CHAPTER 6

SHAFTSIN LIQUEFIABLE SOILS

6.1 INTRODUCTION

This chapter presents the procedure developed to assess the response of the partialy and completey
liquefied granular soil as a post-liquefaction andysis. The SW modd, initidly developed to assess the
rel ationship between one-dimensiond beam on dadtic foundation (BEF) or so cdled “p-y” curve behavior
and three dimengond soil pile interaction, has been extended to include laterdly loaded piles/shafts in
liquefiable soil. Because the SW modd relies on the undrained stress-strain characterization of the soil as
occursin thetriaxid ted, it is capable of treating one or more layers of soils that experience limited or full
liquefaction. This chapter provides a methodology to assess the post-liquefaction response of an isolated
pile/shaft in sand under an applied pile/shaft head load/moment combination assuming undrained conditions
inthe sand. The degradation in soil strength due to the free-fidld excess porewater (Ucss), generated by the
earthquake that results in developing or full liquefaction, is consdered aong with the near-fidd excess
porewater pressure (W n) generated by laterd loading from the superstructure.

Current design procedures assume dight or no resstance for the laterd movement of the pilein the liquefied
soil which is a consarvative practice.  Alternatively, if liquefaction is assessed not to occur, some
practitioners take no account of the increased s, and none consider the additiona us  due to inertid
interaction loading from the superdiructure; a practice that is unsafe in loose sands. The paper characterizes
the reduction in pile response and the changes in the associated p-y curves due to adrop in sand strength
and Young's modulus as a result of developing liquefaction in the sand followed by inertid interaction
loading from the supersiructure.

The potentid of s0il to liquefy is one of the critical research topics of the last few decades. Severd studies
and experimenta tests have been conducted for better understanding on the potentid of soil to liquefy in
both the free- and/or near-fidld soil regions. However, predicting the response of pile foundations in
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liquefied soil or soil goproaching liquefaction is very complex.

The procedure presented predicts the post-liquefaction behavior of lateraly loaded piles in sand under
developing or fully liquefied conditions. Due to the shaking from the earthquake and the associated laterd
load from the superstructure, the free fidd u.s and near-fidd u,s s devel op and reduce the strength of loose
to medium dense sand around apile. The soil is consdered partidly liquefied or experiencing developing
liquefaction if the excess porewater pressure ratio (r,) induced by the earthquake shaking (i.€. Ucsy) isless
then 1, and fully liquefied if r, = 1. Therefore, the stress-gtrain response of the soil due to the lateral push
from the pile as the result of superdtructure load (and u,s ) can be as shown in Fig. 6-1. Full-scae load
tests on the pogt-liquefaction response of isolated piles and a pile group, performed at the Treasure Idand
and Cooper River Bridge (Ashford and Rallins 1999; and S&ME Inc. 2000) presented in Chapter 8, are
the most significant related tests. However, the profession Hill lacks aredigtic procedure for the design of
pile foundationsin liquefying or liquefied soil.

The most common practice employed isthat presented by (Wang and Reese 1998) in which Thetraditiond
p-y curvefor clay is used but based on the undrained resdud drength (S) of the sand. Asseenin Fg. 6-2
(Seed and Harder, 1990), S can be related to the standard penetration test (SPT) corrected blowcount,
(N1)eo. However, avery large difference between vaues at the upper and lower limitsat aparticular (N 1)eo
vaue affects the assessment of S, tremendoudy. Evenif an accurate value of S; isavalladle, S; occurs at
alarge vadue of soil grain. In addition, ahigher pesk of undrained resstance isignored in the case of the
partidly liquefied sand, while grester resstance a lower drain is atributed to the sand in the case of
complete liquefaction.  Such clay-type modding can, therefore, be either too conservative (if r, < 1) or
unsafe (if r, = 1). Furthermore, the p-y curve reflects soil-pile-interaction, not just soil behavior. Therefore,
the effect of soil liquefaction (i.e. degradation in soil resstance) does not reflect a one-to-one change in soil-

pile or p-y curve response.

The post-liquefaction dress-drain characterization of a fully or partidly liquefied soil is dill under

investigation by severa researchers. The current assessment of the resistance of aliquefied soil carriesa
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lot of uncertainty. This issue is addressed experimentaly (Seed 1979; and Vad and Thomas 1995)
showing the varying resistance of saturated sands under undrained monotonic loading after being liquefied
under cyclic loading corresponding to the free-field shaking of the earthquake (Fig. 6-3).

