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CIIAPTER 1

INTRODUCTION

l.I. Background

Only a few states in the nation have areas with higher earthquake design acceleration coefficients

than Northeast Arkansas. The area is prone to damage from earthquakes in the New Madrid

seismic zonc (N[{SZ). The AASIITO LRFD Bridge Design Specification indicates the

"liquefaction of foundation soil (has) contributed to much of the damage" to b,ridges in

earthqrakes. The code suggests that site-specific studies be performed at bridge locations to

evahnte liquefaction hazards. It is well established that in-situ shear wave velocity (Irr) profiles

of the subsurface, to a depth of at least 3O-meters, il€ necessary for a site-qpecific seismic

ground re$Ixlnse analysis. Furlhermore, site-specific % profiles can be used as a scroening tool

to evaluate the depth and thickness of potentially liquefiable soil layers.

1J,. Background and Significance of lilork
Northeast Arlcansas is located within the Upper Mississippi embayment. The e,mbayment is a

trough like depression that plunges southward along an axis that approximates the conrso of the

Mississippi River (Figure 1.1 and Figue 1.2). It extends from Southern Illinois to the Gulf of

Mexico. As shown in Figure 1.2, the embalment is filled with sedime,nts of clay, silt, san{ and

gravel to depths reaching to 1000 meters. According to Broughton et al. (2001), most of the

study area has surficial deposits, which include Holocene artificial fill, alluvium Holocene

deposib along river channels, Pleistocene [.,oess and Terrace deposits, Lafayette Gravel of

HiISard. Many of these deposits are susceptible to liquefaction (Rix and Romero-Hudoclg

2006). Romero and Rix (2001) classified the soil in the ernbayment into Lowland (Holocene-age

deposits) and Upland (Pleistm€ne-age deposits), as shown in Figure 1.3.
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Figure 1.1 Plan View of the Mississippi embalmrent (after Ng ef a1.,1989).
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Figrre 1.2 East-West profiIe view of the Mississippi ernbayment through
Mernphis and Shelby CouU (after Ng eI a1.,1989).
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Figure 1.3 Lowlands and Uplands classification of Mississippi embayment

@omero and Rix, 2001).

The deep soil deposih of the Mississippi ernbayrnent have a pronounced yet not fully understood

influence on the amplification and attenuation of grourd motions associated with NMSZ. The

NMSZ, which exteirds from southeastern Missouri to northwestern Te,nnessee and northeastern

Arkansas, generated three large eve,nts in 1811-1812. According to Bakun and Hopper (2004),

the best estimates of the rnome,nt magnitudes for the three large eve,nts mnge from 7.5 to 7.8.

The recurrence interval for events similar to 1 8l I - I 812 is estimated by Tuttle et al. (?WZ) to be

500* 30 years basd on geologic data.

3

0

0
0

a0
1!
at

o oc!1
a

0tt'
c

t1
a

,

t
a

fl)

3

I

\

tt-'F-



13. Objective

The objective of this research, as s€t forth by the State of Arkansas Highway and Tranqportation

Departnent (AHm), was to obtain site-specific % profiles to depths of at least 30-meters at

selected bridge locations in Northeast Arkansas. These bridges shall be consid€red as either

"critical" or "essential" according to AASIITO, and were to be chosen in consulhtion with the

AHTD. The % profiles w€r€ to be used to detsrmho the soil liquefaction potential at each

bridge location using a "Sirnplified Shear Wave Velocity Procedure". These tr" liquefaction

evaluations w€re then to be compared with Standard Penefration Test (SPT) liquefaction

evaluation procedures using blow count (N) and grain size distibution dah already available

from the AHTD.

1.4. Plan of Sfudy

The plan of study was divided into specifio tasts. They are listed below.

1.4.1. Tash I: Siw Seleaion

Sixteen bridge sites were selwted in conjunction with the AIITD. All bridge sites are located in

Norlheast Arkansas. The selection was limited to the sites where AIITD has existing SPT data

to facilitate the liquefrction analysis using the simplified procedures (described later).

I.4.2. 7ash 2: Obtaining Sile,,,Speciftc Shean Wwe Velocity hofles

Two nonintnrsive (or noninvasive) techniques were utilized- They wer€ Multichannel Specfial

Analysis of Surface Waves (MSASW) and Refraction Microtremor (ReMi). Both MSASW and

ReMi are non-invasive soil characterization methods using surface w&ve propagation. Both

procedures utilize a linear array of veftically oriented sensors.

7.4.3. Tas* 3: A,*SIITO Siu Cl,assifuatiotts

The 16 sites were then classified in accordance with the latest American Association of State

Highway Transportation Officials (AASIITO) guidelines. The classifications wer€ performed

using both the results of the field testing (shear wave velocity) and the SPT blow counts in the

upper 100 feet below ground surface.
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1.4.4. Tash 4: PeSorm Liquefactioa Analyes

The "siruplified procedure" developed by Seed and Idriss (1971) and Youd et al. (2001) were

used to determine safety against liquefaction. The sirrylified procedure uses available standard

penetration test (SPT) and shear wave velocity, Yr, b derive liquefaction resistance. This

procedure was based on evaluation of field observation and field and laboratory test data. The

procedrue uscs two variables to evaluate the liquefaction potential of soils. These variables are

the seismic demand placed on soil layer, oxpressed in terms of cyclic stress ratio (CSR), and the

capacity of soil to resist liquefaction, e4pressed in terms of cyclic resistance ratio (CRR). The

safety factor against liquefaction is dcfincd according to Youd et al. (2001) as:

^F,s = 
cffi''t *s, (r.l)
csft

where MSF is the magnitude scaling fuctor to adjust the simplified fltrve to rnagnitudes smaller

or larger than 7.5 (Secd and ldriss, 1982). Furlhermore, liquefaction potential index GPf)

introduced by Iwasaki (1978;1982) was used to evaluate the severity of liquefrction.

7.4.5. Tash 5: Developing Conelation Relationsftqps Between SPT Data and Shear lYave
Vebcity

The object of this part of the proposed study is to develop a procedure to obtain a set of eryirical

expressions to estimate the shear-wave velocity profile of a site, so that site reqponse analyses

can be performed and the site-de,pendent seismic arrylification frctor of a grvem site can be

evaluated. Soil t)r;ls, void ratio, effective confining sfress, unconfined corupression shengtb,

energy corrected blow counts and depth factors were considered in the developme,nt of the

empirical relationships (regression equations). The outcome of this objective is the developme,nt

of a user-friendly co,rnputer program with graphics interface that will be provided to AHm
engineers to estimate shear-wave velocity of a soil profile using SPT data.

I.4.6. Tash 6: Recommendations

The sixth and final task consists of the generation of the final report. The report includes

recommendations and guidelines for futtue implernentations qpon evaluating proposed or

existing bridge sites.

5



CIIAPTER 2
SITE SELECTION

2.1 Initial Selection

AHm Geotechnical Division provided boring logs for several bridge sites in the norlheast

Arkansas anea. After evaluating the locations and subsurface conditions, the investigators

prepared a list of potential test sites. These sites are listed below.

Table 2.1 Potential Sites.

PI Site No. AHm Site No. County l.ocation Description

I BRI r08 CLAY Cashe River Ditch I Sfr.&C. Rd. 53

2 BRI109 CLAY Big Slough ditch St. & C. Road 82

3 BRt l l0 CLAY Cashe River Ditch 1 Sh.&C. Road 2

4 BRr907 CROSS Prairie Creek Str. & C. Road 2

5 8R4706 MISSISSIPPI National ditch St.& C. Road W 924

6 8R5607 POINSETT Bayou DeView St. & C. Road 2

7 8R5609 POINSETT Ditsh No. 10 Str. & C. Road 48

8 r 10401 CRITTENDEN I-55 IUS 63 Interchange

9 ttM34 CRI1TENDEN US 63 / Gilmore Interchange

l0 I 10463 CRI]TENDEN I40-I{WY I l8 Interchange

1l 1 r0288 CROSS St. Fran, River St. & US 64

t2 I 10337 CRITTENDEN I-55 / US 64 / HWY 147

l3 1 r0358 CRITTENDEN I-4O-I{WY I 18 Interchange knprove,

l4 FAl904 CROSS HWYt-HWY284

6



Table 2.1 Poteffial Sites (Continued).

PI Site No. AH1D Site No. County Location Description

l5 R00059 CRAIGI{EAD US 63 I Washington Interchange

t6 Rr0071 CROSSE Colt Wlmne - SH 1

t7 r00609 GREENE us 49 / HW"Y 412-r{WY 135

18 100570 GREENE Hooker West St. - SH l4l

19 100569 CRAIGNIMAD Big Creek Ditch Sr. - SH 349

2A 100566 GREENE ParagouldBig Slough Ditch-UMIz

2t r00547 POINSETT US63 &135 Interchange

22 r00523 POINSETT US63 &l l8 Interchange (Tyronza)

23 100522 POINSETT US63 &l4glnterchange (M. Tree)

24 10M78 GREENE S. Fra. River & St - US 412

25 100395 CLAY HWY 14tN St. & SH 90

26 r 0038 1 POINSETT Ditch 10 St. - SH 14

27 100126 CRAIGIIEAD Mud Creek Relief. St.- SH 141

28 100303 CRAIGHEAD IryW 158 W & SH 18

29 l00r 05 MISSISSIPPI Tyronza River & Ditch 49

2.1. Seleeted Test Sftes

AHTD project committee reviewed the list of potential sites and chose 15 sites for testing. They

later added one additional site. The 16 test sites are listed in Table 2.2 below. AII of these sites

are north of Iatitude 35.0" and west of longitude 90.0o.

7



Table 2.2 Selected Test Sites.

PI Site No. AHTD Site No. County Location Description

I r 10288 St. Fran, River St. & US 64

2 1 10358 CRITTENDEN I-40-I{WY I 18 Interchange Imgxove,

3 11M01 CRITTENDEN I-55 / US 63 Interchange

4 100547 POINSETT US63 &135 Interchange

5 r 10337 CRITTENDEN r-55 I US 64 / HWY 147

6 l lM34 CRITTENDEN US 63 / Gihnore Interchange

7 100523 POINSETT US63 &l 18 Interchange (Tyronza)

I 100522 POINSETT US63 &l4glnterchange (M. Tree)

9 8R4706 MISSISSIPPI National ditch St.& C. Road W 924

10 100105 MISSISSIPPI Tyronza River & Ditch 49

l1 R00059 CRAIGHEAD US 63 / Washington Interchange

12 1 00303 CRAIGHEAD HYW 158 W & SH 18

l3 1 00r 53 CRAIGHEAI) SH 18 over St. Francis River

l4 10M78 GREENE S. Fra. River & St. - US 412

15 BRlt08 CLAY Cashe River Ditch 1 Str.&C. Rd. 53

l6 BRI110 CLAY Cashe River Ditch I Sfr.&C. Road 2
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CIIAPTER 3
SHEAR WAYE \TELOCITY I}ETERMINATION

The determination of shear wave velocities was accornplished by cornbining the results of two

separate non-invasive methods, Multi-channel SpecEaI Analysis of Surface Waves (MSASW)

and Refraction Microtemors (ReMi). The reason for ssmbining the two methods was that it

enabled the weakness of one method to be compensated by the shength of the other. The

stengths and weaknesses ofboth methods are explained in their respective sections.

YR (3.1)x*: f

where i,r is the Rayleigh wavelength,/ is the freque,ncy, and Ynis the Raylsi8[ phase velocity.

The properties of Equation (3.1) are illushated in Figure 3.1. Rayleigh waves of lower

fuque,ncy have longer wavelengths; therefore, they are able to penetrate dee,per into the soil

stnrcture.

9

3.1. Multi-Chsnnel Spec'lral Analysis of Surface Waves

MSASW is a non-invasive and economical seismic method used in the determination of

velwif-depth profiles compared to the typical rnore expensive intrtrsive methods such as down-

hole and cross-hole. The MSASIV technique talres advantage of the dispersive nature of

Rayleigh w&ves in a layered rnedia in order to measure the phase velocrty for a range of

freque,ncies. This phase velocity vs. frequeircy is known as a dispersion curvs which is the,n used

in the calculation of a velocitydepth profile.

i.I.L D*percion olRayleigh Waves

The wavelength of a particular Rayleigh wave is equal to:
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Figure 3.1 Relafionship between *equency and Rayleigh wave fravel depth.

3.I.2. Detqmhdon of Phase Yeloctly Vn

The determinatiou of phase velocity is accomplished by placing a number of sensors (15

accel€rometers were used in this study) in a linear array at spacing intenrals of Ari Oigtlre 3.2)

The spacing used is deterrnined by an array smoothing function as outlined in Hebeler (2000).

Sinusoidal waves are generated at a range of freque,ncies and recorded at each sensor.

l--- i*{

n
*+* nxn{

,

VV
*r

: Srurur

Figure 3.2 Linear array of sensors.

