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HE GRANULAR PILE: ITS PRESENT STATE
- AND FUTURE PROSPECTS FOR
IMPROVEMENT OF SOFT BANGKOK CLAY

D.T. Bergado!, M.C. Alfaro? and J.C. Chai®

SYNOPSIS

. The current state-of-the-att of granular pile as soft ground improvement technigue
including the methods of construction as weli as the engineering behavior of the composite
ground was reviewed, In addition, the applicability of granular piles as an alternative
cheme of foundation improvement of approach embankments to bridges and viaducts on
he_'s_oﬁ and subsiding ground was evaluated and investigated in the light of actual
arformance of 2 fitll scale test embankment and full scale load tests at the Asian Institute
of Technology {AIT) campus. Moreover, a case history of full scale test involving sand
mpaction (granular) piles is also discussed. Based on the observations made in this
dy, it is recommended that although sufficient knowledge is currently attained for
aecessful design of granular pile projects, more laboratory full scale model tests and
illy-instrumented test embankments (unreinforced or reinforced) have to be constructed
for more understanding and confidence of foundations improved with granufar piles
especially the magnitude of outward lateral and horizontal movements..

INTRODUCTION

The Central Plain of Thailand is situated on a flat deltaic-marine deposit with
orth-south dimension of about 300 km and an east-west width of about 200 km,
he presence of about 6-7 m thick deposits of soft Bangkok clay and the effects
round subsidence due to excessive pumping of groundwater create foundation
blems to earth structures and infrastructures especially at approach
mbankments (transition units) to bridges and viaducts. Basically, the problem
ue to the occurrence of differential movements between the pile-supported
ges and viaducts and the ground-supported approach embankments. To
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mitigate such natural hazard, granular piles are proposed as appropriate and viable
foundation treatment, '

Granular piles are composed of compacted sand or gravel inserted into the soft
clay foundation by displacement method, The tetm “granular piles” used in this
paper refers to these compacted gravel and/or sand piles. It also refers to those
known as stone columns. The ground improved by compacted granular piles i
termed as composite ground, When loaded, the pile deforms by bulging into th
subsoil strata and distributes the stresses at the upper portion of the soil profil
rather than fransferring the stresses into the deeper layers, thus causing the soi
to support it. As a result, the strength and bearing capacity of the composit
ground can be increased and the compressibility reduced. In addition, lesse
stress concentration is developed on the granular piles. The component materia
being granular and with higher perimeability, granular piles could also accelerat
the consolidation settlements and reduce the post construction settlements.

WATER SUPPLY

COHESIONLESS S0

Fig. 1

METHODS OF GRANULAR PILE CONSTRUCTION

e
Various methods for installation of granultar piles have been used all ove %’ it "yl;,ll? :'-A:I-Am‘
the world depending on their proven applicability and availability of equipmen : ;:; T ’Il’ﬁ”’;ﬂg‘}l“l‘\“‘a
in the locality. The following common methods will be briefly described with £« %"ﬂ:" l':“l\;“i\_
their corresponding references. g NPT Amvéiﬁim‘\\\‘\“‘\i‘\‘\\‘
AN
g Al A AR
S A . L g l’ll\““‘
Vibro-Compaction Method Du INvourdse ““““.‘“‘\‘\“‘
The vibro-compaction method is used to improved the density of cohésionless, u.s. STANoAD SIEVE sizE

granular soils using a vibroflot which sinks in the ground under its own weight

and with the assistance of water and vibration (Baumann and Bauer, 1974,

Engelhardt and Kirsch, 1977). After reaching the predetermined depth, the

vibroflot is then withdrawn gradually from the ground with subsequent addition |
 of granular backfill thereby causing compaction. Figure 1 illustrates the steps ight assisted by water or air jets as a i . L

in vibro-compaction process. The range of grain size distribution of soils suitable cdetermined depth (Baumann aJnd Basuer' ﬂ;i;;};?i;nee?}llgizthnté[ " .reaches the

for this method is shown in Fig. 2. o7 Bl and Kirsch, 1977).

ig.2  Range of Soils Suitable for Vibro-Compaction ang Vibro-
Replacement Methods (after Baumann and Bauer, 1974)

Vibro-Replacement Method _he‘wet or dry process. In the wet process, a hole is formed in the d
) _ . b lling a vnb‘roﬂot down to the desired depth with water When the g}goug by
The vibro-replacement method is used to improved cohesive soils with withdrawn, it leaves a borehole of greater diameter than the vibrat T}q oL is
more than 18% passsing no. 200 U.S. standard sieve. The equipment used is simil e is flushed out and filled in stages with 12 mm - 75 mm si rator. The unc_:ased
as that for vibro-compaction, The vibroflot sinks into the ground under its own he densification ig provided by an electrically or hydramicallz;;::ﬁ;)t:zd‘fégz&
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E [}
near the bottom of the vibroflot, The wet process is generally suited for unstab :_.;
borehole and a high ground water table. The main difference between the d E:;.‘;
process and the wet process is the absence of jetting water during the initi ;3
M
2
J

formation of hole in the former. In the dry process, the borehole must be able {0
stand open upon extraction of the vibroflot, which requires the soil under treatment; Fi o ©)
. 2 e ifhing sing Rammin Read
to have an undrained shear strength of more than 40 kN/m? and a relative grovels  wilhdrawal  with free fall column
t sand ond ramming

low ground water level.

