INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:
https://www.issmge.org/publications/online-library
This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.

Tension piles and tension pile groups in sand, physical and numerical modeling
aspects
Pieux a tension et groupes de pieux a tension dans le sable, aspects de modelisation physiques
et numeriques
M.A.G. Allard, J. Brinkman & H. J. Luger - D e lft G e ote chnics, N e the rla nds
J. S.Van der Schrier - H a ste ning, N e the rla nds (F orm e rly: D e lft G e ote chnics)
J. P. Koen is - C e ntre (or C ivil E ngine e ring R e se a rch, C ode s a n d S pe cifica tions (C U R ), N e the rla nds

ABSTRACT: Two model pile tension tests have been conducted using the Delft Geotechnics geotechnical centrifuge. For the pile group
configuration tested, numerical calculations were performed using the finite element code PLUTO. Particular attention is given to the
behaviour of a single pile compared to the behaviour of the centre pile of a 9-pile group, and group effects are analyzed. The physical
and numerical modelling results, together with the drawn discussions and recommendations are presented in this paper.
RESUME: Deux essais de pieux sous chargement en tension ont ete effectues sur modeles reduits dans la centrifuge de Delft Geotechnics.
Le modele numerique aux elements finis PLUTO a ete utilise pour modeliser la configuration choisie pour les tests. Une attention
particuliere a ete donnee a la comparaison du comportement d’un pieu seul par rapport au pieu central d’un groupe de pieux, et les effets
de groupe sont analyses. Les resultats de la modelisation physique et numerique et les discussions et recommendations qui en decoulent
sont presentes dans cette communication.

1 INTRODUCTION
A large research project has been initiated by the Dutch Centre
for Civil Engineering Research, Codes and Specifications (CUR),
in the field of piles under tension loading. The aim is to provide
guidelines for the definition of new design rules of pile and pile
group under tension loading.
Physical model testing is a mean to obtain, under well defined'
conditions, reference experimental data which is essential for the
development and validation of numerical models and design rules.
A geotechnical centrifuge provides the environment in which the
stresses in the soil are correctly modelled, so that similitude
between prototype and model is fulfilled. Two tests have been
conducted in Delft Geotechnics’ centrifuge within the project.
For the pile group configuration tested, calculations have been
made using the finite element code PLUTO. Special attention is
given to the behaviour of a pile in an infinite pile group. The
main goal of the finite element calculations was to investigate the
effects on the pile group behaviour resulting from the variation of
the different definition parameters such as soil and pile stiffness
and strength, and pile group configuration.

a single - fully instrumented - pile, a
model cone penetration for the charac' “ ‘ “ ‘
terisation of the soil and the analytical
interpretation of the pile test, and a probe pile penetration to
check the soil reproducibility between the two tests. The pile
group test consists of the 9-pile-group penetration and tension
loading (the centre pile is the fully instrumented pile), and the
probe pile penetration.
Taking into considerations all boundary conditions requirements
and limitations playing a role in the tests definition a scale factor
of 35.4 has been selected for the centrifuge programme. A lay out
of the two tests in the model container is given in Figure 1.

2 CENTRIFUGE TESTS
2.1 Definition o f the centrifuge test programme

2.2 The sand

The selection of the single pile and pile group configuration to be
tested in the centrifuge was established using the results of
analytical calculations. The goal of the calculations was to find a
pile group configuration representative of the Dutch soil and pile
conditions, with a high probability of occurrence of group effects
(interaction between the piles in the group) which entails to vary
key input parameters. Also it was important to avoid the for
mation of a soil plug during penetration or tension loading of the
group, and to ensure staying within the physical limits of the
available centrifuge equipment. A high requirement on the soil
homogeneity was set to eliminate for uncertainties due to the soil
model. With a level 2 mean value probabilistic calculation based
on analytical design methods the model test configuration was
determined for the test programme.
Circular concrete piles with a length/diameter ratio of L/D =
30, 0.5 m in diameter and 15 m long, are selected. The pile group
to be tested is a 9-pile group, in a square grid configuration with
a centre to centre distance of 5 pile diameters see Figure 1. The
soil is a homegeneous medium sand.

The sand used in this test series is Eastern Scheldt sand currently
used at Delft Geotechnics for model experiments.
The sand presents a steep grain size distribution with Dl5/Dg5
= 0.5, D50 = 0.155 mm. The sand is subrounded with an an
gularity of 55. The soil particles unit weight is = 26.0 kN/m’,
and the minimum and maximum porosities are nm„ = 46.7 % and
n„„n = 34-9 %, or void ratios em„ = 0.88 and emin = 0.54.
For this test series, the soil relative density is Dr(cl = 50 %.
From the results of two single loading drained triaxial tests, the
soil friction (peak) angle is determined: (j) = 37. A dilatant
behaviour of the sand is also observed, dilatancy y = 8° to 10°.
The pile - soil friction angle 6, is an important parameter used
in numerical models to describe the interaction behaviour between
the structure (pile) and the soil. The friction angle between the
pile material and the soil 5„U1I is considered here, and determined
by means of direct shear tests performed with sand samples on
various aluminum plates whose surface are made rough by sand-
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2.5 Test results

blasting technique. In practice, for a concrete pile, 5 —3/4 4> is
commonly assumed and selected here for 5mlll. For these tests
8ma, = 28° and no degradation is observed.