Once data for the entire range of freque,ncies are collected, the Fast Fourier Transform

OfT) is applied to the date to allow for freque,ncy dornain calculations. There are four
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il V * smrw

h-
-rl



calculations needed in order to determine phase velocities. The first of which is the cross F)wer

spectrum:

G*,*,=4ff)'xrT) (3'2)

where Gr,, is the cross power spectnrm between sensors i andj,Xi(l)* is the complex conjugate

of the Fourier qpectrum of sensor i, and $(f) is the Fourier spectnrm of sensorT.

The cross 1x)wer spectum contains cornplex valued terms composed of maguitude and

phase daE,. The phase shift between any two sensors can then be determined by:

LOU)=tan-l
Im(G* )

Re(G*,*,')

where Im(Gu*,) is the imaglnary value of the complex cfi)ss power spectrurn, and

Rt(Go* ) is the real value.

The phase shifts for all sensorc at a given frequency are plotted (Figure 3.3) in order to

determine the wave nurnber fr as outlined in Zarrabi (2005):

k(ft = ^tff\ (3.4)

Ar,

where k(f) is the wave number, LfiU) is the phase shift between se,nsors, and Ax, is the

spatial distance between each sensor.

Before Equation (3.4) can be use4 the phase shifu must be unwrapped. The mwrapping

process is depicted in Figure 3.3 through Figure 3.5. Figtrre 3.3 displays the unwrqpped phase

angles plotted vercus distance to soruce as determined by Equation (3.3). If the wavelength .i is

srnaller than the distance between sensorB, the phase shift must be unwrap,pd by a multiple of 2n

times the ntrmber of wavelengths between sensors (Figrrre 3.4). Once the phass angles have

been unwrypped (Figue 3.5), the slope of the line formed by the phase angles with respect to the

spatial disturce betrreen sensorc enables the determination of wave number e(/figpre 3.6).

(3.3)

1t
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Figure 3.3 Unwrapped Phase Angles.

Figtrre 3.4 Depiction of uwrrying process.
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The phase velocity can the,n be calculated by the following relationship:

(3.s)

By plotting the results of Equation (3.5), a dispersion crrve is obtained as soen in Figure

3.7 . The weakness of this method can be seen for frequencies of S llz and lower. The scatter in

the data can be contributed to low signal to noise ratio. The noise fiom ambient vibrations

present in the soil contains amplitude close to or higho* than that generated by the souce

resulting in ryarent phase velocities approaching at angles oblique to the line of serulors. This

will result in overestimating the fiue phase velocities. Due to low siemal to noise ratio at low

fteque,lrcies, MSASW is only able to produce quahty resulb to d€pths of about 20 meters. This is

due to the lightweight of the equiprnent used to generate the waves.
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Figure 3.7 Dispersion curve.
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3.7.3. Dolo Collection

For this projcct iryulsive Raleigh waves ranging from 3.75 to 100 ltz (T,*rrrcrbi 2005) were

generated using the Agile,nt 15 MIIZ Function/Aftitary Waveform Generator, model 331204

(Figure 3.8). The generated Erave signals w€re then sent to the harmonic wave sourse, the APS

D5mamics Electro-Seis 4fi) Shaker (Figure 3.9). The shaker is a long stroke, electrodpamic

shaker, desiped for the investigation of dynamic r€sponse charactgristics for soil stnrcttrres.

Figure 3.8 Agilent 15 MHz Fuction/Arbifiary Waveform Gene,rator model 33120A.

Crround apceleration measrue,ments w€ro obtained using Wilcoxon 73lA Seismic

accelerorercrs (Figure 3.10). Each sensor rests on a metal base with a spiked bottom that is

drive,n into the soil to ensure good coupting. A total of 15 s€nsorc were used in this study as soen

in Fignrre 3.11. Data w€re collwted using the W1432A 16 channel24bitdigitiz€r (Figure 3.lZ)
contollod sdth the tfEE 6.2 signal processing soffware. Data wcr€ collec.ted ev€ry 0.0015 sm

for a total of 10 seconds pcr frequency. All duta wsrc analyzed using the methods described in

Section 3.1.2 with corryuter programs written in the MATI-AB softrn'are.

l5

ffi
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Figue 3.9 APS Dpamics Elecho-Seis 4O0 Shaker.

Figure 3.10 Wilcoxon 73lA Seismic accelerometers.
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Figure 3.11 MSASW linear array.

Figure 3.12 Wl432A 16 channel z4bitdigitizer.
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3.2. Refraction Microtremor (ReMi)

The Refraction Microtrernor (ReMi) technique used in this research is based on the method

described by [ouie (2001). This method utilizes the recordings of background noise, or

microtrernors to separate Rayleigh waves from other seismic arrivals which allows for the

determination of the frtre phase velocity cornpared to appare,nt velocity.

ReMi utilizes a velocity specfial (?fi analysis in the determination ofphase velocities for

Rayleigh surface waves, the basis of which is the p-c fransformation or slanstack. This

fransfonnation takes rrultiple seismic records of arnplitude relative to distance x, and time I and

converts them to arylitudes rclative to ray parameterp and intercept time r. \\e p-r fransform

is defined by:

A(p,c) - [,a1x,t 
: t * px')d\ (3.6)

x

where the slope of the linep : dtldx is the inverse of apparent velocity Yobthe r direction.

The next step is to cornpute the complex Fourier fransform Fe(p,r) in the rintercept time

direction:

(3.7)F ,(p,r) = I n(p,r\e-ta# dt

The final *t"p i, to sum the enerry ftom both the forward and reverse directions into one

slowness axis that represenb the absolute value of p. This is accorrylished by first coryuting

the Power specfrum S,e@l):

s ,(p,f)= F* ,(p,f)Fr(p,f) (3'8)

where * denotes cornplex conjugate. The slou,ness axis is then folded and zummd aboutp: 0:

sr(lpl, f)=[sro, fi)r,o*[sr(-p,f)lr.o (3'9)

This cornpletes the fransforrnation fiom distanoe-time (x,f) intop-frequency (prl) space.

i.z,I. Doto Colhction

Field data were collected using a linear array of 7A,4.5 [lz geophones (Figrue 3.13), spaced

evenly at I meter intervals (Figure 3.14).

r8



Figure 3.13 4.5 [lzGeophone.

Figue 3.14 Linear array of geophones.
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Data were recorded using the DAQLink II (Figure 3.15), a multiple channel?4bitanalog

to digital acquisition systern. The DAQLink II has 24 independent analog channels and uses

$'tandard 10/100 Base RJ45 network connection and standard TCPIIP network protocol.

Figure 3.15 DAQLink II.

The softrrare SeisOpt ReMi was used in the organization and analysis of the data- Data

w€re rpcorrdcd every 2 milliseconds for a total of 32 seconds producing 16,000 data poinb pcr

channel. On average atotal of 20 separate recordings were collected for each site.

3.2.2. Otspewion Carvc Detcrufufiion

The determination of the Raleigh wave dispersion qrrve using the ReMi technique is

accorryIished by plotting the results from Equation (3.9), as illustrated in Figrre 3.16, and by

choosing points along the lower bound of the €Nrcrry spectum. The points along the lower

bound of the €ncrry specttrm represent the Raleigh waves traveling in a direction along the line

of se,nsors which rqrrese,nts the tnre phase velocity. Raleigh waves ryproacnins from angles

oblique to the line of sonsors produce higher ryparcnt velocities thus picking points along the

middle or qrper bound of the €merry specfirm would result in overcstimated phase velocities.

Figure 3.16 also depicts the spatial aliasing inh€rit to the ReMi method. Freque,ncy resolution in

and bcyond the line of special aliasing is not certain and raises oonsem as to the accuracy of the

method beyond such frequencie.
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Y



lrxF.ttr"|lI

HtFrtrr**rro
CI .-.:;;#lffiIl

Figure 3.16 Plot ofp-/specfrum

33. Combination of Methods

Both trdASAW and ReMi s have thcir sfrengths and weaknesses. Fortunately, the

weakness of one method is the sfiength of the olher. As seen in Figure 3.17, in the low

frequency range where MSASW would not prrovide quality results, ReM fills the gry with good

resolution at low frequeircies and vice versa for high frequencies. The combination of both

methods rpsults in good qualrty data for the determination of Rayleigh phase velocities for a

@ucncy range of 2 to 100 IIz providing thc ability to det€rminc shcar wave velocities to dcpths

of up to 100 rneters.
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Figtue 3.17 Combination dispersion curve from both MSASW and ReMi methods.

3.4. Invergion

The inversion process for all diqpersion curyes was accomplished thtough the utilization of a

genetic algorithm (GA) for the solution of the Raleigh wave equation as outlined in Pezeshk and

Zarrabi (2005). GAs are optimization and search techniques that simulate the natural evolution

prosess and are based on a stochastic approach, which rely on sfratery of sunrival of the b€st fit

(tlolland 1975). The prccedure consists of randomly choosing an initial soil velocity prrofile to

develop a theoretical dispersion nrve using the forward method (Rrx 1998). This theoretical

dispersion curve is then compared to that of the experimental dispersion firrve obtained from

field testing (Figure 3.18). The difference betwee,n the two orryes is calsrrtatpd and the rezulting

profile is returned to the GA where otrspring soil profiIes, prcfiles with slight variations ftom the

original, are gene,rated and their resulting dispersion crrrves coryard to that of the experimstal

(Figure 3.19). Then, this process continues by finding neu, and better sets of inputs through the

prooesses that mimic the natural rnating, selection, and mutation in each generation (Figure

3.20). The goal of the GA is to find the best rnatch bsfiile€rn the thcoretical and the experimentat

dispersion curves. Therefore, with each new ge,neration therc is a better agr€ement between the
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calculated output theoretical dispersion curve and the irput orperimental dispersion curve. The

GA part of the proccdure is fast stable, and accurate, dtr several advantages coryar€d to the

fraditional methods. The resulh for all sites of the project are displayed in Appendix A.
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Figrue 3.18 Theoretical vs. Experimental Dispersion Curve.
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o Simulated Phase Velocites

- 
Estimated Phase Velocities
Using GA-besd Inversion
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Figure 3.19 Theoretical vs. Experimenhl Dispersion Curve after nEE' offspring.
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Figure 3.2A Experimental dispersion curye and the theorretical dispersion curve after
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CIIAPTER 4

SITE CLASSIT'ICATIONS

4.1 Sitf Classification Definitions

Acoording to the document titled "AASIITO Cuideline Specifications for LRFD Seismic Bridge

Deign," the Site Class Definitions af,e listed in Table 4.1 below.

Table 4.1 Site Cla"ss Definitions.

Note: Site Class F includes soils vulnerable to potential fuilure or collapse under seismic loading,
such as liquefiable soils, quick and highly sensitive clays, and collapsible weakly cemented soils.

Site Class Soil Type and Profile
A Hard rock with measured shear wave velocity, VP 5,000 ft/sec.
B Rock with 2,50A ff/sec < V, < 5,000 ff/sec.
C Very dense soil and soil rock with 1,200 ft/sec < V, < 5,000 ft/src. or with either N

> 50 blows/ft. or S, > 2000 psf
D Stitr soil with 600 ft/sec < V, < 1,200 ff/sec. or with either 15 < N > 50 blowdft. or

2000 > So > l(X)0 psf
E Soil profile with V, < fl)O ft/sec. or with either N < 15 blou,s/ft. or Sa < 1000 psf

or with any profile with more than l0 feet of soft clay defined with PI >20, w > 40
percent and S, < 500 psf

F Soil requiring site-sprcific evaluations, such as:

Peats or hig$y organic clays (H > l0 ft of peat or highly organic clay, where H :
thickness of soil)
Very high plasticity clay (H > 25 ft with PI > 75)
Very thick soft/medium stiffclay (H > 120 ft)

Exceptions:

Where the profile is not knoum in sufficient detail to detennine the site class, a site investigation
shall be undertaken sufficient to determine the site class. Site classes E or F should not be

assumed unless the authority having jurisdiction determines that site classes E or F should be
present at the site or in the event that site classes E or F are establishedby geotechnical deta.

Yr - average shear wave velocity in the upptr I00 feet of the soil profile
N - averqge Standard Penetration Test (SPT) blorr count (btows/ft) (ASTM D 1586) for the
upper 100 feet of the soil profile
Su : average undrained shear stre,ngth in psf (ASTM D 2166 or D 2850) for the upper 100 feet of
the soil profile
Pf : plasticity index (ASTM D 4318)
w: moistue content (ASTI\{ D2216)
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4.2 Site Classification Based on Shear Wave Yelocity ProfiIes

Based on the shear wave velocity profiles, the *Site Class" of each of the 16 bridge sites was

determined. They are listed in Table 4.2 below.

Table 4.2 Site Class Based on Shear Wave Velocity Profiles.

PI Site No. AIID Site No.
Average Shear Wave Velocity in the

Upper 100 ft, ft/sec.

I I 10288 849 D

2 I 10358 656 D

3 110401 712 D

4 100547 718 D

5 l 10337 575 E

6 tt0/.34 667 D

7 r00523 1084 D

I 100522 736 D

I 8R4706 73r D

10 100105 692 D

ll R00059 721 D

t2 I 00303 721 D

13 100r 53 754 D

t4 r00478 746 D

15 BRl l08 693 D

t6 BRt 110 662 D
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4.3 Site Classification Based on SPT BIow Counts

Based on the blow counts listed on the borirg log*, the Site Class of the 16 bridge sites were

determined. They are listed in Table 4.3 below.

