Idriss to compute the cyclic stress ratio (CSR) can

be expressed as:

CSR=0.652m Te L
g o, ° MSF

(1)

where o/ is the effective vertical stress in the soil, am% is the peak ground surface

acceleration as a fraction of gravity, o

Vv

is the total vertical stress in the soil, r, is a shear stress

reduction coefficient, and where MSF is the magnitude scaling factor.

The cyclic resistance ratio (CRR), or the cyclic stress required to initiate liquefaction, is
more difficult to compute, but is typically interpreted from in-situ tests (i.e., SPT penetration
tests, CPT penetration tests, shear wave velocity, etc.). These results are then compared to
databases and liquefaction case histories. Graphically, CRR is the dividing line between
“liquefaction” and “non-liquefaction” cases. It also represents a combination of CSR values and

in-situ soil test values at which liquefaction triggers.

Engineers and geologists commonly quantify liquefaction triggering using a factor of

safety against liquefaction triggering, FS, . This parameter is calculated as:

FS, = Resmts_mce _ CRR @)
Loading CSR
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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 report, where the cone penetration test is used, CRR can be expressed as a
function of gcines, Which is the clean-sand equivalent, corrected CPT tip resistance for the soil

layer. From the CRR function, the CPT resistance required to resist or prevent liquefaction, ¢req,

can be obtained for a given seismic loading (i.e., CSR). This results in FS, to be computed as:

_ CRR _ CRR(qclNcs)

FS, = ©)
CSR  CRR(Q,,)

where CRR(q) denotes that CRR is a function of given value of CPT resistance, g.
Mayfield et al. (2010) defined the relationship between the actual SPT resistance for the given
Iayer, Nsite, and Nreq

ANL = Nsite - Nreq (4)
This relationship can be adapted for CPT resistance for the given layer, Qsite, and Qreq as:

AQL = Osite — qreq (5)

The relationship between CSR, CRR, Nsite, and Nreq (OF Gsite @Nd Qreq ) is Shown graphically in
Figure 3-1, after Mayfield et al. (2010).

a) (b)
RR A ( RR 4
CRR C FS.=1.0
/ AN_ =0
AN = Niite - Nfeq
FS . <1.0
o - o=l
_ [ |
FSL = | |
] I
CRR [-———==—— !
| ! FS.>1.0
! ! AN_ >0
| ]
] ]
1 1 > »
N if NI’
site “ (N1)so.cs (N1)60,cs

Figure 3-1 Schematic illustration of: (a) definitions of FS|_ and AN (b) relationship between
FS_ and AN, (after Mayfield et al. 2010)
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3.2.2 Performance-based Liquefaction Triggering Assessment

The simplified empirical liquefaction triggering models require engineers to select
seismic loading parameters (i.e., peak ground surface acceleration amax and moment magnitude
M,,) to adequately represent an earthquake. This 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 seismic 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 modal) and
peak 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 triggering assessment through the
improper and/or incomplete utilization of probabilistic ground motions and liquefaction
triggering models could be reduced through the implementation of a performance-based
approach (Franke et al. 2014a). Kramer and Mayfield (2007) presented such an approach, which
utilized the probabilistic framework for performance-based 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 of My, and @,y as an intensity measure, and either FS_
or Nyeq as the engineering demand parameter. The Kramer and Mayfield (2007) approach

produces liquefaction 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
performance-based approach, but further information can be found in Kramer and Mayfield

(2007). Even though the approach is SPT based (i.e. Nreg, (N,),,), the same principles and ideas
follow for performance-based approaches for CPT-based methods (i.€. qreq, Geines)-
Kramer and Mayfield (2007) demonstrated that a hazard curve for FS_ could be

developed using the following relationship:

20



AFS[ - Z'J\lzwi Zailmx PI:FS'- > FSE |amaxi*mj:|AiamaXirmJ' (6)

where A_.. is the mean annual rate of not exceeding some given value of factor of safety, FS;;

L

P[FS, <FS, | &, M;] s the conditional probability that the actual factor of safety is less than

FS; given peak ground surface acceleration a and moment magnitude m,;; A4, is the
max; ,mj

max; '
incremental joint mean annual rate of exceedance for a , and m;;and N, and N, arethe

number of magnitude and peak ground acceleration increments into which the intensity measure
“hazard space” is subdivided.

The conditional probability component of Equation (6) can be solved with any selected
probabilistic liquefaction triggering relationship, but that relationship must be manipulated to

compute the desired probability.

Similar to the relationship for computing a hazard curve for FS;, Kramer and Mayfield

(2007) derived a relationship for computing a hazard curve for Ny as:

Ny Namax

/IN* = Z Z PI:Nreq > N:eq |amaxi ’mj:lAﬁamaXi’mJ )

A R

where Anreq+ IS the mean annual rate of exceeding some given clean sand-equivalent required SPT

*

req

resistance, N, ,and P[N, < N:eq |8, M;] is the conditional probability that the actual Nyeq is

*

greater than N, given peak ground surface acceleration a,_, and moment magnitude m, .

req

3.3 Simplified Liquefaction Triggering Model

The Kramer and Mayfield (2007) performance-based liquefaction triggering procedure
summarized in Section 3.2.2 is an effective solution to mitigating the deficiencies introduced by
the conventional liquefaction triggering approach. Unlike conventional approaches where
seismic contributions are only considered at a given return period, this probabilistic
performance-based approach considers seismic contributions from all hazard levels and all
earthquake magnitudes (Kramer and Mayfield 2007). However, the Kramer and Mayfield

(2007) performance-based procedure considers all the seismic loading contributions from all
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return periods, not just return periods given by design. Unfortunately, the Kramer and Mayfield
procedure is relatively sophisticated and difficult for many engineers and geologists to apply in a
practical manner. Specialized computational tools such as WSlig (Kramer 2008), PBliquefY
(Franke et al. 2014c), and CPTLiquefY (Franke et al. 2018) have been developed to assist these
professionals in implementing the performance-based 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 in a rapid and efficient manner.

An ideal solution to this dilemma would be the introduction of a new liquefaction
analysis procedure that combined the simplicity and user-friendliness of traditional liquefaction
hazard maps with the flexibility and power of a site-specific performance-based 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 for engineering design. Franke et al. (2014d) later refined the

Mayfield et al. simplified procedure for easier implementation in seismic codes and provisions.

Mayfield et al. (2010) demonstrated with the Cetin et al. (2004) liquefaction model that
probabilistic estimates of liquefaction resistance (i.e. Nreq OF Qreq) Can be computed for a
reference soil profile across a grid of locations to develop contour plots called liquefaction
parameter maps. A liquefaction parameter map incorporating Nreq Or greq Can be a useful tool to
evaluate the seismic demand for liquefaction at a given return period because Nreq O Qreq IS
directly related to CSR (i.e. Figure 3-1). Mayfield et al. demonstrated how these mapped

“reference” values of Ny could be adjusted for site-specific conditions and used to develop site-

specific uniform hazard estimates of Nyeq (i.e., NJ® ) and/or FS_ (i.e. FS ) at the targeted

req
return period or hazard level. The derivation of the simplified method for the Cetin et al. (2004)
liquefaction triggering model will not be included in this report but is presented in detail in
Mayfield et al. (2010).

The most widely used CPT-based methods for liquefaction initiation evaluation are the
Boulanger and Idriss (2014) model and the Robertson and Wride (2009) model. The Ku et al.
(2012) probabilistic version of the Robertson and Wride (2009) liquefaction triggering model
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will also be used in this study. This report will derive a simplified probabilistic method

incorporating these models by using the framework introduced by Mayfield et al. (2010).

3.3.1 Liquefaction Parameter Maps & Reference Profile

As previously discussed, liquefaction loading maps are an important part to the simplified
method as it provides the benefits of site-specific performance-based analysis while being user-
friendly. While liquefaction parameter maps will not be included in this report, the purpose of
this section is to give a brief introduction to what role these maps play in the simplified method
and briefly discuss the use of the reference profile. Figure 3-2 presents a generic soil profile
representing a reference site that was applied in this study. This 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
reference soil profile is used to find reference values a depth of 6 meters for the targeted return
period (Tgr) or hazard level for all the models (triggering, settlement, and lateral spread) in this
report. The goal of the liquefaction loading maps is to allow users 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 (2012) triggering procedures,
reference values for greq and CSR will be mapped, respectively. For the simplified settlement and

lateral spread procedures, reference values for g, (%) and y, . (%) will be mapped separately.
Because these values associated with the reference soil profile do not represent any actual soil

profile, reference values are distinguished using the terms q's' , CSR™ , & (%) and 7' (%) . By

req ! max
computing these hazard-targeted values at different locations across a geographic area, contoured
maps can be created. Detailed steps on how these values are used in the simplified methods will

be discussed in each corresponding section. Because CSR, ¢, ,and y,, are often a decimal,

mapping these values in percent allows for more precise contour mapping, as well as easier
interpretation and interpolation for design engineers. At this point in the study, liquefaction
loading/parameter maps have not yet been created for the simplified methods. However, Figure
3-3 presents a liquefaction loading map of CSR™ (%) at a return period of 1,033 years for a
portion of the Salt Lake Valley in Utah from a previous study. The maps that will be
subsequently developed in Task 8 from this study will appear similar.
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Figure 3-2. Reference soil profile used to develop liquefaction loading maps in the proposed
simplified uniform hazard liquefaction procedure
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Figure 3-3. Liquefaction loading map (Tr = 1,033 years) showing contours of CSRref(%) for a
portion of the Salt Lake Valley in Utah (after Ulmer 2015)
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In future reports, further discussion on the interpretation and use of these maps will be
covered. To account for site-specific conditions, a procedure will subsequently be derived and
presented to correct the mapped liquefaction loading values to site-specific liquefaction loading
values. These can then be used to compute site-specific performance-based estimates of
liquefaction triggering, settlement, and lateral spread at a 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) model (probabilistic version of the
Robertson and Wride (2009) model). The derivations for the simplified settlement and lateral

spread procedures will follow.

3.3.2 Simplified Procedure Using the Boulanger and Idriss (2014) Probabilistic Liguefaction

Triggering Model

According to the probabilistic liquefaction triggering relationship developed by

Boulanger and Idriss (2012), the probability of liquefaction Py is given as:

(8)

L
Ot

- |:_ In(CRRPL=50%) - In(CSR)j|

where @ represents the standard normal cumulative distribution function, o is the total

uncertainty of the liquefaction model, and CRR is the cyclic resistance ratio corresponding

R_=50%

to a probability of liquefaction of 50% (i.e. median CRR), which is computed as:

2 3 4
quNCS quNCS quNCS quNCS
CRR, _,,, = exp| —cies 4 | JelNes | _ + -2.60 9
AL=50% p{ 113 (1000} ( 140 J ( 137 j } ®)

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

for the Boulanger and Idriss (2014) liquefaction model cannot be derived to solve for g, ina

req
convenient manner because of the 4™-order polynomial equation in CRR (i.e. Equation (9)).
Fortunately, this simplified procedure can be modified to incorporate CRR and CSR instead of
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Qreq, Which greatly simplifies the derivation of the new procedure, and makes it somewhat more
intuitive.

ref
req

By substituting q,., into Equation (9), the median CSR associated with the reference site

(i.e. CSR™) at the targeted return period can be computed. CSR™ represents a uniform hazard
estimate of the seismic loading that must be overcome to prevent liquefaction triggering if the
reference soil profile existed at the site of interest.

3.3.2.1 Site-Specific Correction for CSR™

Because CSR™ was developed using the reference soil profile, it must be corrected for
site-specific soil conditions and depths to be used in computing site-specific uniform hazard
values of FSi, P, and Qeq. If CSR®™ represents the site-specific uniform hazard value of CSR,
then CSR™" and CSR*™ can be related as:

In(CSR™) = In(CSR™ ) + ACSR (10)

where ACSR is a site-specific correction factor. By rearranging Equation (10), we can solve for
ACSR as:

(11)

site
ACSR = In(CSR**®) —In(CSR™ ) =1In &
CSR"™

Similar to Equation (1), the magnitude- and stress-corrected CSR for level or near-level
ground according to Boulanger and Idriss (2014) is computed as:

- F._-PGA
CSR . :0_@5%&(%)_ 1 1 565 ?v( bga ock)rd 1 1 (12)
Hrse 9 o, (MSF) K, o, g MSF K,

where Fpqa is the soil amplification factor corresponding to the peak ground acceleration (PGA),
and PGAock is the PGA corresponding to bedrock (i.e. Vs=760 m/s). Equations for rg, MSF, and
K, are provided in later sections of this report. If Equation (12) is substituted into Equation (11)

then Equation (11) can be rewritten as:
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FSIte . PG site )
065 O-'v pga ock . rdsne A 1 . . 1't
o, g MSF*"* K™
ref ref ref
F.PG
0.65 & pga ock .rdref ( 1 — j ];ef
o, 9 MSF K"

Because there should be no difference in the ground motions between the reference soil

ACSR =1In

(13)

profile and the actual soil profile, PGA% = PGA', . Therefore, Equation (13) can be simplified

[G\Ijsite
' F site site site site

il — |+In| 2= 1+1n rdf —In MSFf —In K"f

( - j Fi r MSF K?®

le

=ACSR, +ACSR. +ACSR, +ACSRy: +ACSR, (14)

as:

ACSR =1In

where ACSR,, ACSRgpga, ACSRyy, ACSRwmse, and ACSRk, are site-specific correction factors for
stress, soil amplification, shear stress reduction, earthquake magnitude, and overburden pressure,

respectively.

3.3.2.2 Correction for Vertical Stress, ACSR,

The relationship for the stress correction factor, ACSR, is defined as:

ACSR_ =1In (15)

If the liquefaction parameter map for CSR™ (%) was developed using the reference soil profile

shown in Figure 3-2, then Equation (15) can be simplified as:
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( o, ]site ]
2 (16)

ACSR, =

3.3.2.3 Correction for Soil Amplification, ACSRgpga

The relationship for the soil amplification factor, ACSRrpga is defined as:

site
ACSR. =In [ T j (17)

pga

If the value of F;ge; for the reference soil profile is fixed at 1, then the correction factor

for soil amplification can be written as:

pga

site
ACSRFW =1In (%} =In(F site (18)

Thus, the only parameter required to calculate the soil amplification factor is the F;;f:

value from AASHTO 2012 Table 3.10.3.2-1 corresponding to the site of interest. The PGA value

used to determine F;;ae from the table should be calculated from the USGS 2014 interactive

deaggregation website for the return period of interest (e.g., 2% probability of exceedance in 21
years, Tgr = 1039).

3.3.2.4 Correction for Shear Stress Reduction, ACSRq

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

r,=expla+4-M,]

(19)

a=—1.012—1.126sin( : +5.133j (20)
11.73

ﬂ=0.106—0.118sin( Z +5.142j @1)
11.28
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where z represents sample depth in meters and M,, is the mean moment magnitude. Thus, the

equation for ACSR,4 becomes:

site site site | site
ACSR, :ln[Irdt ]_In{eXp(a P wa)] (22)
d exp(are +ﬂre . Mvrve )

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

motions, so M =M™ Therefore, Equation (22) can be written as:

ACSer _ (asite _aref )+ Mvsvite (bsite _bref ) (23)

For the reference soil profile used in this study (Figure 3-2), " = -0.3408 and b™' =
0.0385. Thus, Equation (23) becomes:

ACSR, =(a™ —0.341)+M* (b** -0.0385) (24)

Equation (24) can also be written in terms of depth to the site-specific soil layer (in

meters) from the ground surface, z°* as:

site
ACSR, =|-0.6712-1.126sin z +5.133
¢ 11.73
(25)

site

M (0,0675+0.118sin| —
11.28

+5.142j

3.3.2.5 Correction for Magnitude Scaling Factor, ACSRyse

If the MSF as calculated in the Idriss and Boulanger (2010, 2012) model is to be used,
then there should be no difference in the earthquake magnitude between the reference soil profile
and the actual soil profile. In this case, MSF*"™ = MSF"™ which indicates that ACSRusr = 0 and
therefore ACSRwusk can be excluded from Equation (14).

However, since this simplified procedure is incorporating the Boulanger and Idriss (2014)

model, the updated MSF is calculated as MSF = f(q.q1ncs)- Because MSF is a function of q.1ncs
29



it is possible that MSF*" = MSF™" because it is likely that g.qy.s Varies with depth in the actual
soil profile. Thus ACSRuse must be included in Equation (14). Using the equation for MSF from
the updated Boulanger and Idriss (2014) model, this correction factor can be written as:

site

1+ (MSF = —1)(8.64exp(— MX j—1.325

site max
ACSR,,i- =—In ( kﬂ/lz'; = j =—In VE; (26)
1+ (MSF™ —1)(8.64exp[— L{v j—1.325
3
MSF_ =1.00+| Jites | <22 27)
180

where q,,.. represents the clean sand-equivalent CPT. Note that there is no difference in the
magnitude of the ground motions between the reference map and the site. Thus, M can be
replaced with M. Therefore, if the liquefaction parameter map for CSR™ (%) was developed
using the reference soil profile shown in Figure 3-2, then MSF'®" = 1.269 and Equation (25) can

be written as:

_ ; _
qclNcs site
1+| MIN (180 j 009 -(8.64exp(— MX j—l.szsj

1.2
ACSR,,i- =—In

(28)

site

2.326 exp(— MX j+ 0.643

The value of ACSRuwse must be calculated for each layer in the soil profile because
MSF:* s a function of g, , which likely varies throughout the soil profile. The value of M**
is the mean moment magnitude from the 2014 USGS interactive deaggregation website for the
return period of interest (e.g., 2% probability of exceedance in 21 years, Tg = 1039). This should

be the same value as M:* used to calculate the ACSRq term in Equation (25)
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3.3.2.6 Correction for Boulanger and Idriss (2014) Magnitude Scaling Factor, ACSRyse

During the validation process, the simplified method was observed to be sensitive to the
ACSRwsr factor when using the 2014 MSF. A bias based on return period was observed, and a
correction function was created as a result. This correction function incorporates the mean
magnitude, M, and is to be applied after the simplified CSR (CSR™ ) is computed when using

the 2014 MSF calculations. The correction function is given as:

CSR = 0.2107(MW)2 —2.8309M, +10.362 (29)

correction

where My, is the mean magnitude from the deaggregation at the return period of interest at the
given location.

For a given location and its corresponding mean magnitude, the CSR can be

correction

computed using Equation (29). Then, the simplified CSR value at each layer ((CSR**),) at the

given location is divided by the correction factor, resulting in a corrected simplified CSR. The
user may select which MSF version they wish to use. If the 2012 MSF is used, ACSRysg =0. If
the 2014 MSF is used without the correction, ACSRyse is computed as outlined in section
2.3.2.5. Finally, if the 2014 MSF with the correction is used, ACSRysr.is computed as outlined

in section 2.3.2.5 and the correction function (CSR ) is applied after the simplified CSR

correction

has been computed. The validation section will provide more details on this correction.

