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Finite Element Investigations on the
Interaction between a Pile and Swelling Clay

K. L. Kaufmann1, B. N. Nielsen2 and A. H. Augustesen3

Aalborg University, September 2010

Abstract

This paper aims to investigate the interaction between a pile and a swelling soil

modelled as a cohesive soil subjected to unloading. The investigations include

analyses of the heave of the excavation level, shear stresses at the soil–pile interface

and internal pile forces based on a case study of Little Belt Clay. The case study

involves a circular concrete pile installed in clay immediately after an excavation.

The influence of the swelling soil on the soil–pile interaction and the internal pile

forces are analysed by solely observing the upper pile part positioned in the swelling

zone. For the investigated case study, the influence of the pile is observed in a radius

of approximately 3 pile diameters from the pile centre creating a weak zone inside

this radius. The maximum heave of the excavation level inside this radius decreases

polynomially with increasing interface strength. The swelling of the surrounding

soil implies upward shear stresses at the soil–pile interface leading to tensile vertical

stresses in the pile. In the current case, they exceed the tensile strength of concrete.

The tensile vertical stresses peak after 35-50 years. However, the heave of the

soil continues for additional 300 years. It appears that the development of plastic

interface implies the shrinkage of the pile.

Keywords: Swelling soil, single pile, soil–pile interaction, finite element modelling.

1 Introduction

When clay with a moderate to high ac-

tivity is exposed to changes in moisture

content, the increase in volume known

as swelling occurs. The changes in1 2 3

1Graduate Student, Dept. of Civ. Eng., Aal-

borg University, Denmark.
2Assistant Professor, M.Sc., Dept. of Civ.

Eng., Aalborg University, Denmark.
3Specialist in Geotechnical Engineering,

Ph.D., M.Sc., COWI A/S. Part-time lecturer,

Dept. of Civ. Eng., Aalborg University, Denmark.

moisture content may appear as an effect

of unloading, e.g. an excavation, leading

to an undrained response of soil.

Immediately after an unloading, a de-

crease in the pore pressures is observed.

When drainage begins, the pore pressures

increase resulting in decreasing effective

stresses and, thus, increasing volume of

voids, i.e. swelling. The stress variation

during an unloading situation can be seen

in Fig. 1. The depth to which swelling oc-

curs is named the swelling zone.

1



K. L. Kaufmann, B. N. Nielsen and A. H. Augustesen

�'

Excavation

�'t=0ut=0

u �'

�'t=∞ut=∞

a. b.

u

GL

EL

Figure 1: Stress variation for unloading by excavation. a. Total stresses σ , marked by the red dashed
line, as a result of pore water pressures u, marked by the blue dashed line, and effective stresses σ ′,
indicated by the hatched red area, immediately after unloading (t = 0). b. σ , u and σ ′ after increase
of pore water pressure to an equilibrium state (t = ∞). The arrows show the change of stresses from
the prior state to the current. GL is ground level and EL is excavation level.

Pile foundation is a common method

of reducing settlements when buildings

are situated on settlement-inducing soil

layers. Due to the skin friction of the pile,

the settlements imply downward move-

ment and compressive loading of the pile.

Pile foundations designed to resist

compressive loads are occasionally situ-

ated in swelling soils. Due to the friction

between pile and soil, the heave caused

by swelling leads to an additional tensile

loading. The mechanisms are simplified

in Fig. 3. In Fig. 3a, the pile is driven

into the soil and axially loaded implying

upward shear stresses at the soil–pile in-

terface. Over time, the swelling implies

heave of the ground surface leading to

downward shear stresses at the interface

inside the swelling zone, cf. Fig. 3b and

Fig. 3c. Furthermore, the figures show

that the height of the swelling zone n is

increasing with time. Fig. 3c is divided

into two parts, which can be analysed sep-

arately: Fig. 3d and Fig. 3e.

In this paper, focus is paid to the mech-

anisms of Fig. 3d by numerical analyses.

This includes investigations on the heave

of the ground surface, the shear stresses

at the soil–pile interface and the internal

forces in the pile. The analyses are based

on a case study of a circular concrete pile

installed in the swelling Little Belt Clay.

Initially, the geometrical model is val-

idated by comparison of theoretical ap-

proaches and results of a model solely

consisting of a swelling soil. Then, a sin-

gle pile situated in the soil is modelled

and the results comprising heave, shear

stresses at the interface and internal nor-

mal stresses in the pile are analysed.

The positive stress directions used in

this paper can be seen in Fig. 2. However,

compressive stresses and pore pressures

in the soil are defined positive in accor-

dance with common geotechnical prac-

tice.