Vibro-Compozer Method

The method is popularized in Japan and is used for stabilizing soft clay ig. 5 The Cased-Borehole Method (after Datye and Nagaraju, 1975)
¢ \ ,

the presence of high ground water level (Aboshi etal., 1979; Aboshi and Suemats
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1985; Barksdale, 1981). The installation procedures are illustrated in Fig. 4. Thi
resulting pile is usually termed as sand compaction pile. The sand compaction pile
are constructed by driving the casing pipe to the desired depth using a heavy,
vertical vibratory hammer Jocated at the top of the pipe. The casing is filled wit
specified volume of sand and the casing is then repeatedly extracted and partiall
redriven using the vibratory hammer starting from the bottom. The process-i
repeated until a fully penetrating compacted granular pile is constructed.

here 8 is the spacing of granular piles. The equilateral triangular pattern gives

the most dense packing of granular piles in a given area. The resulting cylinder of

omposite ground with diameter I3 enclosin i i
ommy g the tributary soil a
pile is known as the unit cell, ) Y e one granula

rea Replacement Ratio and Stress Concentration Factor

Cased-Borehole Method

In this method, the piles are constructed by ramming granular materials i
the prebored holes in stages using a heavy falling weight (usualiy of 15 to 20 kN
from a height of 1.0 to 1.5 m (Datye and Nagaraju, 1975; Datye, 1978; Datye an
Nagaraju, 1981; Bergado et al., 1984). The inethod is a good substitute fo
vibrator compaction considering its low cost. However, disturbance an
subsequent remolding by the ramming operation may limit its applicability t
sensitive soils. The method is useful in developing countries utilizing only a
indigenious equipment in contrast to the methods described above which requir
special equipment and trained personnel (Rao, 1982; Ranjan and Rao, 1983

Ranjan, 1989). The installation process is illustrated in Fig. 5. a, = c (D/S)?

_ (4)
here ¢, s a constant depending upon the pattern of granular piles used; for square

ENGINEERING BEHAVIOR OF COMPOSITE GROUND i o ¢
. attern ¢, = m/4 and for equilateral triangular patternc = /(2 13).

The performance of composite ground is best investigated in terms o
ultfmate bearing capacity, settlement, and general stability. In the followin
sections, basic relationships of the composite ground as well as failure mechanism
of granular piles on homogeneous soft clay are first described and the ultimat
bearing capacity, settlement, and stability of the composite ground based o
experimental and analytical studies are then presented.

|
——

q

Unit Cell Concept

=0

The tributary area of the soil surrounding each granular pile is closel
approximated by an equivalent circular arca. For an equilateral triangula
pattern of granular piles, the equivalent circle has an effective diameter of:

|
R S

D, = 1038 (1

while for a square pattern,

D, = L13S : @ Fig. 6  Diagram of Composite Ground
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‘When the composite ground is loaded, studies {e.g. Greenwood, 1970; . T3 o
Aboshi et al,, 1979; Goughnour and Bayuk, 1979; Balaam et al. 1977) indicated e W { TR
that concentration of stress occurs in the granular pile accompanied by the : 'L_Sir.ie.
reduction in stress which occurs in the surrounding less stiff clayey soil (Fig. 6): i y  Friction
This can be explained by the fact that, when loaded, the vertical settlement of the 2-30 TTTTITTITT 7777 : «End
granular pile and the surrounding soil is approximately the same (Vautrain, 1977). Bearing
causing the occurrence of stress concentration in the granular pile which is stiffer b) Short Column with ¢} Short Fioating Column -
than the surrounding cohesive or loose cohesionless soil. The distribution of Rigid Base-Sheor Punching Failure
vertical stress within the unit cell can be expressed by a stress concentration ] b Fallure
factor defined as: :

n = o/o, () prorrrrrTr Note : Sheor Failure could

also ocour

where G is the stress in the granular pile and o_ is the stress in the surrounding
cohesive soil. The magnitude of stress concentration alse depend on the relative
stiffness of the granular pile and the surrounding soil. The variation of stress
conceniration factor with area replacement ratio compiled by Barksdale and-
Bachus (1983), Vautrain {1977), Goughnour (1983), and Parsons and Co., Inc,’
(1980) ranged from 2 to 5. Meanwhile, Aboshi et al. (1979) and Bergado et al.:
. (1987) obtained higher stress concentration factor as much as 9. The higher
value obtained by Bergado et al. (1987) was probably due to the high rigidity
of the plates used during the load tests. From full scale test embankment:
observations on soft Bangkok clay at low area replacement ratio of 0,06, the stress’
concentration factor of 2 was obtained and was found fo decrease to 1.45 with
the increasing applied load (Bergado et al., 1988). The average stress over the'
unit cell area corresponding to a given area replacement ratio is expressed as:

o= o3+ g, (l_as) (6)

The stresses in the pile and the clay using the stress concentration factor are:

} Long Stone Column with Firm or
Floating Support=-Bulging Failure

Fig.7 Failure Mechanisins of a Single Granular Pilein a Homogeneous Soft
Layer (after Barksdale and Bachus, 1983)

-individually or as a group. The failure mechanisms for a single pile are illustrated
“in Fig. 7, indicating the possible failures as: a) bulging, b) general shear, and c)
 sliding, Forpile groups, additional failure mechanisms such as lateral spreading and
shear failure across the granular pile cross-section may occur.

