
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


A contribution to the study of compaction piles in granular soils 
Une contribuition a l'étude des pieux de compactage en sol sableuse

A.M.L.AIves -  D.Sc. Student, Federal University of Rio de Janeiro, Brazil
F.R.Lopes — Lecturer, Federal University of Rio de Janeiro, Brazil

ABSTRACT: The paper deals with the improvement of loose sand deposits to bear shallow foundations. Compaction by pile driving 
is one of the techniques available to improve such deposits. The installation of granular piles causes displacement o f the soil, giving 
rise to a densification. It is a well-known fact that penetration test results, such as Nspt  value, after installing compaction piles are 
considerably higher than the original values. This paper focus on the prediction of densification, and the corresponding N Sp t  increase, 
due to the installation of compaction piles. A new equation for the prediction of the relative density of the sand around the compaction 
pile is put forward. This equation is based on the compatibility between pile volume and void ratio change. The new proposal is com
pared with field data from the city o f Recife, Brazil, together with predictions by other methods published in the literature. In Recife, 
the improvement of loose sands to bear shallow foundations for high-rise buildings is a well-accepted technique.

RÉSUMÉ: L’article traite de l'amélioration des dépôts lâches de sable pour la construction des fondations. Le compactage par fonçage 
de pieux est une des techniques disponibles pour améliorer de tels dépôts. L'installation de pieux granulaires cause le déplacement du 
sol, provoquant une densification. C'est un fait bien connu par les résultats d'essais de pénétration, comme par example les valeurs de 
Ns pt , après l’installation des pieux de compactage sont considérablement plus hauts que les valeurs initiales. Le principal objectif 
d'article c'est la prévision du densification, et l'augmentation correspondante des valeurs de N Sp t,  due à  installation des pieux de 
compactage. Une nouvelle équation pour la prévision de la densité relative du sable autour du pieu de compactage est proposée. Cette 
équation est basée sur la compatibilité entre le volume du pieu et le changement dans l’indice du vides. La nouvelle proposition est 
comparée aux données même de la ville de Recife au Brésil, et avec les prévisions par d'autres méthodes éditées dans la littérature. A 
Recife, l'amélioration des sables lâches est une technique bien connue pour les travaux de fondations.

1 INTRODUCTION

Compaction piling is a world wide used method to improve 
loose sand deposits. The technique varies from country to coun
try, but keeps some common characteristics. In any situation in
volving use of compaction piles to improve granular soils, it is 
necessary to specify the pile mesh, and pile diameter and depth 
that will produce the desired reduction in void ratio (or increase 
in relative density). It is important, besides, to have a prediction 
of what degree of compaction will be obtained with a given 
mesh, in order to verify results during execution through field 
tests such as SPT or CPT.

2 SOME METHODS FOR PREDICTING SOIL 
DENSIFICATION DUE TO PILE DRIVING

Several methods have been proposed to predict the degree of soil 
compaction around driven piles. These methods can be separated 
into two main groups:

a) Methods for predicting the variation of degree of compaction 
around a pile, as function of distance to its axis; for a given pile 
mesh, the effects o f all piles must be superposed.

b) Methods for predicting the average degree o f soil compaction 
due to driving piles in a given mesh.

2.1 Kishida's Method

Kishida (1967) proposed a method for estimating the increase in 
the friction angle around a driven pile, based on the hypothesis 
(Figure 1):

a) The zone of plastic failure has a length equal to four times the 
pile diameter;

b) The zone where there is densification has a length b equal to 
seven times the pile diameter;

c) The friction angle reaches a value of ^ 2 ' n the pile axis and 
decreases linearly until the original soil value <j>\ , in a distance 
of 3,5 times the pile diameter.