With laterd loading from the superdtructure with a significant drop in the confining pressure following full
liquefaction or partid liquefaction, the sand responds in a dilative fashion. However, a patidly liquefied
sand with a amdl drop in confining pressure may experience contactive behavior followed by dilative
behavior under compressive monotonic loading. The post cyclic response of sand, particularly after full
liquefaction, reflects a siffening response, regardless of its initid (static) conditions (dendty or confining
pressure). Asseenin Fg. 6-4, thereis no particular technique that alows the assessment of the p-y curve
and its varying pattern in a patidly or fully liquefied sand. Instead, the soil’s undrained stress-strain
relationship should be used in a true soil-pile interaction mode to assess the corresponding p-y curve
behavior. Because the traditiona p-y curve is based on field data, a very large number of fidd tests for
different pile types in liquefying sand would be required to develop a redigtic, empiricaly based, p-y
Characterization.

6.2 METHOD OF ANALYSIS

Due to cyclic loading, excess porewater pressure Ou. = Uss) develops and reduces the effective
consolidation confining pressurefrom ~ Ss; (=~ Syo) 0 Sx. Asgivenin Eqn. 6-1, if D islessthan " S,
sand will be “partidly” liquefied and ™ s 3. > 0. OnceDu. isequd to * s3,, the sand is completdly liquefied
(ru=1) and " s3, = 0. " s 3 isthe post-cydlic effective confining stress.

S_3cc = §3c - D Uc (6- 1)
The degradation in soil resistance due to earthquake shaking and the induced uss IS based on the
procedures proposed in (Seed et a. 1983). This u,s « reduces the effective stress and, therefore, the

corresponding soil resistance for subsequent (post cyclic) undrained load application. Thisisfollowed by
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the assessment of the u,s i the near-fidld soil region induced by the latera load from the superstructure.
The variaion in soil resstance (undrained stress-strain relationship) around the pile (near-field zone) is

evaluated based on the undrained formulation for saturated sand presented in Ashour and Norris (2000).

The assessed vaue of the free-field excess porewater pressure ratio, r,, induced by the earthquake is
obtained using Seed's method (Seed et d. 1983). u IS caculated conservetively a the end of
earthquake shaking corresponding to the number of equivalent uniform cycles produced over the full
duration of the earthquake. Theresfter, the laterdl load (from the superstructure) is applied a the pile head
that generates additional porewater pressure (U ) in the soil immediaidy around the pile, given the
degradation in soil strength aready caused by U . Note that s « 1S taken to reduce the verticd effective
stress from its pre-earthquake state (" Svo), t0 Sy = (1 - 1y) “Svo. Theredfter, the behavior due to an
inertid induced laterd load is assessad usng theundrained stress-dirain formulation presented in this chepter
with the SW model (Ashour and Norris 1999 and 2001; and Ashour et d. 1998).

6.2.1 FreeField ExcessPoreWater Pressure, Uys, ff

A smplified procedure for evauating the liquefaction potentid of sand for level ground conditions (Seed
et a. 1998) is developed based on the sand’ s corrected SPT blow count, (N1)so. The Uys ¢ in sand or Sty
sand soils due to the equivaent history of earthquake shaking can likewise be assessed. The procedure
requires knowledge of the total and effective overburden pressure (s, and s, repectively) in the sand
layer under congderation, the magnitude of the earthquake (M), the associated maximum ground surface
acceleration (ansx) & the Ste, and the percentage of finesin the sand. The cydlic stressratio, CSR [(th)ave
/" S0, induced by the earthquake at any depth is computed. If N cycles of CSR are induced, but N_
cycles are required to liquefy the sand a this same dress ratio, then the excess porewater pressure ratio
(ry) generated is given as a function of N/N.. Given r,, the us # generated and the resulting reduced
vertical effective stress are expressed as

Uxs,ff = rugvo and gv: ( 1-ry )gvo (6_2)



It should be noted that the effect of the pore water pressure in the free field will be considered in the

asessment of thet-z curve. Asareault, the axial and laterd resstance of the shaft will be affected.