The test results, are pesented here in model scale, the
interpretation work was not within the scope of work of Delfi
Geotechnics in this project, it is presented in the companion paper
"A new design method for tension piles" Van Tol et al. (1997).

2.3 Model pile, instrumentation and test procedure
The model piles are made of aluminum, with the scaled prototype
pile dimensions ( Diameter D = 14.14 mm. Length = 30 * D or
0.424 m) and the same EA (E = Young’s modulus, A = pile
section). The pile surface is made rough by sandblasting technique
with fine steel particles at a pressure of 2 bar.
Each of the piles of the group is instrumented with a top load
cell which measures the total force acting on the pile. The pile
group centre pile or single pile is fully instrumented with six
additional strain gauge bridges (SG#1 to SG#6) distributed along
its length see Figure 1. The pile(s) position is continuously
measured throughout penetration and tension loading by means
respectively of the actuator displacement transducer and an
accurate 50 mm stroke DCDT.
The probe pile is penetrated first into a virgin soil in both tests
to check the model soil reproducibility. The cone penetration is
performed in second. The single pile or pile group penetration and
tension loading are executed last. All loadings are performed
under displacement control at a rate of 1 mm/sec to ensure fully
drained conditions. A special frame, has been designed to allow
for the positioning and guiding of the 9-pile group during
penetration and tension loading. The 9 piles of the group are
rigidly connected together at the top by a cap, thus penetration
and tension loading occur simultaneously for all the piles.

The model cone, instrumented model single pile and group cenlre
pile forces measured during penetration are presented in Figure 2.
A smooth force increase during penetration is observed. For the
instrumented pile it can be seen that each strain gauge bridge
curve separates from the top (total) force curve at the moment the
strain gauge bridge enters into the soil. This confirms the
measurement quality of the shaft friction force.

ivieusureu iviuuei r u e uispicjcerneru [rrimj
F ig u re 3. S in g le p ile a n d g ro u p c e n tre p ile fo rc e s d u rin g te n s io n lo ad in g .

The instrumented model single pile and group centre pile forces
measured during tension loading are presented in Figure 3. These
measurements show that the tensile peak force is reached first at
small displacement close to the tip (SG#1), at larger displacement
higher in the pile (SG#2 and 3), and quickly the peak resistance
over the rest of the pile (SG#3 to top) is mobilized.

2.4 High quality model soils
It is known that soil heterogeneity can drastically affect the
behaviour and resultant capacity of a pile. Also, the variations,
due to group effects, in tension capacities of the various piles of
a group are small. Thus a high homogeneity of the soil model is
required to bring group effects in evidence in the measurements.
A new soil preparation procedure has been developed and
tested al Delft Geotechnics to ensure high quality requirements for
the soil models. The soil model is prepared by making a fully
saturated sand layer in the loosest condition, and a densification
to the desired porosity by a combination of impulse loadings and
surcharges. With the resulting model soil, a predictability, a
reproducibility, and a global and local homogeneity well within
ndcs,rcd y° ± 0-5 % is achieved. For the single pile test n = 41.2 %
and n = 40.8 % for the pile group test.
The measured cone tip force during penetration is presented in
Figure 2. The model cone diameter is 11.3 mm. Low penetration
resistance has been measured in this medium sand. This cone
penetration curve, together with the single pile and pile group
penetration forces, from which a selection is shown in Figure 2,
and the probe pile and pile group test results, ascertain the
achieved high quality and homogeneity of the soil models.