3.3.2.7 Correction for Overburden Pressure, ACSRk,

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

overburden correction factor, K:

K, :1—cg|n[ZVJg1.1 (30)

a

1

C =
37.3-8.27(Oypes )

o

-<0.3 (31)

0.26
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where P, is 1 atmosphere of pressure (i.e. 1 atm, 101.3 kPa, 0.2116 psf). Note that the value
Jeines Must be computed using the equations found in Idriss and Boulanger (2008, 2010). Idriss
and Boulanger (2010) commented that the K, limit of 1.1 has a somewhat negligible effect.
Therefore, the simplified method derived here will not use the restriction on K,. However, the
limit of 0.3 for values of C, will be incorporated. Now the correction term ACSRg, can be

written as:

Ksite o
ACSR, =-1In (KLJ =—In (32)
1

If the liquefaction parameter map for CSR™ (%) was developed using the reference soil

profile shown in Figure 3-2, then ¢*/=0.108, k/*/= 1.09, and Equation (32) would become:

0.3

'\ site
1—| MIN 1 "”ﬁ(a}?j
37.3-8.27(qunee) a

1.09

ACSR, =-In (33)

3.3.2.8 Equations for CSR™, g5, FSL, and P

Once the CSR™ (%)is obtained from the appropriate (i.e. hazard-targeted) map and the
appropriate correction factors are computed using Equations (16), (18),(25),(28) (neglected if
using Idriss and Boulanger 2012 MSF instead of the updated Boulanger and Idriss 2014 MSF)
and (33) the site-specific hazard-targeted CSR®™ can be computed for site-specific soil layer i

using the following equation (from Equation (10)):

site CSRrEf %
(Csr®™), = exp{ln(T(o)JﬂACSRg)i +(ACSR, )i +(ACSR, ) +(ACSR: ), +(ACSR, ) | (34)

If the Boulanger and Idriss 2014 MSF correction (Section 3.3.2.6) is chosen, the corrected
simplified CSR, CSR:" is computed as:

corrected !

32



CSRSite ~ (CSRsite)i ~ (CSRsite)i
corrected CSR 02107(MW)2 — 28309MW +10.362

(35)

correction

site
req !

where M,, is the mean magnitude of the site. To compute, q_.., FS., and P_ ,the appropriate

CSR (CSR™orCSR: ) should be used.

rrected

site
req !

To calculate g FSL, or P_ for site-specific soil layer i., CSR**can be plugged into the

corresponding equations. To solve for the uniform-hazard FS, for the soil layer i, use Equation

(9):
eXp (qclNcs )i + (qclNcs )i i _ (qclNcs )i i + (qclNcs )i ) _ 2 60
(CRRsite ) 113 1000 140 137 '

(FSL)i = (CSRsite) - (CSRsite) (36)

To solve for the uniform hazard P for the soil layer i, use the following relationship:

G [ (S (a0

(PL)i =] -

(37)

o

&

where o, is 0.506 if parametric uncertainty (i.e., uncertainty in measuring g.,,., and estimating

seismic loading) is neglected, and o, is 0.276 if parametric uncertainty is considered.
Finally, Ag (or AN after the Mayfield et al. 2010 procedure) for soil sublayer i can be

computed as:

Ady =[Gane ] — () (38)

where (g ) can be closely approximated as:
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ste 04021 In| —+ || —3.367. In| —+
ol = -0.4021 In[(CSRS‘“’)iJ 3.367 In[(CSRS“e)i]

2
—8.761- In[@} —21.38- In{(CSR;site).} +186.3

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

The deterministic Robertson and Wride (2009) model is one of the most widely-used
methods for CPT-based liquefaction triggering evaluation. With the increasing popularity of
performance-based procedures, Ku et al. (2012) developed a probabilistic version of the
Robertson and Wride (2009) model. From this point on in the report, the simplified procedure
will be referred to as the simplified Ku et al. (2012) method.

The simplified procedure follows a similar setup (Equation (10)) for the simplified
Boulanger and Idriss (2014) method. Unlike the Boulanger and Idriss method, it is easier to
isolate qreq in the Robertson and Wride (2009) equations. Thus, the framework of the simplified

procedure can be expressed as:

site ref
qretq = qreq + Aqreq (40)

ref
req

site
req

where gy, is the simplified method approximation of q . , dy, is the reference value provided
by the liquefaction parameter maps, and Aq,,, is the site-specific correction factor. Aq,, is

expressed as:

Aqreq - I:qrs‘:';e ] pseudo - [qrrs‘]; :I pseudo (41)

site
req

where [q ]pseudo is the q,,computed for the site using information from a pseudo analysis, and

[qrr:; ]pseudo is the g™ computed for the reference soil profile using information from a pseudo

req
analysis. The simplified procedure only requires the engineer to compute the Aq,, factor.

The probability of liquefaction, P, is expressed as:
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(42)

) =1_®[O.102+ FSL}

o

where @ represents the standard normal cumulative distribution function, FS, is the factor of

safety against liquefaction computed using the Robertson and Wride (2009) method, and o is
equal to 0.276 for model uncertainty or 0.3537 total uncertainty.
Remembering the relationship for FS.=CRR/CSR, Equation (42) becomes:
p :1_q{0.102+In(CRR)—In(CSR)}

(o}

(43)
where CSR and CRR are expressed as:

CSR = o.es(ﬁj{ it ]rd (LJLLJ (44)
o \ g JUmsF )l K,

* 3
93{—} +0.08 for 50 <q,,, <160
1
CRR = - (45)
0.833 | 005 for Oreg <50
1000

where q:eq is the q ., that corresponds to a P =50%. Equation (43) is re-arranged to solve for

CRR as:

In(CRR) =In(CSR) + - @™ [1-P,_]-0.102 (46)

CRR = eXp(CSRm.qfi[l—PL]—0.102) (47)
For a CRR corresponding to a probability of liquefaction of 50%, the standard normal
cumulative distribution function, @, is equal to 0. By setting Equation (45) equal to Equation
(47), q:eq can be isolated and expressed as:

For d, <50, = {eXp['”(CSRg 53?3;102] _0'05} 1000 (48)
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1
. _|exp[In(CSR)-0.102]-0.08
" 93

For 50 < ,, <160, 1000 (49)

-0.2524

For g, >160, Onq =—91.63(CSR) " +273.8 (50)

For Robertson and Wride (2009), q,.,Vvalues greater than 160 are not defined by an

equation and are considered “non-susceptible” to liquefaction (personal communication, P.
Robertson, 2017). However, in a probabilistic analysis, a possibility of liquefaction triggering
must be defined and quantified for all soil penetration resistances. Therefore, for this study,

Boulanger and Idriss (2014) triggering relationships were assumed for g, >160. An equation

was fit to the Boulanger and Idriss (2014) CRR curve for g, values greater than 160 and solved

for q,,. Therefore q:eq>160 is expressed as shown in Equation (50).

To compute g4, Equations (48), (49), and (50) are used iteratively. Given CSR, the user
enters Equation (48) and computes gy.,. If the resulting gy, is less than 50, the gy, for that soil

layer is computed using Equation (48). If the resulting gy, is not less than 50, the user continues

to Equation (49) and computes q:eq. If the resulting q:eq falls within the range of 50 and 160, q:eq
is computed using Equation (49). If the resulting g;.,does not fall within the range, q:eq for that
soil layer is computed using Equation (50).

3.3.3.1 Equations for g7, FS_ P, Ag, and CSR™®

eq !

req

Once the g! and CSR™ values are obtained from the liquefaction parameter maps, AQ

site

can be computed. [qreq ]pseu " is computed at each layer in the soil profile using site-specific

ref

information at the location of interest. [qreq ]pseu " is computed for the reference profile using

ref

reference values at a depth of 6m also at the location of interest. The [qreq ]pseudo value will only

site
req

change between different locations as the CSR™ will also change. The equation to compute q

is presented as:
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site ref

qreq qreq + Aqreq (51)

Mg =[Oy | o ~L 00 | e (52)

Once g

site ;
req

Is computed, it can be then used to compute FS; and P To solve for the

uniform-hazard FS, for the soil layer i:

(FS ) = (CRR)i = CRR (0 ) _ (CRR(qclNcs))i
" (CSR), CRR(d) (CRR(ar))

(53)

where CRR is calculated using Equations (45) and (9). To solve for the uniform hazard P, for the
soil layer i, use the following relationship:

0.102+In((FS, )
(Fi)sl-@[ ( L)')} (54)
O-é‘
where (FSL)i is computed for each layer from Equation (53).
Then, Aq, for soil sublayer i can be easily computed using the simplified qﬁe‘f as:
A, =[danes ], —[ a5 | (55)

The process to compute CSRZ™ (Ku subscript added to distinguish from the Boulanger and

site
req

Idriss CSR*") involves the use of g’ and is compute computed as:

req

CSRI® = exp(o.102+ In (CRR(qS“e))) (56)

Recalling from the previous section, for values of g, >160, the Boulanger and Idriss

(2014) relationship takes over. When computing CSR, the g2 that is to be used, Equation

Ku ! req

(56) needs to be checked. For values of g >160, the CSR:™procedure uses the CSR™*from

req

the simplified Boulanger and Idriss (2014) method (i.e., Equation (34)). For qf;;e <160, values,

CSRg*can be computed following Equation (56) using the Robertson and Wride (2009) CRR

equations.
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(Note: When using the Boulanger and Idriss (2014) CSR®*, remember there are different
methods to calculate CSR®*based on which MSF version is used (See 3.3.2.6)).

3.4 Performance-Based Post-liquefaction Free-field Settlement Models

This section will provide a brief overview of the Ishihara and Yoshimine (1992) and
Juang (2013) post-liquefaction free-field settlement models and how Juang (2013) fit into the

performance-based settlement calculation.

3.4.1 Ishihara 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 liquefaction, FS, . Ishihara and Yoshimine
summarized the relationship between FS_, y . and D, using the curves presented in Figure
3-4. In this Figure, volumetric strain is referred to as y,,,. . For the rest of the report, volumetric

strain will be denoted as &, to be distinguished from the horizontal strain in the lateral spread

section.
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Figure 3-4. The relationship between FS,, . and D, (after Ishihara & Yoshimine, 1992).
The procedure for applying the Ishihara and Yoshimine (1992) method is given as

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

procedure (e.g., Robertson and Wride, 2009; Boulanger and Idriss, 2014). Second, a relative
density is obtained for each layer using Tatsuka et al. (1990):

— 85+ 76log (57)

\/O-v
where ¢ is the cone tip resistance and a;,” is the vertical effective stress. Third, volumetric strain,
&y, IS obtained using the FS , and D, calculated previously for each layer from the Ishihara and

Yoshimine strain curves (Figure 3-4). Fourth, the settlement of each layer is the product of each
layer’s strain and thickness. Finally, the predicted total ground surface settlement (Sp) is

computed by summating each layer’s settlement as:
N
S,=> Az, (58)
i=1
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where ¢, is volumetric strain for the i layer, N is number of layers, and AZ; is the i layer’s

thickness.

3.4.2 Juang et al. (2013) Procedure

Juang et al. (2013) calculated post-liquefaction settlements by applying the Ishihara and
Yoshimine (1992) method probabilistically for the cone penetration test (CPT). The method adds
probabilistic parameters to equation (58) to account for the probability of liquefaction triggering

by using the following equation:

N
S, =M ¢£,AZIND, (59)

i=1

where &, is volumetric strain for the i™ layer, N is number of layers, M represents a modal bias

correction factor equal to 1.0451, IND, represents the probability of liquefaction occurring,

which it is defined in equation (60), and AZ, is the i layer’s thickness.

The model bias correction factor M was calculated by Juang et al. (2013) by calibrating

their model against settlement case histories from the field. Juang et al. (2013) present the IND,

as probability of liquefaction ( P_), which is calculated as:

(60)

Oln(s)

IND, =P, :1_®{0.102+ |n(FSL)}

where @ represents the standard normal cumulative distribution function, and gy, (s represents

the model uncertainty and is equal to 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 and non-liquefied soils can
cause liquefaction settlement. Hatch (2017) re-solved the maximum likelihood equation
developed by Juang et al. (2013) to neglect the possibility of non-liquefied layers contributing to
post-liquefaction settlement. The resulting values of M and o are 1.014 and 0.3313,

respectively. Any potential error introduced by this simplification is accounted for in the larger
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value of model uncertainty, o). These re-solved values are used in the computational tool
CPTLiquefy.

For the Juang et al. (2013) procedure, &, is calculated by using a curve-fitted equation

based on the Ishihara and Yoshimine (1992) curves (Figure 3-4), given as:

0 for FS>2
a,+a,In(q)
] 1 | 1
gv(%): min (2—|:S)_|:a2+a3 n(q):l fOI’ 2'm< FS <2 (61)
2
by +b,In(q)+b, In(q)’
b, +b,In(q)+b, In(q)’ for FSSZ-W
2

where a, =0.3773, a =-0.0337, a, =1.5672, a, =—0.1833, b, =28.45, b =—9.3372, b, =0.7975 and ¢ = ..

3.5 Simplified Post-liquefaction Free-field Settlement Models

The performance-based method of calculating post- liquefaction settlement in Section 3.4
is an effective solution to mitigate the deficiencies introduced by the conventional (i.e. “pseudo-
probabilistic”’) method. However, the performance-based approach is complex and difficult to
use. Performing a performance-based analysis may not be practical for professionals who need to
routinely perform settlement calculations in a rapid and efficient manner.

An ideal solution to this dilemma is the introduction of a new procedure that combines
the simplicity of traditional liquefaction hazard maps with the accuracy of a site-specific
performance-based liquefaction hazard analysis. Section 3.3 of this report presents such a
simplified procedure that has been developed for calculating liquefaction triggering.

In a manner similar to that developed for simplified liquefaction triggering, vertical

ref

strains for a reference profile, ¢, , can be probabilistically computed across a grid of geographic
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locations. These results can be used to develop contours for the vertical strains that correspond to

various return periods. These maps are called the volumetric strain reference parameter maps.

& is actually a proxy for the seismic loading that impacts post-liquefaction settlement, and it

\
needs to be adjusted for site-specific conditions. A detailed derivation for the correction
equations, using both the Boulanger and Idriss (2014) and the Ku et al. (2012) probabilistic
liquefaction triggering models will be given. For consistency, all vertical strains will be in

percent in the simplified performance-based method.

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

Probabilistic Liquefaction Triggering Model

ref

Because &, was calculated using the reference soil profile, it must be corrected for site-

specific soil conditions and depths before obtaining &

\

. A variety of relationships have been

ref site

tested to relate ¢,” and &, . These relationships include:
& =gl" —Ae (62)
In(&" + a)b =In(&" +a)b +As (63)
site b ref b
In(z;" +a)” =In(&]" +a) -Ae (64)

site

where a and b are constants ranging from 0.001 to 1000. A constant a was added to both &, and

ref

g, toprevent a value of zero from occurring in the natural log operators.

After performing preliminary assessment, Equation (65) is found to best predict the

volumetric strain calculated by the performance-based method.

In (" +1000) = (ln (& +1ooo))§ ‘As (65)

where A¢ is a site-specific correction factor. Rearranging Equation (65), we can solve for the

correction factor A¢ as:
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In(>" +1000)
E =
(In(™ +1000))"*

(66)

.95"9 in Equation (66) represents the probabilistic strain in the sublayer of interest and is

an d gsite

\

unknown. To simplify the analysis, both &'

v

can be approximated using the pseudo-

probabilistic approach. This is an appropriate simplification because the same errors introduced

ref site

by using the pseudo-probabilistic method should occur in both ¢,° and &, . These errors are

minimized when performing the division in Equation (66). Thus, the equation for the correction

factor may be approximated as:

In (gS“e +1ooo)

v, pseudo

Ag= I (67)
(ln (&0 o +1ooo))5

where &® and &

v \

are volumetric strains calculated using pseudo-probabilistic method with

FS. computed using the mean magnitude from the deaggregation of PGA at the return period of

interest.

Once the correction factor for a given soil sublayer is computed, site-specific strains are

computed as:

1
gl = exp(ln(gvref +1000)? -Agj—lOOO (68)

where &

v

is the volumetric strain obtained from the reference volumetric strain parameter map.

Equation (68) results in &

\'

values that are non-linearly biased. A calibration equation

was developed to correct this non-linear bias. The final simplified site strain can be calculated as:
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0 for £ <0

\fltt:ZIlbrated (/0) O 05 sie for 0 < S:ite < 17 (69)
(gjlte )3 .
0.975- |12.5-|——-15 for & >17
3.25

site site

v calibrated

where &, is the site strain as calculated in Equation (68). Once ¢ has been computed,

the following equation may be applied to obtain the simplified performance-based settlement for
the entire profile.

S =M Z \fléeallbrated (70)

where M represents the re-solved modal bias correction factor equal to 1.014, £5¢, Is the

v,calibrated

simplified site strain calculated from Equation (69), and 4Z; is the i layer’s thickness.

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

The framework presented in Section 3.5.1 can also be applied to the Ku et al. (2012)

site

model. A preliminary assessment was also performed to relate e'ef and ¢, . Equation (71) was

found to minimize the difference between the full-performance based method and the simplified

method.

1

In(s5te +100):(In( ref +1oo))5-Ag (71)

v pseudo v pseudo

As explained in Section 3.5.1, the correction factor, Ag, can be approximated using

ref site

pseudo-probabilistic estimates of &, and &, . Aeg for a given soil sublayer using the Ku et al.

(2012) model can then be estimated as:
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|n( ste +1oo)

AE ~ v pseudo . (72)
(I (&0 +100)

v, pseudo

site

where g'ef and ¢, are volumetric strains calculated using pseudo probabilistic method.

The site-specific strain for the soil sublayer can be computed as:
_ 1
el = exp(ln (gvref +100)3 -Ag] -100 (73)

ref

where ¢, is the volumetric strain obtained from the reference volumetric strain parameter map.

Again, due to the non-linearity of the model, a calibration equation was developed to

obtain the final site specific strains as:

O site < O
&\ caioraed (%0) = 0.322-£" 0< el <18 (74)
( S|te)2 )
0.805- [8- { 3 } £°>1.8

site
8v,ca| ibrated

can then be applied to Equation (70) to obtain the total settlement using the Ku

et al. (2012) model for FS,

3.5.3 Summary

The simplified method for calculating site-specific settlement consists of the following
steps:
1. Obtain a reference strain, e,fef , from a liquefaction parameter map. These values are

calculated using the full performance-based method.
ref

2. Calculate the correction factor, de, with &} 5¢euq0 and £, 4.
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3. Compute site-specific strains, &

v,calibrated *

4. Compute total settlement for the whole soil profile.

3.6 Empirical Lateral Spread Displacement Model

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

Empirical models for predicting lateral spread displacements are widely used because
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
recognized in industry today are Youd et al. (2002) and Zhang et al. (2004). The simplified
performance-based method developed in this study will be using the Zhang et al. (2004)
procedure, as it is the most common procedure for predicting lateral spread displacements using
the CPT.