�yy

�xy

�yx

x

y

z

�yz

�xx

�xz

�zz

�zy

�zx

Figure 2: Coordinate system and sign conven-
tion of stresses.
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a. c. d. e.

t = 0 t2 > 0 t2 > 0 t2 > 0

≈ +

b.

t1 > 0

n
n

Figure 3: Simplification of the mechanisms for an axially loaded pile in a swelling soil. n is the height
of the swelling zone. t1 < t2.

2 Review of Existing Lit-
erature

Swelling soils and piles situated in these

soils have been analysed by several differ-

ent methods in the existing literature. A

review of three analysis methods are pre-

sented in the following to gain an insight

to the difficulties of analysing swelling

soils.

2.1 Okkels and Bødker, 2008

Okkels and Bødker (2008) aim to deter-

mine the height of the swelling zone n
and the magnitude and time frame of the

consequently heave by a simple first or-

der theory. As an approximation, the one-

sided drainage is assumed to be linearly

distributed, cf. Fig. 4. The approximation

is based on an expression of the height

of the swelling zone n as a function of

time. The approximation has shown to

yield satisfactory results.

n is determined by equalising the in-

coming volume of water and the heave at

a specific time calculated as consolidation

settlements of preconsolidated clay. The

progress of the n with time for a coeffi-

cient of consolidation of ck = 10−8 m2/s

can be seen in Fig. 5.

p

H Δu

Δσ’

a.

p

H Δu

Δσ’

b.

n

Figure 4: Stress variation for consolidation with
one-sided drainage where H is the height of the
layer, p the unloading pressure, Δu the excess
pore pressure and Δσ ′ the effective stress varia-
tion. a. One-sided drainage by Terzaghi’s theory
of consolidation. b. Linear approximation where
n is the height of the swelling zone.
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Figure 5: Progress of the height of the swelling
zone with time for ck = 10−8 m2/s.

The pore pressure is determined by the

height of the swelling zone by which the

total heave is calculated similar to settle-

ments of a thin layer of normally consoli-

dated clay by the conventional theory of

consolidation. For this calculation, the

compression index for the unloading path
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Ccu is applied. Whether this index or the

compression index for the primary path

Ccε should be applied is debatable.

2.2 Moust Jacobsen and Gwiz-
dala, 1992

The numerical approach in Moust Ja-

cobsen and Gwizdala (1992) describes a

method of determining the downward dis-

placement through the pile and of the

ground surface caused by settlements.

The aim of the approach is to differentiate

between the displacement of the pile shaft

and the pile toe due to differences in load–

displacement curves. The results are then

combined to determine the total displace-

ments. Even though the method is devel-

oped for loading situation, it is assumed

to apply for unloading situations as well.

Hereby, the upward displacements of the

pile toe and the ground surface caused by

heave can be determined.

2.3 Poulos and Davis, 1980

According to Poulos and Davis (1980),

the heave of a pile in swelling soil can be

determined by a reduction of the displace-

ment at far field, i.e. of the soil without

influence of the pile, due to the soil–pile

interaction. According to the basic theory

proposed by Poulos and Davis (1980), the

pile displacements in a swelling soil are

determined by elastic calculations.

The basic theory is modified to ac-

count for slip in the soil–pile interface,

compressive and tensile failure of the pile,

layered soil and variation in time. Slip is

taken into account by introducing a lim-

ited shear stress at the interface τi. The

limit, i.e. the strength of the interface,

is equalised to the Coulomb failure crite-

rion.

2.4 Overview of Existing Liter-
ature

An overview of the influencing parame-

ters of the existing theory can be seen in

Tab. 1. O&B is an abbreviation of Okkels

and Bødker (2008), MJ&G is Moust Ja-

cobsen and Gwizdala (1992) and P&D is

Poulos and Davis (1980).

Table 1: Parameters of influence of the existing
theory. Index s is for soil and i for interface. L
is pile length and D is pile diameter.

O&B MJ&G P&D

n n n
γs γs Swelling profile

Surface load Surface load Es
ck Factor of νs
Time regeneration Distribution of τi
Ccu Pile diameter Pile diameter

Pile material L/D
cu Axial load on pile

Tensile failure of

pile

If slip in interface:

shear strength

The theory of Okkels and Bødker

(2008) is used in the case study to deter-

mine the height of the swelling zone n.

The remaining two theories of the litera-

ture are both based on floating piles. This

differ from the concept of Fig. 3d, which

is analysed in this paper, where the pile

is fixed at the bottom of the model, cf.

Sec. 3. Therefore, the latter two theories

are not used further.

4
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3 Case Study

The numerical modelling is conducted by

the commercial FEM program PLAXIS

2D version 9.02. The case study involves

a circular concrete pile with the dimen-

sions L = 20 m and D = 0.34 m placed in

clay immediately after a 10 m excavation

of the overlying soil.