Table 4.3 Site Class Based on SPT Blow Counts.

PI Site No. AHm Site No.
Average Field Blow counts in the Upper

lm ft, blows/ft.
Site Class

I I 10288 r 5.5 D

2 l10358 19.7 D

3 110401 r 5.0 E

4 100547 23.3 D

5 r r0337 15.3 D

6 l 10434 15.5 D

7 22.5 D

I r00522 20.3 D

I 8R4706 24.9 D

t0 100105 15.6 D

n R00059 r6.l D

t2 100303 20.6 D

13 r00153 t6.7 D

t4 100478 16.0 D

t5 BRl108 19.4 D

16 8R1110 18.0 D

28
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Comparing the data from Table 4.1 and 4.3 indicate consistent results, except for sites

110337 and 110401. The resulb from these 2 sites were considered "borderline" between site

classes D and E. It is imperative to recoguize the difference be,trn eeir the 2 methods upon site

class determination, as each of the 2 methods has its advantages, disadvantages, and sources of

erTors.
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CIIAPTER 5
LTQ[TEFAC TrON AF{ALYSTS

5.I. Introductlon

The liquefaction analyses werc performed using both shear wave velocity profile and SPT blow

counts as indicated on the boring logs provided by AIID for each site. EBch method required

specific input data The two methods, as well as their required input dat4 are discussed below.

5.2. Standsrd Penetration Testing Analyrir

This section presents the procedure to perform liquefaction analyses using the standard

penetration tsst (SPT).

5.2.I. Input Data

The following is a list of data needed to perform a liquefaction sfidy.

5.2.I.7 FieU Blote Coan6

fire ATIID Gmtechnical Division provided boring logs that were prepared ftning the

geotechnical investigations of the sites. Each log indicated the field blow counts (orNvalues) at

specific defth intervals (tpically 5 feet).

5.2.I.2 Depth to Gruun&yat*r

Most of the borios logs me,ntioned above indicated the depth to groundwater. In the cas€s where

the depths to groundwater w€re not indicated on the logs, the soil descriptions were used to

estirnate the depth to the water table. For example, urhen the cohesive soil is described as '1tret"

or whm the cohesionless soils were described as 'ket to very wet, the depth to groundwater was

takem as the top of zuch a layer.

5.2.1.3 Hammq Elfictenq, Sany,ler TWp, tnd Borchole Diamewr

These dah are required to correct the field blow counts to a hammer efficie,ncy of 60% (iV60).

The data were provided by the AI{TD Geotechnical Division.
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5.2.7.4 Soil Unit Weigh*

The unit weights wore estimated using past experience, field blow counts, and tlpical values list

in many soil mechanics text books @owles, 1993).

5.2.7.5 Peek Ground Acceleretion

The peak ground accele,ration is a significant input to the liquefaction analysis. According to the

doctrment titled *AASIITO Guide Specifications fsr LRFD Seismic Bridge Design " which was

proposed by Roy Imbsen in May, 2W7 and later ryproved, the 1000-year return period

(approxirnately equivalent to aTYo probabilrty of exceedance in 75 years) was recommended for

the seismic design of highway bridgcs.

The United States Geological Survey (USGS) pr€pared two typcs of products for use by

AASIITO. One of these products was a ground motion softrrare tool to simpliff the

determination of the seismic design parameters. AlIm provided the PIs with a copy of the

softtrare (FiguIE 5.1). The software provides values for the design p€ak ground acceleration

(1"), short-period qpectral accele,ration (Sps) and one-second specfial acceleration (Sp;) based on

the site class and the location as documented by the zip code or the t atitude / Longitude.

The design peak ground acceleration for each of the test sites were det€rmined using the

Latitude I longitude recorded furing the fieldwork using hand-held global positioning systern

(GPS). These data are presented h Table 5.1 below.
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AHTD Site
No.

Geographic Location Design Peak Ground
Acceleratioq As

G)Latitude Longitude

I 10288 35.27326 -90.55888 0.833

1 10358 35.16262 -90.22425 0.522

110401 39.39146 -90.2734 0.800

100547 35.4748 -90.3332t 0.951

1 10337 35.r997r -90.24574 0.592

1 10434 35.41504 -90.28398 0.839

100523 35.48M7 -90.35757 0.976

rco572 35.51862 -94.41266 1.035

8R4706 35.59755 -90.26931 1.038

100105 35.59754 -90.2149 1.030

R00059 35.84046 -90.75316 4.624

100303 35.82309 -90.5006 0.830

100153 35.82073 -90.43327 0.897

100478 36.05171 -90.36039 o.667

BRI108 36.39091 -90.39922 0.470

BRt 110 36.45966 -90.35708 0.462

Table 5.1 Site Geographic Locations and Design Peak Ciround Accelerations (Ar), g.
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5. 2. I. 6 Barthquahe Magnfu de

As preniously mentiond several r€searchers estimated the moment mqgnitud€s of the 1811-

1812 w€,nb to be in the mnge of 7.5 to 7.8 (Bakun & Hopper, 20M, Rix and Rom€ro, 2005).

After evaluating the available dat4 and basd on the previous experience of the PIs in the study

ar€a, a decision was a rnad€ to utilize a mom€nt (tpically used in engineering

practice) of 7.50 as the AASHTO-basd ev€,nt (Irobability of exceedance of 7o/s in 75 years).

5.2.7.7 Fine Conten* and Soll Plasfrctty

The fine oont€nt is another significant iryut parameter ncedod for the analysis. The available

AIITD data did not include any laboratory test resulb. Thercforc, a dccision was rnade to drill

one borehole at cach site to provido saryles for fine cont€Nrt and Atterberg Limits

determinations. The PI's provided a sampling squ€nss. Once the samples wer€ collecte{ they
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were kansferred to the Arlansas State University (ASU) laboratory for testrng. The laboratory

test resulh are presented in Tables 5.2 through Table 5.9.

Table 5.2 Perce,nt Fines and Attefterg Limits Data - Sites 110288/110358/110401.

Table 5.3 Percent Fines and Atterberg Limits Data - Sites 1005471110337/110434.

AHTD Site No. Depth, ft. Perce,nt Fines Uquid Limit, % Plasticity Index, 7o

1 10288

t0
2A

40
70
100

94
l0
5

5

6

37 ,:

I r0358

25
50
7A
r00

66
5

5

6

34 ,-t

l r040r

2A

30
50
7A

100

93
97
8
4
5

47
46

26

T

AHTD Site No. Depth, ft. Perc€nt Fines Liquid Limrt,o/o Plasticity Index, 7o

100547

2A

40
70
100

30
L4
4
4

I 10337

2A

45
7A
100

95
7
I
7

34 l5

r 10434

r0
2A

4A
60
100

78
92
74
t9
13

45
o:

25
13

34



Table 5.4 Percent Fines and Atterberg Limits Data * Sites 100523/1A052UB,R4706.

Table 5.5 Percent Fines and Atterberg Limits Data - Sites 100105/R0059/100303.

AHm SiteNo. Depth, ft. Percent Fines Liquid Limit, % Plasticity Index, 7o

l 00523

t0
30
50
70
r00

62
7

I
6
6

3l t6

rco522

20
30
50
70
100

65
ll
3

5

4

8R4706

20
40
70
100

88
6
6
5

68 35

AHTD Site No. Depth, ft. Percent Fines Liquid Lilntt,% Plasticity Index, 7o

100105

r0
30
50
7A
100

7A

6
5

8

5

50 34

R00059
2A

40
60

89
4
37

36 l8

100303

l0
20
40
70
100

60
7
4
5

93

30 l3

35



AHTD Site No. Depth, ft. Percent Fines Liquid Lirui,Yo Plasticity Index, 7o

100153

l0
30
60
100

36
4
4
10

100478

15

30
50
7A

r00

42
5

4
4
4

26 t2

BRI108

10

2A

4A
7A
100

58
19

8

5

5

36 2A

BRI I l0

20
40
50
70
100

58
7
4
6
4

27
:

Table 5.6 Percent Fines and Atterberg Limits Data - Sites 00153/10047818R1108/BRl I10.

5.2.2. Mahod otAnatysis

Seed and Idriss (1971) developed a n'simplified pmcedure" that can determine safety against

liquefaction. The sirnplified procedue was developed from evaluation of field obseirration and

field and laboratory test data. The procedure uses two variables to evaluate for liquefaction of

soils. These variables are the seismic demand induced by the desrgn earthquake and expressed in

terms of cyclic stness ratio (CSfi), and the capacrty of soil to rmist liquefaction, e4pressed in

tenns of cyclic resistance ratio (Crt t). The CrtR is proportional to the peak ground acceleration

{ar,r*).
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The CSR is calculated using the method infrodused by Seed and Idriss (1971) as follows:

where,

0.65: a weiglring factor infroduced by Seed to account for the average equivalent cyclic
shear sffess caused by the earthquake (assumed to be 0.65 of the maximum
induced sfress).

tt,wl peak horizontal ground acceleration.

owi total vertical overburden pressur€.

effective vertical overburden pressure.

shear stess reduction coefficie,nt to adjust for the flexibility of the soil profile.rdi

Values of ra are cornmonly estimated from a chart inffoduced by Seed and Idriss (1971).

The 1996 NCEER participants recommended the following equations to estimate the average 16

nalues for noncritical projects (z is the depth below ground surface):

cs*=h=065[tXe)-

d*i

(s.l)

(s.2)

(5.3)

(s.4)

(5.5)

ra =1.0-0.000765' z

ra =L.174-0.0267' z

ra =4.74-0.008'z

t = 0-50

z 39.15m

9.15m< z <23m

23mS 2330m

2230m

The first 2 equations were proposedby Liao and Whitnan (1986), the third equation was

proposed Robertson and Wride, md the fourth eqtration lyas proF)sed by William F. Idarcuson.

Revised average values were proposed by Idriss (1999) based on analytical work by GolesorHri

(1989). The revised values were rnagnitude dependent (Andrus and Stokoe,lgg7').

It is irryortant to note that the workshop participants indicated that the certainty with

which CSR can be calculated decreases with depth when the mean rd values are used to simplify

the calculations. Moreover, the simplified procedure is not well verified with case hismry data
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for depths greater than 15 m. Howevern they agreed that for convenierce in programming, ra

values presented by Equations (5.2) through (5.5) above are suitable for routine engineering

practice. Therefore, the method of calculating CSR inMuced in this report represents the best

available ryproach at this stage.

The CRR for a moment magrritude, Mo : '1.5 earthquake, CRR7.5, can be determined

using several field testing methods such as SPT, Cone Penehation Testing (CPT), Becker

Pemefration Testing (BPT), and Shear Wave Velocif, %.

To calculate the CRR using the SPT data, the equivalent clean sand standard peirefration

resistance defined u (Niow, should first be determircd- This can be done as follorvs:

(,w,)** = NrC,CoCbC,C, (s.6)

where,

(Niloa*:

Nr:

Cni

C"i

Cil

corrected normalized standard Penefration JV-value,

standard penetation value measured in the fiel{

depth (ovefturden stress) correction frctor for an effective overburden
pressru€ of t tsf (2m pound psr s$mre foot),

hammer energy ratio correction factor for 60% hammer efficiemcy,

borehole diameter correction factor,

rod length comection frctor, and

sarryler correction factor (with or without a liner).

crl

Fine content (% pass No. 200 sieve) factors wer€ then applied b (Niw* in order to

accormt for the effect of the fines in the soil, thus calculate (NlaV. Two approaches we,re

adopted. The first one was to apply the fines correction using the method introduced by Shrk

and Olsen (1995). This method applies the correction for fines contsnts in the range of 0 to 35%.

When this approach was taken, fine-grained soils with more 60 percent fines were assumed to be

non-liquefiable. The second approach was to use the Modified Stark and Olsen, where the fines

C,
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content correction line is extended to fines of lfi)70 instead of having a maximum correction

factor (keepi"g the correction line flat) at 35a/o. For this approach, any soil layer with less than

100% fines was a.Bsumed to be liquefiable. When the soil tlpe indicated that either approach can

be taken, the analysis was denoted "ALT. A" and "ALT. B" for ttre first and second approaches,

reqpectively. Otherurise, only the first approach was adopted and no deuotation was used. This

step was done for corryarison ody, as "ALT. A" is considered the most likely scenario.

The following equation, which was introduced by Blake (1997), was used to calculate

CRR7.5i

,-.,DD a*cx+q'+ gx3uruy.s-W

where,

r: (Niloot

a: 0.048

b: -0.1248

c: -0.004721

d - 0.009578

e : 0.0006136

f - -0.0003285

g: -1.6?3x10-s

h: 3.7l4xl06

The safety factor against liquefaction is defined according to Youd et al. (2001) as:

^F'S = 
CM's 

MSF
c,sft

(s.7)

(5.8)

where MSF is the mqgnitude scaling factor to adjust the simplified curve to magnitudes smaller

or larger than 7.5 (Seed and ldriss, 1982). Since the design earthquake was assumed to have a
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moment magnifirde of 7.S,the MSF had no irnpact on this analysis.