3.6.1 Zhang 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 histories, with 150 SPT results and
41 CPT results. With far fewer case histories for the CPT, caution must be taken to not
extrapolate outside the bounds of the data. An estimate of lateral spread displacement can be

made with a CPT sounding of tip resistance, sleeve friction and pore pressure with depth.

The following are the steps for the Zhang et al. (2004) procedure. To begin the

calculation, an estimate of relative density (D,) must be made for every soil layer as shown,

using Tatsuoka et al. (1990):

D, =—85+76l0og (0, ) (75)
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where q,, Is the corrected cone tip resistance. In the Robertson and Wride (1998) liquefaction
triggering procedure, this value is referred to as Q,,, while in the Boulanger and Idriss (2016)

liquefaction triggering procedure this value is simply q.,, .

The maximum cyclic shear strain (ymax) can then be determined using the known value of
D, and the FS, from the liquefaction triggering procedure. Figure 3-5 represents the relationship

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

curves are based on data from Ishihara and Yoshimine (1992) and Seed (1979).
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Figure 3-5. The relationship between maximum cyclic shear strain and factor of safety for

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

With values of y,.. known for each soil layer, the lateral displacement index (LDl ) can

be calculated by integrating y,.., With depth, as presented in Equation (76).
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Zmax
LDI = jo v dz (76)

max

where Z . is the maximum depth below all the potential liquefiable layers with an FS_ less than

X

2.0.

The actual value of the lateral displacement (LD) is a function of LDI and the site
geometry. There are three types of site geometries considered: (1) gently sloping ground, (2)
level ground near a free face, and (3) gently sloping ground near a free face. For sites with gently

sloping ground, LD is calculated using Equation (77).

LD=(S +O.2)- LDI  for 0.2% < S <3.5% (77)

where S is the ground slope measured in percent.

For sites with level ground near a free face, LD is calculated using Equation (78).

LY L
LD = 6(—) LDl for4<— <40 (78)
H H

where L is the distance to the free face and H is the height of the free face. The same units
must be used for L and H . For sites with gently sloping ground near a free face, Equation (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 level ground with a free face (Zhang et al, 2004).

3.7 Simplified Performance-based Lateral Spread Model

Similar to the simplified post-liquefaction settlement method, a generic reference site is
used to compute lateral spread. A series of performance-based lateral spread 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 simplified performance-based post-liquefaction lateral spread procedure builds upon
the recently developed simplified performance-based liquefaction triggering models, the
Boulanger and Idriss (2014) probabilistic liquefaction triggering model and the Ku et al. (2012)
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model. The procedure requires FS_ calculated from one of these two triggering models. A
detailed derivation of the correction equations using both of these triggering models will be
given. For consistency, all horizontal strains will be in percent in the simplified performance-

based method.

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

Probabilistic Liguefaction Triggering Model

The framework in Section 3.5 may also be applied to develop the simplified lateral
spread method. A preliminary assessment was performed to find the best-fit relationship between

y and y° . Some of the tested relationships include:

Vo = Vo - Ay (79)
In(y o +3)° = In(yie, +a)° +Ay (80)
In(yom +2)° =In(ymm, +a)° - Ay (81)

where a and b are constants ranging from 0.001 to 1000. A constant a was added to both between

yo and po* to prevent a value of zero from occurring in the natural log operators.

Preliminary test results show that the following equation can minimize the difference

between the performance-based horizontal strains and the simplified horizontal strains.

In( 7z +0.01) = In(ym, +0.01)- Ay (82)

max

where Ay is a site-specific correction factor. Rearranging Equation (82) , we can solve for the

correction factor Ay as:

(7S +0.01)

max

= 83
In(y, +0.0]) (®9)

For the simplified method, both »™ and ,3* are computed using semi-probabilistic
method. The semi-probabilistic method is applied as follows: first, obtain the relative density, D,
, for the reference profile using the q.,,, value from the liquefaction triggering section. Second,
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with D, and FS  calculated from the simplified trigging models, ... is found using Figure 3-5.

This is called the semi-probabilistic method because FS, is obtained using the simplified
performance-based method and then applied to Figure 3-5 in a deterministic manner in the semi-
probabilistic method. The approximated horizontal strains computed with the semi-probabilistic

method are denoted as 7rf;xvappmx and y,fj;ex’appmx . Equation (83) may be written as:
In(y2e . +0.01
A]/ - (7:;1x,appro ) (84)

"IN oo +0.00)

Once the correction factor for a given soil sublayer is computed using Equation (84), site-

specific adjusted horizontal strains can be computed as:

| 0.86-exp(In (™, +0.01)-Ay)-0.01 for 0< i <512
e (06) = P(in( ):47) ° Facare (85)
51.2 for >51.2

max,approx

where »™ is the horizontal strain obtained from the reference horizontal strain parameter map.

Equation (85) may result in ¥ values that are negative or larger than 51.2. The

max

following conditions are applied to obtain the final simplified performance-based horizontal

strains:
0 for yo* <0
Vmasimp (Y0) =4 Vmax TOr 0y <51.2 (86)
51.2 for yo* >51.2
ref H H
ONCe ¥y simp Nas been computed, Equations (76) thru (78) from Section 3.6.1 may be

applied to obtain the overall lateral displacement for the entire soil profile.

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

The procedure presented in Section 3.7.1 can also be applied to the Ku et al. (2012)

triggering model. The same equation can be used to define the horizontal correction factor, Ay.
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Ay I ( 73 coprox + 0-1)

(In (7/ e capprox T 0,1))§

are the horizontal strains computed using the semi-probabilistic

(87)

site
max,approx

where "

max,approc @Nd- 7,
method. For the Ku et al. (2012) triggering model, Q,, is used to obtain the relative density, D, ,
as shown in Equation (75). Then FS._ needs to be obtained from the simplified triggering model.
With D, , FS_and Figure 3-5, the approximated horizontal Strains, ¥ye ooox @0 ¥ aoprox MY
be calculated.

Once Ay has been computed for the desired soil sublayer, the site-specific post-

liquefaction horizontal strains can be computed as:

0 for yr;iztai,approx =0
1
yoe (%) = exp(ln(;/;fgx +O.1)5 -ij—o.l for 0< ¥ aoprox <51.2 (88)
51.2 for mcapprox =512

where »' "is the horizontal strain obtained reference horizontal strain parameter map.

Conditions are also applied to obtain the final simplified performance-based horizontal

strains:
site site
site Vo for y.., <51.2
j/m;x,simp (%) = site (89)
51.2 fory,, =512

ref

Ymaxsimp CaN then be applied to Equations (76) thru (78) to obtain the overall lateral spread

for the site specific soil profile.

3.7.3 Simplified Strain Summary

The simplified method for calculating site-specific lateral spread consists of the following
steps:

1. Obtain a reference horizontal strain, »™ , from a liquefaction parameter map.

max !

These values are calculated using the full performance-based method.
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ref
max,approx

an d ysite

max,approx *

2. Calculate the correction factor, Ay, with y,

ref
max,simp *

3. Compute site-specific strains, y

4. Compute total lateral spread for the whole soil profile.

4.0 VALIDATION OF THE SIMPLIFIED MODELS

4.1 Overview

The effectiveness of the simplified performance-based procedure introduced in this report
depends on how closely they approximate the results of a complete site-specific probabilistic
seismic hazard analysis. To evaluate the accuracy of the introduced simplified procedures, a
comparison between the simplified and full performance-based methods will be performed for
ten sites throughout the United States. These sites will be evaluated for three different return
periods: 475, 1033, and 2475 years with 20 different soil profiles.

4.1.1 Sites used in the Analysis

The sites chosen for the analysis were selected based on the range of seismicity of each
site, as well as their distribution across the United States. Error! Reference source not found.

lists the location of these sites as well as their latitudes and longitudes.

Table 1. Locations of cities used in validation

Site Latitude | Longitude
Butte 46.003 | -112.533
Charleston 32.726 -79.931
Eureka 40.802 | -124.162

Memphis 35.149 -90.048
Portland 45,523 -122.675
Salt Lake City | 40.755 -111.898
San Francisco | 37.775 -122.418
San Jose 37.339 -121.893
Santa Monica | 34.015 -118.492
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Seattle 4753 -122.3

4.1.2 CPTLiquefY

The site-specific analysis for the full performance-based method was performed using
CPTLiquefY. CPTLiquefY was developed by a group of students at Brigham Young University.
The 2014 USGS ground motion deaggregations were used in both the full and simplified
methods.

To calculate the site-specific CSR®™, 20 soil profiles were applied at each site. The

parameters associated with these soil profile are presented in Figure 4-1.
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Figure 4-1. Site-specific soil profile used to validate the simplified performance-based model.



4.2 Simplified Liquefaction Triggering Model Validation

For the Boulanger and Idriss (2014) model, several validation studies were conducted. In
Section 3.3.2.6, the use of different MSF versions was discussed. Therefore, there are several

plots shown in Figure 4-2, Figure 4-3, and Figure 4-4 to demonstrate the effect of ACSR,,- on

the simplified method and to help the user decide which MSF version to use in the simplified
calculations. Overall, regardless of which MSF version is used, the plots indicate a strong
relationship between the simplified and full performance-based procedure. Note: In the
computational tool CPTLiquefY, FS_ was not capped, which resulted in very large numbers.

However, for plotting purposes, FS, was capped at 3.

4.2.1 2014 MSF without Correction

Originally, it was only intended to use the 2014 MSF (with no corrections) for the
simplified method. However, once the validation of the Boulanger and Idriss (2014) model was
completed, there was much more scatter in the data than anticipated. This is most noticeable in
the FS__ plot (Figure 4-3b). Upon further study, a bias based on return period and magnitude was
observed and a correction function was created. Overall, the approximation follows a 1:1 trend
and has a minimum R? of 0.9. The Qreq €Xhibits the poorest fit among all the parameters. It was
observed that lower seismicity areas (i.e. Butte and Charleston) contributed to the scatter seen in
Figure 4-3e for lower values of g However, without the correction, using the uncorrected 2014

MSF still results in a good simplified approximation of full performance-based results.

4.2.2 2014 MSF with Correction

After the correction function (Equation (35) was applied to CSR®™, the general fit and
scatter of the simplified method improved. While qyeq still exhibited the lowest R? (0.9338), the
fit was also slightly improved. By applying the correction to CSR®*, the simplified method more
closely approximates full performance-based results. However, there are several things to note
when using the correction. In Figure 4-4d and Figure 4-4e, there are data points that fall further
from the 1:1 trendline. From a preliminary study, it was observed that these points came from
Butte at the 475-year return period which also correlates to the lowest magnitude (M\=6.24)
included in this study. It is possible that this correction is not a good fit for low seismicity areas
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at low return periods, but further studies to address this specific question must be conducted.
Overall, by applying the correction function to CSR™® the simplified method better
approximates the full-performance-based results than using the 2014 MSF without the

correction.

4.2.3 2012 MSF Plot

When the 2012 MSF is incorporated into the simplified method, there is noticeably less
scatter and a higher R* when compared to the other plots. The most noticeable improvement from
the uncorrected 2014 MSF plot (Figure 4-3) is the greq. When using the 2012 MSF the simplified
approximation of (rq exhibits much less scatter for lower values of Qg . The purpose of
conducting a validation study using the 2012 MSF is to show the effect of the MSF on the
simplified method and to show that the 2012 MSF is still a valid option to use in simplified

calculations.

4.2.4 Ku et al. (2012) Plot

In Figure 4-5 the comparison plots for the simplified Ku et al. (2012) model are shown.
Remembering Section 3.3.3, the Robertson and Wride (2009) model does not define qreq values
greater than 160. Thus, the Boulanger and Idriss (2014) equations have been used. For the CSR
plot (Figure 4-5e), the simplified Boulanger and Idriss (2014) values of CSR were used when Qreq

was greater than 160. For this plot, the CSR® was used (the corrected CSR®™ when using

‘corrected

2014 MSF). With an overall average R? = 0.993, the Ku et al. (2012) simplified procedure

closely approximate full performance-based results.
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4.3 Simplified Post-liquefaction Free-field Settlement Model Validation

4.3.1 Site Profiles

A full performance-based analysis was performed for 20 different soil profiles in 10
different cities across the United States. The simplified procedure was performed for these soil
profiles using both the Boulanger and Idriss (2014) and Ku et al. (2012) models as explained in

Section 3.5. All of the analyzed profiles had an assumed water table at the ground surface.

4.3.2 VValidation of the Simplified Settlement Method Using Boulanger and Idriss (2014) Model

Individual sub-layer strains and post-liquefaction settlements were computed using both
the full performance-based method and the simplified procedures summarized in Section 3.5.1.
The total settlements from both procedures were plotted against each other. The results can be
seen in Figure 4-6 . The full performance-based results are plotted on the x-axis and the
simplified method results are plotted on the y-axis. Ideally, the plotted values should line up on a

1:1 (i.e., 45-degree angle) line.
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Figure 4-6. Boulanger and Idriss (2014) Performance-Based Total Settlement vs. Simplified
Settlement Separated by Return Period.

Figure 4-6 shows that the trendlines have slopes ranging from 0.9779 to 1.0188 for the
three return periods of interest, and R? values from 0.9872 to 0.9961. The simplified method is
able to closely estimate the total ground surface settlements within 4cm error, especially when no
more than 30 cm of total settlement is predicted. Larger errors (i.e., 10cm) are observed in

predicted total settlement greater than 30 cm.

4.3.3 Validation of the Simplified Settlement Method Using Ku et. al (2012) Model

The full performance-based results were also plotted against the simplified method with
the Ku et. al (2012) triggering model. The results are presented in Figure 4-7. Again, an ideal fit

would be a 1:1 slope trend in the data.
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Figure 4-7. Ku et. al (2012) Performance-Based Total Settlement vs. Simplified Settlement
Separated by Return Period.

Figure 4-7 shows that a general 1:1 trend is also found with the Ku et. al (2012)
triggering method. The lowest R? value among all three return periods is 0.9726, indicating a
close relationship between the performance-based method and the simplified method. Overall,
the simplified method estimates the performance-based method with less than 8 cm error for all

return periods and settlement ranges.

4.3.4 Comparison of Using Pseudo-Probabilistic Results and Semi-Probabilistic Results to

Obtain the Correction Factor

Pseudo probabilistic results are used to obtain the correction factor for the volumetric
strain, as shown in Equations (67) and (72). It is chosen over the semi-probabilistic method due

to its ability to minimize the errors introduced by using the simplified performance-based
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settlement method. Figure 4-8 shows the comparisons of using both the pseudo-probabilistic

method and the semi-probabilistic method. It

approximation of Ag produces less scatter in the simplified performance-based results.

is observed that pseudo-probabilistic
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Figure 4-8. Comparative Scatter Plots for Simplified and Full Performance-Based Procedures Using (a)
Semi-Probabilistic Results for B&I (2014), (b) Semi-Probabilistic Results for Ku (2012), (c¢) Pseudo-
Probabilistic Results for B&I (2014) and (d) Pseudo-Probabilistic Results for Ku (2012) to Estimate the

Correction Factor.
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4.4 Simplified Lateral Spread Displacement Model Validation

As with the settlement validation, a full performance-based lateral spread analysis and a
simplified performance- based lateral spread analysis were performed for the 20 different soil
profiles in 10 different cities across the United States. The same reference profile was used. A

ground slope of 1% was used to perform all the calculations.

4.4.1 Validation of the Simplified Lateral Spread Method Using Boulanger and Idriss (2014)
Model

Using the selected soil profiles, the lateral spread displacement was determined for each
site using the simplified and full-performance based models. When using the performance-based
approach with Boulanger and Idriss (2014) triggering model, Section 3.3.2.6 showed that a
simplified approach could better approximate probabilistic estimates of liquefaction triggering if
a correction equation for earthquake magnitude is applied. For completeness, results are
presented in this section that show lateral spread displacements computed with the correction
applied and no correction applied. These results are presented in Figure 4-9 and Figure 4-10.The
full performance-based results are plotted on the x-axis and the simplified method results are
plotted on the y-axis. Ideally, the plotted values should line up on a 1:1 (i.e., 45-degree angle)

line.
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Figure 4-10 Boulanger and Idriss (2014) with MSF Correction Full Performance-Based Lateral
Spread Displacements vs. Simplified Lateral Spread Displacements.

Both Figure 4-9 and Figure 4-10 show that all three return periods have a trend line close
to y=x. The R? value for each return period is larger than 0.9868, indicating that there is a strong
relationship between the full performance-based method and the simplified method. Overall, the
simplified method is able to predict the full performance-based method within 50cm when the
lateral displacement is less than 2m. Larger errors (i.e., 100cm) are observed when the predicted

lateral spread displacement is larger than 2m.

These figures also show that applying the magnitude correction provides a slightly less
biased approximation of the full performance-based approach. Therefore, the application of the

correction function is recommended when using the Boulanger and Idriss (2014) model.
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4.4.2 Validation of the Simplified Lateral Spread Method Using the Ku et. al (2012) Model

The full performance based results were also plotted against the simplified method with
the Ku et. al (2012) triggering model. The results are presented in Figure 4-11. Again, an ideal fit
would be a 1:1 slope trend in the data.

700
O RP=475yr .:‘(zi_lﬁoj,ff x

600 |
3 ARP=1033yr y = 1.0033x
g R? =0.9775
v
=]
B 5o | y = 0.9678x
] ORP=2475yr y=0.96
X R? =0.9763
£ %
: o
& o
3 m]
[-%
g0} mu
§ -
£ g

o)

g
E 300 | ]
3
[1°]
g ﬁmbo
a
B
@ 200 | A©
= A
z .
B
b
5

100 }

o
0
0 100 200 300 400 500 o o

Lateral Spread Displacement From Full PB Procedure (cm)

Figure 4-11 Ku et al. (2012) Full Performance-Based Lateral Spread Displacements vs.

Simplified Lateral Spread Displacements.

Figure 4-11 show that all three return periods have a trend line close to y=x. The R? value
for each return period is larger than 0.9763, indicating that the simplified method is able to
estimate the full performance-based method with some scatter. It is observed that the simplified
method generally overestimates the lateral spread displacement when the displacement is smaller

than 2m, and underestimate it when the displacement is larger than 3.5m. Overall, the
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discrepancy between the simplified method and the full performance-based method is less than

75cm for all return periods and displacement ranges.

4.4.3 Comparison of Using Pseudo-Probabilistic Results and Semi-Probabilistic Results to

Obtain the Correction Factor

Semi-probabilistic results are used to obtain the correction factor for the horizontal strain,
as shown in Equations (84) and (87). It is chosen over the pseudo-probabilistic method due to its
ability to minimize the errors introduced by using the simplified performance-based lateral
spread method. Figure 4-12 shows the comparisons of using both the pseudo-probabilistic

method and the semi-probabilistic method. It is observed that semi-probabilistic approximation

of  Ayproduces less scatter in the simplified performance-based  results.
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5.0 CONCLUSIONS

5.1 Summary

The purpose of the research performed was to provide the benefit of the full performance-
based probabilistic earthquake hazard analysis, without requiring special software, training, and
experience. To accomplish this goal, simplified models of liquefaction triggering, lateral spread
displacements, post-liquefaction settlement, and seismic slope displacements were developed
that reasonably approximate the results of full performance-based analyses. The objective of this
report was to introduce the original models used to determine earthquake hazards (i.e.
liquefaction triggering, post-liquefaction settlement, and lateral spread displacement) and
provide in-depth derivations that demonstrate the development of the simplified methods and

validate the simplified models by performing a site-specific analysis for several different sites.

