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Pile-soil interaction in a retaining wall structure 

Interaction pieu-sol dans la structure du mur de soutènement

H. Hekkala & S. Lotvonen -  PSV-Maa ja VesiOy, Finland 

O. Ravaska -  University of Oulu, Finland

ABSTRACT: A retaining wall structure was constructed to support a railway cutting in the city o f Turku in Finland. Soil conditions in this 

area were geotechnically difficult and the height o f the wall was temporarily about 9 m. A 3-D model was constructed and the structure 

was analysed resulting in a proposed lateral earth pressure distribution scheme for design purposes..

RÉSUME: Une structure de mur de soutènement a été construite pour supporter une tranchée ferroviaire dans la ville de Turku, en Fin
lande. Les conditions géotechniques du sol dans cette zone étaient difficiles et la hauteur du mur atteignait par endroits près de 9 m  Un 

modèle A 3-D a été construit et la structure analysée avec pour résultat un schéma proposé, à des fins de planning de la distribution de la 

pression latérale terrestre.

1 INTRODUCTION

Structures piled through thick, soft soil layers often undergo 

displacement caused by lateral loads or earth pressures, and the 

piles are thus subject to high bending moments and a danger of  

damage. Attampts are made to minimize these displacements by 

means of structural and geotechnical solutions or by changes in 

the order of working. In demanding situations, displacements 

should be monitored particularly during the work phase, as the 

bottom of the excavation may be temporarily at a lower level 
than the final one, and the behaviour and the stresses to be de
veloped in the structures should be predicted by means o f nu
merical modelling available today.

A situation o f the kind described above existed in a railway 

cutting in the city o f Turku in Finland, where a retaining wall 
structure composed o f a steel sheet pile wall and a piled slab was 

constructed. The purpose o f the piled slab behind the wall was to 

carry part o f the backfill load and to support the wall. This 
structure was a part o f a railway cutting in a backfilled area, the 

ground type o f which changed rapidly from rock to soft clay and 

silt, so that excavation in the clay and silt required the support 
construction (Hekkala, Lotvonen 1996). The displacement meas
urements were assessed and pile-soil interaction was modejled at 
the Geotechnical Laboratory of the University o f Oulu, as re
ported in detail in a Diploma Thesis (Hekkala 1995).

2 STRUCTURE AND SOIL CONDITIONS

The retaining wall structure is presented in Fig. 1. The piles sup
porting the slab and the Larssen 22 sheet pile wall were steel pipe 

piles with a diameter of 406.4 mm and a wall thickness o f 10.0 

mm. The piles were reinforced and concreted inside the pipe pe
rimeter and the sheet pile wall was supported above the piled 

slab by inclined tension bars. A face o f the steel sheet pile wall 
towards the railway was covered with concrete elements insu
lated against frost.

Soil conditions in the Turku area vary greatly, from rock out
crops to clay and silt layers many tens of metres thick located in 

basins formed in bedrock faults. A typical cross-section o f the 

construction site is presented in Fig. 1, including a soil profile 

based on weight soundings, percussion drillings and vane bor- 
fflgs. A prominent formation in the profile is the clay layer, the

thickness o f which at the sheet pile wall is about 20 m. The shear 

strength in the upper part o f this layer varies in the range 10...25 

kPa, increasing to values o f more than 50 kPa in the lower part. 
Water content varies in the range 20...85 %, being highest in the 

soft upper part. The groundwater table lies at an elevation o f 

about +5.5...+6.0 in this layer.
Above the clay is a top backfill layer to be supported laterally 

by the retaining wall construction, while below the clay there is a 

friction soil layer above the rock surface, forming a good lateral 
support for the pile tips driven into it. The soil in the railway yard 

in front o f the sheet pile wall was stabilized by deep mixing using 

lime-cement columns 0  500 mm in a 1.0... 1.2 m pattern before 

starting the work o f constructing the support structures.