6.2.2 Near-Field Excess Pore Water Pressure, U nf
The technique developed by Norris et d. (1997) and formulated by Ashour and Norris (1999) employs

aseries of drained tests, with volume change measurements, on samples isotropicaly consolidated to the

same confining pressure, S &, and void ratio, e, to which theundrained test isto be subjected. However,
the drained tests are rebounded to different lower vaues of effective confining pressure, ™ s 3, before being
sheared. Such atechnique adlows the assessment of undrained behavior of isotropically consolidated sand
a " s3 and subjected to compressive monotonic loading (Fig. 6-5, no cyclic loading). During an
isotopicaly consolidated undrained (ICU) test, the application of a deviatoric stress, s 4, in compressve
monotonic loading causes an additiona porewater pressure, Duy = Uys 1, thet results in a lower effective

confining pressure (Fig. 6-5¢), " s 3, i.e.

S3=S s~ DUq (No cyclic loading, near-field pore water pressure only) (6-3)

and an associated isotropic expandve volumetric strain, ey s, the same as recorded in an isotropicaly
rebounded drained triaxid test. However, in theundrained test, the volumetric change or volumetric drain
must be zero. Therefore, there must be a compressive volumetric strain component, €y, sher, due to the
deviatoric stress, s4. This shear induced volumetric drain, €, shear, Must be equa and opposite to ey, i<,
S0 that the totd volumetric strain, e, = €y, i + €y, snear, IN UNArained responseis zero. In the isotropicaly
rebounded drained shear tedt, e, is, and then e, ¢ (t0 Match e, i) are obtained separately and
sequentidly; in the undrained test, they occur smultaneoudy (Figs. 6-5a and 6-5b).

€\, shear =- €iso (6'4)



During drained isotropic expanson, the resulting axid drain, ey, is

1
el,iS(): eZ,i50: eS,iso: §ev,iso (6_5)

Based on Hooke' s Law and effective stress concepts (Norris et a. 1998), the undrained axid drain due
to shear (s 4) and effective stress (s 3) changes can be related to the drained or effective Stress strains as

1
( € )undrained: (el )3 d + (el )DS_3: (el )drained + el,iSO: (el )drained + ge/,iso (6-6)

Therefore, with isotropicaly consolidated-rebounded drained triaxid tests available for different ™ s 3,
one can assumeavadueof " s3, find e, i (Fig. 6-5b), enter the e,-e; drained shear curves (Fig. 6-5a)
at ey ser €U t0 €y, i, and find the drained e; and s 4 on the same confining pressure ( s3) e,-e; and
€1-Sq curves. Then (e1)undrained 1S €tablished according to Egn. 6-6, and one point on the undrained s 4-
e; curve can be plotted. The corresponding effective stresspath (p="S3+Sq/2versusq=s4/2)
can aso plotted as shown in Fig. 6-5¢.

Thistechnique is extended in this paper to incorporate the free-field excess porewater pressure induced by
cydic loading (Du.) and its influence on the undrained behavior of sands under the compressive monotonic
loading whether the sand is partidly or completdly liquefied (Fig. 6-1). The following equations account

for the pore water pressurein the free- and near-field (Uys, + and Uysnf)

S_3:(§3C-DUC)- Dud = §3cc- Dud

(Sac>0andr, <1 patid liquefaction) (6-7)

S_3:S_3C-DUC- Du, = - Du,

(s =Du,i.e s3:=0andr,=1 complete liquefaction) (6-8)

If U isequd to S (i.e. ry = 1), the sand will experience afully liquefied Sate (S_Scc =0) dueto the
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earthquake shaking . However, the sand is subjected to limited liquefaction when r, < 1.

Based on experimenta data obtained by severa researchers for different sands, Ashour and Norris
(1999) established a set of formulations that alows the assessment of the relationships seen in Figs. 6-
5aand 6-5b. These formulations depend on the basic properties of sand and have been modified in this
chapter to incorporate the initid effect of cyclic loading and the induced Du, on the post-liquefaction
behavior of partidly or completdy liquefied sands.

A. Pogt-liguefaction Behavior of Partially Liquefied Sands

(s3c>00r DU <" s g3 becauser, <1)
From ABC on the e,, snea-€1 CUrve (Fig. 6-8) and for * s 3 <" S 3 (associated with point r and the path r-
s- rinFigs 6-6aand 6-6b), theinitid dope (1), (€1)s ad (ey shear)max & pOINt B, and (e1)c and (e,)c at
point C are assessed based on Eqns. 6-9 through 6-14 (Ashour and Norris 1999).