The outer width of the soil mass is cho-

sen as B = 20 m. This complies with the

recommendation by Abbas et al. (2008)

of B = 40D≈ 14 m. It is assumed that the

influence of the swelling soil on the soil–

pile interaction and the internal forces in

the pile can be analysed by solely observ-

ing the upper pile part positioned in the

swelling zone. Thus, the height of the

model is chosen equal to the height of

the swelling zone n determined by Eq. 1

(Okkels and Bødker, 2008).

n = 2
√

ck · t (1)

Where ck =
k·Eoed

γw
is the coefficient of con-

solidation and t is the consolidation time.

The soil parameters are listed in Tab. 2

and a life expectancy of t = 100 years is

chosen. Hereby, the height of the model

after the excavation is found to be 11 m.

Because of the circular pile, an ax-

isymmetric model is chosen to study the

problem, cf. Fig. 6.

The soil material is applied corre-

sponding to the tertiary swelling clay, Lit-

tle Belt Clay, and the pile is modelled as

concrete. The material parameters of the

clay are a combination of a sample with

w = 33.3 %, IP = 183.8 % and σ ′pc =
550 kPa defined by Thøgersen (2001)

and the undrained and effective strength

parameters defined by Harremoës et al.

(1997). It should be noted, though, that

10 m

Axis of symmetry

H=11 m

B/2=10 m

Excavation
level

x

y

z

Figure 6: Dimensions of the soil model for the
analysed case study. The diameter of the pile is
D = 0.34 m.

the values of the coeficcients of perme-

ability and the Young’s moduli of elastic-

ity are chosen. The moduli are estimated

based on the relations E50 = Eoed and

Eur = 3 ·Eoed (Brinkgreve et al., 2008a).

The material parameters for the materials

are listed in Tab. 2.

Table 2: Material properties of the case study.

Parameter Little Belt Clay Concrete

w [%] 33.3 -

IP [%] 183.8 -

σ ′pc [kPa] 550 -

γsat [kN/m3] 18.49 -

γunsat [kN/m3] 16.49 24

kx [m/s] 10−11 -

ky [m/s] 10−11 -

ν [-] 0.3 0.15

c′/cu [kPa] 40/225 -

Eoed [MPa] 10 34.8·103

E50 [MPa] 10 -

Eur [MPa] 30 -

ϕ ′ [◦] 16 -

ψ [◦] 0 -

The soil is modelled as an undrained

Hardening Soil (HS) material and the pile

as a non-porous linear elastic material.

The HS material model is chosen to ac-

count for the increase in stiffness appear-

ing for unloading situations by use of the

5
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unloading–reloading modulus Eur and the

stress dependency of Young’s moduli of

elasticity. However, the power for stress–

level dependency of stiffness m is cho-

sen equal to zero for simplification. The

model parameters for the materials are

listed in Tab. 3.

Table 3: Model properties of the case study.

Parameter Little Belt Clay Concrete

Model type Hardening-Soil Linear elastic

Behaviour Undrained Non-porous

K0 [-] 1 1

OCR [-] 1 -

POP [-] 0 -

Rinter 0.267 -

m 0 0

The strength reduction factor Rinter is

determined as the ratio of the interface co-

hesion ci to the undrained shear strength

of the soil cu. The interface cohesion is

chosen as ci = 60 kPa in accordance with

Danish practice based on the assumption

of an undrained failure at the interface,

the undrained shear strength cu and the

factors of material and regeneration as

m = 1 and r = 0.4. This leads to the

strength reduction factor Rinter = 0.267.

It should be noted that there has not been

distinguished between a compressive or a

tensile failure at the interface.

If the API Recommended Practice is

applied instead of the Danish practice,

Rinter can be equalised to the dimension-

less factor α in Eq. 2 (API, 2000).

ci = α · cu (2)

α is determined by Eqs. 3 and 4.

α = 0.5 ·ψ−0.5 for ψ ≤ 1.0 (3)

α = 0.5 ·ψ−0.25 for ψ > 1.0 (4)

Where ψ = cu/p′O and p′O is the effec-

tive overburden pressure at the point in

question. If a point at y = 5.5 m is

used as representative point of the en-

tire soil layer before the 10 m of excava-

tion, the effective overburden pressure be-

comes p′O = (11−5.5) · (γsat − γw)+10 ·
γunsat = 212 kPa. This leads to ψ = 1.1
implying α = Rinter = 0.492.

A parametric analysis shows that the

maximum heave of the excavation level is

polynomially decreasing with increasing

Rinter as seen in Fig. 7. The maximum

heave is found at distances 150–200 mm

from the pile shaft. The maximum heave

is found to be approaching the heave of

the soil excluding the pile. This indicates

that the horizontal extent of the model is

adequately.

