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22  Introduction

23 Piles in cohesionless soil gain their support from the tip resistance and transfer of axial load

and clay soil deposits.

The assessment of the

(end - bearing) Qp-z, spring. Building on this work and based on additional empirical results,

43 eral recommendations for estimating t-z and Qp-z, curves for axially loaded piles in sands
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have been proposed by Vijayvergiya (1977), APl (1993), Altaee et al.(1992), Alawneh et
al.(2001) and Seo et al. (2009).
t-z curves can also be constructed satisfactorily using a theoretical approach relateg

shear stiffness of the soil surrounding the pile. Several methodologies to develop

al. (1989) and Randolph (1994).

Salgado et al. (2011) presented a mathematical formulation
analysis for a pile with circular cross section installed in m ic soil that accounts
for both vertical and radial soil displacements. The follows fr e solution of the

differential equations governing the displaceme il system obtained using

variational principles. The method is extension for t 0 and Prezzi (2007), which

considers only vertical soil displacement.

was assumed equal to the residual angle of shearing resistance of the sand friction angle (o).
dolph and Wroth (1978) presented approximate analytical solution for analysis of settlement

of single pile using theoretical formulations for 1) linear degradation of the shear stress (t) and
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displacement in the surrounding soil with the radial distance (r) as a function of the shear stress

at the pile-soil interface (t,) and pile radius r, (i.e. T = 1, r/1); 2) a constant shear displacement

zone of influence (ry,) along the length of the pile (L) where the soil shear modulus at
pile tip are linked via a constant ratio (p). By knowing L, r,, and ry, Randolph and
developed the following equation to calculate the t-z curve as a functi f a consta

assuming a linear elastic soil.

YR r

(7
G (

=

1)

al. (1981) the work done by

using a hyperbolic stress-

)

(3)

relationship of sand (Norris 1986 and Ashour et al. 1998) to obtain the t-z curve and
ile shaft resistance in sand. The method of slices utilized in this technique determines the

degradation of shear stress/strain and vertical displacement within the vicinity of the axially



87  loaded pile under drained static conditions (pre-earthquake). As a result, the t-z curves and the
88  variation of side resistance along the pile length can be assessed using a combination of tip and

89  side resistance/displacement of the pile and associated pile elastic deformation. The p

pre-earthquake (i.e. drained) model shows the radial degradation of the shear stress

108 iles in liquefiable soils and failure mechanisms
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Because of the combination of axial and lateral loading on piles during or post a seismic event
as a result of superstructure inertial force and/or lateral soil spreading, respectively, the influence
of the axial load (P) in association with lateral loads (i.e. pile deflection, A) is dominateddvia the
excessive moment caused by P-A effect combined with lateral forces (Fig. 1c) with/without
lateral spreading (Maheshwari and Sarkar 2011, Haldar and Babu 2010, Ashour and ardalan
2011). While some focus has been given to the piles in fully liquefied seibJlayei(8) under axial
loading as a source of pile buckling instability (Fig. 1a) (Bhattacharya et al. 2005y, Shanker et al.
2007, and Haldar and Babu 2010), no attention has been given'to the ‘axially loaded piles in soils
with limited liquefaction (Fig. 1b) that could developdh'medium dense sands¥Dr = 35% — 65%)
especially with moderate seismic events. For axially loaded pile segments embedded into
liquefiable soil layers, current design procedures assume no sand resistance or reduced sand
residual strength (American Association \of StatémHighway and Transportation Officials,
AASHTO, 2007) based on thée free-field \liguefaction potential with no consideration for
developing near-field PWPR." On thefother side; some researchers have focused on the negative
skin friction (Yao et‘al. 2012) and downdrag effect on the pile axial resistance that could take
hours/days after Tiquefaction to develep according to the site geotechnical conditions (Fellenius
and Siegel 2008 and Rollmsyand Strand 2006).

The paperstudies the post-limited liquefaction loading scenario immediately after the end of
the seismiIC event (i.e. superstructure inertial force = 0) in level ground (i.e. no possibility of
lateral soil spreading to occur) where the axial load dominates the behavior of the pile. The
paper highlights the drop in sand shear strength (medium dense sand) in response to the
garthquake induced porewater pressure Uxss With r, < 1 generating a state of limited soil

liquefaction in the free-field that is associated with pile axial loading and related near-filed



132 porewater pressure, Uxsnf (Fig. 2). The presented model assumes undrained conditions with no
133 water pressure dissipation (i.e. no sand volume change) during a short period of time (few

134  minutes) after the earthquake which is a common scenario that could happen due to the p

of clay layer or soil deposit with low permeability (more fines) above the liquefied sa

153 uefiable soil layer (dense sand or clay) where the pile is still subjected to excessive settlement
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due to the degradation in sand strength. Settlement will continue until sufficient base capacity

and shaft friction is mobilized to bring the axial load on the pile into equilibrium.

