
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


Densification and plastic behaviour of soils under the pile base 
Comportement plastique et caractérisiques de tassement des sous la base pieux

J. Mecsi 
University of Pécs, Hungary

ABSTRACT
The paper focuses on a model developed for determining the changes in the stress/strain conditions of soils in the surroundings of the
base of a pile, using the newly expanded cavity concept.
The analysis examines the alterations of soil stresses brought about by the pile loading process and the ensuing changes in deforma-
tions and volume changes in the soil around the pile base, and gives a solution for determining the pile peak force vs. displacement re-
lationship at the different loading phases 

RÉSUMÉ
Le but de l'article est de fournir les moyens pour pouvoir determiner les changements des contraintes et des deformations autour de la
fiche, des pieux et ce, à partir du model  base sur la nouvelle théorie rélative aux vides sphériques élargis dans le sol. 
L'analyse présente les déformations et les changements de volume engendrés par l'évolution des contraintes de sol, en fonction de
l'avancement du processus de chargement des pieux et fournit ume solution pour déterminer le diagramme de la résistance à la pointe
et des tassement dans les différentes phases

1 INTRODUCTION

The determination of change of stresses under the pile base at 
the process of pile loading is a complex task. 
Partly the problem is that the initial soil stresses vary in differ-
ent directions, and partly how we take into consideration the
changing of the shear stresses and the volume change (density)
of soil?
For determining the soil stress/strain condition in the surround-
ing of the base of a pile a new complex model and systematic
method has been developed.
The main point of this model is to identify two specific proper-
ties of slightly bonded and granular soils.
a.) Shear strength of a soil may increase and soil densifica-

tion may develop under increasing load, (to the contrary of
stiff rock, which splits to fragments). Therefore the pile base
embedded in the surrounding multi-phase soil mass as in an
infinite half-space, due to its interaction with the surround-
ing soil mass develops a plastic stress state from the initial
compressive stress state and since the soil particles are re-
stricted in their sideward movement, mainly ring-wise com-
pression can develop as a result of infinite chaotic minor
particle movements.

b.) Soil possesses the capability of “remembering” any pre-
viously existing stress/deformation condition, in contrast to
the semi-elastic behaviour of rigid bodies. 

Even a small incremental load provokes permanent deformation
in soils. Consequently, the load vs. deformation curve of a 
loaded pile is the integral resultant of stress-induced deforma-
tion processes, which occur mostly under plastic stress condi-
tions in the soil and mostly under elastic condition in the engi-
neering structure.

2 SPECIFIC CHARACTERISTICS OF THE MODEL 
Fig. 1a and 1b. Interpretation of the Mohr-Coulomb relationship for the 
compacted soil The model follows accurately the expansion process and de-

scribes the complexity of stresses, the enforced deformations
and the changes in the density of the soil. 
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Fig. 2. Relationship between the stresses and strains in the vertical di-
rection under the pile base 

2.1 Mohr-Coulomb relationship

Figure 1a .shows the usual drawing of the Mohr-Coulomb rela-
tionship in the shear stress and the normal stress relationships
and determination of ratio of principal stresses. Figure 1b. 
shows this equation in the σ1 and σ3 coordinate system.
From these pictures and equations we conclude that, in the plas-
tic stress/strain state the Mohr-Coulomb condition represents a
constant ratio between the minor principal stress and the major
principal stress reduced by the (theoretically) unconfined com-
pression strength (σu).
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It should be said that the ratio of the principal stresses remains 
constant, and not the value of the shearing strengths, with con-
tinuation of the expanding process.

2.2 Relationship between stress and strain

At the initial stage we find the geostatical compressive stress in
vertical direction, and the earth pressure at rest in normal con-
solidated condition. When the spherical hole in the soil is ex-
panded we arrive at a certain grade of radial stress, the plastic
stage begins to develop. The situation in this zone can be char-
acterized by a given ratio of the principal stresses, which may
have already provoked some rearrangements of the grains. The
radius to the boundary of the zone in which the plastic condition
has developed will be identified by ρ. We should remember that 
beyond that distance the plastic stage has not developed yet.

Therefore, the relation between specific radial deformation and
radial soil stresses can be described in the following form : 
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The relationship between the stress and strain we interpret as a
loading process under the pile base in the vertical direction, but
in the other direction the process is similar. In the cylindrical
expansion process the stress/strain relationship was deduced by
Mecsi (1995, 1997). where
The principal stresses when the soil is expanded radially are : 
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where σ is the unconfined compressive strength.u
From it follows that the deformation modules is not in linear
correlation with soil pressure: Equilibrium of the forces acting on the elementary prism can be

expressed by the differential equation : 
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By having introduced the deformation modulus, we have intro-
duced two soil constants: -- (Eo): the initial deformation
modulus, and (a): an exponent.

