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Abstract

In soft soil layers, piles are frequently loaded laterally by horizontal soil movements. In many cases, the lateral pressure
acting on piles due to horizontal soil movements is calculated with empirically or analytically based approaches,
respectively. However, most of these design approaches do not consider possible influences on the resulting pile loads. This
paper presents the results of model tests and numerical simulations on single piles and pile groups in cohesive soil
subjected to lateral loads which were carried out to overcome limitations of available design approaches. Based on
extensive small-scale 1 x g-model tests and numerical investigations with the finite element method, influencing factors
on the lateral pressure, such as the roughness of the pile—soil interface, the pile size, the pile shape and the pile spacing
were identified. A parametric study with the numerical model quantified the most relevant factors influencing the
development of lateral pressure on piles due to adjacent surface loads and lead to the development of a simplified analysis
approach.
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c’ Effective cohesion of the soil of the Hardening in the Hardening Soil-Model

Soil-Model P Lateral pressure on the pile as linear distributed
dp Diameter of a pile load
d, Distance between the pile and the surface load P Ultimate lateral pressure on the pile as linear dis-
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0 Relative displacement between the pile and the soil
body

LGP Pile group factor after Eq. 5

Ldq Coefficient for the distance between a pile and a
surface load after Eq. 4

u Degree of utilisation of the strip foundation

v Poisson’s ratio of the soil

Var Poisson’s ratio for unloading-reloading of the soil

@’ Effective friction angle of the soil of the Hardening
Soil-Model

b4 Empirically or theoretically derived coefficient
after Eq. 1

V] Angle of dilatancy of the soil

1 Introduction

In soft soil layers, piles are frequently loaded laterally by
horizontal soil movements caused by eccentric loading or
unloading of the ground surface around the piles (Fig. 1).
According to [14] piles subjected to such a lateral pressure
are termed “passive piles”, while piles subjected to hori-
zontal loads at the pile head caused by the superstructure
are termed “active piles”.

In many cases, the lateral pressure acting on piles due to
horizontal soil movements is calculated with empirical
approaches or analytically based on plasticity or earth
pressure theory, respectively. [35] classify design methods
for piles subjected to lateral loads as

empirical methods,
pressure-based methods,
displacement-based methods,
finite element analyses.

Previous studies (e.g. [3, 18, 21, 23, 30]) indicate that
the lateral pressure on piles depends on various parameters
such as

e the roughness of the pile—soil interface,

—

(c) Pile adjacent to
excavation

(a) Pile adjacent to
embankments

(b) Pile adjacent to
pile driving
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(d) Pile adjacent to
tunnel constructions

i

(e) Pile for
slope stabilization

Fig. 1 Lateral pressure on piles due to horizontal soil movement
(after [13])

@ Springer

e the size of the pile cross section,
e the pile shape,
e pile group effects.

Neglecting these parameters, in design practice, fre-
quently the following simplified expression is applied to
define the ultimate lateral pressure P, for the ultimate
limit state:

Pult:X'Su'dporPult:X'Su'ap (1)

where y is an empirically or theoretically derived coeffi-
cient, s, is the undrained shear strength, d, is the pile
diameter and a,, is the edge length of the pile. Table 1 gives
an overview on the range of values for the coefficient y
defined in the literature.

However, it can be assumed that in many practically
relevant cases the ultimate lateral pressure will not be
reached since the bearing capacity of the strip foundation is
significantly higher than the surface load causing the hor-
izontal soil movements and the loading rate is relatively
small. Therefore, for the estimation of the resulting lateral
pressure for pile design pre-failure conditions appear to be
decisive with the influences of the parameters mentioned
above on the relative displacement between pile and soil
being largely unknown.

The European standard on geotechnical design EC
1997-1 (EC7-1) [17] requires proof against the effects
caused by lateral pressure, but does not specify an analysis
method to quantify these effects. In the German supple-
mentary rules to the EC7-1, DIN EN 1997-1 (DIN 1054)

Table 1 Coefficient y for the estimation of the lateral pressure P,

Reference  Principle of derivation

[39] Model tests 8.28 (square pile)

[32] Theoretical 2.60 (circular pile)
3.40 (square pile)

[40] Theoretical 11.42

[18] Theoretical 4.50

[30] Theoretical 9.14 (“smooth” circular pile)
11.94 (“rough” circular pile)

[13] Finite element analysis  11.40 (square pile)

[10] Finite element analysis  11.75 (square pile)

[27] Model tests 10.50 (circular pile)

[12] Finite element analysis  9.11 (“smooth” circular pile)
11.94 (“rough” circular pile)

[23] Model tests 10.60 (square pile)

[21] Model tests 8.33 (square pile)
8.62 (circular pile)

[15] Theoretical 7.00
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[16], for the calculation of the lateral pressure reference is
made to the Recommendations on Piling (DGGT 2014
[15]) listed in Table 1.

As part of a research project to overcome some of the
limitations mentioned above this paper presents the results
of 1 x g model tests and of a numerical parametric study
on piles subjected to lateral pressure which led to the
development of an improved analysis approach.

