
The Japanese Geotechnical Society

NII-Electronic Library Service

TheJapaneseGeotechnical  Society

SOILS  AND  FOUNDATIONS
Japanese Geotechnical SocietyVol.

 44, No.  4, 99-108, Aug.  2004

EFFECTS  OFSLOPE  AND  SLEEVING  ON  THE
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                                          ABSTRACT

  Pile sleeving  is an  annulus  of  compressible  material  between a  laterally loaded pile and  the adjacent  ground  and  is a

method  adopted  in Hong  Kong  for protecting the stability of  sloping  grounds  and  retaining  walls.  In practice, sloping

grounds  of  various  inclinations can  be encountered  and  an  appropriate  sleeving  thickness has to be selected  for particu-

Iar sites  considering  site-specific factors, To  evaluate  the  effects  of  slope  inclination and  sleeving  thickness on  behavior
of  piles, a  series  of  3D  analyses  of  the behavior of  laterally loaded piles was  conducted  considering  several  sleeving

thicknesses  (O, 100, and  250 mm)  and  slope  inclinations [level, 1(vertical):2(horizontal), and  3:4], At a  typical design

lateral load, the effects of  slope  inclination on  the pile response  are  found to be minor  but the effects of  sleeving

thickness  are  significant.  At large lateral loads, however, the horizontal displacements and  bending moments  of  the

pile will  increase as  the ground becomes steeper,  especially  when  the  ground  is steeper  than  1:2. Empirical relations
between  the  displacements and  bending moments  of  the pile in a  sloping  ground  and  those in the level ground  are

proposed.  A  criterion  for selecting  suitable  sleeving  thickness is also  proposed  considering  both pile response  and

compressibility  of  the sleeving  material.

Key  words:  finite difference,laterally loaded pile,load transfer,sleeving, slope  stability  (IGC: E41K8)

INTRODUCTION

  Pile sleeving  is an  annu]us  of  relatively  compressible

material  between  a  pile or  a caisson  and  its adjacent

ground,  as  shown  in Fig. 1, It is installed on  laterally
loaded piles in Hong  Kong  (GCO, 1984; Siu, 1992; Ng
and  Zhang,  2001a; Ng  et  al,,  2001b;  Chung,  2003) as a

mean  to improve the  stability  of  a  sloping  ground  or a

retaining  wall  by minimizing  the transfer  of  lateral load
from  the  piles to the  ground  or  the  retaining  wall,  partic-
ularly  at  shallow  depths, A  variation  of  pile sleeving  in
the form of  a liner between a  pile and  the surrounding

ground  is also  used  sometimes  as  a  reducer  of  negative

skin  friction on  bored piles penetrating through  marine

deposits. Siu (1992) reported  13 cases  involving the use

of  sleeved  caissons  on  soil  s]opes  near  elevated  roads  or

near  retaining  walls.  Chung  (2003) reported  two  cases  of

sleeved  bored piles 2,7m  in diameter behind retaining

walls.  Completely decomposed granite (CDG) was

encountered  in most  of  these cases.  AIthough  the  soil  is
typically classified as silty sand,  it may  contain  some

cementation  and  exhibit  apparent  cohesion  when  it is
not  fully saturated,  Therefore, construction  of  the  pile
sleeving  in CDG  is feasible and  the performance of

sleeved  piles has been  satisfactory  (Siu, 1992).

  Poulos  (1976, 1995), Chow  (1996), Wakai  et  al.  (1999),

i)-/ii)

Cai and  Ugai (2000, 2003), and  other  researchers  have
analyzed  the behavior of  laterally loaded piles in or  near  a

slope.  However,  all the  piles considered  were  not  sleeved,

Recently, Ng  and  Zhang  (2001a) studied  the  performance
of  a laterally loaded sleeved  pile in a  sloping  ground  of

different values  of  soil stifitiess  and  Ng  et  al. (2001b)
analyzed  the  infiuence of  laterally loaded  sleeved  piles
and  pile groups  on  slope  stability using  a strength

reduction  technique, The  two  studies  considered  a  3

(vertical):4 (horizontal) slope  and  piles with  a  250mm-

thick  sleeving.  The resuits  from the two  studies  show  that

  1. The load transfer of  a sleeved  pile is primarily

     through  a  downward  shear  transfer mechanism  in

     the vertical  plane.

  2. The  pile sleeving  is capable  of  significantly  reduc-

     ing the stresses  caused  by the laterally loaded piles
     in the  slope  in front of  the sleeved  pile segment.

  3. The  sleeving  can  improve the margin  of  safety

     against  local failure but has little improvement on

     the  global stability  of  the slope.

  4, While  the  sleeving  is beneficial to local stability of

     the  slope  in front of  the pile, it will cause  increases
     in lateral defiection and  bending moment  of  the

     pile.
  There  are  two  key issues that have not  been addressed

in the  previous  studies,  In practice, piles may  be con-

Assistant ProE'essor, Hong  Kong  University of  Science and  Technology,  Clear Water  Bay, Hong  Kong  (cezhangl@ust.hk).
Professor, ditto.