5.2 Limitations and Challenges

During the production of this report, a correction for the Boulanger and Idriss (2014)
model was created for the liquefaction triggering parameter, CSR. This correction applies to the
simplified Boulanger and Idriss (2014) model when the 2014 MSF is used. Using the plots
provided, the user may use their judgment to choose which MSF version to use. It is also
important to remember that the simplified Ku et al. (2012) model uses Boulanger and Idriss
(2014) relationships to define values of greq > 160.

In the computational tool CPTLiquefy, y,. Was capped at 51.2% (Zhang et al., 2012).
Users of the simplified performance-based lateral spread procedure need to be aware that all the
lateral spread correction equations are based on the assumption that y,... does not exceed 51.2%.
Modifications to the equations may be needed if a new maximum value has been re-set.

Users of the simplified performance-based methods should be aware that the simplified

method is trying to estimate the results of a very complex procedure with a few correction
equations, errors are inevitable. In addition, even though the cities and soil profiles that have
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been selected represent a diverse combination of seismicity and soil conditions, the correction

equations may not perform as well for other locations and profiles that have not been tested.
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APPENDIX A: Supplementary Validation Data

The following tables are supplementary to the validation results of this report but are too
lengthy to include in its entirety. The complete tables are included in the supplemental Excel
Workbooks. Details needed to access these workbooks and distinguish the information will be

given in the Appendix.

Liguefaction Triggering

Table A-1-These are the values used in the calculation of CSR™ and g’ for each of the

req

ten cities in the study.

Table A-2-This is a sample table showing the validation results for the simplified
Boulanger and Idriss (2014) liquefaction triggering procedure. However, only the data for Salt
Lake City for Profile 1 is shown here.

Table A-3- This is a sample table showing the validation results for simplified Ku et al.
(2012) liquefaction triggering procedure. However, only the data for Salt Lake City for Profile 1

is shown here.

Supplemental Excel Workbooks

In each of the provided Excel Workbooks for Liquefaction Triggering, there are 11 tabs-
10 tabs are for each city included in the study and 1 tab includes the reference values as shown in
Table A-1. Each tab is named to distinguished between cities. In each tab, the name of the city is
shown again along with the name of the data being presented (i.e. Simplified Boulanger & Idriss
(2014)). Beneath the title, there are 20 tables corresponding to the 20 profiles, each similar to the
one shown in in Table A-2. The Profile # is clearly labeled at the top of each table and along the
left hand side.

Each Excel Workbook is named to clearly identify what data is being presented. For
reference, the following list will list each workbook and its name and a short description of what
is included. The same information that will be shown below is also provided in the

corresponding workbooks:
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-Boulanger&Idriss(2014) FullPB-This workbook contains the full probabilistic results of the

liquefaction triggering procedure for the Boulanger and Idriss (2014) model.

-Simplified_Boulanger&Idriss(2014) 2012MSF-This workbook contains the results for the
simplified Boulanger and Idriss (2014) model if the 2012 MSF is used.

-Simplified_Boulanger&Idriss(2014) 2014MSF_Corrected-This workbook contains the results
for the simplified Boulanger and Idriss (2014) model if the 2014 MSF is used AND the

correction for CSR*™ is used.

-Simplified_Boulanger&Idriss(2014)_2014MSF_NOCorrection-This workbook contains the
results for the simplified Boulanger and Idriss (2014) model if the 2014 MSF is used and NO
CORRECTION is applied to CSR*™

-Kuetal(2012)_Simplified-This workbook contains the results for the simplified Ku et al. (2012)
model.

-Kuetal(2012) FullPB-This workbook contains the full probabilistic results of the liquefaction
triggering procedure for the Ku et al. (2012) model.

Post-L iquefaction Settlement

Table A-4- This is a sample table showing the validation results for the simplified post-
liquefaction settlement using the pseudo-probabilistic approach to approximate the correction

factor. Only the data for Salt Lake City for Profile 1 is shown here.

As with the triggering section, there are 10 tabs in each of the workbook. Each tab is
named after the city that has been analyzed in the study. All 20 profiles are shown in each tab,
similar to the one shown in in Table A-4. The Profile # is clearly labeled along the left hand side,
followed by the return period. Results from both Boulanger and Idriss (2014) and Ku et al.
(2012) triggering procedures are shown on the table.

Each Excel Workbook is named according to what data is being presented. For reference,

a list of these workbooks and a short description is included:

82



- Settlement_semi- the simplified and performance-based results of post-liquefaction settlement

using semi-probabilistic result to obtain the correction factor.

-Settlement_Pseudo-This workbook contains the simplified and performance-based results of
post-liquefaction settlement using pseudo-probabilistic approximation to obtain the correction

factor.

Lateral Spread Displacement

Table A-5- This is a sample table showing the validation results for the simplified post-
liquefaction lateral spread displacement using the semi-probabilistic approach to approximate the
correction factor. A MSF correction equation is applied to the Boulanger and Idriss (2014)

triggering model. Only the data for Salt Lake City for Profile 1 is shown here.

As with the settlement section, there are 10 tabs in each of the workbook. Each tab is
named after the city that has been analyzed in the study. All 20 profiles are shown in each tab,
similar to the one shown in in Table A-5. The Profile # is clearly labeled along the left hand side,
followed by the return period. Results from both Boulanger and Idriss (2014) and Ku et al.
(2012) triggering procedures are shown on the table.

Each Excel Workbook is named according to what data is being presented. For reference,

a list of these workbooks and a short description is included:

- Lateralspread_semi- the simplified and performance-based results of post-liquefaction
settlement using semi-probabilistic result to obtain the correction factor. MSF Correction is not

applied to the Boulanger and Idriss (2014) procedure.

- Lateralspread_semi_MSF- the simplified and performance-based results of post-liquefaction
settlement using semi-probabilistic result to obtain the correction factor. MSF Correction is

applied to the Boulanger and Idriss (2014) procedure.
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-Lateralspread_Pseudo-This workbook contains the simplified and performance-based results of
post-liquefaction settlement using pseudo-probabilistic approximation to obtain the correction
factor.

Table A 1. Reference values for the Simplified Liquefaction Triggering Procedures

Ta=475 Tr= 1033 Ta=2475

S ae™ WO \iinr PaA B | ¥ BOR M PGA Ry | 0T %O ninar PG4
[Kuetal] [B&I] [Kuetal] [B&I] N [Kuetal] [B&I] d

Butte 39884 12808 624 0084 16 | sii15 18748 625 0126 1589 | 111901 27308 625 0.19 12
Chadeston | 96541 23512 631 0233 1367 | 152305 47955 659 0464 1136 | 179444 86742 677 0825 L1
Eureka 185801 113269 781 0707 11 | 196671 12287 789 10m 11 | 20s618 302481 796 1405 11
Memphis | 101775 22928 673 0203 1307 | 150782 43454 684 0371 20 | 176641 7784 688 0609 11

Portland | 112232 25163 735 0176 1447 | 146033 42359 747 028 132 | 173085 6861 755 0426 1174
SaltlakeCity | 121323 28684 674 0234 1366 | 165789 53716 678 0446 1154 | 179351 86424 638 0.710 11
SenFrancisco | 171354 64373 728 0423 L177 | 181166 92965 736 0361 11| 1800357 131228 743 0736 11
SanjJose | 175433 74413 693 0514 11| 13401 102035 698 663 11| w0477 w0507 704 082 11
SantaMonica | 167269 56264 67 0437 1163 | 178635 84025 679 0607 11 | 187808 124474 689 o8t 11
Seattle 148733 4499 696 0327 1273 67105 701 0474 1126 | 182114 96663 705 0685 11
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Table A 2. Sample Table for Simplified Boulanger and Idriss (2014) Liquefaction Triggering

Procedure Results

Salt Lake Cit Simplified PB- Boulanger and Idriss (2014)
y Using 2014 MSF (WITH correction)
[ PROFILE 1 TR=475 Ta=1033 Ta= 2475
Depth (m) | gemve: site Gre %CSR™ FS; Py A7 G reg %CSR™® FSy Py gy Greg %CSR™ FSg Py Ay

0.1 5942 176.120 67.032 0.181 1.000 -116.700 187.435 105576 0.115 1.000 -128.015 194.885 161.505 0.075 1.000 -135.465
0.2 9029 170,588 56.532 0.272 0.995 -80.298 183.725 89.156 0.172 1.000 93435 192,199 136478 0.113 1.000 -101.909
0.3 90.36 168.989 54.052 0.286 0.993 -78.129 182.651 85.251 0.181 1.000 -91.791 191.432 130.503 0.118 1.000 -100.572
0.4 7244 169.884 55414 0.241 0.998 -07.444 183.231 87.319 0.153 1.000 -110.791 191.838 133.610 0.100 1.000 -119.393
0.5 58.15 171120 57404 0.209 0.999 -112.970 184.053 90415 0.133 1.000 -125.903 192424 138315 0.087 1.000 -134.274
0.6 75.27 170.694 56.704 0.240 0.998 -05.424 183.781 89.366 0.153 1.000 -108.511 192233 136.751 0.100 1.000 -116.963
07 70.88 170.908 57.054 0.231 0.998 -100.028 183.921 89.904 0.147 1.000 -113.041 192333 137565 0.096 1.000 -121453

0.8 110.02 168.366 53.141 0.349 0.981 -58.346 182.269 83.938 0221 0.999 72249 191.174 128588 0.144 1.000 -81.154

0.9 109.93 167.518 51.945 0.357 0.979 -57.588 181.700 82.050 0.226 0.998 71770 190.771 125.696 0.148 1.000 -80.841
1 89.08 168.034 52.666 0.289 0.993 -78.954 182.010 83.067 0.183 1.000 -92.930 190.977 127.162 0.120 1.000 -101.897

11 9341 167.381 51757 I]BD-S 0.991 -73.971 181 STD 816?7 0.193 DDD_Q -88.169 190.674 125.021 0.126 1.000 -97.264

1.2 103.36 166.481 50551 0.343 0.983 -63.121 180.993 79.810 0217 0.999 77.633 190.266 122237 0.142 1.000 -36.906

13 121.41 164.8336 48475 0.439 0.%48 -43.426 179.932 76.656 0.278 0.994 -58.522 189.534 117.500 0.181 1.000 -68.124

14 187.41 156.208 39770 3.061 0.014 31.202 174.423 63444 1919 0.099 12.987 185793 97.678 1.246 0.332 1.617

1.5 254 155.636 39.296 658467 0.000 98.364 174.043 62.688 412757 0.000 79.957 185.531 96.515 268.090 0.000 68469

1.6 208.38 155.215 38952 9.827 0.000 53.165 173.762 62.142 6.160 0.000 34618 185.337 95.676 4.001 0.003 23.043

17 136.23 161.867 45.108 0.592 0.850 -25.637 177.990 71452 0.374 0.974 41760 188.192 109.616 0.244 0.997 -51.962
18 8219 165.344 49.100 0.293 0.992 -83.154 180.199 77426 0.186 1.000 -98.009 189.695 118515 0.121 1.000 -107.505
19 B86.78 165.102 48.800 0.306 0.990 -78.322 180.043 76.975 0.194 0.999 -03.263 189.588 117.340 0.127 1.000 -102.308
2 78.64 165.467 49253 0.284 0.994 -86.827 180.278 77.658 0.180 1.000 -101.638 189.750 118.863 0.118 1.000 -111.110
21 72.06 165.757 49.617 0.268 0.995 -93.697 180.465 78212 0.170 1.000 -108.405 189.880 119.695 0.111 1.000 -117.820

22 5946 166.142 50.109 0.242 0.998 -106.682 180.714 78.957 0.153 1.000 -121.254 190.051 120311 0.100 1.000 -130.591
3 74.69 165.914 49817 0.272 0.995 -91.224 180.575 78.540 0.173 1.000 -105.885 189.958 120.206 0.113 1.000 -115.268
24 64.93 166.511 50.590 0.249 0.997 -101.581 180.968 79.732 0.158 1.000 -116.038 190.232 122.010 0.103 1.000 -125.302
25 47.1 166.984 51218 0.215 0.999 -119.834 181.275 30.688 0.137 1.000 -134.175 190.446 123449 0.089 1.000 -143.346

2.6 7217 166.470 50535 0.264 0.996 -04.300 180.948 79.670 0.167 1.000 -108.778 190.221 121935 0.109 1.000 -118.051
27 7397 166.499 50.574 0.267 0.995 -92.529 180.970 79739 0.169 1.000 -107.000 190.238 122.045 0.111 1.000 -116.268
28 72.06 166.563 50.657 0.263 0.996 -04.503 181.011 79.866 0.167 1.000 -108.951 190.266 122.238 0.109 1.000 -118.206

29 128.35 163.409 46.801 0.502 0.913 -35.059 179.006 74.000 0317 0.988 -50.656 188.896 113.629 0.207 0.999 -60.546

3 185.73 155.814 39442 2.862 0.019 29916 174.170 62.939 1793 0.124 11.560 185.621 96.915 1.165 0.382 0.109

31 1885 155514 39.195 3.265 0.010 32,986 173.974 62,553 2.046 0.079 14526 185.487 96.327 1.329 0.287 3.013

32 1885 155.355 39.066 3.276 0.010 33.145 173.869 62.349 2.053 0.078 14.631 185416 96.014 1.333 0.285 3.084

33 175.46 157.029 40471 1.841 0.114 18431 174.931 64479 1155 0.388 0.529 186.130 99.209 0.751 0714 -10.670

34 105.28 164.313 47.849 0.369 0.976 -59.033 179.557 75.596 0.234 0.998 <74.277 189.262 115.823 0.152 1.000 -83.982

35 104.73 164.271 47799 0.367 0.976 -59.541 179.528 75517 0.233 0.998 74798 189.242 115701 0.152 1.000 -84.512

36 118.28 163.293 46.669 0.433 0.%48 -45.013 178.906 73.820 0.277 0.994 -60.626 188.817 113.168 0.181 1.000 -70.537

T 113.74 163.508 46.914 0.413 0.960 -49.768 179.039 74.178 0.261 0.996 -65.299 188.907 113.695 0.170 1.000 75.167

38 126.17 162,520 45311 0.497 0.917 -36.350 178.412 72524 0314 0.939 52242 188.480 111.229 0.205 0.999 -62.310

39 120.46 162.900 46.229 0.455 0.%40 -42.440 178.651 73.146 0.288 0.993 -58.191 188.642 112.151 0.188 1.000 -68.182

4 99.09 164.209 47726 0.348 0.981 -65.119 179.479 75.381 0.221 0.999 -80.389 189.205 115476 0.144 1.000 -90.115
4.1 7151 165.260 48905 0.270 0.995 -93.750 180.145 77.271 0.171 1.000 -108.635 189.659 118.286 0.112 1.000 -118.149
42 60.88 165.699 49544 0.247 0.997 -104.819 180.432 78.113 0.157 1.000 -119.552 189.858 119.556 0.102 1.000 -128.978

43 89.53 164.556 48.138 0.317 0.938 -75.026 179.698 75.991 0.201 0.999 -00.168 189.353 116.381 0.131 1.000 -99.823
44 79.95 164.887 48537 0.291 0.993 -84.937 179.907 76.585 0.185 1.000 -99.957 189.496 117.263 0.121 1.000 -109.546
45 76 164.981 48.652 0.282 0.994 -88.981 179.966 76.755 0.179 1.000 -103.966 189.536 117513 0.117 1.000 -113536
4.6 82.19 164718 43.334 0.298 0.992 -82.528 179.799 76.277 0.189 1.000 -97.609 189.421 116.300 0.123 1.000 -107.231

47 108.07 163.345 46.729 0.389 0.969 -55.275 178.925 73872 0.246 0.997 -70.855 188.825 113215 0.161 1.000 -80.755

4.8 99.09 163.769 47.214 0.352 0.930 -64.679 179.191 74590 0.223 0.998 -80.101 189.005 114279 0.145 1.000 -89.915
4.9 79.95 164.684 48202 0.293 0.992 -34.734 179.775 76.210 0.186 1.000 -09.825 189.405 116.697 0.121 1.000 -109.455
5 83.96 164.403 47.956 0.304 0.991 -80.443 179.593 75.698 0.193 0.999 -95.633 189.279 115926 0.126 1.000 -105.319

5.1 92.16 163.881 47.342 0.330 0.936 -71.721 179.256 74766 0.209 0.999 -87.096 189.047 114528 0.136 1.000 -06.887
P 52 87.06 164.191 47706 0.314 0.939 -77.131 179.457 75.320 0.199 0.999 -92.397 189.186 115.361 0.130 1.000 -102.126
X 53.14 166.050 49991 0.231 0.998 -112.910 180.672 78.830 0.146 1.000 -127.532 190.028 120.661 0.006 1.000 -136.888
R 54 56.09 166.007 49936 0.236 0.998 -109.917 180.646 78751 0.150 1.000 -124.556 190.011 120.547 0.098 1.000 -133921
25 61.37 165.868 49758 0.247 0.997 -104.498 180.556 78483 0.156 1.000 -119.186 189.949 120.147 0.102 1.000 -128.579
O 5.6 62.5 165.860 49.748 0.249 0.997 -103.360 180.553 78474 0.158 1.000 -118.053 189.948 120137 0.103 1.000 -127.448
5.7 9141 164.195 47710 0.325 0.987 -72.785 179.471 75.359 0.206 0.999 -88.061 189.200 115445 0.134 1.000 -97.790

F 58 250 153.587 37.677 422163 0.000 96413 172.715 60.179 264.307 0.000 77.285 184.630 92710 171.565 0.000 65.370
59 71.01 165.435 49212 0.268 0.995 -04.425 180.278 77.658 0.170 1.000 -109.268 189.757 118911 0.111 1.000 -118.747
I 6 83.36 164.728 48.345 0.300 0.991 -81.368 179.819 76.335 0.190 0.999 -96.459 189.441 116.920 0.124 1.000 -106.081
6.1 75.28 165.188 43.907 0.279 0.994 -89.908 180.119 77.194 0.177 1.000 -104.839 189.648 118.216 0.115 1.000 -114.368
L 6.2 6778 165.608 49429 0.261 0.996 -97.828 180.394 78.000 0.165 1.000 -112.614 189.839 119434 0.108 1.000 -122.059
6.3 8437 164.728 48.345 0.303 0.991 -80.358 179.823 76.347 0.192 0.999 -95453 189.445 116.947 0.125 1.000 -105.075
E 6.4 81.2 164.377 48526 0.294 0.992 -83.677 179.920 76.622 0.186 1.000 -98.720 189,512 117.361 0.122 1.000 -108.312
6.5 75.67 165.163 43.875 0.230 0.994 -89.493 180.106 77.157 0.177 1.000 -104.436 189.640 118.167 0.116 1.000 -113.970