2 1 X g Model tests
2.1 Test set-up

The 1 x g model tests in Kaolin clay comprised 25 tests on
single piles and 11 tests on pile rows with up to 3 piles. In
all tests, the soil was flowing around fixed single piles or
pile rows, respectively, while the following parameters
were varied:

e shear strength s, of the Kaolin clay (s, = 0.6 kPa to
sy = 5.2 kPa),

e pile shape
respectively),

e pile diameter d, or edge length a, (20 mm, 30 mm and
40 mm),

e roughness of the pile—soil interface (“smooth” piles and
“rough” piles, respectively),

e displacement rate v of the soil flowing around the pile
(v = 0.01 mm/min to v = 1.00 mm/min)

e pile spacing s in the pile group tests (s =2-d, to
s =10-dp)

(circular and square cross section,

Figure 2 shows the test set-up. The soil is located in a
box on a cart which is pulled displacement controlled by
means of a hydraulic press which is connected to the cart
by means of a steel cable with ball bearings at both ends.
During the tests, each model pile was fixed by means of
two guyings aligned with the direction of the soil move-
ment. The guyings, a steel cable connected to a load cell
which allowed for the measurement of forces, were con-
nected with the back of the pile near the pile head and the
pile base, respectively. The 200 mm long model piles were
fabricated from aluminium profiles with circular or square
cross sections, respectively. The plain surfaces of the alu-
minium profiles are considered as “smooth” in the scope of
this work. For the investigation of “rough” piles, sandpa-
per was glued on the aluminium profiles.

For the model tests kaolin clay was used to ensure a high
reproducibility of the tests [7]. The kaolin clay with a very
soft consistency and water content close to the liquid limit
or even higher yielding a liquidity index I}, > 1 was placed
in ~ 3 cm thick layers in the box. Every layer was
smoothened before the next layer was placed to minimise

inclusions of air in the clay. Under the assumption that the
structure of kaolin clay does not change significantly dur-
ing consolidation [34] and to proceed with the testing
programme in a reasonable time frame, the tests started
immediately after the soil placement—that is, no time was
given for consolidation under self-weight. The undrained
shear strength was determined in the test box in prelimi-
nary tests and after each test with a small vane penetrom-
eter at 30 to 40 locations in the test box. Immediately after
each test at six locations in the test box, soil samples were
taken to determine the water content and the uniformity of
the soil installation was controlled by means of a small-
scale cone penetration test [7]. Based on extensive pre-
liminary tests, the relationship between the water content
and the undrained shear strength of the kaolin clay was
well established and was confirmed during the tests. With
the water contents of the kaolin clay varying between
w = 34% and w = 50% during the tests, undrained shear
strength between s, = 0.6 kPa and s, =5.2 kPa were
achieved. The properties of the Kaolin clay are summarised
in [7].

The tests were analysed with the PIV-Method (e.g. [41])
using dispersed fine sand as a tracer on top of the Kaolin
clay surface. Based on the PIV observations, the zone of
deforming soil around the piles did not extend to the
container boundaries. [7] provide a detailed documentation
of test set-up, soil properties and sample preparation.

2.2 Test results

In the scope of this paper, the lateral pressure acting on the
pile p and the relative displacement between the pile and
the soil body ¢ were normalised by the undrained shear
strength s, and the pile diameter d,, or pile edge length aj,
respectively. The relative displacement between pile and
soil body 0 was assumed to be equivalent to the displace-
ment of the box. The lateral pressure of the pile p was
derived from the measured forces on the pile P divided by
the pile length Ay, and the pile diameter d,, or pile edge
length a,, respectively:

p=Fn, a)orr =, - a,) 2)

Similar to the work published by [23, 27, 28], the model
tests were carried out up to a maximum relative displace-
ment of é/d, & déla, ~ 1 which is also assumed to be a
value that in engineering practice usually will not be
exceeded. Therefore, the model tests focus on pre-failure
conditions since the ultimate lateral pressure acting on the
pile was not reached in the current model tests.

All results presented in the scope of this paper were
derived from tests with a displacement rate of the soil

@ Springer
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All lengths in mm
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Temporary guying

Load cells for piles

Fig. 2 Test set-up of the model tests

flowing around the pile of v = 0.1 mm/min. [7] discuss the
influence of the displacement rate on the lateral pressure.

Figure 3 shows the results of the PIV analysis of two
tests with an undrained shear strength s, ~ 2.2 kPa (d,.
=40 mm) and s, ~ 5.2 kPa (d, = 30 mm), respectively,
for a relative displacement between pile and soil, i.e. the
displacement of the box, of 6 ~ 0.1-d),. The PIV analyses

@ Springer

" Guide rail at
;1,/ ~ the pile base

Components of the test box

@ Two displacement transducers

@+@ Displacement transducer and load cell for hydraulic press
Load cells for model pile

Model pile with a ball bearing at the pile base and
emporary guying during sample preparation

| Test-box (lenght x width x high = 1120 x 840 x 200 mm)
Guyings between model pile and load cells

Spring

Adjustable guide rail at the pile base

Ginny wheel between cart and hydraulic press

the test box

were carried out up to a relative displacement of 6 ~
1.0-dy,. For s, < 1 kPa generally a flow around the soil
could be observed in the model tests [4]. For s, ~ 2 kPa, a
gap developed behind the piles with relative displacements
increasing 6 > 0.2.d,,. For s, & 5 kPa, the gap developed
immediately with the start of the test. This gap extended
over the complete length of the pile which is in agreement
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Fig. 3 Model tests—contour lines of the displacement of the soil
surface derived from the PIV-analysis for single piles

with earth pressure theory [4]. However, due to the sig-
nificantly higher stresses in the soil, gaps of this size will
not occur at large-scale piles. The magnitude of the
undrained shear strength also influenced the pattern of soil
movement adjacent to the pile.

7 T

- smooth pile (aluminium); 7
6 | d,varied;
5 | S varied
4 [ |

pls,
3
2 “--d,=20mm M s, 0.7kPato 0.9kPa
1 — d,=30mm M s, 2.2kPato 2.4kPa_
— dp,=40mm U s, 5.2kPa 1

0 | |

00 02 04 06 08 10 12
8/d,

Fig. 4 Models tests—variation of the normalised pressure acting on
piles p/s, with normalised relative displacement ¢/d,,: Influence of the
pile diameter d,, and shear strength of the soil s,

Figure 4 shows the variation of normalised soil dis-
placement 6/d,, with the normalised pressure acting on the
piles p/s, for smooth circular piles. On the one hand, the
tests exhibited increased values for p/s, for lower values of
sy This can be explained with the different patterns of soil
movement adjacent to the piles (Fig. 3) where soil flow
around the piles yields higher lateral pressures than an
accumulation of soil in front of the piles. On the other
hand, the tests show no significant influence of the pile size
on the pressure p which might be explained by the very
small size of the piles in the model tests [7].