Ultimate Bearing Capacity of Single, Isolated Granular Pile

For single, isolated granular piles, the most probable failure mechanism is
-bulging failure. This mechanism develops whether the tip of the pile is floating
in the soft soil or fully penetrating and bearing on a firm layer.” The lateral
.confining stress which supports the granular pile is usually taken as the ultimate
‘passive resistance which the surrounding soil can mobilize as the pile bulges
outward. Most of the approaches in predicting the ultimate bearing capacity of a
single, isolated granular pile has been developed based on the above assumption,
‘Table 1 tabulates the different methods fo estimate the ultimate bearing capacity
‘corresponding to bulging, general shear, and sliding modes of faiture as presented
by Aboshi and Suematsu (1985). A relationship between ultimate bearing
capacity and area replacement ratio is shown in Fig. 8. The relationship between
internal friction angle of granular material, strength of the surrounding clay, and
the ultimate bearing capacity of single granular pile is shown in Fig. 9.

o, = no/{1+ (n-Da] = po .
o, = of[I+ @la] =po @®)

<
where p_ and p_ are the ratio of stress in the pile and clay, respectively, to tf

average stress over the unit cell area.

Fatlure Mechanisms

In practice, granular piles are usually constructed fully penetrating a soft soil
layer overlying a firm stratum. It may be constructed also as floating piles wit
their tips embedded within the soft clay layer. Granular piles may fa
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Table 1 Estimation of Ultimate Bearing Capacity (after Aboshi and .'

THE GRANULAR PILE

Suematsu, 1975) A
. REFERENCE 25). / |
RMULA ) ;
MODE OF FAILURE DERIVED FORM " Vesle “972’),..%@;,@@ »
YK ) 1+ sin ¢ Greznwood (1970) L Andersn
Q= (ZK + 2CTK Py o ({5&.
s .
20 T -~ E
, oy DTSRG Vesie (1972) e L
0, = EC+FQ) m Datye and Nagarsju (197%) g ./'A ﬁ;o;:}s od Witkérs
Igi : - e
; .
Bulging 1+ sin ¢, Hughes and Withers (1974) i © e '9““*“'““"\.»/0'/ 1
ST (oG T § [ & a o G
2 . A
=" Grespmood e
T 4+ o+ K (WBY (1~ (9B Madhav . (1979) of e e
YT g, 0 m " - 8 T T G e
N+ (172) (BN, + DN Madhav and Vitkar (1978) T~ CRANLAR PLE 105,
P + 0 Gl DGy
B 7 G+ (D DN, T 1 DR, o7s o 62 B4s
0 = 24, (8,9, + 201K 0+ (K JBAK S {1-G42L0] | Wong (1975) *[ puare Lown Tests a6s Salr
I Shear . (ecsnrsmron 3T 495 ean
Genera ., = {172)yBran’y + 2C tan’y + 2 (1-a) Cany . 3 g8 dei3
tan ! (uaten 9) Barksdale and Bachus (1983)] - o _ )
y o= 45°+ - 5 40 45
5 INTERNAL FRCTION ANGLE OF GRANULAR MATERIAL {a')
0
T o= (1-2)C,+ {yZ + po}atan §gos :
n Abashi et al. (1979) . . . . .
Sliding Surface T Tig.9 Relationshi Between Internal Friction Angle of Granular Mateyial
1+ {n-1)a, . ;

Note: Refer to APPENDIX for Notations
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REPLACEMENT RATIO, ag

Fig. 8 Relationship Between Ultimate Bearing Capacity and Area Replag
® ment Ratio (after Aboshi and Suematsu, 1985)

Strength of the Surrounding Clay, and Ultimate Bearing Capacity of
Single Granutar Pile (after Bergado and Lam, 1987)

Ultimate Bearing Capacity of Granular Pile Groups

The commmon method for estimating the ultimate bearing capacity of granular
ile groups assumed that the angle of internal friction in the surrounding cohesive
oil and the cohesion in the granular pile are negligible. Furthermore, the full
rength of bath the granular pile and cohesive soil has been mobilized, The pile
roup is also assumed to be loaded by rigid foundation. The ultimate bearing
apacity of granular pile groups as suggested by Barksdale and Bachus (1983)

Assuming the ultimate vertical stress, q . and the ultimate
then the equilibrium of the wedge

o, tanzﬁ + 2Cavgtan!8 )
Btan
g, L : + 2¢ (10)
2
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Cavity Exponsion