Correction factors for Equation (5.8) werc intoduced by Seed (1983) to accormt for high

overbuden stress (rKd and static shear due to sloprng ground (K"). The NCEER workshop

participants, however, agreed that the effect of sloping ground is not well understoo{ although

correction fllrves were available (Ilarder *6 f,srrlanger, 1997). They recommended that the

evaluation is beyond routine application of the simplified procedure. The high overburden sfiess

correction factor was also ignored as a partial compensation for the unquantified but substantial

increase in the liquefaction resistance due to agrng.

5.2.3. Mahod of Calculation

The computer program Lfquefy Pro (Civiltech Softrrare, 2W7) was used to prform the SPT-

based liquefaction analysis. The decision was made to use this software for the ease and speed

of the calculation, as well as its graphic capability. In addition to the calculation of the safety

factor against liquefaction, the program also calculates the estimated dynamic settle,ment due to

the densification of the dry (above grouudwater table) and wet (below groundwater table)

cohesionless soils druing the seismic event. The calculations are performed tbrough 4 steps as

follows:

Establishing a relationship betwefr (Nleo and relative density, D"

Calculating the fines corrections for settlement analysis prposes.

Calculating of saturated soil settleme,lrt.

Calculating of dry soil settlement.

5.2.4, Analys*t Resulfs

The analysis was pe,rformed using the available boring logs and soil data for each site. The

results are summarized in Table 5.7 througb Table 5.12 below. The resulh are also included in

Appendix D.
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Table 5.7 SPT-Based Liquefaction Analysis Results - Sites I10288 / 110358.

Site No.
Borehole

No./Depth, ft.
Approach

Zones (ft. below Ground surface)
that Indicated SF < 1.0

Est. Dynamic
Settlernent, in.

I 10288

B-1/100

B-2 / 100
B,-3 t7A

B4t66

B-5 / 100

B.6 176

ALT. A
ALT. B

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT, B
ALT. A
ALT. B

r5-65t74-99
tt-65t74-99

t7-33158- >r00
10-1 8/33-50/55
7-18t33-50/55

t0-20121-28/3242t55
t0-20121-28t3242tss

35-45 55-65/80-82
35-45/55-65/80-82

28-38t43-57
28-38t43-57

13.9
16.1

23.3
6.1

9.3
5.3
6.4
7.2
9.3
4.4
6.6

1 r0358

B-r / t00

B-2 I rcA

B-4 / r00

B-5 / r00

8-6 / 100

B-7 / 100

B-8 / 100

B-9 / 100
B-10 / 100

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

55-65/78-99
3245t55-65t78-99

3t-40146-81/95- > 100
3t-4U 46-81/95- > 100
3t40t $-8u95- > 100

3t40l45-81/95- > 100
3 r-35t 45-67t73-95
3 r-35/ 45-67t73-95

50-541 57 -63 n 0 n 8-84t 87 - >l 00
40-541 57 -63 t7 0t7 8-84t87 - >l 00

36-95
20-35t36-95

4l -95
4t-95

3 5 -38 I 4s -68 / 7 3 -88 I 93 -9 6
3t-38142-85/96-98

4.5
7.3
6.4
6.7
8.6
8.7
8.1

9.0
2.6
4.7
13.0
t4.t
7.5
7.5
6.3
9.8
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Table 5.8 SPT-Based Liquefaction Analysis Results - Sites 110401 I lIM34.

Site No.
Borehole

No.lDepth, ft.
Approach

Zones (ft. below Ground surface) that
Indicated SF < 1.0

Est. Ilynamic
Settlernent, in.

110401

B-t / 100

B-2 I 100

B-3 / r00
B-4 / 100
B-5 / 100

8-6 / 100

B-7 / r00

B-8 / r00

B-9 / r00

B-10 / r00

B-l l / 100
B-12 / 100
B-13 / 100
B-r4 / 100

ALT. A
ALT. B
ALT. A
ALT. B

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

25 -3 5 I 5A-541 56-63/68-88195-> I 00
25 -3 5 I 50-541 56-63/68-88/95-> I 00

30-3 5/48 -54/ 5 5 -72180-> I 00
30-3 5/48 -541 55 -72180-> 1 00
28 -* I 4A -69 I 7 8 -87 I I 5 ->t00

3A42147-64n7-91
25-29t33-95
20-29t33-95

25-29148-84/95->100
25-29148-Ml95->100
25-33136-94196->r00
25-33136-94/96->100

25-3A83-63t67-95
25-30133-63t67-95

25 -30 I 3 5 49 I 5 t -7 41 82->rc0
24-3A B 5 49 I 5 t -7 4 I 82->r A0

25-35t36-65/67->100
25-35/36-65/67->100

25-32t44->r00
25-65166->100
30-33/38->100

25-53t57-99

12.7
r 3.6
7.7
7.9
12.5
7.4
12.3
t4.l
8.1

8.4
12.7
13.7
10.8
11.4
9.5
tt.7
14.8
15.0
13.3
12.3

12.3

12.6

110434

B-1 / 100

B-2 / 100

B-3 / r00

B-4 / 100

B-5 / 100

8-6 / 100
B-7 / 100
B-8 / r00
B-9 / 100

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

20-55/61-82189-95
20-55161-82/89->100

20 -341 37 -5 5/62- 85/86-9 s
2A 441 37 -5 5 I 62-85/86-> 1 00

2A45fi0-78/85-90
20-78t85->100

22-60/6?-95
2r-95

204il38-60rc7 -7 4n5-86l94-95
20-321 38-60 I 67 -7 417 5 -86194-> I 00

38-63167-78182-9s
2l -2?,t 48-il I 67 -7 3 I g7 -92

45-65166-84/90->100
29-30145->100

17.7
18.4
16.9
r8.3
15.2
18.2
t7.l
20.4
16.2
16.6
8.5
5.8
9.3
10.1
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Table 5.9 SPT-Based Liquefaction Analysis Results * Sites rc054711005231100522.

Site No.
Borehole

No.lDepth, ft.
Approach

Zones (ft. below Ground surface) that
Indicated SF < 1.0

Est. Dynamic
Settlernent, in.

rc0547

B-r / r00

B-2 / 100
B-3 / 100
B-4 / r00
B-5 / 100
B-6 / 100

B-7 I 100

ALT. A
ALT. B

ALT. A
ALT. B
ALT. A
ALT. B

20 48 I 63 -69 17 2-7 5/8 8 -9 5

20 48 I 63 -69 I 7 2 -7 5/8 8 -9 5

2A-52158-73180-95
23-66176-Wl9u99

23 -37,1 39 4 I 5 L -8018 I -99
23 -25 I 3249 I 5 | -621 7 3 -7 6

25-29
25-29

25-26/4546
25-2614546

to.7
12.8
13.3
15.0
14.5
8.3
0.7
2.2
0.5
1.4

r 00523

B-r / 100

B-lNElV/ r00

B.2 I t00

B-2A 1rco
B-3 / r00

B-3NEW 100

B-4 / 100
B-4NEW/ 100

B-sNEW 100

ALT. A
ALT. B
ALT, A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

| 5 -t7 lzt -3 5 I 4A-561 62-7 3 189-> I 00
I 5 -17 lzt -561 62-73189-> I 00

r 5-20/30 -36t48-52
$ -2A n5 -29 I 30 -3 6 I 48-52
3A-n8742150-61190-94
18 -33 I 37 42 I 50 -61 I 90 -9 4

l 5-5 t I 58-7 6l8t -93 196-> I 00
1 5- r 8/2 I -3W4A-76/86->l 00

l5-t 8/21-76186->100
25-35

t2-15D5-35
t 5 -29 I 33 -66 I 7 3 -80 I 8t -93 / 97-> I 00

25-37t4548/80-85
rc-n25-3714548180-85

t0-t3l2t-30
t 0 -13 I 2t -3 625 -37 I 45 -48 I 80- 85

9.8
12.4
2.t
4.0
3.7
7.4
r r.3
tt.2
tt.7
r.8
2.4
11.4
3.8
4.2
2.5
4.1

100522

B-1 / 100

B-2 / 100
B-3 / 100

B-4 / r00

B-5 t70

ALT. A
ALT. B

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

30-33/39-90
30-33/39-90

25-1518l,->100
25-80
22-80
45-87

22-24t45-87
4546165-67
4546t65-67

8.0
9.0
9.6

1 1.0
14.3

6.1

6.5
0.5
1.4
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Table 5.10 SPT-Based Liquefaction Analysis Results - Sites
I 0047 8/l 003 03/1 00 I 05/ I I 033 7/BR I t O8lBRl 1 I 0.

Site No.
Borehole

No./Depth, ft.
Approach

Zones (ft. below Cround surface) that
Indicated SF < 1.0

Est. Dynamic
Settlement, in.

100478

B-l / 100
B-2 / lm
B-3 / lm
84 / 100

B-5 / 100
B-5A / 100

8-6 / 100
B-6A / 100

20-242548/65-95
rc42t45-75l85-88
t6-74t75-83t93-99

t t -r6t22-41 I 47 -58t 6t -66t7 3 -85/98-
>100

3s-s0/60-69/90-91
to-72177-81185->100

943153-75176-8A
10.4/,t48-80/85-98

1 1.1

10.3
tt.7
9.7

4.0
15.1

10.8
14.8

l 00303

B-r / 100
B-2 / 100

B-3 / lm

B-4 / 100

ALT. A
ALT. B
ALT. A
ALT. B

l5-39/48 -73n5-80
20-60t67-72t77-80
20-60rc7-72n7-80

t 5 -20 / 30 -3 5 I 4247 I 54 -8A
7 -20/ 30 -3 5 I 4247154- 80

25-3315t-57 /70-72

9.3
6.5
6.7
6.8
8,7
2.7

100105

B-r / 60
B-rA / 100

B-2 / 100
B-2A / 100

B-3 / 100
B-3A 1 100

B4 I r00
B 1Al100

ALT. A
ALT. B

ALT. A
ALT. B

ALT. A
ALT. B

5A-r*
3 A 40 I 42 I 47 I 50 -65 I 9 4-97

None
35-39
30-39
?542

30-3614tr.55/80-90
30-3614g.55/80-90

/+0-50

4043/46-53
l5-30/4043146-53

0.2
5.5
3.2
1.1

4,4
1.1

5.7
5.7
2.2
2.9
6.9

r 10337

B-t / 100
B-2 / 100
B-3 / 100 ALT. A

ALT. B

9-15t40-89/90-98
50-90/98->100

l3-15/60-80/97->100
r 3 -3 0/40-50/5 5-80/97-> I 00

10.0
7.9
3.8
9.4

BRI r08

B-1 / 100

B-2 / r00

ALT. A
ALT. B
ALT. A
ALT. B

x 421 5A -57 I 63 -68 I 7 t -7 6
234u5a-57163-68171-76
l0- 13 I 25-3 8/5 3 -5 8 I 90-93
9 -13 lzs -3 8/53 -5 8/90-93

6.4
6.6
5.6
5.9

BRl1l0

B-t / rm

B-2 I tW

ALT. A
ALT. B
ALT. A
ALT. B

25.3A/48-54/60+100
l5-30/48-54160->100

r2-t6l2t-26/68-92
t2-26/68-92

8.6
rt.7
4.8
5.8

M



Table 5.1I SPT-Based Liquefaction Analysis Results * Site 100153.

Site No.
Borehole

No./Depth, ft.
Approach

Zones (ft. below Ground surface) that
Indicated SF < 1.0

Est. Dlrnamis
SettlemrenL in.

l 001 53

B.t t75

B-2 I 65

B.1 175

B4 t75

B-5 / r00

B-6 / 65

B.7 t60

B-8 / r00

B-9 / 65

B-10 / 75

B-1r / 75
B-t? t 70

B-13 / 60
B-r4 / 80
B-15 / 85

8-16 / 100

B-17 / 80

B-18 / 60

B-19 / 100
B-20 / 60

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

ALT. A
ALT. B

ALT. A
ALT. B

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

t7-28t48-55
5-8lt4lr7-28148-55
l0-16/39 4t5t->65
5-16/39-4151->65
t0-t4t17 -28t36-61
5-t4lt7-28136-61

t0-36/49-53160-6/,fiA
7-36149-53160-6/.170

rc45 A6-6A rcT -7 2n 8-8t 19 l -99
4-7 I t 0 45 I 46-ffi I 67 -7 2t7 9 -99

r24t50-5r
5-7/124150-51
to-24t33-39l55
4-24t33-39l55

r 5 -t 6 I 23 -27 I N 43 I 48-7 2
4-16t23-27t$43t48-72

fi-4Al63->65
154016? .>65

t0-28t40-53t63-68
10-281+0-53/63-68
25-37t48-54t58-73

l0 -r4/ t8-25 t29 -3 t I 42-5 t I 57 -66
4-t 4 I t8A5 D9 -3 1, I 42-5 I I 57 -66

t5-27 t55
25-37155-60/63->80

t0-33157-63
2-33t57-63

t0-t7 I 24-37 I 5 5 -62 17 0-7 4 n 8-> r 00
3 -17 124-37 I 5 5 -62t7 0-7 417 8-> l 00

r0-22n8-59t62->80
5-22128-59162->80

2t-37
2t-37

20 -24 I 28 -32 / M 49 I 5 5 - 5 6 I 6 5 - 8 5
25-30t3r -35
25-31/3 r -35

3.r
4.0
3.9
5.6
6.7
8.3
6.7
6.7
10.6
12,9

6.2
6.8
5.5
7.1

5.9
7.9
4.5
4.6
7.8
10.1

5.6
4.7
6.6
2.5
5.5
6.r
8.1

9.5
11.5

9.4
tL.2
3.2
4.2
7.6
2.3
3.2
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Table 5.12 SPT-Based Liquefaction Analysis Resulre * Sites R00059 lR47O6.