50

100

150

200

250

m
 h

ea
ve

 [m
m

]

0

50

100

150

200

250

0.0 0.2 0.4 0.6 0.8 1.0M
ax

im
um

 h
ea

ve
 [m

m
]

Rinter [-]

Figure 7: Maximum heave of the excavation
level as a function of the strength reduction fac-
tor Rinter.

The analysed numerical models are

listed in Tab. 4.

Table 4: Analysed models.

Model Incl. Pile Strength

no. pile load parameters

1 No No Undrained

2 No No Drained

3 Yes No Drained

Only the models excluding the pile

make use of both the drained and the

undrained strength parameters. The ap-

plication of solely the drained strength pa-

rameters for the remaining model is the

6
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result of numerical problems experienced

by the authors when applying undrained

strength parameters.

4 Validation of the Geo-
metrical Model of Soil

To validate the geometrical model of a

swelling soil by use of PLAXIS, an ax-

isymmetric model solely consisting of

soil is constructed. In addition, the influ-

ence of the applied material model is also

analysed by plotting the results when ap-

plying both the Mohr-Coulomb material

model and the Hardening Soil. When ap-

plying the MC material model, the refer-

ence value of Young’s modulus of elastic-

ity is chosen equal to Eoed .

Additionally, both drained and

undrained strength parameters are ap-

plied for both material models. This

is chosen because both the drained

and undrained parameters give rise

to problems when implemented in

undrained material models. When ap-

plying undrained strength parameters,

the parameters are interpreted as drained

strength parameters because undrained

behaviour is analysed by the effective

stresses in PLAXIS. When using the

effective strength parameters combined

with the undrained soil behaviour, the

mean effective stress p′ for a Mohr-

Coulomb material is constant up to

failure. In nature, the development of p′
is somewhat different, cf. Fig. 8. Hence,

both drained and undrained strength

parameters are investigated for modelling

undrained behaviour.

The outer dimensions and material

properties are similar to the model de-

scribed in Sec. 3 with the only exception

q'

p'

Plaxis
NC-clay

Critical state line

OC-clay

Figure 8: Effective stress paths for normally
consolidated clay (NC-clay), overconsolidated
clay (OC-clay) and for an undrained Mohr-
Coulomb material with drained strength param-
eters defined in Plaxis (Plaxis).

that the pile is not included. The model

can be seen in Fig. 9.

y
x

Layer 2

H
=1

1
m

B/2=10 m

10
m

y
x

Layer 1

Layer 2

b.a.

Excavation
level

Figure 9: Model applied for numerical analysis
of swelling soil in Plaxis where the left vertical
boundary is the axis of symmetry. a. Before
excavation. b. After excavation.

The water level is located at the top of

soil layer 2, i.e. at the excavation level.

The mesh is constructed by 40 15-node

elements with the global coarseness cho-

sen as “Very Coarse” based on an analysis

of convergence of the vertical displace-

ment of the excavation level.

The boundary conditions of the soil

mass are horizontal restraining ux = 0

of the two vertical boundaries and hori-

zontal and vertical restraining ux = uy =

7
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0 of the lower boundary of the model,

cf. Fig. 9. The vertical restraining

of the lower boundary is chosen to en-

sure a reference line with zero verti-

cal displacement. Hereby, the remain-

ing vertical displacements of the soil body

originate from displacements inside the

model without influence of the subja-

cent soil layers. The horizontal restrain-

ing of both the lower boundary and the

vertical boundaries are applied to ensure

one-dimensional behaviour inside the soil

body. This assumption agrees with the be-

haviour in nature where the surrounding

soil of large horizontal extent functions as

horizontal fixities.

The calculations consist of a plastic

analysis of a staged construction simulat-

ing the excavation followed by a consoli-

dation phase to model the swelling. Dur-

ing the calculations, the vertical bound-

aries and the horizontal lower bound-

ary are modelled as closed consolidation
boundaries to ensure no ground water

flow through the boundaries.

4.1 Results of the Validation
Analyses

A comparison between the effective

stresses σ ′ immediately after the ex-

cavation determined by the submerged

unit weight γ ′ and the depth and by

PLAXIS revealed a satisfactory agree-

ment between the two methods as seen

in Fig. 10. The distributions of effective

stresses through the soil are observed to

be almost identical for both material mod-

els and for both drained and undrained

strength parameters and are, thus, plot-

ted combined as the “FEM” points in the

figure. The maximum deviation is con-

verged at a value of 2 %. The effec-

tive stress variation corresponds to the

hatched red area in Fig. 1a. Skempton’s

4
6
8

10
12

y 
[m

]

FEM Approximative approach

Excavation 
level

p

0
2
4
6
8

10
12

0 100 200 300

y 
[m

]

��' [kPa]

FEM Approximative approach

Excavation 
level

p

Figure 10: Effective stresses calculated by
Plaxis and the approximative approach of γ ′
and the depth through the axis of symmetry.
y = 0 is the lower horizontal boundary of the
model. p = γunsat · 10 m is the unloading pres-
sure.

coefficients of pore pressure are A = 1/3

and B = 1 for the determination of pore

pressure u by the unit weight of water

γw, the depth and the negative excess

pore pressure Δu. The distribution of the

pore pressures immediately after the ex-

cavation through the soil calculated by

PLAXIS are plotted in Fig. 11.