Table 2 Estimation of Settlemeitt of Cox

Approximation T
l
- | 03/\ Suematsu, 1975)
t__ R CONTENTS
|. /Plnn
/Ua 03\ Views

B _ Laqag (1P H10a) -1
B} R (K, 1G5
| Priebe Method I :)’ ("’(Ia’)z
Flna) = (K ~(-a) )
a) [1———_‘“_2“2 m—[_a”a‘ ](KA)‘=tan2(4ja_2£)

‘| Grasular Wall Method

¥ g
S;=RH(1¢’)(1-;—“1JE

R = f(a, 0.1 o)

c, P
& = () log, {i(%“;ﬁ. 1
ap = S
a) Square Group b} Infinitely Loag Group T ) ((i{:r ﬁgll);
: - 1 +a
Fig. 10 Granular Pile Group Analysis (after Barksdale and Bachus, 1983)° K=K+ ;[ iﬁl] 15
B o= 45+ % (11) py = OO RA K ), 45 +0,2)
. ' . KFatan® (45+¢ 2)
R = .
) v C, (P _+(AP)
¢avg = fan i (Msasfa“ ¢s) (12) 1+e log, [ - e T APY, 1

w

c. = (1l-a)c

- -Finite Elernent Methed

K] #4012 Dy = (AR} + (K 7] fact=)) + (ap T .
where v, = saturated or wet unit weight of the cohesive soil; B = foundation PN
width; B = failure surface inclination; ¢ = undrained shear strength within the
unreinforced cohesive soil; ¢ = angle of internal friction of the granular so '
$,,, = composite angle of internal friction; € g — COMposite cohesion on the sh¢a;
surlace.

The development of the above approach did not consider the possibility of a
local bulging failure of the individual pile. Hence, the approach is only applicabl
for firm and stronger cohesive soils having an undrained strengths greater than
30-40 kN/m?. Bowever, it is useful for approximately determining the relative
effects on ultimate bearing capacity design variables such as pile diameter,
spacing, gain in shear strength due te consolidation and angle of intern
friction,

whe_re N_ = composite bearing capacity factor for the
ranges from 18 to 22. For the soft Bangkok clay
an, initial pile diameter of 25.4 cm with the g’r,

ammet dropping 0.70 m (Bergado and Lam, 1987).
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. seitlement reduction ratio and the aforementioned parameters based on different

- methods together with the results from the work of Bergado et al. (1987) on soft
- Bangkok clay.

Settlement of the Composite Ground

Most of the approaches in estimating: settfemen‘t of the comp-(lmt?1 gvri?:mg :
assumed an infinitely wide loaded area rem_forced thlt-h granular pi ?s ?he ugn :
constant diameter and spacing. For this loading condition .and geome r;{; it
cell idealization is assumed to be valid. The quel ‘of a unit ¢cell loaded yt a r;lgil ‘
plate is analogous o a one-dimensional consohdatl-on test. .T hus, the L}l:uﬂ;(f;-ntaE
confined by a rigid frictionless wall and the ve.mca.[ strains at f[my (; ot
level are uniform. Different methods for estimating the setiI err;fan r‘;tig °
composite ground are summarized in Table 2. The settlement reduction

expressed as: _
= 8 /8§ (13)
R = Sl o

\posi = t of the
where S = settlement of the composite gr.ofmc‘i and S0 sett}emsnn oL e
unimproved ground, In the case of the equilibrium method, estimatio

settlement of the composite ground is expressed as;

Slope Stability of the Composite Ground

Granular piles could be used to increase the stability of slopes and
embankments constructed over soft cohesive ground. The method of stability
analysis on a composite ground performed exactly in the same manner as for a
normal slope stability problem except that stress concentration is considered.

stability over large areas improved with granular piles and imposed with heavy
loads.  Stability analysis are usually carried out with the implementation of
 computer programs. The three general techniques used in stability analysis of the
omposite ground are described as follows (see Barksdale and Bachus, 1983):
16 '
8, = m_(i0) _ ( , )

s = thi tayer. The:

= i compressibility and H = thickness of

where m, = modulus of volume ; function of the area replacement
settlement reduction ratio is also expressed as a fu ; fress
ratio (a), angle of internal friction of the granular n.laterl-als (9 s o
concentrSaZion factor, and ete. Figure 11 shows the relationships between the