Site No.
Borehole

No./De,pth, ft.
Approach

Zones (ft. below Crround surface) that
Indicated SF < 1.0

Est. Dynamic
Settlernent, in.

R00059

B-t / r00

B-2 / 100

B-3 / 100

B-4 / 100

B-5 I 100

8-6 / r00

B-7 / 100

B-8 / 100

ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B
ALT. A
ALT. B

60-ffi n 3-76185-87/95->1 00
6A-63, fi 3 -7 61 85 -8719 5 -> 1 00

374A/$-71180-90
4A-421 48-57 I 63 -7 1 /80-> 1 00

3540173-75/90->100
3 5-3 8/48-5 5/75-83/87->t 00

4041/88-95
54-57/88->100

4$4tn6-97t93-97
M- s3 I 65 -66 / 7 2-80 I 93 -97

65-7v78-87l95->100
35 4t I 56-59 I 65 -7 | l7 8-87 195-> r 00

28-3u424617r-77
28-3814246156-647r77

6r-67t76-8A
6r-67176->100

2.3
2.3
4.1
6.7
3.1

5.0
2.4
3.2
4.7
3.0
3.0
4.0
2.7
4.7
2.7
5.7

R4706

B-r / r00

B-2 / 100

ALT. A
ALT. B
ALT. A
ALT. B

3t-35i4348165-66
3t-35/4348165-66

3t-3414748
3t-3414748

2.0
3.2
0.7
1.9
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53. Liquefaction Analysis Using Shear Wave Velocity

5.3.I. Input Data

The shear wave velocity-based liquefaction analysis, referred to herein as the I/, analysis,

required the following information:

Peak Ground Acceleration and Earthquake Magnitude.

. Depth to groundwater.

. Soil unit weights, soil classifications, fine contents, and Plasticity Indices.

. Shear wave velrcity profiles, which were determined using the field testing.

In addition, the following assumptions were made to perform tle analysis:

The slope of the Sound surface is 6% or less. This assumption is accurate, since the

area tested at each site were basically flat.

The approximate age of the soil deposits at the test sites is 20fi) ysars. This is

considered a conservative assumption to some extent. The geologrc maps of the sites

indicated that the snrficial soils are of Holocene age, which is measured in terrns of

thousands of years (< 10,000 years).

5.3.2. Mahod of Analysis

The method presented by Andnrs and Stokoe (2000) was used to perform the analysis. First, the

sfess-based or norrnalized shear wave velocity was calculated as follows:

a

a

*[*]"
(s.e)

Yrr

where P, is a reference stress of 100 kPa (2000 psD, approximately afinospheric pres$ure, ffid

d* is effective overburde,n pressure in the sarne unih. In ryplying the above equation, two

assumptions were made (Andrus, Stokoe, and fuang, 2004). These assurnptiors w€re that the
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initial effective horizontal stess is a constant factor of the effective vertical stress. The second

assumption is the factor mention above is equal to 0.50. These assumptions were considered

apcurate for the level, normally consolidation deposits of the study area.

The CRft is calculated as follows (Andrus and Stokoe, 2000):

cRR: (a 0("r Y,rlloa)z + b {l(r/a t - y,i * U'?ft,il Knz) MSF

Wsti

arb:

MSF:

(5.10)

where,

limiting upper value af Ys for liquefac"tion oosurrence.

:215 rn/sec for sands and gravels with fines contenh < 5o/o

:215 - 0.5 (FC - 5) for sands with so/a < FC <35%

: 2(E rn/sec for sands and gravels with fines contents >35Yo

curve fittiog parameters talcen as 0.022 and 2.80, reqrectively. It is irnportant to
note, however, that initial 1996 NCEER recommeltdations for a arrd b
were 0.03 and 0.9, respectively.

magnitude scaling frctor as prcviously described (equal to 1.0 in this study)

Andrus, Stokoe, and Juang (2004) iniloduced trro the factors (Krr and Krz) to account for

the effect of aging. The first factor is to correct for high %l cau$ed by aging, and the second

factor is to correct for the influe,nce of aging on CRR. They stated that both frctom are equal to

1.0 for rmcgmented de,posim of Holoc€ne age. Therefore, a value of 1.0 was assigned to both

factors in this study.

It is of particular e to recogmze that the CRR * Yrr relationship was developed

using observation data from 26 earthquakes in California, Japan, China, Taiwan, and ldaho. Only

seve,lr of the 26 earlhquakes had a moment magnitude (M*) larger than 7.0. It is not known how

well this correlation would fit with an earthqualre of rnagnitude of 7.5 in the NMSZ.

Since only one shear wave velocity profile was availahle pr site, represe,ntative unit

weight values were used to calculate the total and effective overburden stesses. The CSR values

were calculated in the same manner as in the previous analysis. The parts of the soil profiles
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where the classifications indicated clayey (CL or CH) or silty ML) soilsn it was assrmred that

these zones are non-liquefiable.

The safety factor against liquefaction was calculated as CRRICSR. No additional

corrections factor due to sloping ground or high overbuden stess were applied due to the

reasons mentioned in Section 5.2.2. For the conve,nience of grryhical presentation, a safety factor

of 2.0 was assigned when a particular layer was considered non-liquefiable or whe,n the

overburde,n sffess corrected shear wave velocrty exceeded the limiting value.

5.3.3. Mahod of Calculations

A spreadsheet was used to perform this analysis. The spreadsheet calculates the safety factor

4gainst liquefaction as dessribed above and generates a plot of safety factor veffius depth below

ground surface. A copy of the qpreadsheet is included in Appomdix D.

5.3.4. Analysis Resula

The analyses were pcrformed using the available data and the determined shear wave velocity

profile for each site. The results ar€ surrmarized in
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Table 5.13 below. The resulh are also included in Appendix D.

Table 5.13 Shear Wave Velocity-Based Liquefaction Analysis Results.

Site No.
Average Shear Wave
Velocity in the Upper

100 ft, ft/sec.

Source of soil
Information
(Borine No.)

Zones (ft. below Crround surface)
that Indicated SF < 1.0

1 10288 849 B-l 2A - more than 100

l 10358 656 B-1 55-90

rlM0r 712 B,-2 35-80

r00547 718 B,-',l 35*75

I 10337 575 B,-2 50-65

1 1 0434 667 I B-9 20-90

r 00523 1084 B.lNEW No Liquefaction

1w522 736 B-3 25*801100-

8R4706 731 B-l 45-60
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1 00r 05 692 B-4 30-55

R00059 721 B-6 No Liquefaction

l 00303 72t B-1 15-45160-7A

I 00r 53 754 B-9 25 - 35 / 85 - more than 100

r00478 746 B-5 15 -45l 55- 85

8R1108 693 B-l 2040/50-65

8R1110 662 B-l 40-90
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5.4. Liquefaction Potential Index

The liquefaction potential for the test sites was evaluated using the Liquefaction Potential Index

(LPD as prqposed by Iwasaki et al. (1978,1982), which can be calculated as follows:

LPI =I;-, w,S,H, (5.11)

where

tt: nurnber of layers in ths ullpcr 20 m (66 feefl.

wii depth-dependent weighting finction for layer i.

w,(z)= l0- 0.52 (z: depth below sound surface, m)

,Si: degree of severity for layer l defined as:

,S: 0 for FlS > 1.0

,S: 1 - F^S for F,S < 1.0

F,S: factor of safety against liquefaction for layer i as previously defined.

Hi: thickness of layer i, ffi.

Iwasaki et al. (1982) identified LPI values of 5 and 15 as the lower bormds of 'tnoderate"

and 'tnajot'' liquefaction, respectively. The parameter was used by Rix and Romero-Hudock

(2005) to map the liquefaction potential for Shelby County, Tennessee. Moreover, Toprak and

Holzer (2003) found that median values of LPI of 5 and 12 corresponded to occurreirce of sand

boils and lateral qpreading, respectively. They also found that LPI correlated well with

liquefaction effects.

LPI was calculated for each site using both the SPT (from a represeirtative boring) and %

Iiqrefaction analyses. The results are sumnrarized in Table 5.14.
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Site No.
SPT Analysis

I/" Analysis
Boring No. LPI Value

I 10288 B-2 47.1 14.7

1 10358 B-7 15.5 2.3

l1040r B-5 24.8 14.4

r00547 B-3 22.3 19.5

110337 B-l 16.1 4.7

l lM34 B-3 31.1 39.9

1m523 B-t 43.8 0

1w522 B-3 29.3 28.0

8R4706 B-l 5.7 1.8

100105 B.4A 25.5 21.9

R00059 B.-7 10.0 0

100303 B-l 27.5 29.4

r 001 53 B-5 48.7 10.5

100478 B-5A. 48.4 30.5

8R1108 B-l I1.8 23.9

BRll10 B-1 19.7 7.8

Table 5.14 LPI Evaluation Results.

5.5. Evaluation of Analysis ResuItB

The liquefaction analyses and the LPI calculations indicated the following:

Both the SPT and Y, analyses indicated significant liquefaction may oofln at the test sites

during the design seismic event. This is due to the combined effect of the nafire of the
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soil deposih and the relatively large peak horizontal ground asceleration required by the

latest AASIITO LRFD design pide.

Significant variability was noted within each site using the SPT approach. This can be

attributed to the nahre of the soil deposits, as the alluvial materials are expected to vary

in both the horizontal and vertical directions. Another sorrce of variability is the test

procdure. The SPT results are highly dependent on the equipment use{ procedtrre, as

well as the operator's ex1rcrietrce and consistency, even whe,n the test standard (ASTM D

1586) is closely followed. The variability in the soil conditions could not be verified in

the % apprmch, as only one test was performed at each site.

The potential for liquefaction, as indicated by the calculated LPI values frorn SPT

analysis, is mostlyrnajor (13 of the 16 sites, or 81% indicatedLPlvalues above 15). On

the other han4 the % approach indicated that only 4% of tle sites (? of the 16 sites)

have LPI values above 15.

Comparing the two analysis approaches, h terms of the d€eth and thickness of the

liquefiable layer and the LPI values, the tr, approach in general results in lower degree of

liquefaction.

In spite of the analysis results, there are still uncertainties regarding the depth of

liquefiable zones. The analysis indicatd soil that may liqueff at significant depths (100 feet or

deeper). The PIs do not have any knowledge of sites in the NMSZ that indicated liquefaction at

such a significant depth. The lack of rscent large earthquakes in the NMSZ adds to the

uncertainty.

It is of particular importance to recognize that the CRR - Yrt relationship was developed

using case history data from 26 earthquakes in California" Japan, China, Taiwan, and Idaho.

Only seven of the 26 earthquakes had a moment (M*) larger than 7.0 (Andrus and

Stokoe,2000). Thedatawerelimitedtoaverqgedepthsof lessthan l0m. Itisnotknownhow

well this correlation would fit with an earihquake of magnitude of 7.5 in the NMSZ. Andrus and

Stokoe advised that care should be exercised whe,n ryplying this approach where site conditions

are different from the general characteristics of the case history data" This also should be applied

upon performing the analysis using the SPT method. It is not knorr how suitable the upper
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flimiting) values for Ys would be for the shrdy area, as they were dweloped using data from

shallower depths and mainly smaller earthquake magnitudes.

In the case of silts and silt-clay mixtures, not enough studies have been performed.

Liquefaction of silt-clay mixtures were also observed in China and Japan (Prakash & Puri). Seed

(1989) reported a slide failure of Iower San Fernando Dam &ring the San Fernando Earthquake

due to liquefaction of silt-like fill sand. Youd et al (1985) reported liquefaction of silt-clay

materials at the Whisky Spring during the 1983 Idaho earthquake. Although evidence of

extensive liquefaction was reported in the Mississippi embayment &ring the lSll-1812 events,

it is not know if liquefaction actually took place in slit-clay soils. Liquefac'tion of non-plastic silts

has been observed in the laboratory and the field (Ikamer, 1996). This indicates that plasticity

characteristics rather Sain size alone influence the liquefaction susceptibility of fine-grained

soils. Coarse silt with buflqy particles shapes (which are cohesionless and non-plastic) are fully

susceptible to liquefaction (Kramer, lgg6; Ishihara, 1993). Finer silts with flalry or plate like

particles generally exhibit sufficient cohesion to inhibit liquefaction. According to the so-called

"Chinese Criteria," fine-grained soils that satisf each of the following conditions may be

considered susceptible to significant stength loss (Seed et aI 1983):

. Fraction finer than 0.005 rnm ( l5o/o
r Liquid limil LL < 35%
r Natural water content ) 0.9 LL

The Chinese Criteria states that nonliquefiable clayey soils have clay content (% finer than 0.002

mm) > l$oh and liquid limits > 35o/o. Andms, Stokoe, and Juang (2004) stated that some

exceptions to these criteria have been observed in recent earthquake studies (Sancio et al., 2003).