4
6
8

10
12

y 
[m

]

FEM Approximative approach
pExcavation 

level

0
2
4
6
8

10
12

-200 -150 -100 -50 0

y 
[m

]

u [kPa]

FEM Approximative approach
pExcavation 

level

Figure 11: Pore pressures calculated by Plaxis
and the approximative approach of γw, Δu and
the depth through the axis of symmetry. y = 0

is the lower horizontal boundary of the model.
p = γunsat ·10 m is the unloading pressure.

The distributions are observed to be

almost identical for both material mod-

els and for both drained and undrained

strength parameters. As seen in Fig. 11,

there is a decrease in the absolute value

of u near the excavation level which is not

8
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included in the approximative approach.

Besides the values near the excavation

level, the maximum deviation is found to

be 10 %.

In PLAXIS, water is slightly compress-

ible leading to a decrease in Δu in com-

pare to a non-compressible fluid. Being

determined by Eqs. 5 and 6, this leads

to a decrease in Skempton’s coefficients

of pore pressure and, hence, a deviation

from the coefficients applied to the con-

ventional theory (Krebs Ovesen et al.,

2007; Brinkgreve et al., 2008b). This de-

viation may be the reason for the slightly

higher deviation between the method of

determining u than for the method of de-

termining σ ′. This is, however, assumed

negligible. Thus, the pressure distribution

through the soil is modelled satisfactorily.

A =
Δu−Δσ3

Δσ1−Δσ3
(5)

B =
Δu

Δσ3
(6)

The heave of the excavation level deter-

mined by PLAXIS is compared to heave

of preconsolidated clay defined in Eq. 7

as a frame of reference. Because Δσ ′ is

negative for the unloading situation, δ be-

comes positive.

δ =− Δσ ′

Eoed
·H (7)

H is the thickness of the soil layer af-

ter excavation. The heave determined

by Eq. 7 and by PLAXIS are plotted in

Fig. 12.

As seen in Fig. 12, the choice of

drained or undrained strength parame-

ters does not influence the heave signifi-

cantly. The material model, on the other

hand, has great influence on the results.

When applying the Mohr-Coulomb ma-

terial models, the heave is close to the
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Figure 12: Heave calculated by Plaxis (FEM)
and the approximative approach of Eq. 7 through
the axis of symmetry. y = 0 is the lower horizon-
tal boundary of the model. u is for undrained
and d for drained strength parameters.

approximative approach of Eq. 7. The

deviation between the approximative ap-

proach and PLAXIS increases when ap-

plying the Hardening Soil material mod-

els. This could, however, be caused by

the choice of Young’s moduli of elasticity.

Even though identical constrained moduli

are applied for the two material models,

the remaining moduli are chosen based on

the relations E50 = Eoed and Eur = 3 ·Eoed
which influences the heave determined

by the Hardening Soil material models.

The heave determined by the Hardening

Soil models are approximately 3.4 times

smaller than by the Mohr-Coulomb mod-

els which indicates that the influencing

parameter is the factor between Eur and

Eoed . This is substantiated by an analysis

of the heave applying Eoed = Eur = 2 ·E50

where the heave of the HS-model is ap-

proximately 1.1 times smaller than of the

MC-model.

The approximative approach of deter-

mining the heave by Eq. 7 leads to the

largest results and is, thus, the most con-

servative of the applied methods based

on the chosen Young’s moduli of elas-

ticity. This makes good sense because

the approximative approach does not ac-

9
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count for the increasing stiffness in un-

loading/reloading situations. Whether the

Mohr-Coulomb or the Hardening Soil

material model is closest to reality can

only be evaluated by comparison with real

observations of soil behaviour. This is,

however, not covered by current analyses.

The maximum deviations between the

results of PLAXIS and the approximative

approaches are listed in Tab. 5. In addi-

tion to σ ′, u and the heave δ , the devi-

ations of the negative excess pore pres-

sures Δu calculated by PLAXIS compared

to the theoretically determined values are

also listed.

Table 5: Maximum deviation when applying
the Hardening Soil and Mohr-Coulomb mate-
rial models with undrained and drained strength
parameters compared to the approximative ap-
proaches described above. δ is the heave.