Post-Doctoral Research  Associate, ditto.

Manuscript was  received  for review  on  September  2, 2003.

Written  discussions on  this paper should  be submitted  bei'orc March  1, 200S to the Japanese Geetechnical Society, 4-38-2, Sengoku,  Bunkyo-

ku, Tokyo  112-OOI1, Japan. Upon  request  the  ctosing  date may  be  extended  one  month.

99

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

TheJapaneseGeotechnicalSociety

100

 C.'omplelely

 decemposcd
 .V.ranile'

 (11)L-

Axiuliond(ifan},)

     
[.utcrnr

 eq
       .7.t-,m .

30ni

      ･i Fg,:Eiillg;ig::y)･
L.         rhickness=O.Ler02Snl

      
'N

       x
   2.0nidiam ¢ rcrpile

/

ZHANG  ET AL.

t/

S2.5m

l
L -- ･T60]'r]

{a)

'
Axi/Llk]HdCil'ully)

tl'l"l':';.lgl;siEwd
"

/

L -

isttT  
i'

 Itm                 '
            Sleeving"1'any),
    '
    , lenglh=7.5in,

    L･  rhlckness=e.lorO,25m

       !.Omdian]eterpile

LEntera[lo2id
J

60111

-ll

     s.{l

 ..,.tt..t"...../-.-.t-/=,-{'l-.li -±-ti･it7･ii,--l.ii.i.-

'

     . ..t.t-..t .- 1.-[[.]..I...  '
.S"l"t"'`"i'"..'....tt't.iili""?"'i'

g,...,.;=i'I:=='ii.'itt.g
   ..-"r
iE-ll{-,'l"if,i/:i'!･i:r:

,,-{-l,,.:･,Iii,l-ttg･-:-,-.E--..t-tfi-

  
.......

  '''

    '･II.Il

 .l. t･ ll- 11 i //,//1-  // '  / /
t./,t'yTFIiW

 l

'･//1.tttt
 .= 

'F
 :F-･.lII

 
,

･ff;IIJ-1-H-s

!'r-ll..-
 -..---･t-t-:i]

l[i.-
 +･- 1･ .s..t.t.....t.

 ...

L

C'onlpleLelydeto/"poscdLl'Pl)ite

16eul. /

     Axiallo"dtWany)

  `l'  

-'"'
1.5Ml l
  

Y]Om  --f
           S]eeving{it'any},

    / . Icngth-7.5m,
   L･           thickncss-O.lorO,25m

         x
      2.0md

L,c)

-

11
  t,(im

k ..........La

ll

Fig. 1, Sleeved and  unsleevcd  piles irt {a) ]evel ground, (b) 1:2 sloping
   ground  and  (c) 3:4 sioping  ground

(b)

Cc)

Fig, 2. Finite difference grids for piles in (a) ]evel ground, {b) 1:2

   sloping  ground  and  (c) 3:4 s]oping  ground

structed  in sloping  grounds  with  inclination angles

between  O and  35O. It is necessary  to study  the behavior of
piles in grounds  of  different inclinations and  to compare
the  behavior with  that of  piles in a level ground  of  similar

soil conditions.  In addition,  the selection  of  sleeving

thickness for a specific  site is critical for practical design.
If the sleeving  thickness is too small,  the purpose  of

enhancing  the slope  stability may  not  be achieved.  If the

sleeying  is too thick,  however, the  lateral defiection and

bending moment  of  the pile will  be excessiye,

  To  address  the two  aforementioned  key issues and  to

provide further basis for design of  laterally loaded
sleeved  piles in sloping  grounds,  a  series  of  3D finite
difference analyses  considering  three values  of  sleeving

thickness and  three  slope  inclinations is conducted  and

reported  in this paper. Based on  the analyses,  the effects

of  the slope  inclination and  sleeving  thickness on  the

behavior of  laterally loaded piles are  evaluated  and  a

criterion  for selecting  the  sleeving  thickness  is proposed.

3D  NUMERICAL  ANALYSIS  PROCEDURES  AND

MODEL  PARAMETERS

  In this paper, large diameter piles with  three sleeving
thickness  (O, 100 and  250mm)  in three grounds  of

different inclinations (level, 1:2, and  3:4) are  investigated

using  the 3D  finite difference program  Flac3D  (Itasca
Consulting Group, 2002), which  has been calibrated  with

many  examples.  The  range  of  slope  inclinations consid-

ered  is common  in Hong  Kong,  Figure l summarizes  the

three  pile-soil systems  considered.  Figure 2 shows  the  3D
view  of  the  finite difference grids for the three sloping

ground  cases,  Only  one  half of  each  of  the  pile-slope
systems  is simulated  taking  advantage  of  symmetry.  A
space  of  160 m  long  and  60 m  wide  is covered  by each  of

the  grids. The  depth  of  the  ground  is 52,5 m  for the  case

of  the  level ground  but varies  for the  sloping  grounds
depending on  the slope  inclination. The  bottom  bound-

ary  is fixed while  the  side  boundaries are  allowed  to move

yertically,  but not  horizontally, The  heights of  the l:2

stope  and  the 3:4 slope  are  15 m.  The  cut  slopes  are

formed by a series of  excavation  processes simulated

numerically.  Each step  excavates  2.5 m  of  soil and  the

excavation  continues  until  a slope  15m  high has been
formed.  The  average  slope  angles  of  the three ground
cases  are  Oe, 23,8e and  32,Oe, respectively,  As in previous
analysis  (Ng and  Zhang,  2001a), the  concrete  pile is

assumed  to be 2 m  in diameter, 30 m  in length and  22.5 m

in penetration in all cases.  The 7,5-m free length above

the  ground  represents  approximately  the location of
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Tab]e  1. Material parameters  for finite difference anatysis