1
(Sa), = > (6-9)
“ ep(r +Drc)
é 6250 u
shear Jg. = shear /maxz" =2a———— 6-10
( ev, h )B,s 3cc ( e\/, h ) S 3cc g e(p( Drc ) HS_SCC ( )
6 ( €\, shear )max <.
= ’ » S 3cc 6'11
(e et o) &
é( ), U
(e/,shear )0’3—3 = (ev shear )maX,s_3 ? - L,'l [1+ ( Sf )5—3 ] (6_12)
cC cC 6 ( el )CS_3CC g cC
(el )c,;3oc: 6 ( €\, shear )max,s—3oc exp ( tanzj ) (6-13)
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(St )X = -r*”pretan’] (6-14)

S 3cc

Note that Dr. (the relative densty of consolidation in these equations) isadecima vaue.

The empiricaly caculated dopes and coordinates a points A, B, and C on the e;-e,, s CUrve (Fig. 6-8)
a " S3< S3c (OCR = "s3./ S3) areused in the determination of the congtants (Egns. 6-15 through 20
by Ashour and Norris 1999) of the binomia equation that describes the isotropicaly consolidated
rebounded e;-e,, s CUVE. The following equations are associated with the path r-s-” r asseenin Fig. 6-
Ga.

0.25

( S )s_ é ( €\, shear )max,s_ l;j
(Sn)- =t Y (6-15)
OCRO g( €\, shear )max’s—scc H
( € shear )max S
( eJ, shear )max - = m — (6'16)
S3 OCR
aDrr u
nE %8 ex e 6-17
p & OCR f (6-17)
— gScc y - . — §3 .y —
where OCR= == for S3 £5,. OCR= = for S33 sa
S3 S
é ( ) l\JO.S
S \ € shear max,s 5
(e)e-=(e ... , (6-18)

e
é( €\, shear )maxvs—3CC H



( €, shear )C,s 3c

(eJ,shear )C,s_3: ( €\, shear )max,3_3 (6_19)
( €, shear )max,53c
é ( ) U 0.25
s\€ s, -
(€)or,=(&)os, 6—20 (6-20)
g ( el )B’S_?:CCH
(Si);,=(s ), (6-21)

As seen in the above equations, ™ S s is undertaken as a reference value for OCR. r is the sand grain

roundness parameter.

I sotropically Rebounded and Consolidated Volume Change

of Partially Liquefied Sand (" S3- €y,i)
The (" s3- €y, ix) reationship seenin Fig. 6-5b ismodified to assessthe (" s 3 - €y, is0) redionship for sand
that has developed partid (limited) liquefaction as the result of cydlic loading (at point r) and been
rebounded to point sin Figs. 6-6aand 6-6b. The vaue of (e,). located on the backbone isotropic curve
iscaculated by Egn. 6-22.

(e )=1:=exe[Dr.(1+r )] (6-22)
_ (e), .
&= (& ) ocH (6-23)

0.1

where h= rTexp(O.Sr Dr. ) ,and



OCR=S2 for s3fg,,; OCR==22%  for s33%s
S3 Sacc

The above procedure can be applied as long the excess porewater pressure ratio (r,) induced by cyclic
loading is less than 1 and the resdud confining pressure (S 3) is greater than zero a point r (partialy
liquefied soil). Under monotonic loading, the partidly liquefied sand may then experience a contractive
response associated with areduction in ™ s 3 (from point r to point sin Figs. 6-6a and 6-6b) to reach the
lowest vaue of * s 3, and then rebound (dilate) with increesing “s s until “s3 =" S 3. agan (point " rin Hgs.
6-6aand 6-6b). Sand continuesto dilate beyond " s . (Figs. 6-6aand 6-6b) with increasing ™ s 3 and net
negative porewater pressure. 1t should be noted that when ™ s3 < S 3, €yis, Febounds to point s and then
recompresses. Thisis associated with an equal net compressive e, ger. However, when " s3> " Say, €y,
iso Movesfrom " r to " sand an equd dildive e, ¢ develops smatanuoudy. In the undrained test, the

volume change or volumetric strain must be zero such that at dl times e, i = - €y shear-

Asapplied in Fig. 6-5a, e; associated with Ds ; and ey.snear FEPresents the current drained axia strain.
Based on Egns. 6-5 and 6-6, the drained e; is converted to the undrained e;. The associated deviator

stress (s g) is determined as follows,

—é ,a&e,._.j 06 .,u
se=L(sa),= s,aan’ a5+l L1y (6-24)
e e 29 u

Thevarying sressleve (SL) isafunction of ey, ex, and ™ s 3 as presented by Ashour and Norris (1999).