Material model σ ′ Δu u δ
MC, undrained 2 % 3 % 10 % 6 %

MC, drained 2 % 3 % 10 % 6 %

HS, undrained 2 % 3 % 9 % 74 %

HS, drained 2 % 3 % 10 % 72 %

Overall, heave caused by an unloading

to illustrate swelling is concluded to be

modelled satisfactorily by the geometrical

model.

5 Numerical Model of a
Single Pile

A single pile is modelled in a cohesive

soil exposed to unloading. Both model

space, pile dimensions and material prop-

erties are based on the case study de-

scribed in Sec. 3. The model can be seen

in Fig. 13.

To illustrate the interaction between

the soil and the pile, interfaces are applied

y
x

Layer 2

H
=1

1
m

B/2=10 m

10
m

y
x

Layer 1

Layer 2

b.a.

Excavation
level

Pile

Figure 13: Model applied for numerical analyses
of a single pile in swelling soil in Plaxis where
the left vertical boundary is the axis of symmetry.
a. Before excavation. b. After excavation.

along the pile shaft. The interfaces are ex-

tended as seen in Fig. 14. This is imple-

mented to avoid non-physical oscillations

of stresses by enhancing the flexibility of

the mesh and the number of nodes at the

corners (Brinkgreve et al., 2008b).

1 m1 m

b.a.
1 m 1 m

Figure 14: The applied interface between pile
and soil. a. At y = 0. b. At y = 11 m.

The properties of the interface are con-

nected to the surrounding soil materi-

als by the strength reduction factor Rinter
as described in Sec. 3. Rinter is deter-

mined by the cohesion of the soil mate-

rials and the desired cohesion of the inter-

face of ci = 60 kPa used for comparison

to Rinter = 0.267.

The clay is modelled as an undrained

Hardening Soil material with drained

10
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strength parameters. The pile material is

modelled as a non-porous linear elastic

material. The input parameters are de-

fined in Tab. 2. The stiffness of the con-

crete is chosen significantly higher than

the stiffness of the clay to ensure a visible

effect of the soil–pile interaction.

The mesh is constructed by 1345 15-

node elements with the global coarseness

chosen as “Very Fine” based on an ana-

lysis of convergence of the heave of the

excavation level.

The calculations consist of a plastic

analysis of a staged construction simu-

lating the excavation, a plastic analysis

of a staged construction illustrating the

installation of the pile and a consolida-

tion phase to illustrate the swelling pro-

cess. During the calculations, the verti-

cal boundaries and the horizontal lower

boundary are modelled as closed consoli-
dation boundaries.

5.1 Results of the Numerical
Model

The results are determined on the ba-

sis of nodal points A through N and

cross-sections O-O through R-R defined

in Fig. 15. It should be noted that

the heave in the cross-sections is deter-

mined on the basis of interpolation be-

tween heave in nearby nodal points. In

addition, stresses in the cross-sections as

well as at the points are determined on the

basis of extrapolation from nearby stress

points. The approximations are assumed

adequate. (Brinkgreve et al., 2008b)

The maximum values of the heave and

shear stresses at points A through N are

listed in Tab. 6. On the basis of the heave

of points A and G, the pile is seen to

A

D

C

F

B

E

K

L

M

O P Q

O P Q

y

x

RR

a. b.

2.75 m

5 m

J

N I
HG

2.75 m

2.75 m

2.75 m

11
m

Figure 15: a. Definitions of points A through
N. b. Definitions of cross-sections O-O through
R-R.

be elongated 0.5 mm corresponding to

0.04 mm/m which seems realistic.

The heave through the cross-section

O-O, i.e. through the pile, and through the

cross-sections P-P and Q-Q, i.e. through

the soil and at the right vertical boundary,

can be seen in Fig. 16.

4
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12

y 
[m

]

O-O P-P Q-Q

Excavation 
level

0
2
4
6
8

10
12

0 20 40 60

y 
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]
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O-O P-P Q-Q

Excavation 
level

Figure 16: Vertical displacements through the
cross-sections O-O through Q-Q. y = 0 m is
the lower horizontal boundary of the model and
y = 11 m is the level of the pile head, i.e. the
excavation level.

As seen in the figure, the development

of the heave is approximately identical for

the cross-sections P-P and Q-Q indicating

that the horizontal extent of the model is

adequate. It also shows that neither the

pile nor the mesh has any significant in-

fluence at these positions. This is substan-

tiated by plotting the heave of the excava-

tion level as seen in Fig. 17. From around

x = 1 m, the heave is approximately con-

stant. The deviation of the heave of the

11
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Table 6: Maximum heave δ and shear stresses τi. Values separated by an oblique refer to displace-
ments of pile and soil, respectively.