Properties Soil

 50.0
  O,3
 41,7lseo.o

 35.0

 10.0

  O.4

  Pi]e Sleeving

(concrete) material

Young's  modulus  (MPa)
Poisson's ratio

Bulk modu]us  (MPa)
Density (kg/m])
Internal frietion angle  di' (degree)
Effective cohesion  e' (kPa)
Earth pressure coerncient  at rest

26000.0

   O.214400.0

 2400.0

O.3O.3O.2516.5

resultant  horizontal load such  as the wind  load on  a

bridge. In dense CDG,  a  2-m diameter pile can  still be
considered  flexible (Ng and  Zhang, 2001a), Based on  an

elastic anaiysis  proposed  by Matlock  and  Reese (1960),
the soil  reaction  on  an  unsleeved  fiexible pile is developed
mostly  at the upper  one  thirds  of  the  pile, TherefQre, the
sleeving  (if any)  is installed at the upper  7.5 m  of  the pile
to protect the stability of  the ground  in front of  the pile.
The  sleeving  material  is assumed  to  connect  with  the pile
and  soil perfectly (i.e, no  interface elements  are  used).

The  pile is assumed  to  be cast  in-place with  concrete  in the
middle  of  the cut  slope.  For  simplicity,  the  ground  water

table is taken to be far below the pile tip  in the analysis,

  The  soil is simulated  with  an  elastic,  perfectly plastic
model.  Failure is described by a  Mohr-Coulomb  criterion

with  a tension cut-off  (Itasca Consulting Group, 2002).

The tension cut-off  is used  because  the  CDG  soil

discussed in this paper  typically exhibits  some  cohesion

due to cementation.  A  Young's modulus  E, of  50 MPa  is

adopted,  which  represents  a CDG  soil  with  a  typical

standard  penetration test blow count  of  about  50 (Chiang
and  Ho, 1980; Kulhawy  and  Mayne, 1990), The pile
material  is assumed  to be linear-elastic. Polystyrene is

assumed  to be the compressible  material  for pile sleeving.

This material  has a  density of  16.5 kglm] and  an  average

secant  Young's modulus  of  O.3 MPa  based  on  results  of

odometer  tests reported  by Siu (1992). The parameters
for the soil, the  pile, and  the sleeving  material  are

summarized  in Table 1. The piles are  loaded incremental-
ly to large displacements. For brevity, only  the results

at  two  representative  Ioad steps  (i.e. 1000 and  6000 kN
compared  with  a design load of  approximately  2000 kN
for an  unsleeved  pile and  1000 kN  for an  sleeved  pile) are

presented. As described by Ng  and  Zhang (2001a), the

two  loads correspond  to approximately  6%  and  36%  of

the shear  capacity  of  the pile section  K,, respectively.
  For general applications,  the computed  results  are

presented in various  factors:

            or, ==  21s; cr.  - i)I; ev, - 
p-F
 (1)

where  F  is applied  load at the pile head; S  is horizontal

displacement; M  and  p  are  calculated  bending  moment

and  lateral subgrade  reaction  in unit  length from  numeri-

cal  analyses,  respectively;  as,  crM  and  ap  are  factors for
S, M,  andp,  respectively;  and  EI  is fiexural stiffhess of

the pile, Although  the pile diameter is as large as 2,O m,
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Fig, 3. Infiuence of slope  inc]ination on  the horizontal displacement

   factor as

the 30-m long pile in the assumed  ground  is still flexible
based  on  the  criterion  of  Matlock  and  Reese  (1960). Ng
and  Zhang  (2001a) have derived elastic  solutions  of  ors,

aM,  and  a,  for flexible piles on  level ground.  In this paper,
these  elastic  solutions  are  also  used  for comparison  with

computed  results.

INFLUENCE  OF  SLOPE  INCLINATION

  To  investigate the effects of  the inclination of  slopes  on

the performance  of  sleeved  and  unsleeved  piles, analyses

with  a level ground,  a 1:2 sloping  ground,  and  a  3:4

sloping  ground  are  performed,  The  sleeving  thickness

considered  in this section  is 250 mm.  The  effects  of  slope

inclination on  the responses  of  lateral displacement,
bending moment,  and  lateral subgrade  reaction  are

examined.  The  effects  of  sleeving  thickness  will  be  dis-

cussed  later in the paper.