6.6 09244 164.124 47.626 0.329 0.936 -71.684 179.434 75.254 0.208 0.999 -86.994 189.177 115.306 0.136 1.000 -96.737

1 6.7 09942 163.570 46.984 0.355 0.930 -64.150 179.076 74277 0.225 0.998 -79.656 188.931 113837 0.147 1.000 -89.511
6.8 107.06 162915 46.247 0.389 0.969 -55.855 178.654 73.155 0.246 0.997 -71.594 188.642 112.153 0.160 1.000 -81.582

6.9 107.95 162795 46.113 0.394 0.967 -54.845 178.577 72.953 0.249 0.997 -70.627 188.589 111.348 0.162 1.000 -80.639

7 1028 163.196 46.561 0.370 0.975 -60.396 178.835 73.633 0.234 0.998 -76.035 188.766 112.871 0.153 1.000 -85.966

T 1122 162.320 45504 0417 0.958 -50.120 178.2711 72.162 0.264 0.996 -66.071 188.379 110.660 0.172 1.000 <76.179

7:2 110.33 162449 45734 0.407 0.962 -52.119 178.354 72375 0.257 0.996 -68.024 188.436 110.980 0.168 1.000 -78.106

7.3 9473 163.671 47.101 0.339 0.934 -68.941 179.141 74453 0.215 0.999 -84411 188.976 114.102 0.140 1.000 -94.246
7.4 78.89 164.596 48.186 0.291 0.993 -85.706 179.738 76.105 0.184 1.000 -100.848 189.386 116.585 0.120 1.000 -110496
25 78.02 164.627 43.223 0.289 0.993 -86.607 179.759 76.163 0.183 1.000 -101.739 189.401 116.673 0.119 1.000 -111.381
76 89.06 163.977 47454 0.321 0.988 -74.917 179.339 74.994 0.203 0.999 90.279 189.112 114917 0.132 1.000 -100.052

2T 9376 163.619 47.041 0.337 0.934 -69.859 179.109 74365 0.213 0.999 -85.349 188.954 113.972 0.139 1.000 -95.194
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78 106.99 162569 45.865 0.392 0.968 -55.579 178.433 72579 0248 0.997 71443 188401 111.288 0.162 1.000 -81.501
79 107.99 162430 45714 0.397 0.966 -4.40 178.343 72347 0251 0.997 -70.353 188429 110.940 0.164 1.000 -80439
8 110.09 162219 45485 0.409 0.962 -52.129 178.207 72.001 0.258 0.996 -68.117 188.336 110421 0.168 1.000 -78.246
81 117.63 161477 44.699 0454 0.1 -43.847 177.731 70.807 0.287 0.993 -60.101 188.011 108.629 0.187 1.000 70381
82 9455 163326 46707 0.342 0.983 -68.776 178.919 73856 0216 0.999 -84.369 188.823 113.205 0.141 1.000 94273
83 7655 164.301 47.835 0.288 0.993 -87.751 179.547 75.568 0.182 1.000 -102.997 189.254 115775 0.119 1.000 -112704
84 94.67 163225 46.593 0.343 0.983 -68.555 178.853 73.681 0217 0.999 -34.183 183778 112942 0.141 1.000 94.108
85 8202 163927 47.397 0.303 0.991 -81.907 179.305 74.901 0.192 0.999 -07.285 189.088 114771 0.125 1.000 -107.068
8.6 91.67 163320 46.700 0.333 0.985 -71.650 178.914 73842 0211 0.999 -87.244 188.819 113.181 0.137 1.000 £97.149
87 87.28 163512 46.918 0.320 0.988 -76.232 179.036 74.170 0.202 0.999 -91.756 188.903 113673 0.132 1.000 -101.623
838 80.87 163.207 46.674 0.328 0.986 -73.427 178.898 73799 0.208 0.999 -80.028 188.808 113115 0.135 1.000 08,038
89 0549 162884 46.211 0.348 0.981 -67.394 178.632 73.006 0220 0.999 -83.142 188.625 112059 0.144 1.000 03135
9 93.12 162959 46.296 0.340 0.933 -69.839 178.679 73221 0.215 0.999 -85.559 188.658 112.244 0.140 1.000 -95.538
9.1 91.04 163015 46358 0.334 0.985 -71.975 178.714 73313 0211 0.999 -87.674 188.681 112.380 0.138 1.000 £07.641
92 9851 162462 45749 0.361 0.978 -63.952 178.358 72387 0228 0.998 -79.848 188438 110.990 0.149 1.000 -80.928
9.3 9.9 162307 45.580 0.368 0.976 -62.407 178.258 72130 0232 0.998 78.358 188.369 110.603 0.151 1.000 -88.460
04 94.11 162617 45917 0.346 0.982 -68.507 178.456 72638 0219 0.999 -84.346. 188.504 111.363 0.143 1.000 04394
95 834 163.151 46.509 0.312 0.989 -79.751 178.797 73532 0.198 0.999 95307 188737 112701 0.129 1.000 -105.337
9.6 8221 163132 46489 0.310 0.990 -80.922 178.784 73498 0.196 0.999 -06.574 188728 112.647 0.128 1.000 -106.518
97 88.02 162747 46.061 0.328 0.986 -MI7 178.536 72847 0.207 0.999 -00.516 188.557 111.669 0.135 1.000 -100.537
038 81.23 163.024 46.368 0.308 0.990 -81.794 178.713 73310 0.195 0.999 -07483 188.678 112361 0.127 1.000 -107.448
2.9 7541 163217 46.583 0.203 0.992 -87.807 178.835 73634 0.185 1.000 -103425 188761 112844 0.121 1.000 -113.351
10 80.34 162924 46.257 0.307 0.990 -82.584 178.647 73.137 0.194 0.999 -08.307 188.632 112,097 0.127 1.000 -108.292
101 109.95 160,977 44.183 0.420 0.957 -51.027 177.399 69.997 0.265 0.996 -67.449 187.781 107.392 0.173 1.000 77831
102 101.88 161,520 44744 0.382 0.972 -59.640 177.746 70843 0241 0.998 75.866 188.017 108.657 0.157 1.000 -86.137
103 88.26 162297 45.569 0.332 0.985 -74.037 178.242 72088 0210 0.999 -80.082 188.354 110,520 0.137 1.000 -100.094
104 92.16 162.001 45251 0.35 0.982 -69.841 178.051 71.605 0218 0.999 -85.801 188.224 109.794 0.142 1.000 06.064
105 106.86 160,938 44.143 0.407 0.962 -54.078 177.370 69.928 0257 0.996 <70.510 187.760 107.280 0.167 1.000 -80.900
106 105.41 160.955 44.161 0.400 0.965 -55.545 177.380 69.951 0253 0.997 -71.970 187.766 107.312 0.165 1.000 -82.356
107 250 148271 34.003 467.782 0.000 101.729 169.230 54412 202323 0.000 80770 182.259 83.003 189.574 0.000 67741
108 70.69 162730 46.041 0.286 0.993 -02.040 178.514 72790 0.181 1.000 -107.824 188.538 111.560 0.118 1.000 -117.848
109 73.69 162579 45876 0.294 0.992 -88.839 178418 72.540 0.186 1.000 -104728 188473 111.187 0.121 1.000 -114783
11 66.83 162837 46.159 0.277 0.994 -06.007 178.584 72972 0.175 1.000 -111.754 188587 111.837 0.114 1.000 -121.757
111 65.53 162,921 46.253 0.274 0.995 -07.391 178.641 73120 0173 1.000 -13111 188.626 112,063 0.113 1.000 -123.006
112 69.34 162766 46.081 0.283 0.994 -93.426 178.542 72861 0179 1.000 -109.202 188.559 111.676 0117 1.000 -119.219
113 69.17 162743 46.055 0.283 0.994 -93.573 178.527 72823 0179 1.000 -109.357 188.549 111.620 017 1.000 -119.379
114 250 148618 34223 464778 0.000 101.382 169.472 54780 290361 0.000 80528 182429 84482 188.274 0.000 67571
115 6745 162759 46.074 0.279 0.994 -95.309 178.539 72854 0.176 1.000 -111.089 188,557 111.668 0.115 1.000 -121.107
116 6574 162816 46.137 0.775 0.995 -97.076 178.576 72952 0.174 1.000 -112.336 188.584 111.818 0.113 1.000 -122.844
117 6441 162879 46.206 0.272 0.995 -08.469 178.619 73.062 0172 1.000 -114.209 188.613 111.987 0.112 1.000 -124.203
118 6377 162913 46.244 0.270 0.995 -99.143 178.642 73122 0.171 1.000 -114872 188.629 112,080 0.112 1.000 -124.859
119 250 148915 34412 462218 0.000 101.085 169.678 55.004 288702 0.000 80.322 182573 84.977 187.179 0.000 67427
12 64.84 162887 46.215 0.273 0.995 -08.047 178.628 73.086 0.172 1.000 -113.788 188.621 112.031 0.113 1.000 -123781
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Table A 3. Sample Table for Simplified Ku et al. (2012) Liquefaction Triggering Procedure

Results

Salt Lake Cit Simplified PB-Ku et al. (2012) [Probabilistic Robertson and Wride (2009)]
Y (Using 2014 MSF w/ Correction for Boulanger and Idriss (2014) CSR)
PROFILE 1 Tr=475 Tr= 1033 Ta= 2475

Depth (m) | gemessite e %CSR™ FS; Py A g [ %CSR™® FSy Py Agp ey %CSR™ FS; Py Ay
0.1 5942 157.761 49.296 0.180 1.000 -121.551 176.859 105.576 0.102 1.000 -140.649 188.155 161.505 0.064 1.000 -151.945
0.2 90.29 153.896 46.396 0.294 0.999 -76.436 173.431 89.156 0.178 1.000 -96.021 185.067 136478 0.112 1.000 -107.657
03 90.36 152706 45532 0.324 0.998 -69.736 172.376 85.251 0.200 1.000 -89.406 184.116 130503 0.127 1.000 -101.146
04 7244 152935 45.698 0.210 1.000 -108.765 172.579 87.319 0.129 1.000 -128.409 184.299 133610 0.082 1.000 -140.129
05 58.15 153.671 46.232 0.197 1.000 -114.911 173.232 90415 0.120 1.000 -134.472 184.887 138315 0.076 1.000 -146.127
0.6 7527 153632 46.203 0.201 1.000 -112.882 173.197 89.366 0.122 1.000 -132447 184.856 136751 0.077 1.000 -144.106
07 70.88 153721 46.263 0.199 1.000 -113.681 173.276 39.904 0.121 1.000 -133.236 184.927 137.565 0.076 1.000 -144.887
0.8 110.02 152.986 45734 0.460 0.972 -47.186 172.624 83.938 0.283 0.999 -66.824 184.340 128588 0.179 1.000 -78.540
09 109.93 152372 45292 0.631 0.845 -28.232 172.080 82.050 0.391 0.991 47.940 183.849 125.696 0.248 1.000 -59.709
1 89.08 152.007 45.031 0.549 0.921 -36.557 171.755 83.067 0.342 0.997 -56.305 183.557 127.162 0.217 1.000 -68.107

it g 9341 146.065 40953 0.651 0.822 -26.035 171.459 81.657 0373 0.994 -51429 183201 125.021 0.237 3" ﬁ] -63.261
153 103.36 145.400 40517 0.592 0.334 -31.760 171.207 79.810 0338 0.997 -57.567 183.063 122237 0.215 1.000 -69.423
13 121.41 144.649 40.029 0.707 0.756 -21.099 170.921 76.656 0403 0.989 47.371 182.806 117.500 0.257 1.000 -59.256

14 187.41 143709 30425 30818 0.000 79.211 170.560 63444 17.510 0.000 52.360 182481 97.678 11.178 0.000 40439
15 254 142972 38.957 5.81E+06 0.000 162.518 170.276 62.688 3.29E+06 0.000 135214 182225 96.515 2.10E+06 0.000 123.265

1.6 208.33 142443 38.624 354.807 0.000 105.407 170.071 62.142 200763 0.000 77779 182.040 95.676 128413 0.000 65810

17 136.23 142,159 38447 1.374 017 19.651 169.961 71452 0777 0.665 -8.151 181.941 109.616 0.497 0.954 -20.131
18 82.19 142,149 38440 0.478 0.964 -44.789 169.957 77426 0.270 1.000 72597 181.937 118515 0.173 1.000 -84.577
19 86.78 142.075 38.394 0.449 0.976 -48.725 169.928 76.975 0.254 1.000 76.578 181.912 117.340 0.162 1.000 -88.562
& 78.64 142.217 38482 0.318 0.998 -73.217 169.983 77.658 0.180 1.000 -100.983 181.961 118.863 0.115 1.000 -112.961
21 7206 142.397 38595 0.394 0.990 -57.217 170.053 78212 0223 1.000 -34.873 182.024 119.695 0.143 1.000 -96.344
2.2 5946 142,584 38712 0.293 0.999 -30.264 170.126 78957 0.166 1.000 -107.806 182.000 120811 0.106 1.000 -119.770
23 74.69 142851 38.880 0.227 1.000 -107.401 170.229 78.540 0128 1.000 -134.779 182183 120.206 0.082 1.000 -146.733
24 64.93 143457 30.264 0.193 1.000 -121.447 170.463 79732 0.109 1.000 -148.453 182,393 122,010 0.070 1.000 -160.383
25 47.1 143787 30475 0.263 1.000 -90.957 170.590 80.688 0.149 1.000 -117.760 182.508 123449 0.005 1.000 -120.678
26 7217 143767 39.461 0.362 0.995 -62.957 170.582 79.670 0.206 1.000 -89.772 182501 121935 0.131 1.000 -101.691
27 7397 143941 39573 0.232 1.000 -104.591 170.649 79739 0.132 1.000 -131.299 182561 122,045 0.084 1.000 -143.211
238 72.06 144.001 39611 0.383 0.992 -50.041 170.672 79.866 0218 1.000 -85.712 182582 122238 0.139 1.000 97.622
29 12835 143.863 39523 1.070 0.316 4217 170.619 74.090 0.608 0.868 -22539 182534 113.629 0.338 0.991 -34.454

3 185.73 143.624 39.370 5.900 0.000 54.656 170.527 62939 3.351 0.000 27753 182451 96.915 2.140 0.007 15.829

31 1885 143420 39.241 5.292 0.000 52780 170.449 62553 3.004 0.000 25751 182381 96.327 1.919 0017 13.319

32 1885 143.256 39.137 4.511 0.000 49794 170.386 62.349 2559 0.002 22.664 182.324 96.014 1.635 0.047 10726

35 175.46 143.069 39.018 2.814 0.001 39.651 170.314 64479 1.595 0.054 12406 182,259 90.209 1.019 0.366 0.461
34 105.28 142,901 38012 0.769 0.675 -15.951 170.249 75.596 0436 0.930 43299 182,200 115823 0.279 1.000 -55.250
35 104.73 142834 38.870 0.656 0.817 -25.474 170.223 75517 0372 0.994 -52.863 182177 115701 0.238 1.000 -64.317
36 118.28 142764 38.825 0.768 0.676 -16.034 170.195 73.820 0435 0.981 43465 182152 113.168 0.278 1.000 -55422
37 113.74 142,643 38749 0.753 0.696 -17.223 170.149 74178 0426 0.933 44729 182.110 113.695 0.273 1.000 -56.690
38 126.17 142,648 38753 0.766 0.679 -16.178 170.151 72524 0434 0.981 43.681 182112 111.229 0277 1.000 -55.642
3.9 120.46 142572 38.705 0.752 0.697 -17.282 170.121 73.146 0426 0.983 44331 182.085 112,151 0.272 1.000 -56.795

4 99.09 142,501 38.661 0.556 0.915 -35.491 170.094 75.381 0314 0.999 -63.084 182.061 115476 0.201 1.000 -75.051
4.1 7151 142487 38.652 0.368 0.994 -61.947 170.088 77.271 0.208 1.000 -89.548 182.056 118.286 0.133 1.000 -101.516
42 60.38 142528 38.677 0.300 0.999 -78.088 170.104 78.113 0.170 1.000 -105.664 182,070 119.556 0.109 1.000 -117.630
43 89.53 142491 38.654 0.454 0.974 -47.991 170.090 75.991 0.257 1.000 <75.590 182,057 116.381 0.164 1.000 -87.557
44 7995 142481 38.648 0.390 0.991 -57.921 170.086 76.585 0221 1.000 -85.526 182.054 117.263 0.141 1.000 07494
45 76 142432 38.648 0.366 0.995 -62.412 170.086 76755 0.207 1.000 -90.016 182.054 117.513 0.132 1.000 -101.984
4.6 8219 142459 38.634 0.395 0.990 -57.189 170.077 76.277 0223 1.000 -34.807 182.046 116.300 0.143 1.000 96.776
4.7 108.07 142372 38.580 0.567 0.906 -34.222 170.044 73.872 0321 0.998 -61.894 182.016 113215 0.205 1.000 73.866
48 09.09 142.279 38521 0.503 0.951 -41.599 170.007 74.590 0.284 0.999 -69.327 181.983 114279 0.182 1.000 -81.303
49 7995 142.250 38503 0.373 0.994 -61.010 169.996 76.210 0211 1.000 -88.756 181.973 116.697 0.135 1.000 -100.733
5 83.96 142.166 38451 0.456 0.973 -47.766 169.964 75.698 0.258 1.000 -75.564 181.943 115926 0.165 1.000 -87.543
51 92.16 142.101 38410 0.363 0.995 -63.071 169.938 74766 0.205 1.000 -90.908 181.921 114528 0.131 1.000 -102.891
P 52 87.06 142.079 38.396 0.319 0.998 -73.059 169.930 75320 0.180 1.000 -100.910 181.913 115361 0.115 1.000 -112.893
53 53.14 142.233 38492 0.254 1.000 -96.373 169.989 78.830 0.143 1.000 -124.129 181.967 120661 0.002 1.000 -136.107
R 54 56.09 142352 38.567 0.257 1.000 -95.012 170.036 78751 0.145 1.000 -122.696 182.009 120547 0.003 1.000 -134.669
55 61.37 142434 38.650 0.283 0.999 -83.964 170.087 78483 0.160 1.000 -111.567 182,055 120.147 0.102 1.000 -123.535
0 5.6 62.5 142,550 38.691 0.286 0.999 -82.630 170.113 78474 0.162 1.000 -110.193 182,078 120.137 0.104 1.000 -122.158
57 09141 142434 38.649 0.340 0.997 -67.884 170.087 75.359 0192 1.000 05487 182.054 115445 0.123 1.000 -107.454