Based on all of the above, the PIs believe the assurnption that the fine-grained soils at the test

sites will not liquefy is fairly reasonable, based on the condition that index property testing is

performed to veriff the conditions above.

The shear wave velocity approach has the following advantages (NCEER Workshop):

% can be accuately measured in situ using a number of techniques such as downhole

seismic tests, the seismic cone penetration tests, spectal analysis of surhce waves

(SASW), or refraction microtemors @eMi).
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% is direcfly related to unall-strain shear modulus, a parameter required in analytical

procedrres for estimating dynamic soil reqponse at srnall and intErmediate shear stains

(Youd et a1.,2001).

% measurcments are possible in soils that arc difficult to penetate and in sites where

drilli"g may not be perrnitted.

The approach, however, still has the following limitations (NCEER Workshop):

Seismic wave velocrty measurements are rnade in small strain, where as liquefaction is a

large strain phenomenon.

The testing does not provide samples.

The % analysis rnay indicafe liquefaction potential in soft, nonJiquefiable clay-rich

deposits.

The % analysis rnay iudicate high safety factors in weeHy-cemented that may be

liquefiable.

Andrus, Stokoe, and ftrang (2004) stated that site-qpecific liquefaction evaluation usirg

ouly or rnainly the V, method should limited to situations where:

Crosshole, downhole, suspension logger, or SASW tests are conductsd zuch that high-

quatrty % values are determined at intervals of at least r/e of the cvitical layer (the layer

most likely to liquefy).

The limitations they stated in their papff regarding these methods are considered.

Sufficient borings are conducted to idemtify materials tpe and to insure that thin,

liquefiable sfrata are not present.

The critical layer is of Holocene age and contains no or little carbonate (considered as a

cementing a,gen$.

Andru$, Piratheepan, Ellis, Zhang, and Juang (2004) oompared the %-based CRR

approach to the penetration-based one using data from 43 Holoce,ne-age sand layers in
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Californie South Carolina" CanadE and Japan. They stated that the tr"-based CRR curves ar6

more conservative than the SPT-based curves.

Andrus, Stokoe, and Juang (20O{) stated that it is possible that liquefaction could occur

when the safety factor is larger than 1.0 (outside the rsgron of predicted liquefaction). Juang

QAAD developed the concept of prrobability of liquefaction (Pr), which can be used to quantiff

and to establish an irnportant link between the deterministic and probabilistic mefhods for

determining the potential for liquefaction. According to Andrus, stoke, and Juang (20Oa), the

CRR- ts" curves (Andrus and Stokoe, 2000) correqpond to Pr. of approximately 0.26, and the

SPT-based procedure (Seed €t &., 1985) corresponds to Pl of approximately 0.31. This means

that if the safety facdor against liquefaction is equal to I.0, the probability of liquefaction will be

26% for the Ir, method and 3l% for the SPT-based method of analysis. Moreover, the Building

Seismic Safety Council (BSSC, 2000) has suggested a safef factor of 1.20 to 1.50 when the

sirnplified procedure is applied in engineering practice. These safety factors are equivalent to Pr,

values of 0.16 and 0.08 whe,n applying the %-based procedtue (Andnrs, Stokoe, and luang,

20M). This was hken into consideration upon making the recornmendations presemted in

Chapter 7.
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CTIAPTER 6
SPT - SHEARWAYE YELOCITY CORRELATION

6.I. Baclqground

This portion of the project was an improvement on equations that predict shear wavs velocrty

using standard penefiation test (SPT) blow counts. Two different sets of equations $'ith vasfly

different inputs and forms were used" The first equation was developed by Wei et al. (1995) and

was later modified by Rojas (2004). The second equation was developed by Ohta and Croto

(1978) and was further modifiedby Pirathee,pan (2002). In order to predict shear wave velocity,

SPT blow counh weIE standardized using correction factors and effective sfress information.

This study rxles combined data from l0 sites in lVest Tennessce with 16 sites in Northeastern

Arkansas for a total of 369 dara pairs, providing a rqresentative sample of the southern portion

of the New lvladrid seismic zone (NMSZ).

The following sections provide historical background information about the development

of relationships to predict shear wave velocity.

6,IJ Wei et eL (1995)

Factors that influence shear wave velocity include soil t1rye, shear stain/stess, confining

pressure, void ratio and saturation state. In the NMSZ, the predorninant soil t1ryes are sand and

clay. ril/ei el al. (1995) used five soil classifications; two tlpes of clay (C1, C2) and three tlpes

of sand (Sl, S2, S3). Table 6.1 and Table 6.2present these soil 6pes.

Table 6.1 Sandy Soil Type Descriptions.

Soil Type Ilescription Unifisd $oil Cllssificfltion enu edr

SI

s2

s3

silt poorly gradd fine sand

fine to medium sand

fine to ooarse sand

ML, MH, SP-SM

sM, sP, sP-sM

sP-sw-sM-GP

0.88

0.93

0.79

0.47

0.48

0.38
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Table 6.2 CIay Soil Tlpe Descriptions.

SoiI Tlpe Ilescription Unifred $oil Clarcificafion Ip IL

ct higf plasticity fat clay

silty to sandy clay

CH, CI,.CII

CL, CLML

4

14

70

33c2

The initial erryirical equations for the estirnation of shear wave velocity (I/") were

developed using laboratory tests and are provided below.

Y, - (207.0 - 132.8 . e)- ooozt (Soil Type Sl) (6.1)

Y = (139.0 - 24.1. e).uoot' (Soil Tpe 52)
(6.2)

Y, = (183.0 - 1 10.8. e). ooo'u (Soil Type 53)

where e is the void ratio and oo is the average effective confining pressure Gsi).

Y, = (387.0 - 793.0 . q,). ooo'" (Soil Type Cl)

Y" = (47 .2 - 106.0 . q*). ooo'* (Soil Type C2)

where 1uis the unconfined compressive stength (psi).

For clays, tle shear warle velocity of the clay can be ealculated as:

where y is the unit weight (lb/#y(3 2.2 Nsec') *d G is the shear modulus (lb/f).

The average effective confining pressure of the soil, oo, san be obtained by:

Yr=E

(6.3)

(6.4)

(6.s)

(6.6)
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(6.7'

where Ko is the coefficie,nt of horizontal earth prcssure at rest and ar is the effective overburde,n

pressure (psi), which is calculated using unit weights and thicknesses of the soil layers above a

cerhin depth. The parameter Ko can be calculated as:

'r=Y'Ko'o,

tro = l-sinl (Smdy Soils) (6.8)

The intemal fric'tion angle { can be estimated using the standarrdized blow count (lV')

values provided in Table 6.3. lV can be taken as the (Nr)oo value currently used. The

relationship in Table 6.3 between blow counts and friction angle was intoduced by Bowles

(1e88).

Table 6.3 Internal Friction Angte Estimation.

VerT Loose

Dr- 0

Looce

D' = 0.15

Mdium

D, = 0.38

Ilense

D,:0.65

VerT l)ense

Dr:0.85

.tv'

fine

medium

coarse

t-2

2-3

3-6

3{

+7

5-9

7-15

E-20

to-25

1&30

il4A

2M5

>40

>45

fine

medium

coarse

26-?E

27-28

28-30

28-30

30-32

3G34

30-34

32-36

33-40

33-38

3642

4G50

<50

i

The void ratio of the cohesionless soils, e, is given by:

€= €*.- Dr(e**-en) (6.e)

where e^*r and €61a org the maximum and minimum void ratios, respectively. D. is the relative

density of the soil, as indicated in Table 6.3.
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Wei el al. (1995) considered the clay to be normally consolidated and calculated K0 as follows:

Ko = 0.4 + 0.007. Ie

Ko=0.68+0.001.(4-40)

(0<Io <40)

(40<I, <80)

(6.r0)

(6.1r)

where "I, is the Pla*icity Index of the clay.

The parameter lVre,presents the field blow count (refer to ASTM D 1586 for details). In

order to arrive at the standardized value, J\f , the field blow cormts are corrected for the

overburden pressure, sampler tlpe, hammer efficiency, borehole diarneter, ffid rod length. These

corrections are applied as follows:

1Y - C, . ff. rh- 42. rls- rl+
(6.12)

where the { factors are defined in Table 6.4 and the overburden correction factor Crv is defined

as

100 lpa
ar

(6.r 3)Cn=

where or is effective ove,rttrden pressure in kPa.
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Hemmer lor ry1 Remcrks

Average energ/ ratio E,. R-P : rope pull€y or cathead

11: E,/E7s

For U.S. fip/auto w/ E,: 39

,fr = $9 170= l.l4

Donut Safetv

R-P ldp R-P Trip/Auto

4s 70-80 80-100

Rod Length Corecflon 72

Leneth (m)

>10

6-10

4-6

0-4

4z

1.00

0.95

0.85

4.75

iVis too high for^L < 10 m

Sampler Correction ry3

Tlpe

Without Liner

With Liner: Dense Sand and Clay

With Liner: l-oose Sand

4t

1.00

0.80

0.90

lVis too high with liner

Borehole Diameter Correction rya

Hole Diameter (mm)

60 - r20

150

2W

4t

1.00

1.05

1.15

.l[is too low with oversize hole

Table 6.4 SPT Correction Factors (Wei, et aL.95).
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A conrputer program was written in FORTRAN to perform the calculatioms. The

program requires an input file which includes d€pth, soil t1pe, &d /V values, along with the foru

correction factors, and water table depth. An image of fte file is in Figure 6.1.

Figure 6.1 Wei Cornputer Program Input File

67.2 Rojas (2004)

Building on the wort prese,nted in Wei et al. (1995), Rojas (20M) evaluated 7 different forms of

equations relating SPT blow count 00 to shear wave velocity (Y,). Using a genetic algorithm

(GA), the coefficients of each eqtration were optimized to minimize the enor. These equations

are provided below. The sand equations utilize void ratios (e) and shear wave velocity (Y),

while the clay equations use the unconfined sompressive stength (qJ and calculate shear

modulus (G,).

perart€t€rs ttr com€ct the equlp;ent effefis m sFT
110523

0
0
0
0
0
0
0
0
0
{t
0
0
0
0
0
0

0
0
0
0
0
s
0
0
0
0
0
0
0
0
s
0

cI(i
LC
{2
L{
c?
{2
C:
C?
51
F{s
F{+
sl
st
F1

El

tl
15
15
15
15
t5
i-5
i,5
L{
E
EE
22
7;
BO
65
58

18. d
3 5.4
50. ?
59. s
79.7
s9.6
98..8

c
0
0
3
3
6
I
2
.T

)
t.
2.
3.
s.
3.
6.