The correlation between the principal stresses (2) and the differ-
ential equation (3) enable us to identify the stress-distribution
unanimously when we know the boundary of the compressed
zone (ρ).
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Let us assume that the radius of that zone is ρ1 and the stresses
are determined by the assumed stress value σro1. In the Figure
2 depicts the distribution of radial and tangential stresses, re-
spectively. Forcing the expansion of the cavity further, curve
goes over the increased stress curve, and obviously the radius of
the compressed zone increases
Based on the trend of the curves we can conclude:
• With increasing the external pressure continuously, the pres-

sures in the elementary soil prism also increase proportionally
and the soil becomes ever denser and less compressible.

• Based on correlations between the radial and tangential
stresses, the relation between specific deformation and aver-
age soil pressure can be approximated by introducing an ex-
ponential equation which incorporates a term for equating the
dimensions.

Fig.3 Relationship between the stress and deformation modulus
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2.3 Volume change of the soil

The volume changes of the soil mean that change the density of
the soil.
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The specific volume change of the soil: 
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aproximating:
m s r≈ + +∆ ∆ ∆ε εβ (12) (11)
Unit weight of the soil: 
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  where oγ  is in the initial state, (13)

Fig. 5. Force equilibriums in the soil near the pile base

2.4 Complex soil stress-strain relationships

The problem of a spherical hole being expanded in the soil 
semi-space has to be considered as a process, whereby also the
trend of stress variation and soil deformation is examined.

Equation of no density change in soil in the vertical direction is:
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The correlation between soil stress vs. specific deformation in
the main direction of principal stresses differs in the cases when
the stresses do increase in the soil and enforce compression, or
when they decrease and the effect of expansion predominates. 

In the horizontal direction:
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At stress increase -- with the exception of stress increase after
some unloading influence-- a non-linear correlation has to be
reckoned with (which takes account about the developing com-
pression), while at decreasing stresses the correlation between
stresses and the specific deformations will be given by the tan-
gent at the achieved maximal stress level.

In the different direction at the boundary of the compacted zone
we can determine the shear stresses acting in the vertical plane
according to the Fig. 6. 

Fig 4. Model of the characterisation of soil stress/strain relationship

3 STEPS OF THE DETERMINATION

The soil compressive stresses in the initial condition are:
2

V Ho cos sinβσ σ 2β σ β= ⋅ + ⋅

2 2
V Hoo 90

sin cosβσ σ

  (14)

β σ β=
+

⋅ + ⋅   (15)

For the determination of the soil stresses at the boundary of the
compacted zone we have three important relationships: no vol-
ume change, Mohr-Coulomb criterion and force equilibrium.
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Fig. 6. Determination of shear stresses in the vertical plane

Using the force equilibrium equation (Fig. 5) and Mohr-
Coulomb relationship and no volume change of the soil we can
determine the stress distribution on the virtual surface of the
boundary of compacted zone.
Inside of the compacted zone the force equilibrium equations 
(Fig. 5) and the Mohr-Coulomb relationship determine the soil
stresses, outside the compacted zone we assuming that no vol-
ume change of the soil. 
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4 RESISTANCE OF PILE BASE Mecsi J. (2002) New Expanded Cylindrical and Spherical Theory Con-
cept in Soil Plasticity. Damage and Fracture at Macro, Micro and
Nano Scales. Proceedings of Plasticity ’02  The Ninth International
Symposium on Plasticity and Its Current Applications. Neat Press,
Fulton ISBN 0-9659463-3-9 USA  pp. 507-511

The base resistance of pile is summarized result of vertical
component of radial pressure of soil acting on the end of pile.
The calculation of the pile resistance shows Fig. 7.

Mecsi J. (2004) The complex stress-strain condition of soils in the in-
vestigation of soil-structure interaction. DSc thesis. Hungarian
Academy of Sciences. (In Hungarian)

For the calculation we approximate that the distribution of the
vertical component of the radial pressure linear, that we get a
very simple solution.
The pile base resistance is: 
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Hence the CPT cone resistance approximately 3 times of the 
vertical soil pressure acting of the end of pile.

Fig.7. Determination of pile base resistance.

The settlement of the soil at the base of the pile is determined
from the compaction of the soil.
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5 SUMMARY AND CONCLUSION

The developed model using the newly expanded cavity con-
cept in soil analyses the alterations of soil stresses brought 
about by the pile loading process and the ensuing changes in
deformations and volume changes in the soil around the pile 
base, and gives a solution for determining the pile base force
vs. displacement relationship at the different loading phases.
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