Figure 5 shows a comparison of test results for smooth
piles and rough piles for an undrained shear strength of
sy = 0.8 kPa and s, = 2.4 kPa, respectively. The rough
piles exhibit lateral pressures 19-32% higher than the
smooth piles. Moreover, it appears that the difference
between smooth and rough piles is more pronounced for
higher values of s,. This test result corresponds with the
analytical solution by [30] predicting an ultimate pressure
p for a perfectly rough pile approximately 30% higher than
for a perfectly smooth pile.

Figure 6 compares pile rows with two piles perpendic-
ular to the soil movement with varying pile spacing where
the lateral pressure was measured for each pile separately
and then averaged. For a spacing of s < 8-d,, the lateral
pressure acting on the piles in the row is smaller than the
lateral pressure on a comparable single pile. In general, the
investigations show the lateral pressure decreasing with
decreasing pile spacing. Similar results as in the current
model tests were presented by [23, 28].

Apart from the main research project [4], additional tests
results are documented in [6, 7].

|
8 d,=30mm; )
7 s, varied 9%
L D
6 - il
: e g
pls, 4 ol i
3 K T — 5, 08kPa ]
2 T --- 8, 24kPa =
1 < smooth pile (aluminium) -
O rough pile (sandpaper)
0 |

00 02 04 06 08 10 12
8/d,

Fig. 5 Model tests—variation of the normalised pressure acting on
piles p/s, with normalised relative displacement ¢/d,,: Influence of the
pile roughness
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Fig. 6 Model tests—variation of the normalised pressure acting on
piles p/s, with normalised relative displacement 6/d,,: Pile rows with
two piles and varied pile spacing

3 Numerical parametric study
3.1 Preliminary remarks

The aim of the numerical parametric study based on the
finite element method was to systematically quantify the
influencing parameters on the lateral pressure and to
develop a simplified analysis approach applicable for
engineering practice which considers these parameters.
Since the shear strength and stiffness of the soil in the
aforementioned 1 x g model tests are not comparable with
in situ soil conditions, the back analysis of the I x g model
tests was used to show the general suitability of the
numerical model to simulate lateral pressure on piles [8],
i.e. the 1 x g model tests were not applied for the deter-
mination of design parameters for the prototype scale. The
further verification of the numerical model then comprised
the back analysis of in situ measurements [4, 31]. The
suitability of the finite element method simulating the lat-
eral pressure on piles was also confirmed by e.g.
[20, 26, 37].

The results presented by [8] showed a good agreement
between the model tests and numerical back analyses,
which was carried out by means of total stress finite ele-
ment analysis with undrained shear parameters on one hand
and effective stress analysis with effective shear parame-
ters on the other. The numerical parametric studies on
single piles confirmed the significant influence of the
undrained shear strength, the pile shape, the pile diameter
and the roughness of the pile—soil interface on the nor-
malised lateral pressure. The numerical back analysis of
pile groups with piles lined up perpendicular or longitu-
dinal, respectively, to the direction of the soil movement
showed diminishing group effects with increasing pile
spacing. It is interesting to note that [2, 3] also achieved

@ Springer

good agreement with the model tests by [6, 7] as well as
with the results of the finite element analysis by [8] car-
rying out numerical simulations with the Convected Par-
ticle Domain Interpolation (CPDI1). The CPDII is a
further development of the material point method (MPM)
and can be used to simulate very large deformations in the
soil (e.g. [1, 19]).

Reul et al. [31] present the back analysis of a large-scale
test on a pile group in cohesive soil subjected to lateral
pressure documented by [25] by means of 3D finite ele-
ment coupled pore pressure—displacement analyses. A
reasonable agreement between the measured bearing
behaviour of the pile foundation, and the finite element
analysis was achieved. Especially the consolidation process
and the creep deformations, which were modelled by
means of a visco-hypoplastic soil model were reproduced
well in the finite element analysis. Additionally, [4] pre-
sents the back analyses of a large-scale test documented by
[38] and centrifuge tests documented by [10].

3.2 Finite element model

The numerical parametric study presented in this research
work was carried out with the system and boundary con-
ditions shown in Fig. 7, and the 3D finite element models
shown in Figs. 8 and 9. The soil and the piles are repre-
sented by 15-order solid finite elements of wedge shape.
The circular piles were replaced by dodecagonal cross
sections with approximately the same shaft circumference.

(a) Top view
20m

_ Distance d,

1.0m Pile diameter d, SO

T T N

7% 25m |
-;§uﬁace load g7 O t E
iz 25m f

Y rr s s s '
oz ee

S

(b) Cohesive layer of variable height

IB -

2 “Upper Sand™® [ Pile cap 1.0m . E
gb ggﬂh e hy, (variable) E
2‘ Lower Sand Pile length E
: i 117 m :

(c) Stiffer layer embedded in the cohesive soil layer
J “Upper Sand™® [ Pile cap
;} Cohesive soil

Stiffer Layer
;» _Cohesive soil

1.0m

Zse (variable)
<2.0m _ | hw (variable)

'
Y

BN

Pile length N

, Lower Sand 1l ‘17 m :

Fig. 7 System and boundary conditions for the investigations on
single piles
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(a) Finite element mesh

(b) Detail of pile and interface in top view
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Load - - Pile cab (Level 0 m)

(c) Finite element mesh with variable distance between the
pile and the surface load

Surface load q

activated pile (here: Position 4)

Pile cap Ground

Up to 10 piles located in a distance d,
between 1 m and 36 m to the surface load

Fig. 8 Finite element model for the investigations on single piles

Contact between soil and piles was modelled using inter-
face elements (Fig. 8b).