The relation between <j>i and fa is:

f a = - ( 1)

For correlating <j> with NSpj, Kishida suggests the formula 
proposed by Ohsaki (1962):

^ = pONsl,r +15° (2)

2.2 Mitchell‘s Method

Mitchell (1981) proposed the following equations for calculating 
the spacing between piles in a mesh, to achieve a desired void ra
tio:

V e0
g(l + gp) d 

-e  2
(3a)

Figure 1. Kishida’s hypothesis.
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for square meshes and 

*•(1 +gp) d• 1.08
V *0-

/
tfcinaf

Qcmhc
(4)

where qc,«af is the mean cone resistance after treatment and qc,„hc 
is the mean cone resistance before treatment. The factor /  de
pends on three main parameters:

a) Relative volume added: that parameter is defined by a/A, 
where a is pile area and A is pile influence area. From field data, 
Wallays assume that the relation between/ and a!A is:

/  = 1 + — tan or 
A

(5)

/  = n'S\ + Si (6 )

where gt is the clay fraction, g2 is the silt fraction, and m is a fac
tor which must be taken as 10 (higher influence of clay fraction).

Starting from a field data base, Wallays calculated values for 
tana, and found two values: a mean value (tanarm) and a safe 
minimum value (tanas). By statistical regression, Alves (1988) 
found the following relations between tana and /:

tana,,, = -0.3041og(/) + 0.l36

ta n a , = -0.068 log(/) + 0.073

valid for qL,„hL- between 3 and 12 Mpa.

(7)

(8)

Nspt  (°fter compaction) 
Nspt  {before compaction)

(3b)

for triangular meshes, where e0 is the original void ratio, e is the 
desired void ratio, s is the pile spacing, and d is the pile diame
ter. The equations are based on compatibility between void ratio 
reduction and pile volume.

For correlating void ratio with NSPT, formulae correlating 
NSpt  with relative density, such as Gibbs & Holtz's formula or 
Bazaraa's formula, can be used.

2.3 Wallays s Method

Wallays (1982) proposed a method extracted from field data, 
which is based on the factor f.

Figure 2. Compaction around a driven pile -  two dimensional view.

However, some SPT results from sites improved by compac
tion piles (for example, Gusm3o Filho, 1998) show that the 
shape of such a curve is close to that o f a bell (Figure 2).

A well-known bell-shaped function is the normal or Gauss 
probability distribution, which is represented by the following 
mathematical equation (for two independent random variables):

p(*,y) =
l

2ffCTrcr
-exp

2 a j
(9)

b) Inicial mean cone resistance qa„i,c: the lower qimbc, the higher 

/

c) Nature and grading of the soil: the factor/ decreases with the 
presence of fines in the soil. Wallays proposes a gradation pa
rameter /:

where:
p(x,y) -  probability density 
x , y -  random variables 
<Tj, oy -  standard deviations 
m„ - means

In cylindrical coordinates, Equation 9 becomes:

P(r,6) = p(r)--
2 JTCT

i-exp
2a

( 10)

where r is the distance from symmetry axis. A very important 
property of that distribution is that the volume limited by the sur
face is equal to one:

' = f i - 2 n o
r exp

2a
r dr d$ = \ ( ID

By assuming that the porosity decreasing is proportional to 
the probability density p(r), it follows:

A» = C| p{r) ( 12)

The sum of the infinitesimal variations in soil porosity around 
the pile must be equal to the volume of the driven pile:

2.4 Shamoto's Method

Shamoto et al. (1997) proposed a simplified method for predict
ing the increase in N SPt  due to compaction piles in sandy soils 
containing fines. Simple charts based on field data are presented, 
as a function of the following parameters:

a) Replacement ratio a„\ the ratio o f the volume replaced by the 
pile to the unit volume of in situ soil.

b) Fines content: clay fraction plus silt fraction (in percentage).

c) Original NSPT values.

3 AN APPROXIMATE REPRESENTATION OF SOIL 
DENSIFICATION AROUND DRIVEN PILES

The degree of soil compaction around driven piles in sand is 
maximum at the pile face, decreasing with distance. The analyti
cal function of the curve relating compaction (porosity reduction, 
for example) with distance from pile is difficult to obtain theo
retically, since it depends on the original porosity o f the sand, 
pile diameter, vibration effects, and many other factors.