LateralDisptacement

  Serviceability considerations  often  dominate design of
laterally loaded piles. Figure 3 shows  the influence of

slope  inclination on  the  horizontal pile displacements

caused  by  the  applied  lateral loads, In this figure, the

relationships  between the displacement factor cMs defined
in Eq. (1) and  the  relative  depth zlL  of  the  pile at lateral
loads of  6%  Pl, and  36%  Z, are  plotted, wherezis  the

depth below the ground  surface  and  L  is the embedded

depth of  the pile. The  elastic  solution  for the  same

NII-Electionic  
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Fig, 4. Effects of  slope  inc]ination on  the developmertt of  shear  plastic

   zones  around  piles at load 6%  V,
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Fig, 5. Effects of  slope  inc]ination o"  the  deye]opment of  shear  plastic

   zones  around  piles at  ]oad 36%  P:,

unsleeved  pile in a  horizontal ground  is also  plotted in the
figure for comparison  purposes, In both  the  sleeved  pile
and  unsleeved  pile cases  subj  ected  to the small  load  of  6%
Z, (Fig. 3(a)), the differences among  the crs values  of  the
three  foundations  of  different inclinations are  small.

Therefore, the  ground  inclination has a minor  efTect on

the pile displacement at the smali  load. At the large
lateral load of  36%  K, (Fig. 3(b)), the effect of  slope

inclination becomes more  significant. The as  values  at the

ground  surface  in the level ground, 1:2 slope  and  3:4
slope  are  approximately  2,5, 3.2, and  3.8 times the pile
deflection from the elastic solution,  respectively  for the
unsLeeved  pile and  approximate]y  4,O, 4,3, and  4,5 times
the pile deflection from the elastic  solution,  respectively

for the sleeved  pile.
  The lateral displaeements of  both sleeved  and  un-

sleeved  piles increase with  the inclination of  the sloping

ground at the large load of  36%  LC,. This is reasonable
because the ultimate  passive resistance  of  the wedge  in
front of  a pile in a  dipping ground  is smaller  than  that in a
level ground and  a larger percentage Qf  the lateral load
is transferred to the deeper soils as the slope  becomes
steeper,

  Figures 4 and  5 compare  the  stress  states  of  the  three

grounds  when  the sleeved  and  unsleeved  piles are  subject-

ed  to  the two  lateral loads of  6%  Vl, and  36%  K,, At  the

small  load (Fig. 4), some  plastic zones  develop in all three
grounds,  particularly behind the sleeved  piles and  in front
of  the  unsleeved  piles. Yet, most  of  the  ground  around

the  sleeved  and  unsleeved  piles is still in an  elastic  state

despite of  slope  inelination. Therefore, the piles would

respond  approximately  as if they were  in elastic media.

The plastic zones  in front of  the sleeved  piLes are

considerably  smaller  than  those in front of  the unsleeved

piles, because the sleeving  reduces  shear  stresses  at  shal-

low depths in front of  the sleeved  piles. At the large load
of  3696 VZ, extensive  but similar  plastic zones  around  the

sleeved  and  unsleeved  piles develop for each  ground
condition  (Fig. 5). The plastic zone  becomes more

extensive  as  the ground slope  becomes steeper,  There-
fore, the horizontal displacements of  the piles will  also

increase as indicated in Fig, 3.

  Experimental proof  for the  predicted effect  of  slope

inclination on  the horizontal displacements of  unsleeved

piles in this paper has been reported.  Bhushan  et al.

(1979) conducted  four field tests on  1.2 m  diameter, cast-
in-place drilled piers constructed  in silty  sand  and  sand

clay  grounds of  different inclinations ranging  from 200 to
550. Uto et al, (1985) also  conducted  three field tests on

piies 3.0-3.5 m  in diameter, two  in soft  rock  slopes  and

one  in a sandy  slope.  Terashi et al. (1991), Bouafia and

Bouguerra (1995), and  Mezazigh and  Levacher (1998)
performed  several  centrifuge  model  tests and  Schmidt

(1977) performed  conventional  model  tests on  laterally

loaded unsleeved  piles in cohesionless  soil  slopes.  These

tests reveal  that the  difference in the horizontal displace-
ments  of  a pile in a level ground  and  a pile in a  sloping

ground  is small  when  the displacement is small  (i.e.
smaller  than  20  mm)  and  that  the  diffbrence increases

with  the  displacement and  becomes substantial  at  dis-
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Fig. 6. Relationships between displacement ratio  Ss].,.fSL,.,i and

   ayerage  inclination of  sloping  ground.  Si,,.,,=displacement of  pile

   i" leyel ground, Ssi.,,;disp]acement of  pile in sloping  ground  at

   the  same  load

placements  larger than  50mm,  The calculation  results

shown  in Fig. 3 are  consistent  with  the experimental

observations.  In Fig. 3, the  displacement of  the unsleeved

pile at the ground  surface  elevation  is only  approximately

10mm  (<20 mm)  under  the  small  load of  6%  Ll, but
reaches  approximately  200mm  (>50mm) under  the

large load of  36%  V'1,.