The soil stratigraphy comprises an upper sand layer with
a thickness of 1.0 m underlain by a cohesive soil layer with
the thickness h,, varying in the parametric study. The
cohesive soil layer is followed by a lower sand layer which
extends down to the bottom surface of the model. The
groundwater level is located at the top of the cohesive soil
layer.

The lateral pressure acting on the piles is caused by a
fully flexible vertical load located at ground level. A pile
cap with a thickness of 1.0 m was placed above the piles
which extends to the horizontal model boundaries. Pre-
liminary studies showed no significant influence of the size
of the pile cap on the lateral pressure acting on a pile group
[4].

Pile length were held constant at L, = 17.0 m. For the
investigations with the finite element model shown in
Fig. 8a, the following parameters were varied:

e shear strength s, of the cohesive soil (4-36 kPa),

(a) Finite element mesh
Pile cap

Ground surface (0.0 m)

Surface load q

(b) Top view of pile configurations

[6x5 Piles]| [4x4 Piles] [3x3 Piles]| 2x2 Piles
S8 +8—8-
BD-O-&-60B, S S5
7Y T T T8 B-0-0 -0 S-S s
0-0:-0-0-0 Léoe. TV 5.
POV N N NP NV NP B S <firg T T NI N OO Bl 2 (-
Row: RTR2R3R4R5 R1R2R3R4 R1R2R3 R1R2
[56x5 Piles| [4x3 Piles| [3x3 Piles| 2x3 Piles
$—81+-8+—8— s.s
B-2--B-1-Bg SaR
S0 6oy G, S5
050502 50552 250 o e,
VNI V- N 7N G N1V, N A7 N 7 i N L
Row: R1 R2 R3 R4 R5 R1R2R3 R1R2R3 R1R2R3

Fig. 9 Finite element model for the investigations on pile groups

stiffness Eg of the cohesive soil (0.1-11 MPa),

e thickness of the cohesive soil layer A, (1.0-12.0 m),

e pile shape (circular and square cross section,
respectively),

e pile diameter d, or edge length a, (0.3-3.0 m),

e roughness of the pile—soil interface (“smooth” piles and
“rough” piles, respectively).

Based on the configuration shown in Fig. 8a, the effect
of a significantly stiffer layer embedded in the cohesive soil
layer was further investigated (Fig. 7c¢). For this purpose,
the shear strength s, and the stiffness Eg of the cohesive
soil layer as well as the depth of the significantly stiffer
layer zgg were varied in the bandwidth mentioned above
with the thickness of the significantly stiffer layer ranging
between 0.5 and 2.0 m [4].

In the investigations for single, rough piles the distance
between the pile and the surface load was varied between
1.0 and 36.0 m (Fig. 8c).

The parametric study for pile groups was carried out for
groups of 2 x 2,2 x 3,3 x3,4x3,4x4and5 x5
piles (Fig. 9b) with the piles spacing varying between
s =3d,t0s=9d,

The material behaviour of the sand layers (incl. a sig-
nificantly stiffer layer with the material parameters of the
upper sand embedded in the cohesive soil layer) was
modelled with a linear elastic-perfect plastic soil model
applying the Mohr—Coulomb failure criteria and a

@ Springer
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nonassociated flow rule for the plastic deformations. Pre-
liminary studies varying the material parameters of the
sand layers showed no significant influence on the lateral
pressure. For the results presented in the scope of this
paper, the material behaviour of the cohesive soil layer was
modelled with the Hardening Soil-Model [11]. The influ-
ence of creep deformations on the lateral pressure was
investigated by [4] and is not in the focus of this paper.

Interface elements with a linear elastic-perfect plastic
material behaviour were applied for the simulation of the
pile—soil interaction. For the applied Mohr-Coulomb fail-
ure criteria, the shear parameters of the surrounding soil
were used. For the remainder of this paper, piles with an
interface shear strength ratio of Rj,., = 0.33 are termed
“smooth” and for an interface shear strength of Rjje.

> 0.67 are termed “rough”. If not indicated otherwise all
results presented in the scope of this paper were derived for
an interface shear strength ratio R, = 0.67, i.e. for rough
piles.

The piles and the pile cap are considered to behave
linear elastically. The material parameters applied in the
finite element analyses are summarised in Tables 2, 3 and
4.

Preliminary studies carried out for undrained conditions
and drained conditions under consideration of consolida-
tion processes showed that undrained conditions yield the
maximum lateral pressure decisive for pile design [4]. In
the scope of the parametric study presented in this paper,
undrained conditions were considered.

The finite element analysis included the following steps:

1. Generation of the in situ stress state.

2. Installation of the piles using the “wished-in-place”
technique, i.e. no changes in the soil surrounding the
piles caused by the installation process were modelled.

3. Application of the load.

The first two analysis steps were carried out under
drained conditions while during the application of the load
in step 3 undrained conditions were considered resulting in
the buildup of excess pore pressure.