Load transfer—settlement model (t-z) of sands (no liquefaction)

The methodology presented models the soil around the pile/shaft segme

Where r is ial di e point of question, and z = z, at r = r,. The pattern of

gn. 1) displays rapid degradation for soil displacement compared to the FE method results.
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Isotropic conditions are assumed in sands after pile installation and horizontal (confining)

stress is equal to the vertical effective overburden, . (i.e. lateral earth pressure coefficient K =

1 and s = v before loading), as shown in Fig. 5. The shear strain associated to soilfve

displacement in a sand slice i between r;and ri.; (Fig. 3b) is determined as

_ 55y Az

1 = -
a4y

Ari has smaller values close to the pile wall that increase a . The

pile axial load is increasing gradually (incrementally) to produce | shear stress (to) and

strain at the soil-pile interface (Fig. 5). The pile settlement at depth (x) is aeécompanied by 1, at

the soil-pile interface and Mohr circle of a radius 1, confining sure s .

y=g(1+1) (6)
oy 2T
SL=%—J‘¥ (7)

The Poisson’s ratio v is assumed to change from 0.1 to 0.5 as a function of the stress level in

soil (SL),
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v =0.1+04 5L ®)

and

Jcif=5'3|:tan2[ 45+§]- ji|

For a specific pile settlement z, at depth x, a mobilized value of

the pile segment in question till calculatec rly to z, of the pile segment
obtained from the global iterative stability. ana pile side and tip resistance model
shown in Fig. 7.

Figure 8 presents the ra 3 stress and strain and pile segment displacement

ized soil model where G is calculated as a function of varying values of E and v at
e soil-pile interface.

g%
21+ 1)

(10)

10



216 In comparison with the ultimate side frictional resistance (fs) obtained from the MTD method
217  (Jardine and Chow 1996 and Randolph 2003), Fig. 10 reflects the proposed technique capability

218  of predicting the nonlinear variation of the mobilized fs along the pile length under prog

219  pile-head axial load (Q) in association with the pile tip resistance (Qp). The 1-m dig
220  ended steel pipe pile is embedded 40 m in medium dense sand with ¢ = 35 a

221  MTD method presented in Fig. 10 is derived from the Imperial

222  database.

238 g, = Ubg (11)
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The pile tip resistance (Qp) is given as,

0

= _ﬂ = _—
QP & Hyans 06 dase

(12)

where Apase 1S the cross sectional area of the pile tip.

As seen in Fig. 11, the Mohr Columb strength envelope is nonlinear

circle to the next, the friction angle (¢) decreases f

value for Ap where

(13)
Based on the following B ship modified by Elfass (2001) as shown in Fig.
12
Lo = P T Py (14)
2 —
3D, {m—m (zﬂm [:5“”2)] crzH -1 (1)

original confining pressure(cs = aw ), Eqn. 15 can be used to calculate the
ction in the friction angle A due to the increase of the confining pressure from &, to

(o3) » and the associated decrease of the friction angle from o, to @y. Assume a reduction (A

12




259 =3 or 4 degrees) in the sand friction angle at (o= = o) due to the increase in the confining

260  pressure from ¢, to (s a» as seen in Fig. 12. Therefore,

261 AQ = (@it - (Pdite)iv

262 But the friction angle ¢y associated with {33 » Can be also calculated as
o

263 by = ; — hplog ‘T

Tvn

tip settlement

13
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The pile tip displacement in sand can be determined based on the drained stress-strain

relationship presented in Fig. 6 where the soils strain (€) below the pile tip is evaluated according

to the model shown in Fig. 13.

where r, is the radius of the pile tip. Dealing wit

erent values for pil

Ip resistance (Eqn.
12), the associated deviatoric stress (Eqgn. 11), stress level (Eqn. 19) and principal strain (&) (Fig.
6) can be used to assess the tip moveme pile tip load-settlement (Qp —
Zp) CUrve.