F 5.8 250 142478 38.646 455.780 0.000 107.522 170.085 60.179 257927 0.000 79915 182,052 92710 164.963 0.000 67.948
59 71.01 142464 38.637 0.289 0.999 -81.714 170.079 77.658 0.164 1.000 -109.329 182.047 118911 0.105 1.000 -121.297
I 6 83.36 142,409 38.603 0.340 0.997 -67.049 170.058 76.335 0.192 1.000 -95.598 182.028 116.920 0.123 1.000 -107.568
6.1 75.28 142.396 38.595 0.274 1.000 -87.256 170.053 77.194 0.155 1.000 -114913 182024 118216 0.099 1.000 -126.334
L 6.2 67.78 142,490 38.653 0.295 0.999 -79.660 170.089 78.000 0.167 1.000 -107.259 182,057 119434 0.107 1.000 -119.227
6.3 3437 142491 38.654 0.367 0.995 -62.151 170.090 76.347 0.208 1.000 -89.750 182,057 116.947 0.133 1.000 -101.717
E 6.4 81.2 142411 38.604 0.367 0.995 -62.181 170.059 76.622 0.208 1.000 -89.829 182029 117.361 0.133 1.000 -101.799
6.5 75.67 142379 38.584 0.334 0.998 -69.359 170.046 77.157 0.189 1.000 -97.026 182018 118.167 0.121 1.000 -108.998

6.6 0244 142.330 38553 0.423 0.934 -52.500 170.027 75.254 0.240 1.000 -80.197 182.001 115.306 0.153 1.000 92171
1 6.7 09942 142252 38.505 0.481 0.963 -44.402 169.997 74277 0272 1.000 72147 181.974 113.837 0.174 1.000 -34.124
6.8 107.06 142.209 38477 0.530 0.934 -38.389 169.930 73.155 0.300 0.999 -66.160 181.958 112,153 0.192 1.000 -78.138
6.9 107.95 142121 38423 0.557 0.914 -35.361 169.946 72953 0315 0.999 -63.186 181.928 111.848 0.201 1.000 -75.168
7 1028 142,041 38.372 0.510 0.947 -40.691 169.915 73.633 0.288 0.999 -68.565 181.899 112.871 0.185 1.000 -80.549
71 1122 141.947 38314 0.603 0.873 -30.557 169.878 72162 0.340 0.997 58488 181.866 110.660 0.218 1.000 70476
i 110.33 141.855 38.257 0.584 0.891 -32.445 169.843 72375 0.330 0.998 -60433 181.835 110.980 0.211 1.000 72425
T3 9473 141.792 38217 0.447 0.977 -49.012 169.818 74453 0252 1.000 -77.038 181.812 114.102 0.162 1.000 -89.032
74 7889 141735 38.182 0.355 0.996 -64.755 169.796 76.105 0.200 1.000 -92.316 181.792 116.585 0.128 1.000 -104.812
75 78.02 141.729 38.179 0.344 0.997 -67.159 169.794 76.163 0.194 1.000 95224 181.790 116.673 0.124 1.000 -107.220
76 89.06 141.700 38.160 0.404 0.989 -55.730 169.782 74.994 0228 1.000 -83.812 181.780 114917 0.146 1.000 95810
T2 9376 141.620 38.111 0.446 0.977 -49.130 169.751 74365 0.252 1.000 <77.261 181.752 113972 0.161 1.000 -89.262
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7.8 106.99 141547 38.066 0.548 0.921 -36.297 169.722 72579 0309 0.999 64472 181726 111288 0.198 1.000 76476
2y 107.99 141458 38.011 0.566 0.907 4378 169.688 72347 0319 0.998 -62.608 181.695 110.940 0.204 1.000 714615

3 110.09 141417 37.985 0.567 0.006 4. 247 169.672 72.001 0.320 0.998 -62.502 181.680 110421 0.205 1.000 74510
81 117.63 141.363 37.952 0.647 0.827 26.253 169.651 70807 0365 0.995 54,541 181.662 108.629 0.234 1.000 66.552
82 9455 141.280 37.901 0455 0.974 47.850 169.618 73856 0257 1.000 76.188 181.632 113.205 0.164 1.000 88.202
83 7655 141.225 37.867 0.347 0.997 66,645 169.597 75.568 0.195 1.000 95017 181613 115775 0.125 1.000 -107.033
34 94.67 141.162 37.828 0451 0.975 48.422 169.572 73.681 0254 1.000 76.832 181.591 112,942 0.163 1.000 88.851
85 82.02 141110 37.796 0.373 0.994 61.250 169.551 74.901 0210 1.000 80.691 181.572 114771 0.135 1.000 -101.712
8.6 01.67 141.042 37754 0433 0.981 51.002 169.525 73842 0.244 1.000 79.575 181.548 113181 0.156 1.000 01.598
87 87.28 140.948 37.696 0.394 0.991 57.508 169.488 74.170 0222 1.000 -86.048 181515 113673 0.142 1.000 98.075
88 8087 140.869 37.648 0.3:43 0.997 67.479 169.457 73799 0.193 1.000 96.067 181487 113115 0.124 1.000 108.007
89 9549 140797 37.604 0.463 0.971 46.837 169.429 73.096 0260 1.000 75469 181.462 112.059 0.167 1.000 87.502

9 93.12 140.693 37.540 0.456 0.973 47723 169.388 73.221 0257 1.000 76418 181425 112.244 0.165 1.000 88455
9.1 91.04 140.601 37484 0.381 0.993 59.871 169.352 73313 0214 1.000 88.622 181.393 112.380 0.137 1.000 -100.663
9.2 9851 140427 37378 0.494 0.956 42.767 169.283 72387 0277 1.000 71.623 181.331 110.990 0.178 1.000 83.671
93 9.9 140229 37.258 0.500 0.953 42.019 169.206 72130 0281 1.000 70,996 181.261 110.603 0.180 1.000 83.051
04 9411 140.001 37.119 0.467 0.969 46.351 169.116. 72638 0262 1.000 75466 181.180 111.363 0.168 1.000 87.530
95 834 139.780 36.986 0.410 0.987 54.930 169.029 73532 0230 1.000 84179 181.101 112701 0.148 1.000 96.251
96 8221 139558 36.852 0.387 0.992 58.928 168,41 73498 0217 1.000 88311 181022 112647 0.139 1.000 -100.392
97 88.02 139.333 36716 0428 0.983 51.963 168.852 72847 0.240 1.000 -81482 180,942 111.669 0.154 1.000 -93.572
0.8 8123 139.120 36.589 0.387 0.992 50.040 168.767 73310 0216 1.000 88.687 180.866 112361 0.139 1.000 -100.786
09 7541 138017 36468 0.354 0.996 65.507 168.687 73634 0.198 1.000 95.367 180.793 112344 0.127 1.000 -107.473
10 80.34 138711 36.345 0.383 0.992 50.761 168.605 73.137 0214 1.000 80.655 180.720 112.097 0.138 1.000 -101.770
101 109.95 138.493 36.216 0.613 0.863 29.463 168.518 69.997 0342 0.997 59488 180.641  107.392  0.220 1.000 71611
102 101.88 138.281 36.090 0.537 0.929 37.611 168.433 70843 0.299 0.999 67.763 180.565 108.657 0.193 1.000 79.895
103 88.26 138.075 35.969 0434 0.981 51.255 168.351 72088 0242 1.000 81.531 180491 110,520 0.156 1.000 03.671
104 9216 137.861 35843 0.463 0.970 46.911 168.266 71.605 0258 1.000 77316 180414 109.794 0.166 1.000 80464
105 106.86 137.645 35717 0.589 0.836 31.875 168.179 69.928 0328 0.998 62400 180.336 107.280 0.211 1.000 74566
106 105.41 137.400 35573 0.450 0.976 48.860 168.081 69.951 0250 1.000 79.541 180.248 107.312 0.161 1.000 91.708
107 250 137.104 35453 496.320 0.000 112.806 167.998 54412 276.194 0.000 82002 180.173 83.903 178117 0.000 69.827
108 7069 137.084 35.389 0.260 1.000 97.254 167.954 72790 0.145 1.000 128124 180133 111560  0.093 1.000 140,303
109 73.69 136,943 35310 0273 1.000 92.368 167.899 72540 0.152 1.000 -123319 180.084 111.187 0.098 1.000 -135.504
11 66.83 136.004 35.285 0.209 1.000 -117.074 167.881 72972 0.116 1.000 -148.051 180.068 111.837 0.075 1.000 -160.238
111 6553 136.912 35290 0.196 1.000 -121.792 167.885 73120 0.109 1.000 152765 180.071 112.063 0.070 1.000 -164.951
112 69.34 136794 35221 0.276 1.000 01.514 167.837 72861 0153 1.000 122557 180.028 111.676 0.099 1.000 -134748
113 69.17 136.677 35.154 0271 1.000 93.327 167.790 72823 0.151 1.000 124 440 179.986 111.620 0.007 1.000 -136.636
114 250 136,562 35088 501997 0.000 113.438 167.744 54780 278458 0.000 82256 179.944 84481 179759 0000 70,056
115 6745 136476 35.038 0.246 1.000 -102.99% 167.709 72854 0.137 1.000 -134229 179.913 111.668 0.088 1.000 -146433
116 6574 136416 35.004 0.238 1.000 -106.306 167.685 72952 0.132 1.000 -137.575 179.891 111818 0.085 1.000 -149.781
117 6441 136.392 34.989 0.230 1.000 -109.052 167.675 73062 0128 1.000 140.335 179.882 111.987 0.082 1.000 -152.542
118 6377 136.353 34.967 0271 1.000 93.723 167.659 73122 0.150 1.000 -125.029 179.868 112.080 0.097 1.000 -137.238
119 250 136.204 34933 504.216 0.000 113.706 167.635 55.004 279426 0.000 82365 179.346 84977 180462 0.000 70.154
12 64.84 136.237 34901 0.239 1.000 -106.007 167.612 73.086 0.132 1.000 -137.382 179.326 112.031 0.085 1.000 -140 506
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N =

Table A 4. Sample Table for Workbook Settlement_semi

2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347
2.02347

3.62857
3.62803
3.62802
3.62830
3.62861
3.62825
3.62833
3.62782
3.62782
3.62804
3.62799
3.62788
3.62773
3.62668
3.62668
3.62668
3.62764
3.62814
3.62807
3.62819
3.62830
3.62857
3.62826
3.62845
3.62894
3.62830
3.62827
3.62830
3.62768
3.62668
3.62668
3.62668
3.62670
3.62787
3.62787
3.62775
3.62779
3.62770
3.62774
3.62793
3.62832
3.62854
3.62804
3.62817
3.62824
3.62814
3.62784
3.62793
3.62817
3.62811
3.62801
3.62807
3.62874
3.62866
3.62853
3.62850
3.62802
3.62668
3.62832
3.62812
3.62825
3.62839
3.62811
3.62815
3.62824
3.62800
3.62792
3.62785
3.62784

5.30396
2.73444
2.70107
3.98517
5.46130
3.75360
4.12056
1.72848
1.73238
2.80587
2.55676
2.04173
1.21625
0.00000
0.00000
0.00000
0.39790
3.24491
2.94604
3.49637
4.01789
5.29956
3.79965
4.68750
7.14515
4.00847
3.85841
4.01789
0.88854
0.00000
0.00000
0.00000
0.00000
1.94944
1.97587
1.35675
1.56013
0.99553
1.25894
2.25440
4.06540
5.13084
2.77951
3.40172
3.69583
3.24491
1.81824
2.25440
3.40172
3.12686
2.62710
2.92875
6.14665
5.72868
5.07421
4.94753
2.66965
0.00000
4.10900
3.16651
3.75278
4.40499
3.10009
3.31339
3.72150
2.61113
2.23759
1.86531
1.82402

34.50358

4.37913
2.79491
2.73517
3.50674
4.25840
3.40729
3.62546
2.12793
2.07957
2.61883
2.47625
2.24141
1.72953
0.00000
0.00000
0.00000
1.15049
2.79275
2.78648
3.11974
3.20206
3.84755
3.30688
3.82730
4.64550
3.27217
3.35703
3.22232
1.46801
0.00000
0.00000
0.00000
0.00000
2.08119
2.10878
1.73491
1.85075
1.50692
1.66616
2.25487
3.19940
3.74045
2.54096
2.86743
3.01673
2.78257
1.99197
2.23749
2.85733
2.70630
2.56827
2.75486
4.23840
4.06007
3.70000
3.63412
2.60157
0.00000
3.26268
2.82527
3.13619
3.36558
2.68225
2.77335
2.99219
2.39568
2.17627
1.96283
1.92643
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29.78590

Ru (2012)
Simplified Performance-based Full PB

) | de | e 8] Spiem) | & %4 ] Sp(cm)
1.24428 | 2.79380 | 5.91748 | 29.03019 | 5.41974 | 23.15782
1.24428 | 2.78063 | 2.45893 2.24863
1.24428 | 2.77968 | 2.16020 1.82082
1.24428 | 2.78987 | 4.94311 4.47430
1.24428 | 2.79242 | 5.57658 4.99014
1.24428 | 2.79143 | 5.33087 4.78028
1.24428 | 2.79177 | 5.41690 4.85429
1.24428 | 2.77670 | 0.96168 0.64715
1.24428 | 2.77503 | 0.51450 0.32778
1.24428 | 2.77576 | 0.55417 0.43857
1.24428 | 2.77536 | 0.53255 0.37034
1.24428 | 2.77592 | 0.56315 0.46108
1.24428 | 2.77508 | 0.51700 0.32351
1.24428 | 2.76332 | 0.00000 0.01235
1.24428 | 2.76332 | 0.00000 0.00000
1.24428 | 2.76332 | 0.00000 0.00000
1.24428 | 2.76486 | 0.00000 0.09346
1.24428 | 2.77766 | 1.42476 0.86319
1.24428 | 2.77817 | 1.62897 1.04614
1.24428 | 2.78230 | 2.94968 2.71282
1.24428 | 2.77933 | 2.04505 1.56942
1.24428 | 2.78387 | 3.38709 3.07672
1.24428 | 2.79424 | 6.02495 5.13722
1.24428 | 2.80508 | 8.65951 7.14800
1.24428 | 2.78662 | 4.11551 3.75639
1.24428 | 2.78004 | 2.27432 1.90184
1.24428 | 2.79212 | 5.50212 4.78571
1.24428 | 2.77937 | 2.05641 1.60992
1.24428 | 2.76668 | 0.06255 0.14626
1.24428 | 2.76332 | 0.00000 0.03016
1.24428 | 2.76332 | 0.00000 0.03199
1.24428 | 2.76332 | 0.00000 0.03527
1.24428 | 2.76367 | 0.00000 0.04932
1.24428 | 2.77476 | 0.49993 0.28326
1.24428 | 2.77559 | 0.54494 0.39232
1.24428 | 2.77483 | 0.50370 0.28486
1.24428 | 2.77493 | 0.50911 0.29716
1.24428 | 2.77485 | 0.50475 0.28692
1.24428 | 2.77494 | 0.50966 0.29822
1.24428 | 2.77657 | 0.88716 0.57416
1.24428 | 2.78008 | 2.28876 1.88501
1.24428 | 2.78335 | 3.24281 2.92804
1.24428 | 2.77802 | 1.57058 0.99330
1.24428 | 2.77943 | 2.07703 1.60544
1.24428 | 2.78016 | 2.31391 1.90757
1.24428 | 2.77932 | 2.04032 1.55346
1.24428 | 2.77646 | 0.81234 0.54816
1.24428 | 2.77726 | 1.25042 0.74419
1.24428 | 2.77996 | 2.25111 1.81708
1.24428 | 2.77803 | 1.57609 0.99469
1.24428 | 2.78034 | 2.37023 2.00557
1.24428 | 2.78229 | 2.94842 2.69875
1.24428 | 2.78917 | 4.76616 4.18382
1.24428 | 2.78858 | 4.61812 4.06848
1.24428 | 2.78489 | 3.66166 3.26092
1.24428 | 2.78451 | 3.55826 3.16451
1.24428 | 2.78115 | 2.61696 2.30925
1.24428 | 2.76332 | 0.00000 0.00000
1.24428 | 2.78428 | 3.49795 3.09622
1.24428 | 2.78118 | 2.62518 2.28218
1.24428 | 2.78589 | 3.92453 3.46585
1.24428 | 2.78374 | 3.35190 2.95352
1.24428 | 2.78012 | 2.29959 1.85694
1.24428 | 2.78014 | 2.30563 1.86029
1.24428 | 2.78146 | 2.70844 2.30714
1.24428 | 2.77865 | 1.80723 1.24378
1.24428 | 2.77760 | 1.39910 0.84430
1.24428 | 2.77691 | 1.07786 0.65084
1.24428 | 2.77660 | 0.90294 0.57734




O = e - O =

o W o -

2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710
2.62710

3.62857
3.62826
3.62845
3.62894
3.62830
3.62827
3.62830
3.62768
3.62743
3.62742
3.62742
3.62746
3.62787
3.62787
3.62775
3.62779
3.62770
3.62774
3.62793
3.62832
3.62854
3.62804
3.62817
3.62824
3.62814
3.62784
3.62793
3.62817
3.62811
3.62801
3.62807
3.62874
3.62866
3.62853
3.62850
3.62802
3.62731
3.62832
3.62812
3.62825
3.62839
3.62811
3.62815
3.62824
3.62800
3.62792
3.62785
3.62784
3.62789
3.62780
3.62782
3.62798
3.62819
3.62820
3.62804
3.62799
3.62785
3.62784
3.62782
3.62776
3.62798
3.62823
3.62798
3.62814
3.62801
3.62807
3.62803
3.62797
3.62799
3.62802
3.62793
3.62792
3.62798

5.81837
4.29423
5.19531
7.69943
4.50571
4.35371
4.51525
1.55104
0.07668
0.07594
0.07594
0.07966
2.46100
2.48606
1.92202
2.10095
1.62917
1.83907
2.75352
4.56342
5.64654
3.26967
3.89249
4.18924
3.73478
2.33763
2.75352
3.89249
3.61634
3.11866
3.41823
6.68161
6.25560
5.58887
5.45991
3.16074
0.06527
4.60764
3.65609
4.24682
4.90812
3.58951
3.80360
4.21520
3.10290
2.73722
2.38169
2.34303
2.57502
2.16329
2.24117
2.97790
3.96958
4.03442
3.29710
3.03035
2.38498
2.34099
2.25129
1.94727
2.98729
4.14639
2.98102
3.74702
3.14582
3.40464
3.24951
2.93746
3.06509
3.18157
2.78262
2.71343
3.01109

4.62610
4.04028
4.62972
5.52831
3.97530
4.09296
3.91277
2.06300
0.00000
0.00000
0.00000
0.07201
2.65899
2.69204
2.31290
2.42475
2.10549
2.24725
2.84843
3.89370
4.50651
3.16072
3.52295
3.68990
3.42867
2.57147
2.83040
3.51217
3.34385
3.22027
3.42723
5.07311
4.87067
4.45795
4.38294
3.25518
0.00000
3.96798
3.48777
3.83335
4.07914
3.31278
3.41130
3.65694
2.99455
2.75502
2.53003
2.48907
2.63758
2.35865
2.40818
2.88166
3.46402
3.51306
3.07423
2.89397
2.48732
2.44858
2.40057
2.18777
2.84479
3.52328
2.84062
3.29100
2.93045
3.15661
3.16877
2.79079
2.84802
3.05447
2.67568
2.63779
2.80003
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2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160
2.01160