The results of the parametric study are evaluated by
means of the constrained stiffness modulus Eg and the
undrained shear strength s, both acting in the in situ stress
state. The mean value of the constrained stiffness modulus

Table 2 Material properties of the sand (Mohr—Coulomb model)

V5 Vsat E v () ’ c’ lp

KN/m*  MPa - ° kPa  °
Upper sand 18; 20 30.0 0.30 40.0 0.1 10.0
Lower sand 18; 20 45.0 0.30 40.0 0.1 10.0

@ Springer

for the cohesive soil layer (Fig. 10a) was derived from the
material parameters of the Hardening Soil-Model (Table 3)
applying the approach suggested by [11]:

(3)

P ¢ -cosq' —a, -sing’\"
s~ -
S0\ ¢ - cos ¢’ + prf - sin ¢

where Ege({ is the reference stiffness modulus corresponding
to the reference confining pressure p™ = 0.1 MPa and m is
the power for the stress level dependency of stiffness.

The mean value of the undrained shear strength for the
cohesive soil layer was derived from numerical simulations
of undrained triaxial tests as indicated in Fig. 10b applying
the drained shear parameters ¢’ and ¢’ of the Hardening
Soil-Model (Table 3).

Due to the boundary conditions and the pile cap con-
sidered in the finite element models (Figs. 8, 9), the load
g can be significantly higher than the ultimate capacity of a
comparable strip foundation gy, (Fig. 11b). The soil then
reaches its ultimate capacity in the vicinity of the piles with
the ultimate lateral pressure p,, acting on the piles
(Fig. 11a). Therefore, the numerical model applying loads
q > qui; yield higher lateral pressures, i.e. a conservative
design approach, than what can be expected under
boundary conditions typical for engineering practice. For
the evaluation of the parametric study again, the mean
value of the lateral pressure is considered (Fig. 12).

The ultimate capacity for the strip foundation was
established by means of a ¢@—c-reduction for a system
without piles and the pile cap replaced by the upper sand
layer. If not mentioned otherwise, all results presented in
the scope of this paper were derived for g = gyy.

3.3 Results of the numerical study for single
piles

Figure 13 shows the variation of the normalised pressure
acting on the piles, p,cqn/S,, With the normalised surface
load g/qy for the basic model (Fig. 8a, b, Table 3: Cohe-
sive soil A) where the influence of the stiffness and
strength of the cohesive soil, Eg%f and ¢’ (Fig. 13a), of the
pile—soil interface roughness, Ri.., (Fig. 13b), and of the
pile cross section, d, and a, (Fig. 13c), were investigated.

For g/qu. < 1, Fig. 13 shows the normalised pressure,
Pmean/Sus Varying approximately linearly with g/gy for all
parameters investigated which corresponds to in situ
measurements documented by [42], who studied a 2 x 2
pile group supporting a bridge abutment in a 10.5-m-thick
cohesive soil layer which was subjected to a load of ¢ ~
100 kPa caused by the backfilling of the abutment. Similar
to the model tests the numerical analyses show the nor-
malised pressure, pmean/Sus
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Table 3 Material properties of the cohesive soil as basis for the parametric study (hardening soil model)
Soil V Vsar ESI=El, Ef et Var m @ ¢’ W R
kN/m’ MPa MPa kPa - - ° kPa ° -
Parametric study with a single pile adjacent to the surface load (Fig. 8a)
Cohesive soil A 16.0; 16.0 2.0 10.0 100.0 0.20 0.9 20.0 5.0 0 0.9
Parametric study with a different distance between the pile and the surface load and with pile groups (Fig. 8c, Fig. 9)
Cohesive soil B 18.5; 20.0 6.0 30.0 100.0 0.20 0.8 25.0 10.0 0 0.9
Cohesive soil C 19.0; 19.5 3.0 15.0 100.0 0.20 1.0 20.0 7.5 0 0.9
Cohesive soil D 12.5; 12.5 0.5 2.5 100.0 0.20 1.0 15.0 5.0 0 0.9
Table 4 Material properties of piles and the pile cap (linear elastic) T gl i)
£ R > >
V= Vsat v inter . >
- kN/m’ MPa - °
p > hW _> pmcan > hW
Piles 24.0 30.0 030 03-1.0 : :
Pile cap 18.0 60.0 0.30 1.0 >
Fig. 12 Mean value of the lateral pressure
e decreasing with increasing shear strength (see Figs. 4
(a) Distribution of the minor principal stress c,, Es and s, and 13a),
in the cohesive soil layer e increasing with increasing roughness of the pile-soil
Upper e 7 ; ;
oo v I 10m — | ‘ Eew — interface (see Figs. 5 and 13b).
. [Su,mean .mean . . .
hwl2 : c : > Moreover, in the numerical analyses the normalised
Cohesi o 4 Gyz2 Suz 2
S(;)il ssve h\w/2 ’ - y ° pressure, pmean/Su,
Lower = Z3l oy Suz Esza e decreased for increasing pile diameter (Fig. 13c),
Sand

6,=0,x(1-sin®")

(b) Numerical simulations of undrained triaxial tests for the
calculation of S, mean
(0:—-0y)/2

e was larger for rectangular piles than for circular piles
(Fig. 13c),

e increased for increasing cohesive soil stiffness, E%,
(Fig. 13a).

Suz3 Investigations carried out with the FE-model indicate
SUZ . . .
Sur that besides the stiffness and shear strength of the cohesive

AN

(6", + 6',)/2 and (o, + c,)/z

Fig. 10 Estimation of mean values of the constrained modulus Eg and
the undrained shear strength s, for the cohesive soil layer

(a) Strip foundation with
adjacent piles and pile cap

(b) Failure mechanism of a
strip foundation

failure mechanism

ultimate lateral
pressure p,,

Fig. 11 Surface load q causing the lateral pressure

soil, the thickness of the cohesive soil layer, A, the pile
diameter, d,, or edge length, a,, and the magnitude of the
load, ¢, significantly affect the range of influence of the
lateral pressure while the shape of the pile cross section,
i.e. circular or rectangular, and the roughness of the pile—
soil interface are of minor importance [4]. In the investi-
gations of a significantly stiffer layer embedded in the
cohesive soil layer, the stiffness ratio and the location of
the stiffer layer in particular increase the lateral pressure.
Some of the results are discussed below.