In the profile method, each row of the granular piles is converted into an
“equivalent, continuous strip with width, W, as shown in Fig. 12. Each strip
‘of granular and cohesive soils js then analyzed using its actual geometry and
‘maferial properties. For an ecotiomical design, the stresg concentration

o —emeen Bergodo ot o1.{1987) “developed in the piles must be taken into consideration, The stress concentration
....... Finlts etiament wathod the granular pile results in an increase in resisting shear force. The effect of the
\\\ . T Sremoreall methed stress concentration is being handled by placing thin, fictitious strips of soil above
T AN NPT Enallibriun method the insitu soil and granular piles at the embankment interface (see Fig. 12). The
g N (soe Taple 2 weight of the fictitious strips of soil placed above the granular piles is relatively
E osl % AR Cvecazo large to cause the desired stress concentration when added to the stress caused by
g \& > Ey/Eci0 the embankment, The weight of the fictitious soil placed above the insitu soil
= A must be negative to give proper reduction in stress when added to that caused by
iy 09 AR 22 the embankment. The fictitious strips placed above the insitu soil and granular
é NN Ry ; piles would have no shear strength and their weights are respeclively exprossed
ot \\\\\ : I
TR c . WDy
. ] L = TPT e — a7
4] 0.2 0.4 06 08 1.0 T.
AREA REPLACEMENT RATIOMI. N - 1 H )
Fig. 11 Comparison of Estimating Settlement Reduction of Improved Ground v ; _ &:)_71__ A (18)
(after Aboshi and Suematsu, 1985) T
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if/////////////// TRt /;/}///////// FITTF77TTY,

Firm Bearing Strota

Fig. 12 Granular Pile Strip Idealization and Fictitious Soil Layer for Slope’
Stability Analysis (after Barksdale and Bachus, 1983)

where |1 and |\_are the stress concentration factors of the insitu soil and granular Fig, 13 Average Stress Method of Stability Analysis (after Barksdale and
" Barksdale an

piles, respectively, and the other terms are defined as indicated in Fig. 12. It must Bachus, 1983)
be noted that limits should be imposed on the radius and/or grid size of circle centers
s0 that critical circle should not be controlled by the weak, fictitious interface 6; = ¥z + o
layer, : ¢ (19)
¢ _ . L.
%z T Az tou, (20)

Average Shear Strength Method
fiere ¥, = bouyant weight of the granular materials; T, = saturated unit weight of

hebsun'ounding s_oil; z = depth below the ground surface; ¢ = stress due to
| embankment Ioafimg, and the other terms are alteady defined. The shear strength
of the granular pile and the surrounding cohesive soil are:

T = (‘c‘sz cos® B) tan 0, | @1

T, = ¢+ (chosz B) tan &, ©2)

The average shear strength method is widely used in stability analysis for,
sand compaction piies (Aboshi et al,, 1979; Barkedale, 1981). The method
considers the weighted average material properties of the materials within the
unit cell (Fig. 13). The soil having the fictitious weighted material properties is
then used in stability analysis. Since average properties can be readily caleulated,
this approach is appealling for both hand and computer calculations. However,
average propertics cannot be generally used in standard computer programs
when stress concentration in the granular piles is considered in the analysis, there B = inclination of the shear surface with respect to the hori
average weighted shear strength within the area tribult)ary to theegr::jlz??il ie 1:1318

When stress concentrationi is considered, hand calculation is preferre

- Within the unit cell, the granular pile has only internal friction, ¢5, and the
surrounding soil is undrained but has cohesion, ¢, and internal friction, ¢, The

state of stresses within the unit cell is also shown in Fig, 13. The effective

stresses in the granular pile and the total stress in the surrounding soil are

respectively expressed as:

T = —
. (1 as) TC + as Ts (23)

he weighted average unit wei ithi
we ght within the composit i
aleulating the driving moment is: postte gromnd wsed in

T = %+ 13, o 24
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‘where ¥, and ¥, are the saturated unit weight of the granular materials and
the insitu soil, respectively. In this approach, the weighted shear strength and
unit weight are calculated for each row of granular piles and then used in
conventional hand calculation.

- Rate of Primary Consolidation Settlement

Pr.ew‘ous studies assumed that granular piles could accelerate the
gqnsohdahon process in the same way as sand drains. In a cohesive soil
teinforced with granular piles, pore water moves towards the pile in a curved
path 'having both vertical and radial components of flow. The average degree
of primary consolidation could be handled by considering the vertical and radial
consolidation effects separately as expressed by the following equation:

U=1-(0-U) q-u (29)

When stress concentration is not considered, as in the case of some landslide
problems, a standard computer analysis employing average strengths and unit
weights, can be perfornied using a conventional computer program. Neglecting
the cohesion in the granular materials and the stress concentration, the shear strength
parameters of the use in the average shear strength method are:

Cry = o(a)) (25) E"}:Ere U_* average _degree. of consolidation of the cohesive layer considering
Yatan ¢+ yatan ¢ oth vertical and radjal dra_mage, U, = degree of consolidation considering only
(tan ¢),,, = $s s oo © (26) vertical flow and U, = degree of consolidation considering radial flow. The

dfagrce pf consolidation .in the vertical direction is calculated by Tetzaghi’s one-
dimensional th-eory, while that in the radial direction is calculated by Barron’s
theory, The primary consolidation settlement at any time, t, is expressed as:

S5,() = U(S) (30)

“where §_(f) = primary consolidation i
: S, seitlement af any time, t: § = i
onsolidation setilement. ¢ e ﬁﬂalpl‘lmal’y

g

where ?av is given by Eq. (24) using bouyant weight for ?s and s;%turated weigm
fory. DiMaggio (1978) reported that the use of (tan ¢)avg based just on the area
ratio is not correct as can be demonstrated by considering the case when ¢_=0. If
averages based on the area were used, then:

(tan ¢)an = a tan ¢ 7 27)
The above expression would be appropriate to use if _avg = ¥, but incorrect

if¥. is used to calculate the driving moment.
avg )

:Strength Increase of Clay Due to Consolidation

-, The rate of construction of embankments on ground improved with granular

Lumped Moment Method ifes is frequently controlled to allow the shear strength to increase so that the
The method can be used to determine the safety factor of selected trial:
circles by either hand calculations or with the aid of a computer, The generai;
approach is described by Chambosse and Dobson (1982). The safety factor of the

composite ground is calculated by: :
SF = (RM + ARM) / (DM + ADM) (28)

where RM = resisting moment, DM = driving moment, ARM = excess resisting.
moment due to granular piles, ADM = excess driving moment due to granul
piles. The DM and RM are first calculated for the condition of unimproved grouns
Then ARM and ADM are added to the previously calculated moments, RM and.
DM, respectively. The approach is generally suited for hand caleulations. Th
use of computer programs is possible only when adding ARM and ADM whic

.could be calculated by hand. .
160

eﬂ_‘ecnve‘ overbufden pressure {Leonards, 1962). Consolidation results to an
__mc':rease' in eﬂ“.ecttve stress due to the dissipation of pore pressure. For a cohesive
soil having a linear increase in shear strength with effective stress, the increase in

undrained shear strength, Ac(t), with time due to consolidat:
: s ) olidation ¢ :
(Barksdale and Bachus, 1983): n beexpressedas

Ac() = k [op J[U®] (1)
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Secondary Settlement
LOAD (ToN}

Secondary settlement is important in organic soils and some soft clays:
especially with the presence of free draining granular piles wherein primary |
consolidation is thought to occur in a short period of time. The prediction for :
secondary settlement is based on the work of Mesri (1973) and can be calculated:

by:

————

t : :

_ 2
8, = CaHlogth (32
I
where 8_= secondary compression of the layer; C_ = physical constant evaluate
by continuing a one-dimensional consolidation test past the end of primary

——

——

!

SETTLEMENT [(mm)
1o
[=]
T

() Group Sond Fils
_

consolidation for a suitable load increment; H = thickniess of compressible layer; —_—
t. = time at the beginning of secondary compression (the time comresponding # sa \‘“-m__\___
90% of primary consolidation is sometimes used); t, = time at which the valu 300 =
. 2m
Legend

of secondary settlement is desired.
T sand Pile o _4yniegred Ground

o-—0Sond Pila, Gl
©—0S5and Pile, T,

PREVIOUS RESEARCHES ON SOFT BANGKOK CLAY
IMPROVED WITH GRANULAR PILES -
Fig. 14 Load- i i . Pl
Full Scale Load Tests on Granular Piles oe Test(: (Saefiil:‘a E::}gt;tlﬂit::‘?:h;ggzcl anular Piles from Full Scale Load
Initial full scale load tests on granular piles were perforined to study the
feasibility of improving the soft Bangkok clay (see Bergado et al,, 1984). The
results indicated that the granular piles increased the bearing capacity more than
3 to 4 times that of the untreated ground. Further, the adjacent piles acted
independently provided that the pile spacing is 3 times the pile diameter or greater
as shown in Fig. 14, An investigation of the behaviour of granular piles with
different densities and different proportions of gravel and sand on soft Bangkok
clay was carried out by Bergado and Lam (1987). Figure 15 shows that for the same
granular materials, the ullimate bearing capacity increases with number of blows
per layer because of the increase in the densities and friction angle. Using different
proportions of gravel and sand as shown in Table 3, the resulting load-settlemen
curves are also compared in Fig, 15 and indicated a higher ultimate pile capacity
for pure gravel. The average deformed shape of the granular piles is typically,
bulging type. It was observed that the maximum bulge occurred near the top
the pile and ranged from 10 cm to 30 cm below the ground surface, With an
initial pile diameter of 30 cm, the measurements of bulge are in close agreement
with the observations of Hughes et al. (1973) wherein the maximum bulge

gccurrlsled near the ground surface at a depth approximétely equal to one-half to
dnf; pile (%mmeter. The results of full scale load tests on granular pifes with
di 1erent sizes of plates were r_eported by Bergado et al, (1987). As expected, the
ts:tt:ﬁelr:egt ;Itecreasc]ad as the size of the plate increased for the same amour:t of
_ ad. It was also indi i i

as also indicated that as the ratio D /D increased, the settlement of

ite Location and Soil Profile of Test Embankament on Granular Piles

A full sc.ale' test embankment, 2.4 m high was constructed by Sim (1986) on
gr_anular pile-improved foundation, and was raised to a height of 4.0 m by
anfxchayamm (198'_7) to provide a meaningful basis of comparison with the
Dbertormance of the neatby 4.0 m high test embankment constructed on Mebra
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Fig. 15 Comparison of Load-Settlement Curves Between Pile's with Differ?n
| Number of Blows per each Compacted Layer during Insta]latm{
(after Bergado and Lam, 1987) :

vertical drain-improved foundation by Singh (1986). The performances of th(;:se
two embankments have been already reported t_)y Bergado et al. (1988, 1!()19 _a).
An evaluation by back-analysis of the geotechnu':al paramete‘rs of the foun .atl(_)_;
soil jmproved by granular piles and vertical drains was carried out by Enriquez

(1989).