3 DISPLACEMENT MEASUREMENTS

The displacements o f the structures and the soil layers were 

measured weekly throughout the construction period in order to 

explain the effect o f each excavation phase in terms o f movement
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in the pile and soil layer. Strain gauges were installed at six ele
vations on the both sides o f one o f the vertical back piles (left in 

Fig. 1), so that vertical loads from the slab or caused by pile-soil 
skin friction could be ignored. Stresses and bending moments at 
different elevations on the pile could be calculated directly from 

the pile strain measurements.
Displacements in the soil were measured by means o f incli

nometers located in two positions: close to the monitoring pile 

(strain gauge pile) and between the foremost inclined piles o f the 

support structure (right in Fig. 1). Continuous profiles o f hori
zontal displacement could be obtained by these measurements.

4 PELE-SOIL MODELS

4.1 One-dimensional modelling

At the first stage in the analysis o f pile-soil interaction a 1-D 

FEM model was constructed in order to calculate lateral earth 

pressures and deflections. A pile was modelled by means o f one
dimensional beam elements with lateral springs in each node, 
corresponding to the soil response in horizontal loading. The 

stiffnesses o f the springs were evaluated based on the Finnish 

piling code values for coefficients o f horizontal subgrade reac
tion, and the pile was loaded with different lateral loadings and 

the results compared with bending moments calculated from the 

strain gauge measurements. In this way a lateral loading corre
sponding to the measured one was found, and accordingly the 

pile deflections and the lateral soil resistance (spring forces) 
acting on the pile, Figs. 2 and 3.

a) b)

A 3-D FEM model was then created to simulate the whole sup
port structure, employing parameters from critical state and 

classical soil mechanics. As soil models are very sensitive to 

variations in soil parameters, numerous samples were taken at 
the construction site in order to make the parameters accurate 

enough. About 40 oedometer and triaxial tests were performed 

on these samples. Some results o f the tests are seen in Fig. 4.

The calculations were performed using the CRISP-92 (CRItical 
State Program) PC version, in which soil can be modelled with 

elastic, anisotropically elastic, critical state (Cam Clay, Modified 

Cam Clay, Schofield) and elastic plastic (Mohr-Coulomb, 
Drucker-Prager, Tresca, von Mises) yield models. A 20-noded 

cubic element with 27 integration points was used.
The number o f elements available in the 3-D PC version re

stricted the size o f the model, and therefore extreme optimization 

was necessary when creating it. The outer boundaries of the 
model were chosen to be in areas with small or negligible defor
mation, and the element size was reduced in the areas with the 
highest expectable displacements and vice versa. The model ap
plied to space 2 m wide between two adjacent piles in the direc
tion o f the railway, the piles thus being located in the planes of 
symmetry. Since the model included two inclined front piles and 

a vertical, inclined rear pile, only halves o f the piles were taken 

into account, and they were modelled with trapezoidal cross- 
sections. A smear zone around each pile was also taken into ac
count. This also compensated in part for the missing interface 

elements in CRISP which would have been needed for separating 

the pile surface from the soil around it. A section o f the model 
and displacements in excavation phase 2 obtained using two soil 
models are presented in Fig. S.

4 .2  Three-dimensional modelling

5 DISPLACEMENTS AND LATERAL FORCES 

5.1 Excavation phase I

In excavation phase 1 the backfill was close to the final level, 
being about 4 m above the bottom of the excavation (Fig. 2a). 
This was the longest o f all the excavation phases and took sev
eral weeks. Soil movements continued for several weeks, mainly 

in the upper part o f the clay layer, being highest in the range 4 . 7
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Figure 2. Measured deflection of the monitoring pile in three 

excavation phases.
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EXAVATION PHASE 3, e la s t / p lo s t  ------------ EXAVATION PHASE 2, MCCM

Figure 5. A section o f the FEM model and displacements in excavation phase 2.