Pile group test results are summarized
in Figure 4 where the maximum
penetration and tensile forces reached
for each pile of the group are given.
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In Figures 5 and 6, force profiles of -0.61 kN
- 0.56 kN
- 0.55 kN
the instrumented pile are presented at
various pile penetration levels (7.5, + 2-87 kN
+ 3.27 kN
15, 22.5 and 30 * D), and at given
O
O
O
displacements (1, 2, 3 and 5 * D/16) - 0.54 kN
- 0.58 kN
during tension loading. The figures
F ig u re 4 . M a x im u m p en etratio n
indicate the build up of tip resistance and lension load ing m odel forces
throughout penetration, and also bring fo r each p ile o f the group.
into evidence the distribution and built
up of shaft friction during penetration and tension loading.
Measurements in all the above figures have been presented
without correction. The strain gauge bridge #2 has shown
evidence of zero shift during calibration, and this explain the
over-reading brought in evidence in Figures 5 and 6.
The high homogeneity of the soil models and the reliability of the
seven points pile force measurements obtained in this test
programme enable interpretation of the single pile or group centre
pile capacity during penetration and tension loading with various
analytical design methods for piles. Some correlations with the
cone penetration resistance value (the qc method used in the
Netherlands), the slip method, and the Lehane method have been
performed and are presented in Van Tol et al. (1997).
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Some observations and discussions:
- Until a penetration depth of 4.5*D there are no differences in
capacity between any pile in the group and the single pile.
- For penetration larger than 7.5 * D, differences in capacity
between corner, side or centre pile in the group can be observed.
Group effects are measurable.
- The penetration and tension loading data can be well fitted with
the cone penetration data (qc method).
- Using the slip method the following observations are made: the
horizontal stresses acting on the pile increase from the initial soil

4.C

M e a s u re d Model F o rc e [ k N ]
Figure 2. M odel cone, single and group centre pile forces during penetration.
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condition as a result of the effect of
pile installation, as it shouldbe for
displacement pile; the test results indicate
that the shear stress in the zone close to
the pile tip is larger than the calculated
one, this effect being stronger for the
group centre pile than for the single pile;
and the product K*tan(5m.„) decreases
with increasing penetration depth.
When comparing the maximum shaft
friction measured in the test during ten
sion loading and the one measured
during penetration, a ratio of about one
half is found. In typically medium dense
sands, Dr(e) = 70 %, present in pratice, a
higher ratio is usually observed and
predicted by numerical methods.
However a similar ratio has been ob
served in practice in medium sand as the
one of thes centrifuge tests Drto = 50 %
with low cone penetration resistance.
The tip and shaft penetration and ten
sion loading forces measured for the
group centre pile are two times larger
than the one measured for the single pile.
Higher soil stress increase around the
piles of the group than around the single
pile are expected during penetration.
The side and corner piles have
respectively 5 % and 14 % less capacity
than the centre pile at full penetration,
and 5 % and 2 % extra maximum ten
sile capacity, see Figure 4. These rather
small differences compared to what is
observed in practice can be the result of
the pile group installation, in the
centrifuge test all the piles of the group
are simultaneously penetrated into the
soil.

3 NUMERICAL INVESTIGATION
Introduction

Finite element calculations have been performed to predict the
behaviour of piles in an infinite pile group under tension loading.
The calculations are performed for the basic configuration tested
in the centrifuge. The numerical investigation consists of a
variation of the different parameters of the basic configuration,
soil strength, soil stiffness, pile length, centre to centre pile
spacing (c.t.c.) and the level of the horizontal effective stresses.
In total 22 different calculations were conducted.
The calculations were performed with the FEM programme
PLUTO developed by Delft Geotechnics, made for the 2 and 3dimensional analysis of geotechnical problems.
3.2 Parameters fo r calculation and calculation procedure
The calculations are based on an infinite foundation with regular
square spacing, see Figure 7. This is schematized to an axial
symmetrical situation with a pile diameter D = 0.5 m, a pile
length L, a mesh boundary at a distance of 0.5 *
from the line
of symmetry, and a mesh height of 30 m. For the boundary
condition at the bottom of the mesh the nodes are vertically and
horizontally fixed. The nodes of the vertical boundaries are, due
to symmetry conditions, horizontally fixed and vertically free to
translate. Furthermore for the top boundary condition, nodes are
vertical and horizontal free to translate.
For both the soil and the pile, 6-node triangular-continuum
elements are used. For the interface between pile and soil 6 node
interface-elements are used with 2 degrees of freedom per node.
The constitutive model was a linear elastic-MohrCoulomb plastic
type, for the continuum and interfaces. Continuum and interface
elements have been integrated using Gaussian an Newton Cotes
integration rules respectively. The mesh is made out of a total of
8054 nodes and 3847 elements. The element size increase in the
radial direction, with a minimum width of D/8. The pile was
modelled linear elastic with a Young’s modulus of 35 GPa and
poisson ratio v> of 0.2. No dilatan
cy was modelled on the pile soil
interface. For the pile and the
interface a angle of dilatancy (vjf)
of zero has been used. For the soil
a poisson ratio U of 0.3 was taken.
B,eq
B
4hThe calculations have been per F ig u re 7 -+
P ile g ro u p
formed with a complete systemmatrix, where an elastic prediction of the stiffness is made. An
unbalance criterium of 0.01 % has been used, which determines
the allowed difference between the unbalance vector and the
loading vector. The calculations where preformed in 2 to 4
phases, phases 2 and 3 were optional:
phase 1. The initial K^-situation is established by switching on
the weight of the soil and of the pile, the K<,-situation is then
dictated by v and follows as Ko = u/(l-u).
phase 2 {optional). In some of the calculations the horizontal
stresses of IC,-situation were increased by applying a radial stress
at the outside boundary of the pile. This radial stress increases
linearly with depth and results in a horizontal stress coefficient K.
phase 3 {optional). In calculation # 12, a compression loading
was applied in steps of 0.01 mm until total failure of the shaft
resistance was reached.
phase 4. In all calculations tension loading was applied in steps
of 0.01 mm up to a total displacement of 80 mm.