Constitutive modeling o imited liquefaction

ed value of ru in the free-field (i.e. Auc) induced by the earthquake is obtained using
he procedures presented by Idriss and Boulanger (2004) for calculating the magnitude scaling
factor and liquefaction potential based on SPT-N. Under monotonic loading, the undrained
behavior of sand with limited liquefaction induced by cyclic loading (i.e. ry <1 and es = g3, >

14



300 0 at point r) reflects initial restrained contractive behavior followed by dilative response (at point

301 s) whereby its effective stress path (p = o3 + 3/ 2) reaches the failure line and thereafter

302  marches up the failure line due to restrained dilative (Fig. 14b).

303 The technique presented by Ashour et al. (2009) allows assessment of the undra

Its in lower effective confining pressure, o3 i.e.

aa— s~ iy (No cyclic loading) (23)

And an associated isotropic expansive volumetric strain, ey is, the same as recorded in an

321  isotropically rebounded drained triaxial test (prior to shear loading). However, in the undrained

15
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test, the volumetric change or volumetric strain must be zero. Therefore, there must be a

compressive volumetric strain component, &y, shear, due to the deviatoric stress, oq. This shear

sequentially in the undrained test, they occur simultaneously.

Ashour et al. (2009) extended the technique to incorporate t

o3 (point 6 in Figs. 14b and 14c), and then rebound (dilate) with increasing o3 until o3 =
3.c again (point r in Figs. 14a and 14b). Sand continues to dilate beyond o3c ( T - s, Fig.

14a) with increasing o3 and monotonically induced porewater pressure (Aug). When o3 <

16



344

345

346

347

348

349

350

351

O3, Eviso Febounds to point s and then recompresses. This is associated with an equal net

COMPressiVe &y shear. HOWever, when o3> o3, &y, iso Moves from rto s and an equal dilative

€v shear develops simultaneously.

The undrained shear strength and deviatoric stress of partially liquefied sand at any
increment of loading is a function of the associated effective confining stres
(SL).

S
T=¢ [0= ;rf‘ {tan‘?[45+¢9

d

The varying SL is a function of the drained &, €50 ent o3 and ¢ lated as presented

17
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B 075z 15z

Vare = L - r (26)

[

Yave IS employed in the current study. The undrained normal strain in the sand is expresse

Yoe _ Vo

r5'1=
(1+1) 15
g1 is used in the undrained constitutive model of sand to determine the
(ts = og/2) at the soil-pile interface. The full undrained stre

liquefiable sand at any depth is governed by M and amax

resulting osc in the free-field.

generated and o3 (i.e. Gyo) drops to
progressing soil-pile displace

(points 1, 2, 3....). The ing

18




385 Because of the dilative behavior of sand, Aug begins to decrease after reaching its largest

386 value at point 4 that marks the lowest value of o3 and ts. Aug continues to drop beyond point 4

387  with the progress of y resulting in a rebound in o3 and ts as demonstrated by Mohr Gi
388  points 4 through 6 where Aug becomes zero.
389
390
391
392
393
394
395 the near-field) established by Ashour et 3
396 sands. The previously mentioned techniqt
397  as described by Coyle and Ree

398  step description for the
399 FORTRAN. Its oned that the abovementioned process is applied at each pile
400 segment (Fig 0 ine ts (ts = ) associated to each pile segment displacement z.
401
402 P, confinement pressure, and shear stress/strain along the pile

r steel pipe pile is driven into the soil profile shown in Table 1. The tip of
ile is embedded into a sand layer overlain by a 10-m deposit of liquefiable
medium dense sand (Dr = 50%). An earthquake with a magnitude M = 5.0 and peak-ground
406

leration amax = 0.15g has been utilized to generate uys¢ with r, less than 1 (i.e. limited

407  liquefaction). The PWP curves are numbered for advancing pile head axial load (Q) increments

19
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shown in Table 2. The solid and dashed sets of curves shown in Fig. 18a describe the PWP (i.e.
r,) increase and decrease phase into sands around the pile, respectively. Under an axial load
increment and due to the increasing effective soil pressure with depth, it can be seen in Fig."18a
that the PWP in the upper portion of the sand layer develops (solid curves) faster‘than deeper
sand. Similar behavior can be also observed via the dashed curves when the PMWP is decreasing.