Figure 14 shows the variation of the coefficient y,, with
the distance d,, between the pile and the surface load for
cohesive soil B, cohesive soil C and cohesive soil D rep-
resenting clayey soils of varying stiffness and strength
(Table 3), for different thickness of the cohesive layer, A,,
and for the surface load g =0.1-gy and g = 0.9-qy,
respectively. The factor y,, is defined as

@ Springer
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(a) Influence of stiffness and strength

(b) Influence of pile roughness

Cq: Surface load ; q,,: Bearing capacity of the strip foundation )

(c) Influence of pile cross section

of the cohesive soil layer geometry
20 T T T T ! T -
18 - T - = .
16 o
14
12
pgzan 10
8 — Basic model — Basic model Basic model
6 (c' ,= 5.0kPa (Riye-=0.67) (d,=0.5m)
4 — cE§=o ;52.8%28) ' = Riner=1.00 <o dp=15m
2 etye E;’=200MP8 “E- 8=1.5m
0 L l v l |

0 1 2 3 4 5 6 1 2

a9,

/G, /G,

Fig. 13 Numerical study on single piles—variation of the normalised mean pressure acting on piles p/s,, with the normalised surface load g/qy

[ Cohesive soil B

--e - - A -

dp=1.5m

Cohesive soil C
—— d,=05m —— d,=05m —&— d,=0.5m
dp,=1.5m

Cohesive soil D :QWI 111 dg +

AN
N
g >

Cohesive soll
.- -

dp,=1.5m

(a) Surface load g = 0.1-q,,
1.0
0.8
06
0.4
0.2
1.0
0.8
06
04
0.2~
1.0 85
0.8
06
04
0.2

Lag

g

Xaq

0 5 10 15 20 25 30 35

-1 1.0

(b) Surface load g = 0.9-q,,

08 \
0.6

O. 1
40 0 5 10 15 20 25 30 35 40
Distance d, between the pile and the surface load in m

Distance d, between the pile and the surface load in m

Fig. 14 Numerical study on single piles—variation the factor y4, (Eq. 4) with the distance d,, between the pile and the surface load g and the

thickness of the cohesive soil layer #,,

Yo = (Pmean/su)d (4)
4 (pmean / Su)a

where (Pmean/Su)a 1 the normalised lateral pressure in a

distance dq from the surface load, and (pmean/Su)a is the

normalised lateral pressure adjacent to the surface load, i.e.

in a distance of d, = 1.0 m.

As an example for the investigations on cohesive soil B
and piles with a diameter of d, = 0.5 m and d, = 1.5 m,
Fig. 14 leads to the conclusion that higher surface loads
generally yield a larger range of influence, i.e. higher
values for yg,. Only for thin cohesive soil layers, e. g.

@ Springer

h,, =2.0 m, a surface load of ¢ = 0.1-q,, yields higher
values for y4, than g = 0.9-q,,, at least at distances larger
than 10 m. This is possibly caused by the fact that the area
of influence is limited to the geometry of the already
developing failure mechanism in the cohesive soil, which
has only a small range due to the comparatively small layer
thickness.

Furthermore, the following conclusions can be drawn
from the results presented in Fig. 14:

® )4, increases for increasing thickness of the cohesive
soil layer, h,,.
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® x4y increases for stiffer soils, i.e. with higher stiffness
and shear strength, although this effect is less pro-
nounced for increasing thickness of the cohesive soil
layer.

e For a thickness of the cohesive soil layer of A,, > 6 m,
a pile diameter of d, = 1.5 m yields higher values for
Ldq» While for h,, = 2 m, the piles with d, = 0.5 m show
higher values for g,

3.4 Results of the numerical study for pile
groups

The group factor ygp relates the normalised lateral pressure
of a pile within a pile group, (Pean/Su)G, to the normalised
lateral pressure of a single pile, (Pmean/Su)s:

- (Pmean/su)(; (5)

F ™ ean/50)s

Preliminary investigations carried out with the FE-
model shown in Fig. 9 indicated that the factor ygp in
particular depends on the stiffness and the shear strength of
the soil, the pile diameter or edge length and the roughness
of the pile—soil interface [4]. Piles with a rectangular cross
section always yield smaller group factors than piles with a
circular cross section provided a, = d,. The thickness of
the cohesive soil layer, &, has a negligible influence on the
group factor. Since group effects proved to be more sig-
nificant for higher surface loads the results presented sub-
sequently were derived for ¢ = qu, The material
parameters applied for the cohesive soil are summarised in
Table 3.

Generally, the further back the piles are located within
the group the smaller the lateral pressure and the group
factor ygp will become. This can be attributed to the
shielding effect of the piles standing in front of them on the
one hand and to the greater distance to the surface load on
the other hand. For pile rows perpendicular to the soil
movement (Fig. 9b, R1 to R5), the piles located at the edge
of the group (Fig. 9b, pile type A) show a higher group
factor ygp than the piles located inside the group (Fig. 9b,
pile type I). Selected results are presented in Fig. 15 with
the group factor ygp plotted versus the number of the pile
rows perpendicular to the soil movement for the pile
spacing s = 3-d,,.

For the cohesive soil B, Fig. 15a shows the influence of
the size of the pile group on the group factor ygp for pile
type A with a diameter of d, = 0.5 m and an interface
roughness of Ry, = 1.00. For each row, the pile group
with the smallest number of piles yields the highest group
factor ygp. An upper limit curve (Fig. 15a, curve “Max.”)
can be derived from this maximum group factor. All
remaining results presented in Fig. 15b, ¢ and d are based

on such an upper limit curve, determined in each case from
pile groups comprising 2 x 2, 3 x 3, 4 x4 and 5 x 5
piles.