Point A B C D E F G H I J K L M N

x [m] 0 5 10 0 5 10 0 5 10 0.17 0.17 0.17 0.17 0.17

y [m] 11 11 11 5.5 5.5 5.5 0 0 0 11 8.25 5.5 2.75 0

δ [mm] 0.5 52 52 0.3 25 25 0 0 0 0.5/0.5 0.4/36 0.3/23 0.2/11 0/0.1

τi [kPa] - - - - - - - - - 0.1 −20 −22 −24 −0.4

excavation level at 1 m< x ≤ 10 m from

the heave of the excavation level for the

model excluding the pile is less than 1 %.

This implies a radius of influence of the

pile of about 1 m corresponding to ap-

proximately 3 pile diameters.
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Figure 17: Heave through the cross-section Q-
Q, i.e. at the excavation level. x = 0 m is the
axis of symmetry and x = 10 m is the right ver-
tical boundary of the model. The dashed line
indicates the heave of the excavation level at
the right vertical boundary.

As seen in Fig. 17, the soil close to

the pile heaves significantly more than far

from the pile. This is caused by the choice

of the strength reduction factor Rinter =
0.267 which defines the strength of the in-

terface as reduced strength parameters of

the soil. This is substantiated by Fig. 18

where the heave of the excavation level

is plotted as a function of Rinter. It can

be seen in the figure that when Rinter ap-

proaches 1, i.e. the strength of the inter-

face is equal to the strength of the soil,

the heave close to the pile approaches the

heave of the soil far from the pile.

Evidently, not only the soil at the in-
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Figure 18: Heave of the excavation level as a
function of Rinter.

terface but also the soil up to 3D from the

centre line of the pile is affected by this

“weakening”. Thus, installation of un-

loaded piles with diameter D in swelling

clays creates weak zones in a radius of 3D
from the centre of the pile.

Since heave is a result of changes in

stresses, the effective stresses close to the

soil–pile interface (x= 0.18 m), inside the

weak soil (x = 0.42 m) and in the un-

affected soil (x = 2.0 m) are plotted, cf.

Figs. 19–21.
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Figure 19: Effective stresses σ ′ through a verti-
cal cross section at x= 0.18 m at different times.
t is in years.
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Figure 20: Effective stresses σ ′ through a verti-
cal cross section at x= 0.42 m at different times.
t is in years.
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Figure 21: Effective stresses σ ′ through a verti-
cal cross section at x = 2.0 m at different times.
t is in years.

As seen in Fig. 19, significant in-

creases in σ ′ are observed at y = 10−
11 m. A slight increase in σ ′ can also be

seen in Fig. 20 but clearly not as large as

close to the soil–pile interface. As seen

in Fig. 21, the effect of the pile cannot be

observed in the development of σ ′ with

time and depth. This indicates a connec-

tion between the local heave and the ef-

fective stresses at the upper 1 m of the soil

in a radius of approximately 3D from the

pile centre.

In Fig. 22, the heave at the points J

through N at the soil–pile interface are

plotted. When applying 15-node soil ele-

ments, the interface elements are defined

by five pairs of nodes (Brinkgreve et al.,

2008b). Hereby, the heave at the interface

is determined both for the node connected

to the pile and for the node connected

to the soil leading to the two curves in

Fig. 22. Since the interface elements have

zero thickness, the coordinates of each

node pair are identical.
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Figure 22: Heave at the points J through N at
the interface.

As seen in the plot, the heave of the

soil nodes at the interface are approxi-

mately equal to the heave of the pile nodes

of the interface at the lower boundary of

the model and at the pile head. At the re-

maining depths, the soil is exposed to up

to 80 times the heave of the pile which

implies shear stresses at the interface.

In Fig. 23, the shear stresses at the in-

terface τi between the pile shaft and the

soil are plotted. As seen in the figure,

the interface is partly plastic indicated by

the red dots. The Coulomb failure cri-

terion for the interface is given in Eq. 8

for tanϕ ′i = Rinter · tanϕ ′ = tan(4.4◦) and

c′i = Rinter · c′ = 10.7 kPa.

τmax = σ ′N · tanϕ ′i + c′i (8)

τmax = σ ′N · tan(4.4◦)+10.7 kPa

σ ′N is the effective normal stress at the

failure line at the interface. As seen in

Fig. 23, the shear stresses are negative

along the entire soil–pile interface. Since

shear stresses are defined positive in the

upward direction, cf. Brinkgreve et al.

(2008b), the distribution indicates larger

heave for the soil than for the pile. This

was also observed by the heave shown in

Fig. 22.
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Figure 23: Shear stresses at the interface be-
tween pile shaft and soil. τmax is the Coulomb
failure criterion.