Figure 18b presents the variation of soil-shaft friction (fs or t5) along the pileflength under
growing axial load Q. ts is determined at the soil-pile interface through the clay, liquefied and
non-liquefied sand layers. The technique presented by Ashotr et a. (2009) is used to calculate f;
in the upper clay layer. The distribution of the axial J0ad resistance (Q) along the pile length is
presented in Fig. 18c. Curves 4 through 7 in Figs. 18b and 18c display limited increase in the pile
axial resistance versus larger pile settlement associatedwwith higher levels of r,. Larger settlement
with smaller increase in the axial load is attributed teythe temporary drop of pile-soil frictional
resistance before it rebounds with the decrease of the PWP (Figs. 18c and 18d). To show the
effect of sand limited liquéfaction on pile settlement under the same axial load increment Qt =
530 kN (incrementd7 in Takle 2), the pile head maintains settlement of 9 mm (Fig. 18d)
compared to 44nm with the static (neiquefaction) conditions.

For the same soil-pile“prefile, Figure 19a shows the variation of the PWP in medium dense
sand due to seil-pile displacement (z) at different depths using earthquake input data of M = 5.0
and amax = 0.15g tadnduce limited liquefaction into the 10-m thick sand layer (r, < 1) (before pile
loading). The r, curves in Fig. 19a demonstrate the influence of the contractive and dilative
behavior of the medium dense sand layer under undrained conditions that is associated with an
Increase and then decrease of r, with the progress of z (i.e. soil shear strain). The calculated

undrained t-z curves at 4, 8 and 12 m deep below the ground surface (Fig. 19b) reflect the

20
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influence of the undrained stress-strain curve of liquefied sands (i.e. r,) on the resulting shape of
the t-z curve.
In order to show the effect of sand density on the t-z curve, a specific seismic scenari

5.0 and amax = 0.1g) has been used with the liquefiable sand layer using three states of sand

exhibit the sensitivity of Qs with respect to small variations in the characteristic of the
hquake. A considerable drop in the pile side resistance can be observed at amax = 0.2g due to

the development of full liquefaction. However, less values of amax €xhibit a drop in Qs over the

21
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settlement range of z = 4 mm to 12 mm (i.e. design range) for amax < 0.2g. To substitute for the
drop in Qs into the liquefied layer(s), the pile tip and shaft resistance into the non-liquefiable soil
layers would provide more resistance but with additional settlement. Figure 22 shg
around 100% increase in the pile axial resistance can be considered in a moderate sé
(amax = 0.15g and 0.2g) if the soil has been treated in a partially liquefied st
fully liquefied.

During the seismic event the existing pile will be subjected
mechanism (rocking) (i.e. tensile-compressive or small an

short periods of time). By the end of the rocki

liquefaction (i.e. largest value of ry), the pile goes b

changes in the properties of the saturate d the pile due to the seismic (undrained

conditions, constant Dr, no PWRgdissipati and 2) the residual shear stress/strain induced
by the end of the cyclic 1o

(i.e. no shear bias)

) to study the effect of downdrag on piles in liquefied soils is used in its initial phase
study the behavior of axially loaded piles in partially liquefied soils. As observed from

reported test data, r, induced by controlled blasting into the liquefiable sand layer varied with

22
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depth (6.7 m to 16.8 m below ground) from 0.9 to 0.1 just immediately after the blast. Table 3
shows the soil profile at the test site 2 and Dr as provided by Strand (2008) based on the CPT
data and modified second layer (clay). It should be noted that the PWP dissipated with time and
the test results collected immediately after the blast would be employed in “the current
comparison. As reported by Strand (2008), Piezometers were installed 0.75 mdrom the centex of
the pile at depths of 6.7, 8.4, 10.7, 12.8 and 16.8 m below the ground. Strainfgauges were
installed on the pile every 1.5 m down to 17 m below ground.