For pile row R1 in ultimate vicinity to the surcharge load
the piles with d, = 1.5 m show higher group factors than
the piles with d, = 0.5 m, while for all other pile rows, the
opposite holds true (Fig. 15b). Figure 15¢ compares the
group factor ygp of pile types A and I and for soil types
cohesive soil B, cohesive soil C and cohesive soil D
(Table 3) with pile type A generally showing higher group
factors than pile type I. For higher stiffness and shear
strength, the group factor becomes gradually higher.
However, this effect is not as significant as the variation of
the group factor resulting from different pile positions.

The roughness of the pile—soil interface only has a small
influence on the group factors as indicated in Fig. 15d. For
pile rows close to the surface load (R1, R2) the piles with a
smoother surface (R, = 0.33) show higher group factors
while for pile rows further away (R4, RS) rough surfaces
(Rinter = 1.00) give marginally higher values. This is in
agreement with the results achieved by [33] for square pile
groups in undrained soil who observed a negligible influ-
ence of pile—soil roughness on the group lateral limiting
pressure if piles in large groups are spaced closely together.

Figure 16 extends the investigations on the group effects
on the lateral pressure with the group factor ygp plotted
versus the number of the pile rows perpendicular to the soil
movement for pile groups comprising 2 x 2, 2 x 3,
3x3,4x3,4x4 and 5 x 5 piles and pile spacings
between s = 3-d, and s = 9-d,. Parameters varied in the
study were the soil type (Cohesive soil B, Cohesive soil C
and Cohesive soil D according to Table 3), the pile
diameter (d, = 0.5 m; d, = 1.5 m) and the roughness of the
pile—soil interface (Riper = 0.33; Riner = 1.00), while the
thickness of the cohesive soil layer was held constant at
hy = 6.0 m. The values for the group factor ygp given in
Fig. 16 represent the maximum values derived from the
parametric study.

From the results presented in Fig. 16, it is possible to
draw the following conclusions:

e For pile spacings s > 9-d,, the piles in row R1 adjacent
to the surface load behave as a comparable single pile,
ie. JGp = 1.0.

e For pile spacings s < 9-d,,, the lateral pressure acting on
a group pile is smaller than the lateral pressure on a
comparable single pile, ygp < 1.0.

e As could be expected, for larger piles spacings group
effects diminish. However, when looking at pile rows
orientated parallel to the soil movement (or for example
comparing the same pile type in row R1 and row RS)
the increasing distance between the piles in the back
rows and the surface load yields a decrease in the group

@ Springer
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(Pile spacing s=3-d, ; Surface load q = Bearing capacity of the strip foundation qu,D

(a) Influence of the number of piles in the group

1.0 T

+ Cohesive soil B;Pile Type A ;d, = 0.5 m; Rineer = 1.00
0.8 & - >~ Max., see also Fig. b, ¢, d

BTl Piles: —+ 5x5 -~ - 3x3
0.6 . © o 4xd X 2x2
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0.0 ! 1
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Number of the pile row (see Fig. 9b)
(c) Influence of the pile type and the soil type

(b) Influence of the pile type and the pile cross section area

1.0— T T T m

Cohesive soil B; Riner = 1.00; Max., see Fig. a
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0.6
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00k ! 1 |
R1 R2 R3 R4 R5

Number of the pile row (see Fig. 9b)

(d) Influence of the pile type and the pile roughness

1.0 T
dp = 0.5 m; Riner = 1.00; Max., see Fig. a
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0.6
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T
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Number of the pile row (see Fig. 9b)

Number of the pile row (see Fig. 9b)

Fig. 15 Numerical study on pile groups—variation the factor ygp (Eq. 5) with the pile position relative to the surface load (Fig. 9b) for piles
arranged one behind the other in rows

Xep

(Surface load g = \'I

\Bearing capacity of the strip foundation q,,, /

K —e— s5=3-qd, ]
—&— §=5d,

_,., rPile

—— s=7-0, Type |
(Fig. 9b) _

-G- $=3d,
- -4- s=5dp

03 -o- s=74, %',':eA

0.2 -G - S=9'dp (Flg gb)
1 1
R1 R2 R3 R4 R5
Number of the pile row (see Fig. 9b)

0.4

Fig. 16 Numerical study on pile groups—variation of factor ygp
(Eq. 5) with the pile position relative to the surface load (Fig. 9):
Influence of the pile spacing for piles arranged one behind the other in
rows as well as in staggered rows

factor which could be interpreted as an increase in
group effects.
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e Model tests by [7] not presented in the scope of this
paper show that with decreasing pile spacing the lateral
pressure on the piles is decreasing for front row piles as
well as for back row piles. In the numerical study, this
effect is reflected when comparing the results for row
RI (front row pile) for s =3-d, (ygp =~ 0.93) and
s = 9-d, (xcp = 1.0). The piles in the back rows R2 to
RS are shielded by the front row piles, while at the same
time, the movement of the soil around the front row
piles is obstructed by the back row piles.