mm just below the pile slab. The retaining wall structure showed 

no movements at this stage. Deflection measurement no. 3 re
vealed a movement o f about 2 mm at an elevation o f +13 .00 in 

the pile. After two weeks measurement no. 4 indicated that the 

pile displacement had increased to 3.5 mm at +12.00, Fig. 2a.
Pile shear forces and bending moments caused by the displace

ments decribed above were at their highest at the joint between 

the piles and the slab, because the upper parts o f the piles did not 
move. The lateral forces caused by soil movements and acting on 

the vertical piles decreased downwards, forming a triangular dis
tribution pattern throughout the clay layer, Fig. 3a. The lateral 
pile forces in the upper part o f the pile were 13 kN/m and 18 

kN/m in measurements nos. 3 and 4 respectively. The latter value 

is almost the same as that obtained with the classical earth pres
sure theory. The pile deflections and soil movements calculated 

using the 3-D model were surprisingly low. The deflection of the 

vertical pile was less than 1 mm and the corresponding soil 
movement less than 3 mm.

5.2 Excavation phase 2

The bottom o f the excavation in phase 2 was below the pile slab 

and the difference in ground levels was about 6.3 m. This phase 

was of short duration, taking only a few days. Displacements in 

this phase took place throughout the clay layer, decreasing al
most linearly down to the firmer bottom layers. The whole retain
ing structure also moved in this phase (measurement no. 5), so 

that the upper part o f the structure, i.e. the sheet pile wall and the 

slab, moved 13 mm towards the excavation. The highest dis
placement was measured at an elevation o f + 15.00, where it was 

13.5 mm, Fig. 2b.
Full lateral resistance did not develop in the soil o f the area 

below the pile slab behind the sheet pile wall, because the soil 
moves with the structure as ”a rigid body”. On the other hand, 
the distance between the monitoring pile and the sheet pile wall 
was more than 5 m, which must also be taken into account. Un
like the situation in phase 2, the lateral pressure on the pile dif
fered from that obtained with the classical earth pressure theory.

The displacement o f the upper part o f the support structure re
duced the shear forces and bending moments relative to phase 1. 
The pile was straightened in the upper part, causing a decrease in 

the bending moment at the joint with the slab, and correspond
ingly, lateral soil resistance now developed in the upper end of 

the pile as well, probing up a part o f the lateral force in the re
taining structure.

The maximum measured value for the lateral force on the pile 

was about 50 kN/m, at the top. As shown in Fig. 3, the distribu
tion of the lateral force still is close to triangular down to the 

bottom of the soft layer. If this figure is linearized to a triangle, 
the maximum force at the top of the pile is the same as the earth

pressure (at rest) caused by the difference in ground surface ele
vations between the two sides o f the sheet pile wall.

The 3-D model gave considerably higher displacements with 

both the critical state and classical soil mechanics parameters, 
than the measured ones. The soil layers had started to move to
wards the excavation, and the highest horizontal movements 

were calculated at an elevation of +11.00, being more than 50 

mm for the pile and the soil with the critical state model, Fig. 5. 
The calculations based on classical soil mechanics parameters 

gave more realistic displacement values of about 20 mm

5 .3 Excavation phase 3

The phase 3 o f excavation work was intended for a sewer system 

and was carried out quickly and in specific sequences, as speci
fied in the working schedule. The difference in ground surface 

levels could momentarily be as much as 9 m  This excavation 

phase took such a short time, however, that there was no oppor
tunity for high displacements to develop. Thus the average in
crease relative to phase 2 was only about 1 mm.

The shapes o f the lateral load and resistance distributions cor
respond to those in phase 2, Fig. 3. The maximum value for the 

lateral load was 60 kN/m in the upper 5 m o f the pile, and the 

maximum deflection o f the monitoring pile was 16.5 mm at an 

elevation o f 13.00, as calculated for a lateral load according to 

the classical earth pressure theory.
The displacements of the structure were so high in this phase 

that 3-D FEM calculations were no longer possible. This was 

due, among other things, to the element model, which had to be 

reduced too much (elements were cancelled). On the other hand 

the work sequences and time could not be taken into account.