J  j  j A n  r dr d6 dz = — —  z 

o o o

where d is the pile diameter and z is the depth. 
Substituting Equations 10 and 12 in Equation 13:

z  2n  *

i J f c '
0 0 0 1 2 n o 2

exp
/■

2crJ
r dr dd  dz

nd
4

(13)

(14)

Remembering Equation 11, the coefficient of proportionality 
C; is equal to:

_
4

(15)

Therefore, the porosity decrease around a driven pile, as func
tion of the distance from the pile axis, may be represented by:

An = — —exp 
8 a 2a

(16)

For dimensional consistency, the unit of parameter crmust be 
length. This parameter determines the shape of the surface. The 
higher the value of cr, the lower the peak of the surface, and the
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Nsrr {after compaction) 
^  Nspr (before compaction)

bigger the affected zone. Physically, the looser the sand, the 
higher is the compaction achieved, and the smaller is the area af
fected by the pile (Figure 3).

The parameter crwill be assumed to be equal to:

cr = C7 (17)

where ntl is the original porosity o f the soil. The value of the co
efficient o f proportionality C2 depends on the soil nature and 
grain size distribution; in the absence of more detailed studies, 
C> can be taken equal to 1.

By substituting Equation 17 in Equation 16, the following re
lation between porosity change and distance from pile axis is ob
tained:

An =
8 C\

exp
2 2 

r »0

2 d‘C-
(18)

For a pile mesh, the effects o f all piles must be superposed.

4 COMPARISON WITH FIELD DATA

The five methods presented above were compared with field data 
from Recife, Brazil, where the technique of compaction piling 
for improving loose sands is well-accepted.

In Recife, granular piles (crushed stone plus sand, and a little 
cement in some cases) executed by Franki process are used as 
compaction piles. The piles depth is about 4.0 meters, and the 
piles are placed in a 1.20 m square mesh. Piles diameter is usu
ally 30 cm.

SPT tests were executed at the center of the pile mesh. In 
Brazil, SPT is performed by a hand system, and the effective en
ergy transmitted to the rods is about 70% of the nominal energy.

Figure 4 shows a comparison between the approximate ap
proach developed in this paper, the Kishida's method and SPT 
data taken at some distances from a single pile driven into loose 
sand. The coefficient C2 was assumed, tentatively, to be equal to 
one. For correlating relative density Dr (and porosity n) with 
NS[.t , the equations proposed by Bazaraa (1967) were used. For 
correlating the friction angle <j) with NSPT, the equation proposed

Figure 5. Prediction versus measurement o f increase in Nsn  in the cen
ter of pile meshes -  approximate approach.

by Ohsaki (1962) was used. The data correspond to a depth of 
3.0 m below ground surface.

It can be seen that the approximate approach, based on the 
Gauss distribution function, gives a good indication of the in
crease in N Sp t around the pile. Kishida's method overestimates 
densification close to the pile and underestimates densification 
far from the pile.

Figure 5 shows SPT results obtained in the center o f square 
pile meshes, in depths between 2.0 and 4.0 m, and the compari
son with prediction by the approximate method. The predictions 
using Gibbs & Holtz's formula are in good agreement with the 
measured data, for N Sp t between 5 and 25. For N SPt  higher than 
25, predictions were excessively safe.

Figure 6 shows the comparison between all the methods de
scribed in this paper. For correlation between N Sp t and relative 
density, Gibbs & Holtz's formula was used. For correlation be
tween NSpt  and qcone (Wallays's method), a table given by Dan- 
ziger & Velloso (1986) was used.

It can be seen that, despite the scatter, all methods had about 
the same accuracy in predicting the increase in N Sp t  values, 
when these values are relatively low (from 5 to 25).

i -
(I -4-

Approximate approach

l.o 1.3 2.0
Distance from pile axis (m)

Figure 4. Increase in N s pt  around a driven pile.
Figure 6. Comparison between five methods for prediction the increase 
in N s p t  at the center o f pile meshes.

#  G ibbs &  H o lt/ 

A  Bazaraa

15 2D 25
N$pT measured

15 20  25 
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5 CONCLUSIONS

An approximate method, which can predict both compaction 
variation around a single driven pile and the average compaction 
in the center o f a pile mesh, is presented.

Several methods for predicting the effectiveness o f compac
tion piles to densify sandy soils were compared. Field data pre
sented in the paper show diat a good prediction of densification 
by using compaction piles can be achieved by the methods re
viewed.
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