The site is located at the Asian Institute of Technolo;_gy (AIT) ';:aznpus; aho.Lf
42 km north of Bangkok at the Central (Chao Phraya) Plain of Ti_larland. T he‘s .
profile at the site, together with the index and strengtll properties of the: 501[i is
given in Fig. 17. The profile consists of 2 to 3 m of weathered marine c;
underlain by 6 to 8 m thick of soft marine clay and followed by‘a stratum 5 to
thick of stiff-clay Jayer. The groundwater table fluctuated with the season and
varied from 0.5 to 2.0 m below the ground level.

Details of the Test Embankment

The test embakment has a first stage height of 2.4 m and subsequently ‘rai
to a second stage height of 4.0 m after 345 days. The plan and cross-section

164

THE GRANULAR PILE

Table 3 Propertiesof Granular Piles for Full ScaleX.oad Tests (after Bergado

and Lam, 1987)
—

Group 1 2 3 4 5
No.ofPlle |G I,GZ,G3 G4jc;5|G6 G7|GS las]a 10/a 11 G 12 |G 13
Proportion of )

Satet i Vo 1.0 1.0 1.0 0.3 0.0

Proportion of

Gravel in 0.0 0.0 0.0 1.0 1.0
Volume

Blows per

Compacted 20 15 10 15 15
Layer

Ini - situ
Average Density|1.73|1.71[1.66{1.64|1.51|1.67|1.47[1.53[1.50]1.91 196 [1.76 { 1.79

verage 1.70 t/m? 1.61 t/m? CLS0Um® | 194 vm® | 1.74 t/m?

Friction Angle 139.1/38.4]37.2[37.0[36,0{37.6|35.1|36.2135.6]37.4 | 379 [42.5 447

Average 38.2 36.9¢ 35.6° 377° 43.3°

Ultimate Load |3.50(3.253.25|3.25(3.0043.00 |2.25(2.25[2.0013.25 | 3.00 | 3.50 3.75

Average 3.33 tons 3.08 tons 2.17 tons 3.13tons | 3.63 tons

e embankment including the locations of the monitoring instruments, field
sts, and field sampling for laboratory tests are shown in Fig. 18. The monitoring
rogram included surface and subsurface settlement measurements, pore
ressures, vertical earth pressures, and lateral movement. The instrumentations
stalled consisted of 3 surface settlement plates, 4 subsurface settlement gauges

Sm,30m,60mand 8.0m depths, 8 closed hydraulic piezometers, 2 earth
essure cells, and SIS Geotechnica C412 type inclinometer casing with
adings provided by the SIS Geotechnica sensor, and three lateral movement
akes. The embankment was compacted in layers by a light vibrating plate
mper and was found to have an average density of 18.0 kN/m>.
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" Construction of Compacted Granular Piles

The Cased Borehole Method was employed in constructing the granular :
piles (Bergado et al,, 1984; Bergado and Lam, 1987). The cc?mpaction was do‘ne
by means of dropping the 1.6 KN hammer at 0.6 m falling height to the stcel dl_sc :
which was placed on the surface of the granular material. Each layer of the pile |

was compacted with 15 blows per layer, with a compacted thickness of about 0.6 .
m. The friction angles of the compacted granular piles obtained from direct shear
tests varied from 39 to 45 degrees with compacted densities ranging from 17 to |

18.1 kN/m®. The compacted granular piles were arranged in triangular pattem{:

0 2

0o CG6# SITE
o PVD SITE

INCREASE OF EMBANKMENT
HEIGHT Tg 4.0 m FOR CGP SITE

SETTLEMENT (cm)
~n
(4]
1

351
40 4
a5 r T T T T
o 200 400 600 800 1000 1200
TIME ( DAYS)

Fig. 19 Comparison of Maximum Surface Scttlements at Granular Piles and
Vertical Drains Test Embankments (after Enriquez, 1989)

with a spacing of 1.5 m. The piles were 30 cm in diameter and h.a've a lengtll of.
8.0 m, fully penetrating the soft clay layer. The _granular ‘matena.ls consists of:
whittish-gray, poorly graded crushed limestones with a maximum size of 20 m?]].
A drainage blanket of 0.25 m thick consisting of ¢lean sand was laid on top of the

compacted granular piles,
Performance of Granular Piles under Embankment loading

Based on full scale load tests on granular piles, Berg:fu:io et al. .(1984, 1987)
and Bergado and Lam (1987) earlier reported that the bearing capacity of the soft
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Bangkok clay using granular piles increased by up to 4 times, the total settlements
reduced by at least 30% and the slope stability safety factor increased by at least
25%. The comparative study of the performance of test embankments on
compacted granular piles (CGP) and on prefabricated vertical drains (PVD)
indicated that the embankment on granular piles settled about 40% less than the
embankment on vertical drains, as shown in Fig. 19, The study confirms the
idea that granular piles function as a reinforcement to the clay rather than drains

~(Bergado et al,, 1988), attributed perhaps to the larger zone of disturbance

(smeared zone) surrounding the pile caused by the method of installation. .