B. Post-liquefaction Behavior of Completely (Fully) Liquefied Sands

(Sac=00r Ou.="sgandr,=1)
Once the soil is completdly liquefied (i.e.r, =1,” s3 and s4 are equa to zero) due to cyclic loading, the
above procedure must be modified in order to handle adifferent type of behavior. Asseenin Fg. 6-3, the
completdy liquefied soil loses its strength when the excessporewater pressure dueto cydlic loading isequa
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to the effective confining pressure (us = Du. = s 3.) and the porewater pressureratio (r,) = 1. By goplying
monotonic loading theregfter, u,s decreases and causes a growth in confining pressure (effective stress).

Thiswill be accompanied by a growth in sand resstance (S ¢).

Asseenin Fig. 6-3 beyond a certain vdue of grain (e; = X,; X, @20% in the figure), u,s decreases to zero
and then to negative vaues. At us = 0, sand exhibits resstance thet is equd to that of initid loading at the
same zero porewater pressure. Once U becomes negetive, s 3 will belarger then ™ s 3. and the undrained
resistance will be greater than the drained strength.

Based oniits Dr,, the completely liquefied sand may experience a zero-drength trangtion zone with ol
drain (e; £ xo) and r, = 1 before it garts to show some resistance, confining pressure (C s 3) and dilative
response (Fig. 6-3). This value of x decreases with the increase of the sand relative dengty (D) and

becomes approximately zero for dense sand.

As aresult of the development of complete liquefaction by cydlic loading and the subsequent dilative
response under an isotopicaly consolidated undrained (ICU) loading, two equa and opposite components
of volume change (drain) develop in sand. In the undrained tegt, the tota volumetric change or volumetric
grain must be zero. Therefore, the shear induced volumetric Strain, €, sear, MUt be equal and opposite to
e, iso (Egn. 6-4). Intheisotropicaly rebounded drained shear test, e, i, and then e, e (to Match ey, i)
are obtained separately and sequentialy; in the undrained te<t, they occur smultaneoudy.

Figure 6-7 shows the drained dilative response of sand when e, . IS expansve and g, i IS compressve
datingwith “ s3 =0. Asareault of the complete liquefaction under cydicloading, " S3="S 3, @D (point
rinFigs. 6-7aand 6-7b) and the associated e, s, a the start of undrained monatonic loading (point " rin
Figs. 6-7aand 6-7b). The changein the volumetric rain e, i, duetheincreasein s ; isrepresented by
thevaiaionin e, i, (Fig. 6-7a) associated With (ey sear)net ditative IN Fig. 6-7C. Equation 6-23 for e, s IS
modified as follows:
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(e ).

Qi o T (@ (6-25)
and
(ev,iso)a: L where OCR = §—3C
(OCRh) at Point S3

It should be noted that ~ s 5 a point (r ) is approximately equal to zero. As observed experimentaly and
based on its relative density, the liquefied sand may experience azero-resstance zone (sz;=0and sq =
0) with aprogressve axid gtrain (up toe; = Xo) under the compressive monotonic loading. X isdetermined
from the drained rebounded e;- e, s relaionship a very smal vauesof “s; @0 (Fig. 6-7). X defines
the end of complete liquefaction zone (Du. = ° S 3. ) and indicates the subsequent growth in " sz and s 4, the
degradation in the excess porewater pressure (Fig. 6-7a), and the development of dilative response (Fig.
6-7c). It should be noted that e, s for the dilative sand represents the suppressed volume increase
beyond the origind volume of sand.

As seenin FHg. 6-7b, the resstance of completely liquefied sand under compressive monotonic loading lies
on the failure envelope with stresslevel (SL) equa to 1. The variation of sand resistance after complete

liquefaction due to its dilative response is afunction of thevarying * s 3 and the full friction anglej .
u

-1y (6-26)
a

It should be noted thet the vaues of the pogt-liquefaction response of sand depend on the magnitude of ™ s 3
remaining after cydic loading (Vad and Thomas 1995).

6.3 CASE STUDIES
The approach developed here to assess the post-liquefaction behavior of liquefied sands has been verified
through various comparisons to experimentd results of different types of sands under monatonic loading
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after being completely or partidly liquefied by cyclic loading. The properties of these sands are presented
in Table 6-1.

6.3.1 Post-Liquefaction Response of Completely Liquefied Nevada Sand

Figure 6-9 shows the good agreement between the measured and predicted post liquefaction resi stance of
Nevada sand under compressive monotonic loading. The sample tested was isotropically consolidated to
" S3. =400 kPaat Dr. = 15% and exhibited adrained j = 32° and e5, = 0.0065. The sample was
completdly liquefied by cyclic loading and then the undrained response shown in Fig. 6-9 was obtained
(Nguyen 2002).