5.4 Final phase

The final situation is presented in principle in Fig. 1. The eleva
tions o f the ground levels behind and in front o f the wall were 

+21.80 and +16.00 respectively. In this phase no movements 

took place in the soil any longer. The horizontal displacement of 

the support structure was 13.5 mm, i.e. a displacement o f only 

0.5 mm had taken place after excavation phase 2, but the maxi
mum deflection o f the pile had increased, being 16 mm at an ele
vation o f + 14.00.

An additional calculation was also made in which the support 
structure was assumed not to have undergone any displacement, 
but the same lateral pressure was brought to bear on the pile. 
This imaginary case gave a deflection o f 12.5 mm, but the fixed 

end bending moment in the pile became so high that a plastic 

joint would have formed below the slab. The field moment in the 

pile was also markedly high. On the other hand, if the structure

izontol displi

Ibo t t e r

e rt lco l pi 
nox, dlsptc

P o t t e r
déplaceront

1171



had a displacement o f 13.5 mm without any lateral load, almost 
the same situation would prevail.

6 PROPOSED EARTH PRESSURE FOR DESIGN

Earth pressure design schemes for lateral loads on piles caused 

by backfill have been presented in geotechnical handbooks (e.g. 
Tshebotarioff 1962). In this scheme the lateral load is distributed 

in the shape o f a triangle, but the maximum load, K„yH , is situ

ated in the middle o f the soft soil layer. The measurements and 

calculations discussed above prove that in the structure described 

above, a lateral load in a soft cohesion layer under conditions of 

small displacements can be regarded as a triangular load with its 

maximum at the top, Fig. 6.

Sand/Grovel/Till

Figure 6. Proposed distribution o f lateral load on a pile.

pile to the slab, which reduced the movement in the upper end of 

the pile.
Small displacements o f a support structure such as that dis

cussed here have a favourable effect on the shear forces and 

bending moments in the top part o f the pile. The fixed end mo
ment in the pile is decisive for its design. In addition, the deflec
tion in a fixed end pile is small below the slab and thus no lateral 
resistance from the soil is formed. But if the pile slab is displaced, 
the pile and the soil around it will begin to interact, reducing the 

bending moment at the pile top. In this case the lateral load on 

the pile can be taken as a triangle load with an earth pressure at 

rest at the top o f the soft layer decreasing linearly to zero at the 

bottom.
The behaviour o f the structure as modelled by the 3-D FEM  

model did not correspond completely to the measured one. The 

displacements obtained with the modified Cam-clay model in 

particular were far too high, but those given by the classical soil 

mechanics parameters were more realistic, being ’’only” twice the 

measured ones. The behaviour o f these models was also differ
ent, for reasons that were difficult to analyze. One obvious ex
planation might be the limited number of elements available in the 

3-D version o f the program, which makes the model inaccurate. 
The models also proved to be very sensitive to the parameters 
chosen, causing problems in spite o f the fact that numerous tests 

were performed in order to make the parameters as accurate as 

possible.
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A pile can be designed for a load corresponding to earth pres
sure at rest, decreasing linearly down to the bottom o f the soft 
layer, and its maximum at the top o f the pile can be calculated 

from the equation:

p „  = K .(y  • H + q)d < 6 . 9• s -d 
* 0  0 M u

where p 0 is the lateral load (per metre), K0 the coefficient o f 

earth pressure at rest, y the unit weight o f soil above the pile, 

H the height o f the support wall, q the surcharge load, d the 

diameter (width) o f the pile and su the undrained shear strength 

o f the soiL
When designing piles using this equation the lateral resistance 

o f the soil should also be taken into account, e.g. by means of 

coefficients o f lateral subgrade reaction based on the undrained 

shear strength of soft cohesion soil.

7 CONCLUSIONS

Pile-soil interaction was analyzed in a retaining structure piled 

through a soft clay layer. Based on strain gauge and inclinometer 

measurements, it was shown that the displacements in the soil 
and the pile correspond to each other. A major difference was 

found only below the pile slab, owing to the fixed end joint o f the
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