  Figure 6 shows  the  relationship  between slope  inclina-
tion and  the ratio  of  the displacements of  the pile in slop-
ing ground  and  of  the reference  pile in level ground
measured  frem  the  reported  tests at displacements larger
than  50mm.  The  displacement ratio  increases rapidly

when  the slope  is steeper  than 1:2, but approaches  1.0
when  the slope  becomes  flat. The  computed  results from
this study  at the  large load of  36%  Pl, are  also  plotted in
Fig. 6. At this load level, the pile displacements are

suMciently  large (>50 mm).  The  computed  displacement
ratios  of  the unsleeved  piles appear  to be consistent  with

the test results although  some  cohesion  is considered  in
the numerical  analysis,  For  the sleeved  piles, however,
the displacement ratios  are  less sensitive  to slope  inclina-
tion and  considerably  smaller  than  the values  for the
unsleeved  piles at  corresponding  slope  inclinations, since

the effect of  slopes  is much  reduced  because of  the

downward  load transfer in the sleeved  piles,

  The  relationship  in Fig, 6 for unsleeved  piles in
cohesionless  soil slopes  can  be approximated  by the

following empirical  equation,

             
SEp.p..e=i+

 
ks

 (2)
             SLeveT tan O'
                          

-1
                     tan  or

where  or is the mean  slope  angle  and  tana  is the mean
slope  inclination; O' is the friction angle  of  soil;  and  ks is

a curve  fitting coeMcient.  In this study,  a value  of  ip' =

38O as reported  by Schmidt (1977) for dense sand  anda  ks
value  of  O.3 are  used.  Equation  (2) captures  two  effects  of

slope  inelination. First, the  displacement  ratio  will  ap-

o.o

02A"NsOAgr.t-

 O,6{ato.g

1.0

o.o
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Netcompressio]{pilcdisplacementYpiledlHmeter(%)
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Fig. 7, Net  compression  of  the sleeving  and  pile disp]acernent along

   the  sleeving

proach  1.0 when  the slope  angle  or is very  small.  Second, a
cohesionless  soil  slope  will  not  be stable  when  the slope

angle  approaches  the effective  frictien angle  of  the soil

and  the pile in the  slope  will  fail with  the slope,  Note that

there are  a number  of  influence factors that  are  not

considered  explicitly  in Eq. (2). Some  of  these factors are

ground water  effect  in slopes,  reinforcing  effect of  piles on
slope  stability, embedded  pile length, relative  stiffness

between the ground  and  the pile and  presence of  pile

groups. In particular, the  patterns and  effect  of  ground
water  flows in a  level ground  and  in sloping  grounds  of

different inclinations can  differ significantly.

Nbt Compression of Sleeving Materiat
  The functioning of  the pile sleeving  can  be checked  by
its net  compression,  i.e. the change  in the  sleeving  thick-

ness,  under  lateral loading. The  net  compression  at  a

particular elevation  can  be calculated  by the  difference in
the horizontal displacements at  the  two  end  nodes  of  the

sleeving  at that elevation,  In general, the  compression  of

the sleeving  is a  function of  applied  load, relative  stifftiess

between the soil and  the pile and  between  the  soil  and  the

sleeving  material,  and  strength  parameters  of  soil  used  in

analysis.  Figure 7 shows  the variations  of  the horizontal
displacement  of  the  pile and  the  net  compression  of  the

sleeving  for the  three  grounds  of  different inclinations

(i.e. Ievel, 1:2 and  3:4 sloping  grounds). The initial
sleeving  thickness  considered  is 250 mm.  For  the sleeved

piles subject  to the small  load of  6%  Vl, (Fig, 7(a)), both
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Fig, 8. tnfluence of  slope  inclination on  the  bending  moment  factor

   aM

the pile deflection and  the compression  of  the  sleeving

material  increase from the toe to the top of  the sleeving,

The performances  of  the  piles in the three grounds are
similar.  Approximately 60-90%  of  the pile deflection
takes place by compression  of  the sleeving  material  in the
upper  60%  of  the sleeving,  with  the  percentage  slightly

decreasing with  an  increase in ground  inclination.

  At the large load of  36%  Vl, (Fig. 7(b)), considerable
differences can  be found among  the three  grounds.  In the

level ground,  the net  compression  takes  up  the  largest

portion (70-85%) of  the defiection in the sleeved  zone

between z!L,i  =O.3  and  O.8, where  L,T is the  Iength of  the

sleeving,  In comparison,  smaller  percentages of  the

deflection are  taken  up  by the net  compression  in the
cases  of  the  1:2 slope  and  3:4 slope,  respectively,  This

indicates that  the  sleeving  is the  most  effective in the level

ground  but becomes  less efiective with  increasing slope
inclination. At  the  bottom  of  the  sleeving,  deformation

of  the  sleeving  material  is limited by end  restraints.