In the analysis of these test results,
various aspects come into play: possible
correction of test data, selection of
representative parameters, choice of
analysis and best fit methods, and con
version of model scale measurements to
prototype dimensions. On the later point
two remarks are made:
First, it should be realized during ,
interpretation that the diameter of the
model cone is almost equal to the one of
the model pile.
Second, the displacement needed to
bring soil grains to move is related to the
band is known to be of about 10 to 15
times the soil D50. The mechanism in
volved during pile tension loading relates
lo the one of the shear band formation.
Therefore the displacement needed to
achieve the pile full tensile capacity do
not scale with geometrical scale factor
but more likely to the scale factor ap
plied to the mean particle size, which in
these centrifuge test has a value of 1.
This is confirmed with the results in
Figure 3: a few millimeters displacement
are needed to achieve the maximal ten
sile capacity.
Finally, different parameters and

MOOEL PILE FORCE (kN)

3.3 Results

Figure 6. Single pile and
group centre pile force
m e c h a n is m s d o p la y ro le in th e s in g le profjles during
tension

The calculation results are presented here, the interpretation work
is presented in the companion paper "A new design method for
tension piles" Van Tol et al. (1997). In Table 1 the input charac
teristics of the different calculations, the calculated tension
capacity (Fmax) and the pile head displacement (Utail) needed to
mobilise full tension capacity are given. Four figures are

pile and pile group penetration and ten- loading,
sion loading behaviour (initial horizontal
stress coefficient, installation procedure, variation of pile-soil
11iction angle, pile group configuration, etc.), and they effects can
not be separated from each other with only one set of test results.
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presented with some examples of the output. Some observations
are given hereafter. Figure 11 shows the development of the
normal- and shear stresses in the interface for calc. #1 where one
can see that under increasing tension loading the plastic state in
the interface is reached first at the tip and at the pile head.
Figure 11 also shows a decrease of normal stress by an increase
of tension load which is predicted by the Zeevaert de Beer siloeffect. Figure 8 shows the force acting on the head, the tip and
the pile shaft for calc. #12 where compression loading preceded
the tension loading. The force at the pile head corresponds with
the sum of the shaft and the tip forces. Figure 9 shows the results
of calc#l-5 and #13-22 which shows the predicted influence of
the c.t.c. distance and Kg on the tension load capacity. Figure 9
also shows the result of calc. #19 where the tension capacity is
equal to the weight of the surrounding soil. Figure 10 shows that
the load displacement behaviour is significant stiffer with
increasing c.t.c. distance.
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The special soil preparation procedure used in this programme
enabled to obtain very high quality (homogeneity) soil models. In
addition care given in the selection of the test set ups, the
instrumentation, and the definition of the test procedures made it
possible to obtain reliable test results. The consistency and
accuracy of the model test measurements provide, when con
sidered as a whole, a valuable and complete set of data to be used
for a quantitative analysis and interpretation of the test results.
It was found that the numerical simulations of tension pile
behaviour yields results which are in line with the existing
understanding of tension pile behaviour. In addition insight was
obtained on the development of shear stress along the shaft with
increasing tension load and the influence of horizontal stresses
and the centre to centre distance in the full load-displacement
behaviour of the tension piles.
On the numerical aspects, the tension loading and interface
behaviour tend to lead to instable or at least computational
intensive analyses, but these types of calculations can be per
formed and bring valuable results for development of design rules.
Because group effects depend on various phenomena,
mechanisms and parameters values, that are not easily separable
(installation, soil material characteristics, pile group configuration,
etc.), it seems desirable to investigate further, making use of the
available physical and numerical models, the possibility of
evaluating the effect and contribution of each one individually.
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F max U fail
[kN]
[m m ]
6 5 5.9 40.2
5 5 1.2 53.7
7 5 8 .4 23.9
803.7
16.0
8 4 9.9
8.0
332.3
18.5
1030.4 69 .4
5 6 9.9 34.7
727.3 4 4 .8
652.5 59.1
658.5 30.7
6 5 3 .4 51.8
3 75.6 22.8
3 32.9 31.6
417.1
13.0
8.7
4 3 7 .9
4 5 7 .6
4.3
727.1
44.8
5 64.8 56.9
8 47.9 26.8901.3
17.9
9 5 9.9
9.1
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T able 1. C alculation results.
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