4 Approach for the analysis of piles
subjected to lateral pressure

Based on the results of the numerical parametric study [4]
developed an improved approach for the analysis of piles
subjected to lateral pressure to overcome the limitations in
Recommendations on Piling (DGGT 2014 [15]) discussed
by [5]. The approach modifies Eq. (1) as follows:

Pu=(6-y-su-p+Ap)-dy, or (6)
Py = (6'X'su'/1+Apt)'ap
where: 6 is the ratio of the normalised pressure, pean/Su, in

the basic element model shown in Fig. 7a (circular single
pile) with the parameters in Tables 2, 3 and 4, s, is the



Acta Geotechnica (2024) 19:6375-6390

undrained shear strength of the cohesive soil layer, u is the
degree of utilisation of the strip foundation (Fig. 11b), Ap,
is the lateral pressure acting on the pile due to creep
deformations, dj, is the pile diameter, a, is the edge length
of the pile and, x is the combination of several coefficients:

X = Xsu Xhw * XEs * Xd * XSE * Xdq * XGP (7)

where: y,, is the coefficient for the undrained shear
strength s, (see Table 5), y,, is the coefficient for the
thickness of the cohesive soil layer A, (see Table 6), yg; is
the coefficient for the confined stiffness modulus of the
cohesive soil layer Eg (see Table 7), x4 is the coefficient for
the shape and the cross-section area of the pile (see
Table 8), ysg is the coefficient for the effect of a signifi-
cantly stiffer layer embedded in the cohesive soil layer (see
Table 9), x4, is the coefficient for the distance between the
pile and the surface load d, (see Table 10), ygp is the
coefficient for pile group effects (see Table 11 and
Fig. 16).

The coefficients represent the upper limits derived from
the parametric studies. In the following Table 5 to
Table 11, intermediate values can be interpolated linearly.
The system configuration with the definition of the relevant
parameters is shown in Figs. 7 and 9b.

The parameter A in Table 9 is calculated as follows:

o ES,s

A=
ESA,C

(8)

where: Eg; is the confined stiffness modulus of the sig-
nificantly stiffer layer embedded in the cohesive soil layer,
Es . is the confined stiffness modulus of the cohesive soil
layer.

The lateral pressure Ap, acting on the pile due to creep
deformations can be approximated for a time period of
50 years as follows:

where: I, is the viscosity index according to [18, 22]

To further investigate the parameter Ap,, future research
may incorporate more sophisticated visco-hypoplastic
models such as, e.g. the AVISA model [36].

To establish the degree of utilisation, available analyti-
cal approaches to establish the stability, e.g. of a strip
foundation (e.g. [29]) or a slope (e.g. [9]) can be applied.

Table 5 Coefficient y,,

Su < 5 kPa 10 kPa > 30 kPa
Zsu fOr b, <6 m 1.35 1.00 0.90
Zsu for b, > 6 m 1.00 1.00 1.30

6387
Table 6 Coefficient yy,,,,
h,, <4m > 12m
Liw 1.30 0.80

As documented by [24], this new approach has since
replaced the approach documented in the Recommenda-
tions on Piling (DGGT 2014 [15]). For a detailed docu-
mentation, it is referred to [4] and the upcoming 3rd edition
of the Recommendations on Piling of the DGGT.

5 Summary and conclusions

This paper documents selected results of a research project
investigating the influencing variables on the lateral pres-
sure on piles by means of 1 x g model tests and numerical
studies. As a first step, a total of 40 model tests were
carried out to experimentally determine main parameters
influencing the lateral pressure. On the basis of these model
tests and large-scale and centrifuge tests documented in the
literature, a finite element model was developed in [4]. The
finite element model was then used for a parametric
numerical study to systematically investigate the influence
of a surcharge load on the lateral pressure acting on an
adjacent pile group.

Key results derived from the model tests and the para-
metric numerical study can be summarised as follows:

e The lateral pressure increases with

-increasing shear strength of the cohesive soil,
-increasing stiffness of the cohesive soil and
-increasing roughness of the pile—soil interface.

e The lateral pressure decreases with

-increasing pile diameter and
-increasing distance between the pile and the surface
load.

e The lateral pressure acting on group piles is smaller
than the lateral pressure on a comparable single pile. In
general, the lateral pressure decreases with decreasing
pile spacing.

e For piles at the back of a pile group, the lateral pressure
is smaller than for piles in the front row closer to the
pressure inducing surface load, i.e. “leeward” to the
loading.

Based on the results of the numerical parametric study
with in total more than 1400 configurations for single piles
and pile groups investigated, coefficients to quantify the

@ Springer



6388

Acta Geotechnica (2024) 19:6375-6390

Table 7 Coefficient yz

Eg < 0.5 MN/m? 1.5 MN/m* 3.0 MN/m® > 7 MN/m>
ye for h, <4 m 1.00 1.40 1.55 1.55

o for b, > 4 m 1.00 1.25 1.30 1.45

Table 8 Coefficient y,

d,; a, 0.3 m 0.5m 1.5m 3.0m
«a for the edge length of a pile a, 1.41 1.37 1.15 0.82
%a for the diameter of a pile d, 1.03 1.00 0.86 0.65
Table 9 Coefficient ygz in dependency of 4 (Eq. 8)
Effect of stiffness L<3 3<A1<35 35 < 2 <150

Depth of the stiffer layer embedded in the cohesive soil layer zse=1m Zsg > 5 m zsg=1m Zse > 9 m
ASE 1.00 1.50 1.00 1.90 1.00
Table 10 Coefficient y,,

Distance d, <25 d, =10 d, > 40

Thickness of the cohesive soil layer h, <2 2<h,<6 h, > 6 h, <2 2<h,<6 h, > 6
Ldq 1.00 0.35 0.65 0.75 0.35 0.15 0.20
Table 11 Coefficient ygp Declarations

Pile row Rl R2 R3 R4 > R5  Conflict of interest The authors declare that they have no financial

- interests or non-financial interests directly or indirectly related to the

Pile type / 1.00 0.73 0.52 0.39 0.32 work submitted for publication.

Pile type A 1.00 0.75 0.58 0.42 0.37

influence of the above mentioned parameters were estab-
lished. Using these coefficients, an improved method was
developed for the analysis of piles subjected to lateral
pressure which as documented by [24] has since replaced
the approach documented in the Recommendations on
Piling (DGGT 2014 [15]).
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