A static (pre-blast) load test was carried out one day after the 0.324-m diameter closed-end
steel pipe pile was driven approximately 21 m belowsthe“ground surface. yFigure 23 shows a
comparison of measured and computed pile-head load settlement €urve collected from the static
load test. Good agreement between measured and computed distribution of the axial load carried
by the pile shaft down to 17 m below the\grotndassurface is presented in Fig. 24. Significant
axial resistance through the secondpseil layer.can be observed in Fig. 24. Compared to other soil
layers, the CPT data of thefsecond sail layer showed considerably higher values of friction ratio
(Rp) and less gc Therefore, thexsecond layer IS treated in the current analysis as clay layer. The
comparison presented,in Fig. 25 shews good agreement between measured and calculated t-z
curves. Jable 3 also presents the values of 5o employed in current analysis. Large depth interval
(3.66m — 1545"m) is reported with the lowest measured t-z curve (Fig. 25), which is in
reasonable agreement with the t-z curve computed at the bottom of the first soil layer. It should
be noted that.dealing with the second soil layer as clay provides a t-z curve (at 3 m depth) in a
very good-agreement with the measured one (Fig. 25). Treating the second soil layer as clay
yields good agreement with the axial load resistance along the pile in the pre- and post-limited

liquefaction case (Figs. 24 and 26). The proposed technique provides the PWP distribution at the

23
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505

soil-pile interface into the liquefiable soil deposit before and after the axial load (365 kN) is
applied at the pile head (Fig. 27). The results presented in Fig. 27 consider undrained conditions

in the surrounding soil during under the axial loading test.

Summary and Conclusions

The paper presents an approach to predict the behavior of axially

ile axial resistance.

24



521 2. The assessment of the full pile-head load — settlement curve in partially liquefied soils

522 allows the designer to capture a representative value of the pile settlement under exiting

523 axial load and associated PWP.
524 3. The shape of t-z curve in partially liquefied soil is highly influenced b
525 variation. Therefore, the empirical plot of the t-z curve in liquefi
526 reduction factor (a multiplier) could result in unsafe or very cons

527 4. The wide variation of the medium dense sand properties

528 accounted in the analysis of axially loaded piles in
529 Consequently, varying pile responses can be
530 (medium dense).
531
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Table 1

Table 1. Soil profile

- - ] . . . — aS

Soil Layer Thick Soil Type Unit We|g3ht, 7 €50 0] u

(m) (KN/m®) )
(%) (degree) (kN/m

2.0 Clay 16 2.0 -
1.0 Clay 7 2.0 -
10.0 Medium dense sand 8 0.8 33
5.0 Dense sand 10 0.2 4

# Undrained shear strength

A
&
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Table 2

Table 2. Pile head axial load (Qr) increments

IN
(3]
o
~
[e9)
©

Curve (Load increment) # 1 2 3

Qr (kN) 130 205 350 400 425 450 530 625

A
&
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Table 3

Table 3. Soil profile at the test site 2 (After Strand 2008)

- 5 - —
e e o e = s
(%)  (degree) (KN/m2
2.8 Medium dense sand 60 18 0.6 34 -
15 Stiff clay* 70 8 0.5 28
8.5 Medium dense sand 35 7.5 1.0
6.5 Medium dense sand 50 8 0.8
3.0 Silt/clayey silt 50 8 2.0

" Reported as sand silt/silt with the shown Dr and modified in current study to stiff clay
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1. Different failure modes for a single pile under axial load.
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Figure 2
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Fig. 2. Variatig for fully and limited liquefied sand.


http://www.editorialmanager.com/jrngmeng/download.aspx?id=107840&guid=11fc67f0-9dc5-40d1-97a5-b6a6c87affb9&scheme=1

Figure 3
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Figure 4

05 - —— —— Depth1.5m
— ] QT 444 kN — — — —Depth3m
e O 4 Depth 6 m
s Steel pipe pile:
D L=12m
N 0.3 D=0.305m
el | Wall thick. = 9.5 mm
() Soil properties:
E 02| o
g i ¢ = 38 ;
a L

0 \ ‘ \ ‘ \
0 4 8

Radial dista

Fig. 4. Radial variation of displacement in the surrounding using PLAXIS-3D.
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Figure 5

K=1
due to installation

5

Normal Stress (G)

Fig. 5. The progress of shear stress at the soil-pile interface.
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Figure 6
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Figure 7
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Figure 8
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Fig. 8. Radial degradation of displacement and shear stress/strain in sand around the pile
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Figure 9
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9. Shear modulus degradation curve from the utilized soil model.
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Figure 10

0 100 200 300
Shaft Friction, kPa

Fig. 10. Computed mobilized soil-pile frictional resistance
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Figure 11
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Figure 12
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Figure 13
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Figure 14
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14. Interrelationship among a) isotropic consolidation rebound. b) undrained stress path