2.78387
2.79424
2.80508
2.78662
2.78004
2.79212
2.77937
2.77347
2.77151
2.77157
2.77166
2.77198
2.77482
2.77559
2.77483
2.77493
2.77485
2.77494
2.77657
2.78008
2.78335
2.77802
2.77943
2.78016
2.77932
2.77646
2.77726
2.77996
2.77803
2.78034
2.78229
2.78917
2.78858
2.78489
2.78451
2.78115
2.77053
2.78428
2.78118
2.78589
2.78374
2.78012
2.78014
2.78146
2.77865
2.77760
2.77691
2.77660
2.77719
2.77614
2.77633
2.77824
2.78071
2.78116
2.77921
2.77828
2.77676
2.77656
2.77656
2.77579
2.77816
2.78116
2.77825
2.78020
2.77863
2.77961
2.78139
2.77809
2.77822
2.78005
2.77762
2.77755
2.77813

3.79304
6.39771
9.02891
4.50533
2.73439
5.87748
2.53534
0.51154
0.40518
0.40826
0.41310
0.43055
0.72385
1.17398
0.73578
0.80501
0.74969
0.81169
1.59731
2.74772
3.65321
2.11067
2.55399
2.77097
2.52081
1.55117
1.85329
2.71301
2.11529
2.82320
3.36973
5.14740
5.00097
4.06044
3.95956
3.05437
0.35187
3.90082
3.06213
4.31774
3.75889
2.75773
2.76331
3.14092
2.31356
1.96991
1.72581
1.60737
1.82595
1.42058
1.50059
2.18443
2.92814
3.05596
2.48813
2.19694
1.66800
1.59427
1.59052
1.26813
2.15644
3.05543
2.18638
2.78148
2.30830
2.60687
3.12057
2.13399
2.17638
2.73843
1.97789
1.95513
2.14732

3.85921
6.18544
8.42675
4.60009
2.68514
5.77576
2.40319
0.25701
0.06366
0.06741
0.07347
0.09771
0.48104
0.66308
0.48398
0.50452
0.48766
0.50645
0.98488
2.65649
3.69884
1.72427
2.38957
2.66935
2.33565
0.93815
1.30737
2.57683
1.72994
2.79517
3.48954
5.08546
4.95217
4.04612
3.94014
3.08347
0.01267
3.86401
3.03661
4.26889
3.70831
2.59259
2.59367
3.03090
1.99756
1.47720
1.12959
0.99290
1.26124
0.82229
0.88852
1.79373
2.75047
2.89788
2.21129
1.80374
1.05519
0.97510
0.97103
0.71228
1.73403
2.86360
1.77628
2.54521
1.94199
2.37170
3.00428
1.68924
1.74506
2.53003
1.45471
1.42146
1.69134




9.5 2.62710 | 3.62812 | 3.65352 3.21965 2.01160 | 2.77938 | 2.54016 2.24897
9.6 2.62710 | 3.62814 | 3.73381 3.21573 2.01160 | 2.78007 | 2.74347 2.44852
9.7 2.62710 | 3.62806 | 3.35935 2.99279 2.01160 | 2.77900 | 2.42388 2.05377
9.8 2.62710 | 3.62815 | 3.80149 3.24600 2.01160 | 2.78016 | 2.77067 2.47385
9.9 2.62710 | 3.62825 | 4.23611 3.49011 2.01160 | 2.78140 | 3.12422 2.86493
10 2.62710 | 3.62817 | 3.86422 3.27675 2.01160 | 2.78036 | 2.82729 2.53243
10.1 2.62710 | 3.62782 | 2.25722 2.31378 2.01160 | 2.77637 | 1.51585 0.88206
10.2 2.62710 | 3.62790 | 2.61794 2.53962 2.01160 | 2.77727 | 1.85398 1.25747
103 2.62710 | 3.62806 | 3.34534 2.97129 2.01160 | 2.77908 | 2.44913 2.06720
104 2.62710 | 3.62801 | 3.11858 2.83079 2.01160 | 2.77849 | 2.26426 1.82140
10.5 2.62710 | 3.62785 | 2.39043 2.38568 2.01160 | 2.77670 | 1.64687 1.00237
106 2.62710 | 3.62786 | 2.45513 2.57567 2.01160 | 2.77883 | 2.37131 2.00685
10.7 2.62710 | 3.62731 | 0.06527 0.00000 2.01160 | 2.77053 | 0.35187 0.01196
10.8 2.62710 | 3.62833 | 4.63616 4.18775 2.01160 | 2.79188 | 5.81862 5.68365
109 2.62710 | 3.62828 | 4.37669 4.02024 2.01160 | 2.78970 | 5.27900 5.20657
1 2.62710 | 3.62841 | 5.00132 4.38311 2.01160 | 2.80769 | 9.66033 8.08625
111 2.62710 | 3.62843 | 5.13318 4.50356 2.01160 | 2.81488 | 11.40296 9.11169
112 2.62710 | 3.62836 | 4.75995 4.26728 2.01160 | 2.78941 | 5.20680 5.28598
113 2.62710 | 3.62836 | 4.77540 4.27685 2.01160 | 2.79023 | 5.41138 5.43928
114 2.62710 | 3.62731 | 0.06527 0.00000 2.01160 | 2.77053 | 0.35187 0.01187
115 2.62710 | 3.62839 | 4.94042 4.37996 2.01160 | 2.79544 | 6.69181 6.38758
116 2.62710 | 3.62843 | 5.11115 4.48731 2.01160 | 2.79774 | 7.25203 6.84804
11.7 2.62710 | 3.62846 | 5.25089 4.57563 2.01160 | 2.79992 | 7.77928 7.28706
118 2.62710 | 3.62847 | 5.31996 4.61878 2.01160 | 2.79055 | 5.49060 5.67842
119 2.62710 | 3.62731 | 0.06527 0.00000 2.01160 | 2.77053 | 0.35187 0.01183
12 2.62710 | 3.62845 | 5.20511 4.54808 2.01160 | 2.79765 | 7.22996 6.87959
0.1 3.19321 | 3.62857 | 6.31809 | 54.18053| 6.01911 | 44.08425| 2.60930 | 2.79380 | 6.57806 | 43.30250 | 7.49170 | 37.95456
0.2 3.19321 | 3.62803 | 3.68389 4.06876 2.60930 | 2.78063 | 3.23438 3.69346
0.3 3.19321 | 3.62802 | 3.65070 4.01164 2.60930 | 2.77968 | 2.96913 3.26324
0.4 3.19321 | 3.62830 | 4.95456 4.98847 2.60930 | 2.78987 | 5.61377 6.34008
0.5 3.19321 | 3.62861 | 6.48126 5.92455 2.60930 | 2.79242 | 6.23989 7.00995
0.6 3.19321 | 3.62825 | 4.71668 4.85336 2.60930 | 2.79143 | 5.99663 6.73193
0.7 3.19321 | 3.62833 | 5.09396 5.13227 2.60930 | 2.79177 | 6.08175 6.82905
0.8 3.19321 | 3.62782 | 2.72248 3.26655 2.60930 | 2.77670 | 2.06091 1.51109
0.9 3.19321 | 3.62782 | 2.72598 3.20086 2.60930 | 2.77503 | 1.44718 0.74764
1 3.19321 | 3.62804 | 3.75511 3.83022 2.60930 | 2.77576 | 1.73184 1.00819
11 3.19321 | 3.62799 | 3.50788 3.66047 2.60930 | 2.77536 | 1.58096 0.85325
12 3.19321 | 3.62788 | 3.01064 3.40789 2.60930 | 2.77592 | 1.79208 1.07347
13 3.19321 | 3.62773 | 2.29226 2.85092 2.60930 | 2.77508 | 1.46617 0.75361
14 3.19321 | 3.62684 | 0.03000 0.02247 2.60930 | 2.76506 | 0.11941 0.04994
1.5 3.19321 | 3.62668 | 0.01427 0.00000 2.60930 | 2.76332 | 0.02581 0.00000
16 3.19321 | 3.62668 | 0.01427 0.00000 2.60930 | 2.76383 | 0.05289 0.02407
17 3.19321 | 3.62764 | 1.81768 2.31850 2.60930 | 2.77279 | 0.53820 0.24757
18 3.19321 | 3.62814 | 4.19744 4.08080 2.60930 | 2.77766 | 2.37002 2.14226
19 3.19321 | 3.62807 | 3.89555 4.12312 2.60930 | 2.77817 | 2.52615 2.45297
2 3.19321 | 3.62819 | 4.45343 4.54661 2.60930 | 2.78230 | 3.68598 4.26792
21, 3.19321 | 3.62830 | 4.98823 4.59991 2.60930 | 2.77933 | 2.86952 3.04323
22 3.19321 | 3.62857 | 6.31352 5.42941 2.60930 | 2.78387 | 4.09961 4.62802
23 3.19321 | 3.62826 | 4.76392 4.78351 2.60930 | 2.79424 | 6.68482 7.26911
24 3.19321 | 3.62845 | 5.67946 5.45313 2.60930 | 2.80508 | 9.31448 9.79886
25 3.19321 | 3.62894 | 8.22854 6.45116 2.60930 | 2.78662 | 4.80258 5.45299
2.6 3.19321 | 3.62830 | 4.97853 4.69140 2.60930 | 2.78004 | 3.06939 3.37033
2.7 3.19321 | 3.62827 | 4.82425 4.84060 2.60930 | 2.79212 | 6.16612 6.79510
2.8 3.19321 | 3.62830 | 4.98823 4.61644 2.60930 | 2.77937 | 2.87927 3.07192
29 3.19321 | 3.62768 | 2.06026 2.57212 2.60930 | 2.77347 | 0.57522 0.36170
3 3.19321 | 3.62688 | 0.03339 0.03989 2.60930 | 2.76746 | 0.24892 0.09576
31 3.19321 | 3.62681 | 0.02719 0.01318 2.60930 | 2.76776 | 0.26478 0.10114
3.2 3.19321 | 3.62681 | 0.02706 0.01285 2.60930 | 2.76828 | 0.29318 0.10979
33 3.19321 | 3.62733 | 0.07678 0.40987 2.60930 | 2.77084 | 0.43191 0.14348
34 3.19321 | 3.62787 | 2.92432 3.21206 2.60930 | 2.77482 | 1.35555 0.67054
35 3.19321 | 3.62787 | 2.94893 3.25079 2.60930 | 2.77559 | 1.66855 0.92582
3.6 3.19321 | 3.62775 | 2.40360 2.83855 2.60930 | 2.77483 | 1.36268 0.67483
37 3.19321 | 3.62779 | 2.57430 2.95766 2.60930 | 2.77493 | 1.40549 0.70356
3.8 3.19321 | 3.62770 | 2.13109 2.62121 2.60930 | 2.77485 | 1.37108 0.68012
39 3.19321 | 3.62774 | 2.32544 2.76857 2.60930 | 2.77494 | 1.40975 0.70635
4 3.19321 | 3.62793 | 3.21315 3.42444 2.60930 | 2.77657 | 2.01868 1.39416
4.1 3.19321 | 3.62832 | 5.03714 4.59939 2.60930 | 2.78008 | 3.08217 3.33073
4.2 3.19321 | 3.62854 | 6.13862 5.29501 2.60930 | 2.78335 | 3.96228 4.44997
43 3.19321 | 3.62804 | 3.72880 3.77383 2.60930 | 2.77802 | 2.48052 2.36629
4.4 3.19321 | 3.62817 | 4.35689 4.18146 2.60930 | 2.77943 | 2.89702 3.04972
45 3.19321 | 3.62824 | 4.65745 4.36981 2.60930 | 2.78016 | 3.10450 3.33896
4.6 3.19321 | 3.62814 | 4.19744 4.07537 2.60930 | 2.77932 | 2.86547 2.99110
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111
11.2
113
114
115
116
11.7
11.8
119

3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321
3.19321

3.62784
3.62793
3.62817
3.62811
3.62801
3.62807
3.62874
3.62866
3.62853
3.62850
3.62802
3.62668
3.62832
3.62812
3.62825
3.62839
3.62811
3.62815
3.62824
3.62800
3.62792
3.62785
3.62784
3.62789
3.62780
3.62782
3.62798
3.62819
3.62820
3.62804
3.62799
3.62785
3.62784
3.62782
3.62776
3.62798
3.62823
3.62798
3.62814
3.62801
3.62807
3.62803
3.62797
3.62799
3.62802
3.62793
3.62792
3.62798
3.62812
3.62814
3.62806
3.62815
3.62825
3.62817
3.62782
3.62790
3.62806
3.62801
3.62785
3.62786
3.62668
3.62833
3.62828
3.62841
3.62843
3.62836
3.62836
3.62668
3.62839
3.62843
3.62846
3.62847
3.62668

2.80358
3.21315
4.35689
4.07785
3.57734
3.87818
7.19239
6.75865
6.07992
5.94867
3.61950
0.01427
5.08204
4.11797
4.71583
5.38740
4.05079
4.26700
4.68376
3.56155
3.19698
2.84661
2.80884
3.03652
2.63435
2.70972
3.43656
4.43491
4.50056
3.75636
3.48897
2.84983
2.80685
2.71954
2.42753
3.44594
4.61401
3.43968
4.20981
3.60455
3.86450
3.70856
3.39620
3.52372
3.64039
3.24204
3.17338
3.46971
4.11537
4.19646
3.81894
4.26486
4.70497
4.32830
2.72530
3.07889
3.80485
3.57726
2.85516
2.91856
0.01427
5.11102
4.84757
5.48216
5.61626
5.23679
5.25250
0.01427
5.42024
5.59386
5.73600
5.80627
0.01427
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3.11920
3.40481
4.16963
3.97983
3.86004
4.09346
5.93935
5.70946
5.23806
5.15276
3.89816
0.00000
4.68543
4.14930
4.53812
4.80817
3.94212
4.05131
4.32916
3.58354
3.31541
3.06726
3.02048
3.18421
2.87675
2.93061
3.45560
4.11014
4.16626
3.67157
3.46806
3.01636
2.97285
2.92161
2.68968
3.41239
4.17674
3.40814
3.91451
3.50839
3.76828
3.79100
3.35165
3.41436
3.65743
3.22244
3.18111
3.36082
3.83626
3.82916
3.57736
3.86343
4.14022
3.89859
2.82110
3.07081
3.55418
3.39613
2.90008
3.12865
0.00000
4.96653
4.77565
5.18552
5.32662
5.05702
5.06798
0.00000
5.18598
5.30860
5.40927
5.45853
0.00000

2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930
2.60930

2.77646
2.77726
2.77996
2.77803
2.78034
2.78229
2.78917
2.78858
2.78489
2.78451
2.78115
2.76653
2.78428
2.78118
2.78589
2.78374
2.78012
2.78014
2.78146
2.77865
2.77760
2.77691
2.77660
2.77719
2.77614
2.77633
2.77824
2.78071
2.78116
2.77921
2.77828
2.77676
2.77656
2.77656
2.77579
2.77816
2.78116
2.77825
2.78020
2.77863
2.77961
2.78139
2.77809
2.77822
2.78005
2.77762
2.77755
2.77813
2.77938
2.78007
2.77900
2.78016
2.78140
2.78036
2.77637
2.77727
2.77908
2.77849
2.77670
2.77883
2.76715
2.79188
2.78970
2.80769
2.81488
2.78941
2.79023
2.77053
2.79544
2.79774
2.79992
2.79055
2.77053

1.97881
2.24533
3.04889
2.48479
3.15471
3.68480
5.43956
5.29409
4.36292
4.26349
3.37798
0.19855
4.20564
3.38550
4.61699
4.06605
3.09178
3.09714
3.46196
2.66967
2.35113
2.13140
2.02741
2.22074
1.86796
1.93551
2.54895
3.25586
3.37952
2.83445
2.56060
2.08039
2.01604
2.01279
1.74294
2.52294
3.37901
2.55077
3.11459
2.66473
2.94740
3.44219
2.50211
2.54147
3.07326
2.35843
2.33765
2.51447
2.88386
3.07810
2.77361
3.10421
3.44574
3.15865
1.94853
2.24596
2.79749
2.62345
2.06187
2.72399
0.23199
6.10748
5.57038
9.94637
11.69110
5.49860
5.70204
0.41517
6.97830
7.53776
8.06466
5.78087
0.41517

1.32518
1.87191
3.23772
2.37504
3.49283
4.24181
6.00523
5.85219
4.82775
4.70913
3.79462
0.02268
4.62321
3.73146
5.07542
4.44946
3.24121
3.24104
3.70687
2.62142
2.06648
1.61173
1.40753
1.79727
1.15650
1.25363
2.40487
3.40089
3.55910
2.83399
2.41079
1.50242
1.38334
1.37740
0.99919
2.33305
3.51779
2.37751
3.17709
2.54687
3.00730
3.68306
2.28101
2.33682
3.17317
2.02168
1.98588
2.27781
2.87254
3.06811
2.65442
3.09540
3.51463
3.15770
1.25506
1.78523
2.66813
2.41225
1.43331
2.62907
0.02201
6.71396
6.16369
9.40271
10.57740
6.26106
6.43700
0.02193
7.52539
8.05231
8.54745
6.72204
0.02189




|

0.1 14.2938
0.2 14.2938
0.3 14.2938
0.4 14.2938
0.5 14.2938
0.6 14.2938
0.7 14.2938
0.8 14.2938
0.9 14.2938

1 14.2938
11 14.2938
12 14.2938
13 14.2938
14 14.2938
15 14.2938
16 14.2938
17 14.2938
18 14.2938
19 14.2938

2 14.2938
21 14.2938
22 14.2938
23 14.2938
24 14.2938
25 14.2938
2.6 14.2938
2.7 14.2938
2.8 14.2938
28 14.2938

3 14.2938
31 14.2938
3.2 14.2938
33 14.2938
34 14.2938
3.5 14.2938
3.6 14.2938
37 14.2938
38 14.2938
39 14.2938
4 14.2938
41 14.2938
4.2 14.2938
43 14.2938
4.4 14.2938
45 14.2938
4.6 14.2938
4.7 14.2938
4.8 14.2938
49 14.2938

5 14.2938
5.1 14.2938
5.2 14.2938
53 14.2938
5.4 14.2938
5.5 14.2938
5.6 14.2938
5.7 14.2938
5.8 14.2938
59 14.2938

6 14.2938
6.1 14.2938
6.2 14.2938
6.3 14.2938
6.4 14.2938
6.5 14.2938
6.6 14.2938
6.7 14.2938
6.8 14.2938
6.9 14.2938