Bending  Moment  and  Subgrade  Reaction

  For  fiexural design of  laterally loaded  piles in a sloping

ground, it is necessary  to identify the differences between

the maximum  bending moment  as well  as its location in
the piles in the sloping  ground and  those  in the  piles in a
level ground,  Figure 8 shows  the relationship  between the
bending moment  factor crM  and  the relative  depth zlL  of

the unsleeved  and  sleeved  piles on  foundations of  differ-
ent  slopes.  At  the  small  load of6%  P<L (Fig, 8(a)), the  aM

values  for the  unsleeved  piles constructed  in the  three

greunds  of  difTerent inclinations are  similar,  so  are  those

o,o1.02.e3.U4D

Slopeinclinatioll(horinontal:verticHl)s.e6,O

Fig.9. Re]ationships between  niaximum bendi"g  moment  ratio

   uai.p,IML,.,i and  average  inc]ination of  sloping  ground.  ML.,.,i 
==

   maximum  bending  moment  of  pile in Ievel ground,  Mki.,,=:

   maximum  bending  moment  in s]oping  grou"d  at  the  same  load

for the sleeved  piles. Therefore, the ground  inclination
has little effect  on  the  bending  moments  in the piles sub-
ject to the  small  load. Instead, the use  of  the sleeving  has
a significant  effect on  the bending moment,  which  will  be
discussed in detail later, At  the  large load of  36%  Vl,
(Fig. 8(b)), the  effect  of  slope  inclination becomes notice-

able,  The  maximum  dy  values  for the unsleeved  piles in
the 1:2 ground  and  the  3:4 ground  are  approximately

10%  and  18%  larger than  that  in the Ievel ground.  At the
same  time, their locations shift downward  as the slope
inclination iricreases, The  bending  moment  in the 3:4
ground  is the  largest, which  is consistent  with  the fact that
the  pile in the 3:4 slope  develops the largest displacement
among  the  three  grounds  (Fig, 3),

  Figure  9 shows  the variations  of  the maximum  bending
moment  in the piles in sloping  ground,  Msie,,, with  slope

inclination at horizontal displacements larger than  50
mm,  based  on  the results  of  the numerical  analyses  and

those measured  from the centrifuge  tests conducted  by
Terashi et  al,  (1991), Bouafia  and  Bouguerra  (1995), and

Mezazigh  and  Levacher  (1998), The bending moments
are  normalized  with  the corresponding  maximum

bending  moments  in the piles in the level ground, MLcvci.
In this figure, the maximum  bending moment  appears  to

increase significantly  when  the slope  is steeper  than  1:2.
The  computed  values  for the unsleeved  piles fit the

centrifuge  test results  reasonably  well;  but the computed
values  for the sleeved  piles are  lower than  those for the
unsleeved  piles, Similar to Eq, (2) for horizontal displace-
ments,  the variations  of  the maximum  bending moment
with  the  slope  inclination can  be approximated  by:

             ?L4kTape                         k.
                  =1+

                                           (3)
             MLevci tan ¢

'

                           -1
                       tan or

where  kM is a  curve  fitting coeMcient,  which  is O.11 in
Fig. 9. 0nce  again,  this equation  is subject  to  similar

limitations of  Eq. (2) and  does not  consider  explicitly  the

effects  of  several  factors mentioned  earlier,
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  The  mechanism  of  lateral load transfer  from the pile to
the ground  can  be  shown  from  distributions of  lateral

subgrade  reaction  along  the  pile. Figure 10 shows  the

influence of  slope  inclination on  the  lateral subgrade

reaction  factor orp. Figure 10(a) reveals  two  distinct

patterns of  lateral load transfer at  the Iateral load of  6%
Ul, for the  sleeved  and  unsleeved  piles. For  the  unsleeved

piles, the  load transfer  is primarily through  the  subgrade

reaction  at  the upper  part of  the pile, For the sleeved

piles, the  subgrade  reaction  in the sleeved  zone  is small
and  the majority  of  lateral load is transferred to the soil

beneath the sleeving.  Nevertheless, there  is no  considera-

ble difierence among  the  orp  values  with  the  three  ground
inclinations for both  unsleeved  and  sleeved  cases.  There-

fore, the influence of  ground  inclination on  the subgrade
reaction  is minor  at  a  small  load. At  the  lateral load  of

36%  V{, (Fig. 10(b)), there  is a  tendency  for the  soil  in

greater depths  being mobilized  to resist  the  lateral load on
the  unsleeved  pile with  an  increase in the ground  inclina-
tion.  The  subgrade  reaction  at  shallow  depths  decreases

due to plastic yielding; hence, the  sleeving  is less effective
at  the  large lateral load. The  load transfer  to greater
depths  will  result  in a  larger horizontal displacement  as

shown  in Fig. 3.

  According to Fig. 10, use  of  sleeving,  load Ievel and
slope  inclination are  three major  factors affecting  the

load transfer from the pile to the greund.  At a  small  Ioad
leyel at  which  the  soil  around  the  pile is primarily elastic,

the  use  of  sleeving  is a  dominant  factor for load transfer.