¢) drained and undrained stress-strain behavior
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Figure 15
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Fig. 15. Undrained behavior of saturated sands with limited liquefaction.
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Figure 16
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b) Post-liquefaction variation of shear strength in
the soil-pile interface zone

. Variation of shear strain-strength and water pressure ratio in

the partially liquefied sand around the pile.
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Figure 17
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Soil profile and properteis (soil layer thickness, unit weight, ¢, €s,)

For Liquefaction (M, a,,,, [N,]4,, sand grain roundeness parameter p)

(1)

Divide the pile length into N segments of length H, = 2D (for example) (2)
as shown in Fig. 7. Pile segments are numbered from the tip to the top

A

Assess the development of soil liquefaction and calculate associated
r, and G, in the free-field generated by the current seismic event
along the pile length using input data (Idriss and Boulanger 2004)

()

v

For the first load increment, assume a small value of Q, = 0.01 6,, Ap,ee
= q Apgge at the bottom segment 1 in nonliquefiable soil (Fig. 7) to ge

Calculate ¢,, at the initial q (i.e. ¢;) and iterate using Eqns 1

below the pile tip (i.e. current pile tip settlement, z,

A
Segment

v

i=1,1 ‘

y N

to

determine the acatual ¢,, (i.e. ) and associated SL and ¢, in the soil

qn 22)

Starting from the bottome segment (i = 1), calc
Zoasic = (QeHY2)/EpA, in ial where Q, =

Partially liquyefied soil in the free-
Gy, (Eqn 24)
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efied|soil

Calculate v,,, assoe
Based on Gy,
Eqn 27) use
from Ash c
to calculal

= 7,4 (Eq
e. ¢ from
-strain ¢

ar to Fig. 15b

(Zmid)adjusted

obtain associated t

Use z, = z,,;, at the face of the segment i
and its degradation with r to calculate

¥ vs. 1, (Eqns 4 and 5). For y, vs. r, adjust
y G, (Fig. 5) and caculate associated T and y
till Y preuaea = ¥ CaUsed by z, (Eqns 6-9)

v

Compute Q; of

Qp)/2, Zgpie = Qi 2HJ(EA;) and 2, =2z, + 2

‘elastic

ent i = Qg + Qg where Q, = nDH,t, Q= (Qr

(Zmid)new ~ (Zmid)old

i Yes

(Q;), = (Qg)..1- A point on the t-z (load transfer) curve for
segment (i) is obtained at the midpoint (z,,, and 1)

alculate z; (Eq. 25) associated td Q, for segment (i), where

1<N

No

(Qyew = +AQ,

Q; or z; > Trageted values

Fig. 17 Flowchart for the calculations of the presented methodology.
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Figure 18
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Fig. 18. Variation of r, 75 (or f;), Q and z under monotonic pile head axial load (Qr)
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Figure 19
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Figure 20
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Fig. 20. Effect of D efied sand on the (t-z) curve shape.
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Figure 21
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Fig. 21. Effect of ap,x on the shape o of sand with limited liquefaction.
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Figure 22
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Fig. 22. Effect of amax on the load carr < aft (Qs) due to soil liquefaction.
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Figure 23
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Figure 24
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Figure 25
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Fig. 25. Comparison of me somputed static t-z curves.

A
&


http://www.editorialmanager.com/jrngmeng/download.aspx?id=107864&guid=7ffa3f45-fd27-4610-aadc-d379842de888&scheme=1

Figure 26
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Figure 27
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Fig. 27. Computed r, into the il due to axial load after blasting.
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Fig. 14. Interrelationship among a) isotropic consolidation rebound b) undrained stress

path c) drained and undrained stress-strain behavior

Fig. 15. Undrained behavior of saturated sands with limited liquefaction.

Fig. 16. Variation of shear strain-strength and water pressure rati

the partially liquefied sand around the pile.

Fig. 17 Flowchart for the calculations of the present

Fig. 18. Variation of r, 1 (or fs), Q a Ile head axial load (Qr)

Fig. 19. Variation of r,, and splacement z at different depths.

Fig. 20. Effect of and on the (t-z) curve shape.
Fig. 21. E )e of the t-z curve of sand with limited liquefaction.

. Effect of amax e load carried by the pile shaft (Qs) due to soil liquefaction.

ig. 25. Comparison of measured and computed static t-z curves.

Fig. 26. Measured and computed axial load along the pile immediately after the blast.



Fig. 27. Computed r, into the liquefied soil due to axial load after blasting.
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