6.3.2 Pogt-Liquefaction Response of Completely Liquefied |one Sand

Figure 6-10 shows the observed and predicted post-liquefaction response of lone sand. Dr, = 30%, for
an isotropic consolidation pressure (" s ) of 800 kPaand j = 29° and &5, = 0.008 in drained tests. Similar
to Nevada sand, lone sand was completely liquefied by cyclic loading and then subject to compressve
monoatonic loading (Nguyen 2002).

6.3.3 Pogt-liquefaction Response of Partially and Completely Liquefied Fraser River Sand
Vad and Thomas (1995) performed a set of cyclic and then compressive monotonic loading tests to sudy
the effect of resdud confining pressure (s 3) on the post liquefaction behavior of acompletdy (( sz =0)
and patidly liquefied ( s3 > 0) Fraser sand. There is very good agreement between observed and
predicted resultsin Fig. 6-11. Theresults shown in Fig. 6-11 for Fraser sand were obtained based on the
completely liquefied status (" s 3 = 0) for different Dr. (Vaid and Thomas 1995).

Figure 6-12 shows the influence of partid or limited liquefaction induced by cydlic loading (" sz > 0) on
the pogt liquefaction behavior of 40% relative dendty samples of Fraser sand. The pre-cyclic consolidation
pressure (© s 30 was 400 kPa, and the resdua confining pressures induced by cyclic loading were 105 and
45 kPa, respectively.
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6.4  UNDRAINED STRAIN WEDGE MODEL FOR LIQUEFIED SAND

The basic purpose of the SW modd isto reate stress-strain-strength behavior of the soil in the wedge to
one-dimensional Beam on Elagtic Foundations (BEF) parameters. The SW modd is, therefore, able to
provide a theoreticd link between the more complex three-dimensiond soil-pile interaction and the Smpler
one-dimensionad BEF characterization. As presented in Chapter 5, the SWM is based on the mobilized
passive wedge in front of the pile (Fig. 6-13) which is characterized by base angle, b, the current passve
wedge depth, h, and the spread of the wedge viathe fan angle, j ., (the mobilized effective stressfriction
angle). The horizontal stress change at the passive wedge face, Ds,, and Sde shear, t, act asshown in Fg.
6-13.

The varying depth, h, of the deflected portion of the pile is controlled by the stability andyss of the pile
under the conditions of soil-pileinteraction. The effects of the soil and pile properties are associated with
the soil-pile reaction dong the pile viathe Y oung's modulus of the soil (E), the stressleve in the soil (SL),
the pile deflection (y), and the modulus of subgrade reaction (Es) between the pile segment and each soil
sublayer (Chapter 5).

The shape of the wedge in any soil layer depends upon the properties of that layer and, therefore, would
seem to satisfy the nature of a st of indegpendent Winkler soil springs in BEF andyss. However, the
mobilized depth (h) of the passve wedge a any timeisafunction of the various soils (and thair sresslevels)
and the bending gtiffness (EI) and head fixity condition of the pile. This, in turn, affects the resulting p-y
response in agiven soil layer; therefore, the p-y response is not a unique function of the soil done. The
governing equations of the mohilized passive wedge shape are gpplied within each soil sublayer (i) of agiven
deposit. The configuration of the wedge (Fig. 6-13) at any ingtant of load is afunction of the stressleve
in the sublayer of sand and, therefore, its mobilized friction angle, j . Note that

(bm),:45+—(j2m)‘, and
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(E):Dﬂh-xi)z(tanbm)i(tanj m)i (6-27)

where BC isthewidth of the wedge face a any depth.  h symbolizes the current full depth of the passve
wedgein front of the pile; x; represents the depth from the top of the pile or passive wedge to the middle
of the sublayer under consideration; and D indicates the width of the pile cross-section (Fig. 6-13). As
presented in Chapter5, the geometry of the passive wedge(s) (short, intermediate or long shafts) is a
function of the state of the soil. Consequently, the developing passive wedge in the liquefidble soil will be

different fromits origina (as-is conditions) case under drained conditions.