At a  very  large load, a widespread  plastic zone  develops
around  the pile (Fig. 5) and  the plastic fiow of  soil

becemes  a dominant factor, An  increase in slope  inclina-
tion only  causes  some  further downward  load transfer,

INFLUENCE  OF  SLEEVING  THICKNESS

LateratDisplacement

  Figure 11 shows  the efTects of  sleeving  thickness on  the

horizontal displacement factor evs, plotted against  the

relative  depth zlL  of  the pile for the  level ground and  the

3:4 sloping  ground.  For  the piles subjected  to the 6%  J{,

load in the level ground  (Fig. 1 1(a)), the use  of  a  100 mm-
thick  sleeving  leads to  a significant  increase in the dis-

placement  at  the  ground  surface  by approximately  50%

over  that of  the unsleeved  pile. However,  a  further
increase of  sleeving  thickness  to 250  mm  causes  only  an

additional  24%  increase over  that  with  the  100 mm-thick

sleeving.  At  the 36%  Vl, load (Fig, l1(b)), the effects  of

the  sleeving  thickness  become less significant.  The  dis-

placement  of  the pile with  100 mm  sleeving  thickness  is
35%  larger than  that of  the unsleeved  pile and  the

displacement of  the pile with  a  250 mm-thick  sleeving  is
21%  Iarger than  that  of  the  pile with  the  100 mm-thick

sleeving,  which  are  smaller  than  the differences at  the load
of  6%  P2Z. This is because the plastic zones  around  the

three  piles installed with  sleeves  of  different thickness are

similar  at the large load. For the piles in the 3:4 slope,  the
sleeving  effect is also  significant  at  the  small  lateral load

similar  to that  in the  level ground,  but is much  reduced  at
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Fig, 12. Influence of  sleeving  thickness on  the bending  moment  factor

   evM  at  the lateral ]oad 6%  V.

the large load because of  more  widespread  development

of  plastic zones  in the  sloping  ground,

Bending  Moment

  Previous  discussions have  shown  that  sleeving  thick-

ness  has a  reduced  efiect  on  the  horizontal displacements
of  piles in sloping  grounds  at the  large load of  36%  K.
Hence,  only  the  effects  of  sleeving  thickness  on  the

bending moment  in the piles under  the small  load of  6%
V, are  discussed here, Figure 12 shows  the relationship
between  the  bending  moment  factor aM  and  the relative

depth z!L  for the piles with  three different sleeving  thick-

nesses.  The sleeving  thickness has considerable  effects

on  the distributions of  aM.  If a  pile were  sleeved,  the

maximum  aM  value  would  increase and  its location shift
downward  over  those of  the unsleeved  pile. The changes

in the maximum  bending moment  value  and  its location

depend on  the thickness of  sleeving,  For the pile with  a

100 mm-thick  sleeving  in the level ground,  the maximum

aM  increases by approximately  13%  over  that of  the

unsleeved  pile and  its location shifts downward  to about

zlL=O,34  (from about  z!L=O,17).  This indicates that
the load on  the pile is transferred to deeper soils through
a downward  load transfer mechanism  (Ng and  Zhang,
2001a). For the pile with  a 250 mm-thick  sleeving,  the

maximum  aM  further increases by approximately  15%
over  that with  a  100 mm-thick  sleeving,  Similar sleeving
effect is observed  for the case  of  the 3:4 sloping  ground,

Selection of Sleeving T7iickness
  At around  the design load level, use  of  sleeving  has
been shown  to be able  to effectively  decrease the horizon-
tal movements  of  soil in front of  the  pile and  improve the
local stability of  the sloping  ground  (Ng et al,, 2001b),
Yet, the  previous sections  have  shown  that  these  favora-

ble functions are  achieved  in the  expense  of  greatly in-
creased  horizontal displacements of  the pile and  in-
creased  bending  moments  in the pile. The  conditions  at

very  Iarge loads (the ultimate  state)  may  not  govern the
design of  laterally loaded piles and  the selection  of  sleev-

ing thickness, because the  infiuences of  sleeving  on  the

pile response  (Figs. 3, 8, and  10-12) are  relatively  small  at

o.o
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Fig, 13. Variation of  the ratio  of  net  compression  to pile disp]acement

   with  depth

large loads. Instead, serviceability  concerns  often  control

the selection  of  sleeving  thickness, It is also  expected  that

the sleeving  should  remain  readily  compressible  under  the

design load. Considering both pile response  and  compres-

sibility of  the sleeving  material,  a  suitable  criterion  for
selecting  sleeving  thickness would  be to use  a minimum

thickness to accommodate  a tolerable horizontal pile
displacement. In other  words,  the net  compression  of  the

sleeving  at a horizontal pile displacement equal  to the

tolerable displacement should  not  be greater than  the

perrnissible compression  of  the sleeving  material,

                 RSrolSEpert (4)

where  R  is the  ratio  of  net  sleeying  compression  to

horizontal pile displacement at the ground surface;  St.t is
the tolerable horizontal pile displacement; t is sleeving

thickness;  and  e,,, is the permissible strain  of  the sleeving

material.  The minimum  sleeving  thickness is therefore,

                     RSt.1
                                           (5)                   t=
                      eper

  The  tolerable  horizontal displacement  of  a  structure

depends on  the  type  and  size  of  the  structure,  properties
of  the structure  and  soils, and  other  factors (Wahls,
1981), For  buildings in Hong  Kong,  an  allowable

horizontal displacement of  20-25 mm  is usually  consid-

ered  (Chu et  al.,  2001).