In Fig. 24, the heave at the points A

and D are plotted as functions of time. As

seen in Fig. 24, the heave at point A is

larger than at point D. This is expected

because point A is situated further from

the line of zero displacement at y = 0 than

point D and is, thus, exposed to addi-

tional upward displacements. Addition-

ally, it can be seen in the figure that the

maximum heave is not at the end of the

swelling phase, i.e. 340 years, but after

about 40 years. From 40–340 years the

pile is no longer elongating but shrinking.
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Figure 24: Heave at the points A and D as
functions of time.

As seen in Fig. 25, the strength reduc-

tion factor Rinter does not influence this

development of heave over time.

In Fig. 26, the percentage of the pile

shaft where the soil–pile interface is plas-

tic is plotted as a function of time. As
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Figure 25: Heave at the points A and D as
functions of time with Rinter = 0.267 and Rinter =
1.

seen in the figure, the percentage of plas-

tic interface approaches an asymptotic

value of 90 % corresponding to a plas-

tic interface at 1.2 m < y < 11 m. After

40 years, i.e. the time at which the heave

in the pile starts to decrease, the interface

is 74 % plastic corresponding to a plas-

tic interface at 2.8 m < y < 11 m. This

indicates that the development of plastic

interface implies the shrinkage of the pile

because of the slip at the pile surface.
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Figure 26: Percentage of the pile shaft which
is plastic.

In Fig. 27, the heave at the points B,

C, E and F are plotted as functions of

time. It can be seen that the progress of

the heave is identical for points in similar

depths. Additionally, the heave at points

B and C are larger than at points E and F

as expected. The soil is fully swelled after

340 years.
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Figure 27: Heave at the points B, D, E and F
as a function of time. The dashed line indicates
40 years, i.e. the time at which the heave in the
pile starts to decrease.

The internal vertical stresses in the pile

are determined in stress points through

the pile from y = 0 to y = 11 m. The max-

imum value is found to σyy = 2600 kPa at

the lowermost stress point after 50 years.

It should be noted, though, that the max-

imum sum of internal vertical stresses

through the pile is found to appear after

approximately 35 years. This indicates

a connection with the time at which the

heave in the pile starts to decrease, cf.

Fig. 24. The internal stresses through the

pile after 50 years can be seen in Fig. 28.
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Figure 28: Internal vertical stresses through the
pile after 50 years. The vertical blue line indi-
cates the tensile strength of concrete with com-
pressive strength of 30 MPa.

If, for example, the pile material is

concrete with the compressive strength of

fck = 30 MPa, the tensile strength can be

approximated as fctk = 1.7 MPa by Eq. 9

(Jensen, 2007). Hence, tensile reinforce-

ment is necessary to avoid failure of the

pile.

fctk =
√

0.1 · fck (9)

In Fig. 28, the internal vertical stresses are

also plotted for Rinter = 1. As seen in the

figure, the stresses increase with increas-

ing Rinter as expected.

6 Conclusions

For the investigated case study, the pres-

ence of the pile is observed to influence

the heave in a radius of approximately

1 m, corresponding to 3 pile diameters D,

from the axis of symmetry of the pile. The

heave outside this radius is almost com-

pletely undisturbed by the pile with devi-

ations from a model solely consisting of a

swelling soil smaller than 1 %.

The heave inside the radius of influ-

ence is dependent on the strength reduc-

tion factor Rinter. The parametric analysis

shows that the maximum heave of the ex-

cavation level is polynomially decreasing

with increasing Rinter. However, for all

investigated values of Rinter, the heave in-

side the radius of influence has shown to

be larger than outside this radius. This in-

dicates a weakening of the soil not only

directly at the interface but up to 3D from

the centre of the pile which should be fur-

ther investigated. To minimise this effect,

it is recommended to use piles with as

rough surfaces as possible.

The choice of material model is seen to

affect the heave significantly. Especially,

the relation between the unloading–

reloading modulus Eur and the con-

strained modulus Eoed has great influence

on the results and should be chosen care-

fully.
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The swelling of the surrounding soil

has shown to imply upward shear stresses

at the soil–pile interface. This leads to

tensile vertical stresses in the pile which

in the current case exceed the tensile

strength of concrete. Hence, it is neces-

sary to take tensile reinforcement into ac-

count in design situations. The strength

reduction factor Rinter influences signifi-

cantly both the shear stresses at the in-

terface and, hence, the internal vertical

stresses in the pile. This factor should

consequently be chosen with care.

During the swelling process modelled

as a consolidation phase in PLAXIS, the

pile has shown to be elongated to a max-

imum value after 35-40 years followed

by some shrinkage up to the end of the

swelling period of 340 years. It appears

that the development of plastic interface

implies the shrinkage of the pile because

of the slip at the pile surface. This af-

fects the internal stresses in the pile where

the maximum values are observed after

35-50 years. Hence, when designing un-

loaded piles with a life expectancy of

100 years, the tensile stresses in the pile

can be evaluated after the first 33–50 %

of the design period.
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