Under undrained conditions, the mgor principd stress change (Ds ) in thewedge isin the direction of pile
movement, and it is equivaent to the deviatoric Sress (s 4) inthe isotropically consolidated undrained (1CU)
triaxid test. Assuming thet the horizontd direction in the fied is taken asthe axid direction in the triaxid test,
the vertica stress change (Ds.) is zero and the perpendicular horizonta stress change (Ds ) is taken to
be the same. Corresponding to the (ICU) triaxid compresson tegt, the deviatoric stressisincreased, while
the effective confining pressure decreases due to the positive induced excess porewater pressure, Duy.

Note that Duy represents sy in the near-field region. The cycdles of earthquake loading will generate
excess porewater pressure in the free-field (s, £) that will reduce the effective sressin sand (Egns. 6-1 and
6-2) according to itslocation below ground surface. Once the excess porewater pressure (L) INncreases

due to the pile loading, the confining pressure in the sand around the pile reducesto
S_V = §3 = ( S 3¢ ™ Uxs ff )_ Uyxs,nf where gh = gv +Ds h (6-28)

Us nf (= Duy) isafunction of sressleve. Therefore, the assessment of the mobilized resstance of the sand
(sq = Dsy) as a function of the axid drain (mgor strain) under undrained conditions dlows the
determination of the sand resistance and pile deformation at the associated undrained horizonta dtrain, ey.
The current value of undrained Y oung’s modulus in sand sublayer (i) which is associated with e, isgiven

as
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(E, )FEDS“E :gs_dﬂ (6-29)
e & U; é &
e u
S_|:é' DSh\ u= (Sd)' -
g(DShf)s‘gﬂ» ( > g5+l 1y
i Sg),é . E u
e e g u
; _ (6-30)
tan2 45+(J m)l _1
- e 7]
tan® 45+ -1
e 2 g

The mgor principd effective stress change, Ds p, in the passive wedge isin the direction of pile movement
and is equivaent to thedeviatoric sress change in the undrained triaxid ted, s 4 (assuming thet the horizonta
direction in the fidld istaken asthe axid direction in the triaxid test). The mobilized effective sressfanning
angle, j m, of the passve wedge is related to the stress levd or the gtrain in the sand. Knowing the soil
drain, ey, thedeviatoric stress, s 4, and the associated ingtant effective confining pressure, s3. | m can be
determined from the associated effective stress-dtrain curve and effective stress path. Based on the
approach presented in (Ashour and Norris 1999 and 2001), both the stress level, SL, and the mobilized
angle of internd friction, j m, associated with the effective dtress, ™ s 3, and soil Strain, ey, under undrained
conditions can be cdculated. Stressleve (SL) rdaess g (= Dsy) to S « (= Ds); where Ds i is the peak

of the associated drained (i.e. current * s 3) effective stress-strain curve.

Theinitid and subsequent values of confining pressure are not equa dong the depth of the passve wedge
of sand in front of the pile. Therefore, a the same vaue of horizonta soil dtrain (g,), the undrained
resstance of the sand surrounding the pile varies throughout the depth of the passive wedge of sand
providing different vaues of dress level. Such behavior requires the determination of the mobilized
undrained resstance of the sand adong the depth of the passve wedge. The SW mode provides the means
to divide the sand layer into equa-thicknesssublayersin order to cdculate the undrained sand response of
each sublayer (i) according to the location and the properties of sand of that sublayer.
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6.5 SOIL-PILE INTERACTION IN THE SW MODEL UNDER UNDRAINED
CONDITIONS

By applying the drained SW mode procedures for granular soil (Chapter 5), the modulus of subgarde

reaction of sand under undrained conditions (Ey,) a any sublayer (i) can be determined based on the

associated values of E, and SL. The SW modd rdies on caculating E,, which reflects the soil-pile

interaction & any leve during pileloading or soil strain. By comparison with the drained K, in drained sand

(Ashour et a. 1998), Ey, isgivenin any sublayer (i) as

D(Y,) (6-31)

Corresponding to a horizontad dice of (asoil sublayer) at adepth x (Fig. 6-13) under horizonta
equilibrium, the soil-pile reaction, the undrained p; (line load) is expressed as afunction of Ds, where

Ds 1, represents the mobilized undrained resstance in sand sublayer (i).
pi:(DSh )iB_CiSl+ 2t;Ds, (6-32)

Shapefactors S;and S; are equal to 0.75 and 0.5, respectively, for acircular pile cross section, and equa
to 1.0 for asquare pile; t is shear dress dong the sdes of the pile. A is a parameter that governs the
growth of the passive soil wedge and based on the concepts presented in Chapter 5. 'y  isequd to 1.55
where the total stress Poisson's ratio for undrained sand is equa to 0.5. Equation 6-31 is based upon the
undrained response of sand using the undrained stress-gtrain relationship (e, S¢ and E,). Oncethe values
of Eg, a any levd of loading aong the length of the deflected portion of the pile are calculated, the laterdly
loaded pile and the three-dimensiond passive wedge in front of the pile can be transformed into a BEF
problem and solved using anumerica technique such as the finite dement method. The evauation of Eg,
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asafunction of soil and pile propertiesisthe key point to the SW modd anayss.