SOME PROSPECTS OF GRANULAR PILES IN COMBINATION
WITH OTHER SO IMPROVEMENT TECHNIQUES

At Ebetsu in Hokkaido, Japan, two full scale test embankments were
constructed with different soil stabilization methods in addition to the test
embankment without treatment (Aboshi and Suematsu, 1985). One of the test
embankments was stabilized with sand drains and steel sheet reinforcements

- while the other was stabilized with sand compaction piles. At an embankment

height of 3.5 m, the test embankment without treatment collapse with substantial
deformations on the subsoil and cracks in the embankment fill. While the
embankments treated with sand drains and steel reinforcements and with sand

‘compaction piles were completed up to 8 m high without failures. The test

mbankment stabilized by sand compaction piles yielded a stress concentration
factor of 3 which is in close agreement with the observations of Bergado et al.
(1988) on soft Bangkok clay improved with granular piles having a stress

‘eoncentration factor ranging from 2 to 5, Based from the results of these test

embankments, -it is envisioned that the use of granular piles and steel grids

ireinforcements could be a good combination for ground stabilization. Thé grid
‘reinforcements help minitmize the lateral spreading of embankment and provide
steeper side slopes or even vertical sides. The granular piles provide the reduction

fsettlements as well as the increase in strength and bearing capacity of the ground

.foundation. An example for such applications is on transition units to bridges and

faducts as shown in Fig. 20. As an alternative of using expensive ideal materials

“for embankment fill such as sand, savings in the construction costs can be realized

y using cheaper, locally available cohesive-frictional soil with more than [8%

having particle size diameter lower than (.74 mm. Extensive research has been
‘done on steel grids reinforcements with poor quality backfills consisting of

cathered clay, lateritic soils and clayey sand (see Bergado et al, 1990b). However,

‘the combination scheme of granular piles and steel grids reinforcements to improve
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Already, a test embankment on granular piles has been constructed at AIT
o evaluate and investigate the applicability of such scheme on the soft and
subsiding Bangkok clay. The performance of this test embankment has been
described in the preceeding section. The improvement factors on bearing
capacity, settlement and gain in strength have been determined and indicated
substantial values. Based on the results of these studies as well as in Japan, it
was suggested to use granular piles in the subsoil in combination with
mechanically stabilized earth (MSE) embankments using grid reinforcements as
one alternative for ground improvement at the approach emtbankments to bridges

TRANSITION N
1 B
BECHANICALLY S8TABILIZED SAND FiLL o [™
.

APPROACH SLAN
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ul WH____}] I elay teval

| 5]
. Lh_A .
] omanuLan pus L5 -
1 L LIHE/CERERT PILES

(a) LONGITUDINAL SECTION SHOWING LOCATIONS OF LIME /CEMENT AND GRANULAR PELFS

ESTINATED MEDNM
CLAY LEVEL —_

@'% “ oM. A (O z_u{d viaducts in the Second Stage Bangkok Expressway. The implementation of
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mrarer yzod ;[ ez ARPET By $AXD FiLL available data regarding its actual performance. Therefore, it is deemed
}( ccessary to construct a full seale field prototype so that the effectiveness of
5 ———f) == T granular piles, possibly combined with other soil improvement techniques, as an
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; 1__._ GITTOCUD AN RN R nd viaducts would be proven,
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BS' : width of loaded area -y hOFIZ(.)ntal pm_;.ected area of" clay
: compression index of clay AP), : effective vertical stress increase averaged over horizontal
e : E) ot L undrained shear strength of clay : projected area of unit cell .
S ) d nﬁllnaf ?:undation Aty : vector incremental deflections )
or epd 1(1)15 of elasticity : vertical strain (same for sand and clay)
E’ ' mo‘u ion factors : vertical angle of sliding surface at each sand pile
Lo K ) c;."r 1;; expair:\[m : Poisson’s ratio
H : thickness of layer . s _
K . earth pressure coefficient applying to the load increments ‘r’:{zz:[o; ::s:tresz: coefficient of clay
: acti fficient of sand pile - ! '
X, : active earth pressurc cocffici P : initial radial stress along the granular pile

as

[ Kc('“) 1{Ac™ } : vector of corrections due to yielding of the pile and/or cl

these corrections are treated as an additional external load . + overburden pressure at depth z

+ shear resistance of composite foundation
: angle of internal friction
: angle between the assumed failure surface and foundation

[K;] : elastic stiffness matrix
: coefficient of earth pressure at rest
Q
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