3.00

0.0CI utt€r ueuel at the slte
oeFthr 5ollr1pe, *sfspry,

lh Efi fuftil T&r Hdp

ETAL, ETAE, ETA}. ETA':
LOCATIOI{:
DATE Dfi.lLLED:
EquIpilEr{t i

.3? 1. 00 1.00

- :-[xP loof f s.txr "Nutuport
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Sandy Soil:

Y, = (C, * Cr. e). oocs

Y, = (Cr+ Cr. e).r0c3 + Co.Zcs + Cr. N"

Y, = Cr' Ncz

Y, = Cr' Ncz zct

Y, = Cr* Cr'oo" + Co'""t * Cu'ro"' '*"'

Y, = C, + Cr' oo"' + Co' ," + Cr'oo" 'ecE +Cn'(N' Z)

Y,=c,*oo"'e"'NcA'zcs

(Model#l)

(Model#2)

(Model#3)

(Model#4)

(Model#5)

(Model#6)

(Model#7')

(6.r4)

(6.15)

(6.16)

(6.17)

(6.18)

(6.1e)

(6.20)

(6.21)

(6.221

(6.23)

(6.24)

(6.2s)

(6.26)

(6.27\

Clay Soil:

G" = (C, + Ct. Qu).o."' (Model#l)

G, = (q + Cz. g").o0"' + Co.Zcs + Cu. N" (Model#Z)

s = cr.N"' (Model#3)

G, = cr. Nc2 zc3 (Model# )

G, = Cr+ Cr'oo" i Co' qo"t I Cu'oo" 'gn"' (Model#5)

G, = Cr+ Cr'oo" * Co'qr"t * Cu'oo" 'eu"' *Cr'(N' Zl (Modet#6)

s = cr+oocz . {1,"' ' JVco . zc5 (Model#7)

where e is the void ratio, op is the average effective confining prsssure (psi), JV is the uncorrected

blow counts, Z is the d€pth (ft), and Cr thtough Cro af,e the coefficie,nts used by the GA for a least

enor optimization.
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The GA procedure was performed by Rojas for all five soil ty?es, and in each qase,

Model #6 had the best fit. The coefficie,nts rcsulting from the GA procedure are as follow:

Soil Tlme Sl:

Y, - 2.86+ 12?.03 - oo''*'+ 109.14- ,*a'94s + 198.86.o,-0'zse . e-t'e7E - 178.99. (/Y. Z)-oxz (6.28)

Soil Tlpe 52:

Y, =1.27.53+l60.l2.ooo'*'+183.78. e*0'o75 +17.69.tro-0'zrs . e-0'e65 -109.12.(iV. zyo'ttt (6.2e)

Soil TyIre 53:

v" - 103.05 + 152.84 . ro-o'ttt + 235.64. e-0'085 + 288.98 . coo'LEt 
"0'76e 

- 216.73. (N . z)-oJtt (6.30)

Soil Tlpe Cl:

G, =-60. 14+ 275.6'1. ooo'252 +230.57.qu''t" + 104.3 l.r.oo'o"qn0's?3 + 2763a. (N . Z)o'*e (6'31)

Soil Tlpe C2:

G = 13.42- 350.68. oo0'rrz - 4s3.87. gu-0'tts +362.96. ooo't"q,0'e84 + 443.2s.(N. z)o'*' (6.32)

6'1.3 PiratheEtan snd Andrus (2002)

To develop regression eqrations relating SpT information and P", Piratheepan used the same

form of equations that w€re first proposed by Ohta & Goto (1978). A total of 103 data pairs

from Northern Californis, Southein Califomia, Japan and Canada we,re considered" SPT

information was gathered from within 5m of shear wave velocrty test locations. % was obtained

by either seismic CPT, cross-hole, zuspension logger, or down-hole methods. The tested soils

were of Holocene age (less than 10,fi)0 years). The soil tlpe was only available for 45Yo of the

collected data" Only I out of 103 data pairs had fines content greater than 35o/o. A variety of
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diffsrent equations were developed using the stntistical softrrare SPSS and furum 5.0 C for

Windows.

The variables used in the correlation were corected blow count (f%0), depth (D), fines

content (Fq, median grain size (D5o), md coefficie,nt of uniformity (A). Equations were

developed for five different soil categories, divided according to their fines content. The

categories were FC<lD%o, l0f/o<FC<35yo,FC>35yo,0<FC<40Yo, and0 <FC < 81%.

The analysis rwealed that the variables of fines content, median grflin size and the coefficient of
trniformity were not significant in the model. Because of the lack of data with fines content

above 35o/o, the final relationship was give,n in terms of 3 fines content ranges snd is grven

below:

Y" - 66.7.ffu00'''. Do'138

Y, = 72.3. if*o'zzt - D*$,

Y, = 72.9. ff*o'* . Do'r3o

FC <10%

L0o/o<FC < 35o/a

FC < 40o/o

(6.33)

(6.34)

(6.3s)

where Z" is the shear wave velocity in rnls, i[66 is the energy corrected SPT blow counts, and D is

the depth in meters.

6J,. Data Analyciu

6,2.1. Genetic Algorithm

Refer to Section 3.4 for a short description of tle genetic algorithm used by Rojas (2004) and for

this project.

d.2.2. Inpat Data

This study combines data from 10 sites in West Tennessee that were used in Rojas (2004), with

the 16 sites from Northeastern Arkansas. The Tennessee data consisted of shear wave velocities

at depth, soil types, SPT blow counts, and SPT correction factors. The shear wave velocity

profiles w€,re obtained from dovmhole testing. The soil tlpes w€,re as defined by Wei et al.

(1995) and were determined from laboratory tests performed on soil samples collected dtring the
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installation of the casings required for the downhole testrng. The SPT blow counts were also

obtained during the same operation. Refer to Ctapters 2 through 5 for additional information.

6.2.3. Rojw (2N4) hnprovement

To improve the coefficients that were derreloped by Rojas (2004) and Pirathee,pan (Z0[lZ), this

study combined the West Tennessee data with the Northeastern Arkansas dab from this project.

This resulted in 95 zones of Sl soil, 148 zones of 52 soil, 20 zones of 53 soil, 21 zones of Cl

soil, and 85 zones of C2 soil. Therefore, 369 total data sets were used. Each set contained

information on dgpth, soil typg SPT blow counB, and shear wave velocrty. Originally, 448 data

sets w€re available. However, 79 sets were excluded from the correlation because of

inconsistent relationships between SPT blow counts and shear wave velocity when compared

with the rest of the data. Those 79 data sets were rcmoved for correlation purposss, but included

when evaluating the different regression models for each site.

The 369 data pairs were dividcd up into the five soil classes defined in Wei et al. (1995).

The genetic algorithm was executed 14 times for each soil type and the CA run that had the least

penalized fitness was selected to provide the improved coefficients for each soil t1pe. The

pqpose of the GA was to optimize all 10 coefficients from the Rojas (2004) model.

For the 3 sandy soils, the following firnctional form was used:

Y, = Ct* Cr'oot' * Co'ect + Co'oo" 'ec' + Cr'(lv 'Zlcto
(6.36)

For the 2 clay soils, the following fimctional form was used:

G, = Cr+ Cr'ro"' + Co'qu" * Cr'oo"' 'e""' + Cr'(N' Z)"'o (6.37)

where % is the shear wave velocity (fl/sec), ap is the average effective confining pres$re (psi), e

is the void ratio, qu is the unconfined compressive sfrength (psi), and G" is the shear modulus

flb/f) and the shear wave velocrty can be calculated as follows:.

v,
tcJ-

1r

67
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where y is the unit weight 0b/ffy(32.2 ftlseoz) and G is the shear modulus (lb/fl.

An example of the GA input file is shown in Figure 6.2.

-' inphcl[S3l.txt " l.h,trprd i- '

Fb Edt Fotrnat 'lria,v ll+
ETAJ.,ETA?rETA3,ETA4r Fafar*et€r$ to cCIrre(t the equlpnent effect$ sn SFT
SOIL ?YPE: 53
DATE OftILI.GD: 7
EqUIPl"lgFT i ?
t,14 1.0CI I X.00
0,O ttater ueuel at rhe slte
Depth,
strengt

sotl
hof

53
s3
s3
53
53
33
53
s3
s3
53
S3
s3
s3
s3
33
s3
s3
s3
s3
s3

Type, fofsPT
erch 'l i1€r.

41

qu: rhe dppth,
one l{ne of a 1

so{1 rype, Hmber of EPT, and sherr
ayer

53. L
63. O
6t. CI

56.7
67.0
70.0
7I.0
89.7
90.0
100.0
110.0
118.0
1?0.0
130.0
138.0
148.0
150.0
158.0
168.0
188.0

6e
69
1g
3B
5*
t5
31
53
v4
sl
g7
103
E6
46
78
8B
1"O{
106
87

0
0
s
0
0
s
$
s
0
0
0
0
s
s
0
0
0
0
0
f

738.
926.
797.
738,
1093
76,..

t
0
0
z
.0
0

s16.0
738. ?
lSAA.0
1050, $
882.fl
105?.0
83? .0
8S6
102
876
75S
9$e
877
7e0

,0
9,0
.0
,0
.0
,0
.0

Figure 6.2 Input file for Ge,netic Algorithm to improve Rojas (2004)

The improved coefficie,n6 for all five soil t5/pes are presented in Table 6.5.

Table 6.5 Coefficients for Improved Rojas

Coefricients

Cl C2 C3 U C5 C6 C7 C8 C9 ClO
Soil
Tlre

sl

s2

s3

.22.3

86.5

68.6

176.4

177.8

r96.5

-0.215

-0.267

-0.24t

128.4

r52.6

276.3

-0.918

-0.101

.0.075

164.3

47.0

312.6

4.980

-0.283

0.321

0.105

0.309

0.105

-r76.0

-114.4

-209.1

-0.894

-0.377

-0.1r5
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CI

C2

-39.9

-13.2

0.984

0.t?6

tM.6

337.3

0.9M

0.984

0.273

0.215

274.1

446.7

0.381

0.570

229.8

-399.4

0.28 r

-0.165

278.t

-504.0

62.4. Piratheqtan (2002) fmprovement

The same genetic algorithrn method that was used to irryrove the model proposed by Rojas

(2004) was used to iruprove Piratheepan (2002) mdel. Although the equations produced by

Piratheepan (2ffi2) are only for soils with fines conte,nt of less than 40%o,later analyses using

data from Taiwan indicated that the equations can be used with soils that have more tlmn 40%

fine content. Accordingly, using the form of regression equation presented in Piratheepan (2002)

to create a model to estimate % from SPT infonnation is justified. Instead of breaking the data

into the five different soil types, all 369 data sets werc processed in one input file. In this sase,

the GA only optimized three coefficients instead of l0 for the Rojas (2004) model. The

Piratheepan (2002) model is ba^sd only on depth and corrected SPT blow counts. The first

coefficient (Cl) was given a range from 0 to 200, ffid the second and third coefficie,nb were

given a rarge betrreen zfrro and one. The form of the model can be found below:

y, = Cr. Nc, . pa (6'39)

where % is the shear wave velocity in (rn/sec), ff is the corrested SPT blow counB, and D is the

depth in meters.

The analysis resulted in the following equation:

Y, = 11 5. 1 15. ^hfoo'toz 
. Do'r65

(6.40)

The original equation provided by Piratheepan (2002) is as follows:

v, -- 72.9. ff*o'"4. Do'r3o
(6.41)
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63. Summary of Results

To evaluate the effective,ness of both new models, they wsre compared against the models

presented in Rojas (2004), and Piratheepan (zWZ) in two methods. The first method was to

evaluate all of the data pairs from esch of the five soil types (S1, 52, S3, Cl, C2) using all three

models. When cornparing eash of the five soil tlpes with all four models, the Improved Rojas

model estirnated Y, with the least snor in all five soil t),pes. The plots of &ese soil tlpe
comparisons csn be found in Appendix B.

The second evaluation method was to evaluate the shear velocity profile of each of the
16 sites using dl three models. The difference between the measured shear wave velocity
(SW\ d) and the estirnated shear wavo velocrty (%) was calculated. The errior was computed as
the square root sum of the sqrures (SRSS) of the difference betrreen the two velocities.
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Table 6.6 shows the calculated effior for each model and site. The shaded cells indicate the

model that had the least enor for each site.

The computer pro$am accorryanying this report uses the Improved Rojas procedure.

This cornputer program is developed in Visual Basic Application (\lBA) as a Marco execuEble

within the Microsoft Excel environment.
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Table 6.6 SRSS Error for Each Site and Model.

The final versions of all four models used in this study can be found in

AIITI) Site No.
Rojas (2004)

Improved
RoJes

Piratheepan
(2002)

fmproved
Piratheepan

I 10288

110358

11040r

100547

110337

110434

100523

100522

8R4706

r00r05

R0t)059

100303

100153

100478

BRl108

8R1110

It24

r335

801

688

698

r 09r

436

1481

1543

479

353

657

1267

1 087

698

t3u

467

489

834

3619

786

1269

1466

478

530

933

778

852

1601

&l

524

603

391 1

495

90r

1269

1106

799

302

582

1026

584

681

3630

353

822

167

72

538



Table 6.7.
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Model Regression Equation Soil Tlpe

Piratheepan (2fi12) Vs : 72.9' N6o'''* ' Pu't3u All Soils

Improved
Piratheepan Vs: 115.115 * Nco0'102 * D0'165 All Soils

Rojas (2004)

vs : 2.96 + 127.03.(r0,*t + 109.14.e-0.% +

198.86.o0{'256 . e-r'e78 - l?g.gg. (N.z;-o'trz
SI

vs : 121.53 + l60.lz.oru'urz + 183.78.e{''ul'] +

1?.69.o0{'235 . e{'e65 - 109.12. (N.Z)-o'eee
s2

vr : 103.05 + 152.84.6an''u + 235.64.e4'ffi5 +

2gg.gg'oo0'187. e0'76e - nffiT. (N.z)t't"
s3

G8 : -60.14 + 275.67.0oo.zrz + 230.54.{ur.t* ,1

.31.o00'4r'. quo'"' + 276.30. (N.21 o'olz
CI

G - 13.42- 350.6g.000'"'- 453.97.qr-o'735+

362.96.600'181. quo'ew + M3.29. (I{.2)0's47
C2

fmproved Roias

vr : -22.29 + 176.40.o0,,tt + 129.3?.e-0.erE +

1ffi.32.€0'e80. oo0'tos - 1?6.05. (N.Zro't*
SI

vB:86.51 + 177.77.G0*''u' + 152.62.e'{''rur +

46.gg.e-0'283. oo0'30e - I 14.36. (N.z;o'rzz
S2

v8 : 68.62 + 196.49.00*'*' + 276.29.e-0'07s +

3rz.s7, e0'321. <100'105 - zag.r4. (N.z)4'1 ls
s3

Gs : -39.93 + 22g.g}.ooo'zut + 27g.l0.qu''"t *
I 44.59'qr0'e44. 000'273 + 270.1 4. 6N.21 

o;at
C1

G8 : - I 3. I g - 399.40.o6-0'tos * 504.fi).qo0'776+

317 .3z.qr!'e8't. 000'15 + 406.?1. (N.z) 0'570
c2

Table 6.7 Equations from all4 V, estimation models
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CIIAPTER 7
RECOMMENDATIONS

The results of the liquefrction analyses indicated that bridge sites in northeast Arlmnsas may

experience significant liquefrction proble,rns dwing a seismic event that ap,proaches the

magnitude of the AASI{T0 LRFD design earthquake. Therefore, ths following steps are

recommended q@ conducting a liquefaction hazard analysis for bridge sites in Northeast

Arkansas. These recornmendations af,e based on the findings and the evaluations preseirted in

Chapter 5. It is recornmended that AtIm obains a commercial softrn are to perform SPT-based

liqrefaction analysis

.{'. Noncritical or Nonesscntial Bridges:

- Perform a geotechnical investigation at the bridge site. The investigation should include

boreholes drilled to a minimum d€pth of 50 feet (100 feet is prefered). Perform in-sinr

testrng (SPT or cornbination of SPT and CPT). Detennine the location of groundwater table

by installing Piezometeru or monitoring wells.