6.6 SUMMARY

The procedure presented yields the undrained laterd response of alaterdly loaded pile/shaft in liquefiable
s0il incorporating the influence of both the devel oping excess porewater pressurein the free-fidd uys « (due
to ground acceleration) and the additional u,s ¢ (due to the laterd load from the superstructure). The
technique reflects the effect of soil liquefaction on the assessed (soil-pile reaction) p-y curves based on the
reduced soil-pile interaction response (modulus of subgrade reaction). The capability of this procedure will
(1) reduce the uncertainty of dedling with the behavior of laterdly loaded pilesin liquefiable soils and (2)
alow esimation of redistic responses of lateraly loaded pilesin liquefiable soils based thet properly account
for loca ste conditions and shaft properties as demondrated by the predictions for the Treasure Idand and
Cooper River Bridge load tests presented in Chapter 8.
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Table6-1. The properties of sands employed to demonstrate the approach presented

Materia Roundness | enx €min Cy Ref.

(r)
Nevada Sand 0.45 0.856 | 0.548 | 1.6 | Norriset d. (1995,
(subrounded, clean, fine, 1997)
white quartz, foundry
sand)
lone Sand 0.29 1.00 | 0.717 | 1.4 | Norriset a. (1995,
(subangular, clean, 1997)
minerds, quartz, glass
sand)
Fraser River Sand
(subangular to 04 1.00 | 068 |15 | Fukushimaand
subrounded well graded Tatsuoka. (1984)
quartz and feldspar sand)
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Fig. 6-1 Subsequent Undrained Stress-Strain Behavior of Sand that has Experienced
Partial (r, <1) or Complete (r, =1) Liquefaction
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Fig. 6-2 Corrected Blowcount vs. Residual Strength
(Seed and Harder, 1990)
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Fig. 6-3 Undrained Behavior of Sacramento Sand under Initial Static
and Fully Liquefied Conditions (Seed 1979)
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Fig. 6-4 Undrained p-y Curvein Liquefied Soil (Rollins et al. 2001)
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of Completely Liquefied Nevada Sand

6-26



Deviator Stress, Fd, kPa

N
o
o

w
o
o

200

100

400

w
o
o

200

100

Deviator Stress, Fd, kPa

Predicted

Measured — — — —

Dr=30%
S, =800 kPa
S,. = 0 kPa

30

Undrained Axial Strain, §,, %

Fig. 6-10. Pogt-Liquefaction Undrained Stress-Strain Behavior
of Completely Liquefied 1one Sand

T I T
. Predicted
Measured — — — —

| Dr=19%

S, =100 kPa
I~ S,, =0kPa

- &, =0.005

| f=32

Deviator Stress, Fd, kPa

0 5 10
Undrained Axial Strain, §,, %

15

20

400

w
o
o

200

100

T T
| Predicted
Measured — — — —
B {
Dr = 40%
S5 = 100 kPa
Sy, = 0 kPa
e, =0.0035
f =36°

Undrained Axial Strain, §;, %

Fig. 6-11 Post-Liquefaction Undrained Stress-Strain

Behavior of Completely Liquefied Fraser Sand

6-27

10



Deviator Stress, Fd, kPa

600 — T T T . 600 —— : :
Predicted
- Measured — — — — / 4 < L Dr=40%
/ g 5, =400 kPa
400 1 L 400 - Sx=45kPa
s 7 e, =0.0035 !
- 2 Dr=40% 1 8 - =3 /
5, = 400 kPa @
200 S..=105kPa | & 200 - y
& =0003%5 ] 3 I 7 Predicted ]
/ f =36° ~~ - Measured — — — —
0 1 ] 1 ] 1 ] 1 0 el |/ ] 1 ] 1 ] 1
0 2 4 6 8 0 2 4 6

Undrain Axial Strain, ¢, %

Undrain Axial Strain, ¢, %
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