0.0023

0.8648

11.5922
11.6929
10.0256
10.4393
9.3424

9.8324

12.7467
19.7670
26.6333
14.6673
16.8786
18.1912
16.2735
11.0917
12.7467
16.8786
16.1438
51.2000
51.2000
34.5937
33.2242
23.6867
23.2231
32.4991
0.0023

23.4899
24.5645
27.6890
21.1445
15.7840
16.5273
18.3033
14.0630
12.6836
11.2713
11.1137

320.1552

24.0988
26.7672
22.8162
12.1183
15.4598
24.0356
22.3308
51.2000
51.2000
51.2000
51.2000
38.7451
37.7074
48.4846
0.0000

36.7648
36.3744
43.5027
33.1332
21.8168
233738
27.0591
18.1714
15.2869
12.3724
12.0357

381.6044

Ku (2012)

Simplified Performance-based Full PB
Vomr© ()] &y Ve (4] LD (cm) |Vem ™ O] LD (cm)
5.2079 2.7822 | 51.2000 | 265.9187 | 51.2000 | 269.2017
5.2079 2.6850 | 24.0679 40.2786
5.2079 | 2.4534 | 18.2633 21.9949
52079 | 2.7814 | 26.9974 51.2000
5.2079 | 2.7822 | 51.2000 51.2000
5.2079 2.7822 | 51.2000 51.2000
5.2079 2.7822 | 51.2000 51.2000
5.2079 2.3304 | 15.7685 8.6377
5.2079 1.8597 8.9800 2.9915
5.2079 1.9470 9.9704 3.6418
5.2079 1.7442 7.8166 3.1204
5.2079 2.0623 | 11.4465 4.1460
5.2079 | 2.0136 | 10.7988 3.4850
5.2079 | -1.6269 | 0.0000 0.2514
5.2079 | -1.6269 | 0.0000 0.0000
5.2079 | -1.6269 | 0.0000 0.0000
52079 | 0.4203 | 1.5464 1.1816
52079 | 2.0337 | 11.0609 6.0062
5.2079 | 2.7822 | 51.2000 35.4185
5.2079 | 2.7822 | 51.2000 49.4738
5.2079 2.1645 | 12.9345 10.5511
5.2079 24621 | 18.4518 29.7706
52079 | 2.7822 | 51.2000 51.2000
5.2079 2.7822 | 51.2000 51.2000
5.2079 2.6262 | 22.4398 44.1615
5.2079 2.3660 | 16.4544 18.2674
5.2079 2.7822 | 51.2000 51.2000
5.2079 | 2.1668 | 12.9702 11.0102
5.2079 0.7511 2.3375 1.5857
5.2079 | -1.6269 | 0.0000 0.6249
5.2079 | -1.6269 | 0.0000 0.6456
5.2079 | -1.6269 | 0.0000 0.6818
5.2079 | -1.6269 | 0.0000 0.8193
5.2079 | 13114 | 4.6378 2.4100
5.2079 1.6415 6.9090 3.0191
5.2079 1.3050 4.6022 2.4110
52079 | 1.3454 | 4.8330 2.4795
52079 | 13103 | 4.6319 2.4204
52079 | 13477 | 4.8467 2.4841
5.2079 1.9240 9.6992 4.0494
5.2079 2.2142 | 13.7267 13.1053
5.2079 24343 | 17.8504 27.5338
5.2079 2.0650 | 11.4828 6.8770
5.2079 2.1710 | 13.0349 10.8810
5.2079 22210 | 13.8374 13.4722
5.2079 2.1635 | 12.9197 10.5295
5.2079 1.9105 9.5434 3.8682
5.2079 | 1.9966 | 10.5807 5.2105
5.2079 2.2055 | 13.5844 12.5880
5.2079 2.1615 | 12.8876 7.9047
5.2079 | 2.7270 | 25.3022 39.4751
5.2079 | 2.7742 | 26.7663 48.7017
5.2079 | 2.7517 | 26.0565 51.2000
5.2079 | 2.7254 | 25.2558 51.2000
5.2079 2.5195 | 19.7599 34.3507
5.2079 2.4935 | 19.1557 32.3309
52079 | 26171 | 22.1973 33.5498
5.2079 | -1.6269 | 0.0000 0.0000
5.2079 2.4826 | 18.9090 31.3872
5.2079 2.4718 | 18.6682 24.9188
5.2079 2.5836 | 21.3285 39.7647
5.2079 2.4554 | 18.3059 29.1809
5.2079 22171 | 13.7743 13.2650
5.2079 2.2188 | 13.8009 133340
5.2079 23195 | 15.5657 19.3431
52079 | 2.1153 | 12.1956 85133
5.2079 | 2.0282 | 10.9884 5.8885
5.2079 | 1.9610 | 10.1387 4.5679
5.2079 1.9269 9.7333 4.0613

Table A 5 Sample Table for Workbook LateralSpread_semi
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7 14.2938 | 0.9924 | 12.0478 13.9504 5.2079 1.9891 | 10.4855 5.0425
7.1 14.2938 | 0.9437 | 10.5821 10.8061 5.2079 1.8475 | 8.84% 3.4709
7.2 14.2938 | 0.9500 | 10.7594 11.2547 5.2079 1.8955 | 9.3740 3.6594
73 14.2938 | 1.0380 | 13.5999 17.1212 5.2079 | 2.0836 | 11.7421 7.3447
7.4 14.2938 | 1.1267 | 17.2253 24.6995 5.2079 | 2.2647 | 14.5793 15.7912
7.5 14.2938 | 1.1330 | 17.5138 252791 5.2079 | 2.2982 | 15.1744 17.8318
7.6 14.2938 | 1.0688 | 14.7653 19.5318 5.2079 | 2.1561 | 12.8059 10.0519
7.7 14.2938 | 1.0433 | 13.7953 17.4958 5.2079 | 2.0868 | 11.7861 7.4189
7.8 14.2938 | 0.9679 | 11.2847 12.3191 5.2079 1.9445 | 9.9400 4.2632
7.9 14.2938 | 0.9619 | 11.1054 11.9362 5.2079 19231 9.6889 3.9648

8 14.2938 | 0.9508 | 10.7823 11.2471 5.2079 1.9220 | 9.6762 3.9478
8.1 14.2938 | 0.9256 | 10.0843 9.4415 5.2079 1.6816 7.2504 3.1173
82 14.2938 | 1.0389 | 13.6351 17.1017 5.2079 | 2.0766 | 11.6437 7.0574
83 14.2938 | 1.1434 | 18.0053 26.1641 5.2079 | 2.2981 | 15.1720 17.7040
8.4 14.2938 | 1.0383 | 13.6116 17.0296 52079 | 2.0841 | 11.7489 7.2702
8.5 14.2938 | 1.1063 | 16.3143 22.6642 5.2079 2.2240 | 13.8873 13.3334
8.6 14.2938 | 1.0547 | 14.2200 18.2714 5.2079 | 2.1140 | 12.1771 8.2584
8.7 14.2938 | 1.1887 | 20.3119 282738 5.2079 2.3471 | 16.0861 15.6843
8.8 14.2938 | 1.2926 | 26.7836 38.2767 5.2079 | 2.5373 | 20.1842 28.4142
89 14.2938 | 1.0337 | 13.4483 16.6243 5.2079 | 2.0709 | 11.5648 6.8239

L] 14.2938 | 1.0468 | 13.9239 17.5809 5.2079 | 2.0816 | 11.7138 7.1268
9.1 14.2938 | 1.2222 | 22.2065 30.5010 5.2079 | 2.4093 | 17.3262 18.9188
9.2 14.2938 | 1.0169 | 12.8589 15.3365 5.2079 | 2.0303 | 11.0164 5.7123
9.3 14.2938 | 1.0090 | 12.5912 14.7819 5.2079 | 2.0242 | 10.9367 5.5548
9.4 14.2938 | 1.0414 | 13.7238 17.0740 5.2079 | 2.0743 | 11.6116 6.7867
9.5 14.2938 | 1.1593 | 18.7843 26.2082 5.2079 | 2.3031 | 15.2641 13.4003
9.6 14.2938 | 1.1101 | 16.4782 22.6450 5.2079 | 2.2130 | 13.7064 12.3562
9.7 14.2938 | 1.0744 | 14.9860 19.6228 5.2079 | 2.1414 | 12.5818 8.9636
9.8 14.2938 | 1.1106 | 16.5001 22.7541 5.2079 | 2.2209 | 13.8359 12.6732
9.9 14.2938 | 1.1561 | 18.6258 26.9726 5.2079 | 2.3154 | 15.4890 18.1983
10 14.2938 | 1.1162 | 16.7506 23.2245 5.2079 | 2.2370 | 14.1045 13.4521
10.1 14.2938 | 0.9512 | 10.7958 10.9825 5.2079 1.8333 | 8.6993 3.4775
10.2 14.2938 | 0.9977 | 12.2174 13.8612 5.2079 1.9968 | 10.5831 4.8006
103 14.2938 | 1.0732 | 14.9365 19.3985 52079 | 2.1472 | 12.6699 8.9477
104 14.2938 | 1.0521 | 14.1205 17.7040 5.2079 | 2.1034 | 12.0225 7.3377
10.5 14.2938 | 0.9686 | 11.3069 11.9653 5.2079 1.9384 | 9.8678 3.8638
10.6 14.2938 | 1.2131 | 21.6781 26.0973 5.2079 | 2.3899 | 16.9290 13.5054
10.7 14.2938 | -1.6402 | 0.0023 0.0000 5.2079 | -1.6269 | 0.0000 0.0000
10.8 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
109 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
11 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
111 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
11.2 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
113 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
114 14.2938 | -1.6402 | 0.0023 0.0000 5.2079 | -1.6269 | 0.0000 0.0000
115 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
11.6 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
11.7 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
11.8 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
119 14.2938 | -1.6402 | 0.0023 0.0000 5.2079 | -1.6269 | 0.0000 0.0000
12 14.2938 | 1.4018 | 51.2000 51.2000 5.2079 | 2.7822 | 51.2000 51.2000
0.1 21.1148 | 1.4018 | 51.2000 | 414.6505| 51.2000 | 463.0888| 9.5900 | 2.7822 | 51.2000 | 320.3427 | 51.2000 | 343.7611
0.2 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.6850 | 34.0002 51.2000
0.3 21.1148 | 13223 | 48.5521 51.2000 9.5900 | 2.4534 | 25.0521 34.6765
0.4 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7814 | 38.6095 51.2000
0.5 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
0.6 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
0.7 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
0.8 21.1148 | 12502 | 38.9597 45.4797 9.5900 | 2.3304 | 21.2946 17.9489
0.9 21.1148 | 1.0755 | 22.8668 26.7801 9.5900 1.9545 | 12.9533 5.3803

1 21.1148 | 1.0725 | 22.6543 28.9556 9.5900 1.9470 | 12.8262 6.4563
1 21.1148 | 1.0604 | 21.8314 27.3558 9.5900 19161 | 12.3119 5.5164
12 21.1148 | 1.1191 | 26.1171 31.0435 9.5900 | 2.0607 | 14.9090 7.8648
13 21.1148 | 1.2052 | 33.9649 35.8979 9.5900 | 2.2205 | 18.4186 7.4388
14 21.1148 | -0.0078 | 0.8312 0.0000 9.5900 | -1.6269 | 0.0000 0.5125
15 21.1148 | -1.6402 | 0.0000 0.0000 9.5900 | -1.6269 | 0.0000 0.0000
16 21.1148 | -1.6402 | 0.0000 0.0000 9.5900 | -1.6269 | 0.0000 0.1432
17 21.1148 | 0.8626 | 11.9385 10.7648 9.5900 1.1985 | 4.7322 2.1233
18 21.1148 | 1.1054 | 25.0465 31.8151 9.5900 | 2.0337 | 14.3860 11.1213
19 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000

2 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
24 21.1148 | 1.1746 | 30.9410 40.3848 9.5900 | 2.1645 | 17.1040 18.5976
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9.5 21.1148 | 1.1593 | 29.5244 36.4890 9.5900 | 2.3031 | 20.5425 23.6567
9.6 21.1148 | 1.1101 | 25.4080 31.6433 9.5900 | 2.2130 | 18.2365 21.3017
9.7 21.1148 | 1.0744 | 22.7885 27.8252 9.5900 | 2.1414 | 16.5889 16.5381
9.8 21.1148 | 1.1106 | 25.4468 31.7556 9.5900 | 2.2209 | 18.4272 21.7321
9.9 21.1148 | 1.1561 | 29.2390 37.0684 9.5900 | 2.3154 | 20.8776 285197
10 21.1148 | 1.1162 | 25.8900 323578 9.5900 | 2.2370 | 18.8233 22.7353
10.1 21.1148 | 0.9512 | 15.6475 17.1502 9.5900 19001 | 12.0526 6.2096
10.2 21.1148 | 0.9977 | 18.0313 20.6815 9.5900 1.9968 | 13.7005 8.9649
10.3 21.1148 | 1.0732 | 22.7021 27.5878 9.5900 | 2.1472 | 16.7175 16.5547
104 21.1148 | 1.0521 | 21.2862 25.4762 9.5900 | 2.1034 | 15.7753 13.9458
10.5 21.1148 | 0.9686 | 16.4995 18.3645 9.5900 1.9384 | 12.6803 7.0622
10.6 21.1148 | 1.2131 | 34.7951 38.6153 9.5900 | 2.3899 | 23.0351 25.5188
10.7 21.1148 | -1.6402 | 0.0000 0.0000 9.5900 | -1.6269 | 0.0000 0.1135
10.8 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
109 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
11 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
11.1 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
11.2 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
113 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
114 21.1148 | -1.6402 | 0.0000 0.0000 9.5900 | -1.6269 | 0.0000 0.1128
11.5 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
116 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
117 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
118 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
119 21.1148 | -1.6402 | 0.0000 0.0000 9.5900 | -1.6269 | 0.0000 0.1126
12 21.1148 | 1.4018 | 51.2000 51.2000 9.5900 | 2.7822 | 51.2000 51.2000
0.1 28.1444 | 14018 | 51.2000 | 571.6179| 51.2000 | 627.8781| 14.3912 | 2.7822 | 51.2000 | 394.5949 | 51.2000 | 459.4017
0.2 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.6850 | 41.4353 51.2000
0.3 28.1444 | 1.3223 | 51.2000 51.2000 14.3912 | 2.4534 | 30.0194 47.4743
0.4 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.7814 | 47.3847 51.2000
0.5 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.7822 | 51.2000 51.2000
0.6 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.7822 | 51.2000 51.2000
0.7 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.7822 | 51.2000 51.2000
0.8 28.1444 | 1.2502 | 51.2000 51.2000 14.3912 | 2.3304 | 25.2893 27.2936
0.9 28.1444 | 1.0755 | 31.1477 35.4725 14.3912 | 1.9545 | 14.9686 7.9518
1 28.1444 | 1.0725 | 30.8312 37.5349 14.3912 | 1.9470 | 14.8137 9.5018
11 28.1444 | 1.0604 | 29.6080 35.6491 143912 | 19161 | 14.1879 8.1086
12 28.1444 | 1.1191 | 36.0226 40.8662 14.3912 | 2.0607 | 17.3620 11.8798
13 28.1444 | 1.2052 | 48.0194 48.4659 14.3912 | 2.2205 | 21.6997 11.6687
14 28.1444 | 0.2756 2.1493 0.2641 14.3912 | -1.6269 | 0.0000 0.7873
L5 28.1444 | -1.6402 | 0.0000 0.0000 14.3912 | -1.6269 | 0.0000 0.0000
16 28.1444 | -1.6402 | 0.0000 0.0000 14.3912 | -1.6269 | 0.0000 0.2355
17 28.1444 | 0.8626 | 15.2978 15.6946 143912 | 1.5527 | 8.5285 3.1400
18 28.1444 | 1.1054 | 34.4103 41.2380 14.3912 | 2.0337 | 16.7202 16.6861
19 28.1444 | 1.4018 | 51.2000 51.2000 143912 | 2.7822 | 51.2000 51.2000
2 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.7822 | 51.2000 51.2000
21 28.1444 | 1.1746 | 43.3620 51.2000 14.3912 | 2.1645 | 20.0689 26.8726
22 28.1444 | 1.3223 | 51.2000 51.2000 14.3912 | 2.4621 | 30.3816 51.2000
23 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.7822 | 51.2000 51.2000
2.4 28.1444 | 1.4018 | 51.2000 51.2000 143912 | 2.7822 | 51.2000 51.2000
25 28.1444 | 1.3938 | 51.2000 51.2000 143912 | 2.6262 | 38.1806 51.2000
2.6 28.1444 | 12634 | 51.2000 51.2000 14.3912 | 2.3660 | 26.5781 40.6577
27 28.1444 | 1.4018 | 51.2000 51.2000 14.3912 | 2.7822 | 51.2000 51.2000
2.8 28.1444 | 11746 | 43.3620 51.2000 14.3912 | 2.1668 | 20.1335 27.4214
29 28.1444 | 0.8895 | 16.7384 18.2229 143912 | 1.6353 | 9.5755 4.0110
3 28.1444 | 03197 2.4909 0.3941 14.3912 | -1.6269 | 0.0000 1.7862
31 28.1444 | 0.2340 1.8695 0.1831 14.3912 | 0.0644 | 0.9934 1.8404
32 28.1444 | 0.2319 1.8561 0.1803 14.3912 | 0.2484 13117 1.9294
33 28.1444 | 0.6162 6.7169 2.4094 14.3912 | 0.8288 3.0590 2.2631
34 28.1444 | 0.9780 | 22.4873 26.3414 14.3912 | 1.7965 | 12.0026 6.1673
35 28.1444 | 0.9812 | 22.7325 26.6382 143912 | 1.8427 | 12.8032 7.6814
3.6 28.1444 | 0.9234 | 18.7440 21.1697 143912 | 1.7806 | 11.7388 6.1272
37 28.1444 | 0.9386 | 19.7189 22.5960 143912 | 1.7894 | 11.8833 6.3083
38 28.1444 | 0.8969 | 17.1562 18.6895 143912 | 1.7824 | 11.7670 6.1556
39 28.1444 | 09161 | 18.2922 20.4582 143912 | 1.7903 | 11.8978 6.3216
4 28.1444 | 10136 | 25.3304 29.8463 143912 | 1.9240 | 14.3448 10.5306
4.1 28.1444 | 1.1784 | 43.9155 51.2000 143912 | 2.2142 | 21.5104 31.1327
4.2 28.1444 | 1.2905 | 51.2000 51.2000 143912 | 2.4343 | 29.2287 51.2000
43 28.1444 | 1.0663 | 30.2056 35.9078 14.3912 | 2.0650 | 17.4664 18.9779
4.4 28.1444 | 1.1191 | 36.0226 43.0339 143912 | 2.1710 | 20.2509 27.4259
4.5 28.1444 | 1.1472 | 39.5701 47.1531 143912 | 2.2210 | 21.7129 31.6770
46 28.1444 | 1.1054 | 34.4103 41.0709 143912 | 2.1635 | 20.0421 26.7996
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