- Perform a liquefaction analysis using the SPT approach. Use a minimum safety factor of

1.20 to determine the potential liquefiable zo,nes.

- Using a deep foundation system is recommended if the liquefaction analysis indicate

inzuffi cient safety factors.

B. Criticat or Essential Bridgec:

Prior to performing the geotechnical investigation, perform a sufficient number (a minimum

of 2, depending on the total length of the bridge) of non-invasive testingn such as MSASW to

determine the shear wave velocity profile along the route of the proposed bridge.

- Obtain the design peak horizontal ground acceleration using the USGS-AASHTO softrrare

far 7Yo probabillty of exceedance in 75 years and the latitudeflongtude coordinates of the

midpoint of the array. Perform prelirninary liquefaction analyses using Prbased approach.

Make reasonable assurrytions reguding the soil unit weights, fine contenE, ed depth to

table based on past experience. Calculate the corresponding LPI values using

the safety factors produced by the analysis. If the LPI values siEnificantly exceed 15 on a
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sonstant basis (25 or more), plan on installing PVC casings during the field exploration to

perform invasive tests (such as downhole testing) and veriff the profiles already obtained

from the noninvasive tests.

Perform a geotechnical investigation at the bridge site. The investigation should include

boreholes at a minimum depth of 100 fe€t. Perform in-situ testing (SPT or combination of

SPT and CPT). Determine the location of groundwater hble by installing Piezometers or

monitoring wells. The SPT intervals should not exceed 5 feet.

Obtain representative samples and perform classification tests $article size analysis,

moisture conte,ntso Bnd Atterberg Limits) in the laboratory. Determine the unit weighn of

cohesive soils using rmdisturbed samples (such as Shetby tubes). Estirnate the unit weiglts

of cohesionless soils based on their classifications, grain size, and the SPT N-values. If the

geotecbnical investigation includes hilh quahty sampling techniques (such as ground

freezing or fiiple-tube core barrel sampling), use these samples to determine the unit weights

of cohesionless soils. However, these techniques ars not typically utilized due to the

sarnpling difficulties and cost. Use the index goperty test results to determine the potential

for liquefaction of silt-clay mixtures. This may require sedimentation (hydrometer) testing.

Once the laboratory test results are available, re-run the %-based analysis and perform SPT-

based liquefaction analysis to confirm the findings. Use a minimum safety frrtor of 1.20.

Calculate the corresponding LPI values. If the significanfly high LPI previously calculated

from the preliminary %-based analyses are confirmed, proceed with the invasive testing.

Otherwise, grout or abandon the PVC casings using appropriate techniques.

Support the bridge by a deep foundation system. Use high diqplacement driven piles (such as

precast concrete piles or steel prpe piles driven closed-ended) if possible. Extend the piles to

a minimum of 5 pile diameters (or sizes) bclow the potential, lowermost liquefiable layer.

If the liquefiable layer extends to a great depth (80 feet or more), perform a site-specific

seismic study using the results of the invasive or the noninnasive tests. The inrasive test

rezults are preferred- This study consists of two parts; a site-specific hazard analysis, and a

site-specific ground reqpon$e analysis. Such a sttrdy may rqsult in reducing the design

seismic acceleration to 213 of their published values within a certain rango of periods per the

AASIITO design guide. This may result in significant cost saving in the seismic design, as
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lvell as reducing the severity of the liquefaction. Revise the liquefaction analyses using the

results of the site-specific study.

The AASIITO Guideline Specifications for LRFD Seismic Bridge Design (Subcornmittee for

Seismic Effects on Bridges T-3) states thar if liquefaction ocnrs, then the bridge shall be

designed and analyzed in two configurations; Nom-Liquefied Configuration, and Liquefied

Configrrations using the liquefied soil residtral sffength.

Consider gromd irryrcvernent for liquefaction mitigation. Techniques such as soil

densification (using dynamic compaction, blasting, corryaction piles), reinforceme,nt (zuch as

vibro-floahtion), or deep mixing have bsen already used for liquefaction mitigation

purposes. Refer to the FHWA document (Geotechnical Farthquake Engineering) for a list of

possible Sound improvement techniques.
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Table A.4 Velocities for site 8R4706
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Table A.5 Velocities for site R0fi)59
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Table A.6 Velocities for site llM34
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Table A.7 Velocities for site 110401
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Table A.8 Velocities for site 110358

0

Vebcty(flsec)

500 1000 1500 2000

Depth Velocity

(ft) (ff/sec)

1.6

2.6

3.9

5.9

9.2

20.7

33.8

52.8

85.3

127.0

182.1

288. l

292

394

4fi)

253

328

410

689

837

75t

1453

l 368

t243

&-
Etl-
Bo

0

50

r00

150

200

250

300

Figue A.16 Vertical Seimic Profile for Site 110358

98



450

400

350

300

250

200

150

100

50

B
E
;
E
il
F
*6
.G
tr{

o F,4eriffiffil
Theorstical

20 40 60

Freqwrcy (IIz)

100 120

Figure A.l7 Experimental vs. theoretical dispersion curve for site I10288

0

0 80

99



Table A.9 Velocities for site 110288
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Table A.l0 Velocitie.s for site 100547
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Table A.11 Velocities for site 1005
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Table A.l2 Velocities for site 100522
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Table A.13 Velocities for site 100478
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Table A.14 Velocities for site 100303

D€pth Velocity
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Table A.15 Velocities for site 100153

D€pth Velocity
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Table A.16 Velocities for site 100105
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APPEI\IDIX C
Satellite Images of test sites

Figtre C.l Satellitc Image of all 16 test sites.
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Figurc C.2 Satellite view of Site # I 10288
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Figure C.3 Satellitc view of Site # I10358
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Figure C.4 Satellite vicw of Site # I10401
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Figure C.5 Satcllirc view of Sitc # 100547
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Figrrre C.6 Satellite view of Site # 110337
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Figure C.7 Satellite vicw of Site # ll04l34
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Figue C.8 Satellite vicw of Site # 100523
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Figure C.9 Satellite view of Site # 1W522
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Figure C.10 Sarcllite view of Sitc # 8R4706
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Figurc C.ll Satelttc vien' of Site # 100105
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Figure C.lz Satellirc vieu, of Site # R00059
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Figure C. 13 Satellite view of Sitc # 100303
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Figure C.l4 Satellite view of Site # 100153
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Figrrre C.l5 Satellite view of Site # 100478
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Figrrre C.l6 Satellite view of Site # 8R1108
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Vs Liquefaction Potential - Project 8R4706
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Vs Liquefaction Potential - Project 100522
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LIQUEFACTION ANALY$IS
110434

Hole Na-ev water Depth*zr ft .surface Etev.*zr4.g

$ol/ Doscriplion Sltear Stress Rafio
0
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Weiaht %
115 NoLq
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LIQUEFACTION ANALY$I$
110434

Hole r\Io.=8 water Depth=zt ft surface Elev.=lz6 ilrtagnitudexZ.i
Acceleratian*A.tlgg
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LIQUHFACTION ANALY$IS
I 1 0434

Hale fVo.ss water oepfhs zl.z ft $urfiace Elev.=,lz6.g
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LTQUEFACTION ANALY$IS (ALT.A)
I 00547

Hole No.=l Water Eleptha?0.l ft Surtace Elev"=2f3.5 Magnitude*T,6
Accalerationa0.9S'lg

ftaw
(ft) sPrIO11

Unit Fines
Waiaht o/"

tzd NoLq

,Soil Descnption $hear Sfress Ratio
a

csR fs1*
$haded Zone has Liquefaction Potantial

BN-I, Poinsett County

Arka nsas $tats U n ivors ity-C ol lese of E ng i neeri ng

Factor of Safefy
1 A1 5

$efflernenf
0 (in") EA
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I 120 NoLq
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19 125 4
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49 130 4
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ffiu
AIX r,t*asfu[f

rrsliv$rrfT

I
r

I

t
o
U

a
z
q
t
f,
UI
:)
o
s
u
a
v)

0oF?

Yo
di
fn
f

i-- go

Unsaturat.

fsl=1 $ = '10.68 in.

105

r

I



LTQUEFACTION ANALY$I$ (ALT.B)
1 00547

Hole ltlo.=f lffater Depth=20.1 tt $urface Elev-*2r3.5 Magnitudea7.S
Acceleration*O,$$l9

Factorof,Safefi Sett/emenf
Ai 5 0(in.) 50

Safurated
Unsaturat.

F
Raw Unit Frnes
SPT Waioht o/a

11 126 NoLq
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a
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$fiaded Zana has Liquefaction Potential

BN-1, Poinsett County

Arkaneae $tate U n lvers ity4ol legs of Engi neeri n g
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LIQUEFACTION ANALYSIS
1 00547

Hole lVo.=? Water Depth=fiA.I ft Surtace Elev.=?'r3.5 Magnitudea7.S
Accaleration*O,*$f9

Raw Unit Frnos(ft) SPT Weisht %0 11 121 NoLq

Sol/ Descrrpfion SfuearStress Rafio
0

fsl=1

CSR fsrffi
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BN-z, Poinsett County

Arkanrae $tate Univer*ity-Collegs of Engineering

Factar of Safety
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LIQUEFACTION ANALYSIS
t 00547

Hate fiIo.=3 Water Depth=23.5 ft $udace Elev.=2r3'3 Magnituda=7.5
Acceleratian=O.9$l9

Raw Unit Fines
(ft) SPT Weight %

0 0 121 NoLq
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a
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Shaded Zone has Liquefaction Potential
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LIQUEFACTION ANALYSIS
1 00547

Hole Na.=4 Water Depth=23.5 ft Surface Etev.=213.2 Magnitudea7.S
Acceleration*O.9.[fg

Raw UniI Frnes SailDescrtptton
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LIQUEFACTION ANALYSI$
1 00547

Hole IVo.=S Water Depthr23.6 tr $urface Elev.=213.4 Magnitude*T.5
Acceleratian*A.9[fg
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LIQU EFAGTION ANALY$IS (ALT.A)
1 00547

Hote Alo.16 Water Oeptftx25.l ft Surface Elev.*fl?,*,fi Magnilude=7.5
Acceleration*0.951g

Raw Unit Fines
SPTWaioht %
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LIQUEFACTION ANALY$I$ (ALT.B)
1 00547

Hote ItIo.=6 Water Depth=25.1 ft Surface Elav.=222.8

Sfiear$trpss Rafio
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Acceleraffon=0.9 5t g

Factor of $afofy $ettlomenfRaw
spr

Unit Finss
Vleiaht %
tt5 NoLq

Soii Descnption 1 01 5A 1A
g

11 120 70

o
c()
o
5,s
()

i
3

{
u):)
o,
(E
3

a
uo
F€
O

i
o.
,e
q
ry
J

,5 g 115

10 fia

g '120

3o es 130

50 130

4s 130

45 sz 1ao

37 130

100 135

6o roo rgs

100 135

100 135

7s roo r3s

100 135

100 135

9o roo tgg

100 135

100 135

105

NoLq

70

40

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

ffiI
An* ra[^,t ttrtr

uii+vlrdrFi

fs1*"1

fg 1*
Shadod Zona has Liquefaction Potantial

BN-6, Poinsett County

Arkaneas $tate U nlve rsity4o I loge of E ng i neeri n g

5.2.24 in.

Unsaturat.

-t-*-r-.*l



LIQUEFACTION ANAtYSI$ (I\LT.A)
I 00547

Hole No,xT Water Depth*25.1 ft Surface Elav.*223,1 Magnitude=T,5
A,cceleration=4.951g
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LIQUEFACTION ANALY$IS (AtT.B)
t 00547

tlole l\lo.*7 Water Depth*25.1 ft $urface Elev.*223.1 Magnitude=T.5
Acceleraffon;0.9 519
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