  The  ratio  of  net  compression  to the  pile displacement

depends on  several  factors such  as  slope  inclination,
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relative  sleeving-ground  stiffness, sleeving  thickness,  and

load Ievel. Figure 13 shows  the variations  of  the  R-ratio

with  the  relative  depth z!L,i  in the level ground  and  the

3:4 sloping  ground.  At the 6%  V. Ioad, the  R-values  are

approximately  between O.6 and  O.9 in the upper  60%  of

the  sleeving  for the  250mrn  thick sleeving  case,  and

between O.6 and  O.8 for the 100 mm  thick  sleeving  case.

Hence,  a  R  value  of  O.8 should  suMce  if the sleeving

thickness  is smaller  than  100 mm.  The  R-value tends to
decrease as  the slope  becomes steeper  and  may  vary  with

the pile diameter. However, the R-value  is obviously

limited to an  upper  bound  of  1.0. Note that, at the 6%  J{,

load, the computed  horizontal pile displacements at  the

ground  surface  are l8,7 and  19.4mm  respectively  for

sleeves  of  100 and  250mm  thick  in the 3:4 sloping

ground,  which  are  not  greater than  the tolerable displace-

ment,  In addition,  the maximum  compressive  strains  of

the  sleeving  material  are  only  approximately  13%  and  7%
for sleeves  of  100 and  250 mm  thick, respectively  in the

level ground;  and  15%  and  7%  respectively  in the 3:4
slope,  These  strain  values  are within  the permissible
strain  range  of  the simulated  material.  At the very  large

load  of  36%  L'1,, the  R-values  decrease considerably,

especially  at  the  top of  the sleeving,  Therefore, the

sleeving  thickness calculated  using  the ratio  at the design
load  would  be suthcient  for larger loads.

  The  permissible strain  of  the  sleeving,  E,.,, depends on
materials  used.  In Hong  Kong,  polystyrene has been a
frequently used  material.  Siu (1992) reported  results from
confined  odometer  tests for investigating the behavior of

polystyrene for pile sleeving  purpose,  At strains  smaller

than  50%,  the polystyrene samples  are highly compressi-
ble. Beyond  50%,  however, the  cell  structure  of  the

material  is gradually destroyed and  the material  becomes
less compressible.  Therefore, the  ep,, value  of  the material

can  be taken  to be 50%.  Assuming  a R-value of  O.8 and  a

Std value  of  25 mm,  a  minimum  sleeving  thickness of

40 mm  can  be calculated  from Eq. (5). If the  upper  bound
R-value  of  1,O were  used,  the  calculated  minimum

sleeving  thickness would  be 50 mm.  In practice, the GCO

(1984) recommended  a  sleeving-thiekness  range  from
25 mm  to 100 mm.

CONCLUSIONS

  The  following conclusions  can  be drawn based on  the

present study:

(1) The efTects of  slope  inclination in the range  from

    level ground  to 3:4 slope  on  the pile performance are

    generally minor  at a  small  lateral load of  6%  Pi,. At

    a  very  large load, however, a  pile in a  steeper  sloping

    ground  will  develop larger horizontal displacements

    and  bending  moments.  This  is because the shear

    strength  of  deeper soil layers has to be mobilized  in a
    steeper  sloping  ground  and  the  ultimate  lateral

    resistance  of  the  soil  wedge  in front of  the  pile

    decreases as  the slope  becomes steeper.  Empirical

    relations  for estimating  the  horizontal displacement
    and  the  maximum  bending moment  of  a pile in a

    sloping  ground are  proposed.  The  horizontal

    displacement and  the maximum  bending moment

    appear  to increase significantly  when  the slope  is

    steeper  than  1:2,

(2) Atasmall  load level close  to the design load, the  soil

    around  the pile is primarily elastic and  the use  of

    sleeving  is a  dominant factor for load transfer.  As

    the  sleeving  thickness increases from O to 250  mm,

    the downward  load transfer mechanism  of  sleeving

    causes  considerably  increased horizontal displace-

    ments  of  the pile and  considerably  increased bend-

    ing moments  in the pile. However, the effect of

    sleeving  does not  change  significantly  when  the

    sleeving  is thicker than  100 mm.

(3) A  criterion  for selecting  suitable  sleeving  thickness

    is proposed  considering  both pile response  and

    compressibility  of  the  sleeving  material,  which  sug-

    gests the  use  of  a  minimum  sleeving  thickness to

    accommodate  a  tolerable  horizontal pile displace-

    ment.  That  is, the  net  compression  of  the sleeving  at

    a horizontal pile displacement equal  to the tolerable

    displacement  should  not  be greater than the permis-
    sible compression  of  the  sleeving  material.  For  the

    CDG  soil and  polystyrene sleeving  material  studied

    in this paper, the  recommended  minimum  sleeving

    thickness is from  40 mm  to 50 mm,
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